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I N TROD U CTI O N  

H yd ro p l a n t o wn e rs  m ake s i g n i fi ca n t i n ve s tm e n ts  a n n u a l l y i n  reh a b i l i ta ti n g  p l a n t e q u i p m en t 
(tu rb i n e s ,  g e n erators ,  tra n s form ers ,  p e n s tocks ,  g a tes  etc. )  a n d  s tru ctu res  i n  ord e r to  i m p ro ve 
th e  l e ve l  of s ervi ce  to  th e i r cu s tom ers  a n d  to  op ti m i ze  th e i r re ven u e.  I n  th e  a b s en ce of 
g u i d e l i n e s ,  o wn ers  m a y b e  s p en d i n g  n e e d l es s l y,  or m a y b e  taki n g  u n n eces s ary ri s ks  a n d  
th ere b y ach i e vi n g  re s u l ts  th a t a re  l e s s  th a n  op ti m a l .  Th i s  g u i d e  i s  i n te n d e d  to  b e  a  to o l  i n  th e  
op ti m i s a ti o n  a n d  d eci s i o n  p roces s .  

I E C  TC 4  wi s h es  to  th a n k I E A for pro vi d i n g  i ts  d ocu m en t “ G u i d e l i n es  on  M e th o d o l o g y for 
H yd ro e l ectri c F ra n ci s  Tu rb i n e  U p g ra d i n g  b y Ru n n er Re p l acem en t”  as  a  s tarti n g  p oi n t for th e  
wri ti n g  of th i s  d ocu m en t.  I E C TC  4  a ppre ci ates  th i s  co n tri b u ti on  a n d  ackn o wl e d g es  th a t th e  
I E A d ocu m e n t pro vi d ed  a  g o od  fo u n d ati on  u p o n  wh i ch  to  b u i l d  th i s  I E C  d ocu m en t.  
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HYDRAULIC TURBINES,  STORAGE PUMPS AND PUMP-TURBINES – 
REHABILITATION  AND PERFORMANCE IMPROVEMENT 

 
 
 

1  Scope and  object 

Th e s co pe of th i s  I n tern ati on a l  S tan d a rd  co vers  tu rb i n es ,  s to ra g e  p u m ps  an d  p u m p -tu rb i n es  
of a l l  s i ze s  a n d  of th e  fo l l o wi n g  typ e s :  

•  F ra n ci s ;  

•  Kap l a n ;  

•  pro p e l l er;  

•  P el ton  (tu rb i n es  o n l y) ;  

•  B u l b .  

W h ere ver tu rbi n es  or tu rb i n e  com po n en ts  are  referred  to  i n  th e  text of th i s  g u i d e ,  th e y s h a l l  be  
i n te rp re te d  a l s o  to  m e a n  th e  com p a ra b l e  u n i ts  or com p on e n ts  of s tora g e  p u m p s  or p u m p-
tu rb i n es  as  th e  cas e  req u i res .  

Th e  G u i d e  a l s o  i d e n ti fi es  wi th o u t d e ta i l e d  d i s cu s s i on ,  oth er po we rh o u s e  e q u i p m e n t th a t co u l d  
affect or b e  affecte d  b y a  tu rb i n e,  s tora g e  p u m p,  o r p u m p-tu rb i n e  re h a b i l i ta ti on .  

Th e  obj ect  of th i s  g u i d e  i s  to  a s s i s t  i n  i d en ti fyi n g ,  e va l u ati n g  a n d  e xecu ti n g  re h ab i l i tati o n  an d  
perform an ce i m p ro vem e n t proj e cts  for h yd ra u l i c tu rb i n es ,  s torag e  p u m ps  an d  p u m p-tu rb i n es .  
Th i s  g u i d e  ca n  b e  u s e d  b y o wn ers ,  con s u l ta n ts ,  a n d  s u p p l i ers  to  d efi n e:  

•  n e e d s  a n d  eco n om i cs  for re h ab i l i ta ti o n  a n d  p erform an ce  i m pro vem en t;  

•  s cop e  of work;  

•  s peci fi ca ti o n s ;  

•  e va l u ati on  of res u l ts .  

Th e  G u i d e  i s  i n te n d e d  to  be :  

•  an  ai d  i n  th e  d eci s i on  p ro ces s ;  

•  an  exten s i ve  s o u rce  of i n form ati on  on  reh a b i l i ta ti o n ;  

•  an  i d e n ti fi ca ti o n  of th e  ke y m i l es ton es  i n  th e  reh a b i l i tati on  proces s ;  

•  an  i d e n ti fi ca ti o n  of th e  p o i n ts  th a t s h ou l d  b e  a d d re s s ed  i n  th e  d eci s i o n  proces s es .  

Th e  G u i d e  i s  n o t i n te n d e d  to  be  a  d e ta i l e d  e n g i n e eri n g  m a n u a l  n or a  m a i n ten a n ce  g u i d e .  

2  Nomenclature 

F or th e  p u rp os e  of th i s  d ocu m en t,  th e  te rm  “ reh a b i l i tati on ”  i s  d efi n e d  as  s o m e  com bi n a ti o n  of:  

•  res torati on  of e q u i pm en t cap a ci ty a n d /or e q u i pm e n t effi ci en cy to  n e ar “ as - n e w”  l e ve l s ;  
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•  exte n s i o n  of eq u i pm e n t l i fe  b y re-e s tab l i s h i n g  m ech a n i cal  i n teg ri ty.  

Th e  term  “ perform an ce  i m pro vem en t”  m ean s  th e  i n creas e  of ca p aci ty a n d /or effi ci en cy 
be yo n d  th os e  of th e  ori g i n a l  m ach i n e  a n d  m a y b e  i n cl u d e d  a s  p art of a  reh a b i l i ta ti o n .  

M a n y oth e r term s  are  i n  com m on  u s e  to  d efi n e  th e  work of “ re h a bi l i ta ti o n ”  a n d  “ p erform an ce 
i m pro vem en t” ,  h o we ver i t  i s  s u g g e s te d  to  u s e  th e  ab o ve term s .  S om e of th e  term s  con s i d ere d  
an d  d i s ca rd e d  for th e i r l a ck of p reci s i o n  or com pl e te n es s  i n cl u d e :  

•  u p g ra d e  or u p g ra d i n g  – res torati on  of m e ch a n i ca l  i n teg ri ty a n d  effi ci e n cy;  

•  u pra ti n g  – i n cre a s e  of n a m epl ate  cap aci ty (p o wer)  wh i ch  m a y res u l t i n  p art  from  effi ci e n cy 
res torati on  or i m p ro vem e n t;  

•  o verh a u l  – res torati on  of m e ch an i ca l  i n te g ri ty;  

•  m od ern i za ti o n  – co u l d  m ean  p erform an ce i m pro ve m en t a n d  rep l acem e n t of o bs o l ete  
tech n o l og i e s ;  

•  re d e ve l o p m en t – te rm  freq u en tl y u s e d  to  m ea n  rep l acem en t of th e  p o werp l a n t a n d  cou l d  
i n vo l ve  ch a n g es  to  th e  h yd ra u l i cs  a n d  h yd ro l og y of th e  s i te  u s u a l l y i m pl yi n g  a  ch an g e i n  
m od e of op erati on  of th e  p l a n t;  

•  re fu rb i s h m en t – res torati on  of m ech a n i ca l  i n teg ri ty u s u a l l y wi th  res tora ti on  of perfo rm an ce  
(cl os e l y res em bl es  “ re h a b i l i ta ti o n ” ,  th e  preferre d  term );  

•  rep l a ce m en t – u s u a l l y refers  to  s p eci fi c com p on e n ts  b u t m a y i n vol ve  th e  com pl ete  
h yd ra u l i c m ach i n e  i n  th e  cas e  of s m al l  u n i ts .  

Th e  n om e n cl atu re  i n  th i s  G u i d e  i s  i n  accord a n ce  wi th  I E C /TR 6 1 3 6 4 ,  wh i ch  pro vi d es  th e  
“ N om e n cl atu re”  i n  s i x l a n g u ag es  to  faci l i tate  e a s y corre l a ti o n  wi th  th e  term i n o l o g y of th i s  
G u i d e .  

3 Reasons for rehabi l i tating  

3. 1  General  

H yd ro e l ectri c g e n era ti n g  fa ci l i ti es  are  a m on g  th e  m os t ro bu s t,  re l i ab l e,  d u rab l e  s tru ctu res  a n d  
eq u i pm e n t e ver pro d u ce d .  Th e  ro b u s tn es s  of th e  e q u i pm en t p erm i ts  o wn ers  to  con ti n u e  
op e rati n g  th es e  faci l i ti e s  wi th o u t m a j o r re h ab i l i ta ti on  fo r re l a ti ve l y l o n g  p e ri od s .  Th e  re l i ab l e  
l i fe  for a  tu rb i n e  pri or to  a  m aj or re h ab i l i tati o n  b e i n g  n eces s ary i s  typ i ca l l y be twe en  3 0  a n d  5 0  
ye ars  d e p e n d i n g  o n  typ e  of u n i t,  d e s i g n ,  q u a l i ty of m an u factu ri n g ,  s e veri ty of s ervi ce ,  an d  
oth er s i m i l ar con s i d e ra ti o n s .  H o we ve r,  a l l  g e n era ti n g  eq u i pm en t wi l l  i n e vi ta b l y s u ffer re d u ce d  
perform an ce,  re l i ab i l i ty an d  a va i l a b i l i ty wi th  ti m e,  wh i ch  l ea d s  o wn ers  to  th e  fu n d am e n ta l  
q u es ti o n  of wh at to  d o  wi th  a n  a g i n g  p l a n t.  Th i s  cru ci a l  q u es ti o n  ca n n o t be  a n s wered  e a s i l y 
s i n ce  i t  i n vo l ves  m an y i n terre l ated  i s s u es  s u ch  a s  re ve n u e ,  o p era ti n g  an d  m ai n te n a n ce cos t,  
eq u i p m en t p erform a n ce,  re l i a b i l i ty,  a va i l a b i l i ty,  s a fety a n d  m i s s i o n  of g e n e ra ti n g  faci l i ti e s  
wi th i n  th e  e n ti re  s ys tem .  U l ti m ate l y,  a n  o wn er wi l l  h a ve  to  d eci d e  to  re h a b i l i ta te  th e  p l a n t or 
e ve n tu a l l y to  cl os e  i t.  At  s om e po i n t  i n  ti m e,  d el a yi n g  a  m a j or re h a bi l i ta ti on  ce as es  to  b e  a n  
op ti o n .  Th i s  m a y com e  a bo u t as  th e  res u l t of a  m aj or com po n e n t fa i l u re  or as  th e  res u l t  of a n  
eco n om i c e va l u a ti o n .  C es s a ti o n  of com m erci a l  op erati o n  d o es  n o t n eces s ari l y re l i e ve  a n  
o wn er of th e  re s p o n s i b i l i ty for th e  m ai n te n a n ce  o f th e  ci vi l  s tru ctu res ,  re g u l a ti o n  of th e  fl o ws 
an d  a n y o th er i s s u e s  wh i ch  h a ve  a n  i m p act o n  a n  o wn er’ s  l i a b i l i ty for th e  p l an t.   

Th e  g o vern i n g  re as o n  for reh a b i l i ta ti o n  i s  u s u a l l y to  m axi m i ze  re tu rn  on  i n ves tm en t a n d  
n orm a l l y i n cl u d es  on e  or m ore  of th e  fo l l o wi n g :  
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•  re l i a b i l i ty a n d  a va i l ab i l i ty i n cre a s e;  

•  l i fe  exte n s i o n  a n d  pe rform a n ce res tora ti o n ;  

•  perform an ce i m pro vem en t:   

– effi ci e n cy;  

– p o we r;  

– red u cti o n  of ca vi tati on  eros i o n ;  

– e n l arg em e n t of op era ti n g  ra n g e ;  

•  p l a n t s afety i m pro vem e n t;  

•  en vi ro n m en ta l ,  s oci a l  or reg u l atory i s s u es ;  

•  m a i n te n an ce a n d  op era ti n g  cos t re d u cti on ;  

•  oth er con s i d era ti o n s :  

– m od i fi e d  g o vern m en ta l  re g u l ati o n s ;  

– po l i ti ca l  cri teri a ;  

– com pan y i m a g e  cri teri a;  

– m od i fi e d  h yd ro l o g y con d i ti o n s ;  

– m od i fi e d  m arket co n d i ti o n s .  

Th e  o p p ortu n e  ti m e  for s tarti n g  a  reh a bi l i ta ti o n  i s  pri or to  th e  p l a n t b e i n g  b es e t wi th  fre q u e n t 
an d  s e vere  pro b l e m s  s u ch  as  for exam pl e:  g e n era tor wi n d i n g  fa i l u re s ,  m aj o r ru n n er cracki n g ,  
ca vi ta ti on  or p arti cl e  ero s i on  d am ag e ,  be ari n g  fai l u res  a n d /or e q u i p m en t a l i g n m en t pro bl em s  
d u e  to  fou n d a ti o n  or s u bs tru ctu re  m ovem en t o r d i s to rti on .  W h en  a  g e n era ti n g  p l an t h as  
reach e d  s u ch  a  s ta g e ,  i t  i s  o b vi ou s  th at a  tech n i ca l  a n d  a n  e co n om i c as s es s m en t of th e  
eq u i p m en t s h o u l d  h a ve  b e e n  co n d u cte d  ye ars  before .  I f th e  ti m e  fra m e of re h a b i l i tati on  
s tu d i es  i s  to o  cl os e  to  th e  e n d  of th e  u s efu l  l i fe  of th e  p l an t an d  i ts  eq u i pm en t,  th e  o wn e r m a y 
l os e  th e  o pti o n  of e va l u a ti n g  a  ra n g e  of a l tern a ti ve s .  C ata s tro p h i c fa i l u re s  wi th  p ote n ti al  m aj or 
d am a g e an d  l os s  of l i fe  are ,  at s om e s ta g e  of th e  p l a n t l i fe,  rea l  ri s ks .  I f s i g n i fi ca n t 
i m pro ve m en ts  can  b e  m a d e i n  th e  re ve n u e g e n era ti n g  ca pa b i l i ti es  of th e  p l a n t b y rep l a ce m en t 
of d e teri ora te d  e q u i pm en t wi th  s ta te - of-th e - art e q u i p m en t or com po n e n ts ,  th ere  m a y b e  
j u s ti fi cati o n  for perfo rm i n g  re h a b i l i ta ti o n  e arl i er th an  th e  d ate  a t wh i ch  i t  wou l d  be  re q u i re d  for 
pu re l y re l i ab i l i ty o r l i fe  exte n s i o n  re a s on s .  

T yp i ca l l y,  th e  ren e we d  l i fe  of a  tu rb i n e  fo l l o wi n g  reh a b i l i tati on  wo u l d  be  m ore  th an  2 5  ye a rs  
wi th  n orm a l  m ai n te n an ce .  Th e  res i d u a l  l i fe  of th e  g e n erati n g  pl a n t  i s  d e p e n d e n t o n  th e  
co l l ecti ve  res i d u a l  l i ve s  o f e ach  i n d i vi d u a l  com po n en t g ro u p a n d  th e refo re  ca n  b e  d e te rm i n e d  
on l y b y a s s es s i n g  al l  of th e  com p on e n t g ro u ps  i n cl u d i n g  th e  ci vi l  s tru ctu res .  

Re h ab i l i tati o n  s h ou l d  res u l t  i n  a  u n i t  wh i ch  i s  very cl os e  to  i ts  “ as - n e w”  co n d i ti on .  
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Table  1  – Expected  l i fe  of a  hydropower plant  and  i ts  subsystems before  major work 

Plant subsystems  
Expected  
l i fetime 
(years)  

Considerations  

Civi l  works    

D a m s ,  ca n a l s ,  tu n n e l s ,  ca ve rn s ,  
re s e rvo i rs ,  s u rg e  ch a m b e rs  

 

6 0  to  8 0  

 

D u ra ti o n  o f wa te r ri g h ts ,  q u a l i ty o f wo rk,  s ta te  
o f d e te ri ora ti o n ,  s a fe ty,  l o s s  o f wa te r.  

P o we rh o u s e  s tru ctu re s ,  wa te r co n tro l  
s tru ctu re s ,  s p i l l wa ys ,  s a n d  tra p s ,  
p e n s to cks ,  s te e l  l i n i n g s ,  ro a d s ,  b ri d g e s  

 

4 0  to  5 0  

 

G e n e ra l  co n d i ti o n ,  i m p o s e d  s tre s s e s ,  q u a l i ty 
o f m a te ri a l ,  s ta te -o f-th e -a rt,  s a fe ty,  q u a l i ty o f 
s te e l ,  co rro s i o n ,  m a i n te n a n ce .  

Mechanical  i nstal lations    

Hydrau l ic  mach ines    

Ka p l a n  a n d  B u l b  tu rb i n e s  

F ra n ci s ,  P e l to n  a n d  F i xe d -b l a d e  
P ro p e l l e r tu rb i n e s  

P u m p  tu rb i n e s  (a l l  typ e s )  

S tora g e  p u m p s  ( a l l  typ e s )  

 

2 5  to  5 0  

3 0  to  5 0  

 
2 5  to  3 5  

2 5  to  3 5  

S a fe ty o f o p e ra ti o n ,  l o s s  o f wa te r,  ca vi ta ti on  
d a m a g e ,  e ro s i o n ,  co rro s i o n ,  cra cks ,  
d e te ri o ra ti o n  o f e ffi ci e n cy,  p e rform a n ce  
i m p ro ve m e n t.  

Heavy mechanical  equ ipment and  
auxi l iaries  

  

F l a t  g a te s ,  ra d i a l  g a te s ,  b u tte rfl y 
va l ve s ,  s p h e ri ca l  va l ve s ,  cra n e s ,  
a u xi l i a ry m e ch a n i ca l  e q u i p m e n t 

 

2 5  to  4 0  

 

Qu a l i ty o f m a te ri a l ,  o p e ra ti n g  co n d i ti o n ,  
s a fe ty con s i d e ra ti o n s ,  q u a l i ty o f e q u i p m e n t,  
i m p o s e d  s tre s s e s ,  p e rfo rm a n ce  i m p ro ve m e n t.  

Electrical  i nstal lations    

G e n e ra to rs ,  tra n s fo rm e rs  

 

2 5  to  4 0  

 

W i n d i n g  a n d  i ro n  co re  co n d i ti o n ,  cl e a n l i n e s s ,  
s a fe ty o f o p e ra ti o n ,  s ta te -o f-th e -a rt,  g e n e ra l  
co n d i ti o n ,  q u a l i ty o f e q u i p m e n t,  m a i n te n a n ce .  

H i g h  vo l ta g e  s wi tch g e a r,  a u xi l i a ry 
e l e ctri ca l  e q u i p m e n t,  con tro l  e q u i p m e n t 

 

2 0  to  2 5  

 

 

B a tte ri e s ,  D C  e q u i p m e n t 

 

1 0  to  2 0  

 

 

Energy transmission  l ines    

S te e l  to we rs  

C o n cre te  to we rs  

W oo d e n  p ol e s  

L i n e s  a n d  ca b l e s  

 

3 0  to  5 0  

3 0  to  4 0  

2 0  to  2 5  

2 5  to  4 0  

Ri g h t o f wa y,  co rro s i o n ,  s a fe ty o f o p e ra ti o n ,  
cl i m a ti c co n d i ti o n s ,  q u a l i ty o f m a te ri a l ,  s ta te -
o f-th e -a rt,  ca p a ci ty vs .  s e rvi ce  co n d i ti o n s .  

 

3.2  Rel iabi l i ty and  avai labi l i ty increase 

A th orou g h  re h a b i l i ta ti o n  can  s i g n i fi ca n tl y i n cre as e  re l i ab i l i ty a n d  a va i l ab i l i ty of th e  u n i ts .  
F o l l o wi n g  a  th oro u g h  a n d  we l l  execu te d  re h a b i l i tati on ,  a n  a va i l a b i l i ty of a p proxi m atel y 9 8  %  
ca n  be  exp ecte d .  Th i s  n orm al l y res u l ts  i n  l e s s  l o s t re ven u e a s s oci a te d  wi th  h a vi n g  th e  u n i ts  
ou t of s ervi ce  for p l an n ed  o u ta g e s  a n d  fe wer u n p l a n n e d  ou tag e s .  B y th e i r n a tu re ,  force d  
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ou tag es  fo r u n p l an n ed  rep a i rs  u s u a l l y cos t s i g n i fi ca n tl y m ore  th a n  wo u l d  a  s i m i l ar p l a n n e d  
rep a i r,  parti cu l arl y wh e n  th e  con s e q u e n ti a l  i m pacts  are  e va l u ate d .  

3.3  Li fe  extension  and  performance restoration  

Th e u s efu l  l i fe  of th e  tu rb i n e  ca n  b e  g re a tl y exte n d e d  b y th e  re h a b i l i ta ti o n  or rep l acem e n t of 
tu rb i n e  com p o n e n ts .  Th e  o p era ti n g  ch ara cteri s ti cs  a n d  th e  m ech an i ca l  i n te g ri ty of th e  
m ach i n e  ca n  b e  res tored  to  n e a rl y “ as - n e w”  con d i ti o n ,  g u ara n te e i n g  s afe  a n d  re l i ab l e  
op e rati o n  for a  l o n g  p eri o d .   

P erform an ce re s torati on  i s  g e n e ral l y a ch i e ve d  b y res tori n g  th e  wa ter p as s a g e  a n d  ru n n e r 
s ea l s  to  th e  n e w co n d i ti on  a l th o u g h ,  for th e  wa ter p as s a g e ou ts i d e  th e  d i s tri bu to r an d  th e  
ru n n er,  th i s  i s  n o t a l wa ys  eco n om i cal l y j u s ti fi ed ,  h en ce  th e  term  “ n e a rl y n e w”  i s  often  u s e d .  

Th e  an ti ci p ate d  l i fe  exte n s i o n  of a  re h ab i l i ta te d  tu rb i n e  wi l l  d e pe n d  g re a tl y o n  th e  typ e  of 
m ach i n e  i n vo l ve d  a n d  o n  i ts  op era ti n g  co n d i ti o n s  b efo re  a n d  after re h ab i l i tati on .  H o we ve r,  i f 
m aj or work i s  d o n e ,  th e  o wn er wo u l d  n orm al l y ach i e ve  l i fe  exte n s i o n  of 2 5  years  a n d  m ore.  

3.4  Performance  improvement 

Ad va n cem e n t i n  tu rb i n e  d e s i g n  to ol s ,  m od e l  tes ti n g ,  m ateri a l s ,  m a n u fa ctu ri n g  te ch n i q u es ,  a n d  
i n s p e cti o n  tech n i q u es  h a ve  g i ve n  ri s e  to  o pp ortu n i ti es  to  s u b s ta n ti a l l y i m pro ve ca pa ci ty,  
effi ci e n cy,  an d  ca vi ta ti o n  eros i on  perform an ce.  I f th e re  i s  n o  ca vi tati on  eros i o n  pro b l em  wi th  
th e  exi s ti n g  e q u i pm en t,  th e  re p l acem en t e q u i pm en t of m od ern  d es i g n  s h o u l d  a l s o  b e  eros i o n  
pro b l e m  free,  e ven  wi th  a  s i g n i fi ca n t i n cre as e  i n  d i s ch arg e .  I f th e re  i s  a  ca vi ta ti o n  eros i o n  
pro b l e m  wi th  th e  exi s ti n g  e q u i pm en t,  th e  rep l ace m en t eq u i pm en t s h o u l d  red u ce  or s o l ve  th e  
pro b l em .  Th e  exte n t  to  wh i ch  th e  perfo rm an ce  p aram eters  ca n  b e  i m pro ve d  i s ,  of co u rs e,  s i te-
d e p en d en t,  b u t i n  m os t cas es  i t  i s  fo u n d  to  be  eco n om i ca l l y j u s ti fi e d  to  re p l ace  th e  ru n n er a n d  
s om eti m es  th e  g u i d e  va n es  es p eci al l y i f th e  u n i t  i s  b ei n g  d i s as s em b l e d  a n d  re - as s em b l e d  i n  
an y cas e ,  for l i fe  exte n s i on  rep a i rs  or for re l i ab i l i ty re as on s .   

I n  a few cases,  en erg y production can also be increased by i n cre as i n g  th e  s p e ci fi c h yd ra u l i c  
en e rg y ( h ea d )  a t th e  s i te  i f,  of cou rs e ,  th e  m od i fi cati on s  to  th e  wa ter re te n ti on  s tru ctu res  a n d  
con d u i ts  or ca n a l s  a re  co s t effecti ve.  Th i s  u s u a l l y req u i res  th a t ad m i n i s trati ve  a u th ori za ti o n  be  
ob tai n ed  for m od i fi ca ti on  of th e  wa ter m an ag em en t p aram eters .   

I n  s om e ca s e s ,  a  ch a n g e  of th e  s p e ed  of ro ta ti o n  of th e  u n i t m a y be  j u s ti fi e d .  

3.5  Plant  safety improvement 

W i th ou t a  pro- acti ve  m a i n te n a n ce a n d  re h a b i l i ta ti o n  pro g ra m ,  th ere  wi l l  b e  a  con ti n u a l  
i n cre as e  i n  th e  ri s k of a  m aj or fai l u re  th at m a y i n vo l ve  bo th  m aj or eco n om i c a n d  p ote n ti al  ci vi l  
l i a b i l i ti es  d u e  to  l os s  of l i fe  or co n ti n g e n t pro p e rty d am a g e .   

An  i s s u e  th a t s h o u l d  n o t b e  i g n o re d  i s  th e  e ve r-i n cre as i n g  ri s k of a  m aj or fa i l u re  of o n e  
com pon e n t th a t ca s ca d e s  to  s e vera l  o th er com p on e n ts .  An  e xa m pl e  of s u ch  a  s ce n ari o  i s  a  
broke n  ru n n e r b l ad e  or g u i d e  va n e  fa i l u re  d u e  to  s eri o u s  e ros i o n  a n d /or cra cki n g  at th e  s te m s .  
A fa i l ed  g u i d e  va n e  can  i n terfere  wi th  th e  ru n n e r b l ad es ,  wh i ch  cou l d  re s u l t a n d  h as  b ee n  
kn o wn  to  res u l t  i n  a  cas cad e fai l u re  of th e  a d j a ce n t com po n e n ts  s u ch  as  ru n n er,  d i s ch a rg e  
ri n g ,  bo ttom  ri n g ,  h e ad co ver a n d  s ta y ri n g .  Th i s  m a y s e em  far-fe tch ed  b u t th ere  are  
d ocu m en te d  cas es  of s u ch  ca s ca d e  typ e  fa i l u res .  O b vi o u s l y,  th i s  typ e  of fa i l u re  i s  an  extrem e 
exa m p l e ,  b u t i t  s h o u l d  s erve  as  a  rem i n d er th at tu rb i n e s  h a ve  a  fi n i te  l i fe,  wh i ch  can  b e  
exte n d e d  b y execu ti n g  th oro u g h  a n d  ri g orou s  m a i n te n an ce a n d  u l ti m a te l y,  a  re h ab i l i ta ti o n  
pro g ram .  

3.6  Envi ronmental ,  social  and  regu latory issues  

W h en  a  h yd roe l e ctri c g e n era ti n g  s tati o n  i s  re h a b i l i ta te d ,  en vi ro n m en ta l  i m pro vem en ts  m a y b e  
ad d res s ed  i n  s om e of th e  fo l l o wi n g  area s  wi th o u t  i n cu rri n g  a n y ad d i ti o n a l  u n i t  o u ta g e  ti m e:  
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•  red u cti o n  of con tam i n a n ts  i n  water;  

•  m i n i m u m  fl o w req u i rem en ts ;  

•  a l l o wa b l e  rate  of ch a n g e  of fl o ws  (ra m pi n g  ra tes );  

•  fi s h  a n d  wi l d l i fe  fl o ws ;  

•  red u cti o n  of h a za rd o u s  m ateri a l s  i n  po werh o u s e ;  

•  i m pro vem en t of d i s s o l ve d  g as  ( oxyg e n )  co n te n t  o f wa ter;  

•  i m pro vem e n t of fi s h  fri e n d l i n e s s ;  

•  pro vi s i o n s  for recre ati o n a l  fl o ws ;  

•  pro vi s i o n s  for d om es ti c water/i rri g ati on  fl o ws ;  

•  red u cti o n  of fos s i l  fu e l  e m i s s i o n s  ( a n y i n cre as e  i n  h yd ro  p o wer p ro d u cti o n  re d u ce s  th e  
em i s s i o n s  pro d u ce d  b y fos s i l  fu e l  bas e d  e n e rg y p rod u cti o n ) .  

3.7  Maintenance  and  operating  cost  reduction  

Re h a b i l i tati o n  of th e  u n i t can  s i g n i fi can tl y re d u ce m ai n te n an ce cos ts  i n  th e  form  of l o wer 
l ab o u r an d  m ateri a l  cos ts  a n d  ofte n  m ore  i m porta n tl y,  can  red u ce l os t  re ve n u es  from  l os t  
en e rg y prod u cti o n  o pp ortu n i ti es .  Re h a b i l i tati on  can  al s o  pro vi d e ,  a n  o pp ortu n i ty to  a d d res s  
l i m i ta ti o n s  of th e  e xi s ti n g  tu rb i n e  d es i g n ,  or ch a n g es  th a t h a ve  occu rre d  s i n ce  co n s tru cti o n  
th at ca u s e  on g o i n g  m a i n te n a n ce prob l e m s  s u ch  as  vi bra ti o n ,  ca vi tati on  e ros i o n ,  or p res s u re  
pu l s ati o n s .  Th e  reh a bi l i ta ti o n  of th e  tu rb i n e s  ca n  a l s o  p re s e n t a n  o p p ortu n i ty to  a u tom a te  th e  
p l a n t  an d  re d u ce  fu tu re  o pera ti n g  cos ts .  

3.8  Other considerations  

Th e re  m a y b e  o n e  or m ore  oth er cri teri a  s u ch  a s  th os e  l i s te d  b e l o w wh i ch  co u l d  h a ve  an  
i m pact on  th e  d eci s i o n  to  re h ab i l i ta te  or i ts  ti m i n g :  

•  g o ve rn m en ta l  re g u l a ti o n s  an d  th e i r d e vel o pm en t a n d  m od i fi cati o n  o ver ti m e  ca n  s u p port or 
i m pos e ce rta i n  re h a b i l i tati on  acti vi ti es ;  

•  po l i ti ca l  cri teri a  a re  a n  extern al  con s i d era ti o n  wh i ch  m a y h a ve  n o  d i rect  re l ati on s h i p  to  th e  
ph ys i ca l  as p e cts  of th e  el ectri ca l  en erg y g e n e ra ti n g  fa ci l i ty,  bu t wh i ch  ca n  pl a y an  
i m porta n t pa rt i n  re h a b i l i ta ti o n  d eci s i o n s .  N o ta b l e  am on g  th os e  to  b e  co n s i d e re d  i s  water 
m an ag e m e n t;  

•  com pa n y i m a g e cri teri a  m a y p re d om i n a te  i n  co n s i d eri n g  a  reh a b i l i ta ti o n  p roj ect 
(m a i n te n a n ce or i m pro ve m en t of i ts  i m a g e)  a n d  ta ke  prece d e n ce  o ver o th e r cri teri a ;  

•  h yd ro l og y con d i ti on s  m a y h a ve  ch a n g e d  o ver ti m e;  

•  m arket co n d i ti o n s  m a y h a ve  ch a n g e d  o ver ti m e.  

4 Phases  of a  rehabi l i tation  project  

4.1  General  

Re h ab i l i tati o n  of a  u n i t  o r a  po we r s ta ti on  i s  a  co m p l ex a n d  i tera ti ve  proces s  wh i ch  ca l l s  for 
th e  i n p u t of a  l a rg e  n u m ber of d i s ci p l i n es ,  exte n d s  o ver a  rel a ti ve l y l on g  p eri o d  of t i m e an d  
takes  p l ace  i n  s e vera l  p h as e s .  Th es e  p h as es  are  s h o wn  i n  th e  form  of a  fl o w d i a g ram  i n  
F i g u re  1  an d  a re  d i s cu s s e d  i n  m ore  d e ta i l  i n  th e  fo l l o wi n g  s u bcl a u s es .   
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Figure 1  – Flow d iagram  depicting  the  log ic  of the  rehabi l i tation  process  

 

 Tri g g e r for acti on  (3)

D eci si on  o n  org a n i za ti on  (4 . 2 )

F ea si bi l i ty s tu d y -  S tag e  2  (4 . 3. 3 )

F ea si bi l i ty s tu d y -  S tag e  1  (4 . 3. 2 )

Ve ry prel im i n ary e val u a ti o n

D etai l ed  stu d y (4 . 3 . 4 )  

D ata  co l l ectio n  (4 . 3. 4. 2 )

Da ta  e va l u ati on  (4 . 3. 4 . 3)

E va l u ate  al tern a ti ves  (4 . 3. 4 . 5  to  4 . 3. 4 . 1 0 )

C os t,  sch e d u l e,  be n efi ts,  risks,  e con o m i c a n al ysi s  

C on tractu al  i ssu es  (4. 4  )

S p ecifi ca ti on  (4 . 4 . 2 )  

 

  Te n d e ri n g  d ocu m e n ts/e valu ate   (4. 4 . 3 )  

C o n tra ct awa rd (s ) (4. 4 . 4 )  

E xe cu ti on  of p ro je ct (4 . 5 )

 

M o d el  te st acti vi ti es  ( i f re q u i red . )  (4 . 5. 1 )  

 

F in a l  d es i g n ,  co n stru cti on ,  i n s ta l l a ti o n  (4 . 5 . 2 )  

E val u a te  re s u l ts/g u aran tee s (4. 6 )

D e te rm in ati on  o f altern a ti ve s  (4 . 3. 4 . 4 )

P rel i m i n a ry d ata  co l l e cti on  (4 . 3. 4. 2 )

P re l i m i n a ry d ata  eval u a ti o n  (4 . 3 . 4 . 3 )

 

Prel i m i n ary e va lu a ti o n  of  th e  b as e case  

(4 . 3. 4 . 5  to  4 . 3. 4 . 1 0 )  

C os t,  sch e d u l e ,  be n efi ts, ri sks,  econ o m ic an a l ysi s

C on ti n u e?  

S to p  

Co n ti n u e ?  

Ye s

Ye s

N o  

N o

C on ti n u e?  

Yes

N o  

N u m b ers  i n  pa re n th e si s  refer 
to  cl au se  n u m be rs  i n  te xt  

Co m p eti ti ve  
b i d d i n g ?  

  Yes    N o  

I te ra te  a s  re q u i re d  

IEC   1 983/07 
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4.2  Decision  on  organization  

4.2. 1  General  

W h en  i t  h as  b e en  d e term i n e d  th a t th e  p os s i b i l i ty o f re h a bi l i ta ti o n  s h ou l d  b e  s tu d i e d ,  th e  o wn er 
m akes  a  d eci s i on  o n  th e  s tra te g y of execu ti o n  of th e  proj ect an d  pu ts  i n  p l a ce  th e  p roj ect 
te am  th at  wi l l  be  res p on s i b l e  for execu ti n g  th e  proj ect,  from  feas i b i l i ty s tu d y th rou g h  
com m i s s i on i n g .  Th e  o wn er n e e d s  fi rs t to  d e term i n e  th e  i n - h o u s e  com p os i ti on  of th e  te am .  Th e  
d e p th  to  wh i ch  th e  o wn e r ca n  or ch o os es  to  s ta ff th e  i n - h o u s e  pa rt of th e  te a m  wi l l  h a ve  an  
i m pa ct o n  th e  com pos i ti o n  of th e  exte rn a l  p a rt of th e  team .  O b vi ou s l y,  es ta b l i s h i n g  a  q u a l i fi ed  
an d  co h es i ve  proj ect te am  i s  e s s e n ti a l  to  s u cces s fu l  as s es s m en t,  p l an n i n g  a n d  execu ti o n .  
D u ri n g  th e  as s es s m en t a n d  s co p e d e term i n a ti o n  ph as es  th ere  i s  a  m u l ti tu d e  of o p ti o n s  to  b e  
i d e n ti fi e d  a n d  e va l u a ted  i n  ord e r to  d ete rm i n e  th e  m os t p rofi ta b l e  s trateg y for th e  o wn er.  
D u ri n g  th e  p l a n n i n g  an d  execu ti o n  p h as es ,  a  s o l i d  te am  effort wi l l  m i n i m i ze  “ s u rp ri s es ”  a n d  
th ereb y m i n i m i ze  th e  ou tag e  ti m e,  cos ts ,  a n d  as s oci a te d  re ve n u e  l os s .  

4.2.2  Expertise  requ i red  

W h en  form i n g  th e  te a m ,  th e  o wn e r s h o u l d  co n s i d er th a t th e  re h a b i l i tati on  proces s  i s  an  
i tera ti ve  p roces s  i n  a l l  s ta g es .  I n  th e  fe as i b i l i ty s tag es ,  a n d  i n  th e  fi n a l  d eta i l e d  p l a n n i n g  
s ta g e,  exp erti s e  from  m an y d i ffe re n t d i s ci p l i n es  s h a l l  j o i n tl y focu s  on  th e  b es t eco n om i c or 
oth er s o l u ti o n (s ) .  Th e  a re a s  of exp erti s e  re q u i re d  i n cl u d e:   

•  O p era ti o n  a n d  i n com e g e n era ti o n :  

– wh at  are  p res e n t a n d  p as t op e rati n g  pro b l em s ?  

– h o w a re  u n i ts  o p era te d  tod a y?  

– h o w i s  o wn er pa i d  to d a y?  

– h o w wi l l  u n i ts  be  op e rate d  i n  th e  fu tu re?  

– h o w wi l l  o wn e r be  pa i d  i n  th e  fu tu re ?  

•  H yd ra u l i c  en g i n e eri n g :  

– wh at  are  cu rre n t con d i ti o n s  a n d  l i m i ta ti o n s ?  

– wh at  p os s i b l e  i m p ro vem e n ts  co u l d  b e  m ad e ?  

•  E q u i p m en t as s e s s m en t ( con d i ti o n ,  a n d  p o we r l i m i ts ):  
– tu rb i n e  a n d  g en erator;  

– a l l  oth er re l a te d  m ech a n i ca l  an d  e l ectri ca l  e q u i pm en t a s  we l l  as  ci vi l  i s s u es ;  

•  Cos t e s ti m ati n g  ( al l  as p e cts );  

•  S ch e d u l i n g ;  

•  L i ce n s i n g ;  

•  E con om i c an d  fi n a n ci al  a n a l ys i s ;  

•  D e ta i l e d  e n g i n e eri n g  d es i g n ;  

•  M o d e l  a n d  fi e l d  te s ti n g ;  

•  Co n s tru cti o n  of n e w p arts ;  

•  Re h a b i l i ta ti o n  of e xi s ti n g  parts ;  

•  Tran s p orta ti o n ;  

•  F i e l d  i n s ta l l ati o n ;  

•  C om m i s s i o n i n g .  
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4.2.3  Contract  arrangement 

Th ere  are  two ba s i c s tra te g i es  wi th  re g ard  to  co n tra ct  arra n g em en ts  for a l l  or a  p art o n l y of 
th e  proj ect:  com pe ti ti ve  b i d d i n g  or n e g o ti a ted  a g reem e n t wi th  a  pre -s e l e cte d  s u pp l i er.  I t  i s  
a l s o  p os s i bl e  to  u s e  a  co m bi n ati on  of th es e  s tra te g i e s :  

•  S om e prefe r th e  tra d i ti on a l  a p pro ach  of com p eti ti ve  b i d d i n g ,  e va l u a ti n g  bi d s  an d  a wa rd i n g  
con tra cts .  

•  S om e  p refer th e  n e g oti ate d  ag re e m en t or p a rtn ers h i p  a p pro ach  wi th  a  pre-s e l ecte d  
s u p p l i e r to  form  at l eas t th e  e q u i pm e n t s u p p l y an d  re p a i r extern a l  com pon e n t of th e  te a m .  
S u ch  a n  ag re e m en t ca n  co ver o n l y th e  “ eq u i p m en t”  ph as es  of th e  proce s s  s u ch  a s  
d i s m a n tl i n g ,  d es i g n ,  m an u factu ri n g ,  tra n s p orta ti o n  an d  i n s ta l l a ti on  (typ i ca l  of l arg e  
proj ects )  or i t  ca n  i n cl u d e  al l  p h as es  from  fe as i b i l i ty s tu d y th rou g h  com m i s s i on i n g  ( m ore  
typ i ca l  of s m al l  h yd ro  p roj ects ).  Th es e  a g reem en ts  ca n  co ver j u s t a  s i n g l e  com p o n en t of 
h ard ware  s u ch  as  th e  tu rb i n e  al o n e  or on e  ag re em en t ca n  co ver m an y typ es  of re l ate d  
h ard ware  i n cl u d i n g ,  for exa m p l e ,  tu rb i n e  i n l e t  va l ve ,  tu rb i n e,  g o vern or,  g e n era tor,  
exci tati on  s ys tem  a n d  co n tro l s .  

An  i n d e pe n d e n t con s u l ta n t ca n  b e  em pl o ye d  i n  e i th er of th e  a bo ve  a p p ro a ch e s  to  wh a te ver 
d e g ree  th e  o wn er’ s  s i tu a ti o n  re q u i res .  Th e  d e g re e  of i n vo l vem e n t i s  u s u a l l y d e term i n ed  b y a  
com bi n a ti o n  of th e  ca pa b i l i ti es  a n d  a va i l a b i l i ty of i n -h o u s e  s taff,  th e  n a tu re  a n d  o ve ra l l  s co p e  
of th e  re h a b i l i ta ti o n  work i n vo l vi n g  b oth  s tru ctu res  an d  e q u i pm en t a n d  th e  l e ve l  of com fort a n d  
con fi d e n ce  th e  o wn e r h a s  i n  worki n g  d i rectl y wi th  a  s u pp l i er or wi th  s e ve ral  s u p p l i ers .   

Re g ard l es s  of th e  com po s i ti o n  of th e  te am ,  th e  s cop e a n d  g oa l s  s h a l l  b e  very cl e a r.  Th ere  i s  a  
s tro n g  n e e d  to  be  pre ci s e  i n  e i th er a ppro ach .  C l ari ty i n  an y a g re em e n t or con tract i s  es s e n ti a l .  

Th e  ch o i ce  of co n tract arran g e m en t wi l l  i n fl u e n ce th e  exact s te ps  re q u i red .  H o we ve r,  th e  
bas i c s teps  a re  very s i m i l ar re g a rd l es s  of con tract  arra n g em en t.  Th ere fore,  th e  fo l l o wi n g  
s u b cl a u s e s  co ver th e  b a s i c s te ps  wi th o u t d i s ti n cti on  of th e  co n tract arran g e m en t u s e d .  Th e  
o wn er s h a l l  d eterm i n e  h o w th e  s e l ecte d  con tra ct arra n g em en t wi l l  i m p act th e  ach i e ve m en t of 
eq u i p m en t p erform an ce i m provem en ts ,  cos ts ,  s ch ed u l e ,  en vi ro n m en ta l ,  s o ci al  a n d  reg u l atory 
i s s u es ,  s afe ty i m pro vem en ts ,  a n d  fu tu re  re ven u e g en era ti o n .   

4.3  Level  of assessment and  determination  of scope 

4.3. 1  General  

4 . 3 . 2  to  4 . 3 . 4  d e s cri b e  th ree  l e ve l s  of as s e s s m en t an d  s cop e d e ve l opm e n t:  feas i b i l i ty s tu d y – 
s ta g e  1 ,  fe as i b i l i ty s tu d y – s ta g e  2 ,  a n d  d e ta i l e d  s tu d y.  Th e  m ai n  d i ffe ren ces  b e twe en  th es e  
th re e  l e ve l s  are  th e  d e g ree  of d eta i l  a n d  th e  accu racy of res u l ts .  

A th orou g h  as s e s s m en t of a  p l a n t  wi l l  i n vo l ve  l o oki n g  a t a l te rn a ti ves  for th e  tu rb i n e  s u ch  as  
th e  fol l o wi n g ,  s om e  of wh i ch  cou l d  h a ve  s e vera l  s u b -a l te rn ati ves :  

•  d o  n o th i n g  m aj or a n d  co n ti n u e  to  o p e ra te  th e  p l an t  u n ti l  “ fa i l u re  of th e  u n i ts ” ;  

•  rep a i r com po n en ts  wh i ch  h a ve  kn o wn  p h ys i ca l  we akn es s es ,  th en  o p era te  wi th  n orm al  
m ai n te n an ce;  

•  res tore  th e  ori g i n a l  wa ter p a s s a g e profi l es  to  l i ke- n e w co n d i ti o n  (ru n n er,  g u i d e  va n es ,  s ta y 
van es ,  d ra ft tu b e)  wi th o u t d i s m an tl i n g  th e  u n i t an d  co n ti n u e  to  o p era te  i f th e  p h ys i ca l  
i n teg ri ty i s  a cce pta bl e  or re - es ta b l i s h e d ;  
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•  rep l ace  th e  ru n n er a n d  p os s i b l y re p l a ce  o r m od i fy g u i d e  va n es ,  ru n n er s ea l  ri n g s ,  
s ta ti o n ary s e a l  ri n g s ,  a n d  s ta y va n es  to  be n efi t  from  th e  e vo l u ti o n  i n  h yd ra u l i c profi l e  
d es i g n ,  wi th  or wi th o u t  m od i fi ca ti o n s  to  th e  s ta y ri n g  a n d /or d raft  tu b e .  

I f th e  l atter o pti o n  i s  con s i d e re d ,  th e  e va l u a ti o n  o f th e  en ti re  p o wer tra i n  ( tu rb i n e ,  g e n erator,  
an ci l l ari es ,  e tc. )  i s  n eces s ary i n cl u d i n g  com p e n s a ti o n  for wea r a n d  res tora ti o n  of m ech a n i ca l  
i n teg ri ty.   

I t  s h ou l d  b e  n o ted  th a t g ri t  b l as t  o r oth e r cl e a n i n g  of exi s ti n g  p ai n te d  s u rfa ces  m a y i n vo l ve  th e  
rem ova l  of l ea d - b as e d  coa ti n g s .  Th i s  rem o va l  ca n  be  very cos tl y wh e n  i t  i s  d o n e  res p ecti n g  
en vi ro n m en ta l  re g u l ati o n s .  Th i s  cos t  s h a l l  b e  fa ctore d  i n to  th e  o vera l l  proj ect  cos t.  

Th e  d ete rm i n a ti o n  of s cop e i s  a n  i terati ve  p roce s s  req u i ri n g  th e  s ki l l s  a n d  experti s e  of th e  
en ti re  te a m .   As  th e  p roj e ct m oves  forward ,  th e  p roces s  g o es  i n to  m ore  d e ta i l .    

4.3.2  Feasibi l i ty study – Stage 1  

Th i s  i n i ti al  s ta g e  of fe as i b i l i ty i s  often  a ccom pl i s h ed  b y th e  o wn e r’ s  i n - h o u s e  s taff.  Th e  s taff 
s h o u l d  d e te rm i n e  i f th ere  i s  e n o u g h  i n d i cati on  th a t a g e ,  co n d i ti on ,  pe rform an ce,  i n d u s try 
pra cti ce ,  e tc.  warran t a  m ore  d e ta i l ed  s tu d y.  S e e  Cl au s e  3  for a  l i s t  of i n d i ca tors  of a  n e ed  for 
reh a b i l i ta ti on  an d  perform a n ce i m pro vem en t.  I f th e  res u l ts  of th i s  s tu d y i n d i cate  th at th ere  i s  
th e  p os s i b i l i ty of a  n e ed  to  re h a b i l i tate,  a  m ore  d e ta i l e d  fe as i bi l i ty s tu d y s h o u l d  b e  p erform ed .  
I f d e s i re d ,  a  very p re l i m i n ary econ om i c an a l ys i s  co u l d  b e  d o n e  a t th i s  s ta g e .  

4.3.3  Feasibi l i ty study – Stage 2  

Th i s  fe as i b i l i ty s tu d y wo u l d  g o  i n to  m ore  d e ta i l  a n d  l ook at a  fe w a l tern a ti ve s .  A p os s i b l e  
“ bas e l i n e”  m a y b e  res tori n g  to  as -n e w co n d i ti o n .  A p os s i bl e  fi rs t a l tern a ti ve  m a y b e  as s u m ed  
to  co n s i s t of a  n e w ru n n e r wi th  o th er com po n e n ts  be i n g  reh a bi l i ta te d .  I t  s h a l l  b e  n ote d  th at  
th i s  pa rti cu l ar a l tern a ti ve  m a y n ot b e  th e  b es t  s o l u ti o n .  Th erefore,  i f th e  res u l ts  of th i s  
a l tern a ti ve  d o  n ot l o ok fa vo u ra b l e ,  i t  m a y b e  n e ces s ary to  l o ok at fe w m ore  a l te rn ati ves .  I n  
ord e r to  d e term i n e  i f th i s  p roj ect h as  th e  po te n ti a l  of ach i e vi n g  fa vou ra b l e  e con om i c re tu rn s ,  a  
rou g h  e s ti m ate  of p erform an ce ,  s co pe ,  cos t,  a n d  s ch e d u l e  s h al l  b e  m ad e  at th i s  s ta g e.  I f th e  
i n i ti a l  res u l t  l ooks  fa vou ra b l e,  th e  p roj ect ca n  m ove to  th e  d eta i l e d  s tu d y s tag e .  

4.3.4  Detai l ed  study 

4.3.4.1  General  

I n  th i s  s tu d y,  th e re  s h a l l  b e  e n ou g h  d e tai l  a n d  s u ffi ci e n t accu racy to  pe rm i t th e  d eci s i o n  to  
m ove  o n  to  th e  execu ti on  p h a s e  or to  s top  work.   

D u ri n g  th i s  s tu d y,  a l l  of th e  s take h o l d ers  s h ou l d  h a ve  i n p u t to  th e  d e ve l o pm e n t of th e  s co p e 
as  we l l  as  o n  th e  m eth o d s  to  b e  u s e d  to  e val u ate  th e  vari ou s  a l tern ati ve s .  W orki n g  wi th  a n d  
g e tti n g  th e  s u p p o rt of a l l  of th e  s takeh o l d ers  wi l l  g re a tl y m i n i m i ze  a n y q u e s ti on s  a n d  re l a te d  
d e l a ys  as s oci a te d  wi th  s cop e ,  an a l ys i s  m eth od s ,  an d  m an a g em en t a p pro va l .   

I t  i s  i m p ortan t to  n o te  th a t,  wh i l e  th i s  g u i d e  focu s es  o n l y o n  th e  tu rb i n e ,  th e  s cop e ,  cos ts ,  
be n efi ts ,  s ch e d u l e ,  e tc.  s h a l l  i n cl u d e  a l l  e q u i p m en t,  i n cl u d i n g  g en e rator,  tra n s form er,  e tc.  a n d  
s tru ctu res  rel a te d  to  en e rg y prod u cti o n  a n d  fl o w con trol  i n  ord er for th e  e con om i c a n a l ys i s  to  
be  m e a n i n g fu l .  
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4.3.4.2  Data col lection   

Th e e s ta b l i s h m e n t of wh e n  a  re h ab i l i ta ti o n  e va l u a ti o n  s h o u l d  b e  co n d u cte d  re q u i res  th at  
i n form ati o n  reg a rd i n g  a va i l a b i l i ty,  o pera ti n g  a n d  m ai n te n an ce cos ts  an d  e n erg y prod u cti o n  b e  
as s em b l e d ,  e va l u ated  an d  tre n d e d  o n  a  co n ti n u a l  b as i s  for each  u n i t  of th e  p l a n t or at  l e as t 
for th e  wh o l e  p l an t.  Al th o u g h  th i s  g u i d e  co n cen tra tes  o n  a  s i n g l e  p l a n t a n d  p arti cu l arl y on  th e  
tu rb i n es  wi th i n  th e  p l an t,  o n e  m u s t b e  a wa re  th a t a n  o vera l l  para l l e l  e va l u ati on  i s  a l s o  
req u i red  on  a l l  s tru ctu res  an d  e q u i pm en t a n d  al l  p l an ts  i n  a  s ys tem  to  a l l o w d e ve l opm e n t of a  
s ys tem  s tra te g y a n d  pri ori ti za ti on .  Th e  s ys tem  s tra te g y i s  a i m ed  at m i n i m i zi n g  prod u cti o n  
l os s e s  a n d  m axi m i zi n g  profi ta b i l i ty.   

Ten  (1 0 )  or m ore  ye a rs  wo u l d  pro vi d e  a  worka b l e  d a tab as e,  bu t i f th i s  i s  n ot re a s o n ab l y 
ob tai n a b l e,  fe we r ye a rs  m a y b e  u s e d  wi th  d u e  re g ard  for th e  p os s i b l e  i m pact of th e  re d u ced  
d a ta  s e t o n  th e  accu racy of th e  res u l t.  A m i n i m u m  peri o d  of twe n ty-fi ve  ( 2 5)  ye ars  i s  d es i rab l e  
for fl o w,  h ea d  a n d  en e rg y p ro d u cti o n  d ata .  F l o w d ata  s h a l l  acco u n t for s p i l l ag e .  

Co l l ecti on  of i n form a ti on  reg a rd i n g  th e  fo l l o wi n g  e l em en ts  i s  recom m en d ed :  

•  e n erg y prod u cti o n  ( G W h )  a n d  va l u e  of en erg y;  

•  a n ci l l a ry s e rvi ce  pro d u cti on  an d  va l u e ;  

•  op erati o n  a n d  m ai n ten a n ce  cos ts ;  

•  tu rb i n e  re l i a b i l i ty a n d  a va i l a b i l i ty s ta tu s  (o u ta g e  d a ta  – forced  a n d  p l a n n e d ) ;  

•  h yd ra u l i c d a ta  i n  wh a te ver form  i t  e xi s ts  i n  (h ou rl y,  we e kl y or m on th l y d i s ch a rg e ,  n e t h ea d ,  
h e a d  wa ter l e ve l ,  a n d  ta i l  wa ter l e vel )  for th e  l on g e s t a va i l a b l e  pe ri o d  of re cord ;  

•  eq u i pm en t a s s es s m en t (m e ch a n i ca l  i n te g ri ty)  an d  d ra wi n g s  for a l l  m aj or tu rb i n e  
com pon e n ts  a n d  re l a te d  e q u i p m en t a n d  s tru ctu res ;  

•  perform an ce as s e s s m e n t (ori g i n a l  m od e l  tes t an d /or ori g i n a l  proto typ e  p erform an ce  tes t 
an d  re ce n t  pro to typ e  p erform an ce  te s t or a t l eas t a  recen t p o wer- g a te  tes t) ;  

•  d a ta  from  ori g i n a l  com m i s s i on i n g ;  

•  op e rati n g  a n d  m ai n ten a n ce m an u a l ;  

•  h i s tory of m od i fi cati o n s  to  ori g i n a l  eq u i pm en t;  

•  reg u l atory re q u i re m en ts ,  cu rren t a n d  a n ti ci p a te d .  

4.3.4.3  Data evaluation  

4.3.4.3.1  General  

D a ta  e va l u a ti o n  i s  to  e s ta b l i s h :  

•  tre n d  i n  to ta l  d i s ch arg e  ( pro d u cti o n  a n d  s p i l l a g e)  vers u s  ti m e;  

•  tre n d  of e n erg y p rod u cti o n  ve rs u s  ye a rs ;  

•  tre n d  of a n n u a l  o p e ra ti o n  a n d  m ai n te n an ce cos ts  vers u s  ti m e;  

•  tre n d  of re ve n u e  ve rs u s  ti m e ;  

•  p l a n t l o a d  fa ctor vers u s  ti m e ;  

•  d e te rm i n ati on  of tu rb i n e  m e ch an i ca l  i n te g ri ty;  
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•  d e term i n a ti on  of p ote n ti a l  p e rform an ce e n h a n ce m en ts  wi th  cu rren t or re vi s e d  h yd ra u l i c  
con d i ti o n s .  

4.3.4.3.2  Un i t  rel i abi l i ty,  avai labi l i ty and  restricted  operation  

A s i g n i fi ca n t i n creas e  of th e  o u ta g e  rate  of a  u n i t i s  a  s i g n  th at i t  i s  ti m e  to  th i n k a bo u t th e  
reh a b i l i ta ti on  of th e  u n i t.  B u t,  b efore  s tarti n g  a n y re h a b i l i ta ti o n  s tu d y,  i t  i s  i m portan t to  g e t a  
com pl ete  h i s to ry of th e  o u ta g es  of th e  u n i t,  th e i r n a tu re ,  th ei r freq u en cy a n d  th e i r d u ra ti o n  for 
at  l e as t  th e  l as t  te n  ye a rs  i n  ord e r to  be  a b l e  to  i d e n ti fy tre n d s .  

W h en  e va l u a ti n g  o u tag e s  re l a te d  to  fa i l u re  of th e  e q u i pm en t,  a  d i s ti n cti o n  s h o u l d  b e  m ad e  
be twe en  a  force d  o u ta g e  an d  a  p l a n n e d  m a i n ten a n ce ou ta g e  b eca u s e  th e y d o  n o t h a ve  th e  
s a m e con s e q u e n ces  a n d  cos ts .  O fte n ,  force d  o u ta g e s  are  “ fa i l u re  to  s tart” .  E i th er typ e  of 
ou tag e  ca n  g e n era te,  i n  ad d i ti o n  to  d i re ct m a i n te n a n ce cos ts ,  s i g n i fi ca n t  re ve n u e  l os s es  d u e  
to  a  l os s  of p ro d u cti o n  o p portu n i ty a n d  to  th e  cos t of th e  en e rg y re p l acem en t.  

Re s tri cti on s  o n  o p erati o n  i n  certa i n  p o wer ra n g es  ca n  s i g n i fi ca n tl y re d u ce th e  o pera ti o n al  
fl exi bi l i ty of th e  p l an t a n d  re ven u e  g e n era ti o n .  E l i m i n a ti on  or re d u cti on  o f th es e  re s tri cti on s  
s h o u l d  be  on e  of th e  p e rform an ce  i m pro vem en t g o a l s .  

Al l  of th es e  factors  s h a l l  be  taken  i n to  acco u n t i n  th e  e va l u a ti o n  of th e  re h a b i l i ta ti o n  p roj ect.  

4.3.4.3.3  Un i t  operation  and  maintenance cost 

I t  i s  i m porta n t to  ob tai n  a l l  i n fo rm ati o n  re g ard i n g  th e  tu rb i n e  o pera ti o n  a n d  m a i n ten a n ce  
reco rd s  for th e  re pa i rs  wh i ch  h a ve  b e e n  e xe cu te d  an d  th e  h o u rs  ( or cos ts  correcte d  for 
i n fl ati on )  wh i ch  h a ve  b ee n  i n cu rre d  o n  th e  u n i ts  o ve r th e  l as t ten  ye ars  or m ore .  Th i s  
i n form ati o n  wi l l  b e  i n s tru m en ta l  i n  as s es s i n g  th e  d e g ra d ati o n  of th e  tu rb i n e,  i n  h i g h l i g h ti n g  
tro u bl e s om e  com po n e n ts  a n d  i n  es ta b l i s h i n g  th e  p o te n ti a l  cos t re d u cti o n s  res u l ti n g  from  a  
tu rb i n e  re h ab i l i ta ti o n  proj ect.  

P oten ti a l  m ai n ten a n ce  cos t re d u cti on s  are  u s u a l l y s eco n d ary to  oth er be n efi ts ,  b u t th e y 
s h o u l d  be  con s i d e re d  i n  th e  d e ta i l ed  eco n om i c a n a l ys i s  of a l tern ati ve s .  

I t  i s  a l s o  i m portan t to  a n a l yze  th e  ca u s e s  of th e  prob l em s .  F or e xam p l e,  are  th e y i s o l ate d  
fai l u re s  or rep e ate d  fa i l u res  of th e  s am e p arts ,  pro b l em s  rel a te d  to  a  s tru ctu ra l  we akn es s  
s u ch  a s  ru n n e r cracki n g ,  to  h yd ra u l i c  d es i g n  s u ch  as  ca vi tati o n  eros i o n ,  vi b rati on ,  or h yd ra u l i c  
i n s tab i l i ty,  or p ro b l e m s  re l a ted  to  m i s s i n g  or fa u l ty i n s tru m e n ta ti o n .  

4.3.4.4  Determination  of al ternatives  

A s u ffi ci en t n u m ber of a l tern a ti ves  s h a l l  b e  s tu d i e d  to  re as o n ab l y as s u re  th at th e  b es t  
a l tern a ti ve  h as  be e n  i d en ti fi ed .  Th e  n u m be r of d i ffere n t  com b i n ati o n s  of tu rb i n e  d e s i g n  
ch aracte ri s ti cs ,  exte n t of l i fe  exte n s i o n  work,  l en g th  of o u tag e ,  e tc.  ca n  b e com e very l arg e.  A 
l og i ca l  s cre en i n g  m eth od  s h a l l  b e  es ta b l i s h e d  to  l i m i t th e  n u m ber of o p ti o n s  to  b e  s tu d i e d  a n d  
th e  am ou n t of s tu d y ti m e i n vo l ved .  Th e  s cree n i n g  m eth o d  i s  very s i te  a n d  o wn er d e p en d en t 
an d  th erefore ,  ca n n o t b e  d efi n e d  i n  th i s  G u i d e .  Th e  d e term i n ati on  of th e  b e s t a l tern a ti ve  i s  a n  
i te rati ve  proce s s  re q u i ri n g  th e  s ki l l s  a n d  experti s e  of th e  en ti re  team .   A n e w ru n n er d es i g n  
can  u s u a l l y res u l t  i n  a  s i g n i fi ca n t i n cre as e  i n  p erform an ce .  H o we ver,  i f th e  n e w ru n n er d es i g n  
i n cre as es  th e  ou tp u t to  th e  p o i n t of re q u i ri n g  m an y of th e  m ech a n i ca l  a n d  e l ectri ca l  po we r 
tra i n  com po n en ts  to  b e  reh a b i l i tate d  or rep l a ce d ,  i t  m a y n o t b e  th e  b es t  s ol u ti o n ;  a  s m al l er 
i n cre as e  i n  p o wer wi th  con ce n trati o n  on  i m pro ve d  effi ci en cy m a y p ro ve  to  b e  th e  b e tter 
i n ves tm en t.  

BS EN 62256:2008– 19 –



E a ch  a l tern ati ve  s h a l l  be  cl ea rl y i d e n ti fi ed  a s  a  s e para te  co n s i d erati on  wi th  i ts  o wn  as s oci a ted  
be n e fi ts ,  cos ts ,  a n d  econ om i c a n a l ys i s .   

Th e  fo l l o wi n g  are  exam p l es  of i n crem en ta l  m od i fi cati on s  to  wa te r p as s a g e  com p on e n ts  th a t 
cou l d  l e ad  to  d i ffe re n t a l tern a ti ves :  

•  rep l ace  ru n n er i n cl u d i n g  n e w fi xe d  a n d  rota ti n g  we ari n g  ri n g s ,  i f a pp l i cab l e ;  

•  res tore  wa ter p as s a g e s u rfa ces ;  

•  m od i fy s h a p e  of s ta y va n es ;  

•  m od i fy o r re pl a ce  g u i d e  van es ;  

•  i n cre a s e  g u i d e  va n e  o p e n i n g ;  

•  m od i fy d raft  tu be  s h a p e;  

•  tu rb i n e  i n l e t  va l ve  m o d i fi cati on  or re pl acem en t;  

•  m od i fy h e a d co ver to  accom m od a te  m ore  effi ci en t s ea l s .  

I f th e  o u tp u t from  th e  tu rb i n e  i s  i n cre as ed ,  i t  wi l l  b e  n ece s s ary to  an a l yze  a l l  of th e  
com p on e n ts  (m ech an i ca l  a n d  e l ectri ca l )  i n  th e  po wer tra i n .  Th es e  i n cl u d e ,  b u t  a re  n o t l i m i te d  
to :  

•  ch a n n e l s ,  p o wer tu n n el s  a n d  p e n s tocks ;  

•  s h a fts ;  

•  g u i d e  van e  s ervom otor s troke  an d  o p era ti n g  pre s s u re ;  

•  Kap l an  ru n n er s ervom oto r s troke  an d  pre s s u re ;  

•  th ru s t  b e ari n g ;  

•  g o vern ors ;  

•  g e n e ra tors ;  

•  bu s  a n d  ca b l es ;  

•  tra n s form ers ;  

•  exci tati on  s ys tem s ;  

•  tra n s m i s s i o n  l i n es ;  

•  s wi tch g e ar.  

Th e  e l ectri ca l  e q u i pm en t i s  n ot co vered  i n  th i s  g u i d e .   

F or e va l u a ti o n  pu rp os e s ,  th e  acti vi ti e s  s h o u l d  b e  s e para te d  i n to  th o s e  con tri bu ti n g  to  
perform an ce i m p ro vem e n t,  th os e  req u i red  to  re i n s ta te  a n  accep tab l e  d e g ree  of re l i a b i l i ty an d  
th os e  req u i red  for o th er reas o n s  s u ch  as  e n vi ro n m e n ta l ,  s oci al ,  or re g u l a to ry.  
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F or p o werh ou s es  wi th  a  l arg e  n u m b er of u n i ts  a n d  a  l o w u ti l i za ti on  fa ctor,  o n e  s h o u l d  e va l u a te  
th e  be n efi ts  of n ot re h a b i l i ta ti n g  a l l  of th e  u n i ts  to  th e  s a m e l e ve l .  A fe w u n i ts  co u l d  b e  
u p g rad e d  a n d  op erate d  on  a  co n ti n u a l  b as i s  wh i l e  th e  b a l a n ce  of u n i ts ,  h a vi n g  l o wer 
perform an ce ,  a re  u s e d  for i n fre q u e n t h i g h  l o a d  d em a n d  p eri od s  o r d u ri n g  s h ort  d u rati on  h i g h  
d i s ch a rg e  pe ri o d s .  

I t  i s  u s u a l l y p os s i b l e  to  i d e n ti fy,  wi th o u t tu rb i n e  d i s m an tl i n g ,  th e  n eces s ary m aj or acti vi ti es  of 
a  tu rbi n e  re h a b i l i ta ti o n .  H o we ver,  th e re  a re  s om e  typ es  of prob l em ,  s u ch  as  a  crack i n  th e  
wa ter p as s a g e s u rface  o f th e  h ea d co ver th a t ca n n o t be  d e tecte d  u n ti l  th e  u n i t  i s  d i s m an tl e d .  
Th i s  typ e  of pro b l e m  can  ca u s e  a  s i g n i fi ca n t exte n s i o n  of th e  o u ta g e .  Ap propri a te  
con ti n g e n ci es  s h a l l  be  a  pa rt of a n y re h a b i l i ta ti o n  p l a n .  

4.3.4.5  Determination  of scope  for al ternatives  

F or e ach  a l te rn ati ve,  a  d e ta i l e d  l i s ti n g  of p l a n n e d  m od i fi cati o n s  or rep l a ce m en ts  of eq u i pm e n t 
com pon e n ts  s h a l l  b e  d e ve l o p ed .  I t  i s  i m portan t to  i d e n ti fy wh i ch  i tem s  ca n  b e  o bta i n e d  pri or to  
th e  o u ta g e  a n d  wh i ch  i tem s  s h a l l  b e  m od i fi ed  d u ri n g  th e  o u ta g e .  I n  ad d i ti o n  to  th e  o b vi o u s  
i m pact o n  cos t,  th i s  l i s t m a y a l s o  s i g n i fi ca n tl y i m pact th e  s ch e d u l e  a n d  tran s p ortati o n  
req u i rem e n ts .  

W h i l e  th i s  g u i d e  focu s es  o n l y o n  th e  d e ta i l s  for th e  tu rbi n e,  th e  h ard ware  m od i fi ca ti o n s  a n d  
procu rem en t d eci s i o n s  s h a l l  i n cl u d e  a l l  e q u i p m e n t,  i n cl u d i n g  g o ve rn or,  g en era tor,  tra n s form er,  
etc.  to  p erm i t a  m ea n i n g fu l  eco n om i c an a l ys i s .  An y re q u i re d  m od i fi cati on s  to  ci vi l  s tru ctu res  
s h a l l  a l s o  b e  i n cl u d e d .  

4.3.4.6  Determination  of cost for al ternatives   

Th e cos t  d e te rm i n a ti o n  s h o u l d  con s i d er a l l  of th e  fo l l o wi n g  e l em e n ts :  

•  a l l  cos ts  re l a te d  to  th e  s u pp l y of n e w or rep l a ce m en t com po n e n ts ;  

•  a l l  e n g i n e e ri n g  a n d  proj e ct re l a te d  cos ts  b y th e  o wn e r,  s u p p l i e rs ,  a n d  con s u l tan ts ;  

•  cos ts  re l ate d  to  th e  m od i fi ca ti on  of exi s ti n g  com po n e n ts ;  

•  on e  ti m e cos ts  s u ch  as  m od e l  te s ts ,  fi e l d  tes ts ,  p a tte rn s ,  etc. ;  

•  cos ts  of fi e l d work:  d i s as s em bl y,  re-as s em bl y,  m ach i n i n g ,  cra n e  reh a b i l i tati o n ,  e tc. ;  

•  l os t  o p portu n i ty cos ts  d u ri n g  th e  ou tag e  (e n erg y,  cap aci ty a n d  o th er a n ci l l ary s e rvi ces ) ;  

•  op e rati o n  an d  m ai n ten a n ce cos t ch a n g e s ;  

•  con ti n g en cy for u n d e tected  pro b l em s  i n  th e  p l a n n i n g  ph as es ;  

•  fi n an ci n g  or i n tere s t  ch a rg e s ;  

•  es ca l ati o n ;  

•  en vi ro n m en ta l /s oci al /re g u l a tory cos ts ;  

•  i n fl u e n ce  of s ch e d u l e  o n  es ca l ati o n  an d  cas h  fl o w.  
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4.3.4.7  Determination  of schedule  for al ternatives   

I t  i s  very i m porta n t to  con s i d er th e  s ch ed u l e  as s oci a te d  wi th  e a ch  a l tern a ti ve .  Th e  ti m e of 
ye ar of th e  ou tag e  a n d  l en g th  of ou ta g e  can  h a ve  a  m aj or i m pa ct o n  th e  cos t of l os t en e rg y 
pro d u cti o n  d u ri n g  th e  o u tag e .  O n e  ou tag e  p e r ye a r on  a  g i ve n  u n i t,  wi l l  a l l o w th a t  th e  o u ta g e  
occu r a t th e  l o wes t e n erg y pro d u cti on  a n d  va l u e  ti m e  of th e  ye a r,  bu t each  ou ta g e  wi l l  th e n  
i n cu r a  m ob i l i za ti o n  a n d  d e-m ob i l i za ti o n  cos t.  F or a  m u l ti p l e  u n i t p l a n t wi th  a  l o w cap a ci ty 
factor,  b ack-to- b ack ou ta g es  wi l l  e l i m i n a te  rep e ati n g  m ob i l i za ti on  an d  d e -m ob i l i za ti o n  cos t,  
res u l t i n  l es s  ch an g e of p e op l e  i n  th e  work crew,  a n d  a l l o w th e  o wn e r to  expe ri e n ce  th e  
be n efi ts  s oo n e r.  H o we ve r,  i n  m an y cas es ,  ba ck-to-b ack o u ta g es  are  n o t fi n an ci a l l y j u s ti fi e d  
beca u s e  th e y wo u l d  exte n d  i n to  th e  h i g h  re ve n u e  p e ri o d s  or re d u ce  th e  o p p ortu n i ti es  of 
s ati s fyi n g  p ea k d e m an d s .  C h a n g e s  i n  s ch e d u l e  wi l l  i m pact e s cal a ti o n  a n d  cas h  fl o w.   

4.3.4.8  Determination  of benefi ts  for al ternatives  

Th e be n efi ts  for each  a l tern a ti ve  a re  d eterm i n e d  b y:  

•  ob tai n i n g  th e  expecte d  p erform an ce  g a i n s  i n  effi ci e n cy a n d  p o wer from  th e  h yd ro l o g y a n d  
h yd ra u l i c en g i n e eri n g  te a m  m em b ers ;  

•  d e term i n i n g  th e  i m pro ve m en t i n  re ve n u e b y d oi n g  a  com pu ter s i m u l a ti o n  of p l a n t op erati on  
wi th  th es e  p erfo rm an ce  g a i n s ,  th e  an ti ci p a te d  o p era ti o n  s ch em e a n d  th e  an ti ci p a te d  va l u e  
of e n e rg y for th e  n u m b er of ye ars  i n  th e  fi n an ci a l  a n a l ys i s ;  

•  e va l u ati n g  th e  re d u ce d  o pe ra ti o n  a n d  m ai n te n a n ce cos ts ;  

•  e va l u ati n g  th e  an ci l l ary b en efi ts .  

4.3.4.9  Risk management for al ternatives   

Ri s ks  as s oci a ted  wi th  th e  va ri o u s  al te rn a ti ves  b e i n g  s tu d i ed  s h a l l  b e  co n s i d ere d  a n d ,  wh ere  
pos s i b l e ,  e va l u ate d .  Are a s  of ri s k i n cl u d e  th e  fo l l o wi n g :  

•  n o n - ach i e ve m en t of perform an ce ( p o we r,  effi ci e n cy,  h yd ra u l i c i n s ta bi l i ty an d  ca vi ta ti o n  
p i tti n g );  

•  d am ag e to  or fa i l u re  of a  com p on e n t th a t was  n o t reh a b i l i ta ted  a n d  e s ta b l i s h m e n t of 
re l a te d  e n e rg y l os s es ;  

•  d am a g e to  a  com p o n e n t th at wa s  n ot i n ten d ed  to  b e  re h ab i l i ta te d ,  d i s co ve red  after 
d i s m a n tl i n g ;  

•  es ca l ati o n  rate s  (s e n s i ti vi ty a n a l ys i s  i s  recom m en d ed ) ;  

•  fi n a n ci n g  or i n te res t  ra te s  (s e n s i ti vi ty a n a l ys i s  i s  recom m e n d e d ) ;  

•  cu rren cy exch a n g e ri s k ( i f a p p l i ca b l e );  

•  e xte n d e d  ou tag e  p eri o d  an d  re l ate d  e n erg y l os s e s ;  

•  ri s ks  re l ate d  to  s afety,  en vi ron m en t,  e tc. ;  

•  m arket ch an g es ;  

•  b o n d i n g  (re q u i re d  exte n t an d  ti m i n g  of co ve ra g e ).  

N o te  th a t th e  s cop e  of th e  re h ab i l i ta ti o n  a l tern ati ve  wi l l  h a ve  a n  i m pact o n  th e  l e ve l  of ri s k 
attri b u ta b l e  to  i t.  
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4.3.4.1 0  Economic analysis  for al ternatives  

An  eco n om i c a n al ys i s  i s  fi rs t p erform ed  for each  a l tern a ti ve  to  as certai n  th e  o p ti m a l  s o l u ti o n .  
After a n  o pti m a l  s o l u ti o n  h a s  be e n  s e l ected ,  a  fi n a n ci al  a n a l ys i s  i s  p e rfo rm ed  to  con fi rm  th e  
fi n an ci n g  re q u i rem e n ts  a n d  th e  o vera l l  vi a b i l i ty of th e  p roj ect.   

4.4 Contractual  i ssues   

4.4. 1  General  

Th e  fol l o wi n g  s u b cl a u s e s  can  ap p l y to  e i th er th e  b i d d i n g  or th e  p a rtn eri n g  a p proa ch  of 
con tract arra n g em e n t.  Th e  e xa ct co n te n t of th e  d ocu m en ts  co u l d  b e  d i ffere n t i n  th e  two  
ap proa ch es ,  bu t th e  g o a l  i s  th e  s am e:  pre ci s i o n  a n d  cl a ri ty.  

4.4.2  Specification  requ irements  

Th e s co p e of s u p p l y for e a ch  acti vi ty or com po n en t,  th e  g o a l s  an d  th e  a s s i g n m e n t of 
res p o n s i b i l i ty a n d  proj ect  s ch e d u l e  s h al l  b e  very cl ear an d  p reci s e ,  as  i n  a n y co n tract.   

I t  i s  d i ffi cu l t wh e n  wri ti n g  th e  s p eci fi cati o n  for a  reh ab i l i ta ti o n  proj ect,  to  cover a l l  work i n  
d e tai l  a n d  to  d efi n e  th e  s h ari n g  of th e  re s po n s i bi l i ti es  b e twe en  th e  co n tractors  a n d  th e  o wn e r 
for u n pred i cta b l e  e ve n ts  an d  co n s e q u en t ch a n g e s  i n  s co p e.  Pro vi s i o n s  s h o u l d  be  m ad e  i n  th e  
con tract for ch an g es  i n  s cop e an d  e xtra  work.  La bo u r rates  for th e  va ri ou s  tra d es  s h o u l d  b e  
ca l l e d  for i n  th e  te n d er to  co ve r extra  wo rk i n vo l vi n g  fi e l d  l a bo u r.  F or i d en ti fi ab l e  p o te n ti a l  
ad d i ti o n a l  s u p p l y i tem s ,  p ri ces  s h o u l d  b e  ca l l e d  fo r i n  th e  te n d er.   

Th e  s ch e d u l e  fo r a l l  acti vi ti es  s h a l l  b e  very cl e a rl y d efi n e d .  Th es e  acti vi ti e s  cou l d  i n cl u d e  
as s es s m en t,  d e term i n ati on  of s cop e,  pre p arati on  of s peci fi cati on ,  co n s u l ti n g  s ervi ces ,  s u p pl y 
of eq u i pm en t,  re h ab i l i tati on  of eq u i p m e n t,  d i s as s em b l y,  re- as s e m b l y,  proj ect m an a g em en t,  
etc.   

Th e  exp ected  p erform an ce i m pro vem en ts  s h ou l d  b e  cl earl y s ta te d  re g ard i n g  po wer,  
effi ci e n cy,  ca vi ta ti on  ero s i on  an d  op erati n g  s ta b i l i ty.  I m pro ve m en t of th e  tu rb i n e  op era ti n g  
ch aracteri s ti cs  m a y b e  d ete rm i n e d  b y a  pre- o u tag e  “ s i g n atu re”  tes t fo l l o we d  b y a  p os t-o u ta g e  
tes t;  b o th  p e rform ed  o n  th e  s am e u n i t,  u s i n g  th e  s a m e m eth o d  an d  prefera b l y u s i n g  th e  s am e  
tes t i n s tru m en ts  an d  tes t cre w.   

I n  th e  pre para ti o n  of th e  s peci fi cati o n ,  a  d e ci s i o n  i s  re q u i re d  o n  th e  m eth od  for pe rform a n ce  
g u a ran tee  va l i d ati on :  m od e l  tes ti n g  (fu l l y or s em i -h om ol og o u s )  or re l ati ve  or a bs ol u te  
pro totyp e  e ffi ci e n cy te s ti n g  ( i n  th e  p l an t),  o r b o th .   

Th e  m an n e r i n  wh i ch  th e  s p eci fi ca ti on s  a re  p re pa red  a n d  wh i ch  team  m em bers  are  i n vo l ve d  
wi l l  d e p e n d  on  th e  s e l ecte d  s tra te g y for th e  e xe cu ti o n  of th e  re h a b i l i tati on  proj e ct.  

4.4.3  Tendering  documents  and  evaluation  of tenders   

Th e  exact u s e  of te n d eri n g  d ocu m en ts  wi l l  d ep e n d  u p on  th e  con tractu al  a rra n g e m e n t u s e d .  
Ten d eri n g  d ocu m en ts  ca n  b e  u s e d  to  ch o os e  a  p artn er or partn ers  ( n e a r th e  b e g i n n i n g  of th e  
proces s ) ,  procu re  h ard ware  a n d /or s e rvi ces ,  or a  com bi n ati on  of th es e.  Th e  i n te n t an d  u s e  of 
te n d eri n g  d ocu m en ts  for a  re h a b i l i ta ti on  proj ect i s  th e  s am e as  for an y o th e r m aj or con tra ct.   
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Ten d eri n g  d ocu m e n ts  s h a l l  be  pre p are d  i n  a  m an n er th at as s u res  th at th o s e  res p o n d i n g  wi l l  
s u bm i t i n form ati o n  on  a  com m on  b as i s  a n d  be  j u d g e d  o n  a  com m on  b a s i s .  To  ach i e ve  th i s ,  
th e  o wn er s h o u l d  m ake  a va i l ab l e  to  a l l  te n d e re rs ,  a l l  n e ce s s a ry i n form ati on  p ertai n i n g  to  th e  
d es i g n  an d  p erform an ce of th e  e xi s ti n g  u n i t  a n d  al l  a vai l a b l e  i n form ati o n  on  i ts  con d i ti o n .  Th i s  
s h o u l d  be  d o n e  wi th  d u e  re s p ect for cu rre n t l a ws  re g ard i n g  d i s cl o s u re  of p ro p ri e ta ry 
i n form ati o n .  Th e  te n d er d ocu m e n ts  s h ou l d  p ro vi d e  for a  m an d atory s i te  vi s i t  e arl y i n  th e  
te n d er p eri od ,  wi th  acces s  to  th e  wate r p as s a g es  of th e  u n i t to  be  reh a b i l i tate d ,  to  fu l l y i n form  
a l l  te n d erers .  

I n  th e  e va l u ati o n  proces s ,  cl ari fi ca ti o n s  m a y b e  s o u g h t a n d  ad j u s tm e n ts  m ad e  to  th e  te n d e red  
i n form ati o n .  P e rform an ce i m pro ve m en t cl a i m s  s h a l l  be  very ca refu l l y a n a l yze d  d u ri n g  te n d er 
e va l u ati on  to  d e ve l o p  co n fi d e n ce i n  th e  te ch n i ca l  l og i c wh i ch  h as  l e d  th e  p ote n ti a l  s u pp l i e r to  
i ts  co n cl u s i o n s ,  p arti cu l arl y i n  th e  ca s e  of tu rb i n e  re h a b i l i tati on ,  wh ere  th e  o th er wa ter 
pas s a g e com po n e n ts  a n d  th e  u n i t s pe e d  m a y n o t b e  i d e a l  for a  n e w m od e rn  ru n n er of u s u a l  
d es i g n .   

Th e  e va l u a ti o n  cri te ri a  s h a l l  b e  cl e a r.  Th e  va l u e  of ad d i ti o n a l  en erg y pro d u cti o n  (kW h )  i s  m os t 
ofte n  re pres e n te d  b y a  va l u e  on  i n creas e d  we i g h te d  a ve ra g e  effi ci e n cy a n d /or o n  i n cre as ed  
po we r.  Th e  ten d er d ocu m e n ts  s h a l l  e i th er s p eci fy i n  d eta i l  th e  e va l u ati o n  cri teri a  or s p e ci fy 
th e  op ti o n s  wh i ch  a re  to  be  p ri ced  a n d  d es cri b e d  i n  th e  te n d e r a l on g  wi th  th ei r i n fl u en ce o n  
g u aran tee d  p erform an ce .  

An o th er ke y cri teri on  i s  th e  cos t of th e  o u ta g e  th a t can  be  re pres en ted  as  a  cos t pe r d a y for a   
g i ve n  p eri od  of th e  ye a r.  Th e  m an a g em e n t of th e  ou ta g e  p e ri od  i n vol ve s  a  b a l a n ce  b e twe en  
th e  cos ts  of n e w p arts  to  re m ove th e i r re h a b i l i tati on  from  th e  cri ti cal  pa th  a g a i n s t th e  
red u cti o n  of th e  o u ta g e  p eri o d .  Th e  o wn er ca n  offer a  b on u s  for ea rl y com p l e ti o n  a n d  exact a  
pe n a l ty for l a te  com pl e ti o n .  

S tra te g i es  of perform an ce  e va l u ati o n  s h ou l d  e n s u re  th at th e  ten d ere r i s  l e a d  to  q u o te  a  
rea l i s ti c  l e ve l  of g u ara n te es .  a l l  of th es e  s trate g i es  i n vo l ve  e va l u a ti on  of p e rform an ce 
g u a ran te es  a t th e  ti m e of te n d e r e va l u ati on s  th en  l ater wi th  th e  ch os e n  C on tra ctor,  s om e 
i n vo l vi n g  b o n u s es  a n d  p e n a l ti es  a t th e  co n cl u s i o n  of m od e l  o r fi e l d  tes ti n g .  

4.4.4  Contract  Award(s)  

Th e co n tra ct d ocu m en ts  s h a l l  be  co n s i s ten t wi th  al l  oth er d ocu m en ts  u s ed  pri or to  co n tract  
a ward .  Th e s e  o th er d o cu m en ts  i n cl u d e  te n d e r d ocu m en ts ,  a l l  ad d en d a  to  th e  te n d er 
d ocu m en ts ,  th e  s e l ecte d  s u p p l i e r(s ) ’ s  te n d er,  m i n u te s  of cl a ri fi ca ti o n  a n d /or n e g oti ati on  
m ee ti n g s  a n d  a n y oth e r d ocu m en ts  wh i ch  m a y b e  p erti n en t to  th e  exe cu ti on  of th e  co n tract.  
Th e  co n tract d ocu m en ts  s h a l l  i d e n ti fy a l l  op ti o n s  a n d  s co p e a l tern ati ves  th a t are  to  b e  
reta i n e d  i n  th e  execu ti on  of th e  proj e ct.   

4.5  Execution  of project 

4.5. 1  Model  test  activi ties   

Th e o wn er s h ou l d  m on i tor a n d  re vi e w th e  fol l o wi n g  acti vi ti es  i n  p ro g re s s  or a t con cl u s i o n  to  
th e  exte n t req u i red  b y i ts  i n - h o u s e  p o l i ci es :  

•  d es i g n ,  d ra wi n g s  a n d  b i l l s  of m ate ri a l s ;  

•  m an u fa ctu ri n g  wi th  res p e ct to  h om ol o g y to l eran ce s  a n d  con form a n ce  to  d ra wi n g s  a n d  b i l l s  
of m ateri a l s ;  

•  i n s ta l l a ti o n  re g a rd i n g  con form a n ce  to  d ra wi n g s ,  tol era n ce s  a n d  proce d u res ;  

BS EN 62256:2008 – 24 –



•  tu rb i n e  m od e l  tes ti n g  i n  m an u factu rer’ s  l a bora tory or i n  a n  i n d ep e n d e n t l ab oratory,  i f 
s pe ci fi e d ,  i n cl u d i n g  i n s tru m en t ca l i brati o n s .  

I f th e  com p eti ti ve  b i d d i n g  arra n g e m en t i s  ch o s en  a n d  i f com pe ti ti ve  m od e l  tes ti n g  i n  
m an u fa ctu rers ’  l ab oratori es  an d  i n  a n  i n d e pe n d e n t l a bo ra tory i s  ch os e n ,  th e n  at  l e as t two  
tu rb i n e  s u pp l i ers  s h al l  b e  s e l ecte d  for th i s  tes ti n g .  I n  th e  cas e  of a  com pe ti ti ve  m od e l  te s t,  
m an u fa ctu rers  s h o u l d  b e  e n co u rag e d  b y s p eci fi cati on  to  b e  i n ve n ti ve  o n  th e  s u bj ect of h o w 
bes t to  s ati s fy o wn e r’ s  i n teres ts  re g ard i n g  perform an ce  of th e  re h ab i l i ta te d  m ach i n e .  

I t  i s  i m po rtan t to  re a l i ze  th at  fu l l y h om ol o g ou s  m od e l  tes ts  wi l l  g i ve  a  very re l i a b l e  i n d i ca ti on  
of th e  i n cre a s e d  re ve n u e  th a t ca n  be  g en era te d  from  th e  u p g ra d ed  u n i ts  p ro vi d ed  th a t th e  
s u rface  co n d i ti on  of th e  e n ti re  wa ter pas s a g e i s  p rop erl y take n  i n to  accou n t.  Th erefo re ,  i t  m a y 
be  b e n efi ci a l  for proj ect  p l a n n i n g  pu rp os es ,  to  p e rform  th e  m o d e l  tes ts  b y s e para te  co n tract 
earl y i n  th e  d eta i l e d  s tu d y s tag e .  

I f a  proj ect i s  re l a ti ve l y s m a l l ,  a  m od e l  tes t m a y n ot be  eco n om i ca l l y j u s ti fi ab l e.  I n  s u ch  cas es ,  
a  h yd rau l i c d es i g n  ca n  b e  fi n a l i ze d  b y th e  u s e  of Com pu ta ti o n a l  F l u i d  D yn am i cs  (C F D )  to o l s  
wi th o u t  th e  execu ti o n  of a  m od e l  te s t.  

4.5.2  Design ,  construction ,  i nstal lation  and  testing  

Th e  o wn er wi l l  m o n i tor a n d  re vi e w th e  fo l l o wi n g  a cti vi ti es  i n  pro g res s  o r a t  co n cl u s i on  to  th e  
exte n t  re q u i re d  b y i ts  i n - h o u s e  p ol i ci e s :  

•  com pon e n t d es i g n ,  d ra wi n g s  an d  b i l l s  of m a teri a l s ;  

•  m a teri a l s  s e l e cti on  a s  co m p are d  to  s p eci fi e d  m ate ri a l s ;  

•  q u a l i ty as s u ra n ce ,  a n d  q u a l i ty con tro l  ( i n s p ecti o n )  re q u i rem en ts ;   

•  s h o p  tes ts  a n d  i n s p ecti o n s ;  

•  d i m en s i o n al  con tro l  an d  h om ol o g y veri fi cati o n  (e s p eci a l l y for th e  ru n n er)  i n  a ccord an ce  
wi th  I E C 6 0 1 9 3  a n d  th e  con tract  s p eci fi cati o n s ;  

•  s i te  d i s as s e m bl y,  reco n d i ti o n i n g  o r m od i fi ca ti on s  of com pon e n ts ,  re -a s s em b l y,  an d  
a l i g n m e n t;  

•  com m i s s i on i n g  of th e  u n i t;  

•  pro totyp e  p e rform an ce  tes t (a bs o l u te  effi ci en cy) ,  p o wer- g ate  tes t or i n d ex (re l a ti ve  
effi ci e n cy)  tes t;  

•  l oa d  rej e cti on  tes t;  

•  ru n n er te s ti n g  to  i d en ti fy n a tu ra l  fre q u e n ci es  a n d  vi b ra ti o n  m o d e  s h a p e s ;  

•  tu rb i n e  com po n e n t s tra i n  g a u g e  tes ts ;  

•  s e rvom otor d i fferen ti a l  pre s s u re  tes t;  

•  m ech an i ca l  h ea t ru n  -  m eas u ri n g  th e  b e a ri n g  a n d  o i l  tem peratu res ;  

•  m ea s u rem en t of d raft tu b e  an d  s p i ra l  cas e  p res s u re  fl u ctu ati on s ,  s h aft s ys te m  d yn am i c 
ru n o u ts  a n d  h e ad co ver d efl ecti o n s ,  th e  l a tter be i n g  u s u a l l y l i m i ted  to  ca s e s  i n vo l vi n g  a  
n e w d es i g n  a n d  l a rg e  m a ch i n es .  

4.6  Evaluation  of resu l ts  and  compl iance with  guarantees   

4.6. 1  General  

G u a ra n te e s  ca n  b e  es ta b l i s h e d  for:  

•  i m pro vem en ts  i n  po we r an d /or e ffi ci e n cy ba s e d  on  m o d e l  tes ts  a n d /or prototyp e  (rel a ti ve  
or a b s o l u te)  tes ts ;  

•  s ch e d u l e  p erform a n ce ;  
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•  Ca vi ta ti o n  p i tti n g  l i m i t;  

•  Ru n a wa y s p ee d  wi th s ta n d .  

4.6.2  Turbine performance evaluation  

Tu rb i n e  p erform an ce e va l u ati o n  i s  d o n e  n orm a l l y b y m od el  tes ts  i n  accord a n ce  wi th  I E C  
6 0 1 93  a n d /or b y prototyp e  tes ts  (a bs o l u te  or re l a ti ve)  i n  a ccord an ce wi th  I E C  6 0 0 4 1  
wh i ch e ver i s  ca l l e d  for i n  th e  co n tract d ocu m e n ts .   I E C  6 0 0 4 1  co vers  th e  a rra n g em en t for 
tes ts  at  th e  s i te  to  d eterm i n e  th e  exte n t to  wh i ch  th e  m ai n  con tract g u ara n te es  a re  s a ti s fi ed .  
Th i s  i s  th e  m eth o d  bes t s u i te d  to  th e  cas e  wh ere  a  m od e l  te s t i s  n o t pe rform ed  i n  fu l l  
h om o l o g y or wh e n  th e  pro totyp e  com po n e n ts  a re  n ot i n  fu l l  g e om etri c  s i m i l ari ty wi th  th e  
m od e l .  Th e  cos t of th e  m eas u re m en t a n d  th e  l e ve l  of i n a ccu ra cy of m e as u rem e n t p res en t th e  
m aj or d ra wb acks  of th i s  m eth o d  to  veri fy co m pl i an ce  of p e rform a n ce  wi th  g u ara n te es ,  
h o we ver d o i n g  th e  be fore  a n d  afte r tes ts  on  th e  s a m e u n i t u s i n g  th e  s am e  eq u i p m e n t a n d  te s t  
te am  re d u ce th e  co n tractu a l  s i g n i fi ca n ce  of s ys te m ati c i n accu raci e s .  

E very effort s h o u l d  b e  m ad e to  es ta bl i s h  th e  rou g h n e s s  of th e  exi s ti n g  p ro to typ e  wa te r 
pas s a g e s u rface s  b e fore  th e  b i d d i n g  s ta g e  a n d  th ere fore,  b efore  th e  g u ara n te es  a re  
es ta b l i s h ed .  Th i s  i s  p a rti cu l arl y i m portan t for th e  ru n n er a n d  th e  d i s tri b u to r ( th e  s ta y ri n g ,  th e  
g u i d e  va n es  an d  th e  wa ter p as s a g e s u rfaces  of th e  h ea d co ver,  b o ttom  ri n g  an d  d i s ch a rg e  
ri n g )  wh os e fri cti o n  l os s e s  are  s i g n i fi ca n t i n  th e  e s ta b l i s h m en t of th e  o vera l l  tu rb i n e  effi ci en cy.  
H a vi n g  th i s  i n form a ti o n  i n  th e  te n d er d ocu m en t a l l o ws  th e  te n d e rer to  e va l u ate  th e  p ote n ti a l  
be n efi ts  of vari o u s  o pti on s  re g ard i n g  th e  i m pro ve m en t of wa ter p as s ag e  s u rfaces .   

F o l l o wi n g  th e  s p e ci fi e d  g u a ran tee d  peri o d  of o p era ti o n ,  a n  i n s p ecti o n  fo r ca vi tati on  eros i o n  
s h o u l d  b e  p erform ed .  Th i s  i n s p ecti on  co n s i s ts  of record i n g  an d  m a p p i n g  a n y ca vi ta ti on  
eros i o n  d am a g e  o n  th e  ru n n er a n d  a d j acen t com pon e n ts .  Th e  d am ag e i s  th e n  com pared  
ag a i n s t th e  g u a ra n te e d  l i m i ts  of th e  con tract d ocu m en ts .  F or e va l u a ti o n  m eth o d s ,  s ee  I E C  
6 0 6 0 9 .  

4.6.3  Generator performance  evaluation  

I f th e  co n tract i s  b as e d  o n  tu rb i n e  e ffi ci e n cy as  o p pos e d  to  u n i t e ffi ci e n cy,  g e n erator 
perform an ce  tes ts  s h ou l d  b e  ca rri ed  ou t i n  accord an ce  wi th  a p pl i ca b l e  s ta n d ard s .   

4.6.4  Penal ties  and/or bonuses  assessment 

At a n y p o i n t i n  th e  ab o ve proces s es ,  th e  o wn e r m a y as s es s  p e n a l ti es  a n d /or b on u s e s  i n  
accord a n ce wi th  th e  co n tra ct.  P en a l ti es  a n d /or bo n u s es  ca n  b e  ba s e d  o n  m od e l  a n d /or 
pro totyp e  p erform an ce,  pro totyp e  ca vi ta ti on  p i tti n g ,  co n form a n ce to  th e  s ch e d u l e,  cos ts ,  
s afety,  or a n y o th er as p e ct of q u a n ti fi ab l e  i n te res t  to  th e  o wn er.  

5 Schedul ing,  cost analysis  and  risk analysis  

5.1  Schedul ing  

5. 1 . 1  General  

Co n s i d e rati o n  s h o u l d  be  g i ven  to  s ch ed u l i n g  a l l  ph a s es  of a  re h a b i l i ta ti o n  proj ect i n cl u d i n g  
as s es s m en t of th e  e q u i p m en t,  fe as i b i l i ty s tu d y,  d ete rm i n i n g  th e  s co p e  of work,  pre para ti o n  of 
s pe ci fi ca ti o n s ,  a n d  execu ti o n  of th e  proj e ct.  Proj e ct o rg a n i za ti o n  wi l l  i m pa ct s ch e d u l i n g  of th e  
va ri o u s  proj e ct acti vi ti es ,  b u t  re g ard l es s  of h o w th e  proj ect i s  org an i ze d ,  a l l  of th e  proj ect 
acti vi ti es  n e e d  to  b e  s ch e d u l e d  i n  a  l og i ca l  s e q u e n ce.  
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S ch e d u l i n g  i s  a  proj ect m an a g em en t to o l  u s e d  to  coord i n a te  a cti vi ti es  a n d  en s u re  ti m e l y a n d  
cos t- effecti ve  com pl eti on  of th e  wo rk proces s es .  To  d eterm i n e  th e  S co p e of W ork,  a  re a l i s ti c  
work p l a n  an d  s ch e d u l e  s h o u l d  b e  es ta b l i s h e d  an d  u s e d  to  g u i d e  th e  work p roces s .  A re a l i s ti c  
work p l a n  an d  s ch e d u l e  wi l l  e n s u re  th at  a l l  of th e  acti vi ti es  re q u i re d  to  d e te rm i n e  th e  s co p e of 
work are  com p l e ted  i n  a  t i m el y m an n er,  a n d  th a t o n l y a cti vi ti e s  re q u i re d  to  d e term i n e  th e  
s cop e  of work are  perform e d .  

Th e  ti m e  th a t wi l l  b e  re q u i re d  to  com pl ete  th e  acti vi ti es  an d  th e  as s oci ate d  cos ts  are  a l m os t 
a l wa ys  s i g n i fi ca n t  factors  i n  d e term i n i n g  th e  fe as i b i l i ty of a  proj ect.  C os ts  are  cl os e l y re l a te d  
to  th e  d u rati o n  of th e  work.  Cos ts  m a y i n crea s e  i f th e  work s h a l l  be  com pl e te d  i n  a n  u n u s u a l l y 
bri e f t i m e peri o d  a n d  m a y a l s o  i n cre as e  i f th e  wo rk i s  d ra wn  o u t o ver a n  u n n e ces s ari l y l o n g  
peri o d .  

W h ate ver s ch ed u l i n g  to o l  i s  u s e d  to  org a n i ze  th e  p l a n n i n g  p roces s ,  i t  s h ou l d  be  s u ffi ci e n tl y 
d e tai l e d  to  i d en ti fy wh o  d o e s  wh at an d  wh e n .  Th e  m ore  com pres s e d  th e  s ch e d u l e ,  th e  m ore  
i m porta n t d e tai l e d  p l a n n i n g  a n d  s ch e d u l i n g  b eco m es .  Th e  pl a n n i n g  proce s s  s h o u l d  i n cl u d e  a  
l og i ca l  s te p-b y-s te p  i d e n ti fi ca ti o n  of th e  wo rk re q u i re d  to  th oro u g h l y perfo rm  th e  as s es s m e n t 
acti vi ti es .  W h ate ve r m e th o d  of s ch e d u l i n g  i s  em p l o ye d ,  certa i n  re q u i re m en ts  are  com m on  to  
a l l  m eth o d s :  

•  D efi n i ti o n  – I d en ti fy work req u i rem e n ts  a n d  bre ak th em  d o wn  i n to  s p e ci fi c a cti vi ti es  or 
tas ks .  

•  S eq u en ci n g  – E s ta b l i s h  a  l o g i ca l  ord er i n  wh i ch  th e  work a cti vi ti e s  s h a l l  be  d o n e.  

•  D e p en d en cy – I d e n ti fy i n te r d e p en d en cy of acti vi ti e s  or tas ks .  D oes  on e  a cti vi ty n ee d  to  b e  
com pl ete d  before  a n oth e r acti vi ty ca n  s ta rt?  

•  D u rati o n  – E s ta b l i s h  a  reas o n a b l e  d u ra ti o n  for e a ch  acti vi ty.  I d e n ti fy th e  am ou n t of effort  
( work)  a n d  l e n g th  of t i m e (d u rati on )  req u i red  to  co m pl e te  e ach  a cti vi ty.  

A d e tai l e d  work p l a n  fo r a l l  of th e  proj e ct  p h as e s  n e e d s  to  b e  d e ve l o p ed  a n d  s p eci fi c tas ks  
i d e n ti fi e d .  O n ce th e  work p l a n  h as  b ee n  es tab l i s h e d  ( wh o d o es  wh a t a n d  wh e n )  th e  
s eq u en ci n g  or s ch ed u l i n g  ca n  be  d o n e.  

5.1 .2  Schedul ing  – Assessment,  feasibi l i ty and  detai led  study phases  

Co l l ecti n g  a n d  e val u ati n g  h i s tori c ri ver fl o w a n d  p l a n t o pera ti n g  d a ta  a n d  con d u cti n g  d eta i l e d  
eq u i p m en t as s es s m en t can  b e  very ti m e con s u m i n g ,  b u t  th i s  i n form ati o n  can  p rofo u n d l y effect 
th e  tech n i ca l  a n d  e co n o m i c as p ects  of th e  p roj e ct.  Th e  org a n i s a ti o n a l  s trate g y of th e  proj ect 
te am  h as  a  s i g n i fi ca n t i m pact o n  th e  s ch e d u l e.  W i l l  a  con tractor or co n s u l tan t b e  i n vol ve d  i n  
th i s  p orti o n  of th e  p roj ect?   I s  s u ffi ci e n t i n -h o u s e  s taff ava i l a b l e  to  work on  m u l ti pl e  acti vi ti e s  
or wi l l  a d d i ti on a l  res o u rces  b e  n e e d ed ?   H o w l o n g  wi l l  i t  take  for res po n s es  from  g o vern m en t 
ag e n ci es  or oth er s ou rce s  of i n form ati on  or p e rm i ts ?   C a n  eq u i p m e n t a s s es s m en t acti vi ti es  b e  
con d u cte d  d u ri n g  re g u l a rl y s ch ed u l ed  m a i n te n a n ce o u ta g es  a t off-pe ak ti m e s ?    

5.1 .3  Evaluating  the  schedu l ing  component  of al ternatives  

W h en  con s i d eri n g  th e  “ b as e l i n e ”  s co p e of work a n d  th at fo r e ach  a l tern a ti ve,  th e  i m p act o n  
th e  o vera l l  proj ect  s ch e d u l e  s h ou l d  b e  co n s i d ere d  as  we l l  as  th e  i m p act on  th e  cos ts  a n d  
be n efi ts .  E s ti m a te s  of th e  ti m e req u i re m e n ts  of e a ch  al tern a ti ve ,  i f n o t wi th i n  th e  ca pa b i l i ti es  
of th e  o wn er,  m a y b e  o bta i n e d  from  eq u i p m en t m a n u factu rers  or from  e xp eri e n ced  co n s u l ti n g  
en g i n e e rs .  Al tern a ti ve  s ch e d u l i n g  op ti o n s  s h ou l d  be  e va l u ate d  to  d eterm i n e  th e  m os t cos t-
effecti ve  op ti o n .  

Th e  cos t  of th e  co n s tru cti on  p h as e  of th e  proj ect i s  a  s i g n i fi can t p orti on  of th e  o vera l l  proj e ct  
cos ts  a n d  th e re  i s  ofte n  op p ortu n i ty to  m i n i m i ze  s om e of th e  co n s tru cti o n  cos ts  b y pro perl y 
s ch e d u l i n g  th e  work.  Th e  a d va n ta g es  a n d  be n efi ts  of th e  d i fferen t s ch e d u l e  a l tern a ti ves  n e ed  
to  b e  we i g h e d  a g a i n s t th e  d i s a d va n ta g es  a n d  cos ts .  S om e of th e  as p ects  to  co n s i d e r a re:  
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•  I s  th e re  b en efi t to  s ch ed u l i n g  co n s tru cti o n  o u tag es  o n l y d u ri n g  n on -p e ak en erg y s e as o n s  
(for m i n i m u m  l os s  of re ve n u e) ?   Th e  ti m e of th e  year a n d  l en g th  of u n i t o u tag e  m a y h a ve  a  
b i g  i m p act o n  cos t of th e  o u ta g e .  Th e  fore g on e  op p ortu n i ty cos ts ,  ( b oth  for en erg y a n d  
cap aci ty) ,  s h o u l d  b e  e va l u a ted  wh en  d e term i n i n g  th e  con s tru cti o n  s ch e d u l e .  

•  S om e  of th e  d i s ad va n ta g es  of s p l i t  or d i s co n ti n u o u s  s ch e d u l e s  ca n  i n cl u d e  p roj ect an d  
con tractor d e m ob i l i za ti o n  a n d  re m ob i l i za ti on  co s ts ,  l os s  of team  m em bers  a n d  s ki l l e d  
cra fts m en  a n d  h a vi n g  to  rep e at th e  l earn i n g  cu rve  wi th  n e w cre ws .   

•  C a n  th e  co n tra ctor p re- a s s e m bl e  rep l acem en t co m p on e n ts  be fore  th e  u n i ts  are  taken  o u t  
of s ervi ce,  or b etwe e n  s p l i t  o u ta g es  to  re d u ce th e  ou tag e  ti m e?  

•  S ch e d u l i n g  re h a b i l i ta ti on  of th e  u n i ts  co n cu rre n tl y,  o verl a p pi n g  u n i t o u ta g e s ,  or e ve n  
s ch e d u l i n g  m u l ti pl e  u n i t  ou tag es  ca n  m i n i m i ze  th e  d u ra ti o n  of th e  co n s tru cti o n  p h a s e  of th e  
proj ect.  Are  th e  res o u rce s  a va i l a b l e  to  s u p port th e  s ch e d u l e?  

•  La y d o wn  s p ace wi th i n  th e  p o werh o u s e,  s tora g e  s p ace o u ts i d e  th e  p o werh o u s e ,  a n d  fl o or-
l oa d i n g  l i m i ts  n e e d  to  be  eva l u a te d .  Th i s  i s  e s p e ci al l y i m p orta n t i f th e re  i s  m ore  th a n  o n e  
u n i t  a pa rt a t th e  s am e ti m e  or i f exte n s i ve  g en era tor work i s  a l s o  pl a n n e d  a t th e  s am e  ti m e 
or i f i n creas e d  ca paci ty i n vo l ves  h e a vi e r com pon en ts  th a n  th e  ori g i n a l  co m pon e n ts .  M os t 
po we rh o u s e s  h a ve  d i fferen t l o ad  carryi n g  cap aci ti es  i n  d i fferen t are as  to  s a ti s fy th e  ori g i n a l  
con s tru cti on  p l a n .  

•  F or parts  i n ten d ed  to  b e  reh a b i l i ta te d  a n d  re u s e d ,  i t  s h a l l  b e  d e term i n e d  i f th i s  i n te n t wi l l  
affect th e  cri ti ca l  pa th  of th e  proj ect.  Co n s i d era ti on  m a y be  g i ven  to  m aki n g  o n e  n e w p art  
for th e  fi rs t u n i t,  a n d  th e n  re h a b i l i tati n g  th e  part re m oved  from  th e  fi rs t  u n i t  for th e  s eco n d  
u n i t,  an d  s o  forth  for a d d i ti on a l  u n i ts .  Th i s  a p p ro ach  i s  a p pl i ca bl e  o n l y to  reh ab i l i ta ti o n  of 
m u l ti p l e  i d e n ti ca l  u n i ts .  

•  H o w wi l l  “ s u rpri s es ”  wh i ch  i n e vi tab l y occu r on  re h ab i l i ta ti o n  proj ects ,  affect th e  s ch e d u l e ?   
I s  th e  s ch ed u l e  fl exi b l e  e n ou g h  to  accom m od a te  u n a n ti ci p ate d  ch a n g es  to  p l a n n e d  
acti vi ti es  or a d d i ti on a l  acti vi ti es  to  “ reco ve r”  l os t  ti m e?  

•  O th er co n s tra i n ts  (s u ch  a s  fi s h  m i g rati on  p e ri o d s  for exam p l e)  m a y i n fl u e n ce th e  peri o d s  i n  
wh i ch  th e  u n i ts  a re  a va i l a b l e  for re h ab i l i tati o n .  

•  S ch e d u l e  d u ra ti o n  i m pa cts  cas h  fl o w,  e s ca l a ti on  a n d  th e  cos t  of m on e y.  

•  Tran s p orta ti o n  d u ra ti on s .  

•  S e as o n a l  acces s  co n s tra i n ts .  

5.1 .4  Schedul ing  specification  and  tendering  phase 

S u ffi ci e n t t i m e s h ou l d  b e  al l o we d  for d e ve l opm e n t an d  re vi e w of th e  ten d eri n g  d ocu m e n ts  to  
as s u re  com p l e te n es s  a n d  a ccu ra cy.  Th e  te n d eri n g  p h as e  s ch e d u l e  wi l l  d e pe n d  on  th e  
s tra te g y for pi cki n g  a  co n tractor a n d  o n  co n tractor p a rti ci p a ti o n ,  b u t  i n  a n y cas e  s h o u l d  a l l o w 
s u ffi ci e n t ti m e  for:  

•  re vi e w of te n d erer’ s  q u a l i fi ca ti o n s ;  

•  s i te  vi s i t  b y te n d erers  for i n s p ecti o n  of a  typ i ca l  ( or “ prob l em ” )  u n i t  earl y i n  th e  te n d eri n g  
peri o d  i f practi ca b l e  ( th e  i m p orta n ce  of th i s  acti vi ty ca n n o t b e  o ve r em ph as i ze d ) ;  

•  res p o n s e s  to  te n d erer’ s  q u es ti o n s ;  

•  pre p ara ti on  of ten d e rs ;   

•  e va l u ati on  of ten d ers ;   

•  n e g oti ati on  of term s  an d  i n tern a l  a p pro va l s ;  
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•  a ward  of co n tract( s )  or n oti ce(s )  to  proce e d .  

5.1 .5  Schedul ing  project  execution  phases  

Th e s ch ed u l e  for th e  e xe cu ti o n  p h as e  of th e  proj e ct ca n  h a ve  a  s i g n i fi can t i m p act o n  th e  
o ve ra l l  profi tab i l i ty of th e  proj ect.  D e l a ys  i n  d es i g n ,  co n s tru cti o n  or i n s ta l l a ti o n  ca n  l e a d  to  
proj e ct cos t o ve rru n s .  A s u ffi ci en tl y d eta i l e d  s ch ed u l e  s h ou l d  b e  pre p are d  b y th e  te n d e rer 
th e n  con fi rm ed  b y th e  s e l ecte d  co n tractor to  p erm i t th e  o wn er to  m on i tor pro g res s .  Th e  
s ch e d u l e  s h ou l d  be  u p d a te d  reg u l arl y a n d  m on i tored  b y th e  proj ect te am .  I f th e  proj ect b e g i n s  
to  fa l l  b e h i n d  s ch ed u l e,  con ti n g e n cy p l a n s  s h o u l d  be  i m p l em en ted  to  g et b ack on  th e  con tract 
s ch e d u l e .    

Al l  e ve n ts  th a t can  h a ve  an  i m p act o n  th e  s ch e d u l e  s h o u l d  b e  e val u a te d .  S om e of th e  i tem s  to  
con s i d er are :  

•  O u ta g e  d u ra ti o n  ( l os t  g e n era ti o n  o pp ortu n i ti es ).  

•  S ch e d u l e  re h a b i l i ta ti on  of s u pp ort e q u i pm en t p ri or to  re h a bi l i ta ti o n .  Th i s  i n cl u d e s  s u ch  
i te m s  as  cra n e s ,  l i fti n g  d e vi ces ,  u n - wateri n g  a n d  d ra i n a g e  s ys tem s ,  h e ad g ates ,  tu rb i n e  
i n l e t va l ve s ,  s to p l og s ,  etc.  

•  I m pa ct  of h a zard ou s  or toxi c pro d u ct  a b atem en t s u ch  as  l e a d ,  a s b es tos  or PC B ’ s .  

•  I m pa ct of i n s p ecti o n s  fol l o wi n g  d i s as s em bl y a n d  refu rb i s h m en t of eq u i pm en t a n d  
com pon e n ts  to  b e  re u s e d .  Ad eq u ate  d u rati on s  s h a l l  b e  pro vi d ed  i n  th e  s ch e d u l e  for 
refu rb i s h m en t of cri ti ca l  com p on e n ts  or s pare  co m pon e n ts  s h a l l  b e  m ad e  a va i l ab l e  a t th e 
ap p rop ri a te  ti m e.  

•  I m p act of d a m a g ed  eq u i pm e n t or com p on e n ts  an d  prob l em s  n ot a n ti ci pa te d  pri or to  
d i s as s em bl y.  D o es  th e  s ch e d u l e  p ro vi d e  for co n ti n g e n ci es ?  

•  As pects  of th e  p l an n ed  work s h i ft s ch e d u l e s  s u ch  as  o ve rti m e  cos ts ,  worker fa ti g u e  from  
exces s i ve  h o u rs ,  s h i ft- to -s h i ft  tra n s fer of i n form a ti o n ,  q u a l i ty of s u p ervi s i on  o n  a l l  s h i fts ,  
etc.  n e e d  to  be  con s i d e re d  a n d  p l a n n e d  arou n d .  

•  Tran s p orta ti o n  m od es  a va i l ab l e  to  a cces s  th e  p o werh o u s e  (a n d  th e i r l i m i tati on s ) ,  
a va i l a b i l i ty of s tora g e  faci l i ti e s  on  s i te ,  l i m i ta ti o n s  of acces s  a n d  e g res s  i n to  th e  
po we rh o u s e  a n d  m o bi l i za ti o n  a n d  s ta g i n g  a rea s  al l  n e e d  to  b e  e val u ate d .  

5.2  Economic and  financial  analyses  

5.2. 1  General  

B efore  s tarti n g  an y m a j or re h ab i l i ta ti o n  or p erform an ce i m pro vem en t p rog ram ,  i t  s h a l l  b e  
reco g n i ze d  th at m aj or i n ve s tm e n t d e ci s i on s  s h ou l d  b e  e va l u a ted  o ver th e  l i fe  of th e  p roj ect.  
M os t org an i za ti o n s  wi l l  h a ve  th e i r o wn  we l l  d efi n e d  eco n om i c an d  fi n a n ci a l  a n al ys i s  
proce d u re s  wh i ch  s h o u l d  be  fo l l o we d  b e fore  ca pi ta l  ca n  b e  com m i tte d  a n d  i t  i s  n ot i n te n d e d  
th a t th e  fo l l o wi n g  s h o u l d  i n  a n y wa y s u p ers ed e th os e  p ro pri e tary proce d u res .  I t  i s  
recom m en d e d  th a t wh e re  th ere  i s  a n y d o u b t,  profes s i o n a l  h e l p  s h o u l d  b e  o bta i n e d  from  a  
fi n an ci a l  an a l ys t  wh o wi l l  e n s u re  th a t p ro p e r proced u res  are  fo l l o we d .  I t  i s ,  h o we ver,  u p  to  th e  
m em bers  of th e  proj ect tea m  to  i d e n ti fy a n d  q u an ti fy a l l  of th e  fa ctors  wh i ch  affect th e  cos t(s )  
an d  b e n efi t( s )  of th e  p roj ect  a n d  th e  vari o u s  a l te rn a ti ve s  to  be  co n s i d ere d .  

F or a n y reh a b i l i ta ti o n  o r p e rform a n ce  i m pro ve m en t proj ect,  th ere  cou l d  b e  a  n u m b er of 
d i ffere n t o pti o n s  a n d  d e ci d i n g  th e  b es t wa y to  p roce e d  m a y n ot b e  s tra i g h tforwa rd .  S om e 
d eci s i on s  m i g h t b e  e as y s u ch  as  th e  n e e d  to  rem o ve g reas e  l u bri cate d  b e ari n g s  to  con form  to  
re vi s e d  e n vi ro n m en ta l  re q u i rem e n ts .  H o we ve r,  o th er ch o i ce s  are  l es s  cl e a r-cu t a n d  re q u i re  
an a l ys i s  of th e i r fi n a n ci a l  i m pa ct b efore  a  d eci s i o n  ca n  b e  m a d e.   
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Th e b en efi t-cos t an a l ys e s  (eco n om i c an a l ys es )  of th e  vari ou s  a l tern a ti ves  i d e n ti fi e d  d u ri n g  th e  
d e ta i l e d  s tu d y ph as e  s h o u l d  be  u n d e rta ke n  to  ra n k th e  vari o u s  a l tern a ti ves  an d  d e term i n e  th e  
m os t favou ra b l e  co u rs e  of acti o n  for th e  proj e ct.  Th e  b e n efi t-cos t a n a l ys es  m a y b e  very 
s i m p l e  or q u i te  com pl ex d e pe n d i n g  o n  th e  s i ze  of th e  proj ect,  n u m b e r of u n i ts  i n vo l ve d ,  
n u m be r of a l te rn ati ves  s tu d i e d ,  e tc.   

I t  i s  ofte n  u s efu l  for a n  en g i n e er to  com pl ete  a  s i m pl i fi e d  e co n om i c a n a l ys i s  a s  a  s cre e n i n g  
to o l  to  i d en ti fy th os e  a l te rn a ti ves  wh i ch  p ro vi d e  th e  m os t fa vo u ra b l e  e con om i c va l u e  a n d  
red u ce th e  n u m ber of o p ti o n s  th at wi l l  s u bs e q u e n tl y b e  exam i n e d  i n  m ore  d e tai l .  As  a  b a s e  
cas e ,  re h a b i l i tati on  or p erform a n ce i m p ro vem en t p l a n s  m a y b e  com pa re d  ag a i n s t th e  
con ti n u ed  o p era ti o n  of th e  exi s ti n g  p l a n t wi th  n o  re h a b i l i ta ti o n  p ro vi d e d  th a t th e  e xi s ti n g  p l a n t 
h as  n o  e vi d en t re l i a b i l i ty or s afe ty p rob l em s .  

W h i l s t d e term i n i n g  wh e th er to  p roce e d ,  th e  fi n a n ci al  p erform a n ce of th e  p l a n t wi th  a  m i n i m al  
i n terve n ti o n  o pti o n  s h ou l d  b e  com pare d  a g a i n s t th at of th e  p l an t h a vi n g  u n d e rg o n e th e  fu l l  
reh a b i l i tati on  a n d  p erform an ce  i m p ro ve m en t.  

5.2.2  Benefi t-cost analysis  

Al th ou g h  th i s  g u i d e  co n ce n tra tes  u p on  th e  fra m ework a n d  d e ta i l s  of a  re h a bi l i ta ti o n  or 
perform an ce i m pro vem en t of h yd rau l i c tu rb i n es ,  th es e  are  on l y o n e  com p on e n t of a  com p l ete  
g e n era ti n g  s tati o n  an d  i t  wo u l d  b e  u n u s u a l  a n d  i n d e e d  u n wi s e  to  con s i d e r th e  re h a b i l i ta ti o n  of 
a  tu rb i n e  o n  i ts  o wn  wi th o u t  re g ard  for th e  co n d i ti o n  of th e  re m a i n d er of th e  p l a n t.  
Co n s i d e rati o n  of b e n efi ts  a n d  cos ts  s h ou l d  th ere fore  i n cl u d e  th e  fu l l  s cop e of th e  proj ect  
i n cl u d i n g  a l l  e q u i pm en t a n d  s tru ctu res  es s e n ti al  to  re l i ab l e  e n erg y g e n era ti on .   

M a n y d i ffere n t econ om i c e va l u ati on  m eth o d s  are  u s e d  to  e va l u ate  th e  fe as i b i l i ty of cap i ta l  
exp e n d i tu res .  Th e  com m on  eco n om i c e va l u a ti o n  too l s  i n cl u d e :  

•  N e t Pre s en t Va l u e  (N P V) ;  

•  B en efi t/Cos t ra ti o  ( B /C );  

•  I n tern a l  Ra te  of Re tu rn  ( I RR) ;  

•  P a y-b ack p eri od .  

To  b a l a n ce  th e  s h ort  te rm  cos ts  of re h ab i l i ta ti o n  a g a i n s t  th e  l o n g -term  b e n efi ts ,  m os t u ti l i ti e s  
u s e  s om e form  of pres e n t wo rth  o r n et  pres en t va l u e  to  re l a te  th e  b e n e fi t  a n d  cos t s tre a m s 
wh i ch  occu r o ver ti m e.  T h e  pre s e n t va l u e  m eth o d  i s  s tra i g h tforwa rd ,  ca n  b e  u s e d  to  com pare  
i n cre m en tal  be n efi ts  a n d  cos ts ,  a n d  d o e s  n ot re q u i re  d eta i l e d  fi n a n ci a l  cri te ri a.   

Th e  pres e n t va l u e  of a l l  reh a b i l i tati on  b e n efi ts  ach i e ve d  i s  com pa red  to  th e  pres e n t  va l u e  of 
a l l  cos ts  a ttri b u ta b l e  to  th e  re h a b i l i tati o n  o ve r a  fi xed  p eri od  of t i m e.  C om pari s o n  m a y b e  
m ad e  b y s u b tracti n g  th e  pres e n t val u e  of th e  cos ts  from  th e  p res e n t va l u e  of th e  be n efi ts  or 
b y d i vi d i n g  th e  p res e n t va l u e  of th e  be n efi ts  b y th e  pre s e n t va l u e  of th e  cos ts  to  o b ta i n  th e  
B /C  rati o.  Th e oreti ca l l y,  a  reh a b i l i ta ti o n  i n ves tm en t i s  j u s ti fi e d  i f th e  b e n efi ts  e xce e d  th e  cos ts  
or i f th e  B /C ra ti o  i s  g re a ter th a n  1 . 0 .  T yp i ca l l y,  org a n i za ti on s  re q u i re  th e  B /C ra ti o  to  b e  
g re a ter th an  1 . 0  to  al l o w for co n ti n g e n ci e s  a n d  a  p os i ti ve  retu rn  o n  i n ve s tm en t.   

I t  s h a l l  be  n ote d ,  for re h ab i l i ta ti o n  o r p e rform a n ce i m pro ve m e n t proj ects ,  th a t s om e cos ts  wi l l  
be  i n cu rre d  re g ard l e s s  of wh e th er th e  proj e ct i s  re h a b i l i tate d  or n ot.  Th e  b e n e fi ts  a n d  cos ts  of 
reh a b i l i tati on  s h o u l d  b e  com pare d  to  th e  b en efi ts  a n d  cos ts  of a  b as e  cas e .  Th ere fore  i t  i s  
es s e n ti a l  th a t th e  b en efi ts  an d  cos ts  of th i s  b a s e  cas e  b e  pro perl y re pres e n te d .  Va ri o u s  
ap proa ch e s  m a y b e  u s e d  to  es ta bl i s h  th e  b as e  cas e ,  ra n g i n g  from  d eco m m i s s i o n i n g  of th e  
u n i ts  as  th e y fa i l ,  to  m ai n ta i n i n g  th e  p l an t i n  o p era ti n g  co n d i ti o n  b y re p a i ri n g  or re p l aci n g  
com pon e n ts  as  th e y fa i l .  O &M  cos ts  wo u l d  i n creas e  an d  g e n era ti o n  wo u l d  d ecre as e  o ver 
ti m e.  An oth e r a p pro ach  for con s i d e ra ti o n  cou l d  be  term ed  “ l i fe  exte n s i on ” ,  wh ereb y th e  u n i t i s  
d i s a s s em bl e d  a n d  reas s em bl ed  to  i n s p ect a n d  re p a i r th e  m e ch a n i ca l  co m pon e n ts  to  “ l i ke  
n e w”  con d i ti o n .  F or th i s  a p pro ach ,  th e  cos t of d i s a s s em b l y an d  re as s e m b l y a re  i n cl u d e d  i n  th e  
cos ts  a l o n g  wi th  o u ta g e  an d  fore g o n e  i n com e cos ts .  
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Care  s h ou l d  be  e xe rci s e d  wh e n  e va l u a ti n g  b etwe en  a l tern ati ves  to  u s e  o n l y th e  i n crem e n tal  
be n efi ts  an d  cos ts  d i re ctl y a ttri b u ta bl e  to  th e  s peci fi c a l te rn a ti ves  b e i n g  e va l u a te d .  E ach  
u ti l i ty’ s  cos ts  a n d  b en efi ts  a re  u n i q u e  to  th at u ti l i ty a n d  as  a  res u l t,  th e  fo l l o wi n g  ca n  o n l y be  
u s e d  a s  a  g u i d e.  Th e  u ti l i ty’ s  o wn  fi n an ci a l  arra n g e m en ts  s h ou l d  th erefore  be  u s e d  wh e re ver 
a va i l ab l e  to  d e te rm i n e  th e  b e n efi ts  an d  co s ts  as s oci a te d  wi th  a n y re h ab i l i ta ti o n  or 
perform an ce i m p ro vem e n t pro g ram .   

5.2.3  Identi fication  of an ticipated  benefi ts  

5.2.3.1  General  

Th e  ti m e i n terva l  u s e d  to  e val u ate  th e  op era ti n g  b e n efi ts  i s  th e  p e ri od  i n  wh i ch  th e  
org a n i za ti o n  wan ts  to  reco ver th e  cos ts  of th e  re h ab i l i ta ti o n  or p e rform a n ce  i m pro ve m en t 
pro g ram .  Th e  e va l u a ti o n  p e ri od  m a y b e  th e  e xpected  l i fe  of th e  re h a b i l i ta te d  p l a n t,  th e  
fi n an ci n g  p eri o d ,  or a  s h orter p e ri o d  s h o u l d  a  m ore  rap i d  reco ve ry of i n ves tm en t cos ts  be  
d es i re d .  Th e  e va l u ati on  pe ri o d  s h o u l d  b e  es tab l i s h e d  b y each  i n d i vi d u a l  org a n i za ti o n  
d e p e n d i n g  o n  i ts  o wn  u n i q u e  ci rcu m s ta n ces .   

5.2.3.2  Plant  generation  benefi ts  

Th e s e  i n cl u d e  th e  fo l l o wi n g :  

•  I n cre as e d  o u tp u t – Al tern a ti ves  th a t i n cre as e  e i th er or b oth  th e  ca p aci ty or en erg y ou tp u t 
of th e  p l an t n e e d  to  b e  e va l u a te d  a n d  ra n ke d  to  d ete rm i n e  wh i ch  p ro vi d e  th e  bes t 
eco n om i c be n e fi t/cos t s cen ari o.  

•  I n cre as e d  effi ci e n cy – E ffi ci e n cy g a i n s  from  re h a b i l i tati on  o r perform an ce  i m pro vem e n t 
s h a l l  b e  co n s i d ere d  as  e ven  s m al l  effi ci e n cy g a i n s  pro vi d e  s u bs ta n ti a l  econ om i c b en efi ts  
o ve r th e  l i fe  of th e  proj e ct p arti cu l arl y i f th e  u n i ts  s h al l  b e  reh a b i l i ta ted  fo r re as o n s  of l i fe  
exte n s i o n  i n  a n y e ve n t.  

•  I n com e  from  an ci l l ary s e rvi ce s  – Th es e  i n cl u d e  s u ch  i tem s  as  s p i n n i n g  re s e rve ,  re acti ve  
po we r co n tro l  ( VAR) ,  b l a ck s ta rt ca p a bi l i ty,  AG C ( Au tom ati c G e n erati on  or d i rect fre q u e n cy 
Co n tro l ) .  

•  O th er b e n efi ts  a s s oci ate d  wi th  th e  pro pos e d  ( o pti m al )  a l tern a ti ve .   

5.2.3.3  Operation  and  maintenance  (O&M)  benefi ts  

Th e s e  i n cl u d e  th e  fo l l o wi n g :  

•  I n cre as e d  a va i l a b i l i ty -  S i g n i fi ca n t b e n efi ts  can  b e  re al i ze d  b y re d u ci n g  th e  force d  o u ta g e  
rate  a n d  i n cre as i n g  th e  u n i t  a va i l a b i l i ty th ere b y i m p ro vi n g  th e  p l an t’ s  re l i a b i l i ty.   

•  I m p ro vem e n ts  to  o p era ti on  -  O pe ra ti o n  ca n  b e  i m prove d  b y i n corpora ti n g  m od ern  co n tro l  
s ys tem s ,  an d  re p l aci n g  or re h a b i l i tati n g  pl a n t a u xi l i ary e q u i pm en t th a t h a s  b ecom e or wi l l  
becom e fa i l u re  pro n e.  M a n y m an u a l  d e vi ces  can  b e  rep l aced  b y au tom ate d  d a ta  
acq u i s i ti on  or s u pervi s ory co n tro l  d e vi ces .  

•  Re d u ce d  o p e ra ti n g  a n d  m ai n te n a n ce exp e n s es  -  O &M  cos ts  of a  re h a b i l i ta te d  p l a n t ofte n  
can  be  s i g n i fi can tl y l o wer th a n  i f th e  p l a n t co n ti n u e d  to  op erate  wi th  n o  re h a b i l i ta ti o n .   

•  E val u a ti o n  of p ers o n n e l  re q u i rem en ts  afte r reh ab i l i ta ti o n  ca n  often  p ro vi d e  s u bs ta n ti a l  
eco n om i c be n efi t.  Th i s  i s  parti cu l arl y e vi d e n t wh ere  2 4  h  s taffi n g  req u i re m en ts  can  be  
red u ce d  to  o n e  s h i ft s taffi n g  or rem ote  con trol ,  for wh i ch  p os i ti o n s  m a y e ve n  b e  e l i m i n a ted .  
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•  I n terva l s  b e twe e n  m ai n ten a n ce  m a y a l s o  b e  i n creas e d  after reh a bi l i ta ti o n ,  a n d  th e  exte n t  
of m ai n te n a n ce  pe rform ed  s h ou l d  b e  re d u ce d  co n s i d erab l y for m an y ye a rs  a s  a  res u l t of 
reh a b i l i tati on .   

•  I n s u ra n ce b e n efi ts  -  Q u i te  ofte n ,  i n s u ra n ce cos ts  can  be  red u ce d  wh e n  i n s ta l l i n g  m od ern  
eq u i p m en t wi th  i m p ro ve d  m on i tori n g ,  con trol  an d  pro tecti on  s ys te m s .  

5.2.3.4  Environmental  benefi ts  

P l a n t re h a b i l i ta ti o n  or perform an ce i m pro vem e n t pro g ram s  pro vi d e  th e  o p portu n i ty to  
i n corp ora te  tech n ol o g i ca l  i m pro vem en ts  th a t ca n  pro vi d e  e n vi ro n m en ta l  be n efi ts  as  we l l  a s  
O &M  b e n efi ts .  An  exam p l e  wou l d  b e  re p l aci n g  g re as e  l u b ri ca te d  b e ari n g s  wi th  s e l f- l u bri ca ti n g  
be a ri n g s .   

I m pro ve d  fi s h  p as s ag e fe atu re s  m a y b e  i n corpo ra ted  i n to  th e  tu rb i n e  d e s i g n  i f p as s ag e of fi s h  
i s  a n  i s s u e  at  th e  parti cu l ar proj ect.  I n creas e d  a erati on  of th e  d i s ch arg e  i s  a l s o  p os s i b l e .  

5.2.4  Identi fication  of an ticipated  costs  and  benefi ts  

5.2.4. 1  General  

As  s tate d  pre vi o u s l y,  care  s h ou l d  b e  exerci s e d  wh e n  e va l u a ti n g  a l te rn a ti ves  to  u s e  o n l y th e  
i n crem en tal  cos ts  a n d  be n efi ts  d i re ctl y attri bu tab l e  to  th e  s peci fi c  a l tern ati ves  b e i n g  
e va l u ated .  Th i s  i s  e s s e n ti al  wh e n  e xam i n i n g  th e  e ffect of i n creas i n g  or d ecre as i n g  th e  s co p e 
of th e  va ri o u s  re h ab i l i tati on  op ti o n s .  

An  e xa m pl e  cou l d  b e  to  exam i n e  th e  e ffect of i n cre a s i n g  or d ecre as i n g  th e  s cop e of th e  
i m m ed i a te  re h a b i l i tati o n .  F or i n s tan ce,  th e  rem ai n i n g  l i fe  of d i fferen t e q u i pm en t of th e  po we r 
s ta ti o n  s u ch  a s  th e  tu rb i n e  an d  g en e rator m i g h t  be  d i fferen t.  I t  m i g h t b e  con s i d ere d  th a t th e  
tu rb i n e  co u l d  op erate  s a ti s factori l y for a  fu rth er fi ve  ye ars  b efore  reh a b i l i ta ti o n  wh e re as  th e  
g e n era tor i s  i n  u rg en t n ee d  of re pa i r.  A re as on ab l e  q u e s ti o n  to  as k wo u l d  b e  wh e th er th e  
reh a b i l i ta ti on  of th e  tu rb i n e  s h ou l d  b e  d e l a ye d  u n ti l  re p a i r b ecam e m ore  n e arl y u rg en t?   Th ere  
are  th erefore  ( a t l e as t)  two op ti o n s  to  b e  co n s i d ere d ;  fi rs tl y to  re h a b i l i tate  th e  g e n erator a s  
s oo n  as  p os s i bl e  wh i l e  d e l a yi n g  th e  re h a b i l i tati on  of th e  tu rb i n e  an d  s e co n d l y to  re h a b i l i tate  
bo th  i tem s  of pl a n t at th e  s am e  ti m e .  Th e  m ai n  a d va n tag e  of th e  form er wo u l d  be  th at i t  wo u l d  
m i n i m i ze  th e  i m m e d i ate  cap i ta l  expe n d i tu re  wh ereas  b y re h a b i l i ta ti n g  b oth  com p on e n ts  at th e  
s am e  ti m e fu tu re  u n i t  a va i l a b i l i ty wo u l d  be  m axi m i ze d .  Th e  val u e  of u n i t  a va i l ab i l i ty ofte n  
pre d om i n ate s  i f th e  i n terven ti o n  o p ti o n s  are  i n  th e  n e ar term .  

5.2.4.2  Capi tal  costs  

Th e ob vi o u s  ca pi tal  cos ts  i n cl u d e  th e  fo l l o wi n g :  

•  Cos t of e q u i pm en t – I n cl u d e  a l l  d i rect cos ts  for e q u i p m en t,  m ateri a l ,  co n s tru cti o n  cos ts  
as s oci ate d  wi th  d i s a s s e m b l y,  i n s ta l l a ti o n  of n e w eq u i pm en t,  te s ti n g ,  a n d  d i s pos a l  of th e  o l d  
eq u i p m en t.  

•  C os t of fi n a n ci n g  – I n cl u d es  cos t of fi n a n ci n g  th e  p roj ect s u ch  a s  i n tere s t,  es cal a ti o n ,  a n d  
oth er fi n an ci n g  re l a te d  co s ts .  

•  Co n ti n g e n cy – Al l o wa n ce for i n accu raci es  i n  oth er d i rect cos t es ti m ates  as  we l l  as  
m i s cel l a n e ou s  a n d  u n expected  cos ts .  Th e  m ag n i tu d e  of th e  co n ti n g en cy cos ts  d e p en d s  on  
th e  co n fi d e n ce l e ve l  of th e  d i rect cos t es ti m ate s .  

5.2.4.3  Investment  related  factors  

Th es e  i n cl u d e  d e preci a ti on  an d  s a l vag e  cos ts  an d  oth er tax re l a te d  cos ts  i f a p p l i ca b l e.  
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5.2.4.4  Outage  costs  

I n com e  i s  o n l y pro d u ce d  wh e n  th e  p o wer s ta ti o n  i s  g e n e ra ti n g  or a va i l ab l e  to  g e n era te  e n erg y 
or to  pro vi d e  a n ci l l ary s ervi ces .  I f th e  d e s i g n  of th e  p o wer s ta ti o n  an d  ti m i n g  of th e  
reh a b i l i ta ti on  p roj ect i s  s u ch  th a t reh a b i l i ta ti o n  ca n  b e  com pl e te d  wi th o u t s p i l l i n g  wa ter,  th e n  
th e re  s h o u l d  be  n o  re d u cti o n  i n  th e  en e rg y g e n e rate d .  H o we ver,  u n l es s  th e  re h a b i l i tati o n  i s  
be i n g  carri ed  ou t fo l l o wi n g  a  p l an t fa i l u re  th a t i s  p re ve n ti n g  g en era ti on  (fo rced  o u tag e) ,  th ere  
wi l l  b e  a  l os s  of g en erati n g  ca p aci ty a n d /or a n ci l l ary s ervi ces  cau s e d  b y th e  d e ci s i o n  to  
reh a b i l i tate  (p l a n n e d  o u tag e) .  I f a n  a d eq u ate  m arg i n  of i n s ta l l e d  ca p aci ty i s  a va i l ab l e,  th e n  th e  
l os s  of ca p a ci ty d u ri n g  reh a b i l i ta ti o n  m i g h t n ot re s u l t  i n  a n y a ppreci a b l e  l o s s  of i n com e  to  th e 
u ti l i ty.  Th e re  m a y be  s eas o n a l  p eri o d s  wh ere  th e  va l u e  of ca p aci ty i s  l o w,  o r i m pact of 
cap aci ty l os s  i s  l o w.  Th e  m ore  i n te rco n n e cte d  th e  s ys tem  b e i n g  fed ,  th e  m ore  l i ke l y th e re  wi l l  
be  a  “ l os t o pp ortu n i ty”  cos t as s oci a te d  wi th  a n y reh a b i l i ta ti o n  proj e ct,  e ve n  wh ere  s p i l l a g e  of 
wa ter can  b e  a vo i d e d .  

O u ta g e  cos ts  i n cl u d e:  

•  forg on e re ven u e d u ri n g  reh a b i l i tati on  o u ta g es  ( l o s s  of en erg y i n com e i n cl u d i n g  p o te n ti a l  
s p i l l a g e) ;  

•  l os t  m arket o p po rtu n i ty cos ts  ( p e aki n g  a n d  an ci l l a ry s ervi ces ) ;  

•  po te n ti a l  l os s  of acq u i red  ri g h ts  (u s u a l l y as s oci a te d  wi th  re- l i ce n s i n g  a n d  n ot th e  
reh a b i l i tati on  per se) ;  

•  oth er cos ts  as s oci ate d  wi th  th e  pro p os e d  a l tern ati ve  ( d e-ra ti n g s ,  etc) .  

5.2.4.5  Project staff costs  

O ffi ce  a n d  s ta ffi n g  cos ts  for p l a n n i n g ,  e n g i n e eri n g ,  p u rch as i n g ,  en vi ro n m en ta l  s tu d i e s ,  factory 
an d  s i te  Q A an d  i n s p e cti o n ,  com m i s s i o n i n g ,  fi e l d  s u p ervi s i o n ,  an d  o n -s i te  tra i n i n g  cos ts  
s h o u l d  be  con s i d e re d  wh en  e va l u a ti n g  th e  proj ect  cos ts .  W h i l e  th i s  l i s t  i s  n o t a l l  i n cl u s i ve,  i t  
i d e n ti fi es  s om e of th e  p ro j ect  s ta ffi n g  cos ts  a s s oci ate d  wi th  th e  p roj ect.  

Tem pora ry offi ce  faci l i ti e s  are  re q u i re d  to  h o u s e  proj ect pers o n n e l  a t  th e  s i te  for th e  d u ra ti o n  
of th e  proj ect.  Tem p orary faci l i ti es  for proj e ct p e rs on n e l  i n cl u d e  offi ce  s p ace ,  s u p p ort s taff,  
ren t,  offi ce  eq u i pm en t,  u ti l i t i es ,  tem p orary com p u ter a n d  com m u n i ca ti o n s  i n fras tru ctu re  an d  a l l  
oth er cos ts  n ece s s ary to  s u p p ort  th e  p roj ect s taff.  At rem ote  s i tes ,  th i s  wo u l d  a l s o  i n cl u d e  
l i vi n g  accom m od a ti o n .  

5.2.4.6  Schedule  duration  and  effect  of delay on  the  project 

Th e s ch e d u l e d  d u rati o n  of th e  proj ect wi l l  a ffect m an y face ts  of th e  eco n om i c e va l u a ti o n .  N o t 
on l y th e  to ta l  proj e ct d u rati on  a n d  i n d i vi d u a l  ou ta g e  d u ra ti o n s ,  b u t for m u l ti p l e  u n i t  p l an ts ,  th e  
s ta g i n g  of s u cces s i ve  u n i t  o u ta g e s  can  s i g n i fi ca n tl y i m p act b oth  th e  b e n e fi ts  a n d  th e  cos ts .  
D e l a ys  wi th  re s p ect to  an  es ta b l i s h ed  s ch e d u l e  affe ct b oth  d i rect a n d  i n d i re ct cos ts ,  th e i r 
exte n t  d e p e n d i n g  u po n  th e  cau s e.  Th es e  ca n  b e  very s i g n i fi ca n t  i f th e  u n i t  n o n -a va i l a b i l i ty 
cos ts  are  h i g h .  

5.2.5  Sensi tivi ty analysis  

Th ere  a re  a l wa ys  u n certa i n ti es  i n  a n y p re d i cti ve  an a l ys i s  a n d  i t  i s  g o od  p racti ce  to  d e term i n e  
th e  s e n s i ti vi ty of th e  e con om i cs  of a  p roj ect to  ch an g e s  i n  th e  b as e  as s u m pti o n s .  Th e 
s en s i ti vi ty a n a l ys e s  s h o u l d  i n cl u d e  a n y pa ram e ters  wh ere  a  ch a n g e  wo u l d  s i g n i fi ca n tl y affect  
th e  p roj ect perform an ce .  T yp i ca l  p ara m eters  wh i ch  m eri t s e n s i ti vi ty a n a l ys e s  wo u l d  be  
ch a n g es  i n  ca p i ta l  cos t,  ch an g es  i n  th e  d u ra ti o n  of th e  re h ab i l i ta ti o n  proj e ct,  th e  e xp ecte d  
g a i n  i n  effi ci e n cy a n d  th e  va l u e  of e n erg y a n d  o th er re ven u e prod u cts .   
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O th er s en s i ti vi ti es  m a y be  a pp l i cab l e  for th e  p arti cu l ar proj ect b e i n g  con s i d e re d  a n d  al l  
i d e n ti fi a b l e  s i g n i fi ca n t ri s ks  s h ou l d  b e  e va l u a te d .  I t  i s  often  u s e fu l  to  p l ot  th e  res u l ts  of th e  
s en s i ti vi ty a n a l ys es  to  m ore  cl e arl y i n d i ca te  a n y tren d s .  

5.2.6  Conclusions  

Th e prece d i n g  cl au s es  g i ve  a  bri ef i n tro d u cti o n  to  a  s i m pl e  m eth od  of e co n om i c a n d  fi n a n ci a l  
an a l ys i s  for re h a b i l i ta ti on  proj ects .  Th e  proced u re  exp l a i n ed  s h ou l d  b e  ad e q u a te  for 
e va l u ati on  of op ti o n s  a n d  s h o u l d  h e l p  p l a n t e n g i n e ers  s e l ect  from  th e  econ om i c a n d  fi n a n ci a l  
s ta n d p o i n ts ,  th e  b es t re h ab i l i ta ti o n  o pti on  for th e i r p l an t.  

5.3  Risk analysis   

5.3. 1  General  

Ri s k a n al ys i s  i s  g en era l l y con d u cte d  i n  a d d i ti o n  to  th e  o vera l l  e co n om i c e va l u a ti o n  to  j u s ti fy 
proce e d i n g  wi th  a  re h ab i l i tati o n  p roj ect or to  j u s ti fy n o t p roce e d i n g  wi th  a  proj ect.  C l a u s e  6  
d i s cu s s es  e va l u a ti on  of th e  s cop e of th e  proj ect,  wh i ch  i s  a  p rere q u i s i te  to  be i n g  a b l e  to  
e va l u ate  th e  ri s ks  as s o ci ated  wi th  re h ab i l i ta ti n g  or n o t re h a bi l i ta ti n g  th e  p l a n t.  Ri s k i s  
g e n era l l y d efi n e d  as  th e  pro b ab i l i ty of a n  e ven t o ccu rri n g  ti m es  i ts  q u a n ti fi ed  co n s eq u e n ces .  
Th ere fore ,  acti on s  to  d e creas e  e i th er th e  l i ke l i h o od  of th e  e ve n t occu rri n g ,  or th e  cos t of i ts  
con s e q u e n ces  wi l l  re d u ce  th e  (fi n a n ci a l )  ri s k.  Th e  eq u i pm e n t cos t an d  oth e r cos ts  wh i ch  m a y 
be  i n cu rre d  to  re d u ce ri s k can  be  com pare d  ag a i n s t th e  ri s k cos t red u cti o n  wh e n  com pa ri n g  
a l tern a ti ves .  

A s en s i ti vi ty a n a l ys i s  wi th i n  th e  ri s k a n al ys i s  ca n  b e  co n d u cted  to  d e te rm i n e  th e  i m p act of 
certa i n  a s s u m pti o n  or fa ctors  on  th e  al tern a ti ves .  I n  a d d i ti o n  to  th e  s i g n i fi ca n t i n fl u e n ce  of 
eco n om i c fa ctors ,  th e  e va l u ati o n  of a l te rn ati ves  i n vo l ve s  es ti m a ti n g  th e  pro ba b i l i ty of fai l u re  or 
wh e n  fa i l u re  m i g h t occu r.  

T yp e s  of ri s ks  for a n a l ys i s  ca n  be  d i vi d e d  i n to  th e  fo l l o wi n g  categ ori es ,  wh i ch  wi l l  be  
d es cri b ed  s ep arate l y:  

•  n o n - ach i e vem e n t of p erform an ce ri s k;  

•  d am a g e  d u e  to  fa i l u re  ri s k;  

•  e xte n s i o n  of ou ta g e  ri s k;  

•  fi n an ci a l  ri s k;  

•  oth er ri s k.   

O n ce  th e  ri s k fa ctors  h a ve  b e e n  i d e n ti fi e d  a n d  a s s es s e d ,  co n ti n g e n cy p l an s  s h ou l d  b e  m a d e  
to  m an a g e th e  ri s ks :  

•  C a n  th e  proj e ct  p l a n  be  ch a n g e d  to  a voi d ,  d i m i n i s h  or e l i m i n ate  th e  ri s k?  

•  C a n  th e  p ro b ab i l i ty or co n s e q u e n ces  of an  a d vers e  ri s k b e  m i ti g ate d  or re d u ce d ?  

•  Are  th e  ri s ks  a ccep tab l e ,  or ca n  th e i r i m pact b e  p ro vi d e d  for b y a  co n ti n g e n cy a l l o wa n ce of 
m on e y,  t i m e,  re s o u rces ,  etc. ?  

L i ke  oth er as p e cts  of th e  proj e ct,  ri s ks  s h ou l d  be  i d e n ti fi e d  a n d  m on i to red  th ro u g h ou t th e  
proj ect to  en s u re  effecti ve  co n tro l .  E s ta b l i s h i n g  a n d  m on i tori n g  pe rform an ce m eas u res  (s u ch  
as  proj ect cos ts  a n d  s ch ed u l e s )  wi l l  i d e n ti fy wh e n  co n ti n g e n cy p l an s  n e e d  to  b e  i m p l em en ted .  
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5.3.2  Non-achievement of performance risk 

Re h ab i l i tati o n  work h as  m an y ri s ks  as s oci a te d  wi th  th e  pos s i b i l i ty th a t th e  con tractor d oes  n o t 
s u cce e d  i n  re ach i n g  i ts  g u ara n te ed  p erform an ce va l u es  i n cl u d i n g  for e xam p l e  p o wer i n cre a s e,  
effi ci e n cy i n cre as e ,  h yd rau l i c i n s tab i l i ty l i m i ts  an d  ca vi tati on  p i tti n g  l i m i ts .  Th e  cos t i m pact of a  
fai l u re  to  m eet p erform an ce exp ecta ti o n s  i s  g e n era l l y s p re a d  o ver th e  l i fe  of th e  e q u i pm en t.  
Th e  o wn er m a y a ttem pt to  reco ve r s u ch  cos ts  th rou g h  warra n ty or l i q u i d a te d  d am ag e  
pro vi s i o n s  i n  th e  co n tracts  s i g n e d  wi th  co n tractors .  

Th e  o wn er ca n  ch o os e s om e  co u n te rm e as u res  fo r re d u ci n g  th es e  ri s ks .  Req u i ri n g  a n d  p a yi n g  
for a  d em on s tra ti on  th a t th e  e q u i p m en t d es i g n  wi l l  res u l t i n  th e  s p eci fi e d  or g u a ra n te ed  
perform an ce ca n  re d u ce  th e  prob a b i l i ty of n ot a ch i e vi n g  th em .  Th e  u s e  of C F D  an d  m od e l  
tes ti n g  can  pro vi d e  i n creas e d  con fi d e n ce of m eeti n g  th e  p erform a n ce e xp ectati o n s  (a t 
i n cre as ed  cos t).  Th e  o b l i g atory s ch e d u l i n g  of pro totyp e  tes ti n g  before  a n d  afte r th e  
reh a b i l i tati on  d o es  n o t p erm i t i t  to  b e  u s e d  to  re d u ce th e  o wn er’ s  p erform an ce  re l a te d  ri s ks .  
Th e  p ote n ti a l  u s es  of CF D  a n d  of vari ou s  typ es  o f m od e l  or proto typ e  tes ti n g  are  d i s cu s s e d  
e l s e wh ere  i n  th i s  G u i d e.  

5.3.3  Risk of continued  operation  wi thout rehabi l i tation  

O n e of th e  o bj ecti ves  of reh a b i l i ta ti n g  th e  tu rb i n e  i s  to  i m pro ve th e  re l i ab i l i ty of th e  u n i t.  I t  i s  
i m porta n t to  i n cl u d e  th e  “ d o  n ot re h a bi l i ta te ”  o pti on  wi th i n  th e  ri s k an a l ys i s .  D u ri n g  th e  e arl y 
as s es s m en t p h as e  of th e  proj e ct,  th e  ri s ks  as s oci ate d  wi th  n o t re h ab i l i ta ti n g  th e  proj ect s u ch  
as  a  ca tas trop h i c fa i l u re  of a  com pon en t ca u s i n g  m aj or proj ect d am a g e  an d  an  exte n d e d  
u n p l an n ed  o u ta g e ,  s h ou l d  b e  d eterm i n e d .  Th e  e va l u ati o n  of th e  typ e  a n d  m ag n i tu d e  of ri s ks  
as s oci ate d  wi th  th e  “ d o  n o t re h ab i l i tate”  op ti o n  s h o u l d  u s e  th e  s am e a pp roa ch  a s  i s  u s e d  to  
e va l u ate  ri s ks  of e ach  of th e  re h a b i l i tati o n  op ti o n s .  

Ri s ks  as s oci a te d  wi th  d am ag e  or fa i l u re  ca n  b e  of a  m i n or n a tu re ,  s u ch  as  req u i ri n g  
i n s ta l l a ti o n  of a  n e w s pa re  p a rt,  or ca n  b e  of m aj or pro porti o n s  i n cl u d i n g  catas tro ph i c fa i l u re  
or d a n g er to  p ers on n e l .  A con d i ti o n ,  wh i ch  i s  co n s i d ere d  cri ti ca l ,  po ten ti a l l y l e a d i n g  to  a  n e ar 
term  ca tas trop h i c fa i l u re  or a n  i d e n ti fi a b l e  h i g h  co n s e q u e n ce fa i l u re  or i d e n ti fi a b l e  d a n g er to  
pers o n n e l  s h o u l d  b e  th e  bas i s  for i m m ed i ate  re h a b i l i ta ti o n .  

Th e  e val u ati o n  s h al l  i n cl u d e  th e  fol l o wi n g  cos ts  as s oci a te d  wi th  th e  a l tern a ti ve  i n vo l vi n g  n o  
reh a b i l i tati on ;   

•  en erg y l os s  d u e  to  effi ci e n cy d eteri ora ti o n ;  

•  l os t  re ve n u e d u e  to  force d  o u tag es  a n d  u n s ch e d u l ed  d o wn ti m e;  

•  i n cre as i n g  O &M  cos t i n cl u d i n g  ad d i ti o n a l  i n s p e cti o n  cos ts  to  m a i n tai n  th e  p l an t;  

•  i n cre a s e d  i n s u ra n ce  p re m i u m s .  

F a i l u re  to  re p l a ce  a n y co m p on e n t i n  s eri ou s l y d e teri ora te d  co n d i ti o n  wi l l  re s u l t i n  a  h i g h  ri s k of 
fa i l u re  a n d  a n  as s oci ate d  h i g h -ri s k cos t.  Th i s  ca n  b e  q u a n ti fi e d  b y es ti m ati n g  th e  n u m ber of 
ye ars  u n ti l  th e  com p o n en t e n co u n te rs  a  m aj or fa i l u re  res u l ti n g  i n  s u bs tan ti a l  l os s  of 
pro d u cti o n  an d  l os s  of l i fe  ri s k or b o th .   

5.3.4  Extension  of outage ri sk 

Re h ab i l i ta ti o n  a l tern a ti ve s  h a ve  a  p l an n e d  ou ta g e  th a t i s  s ch e d u l e d ,  pl u s  th e  p o te n ti a l  for th e  
ou tag e  exten d i n g  b e yo n d  wh a t i s  pl a n n e d .  Th e  l i kel i h o o d  of th e  exten s i on  of th e  p l a n n e d  
ou tag e  fo r reh a b i l i ta ti o n  p roj ects  i s  h i g h e r th a n  fo r n e w co n s tru cti o n  b eca u s e  of th e  p ote n ti a l  
for fi n d i n g  e q u i pm en t th at  n e ed s  to  b e  rep a i red  or re pl ace d  as  i t  i s  d i s as s e m bl ed  d u ri n g  th e  
con s tru cti on  p h as e  of th e  proj ect.   
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Th e n o  re h a b i l i tati o n  o p ti on  h a s  th e  po te n ti a l  for e q u i p m en t fa i l u re  re s u l ti n g  i n  an  exte n s i ve  
ou tag e  to  co ve r d e s i g n ,  p rocu rem en t,  fa bri ca ti on  an d  i n s ta l l a ti o n  n o t on l y of th e  com p o n e n t 
wh i ch  fai l ed  b u t p os s i b l y of m a n y o th er com pon e n ts  a n d  of oth e r eq u i pm en t a n d  e ve n  
pos s i b l y,  s tru ctu res .  F u rth e rm ore,  th e  o u ta g e  res u l ti n g  from  an  e q u i pm en t fa i l u re  m a y com e a t  
th e  m os t  cri ti ca l  ti m e  of th e  ye ar wh e n  en erg y re pl acem e n t cos ts  are  at  th ei r h i g h es t.  

5.3.5  F inancial  ri sks   

E xa m pl es  of fi n a n ci al  ri s ks  are:  

•  ri s k a n d  i m pact of actu a l  es ca l ati o n  n o t m atch i n g  as s u m ed  es ca l ati o n  rate;  

•  ri s k a n d  i m pact of th e  actu a l  fi n a n ci n g  i n te res t rate  n ot m atch i n g  th e  a s s u m ed  rate ;  

•  ri s k th at  ra te s  for en erg y a n d  ca paci ty from  wh i ch  fu tu re  re ve n u e i s  e va l u a te d ,  a n d  from  
wh i ch  th e  l os t re ve n u e s  d u ri n g  th e  re h ab i l i ta ti on  wo rk a re  e va l u ate d ,  d i ffer from  th e  
as s u m e d  va l u es ;  

•  fi n an ci a l  ri s ks  i n cl u d i n g  cos t  to  p u rch as e  re p l acem en t e n erg y d u ri n g  re h a b i l i ta ti o n ;  

•  cu rren cy exch a n g e ri s k i f a p p l i ca bl e .  

I n  a d d i ti o n  to  e va l u a ti n g  th e  fi n a n ci a l  ri s ks  b as ed  u p o n  th e  bes t e s ti m a tes  of e ach  com po n e n t,  
i t  i s  g e n era l l y p ru d e n t to  a l s o  e va l u ate  th e  s e n s i ti vi ty of th e  proj e ct eco n om i cs  to  th e  
as s u m pti o n s  m ad e i n  th e  fi n a n ci a l  an a l ys i s .  Th i s  b e i n g  s a i d ,  m os t  o wn ers  h a ve  pre-
es ta bl i s h ed  va l u es  for a l l  fi n a n ci a l  p ara m ete rs  to  b e  u s ed  i n  proj ect  e va l u a ti on s .  

5.3.6  Project scope risk 

A g o od  pa rt of th e  fi n a n ci al  an d  exten s i on  of ou ta g e  ri s k i s  a l re a d y b u i l t- i n  at th e  p l an n i n g  
s ta g e  of th e  p roj ect.   

D e p en d i n g  u p on  th e  i m p orta n ce  of th e  u n i t b e i n g  reh a b i l i ta te d ,  an y work on  th e  cri ti ca l  pa th  
u s u a l l y p os es  s om e  ri s k re l a te d  to  i ts  p o te n ti a l  s cop e  i n cre as e .  Pro b l e m s  th a t are  d i s co ve re d  
after d i s m an tl i n g  a n d  i n s p ecti o n  of th e  u n i t,  ca n  l ea d  to  e xte n s i ve  u n p l an n ed  a n d  u n b u d g ete d  
work.   

W h en  d efi n i n g  th e  proj ect s cop e ,  two  d i ffere n t  a p p roach es  ca n  b e  take n :   

•  U n d e r th e  te rm s  of a  co n tra ct wh i ch  d efi n e s  an  an ti ci p ated  s co pe ,  d i s m a n tl e  a n d  i n s p ect a l l  
com pon e n ts  an d  execu te  req u i re d  rep a i rs  a ccord i n g  to  e n g i n e eri n g  recom m e n d a ti on s .  Th i s  
m a y an d  u s u al l y d o es  g i ve  ri s e  to  s cop e ch a n g es .  

•  P l a n  i n  a d va n ce  o n  re p l a ci n g  a l l  d o u b tfu l  exi s ti n g  com pon e n ts  b y n e w p arts .  

Th os e  wh o try to  m i n i m i ze  th e  i n i ti a l  b u d g et a n d  h a ve ,  for reas o n s  of p l a n t  h yd ro l og y,  a  
com forta b l e  p l an n ed  d o wn ti m e,  u s u a l l y reta i n  th e  fi rs t a ppro ach .  Th i s  n orm al l y cre ates  th e  
h i g h es t b u i l t- i n  ri s k of s cop e  ch a n g es .   

Th os e  for wh om  d o wn ti m e i s  cri ti ca l  u s u al l y l e an  to ward  th e  s eco n d  a p p ro a ch ,  to  m i n i m i ze  th e  
ri s ks  rel a te d  to  a n  u n p l a n n e d  exte n s i on  of th e  o u ta g e.  I n  a  m u l ti -u n i t p l a n t,  th i s  ap p roach  can  
be  taken  for th e  fi rs t  u n i t a n d  th e n  a  m i x of th e  two ap proa ch es  m a y b e  a p p l i e d  fo r 
s u b s e q u e n t u n i ts .  Th e  op ti m u m  proj ect s cop e  l i es  u s u a l l y,  s om e wh ere  b e twe e n  th e  two  
extrem es .  
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W h en  d efi n i n g  th e  s co pe  of work i n  a d va n ce  of th e  o u tag e ,  th e re  i s  th e  ri s k th at th e  s cop e of 
th e  re h ab i l i ta ti o n  o n  a  g i ven  pa rt h as  be e n  u n d e res ti m ated .  P erh aps  th e  l arg e r ri s k i s  th a t of 
fi n d i n g  parts  i n  a n  u n fore s e e n  d e te ri orate d  co n d i ti o n  a n d  h a vi n g  to  d o  re pa i rs  o n  a d d i ti on a l  
com pon e n ts .  Th e  s o l u ti o n  to  b oth  of th es e  pro b l e m s  i s  to  d o  re a l i s ti c p l an n i n g  wh i ch  co n ta i n s  
s om e “ fl o a t”  i n  th e  s ch e d u l e  a n d  to  pro vi d e  con ti n g e n ci es  wh i ch  are  g re a te r th an  on e  wo u l d  
pro vi d e  for n e w con s tru cti o n  of com pa ra bl e  val u e .  Th e  l e ve l  of co n ti n g e n ci es  wi l l  d e p en d  on  
h o w m a n y com po n e n ts  a re  p l an n ed  to  b e  re p l ace d  b y n e w com pon e n ts ,  h o w g o od  th e  p l an t 
reco rd s  are  co n cern i n g  m ach i n e  co n d i ti o n  a n d  h o w th orou g h  a n  i n s p ecti on  was  p os s i b l e  i n  
ad va n ce  of u n i t  d i s m a n tl i n g .   

5.3.7  Other risks  

O th er ri s ks  s u ch  a s  ri s ks  for h u m a n  s afety a n d  e n vi ron m en tal  ri s k s h ou l d  a l s o  b e  e va l u ated .  

H u m a n  ri s ks  i n cl u d e  th e  po ten ti a l  for i n j u ry or l os s  of l i fe  d u ri n g  th e  re h a b i l i tati on  p roj ect,  o r 
th e  ri s k of corres po n d i n g  l os s es  from  n ot re h ab i l i ta ti n g  th e  u n i t.  

E n vi ro n m en ta l /fi s h  d a m a g e  ri s k from  h yd ro po we r p l a n ts  m a y b e  d u e  to :  

•  p l a n n e d  or acci d e n ta l  fl o w ch a n g e s  ca u s e d  b y th e  ou ta g e  for th e  re h ab i l i ta ti o n  or d u ri n g  
op e ra ti o n  fo l l o wi n g  re h a b i l i ta ti on ;  

•  p l a n n e d  or acci d e n ta l  res ervo i r l e ve l  ch a n g e s  ca u s e d  b y th e  o u ta g e  for th e  re h a b i l i tati on  o r 
d u ri n g  o p era ti o n  fo l l o wi n g  re h a b i l i tati on ;  

•  d i s ch arg i n g  co n tam i n ati o n  s u ch  as  l u bri ca ti n g  o i l  d u ri n g  th e  o u ta g e  or d u ri n g  op erati on .  

H o we ver,  an  exte n d e d  ou tag e  m a y g i ve  a n  o pp ortu n i ty for con d u cti n g  s e ve ra l  p os i ti ve  
en vi ro n m e n ta l  prog ram s  s u ch  as  water q u a l i ty an d  ri ve r fl o w i m p ro vem en t,  a n d  ba n k 
pro tecti on  work,  a n d  en vi ron m en tal  i m p ro vem e n ts  m a y a l s o  res u l t from  th e  re h ab i l i ta ti o n  
proj e ct  s u ch  a s  wh e n  a  tu rb i n e  i s  re p l a ce d  wi th  a  m ore  fi s h  fri e n d l y tu rb i n e .  

Th e  reh a b i l i tated  u n i t  m a y h a ve  e i th er a  p os i ti ve  or n eg a ti ve  i n fl u en ce on  th e  e n vi ro n m en t 
d e p e n d i n g  u p on  th e  s p e ci fi c ch an g es  m ad e.  G en e ra l l y,  th e  en vi ro n m e n ta l l y l ea s t ag g res s i ve  
ap proa ch  to  i n cre as e  po wer pro d u cti o n  i s  th e  on e  wh i ch  d oes  n ot ch a n g e  th e  d i s ch a rg e.  Th e  
g a i n  i s  th e n  o bta i n e d  fro m  e ffi ci en cy i n cre as e  a n d  th e  corres p o n d i n g  ca p a ci ty i n cre as e  from  
th e  exi s ti n g  u n i ts .  

6 Assessment and  determination  of scope of the work  

6.1  General  

Th i s  C l a u s e  pres e n ts  th e  m ai n  e l e m en ts  wh i ch  s h o u l d  b e  con s i d e re d  d u ri n g  as s es s m en t of 
th e  tu rb i n e  a n d  re l ate d  e q u i pm en t a n d  wh i ch  cou l d  i n fl u e n ce  or b e  i n fl u e n ced  b y th e  tu rb i n e  
reh a b i l i tati on  a n d  p erfo rm a n ce  i m pro vem en t work.  A com p l e te  e va l u a ti on  i n cl u d e s  th e  
fol l o wi n g  th ree  i tem s :  

•  as s es s m en t of th e  s i te ;  

•  as s es s m en t of th e  tu rb i n e ;  

•  as s e s s m e n t of th e  re l a te d  e q u i pm e n t.  
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6.2  Assessment  of the  si te  

6.2. 1  Hydrology 

O pti m al  o p era ti on  of a  h yd ro e l ectri c p l a n t re l i es  n o t o n l y o n  th e  e ffi ci e n cy of th e  tu rb i n es  b u t 
a l s o  on  th e  bes t u s e  of th e  a vai l a bl e  fl o w a n d  h e ad .  Th e  con d i ti o n s  pre va i l i n g  a t th e  ti m e of 
con s tru cti on  of th e  faci l i ti es  ca n  h a ve  ch a n g e d  o ver th e  ye ars .  Th e  h yd ra u l i c  p ote n ti a l  of th e  
s i te  a n d  i ts  op e rati n g  m od e  s h o u l d  th en  be  re vi e wed  ta ki n g  cu rre n t  con d i ti o n s  i n to  accou n t.   

A tu rb i n e  e ffi ci e n cy i n cre as e  s h ou l d  n orm al l y n ot h a ve  m u ch  effe ct o n  th e  op erati n g  p attern  of 
th e  pl a n t.  H o we ve r,  a  co m bi n ati on  of p o wer a n d  effi ci e n cy i n cre a s e  ca n  re s u l t  i n  a  ch a n g e to  
th e  op erati n g  m od e  of th e  p o wer p l a n t,  re d u ci n g  th e  u ti l i s a ti o n  fa ctor a n d  g i vi n g  i n crea s e d  
en e rg y p rod u cti o n  wi th  p ote n ti a l  effects  o n  th e  e n vi ron m en t.  

Th e  m ai n  q u es ti on s  to  b e  a s ke d  a re :  

•  I s  th e re  an y p os s i b i l i ty to  ch a n g e th e  fl o w?  

•  Are  th e re  a n y n e w res tri cti o n s  or op p ortu n i ti es  on  h e a d water o r ta i l wa ter l e ve l s  wh i ch  
wo u l d  res u l t i n  a  ch an g e i n  th e  s p eci fi c h yd rau l i c e n erg y on  th e  tu rb i n e s  or to  th e  p l a n t 
Th om a n u m b er?  

•  Are  th ere  a n y n e w res tri cti o n s  or o p p o rtu n i ti es  o n  op e rati n g  m o d e d u e  to  e n vi ro n m en ta l  or 
s oci a l  co n s i d erati o n s ?   

G o od  record s  for 2 5  ye ars  or m ore  are  re q u i re d  for re l i ab l e  s tati s ti ca l  an a l ys i s  of p ote n ti al  
fu tu re  prod u cti o n .  A s u m m ary of th e  s i te  h yd ro l o g y,  th a t i s  th e  a verag e  h ou rl y,  d a i l y,  we ekl y 
or m on th l y h e a d s  an d  fl o ws  vers u s  ti m e,  s h o u l d  b e  a va i l a bl e  for th e  l o n g es t pos s i b l e  peri o d  of 
op e rati o n .   

I f th i s  i n form a ti o n  i s  u n a va i l a b l e  d i re ctl y vi a  m ea s u rem e n ts  i t  ca n  be  d ed u ce d  from  e n erg y 
pro d u cti o n ,  h ea d wa ter a n d  ta i l wa ter e l e va ti o n  re cord s  ca l cu l a ted  or m e a s u re d  l os s es  o u ts i d e  
th e  tu rb i n e  a n d  m e as u red  or a s s u m ed  effi ci en cy o f tu rb i n e  a n d  g e n e ra tor th e n  taki n g  i n to  
acco u n t a n y wa ter rel e as e s  a t th e  s p i l l wa ys .  Ca re  s h a l l  b e  take n  i n  u s i n g  “ as s u m ed ”  
effi ci e n ci es .  Th e y s h a l l  be  b as e d  o n  ori g i n a l  m a n u fa ctu rers  d a ta  or e a rl i e r tes ts  wi th  d u e  
reg ard  for d eteri ora ti o n  res u l ti n g  from  m a ch i n e  co n d i ti o n .  Th i s  i n form ati o n  a l o n g  wi th  a  
correl a ti o n  wi th  a d j a ce n t h yd ra u l i c s ys tem s  m a y b e  u s e d  to  d e term i n e  wh e th er th e re  h as  b ee n  
a  ch a n g e i n  th e  h yd rol o g y o f th e  s i te  or i n  th e  h yd rau l i c  p a ram eters  of th e  p o we rp l a n t.  

Ch a n g es  i n  h yd ra u l i c  p aram eters  or i n  th e  i n ten d ed  m od e  of op erati o n  of th e  p l a n t can  
ch a n g e  th e  tu rb i n e  rate d  co n d i ti o n s  an d  i n fl u e n ce th e  s e l ecti o n  of th e  b es t s o l u ti on  for th e  
reh a b i l i tati on  or i m p ro ve m en t of th e  tu rb i n e .   

6.2.2  Actual  energy production  

E xi s ti n g  d a ta  on  a n n u a l  en erg y prod u cti o n  a t th e  pl an t p ro vi d es  th e  o wn e r wi th  th e  bas e l i n e  
d a ta  from  wh i ch  h e  m a y es ta bl i s h  th e  va l u e  of a n y p o ten ti a l  i m pro vem en t of th e  p e rform an ce 
of th e  p l an t e q u i pm en t.  I f i n d e pe n d e n t s o u rces  o f h yd ro l og i c d a ta  are  a va i l a b l e ,  th e  en e rg y 
pro d u cti o n  d a ta  a l s o  pro vi d es  th e  pos s i b i l i ty of es ta b l i s h i n g  a  p erform a n ce  tre n d  to ward  
d e teri orati o n .  I f n o  s u ch  i n d e p e n d e n t s ou rces  of h yd ro l o g i c d a ta  a re  a va i l ab l e,  th e  pas t 
reco rd s  of en erg y prod u cti o n ,  es ti m ate d  record s  of s pi l l ag e  a t th e  s i te  a n d  a n  a pp roxi m ate  
kn o wl e d g e of th e  exi s ti n g  g en erati n g  e q u i pm en t ch a racte ri s ti cs  al l o ws  on e  to  con s tru ct a  
h i s tory of th e  h yd ro l o g y at th e  p l a n t wi th  a  p o te n ti a l  i n accu racy of th e  ord er of p l u s  or m i n u s  
5  % .  Th i s  i s  at  l e as t as  g o o d  as  m os t a va i l ab l e  m eth o d s  of es ta b l i s h i n g  th e  h yd ro l o g y at a n y 
u n d e ve l o p e d  s i te.  
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F or m a xi m u m  u s efu l n es s ,  en erg y prod u cti o n  re co rd s  s h ou l d  b e  ob ta i n e d  for e a ch  u n i t  u n d e r 
s tu d y for th e  l o n g es t pos s i bl e  p e ri od  of record ,  m ore  th an  twe n ty-fi ve  ye a rs  bu t n o t l e s s  th a n  
te n  ye a rs .  W h en  th e  p eri od  of record s  i s  th a t s h ort,  i n a ccu ra ci e s  wi l l  b e  h i g h e r th an  5  % .  

Th e  a va i l a bl e  i n form a ti o n  s h ou l d  b e  p l o tte d  o ver th e  peri o d  of record  a n d  a n y tre n d s  s h ou l d  
be  obs erved ,  q u es ti o n e d  a n d  exp l a i n ed .  

Ca u s es  of ch an g e s  m a y i n cl u d e  e q u i pm en t p erfo rm an ce d e g ra d a ti o n ,  ch a n g e s  i n  h yd ro l og y,  
ch a n g es  i n  th e  o p e ra ti n g  p h i l os op h y or wa te r m an a g em e n t a n d  th e  i m pa ct of p l an n ed  an d  
force d  o u tag es  wh i ch  re l a te  to  eq u i pm e n t re l i ab i l i ty.  Ca re  s h a l l  b e  take n  n ot to  o ve rwe i g h t 
s h ort term s  tren d s  or e ve n ts .  I f i n d e e d  e q u i pm e n t effi ci e n cy d e g ra d a ti o n  i s  th e  ro ot cau s e  of a  
tre n d ,  i t  ca n  be  co n fi rm e d  b y a  com pari s o n  b etwe e n  th e  p res en t an d  th e  o ri g i n a l  effi ci e n cy 
cu rves  wh ere ver s u ch  d a ta  i s  a va i l ab l e.   

O fte n ,  s i g n i fi can t g a i n s  i n  e n e rg y pro d u cti on  ca n  be  ach i e ve d  b y i m pro vem e n ts  i n  res ervoi r 
m an ag em en t.  E ve n  i f th i s  as p ect i s  n o t d e a l t  wi th  i n  th i s  g u i d e ,  i t  s h o u l d  a l wa ys  b e  p art  of a n y 
s eri o u s  re h a b i l i tati o n  s tu d y.  

6.2.3  Envi ronmental  social  and  regu latory issues  

E n vi ro n m e n ta l ,  s oci a l  a n d  re g u l atory ru l e s  s e t th e  co n d i ti o n s  for th e  o p e rati on  of th e  p l a n t.  
Th es e  ru l es  are  i n te n d e d  to  re cog n i s e  m u l ti pl e  wa te r u s e  ob j ecti ve s  b y b a l a n ci n g  
en vi ro n m en ta l ,  s oci a l ,  a n d  eco n om i c u s es  of th e  water.  S om e of th e  i s s u e s ,  wh i ch  are  
refl ecte d  i n  th e s e  ru l es ,  a re  h i g h l i g h te d  b e l o w:  

•  m i n i m u m  fl o w re q u i rem en ts ;  

•  l i m i ta ti o n s  o n  h e ad wa ter an d  ta i l wa te r e l e va ti o n  va ri a ti o n s ;  

•  a l l o wa b l e  rate  of ch a n g e  of fl o ws  ( ram p i n g  ra tes );  

•  fi s h  a n d  wi l d l i fe  fl o ws ;  

•  d i s s o l ve d  g as  l i m i ts ;   

•  recrea ti o n a l  fl o ws ;  

•  d om e s ti c  water/i rri g ati o n  fl o ws ;  

•  e l e ctri ca l  e n erg y g e n e ra ti on  fl o ws .  

I f th e  d eci s i on  i s  to  reh ab i l i ta te  th e  p l a n t for effi ci e n cy o n l y,  th e  fl o ws  wo u l d  be  th e  s am e  
before  a n d  afte r a n d  h en ce th e  s am e re g u l ato ry ru l e s  m a y be  a p p l i ca b l e .  H o we ver,  a n y 
i n cre as e  i n  ou tp u t be yo n d  th at ari s i n g  from  th e  effi ci e n cy i n cre as e  wi l l  i n vo l ve  th e  u s e  of m ore  
wa ter or ch a n g es  i n  fl o w p a ttern s  d u ri n g  p l a n t op erati o n .  Th es e  ch a n g es  m a y tri g g er n e w 
ru l es  a n d ,  e ve n  wi th  n o  ch a n g e  i n  wa ter u s e ,  n e w ru l e s  co u l d  b e  i m p os ed .   

Th e  pos s i b i l i ty of n e w o r re vi s ed  ru l es  re g ard i n g  wa te r m a n ag em e n t s h ou l d  b e  th orou g h l y 
re vi e we d  at th e  s tart of an y re h a b i l i ta ti o n  proj e ct to  d ete rm i n e  th e i r i m pact i f a n y,  on  th e  
op erati o n  an d  h e n ce  p o ten ti a l  re ve n u e s  of th e  re h a b i l i tate d  p l a n t.  
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6.3  The assessment  of the  turbine 

6.3. 1  General  

Th e a i m  of th e  a s s es s m e n t proces s  i s  to  h a ve  i n  h an d ,  u p o n  co n cl u s i on ,  a l l  of th e  i n form ati on  
n eces s a ry to  b e  a b l e  to  d e term i n e  i f i t  i s  eco n om i ca l l y j u s ti fi e d  to  proce e d  wi th  re h a b i l i tati o n  
of th e  tu rb i n e  i n  ord er e i th er to  g u ara n te e  i ts  re l i a b i l i ty,  to  e xte n d  i ts  l i fe  a n d /or to  red u ce 
m ai n te n an ce cos ts ,  or to  i m pro ve i ts  pe rform an ce.   

Th ere  are  two  m ai n  as pe cts  i n  th e  as s es s m e n t of th e  exi s ti n g  tu rb i n e :  

1 )  Th e  in tegri ty or m ech a n i ca l  co n d i ti on  of th e  tu rb i n e  wh i ch  s h o u l d  be  e va l u ated  b y a  
d e tai l e d  vi s u a l  i n s p ecti on  p l u s  m eas u rem e n ts  a n d  n o n - d e s tru cti ve  tes ti n g  a s  re q u i re d ;   

2 )  Th e  performance  of th e  tu rb i n e  wh i ch  s h o u l d  b e  e va l u ated  b y a  ca refu l  a n a l ys i s  of p as t 
op erati n g  record s  a n d  con d i ti on s  to  as s es s  rea l  p os s i b i l i ti e s  of perform a n ce  
i m pro vem en t.  Th i s  refers  to:  

•  E ffi ci e n cy;  

•  P o wer o u tp u t;  

•  M ech a n i ca l  vi brati on  pro b l em s ;  

•  H yd ra u l i c  s ta b i l i ty;  

•  C a vi ta ti o n  eros i o n  pro b l e m s ;  

•  O p era ti n g  co n d i ti o n s  a n d  res tri cti on s .  

Th e  fo l l o wi n g  ta b l es  g i ve  i n  a  “ ch eck-l i s t”  form at,  for e ach  com p on e n t,  th e  as p ects  th a t s h o u l d  
be  co n s i d ere d  i n  th e  e va l u ati o n  of an  exi s ti n g  tu rb i n e .  Th e s e  are  pre s e n te d  u n d er th e  
h e a d i n g s  “ as p ect of co n ce rn ” ,  “ p os s i bl e  ca u s e  o r reas on ”  an d  “ pos s i b l e  acti on ” .  Th e  Tab l e s  
are  arra n g ed  as  fo l l o ws :  

a)  Tu rb i n e  em be d d e d  p a rts  

– S ta y ri n g  (Ta b l e  2 );  

– S pi ra l  or s e m i -s p i ra l  cas e  ( Tab l e  3 );  

–  D i s ch arg e  ri n g  (Tab l e  4 );   

–  D ra ft  tu be  (Tab l e  5) .  

b)  Tu rb i n e  n on -em be d d e d ,  n o n -rota ti n g  p arts  

– H e a d co ver ( Tab l e  6 ) ;  

–  I n term e d i a te  a n d  i n n e r h ea d co ve r (Ta b l e  7 ) ;  

–  B ottom  ri n g  ( Ta b l e  8);  

–  G u i d e  va n es  (Ta b l e  9 );  

–  G u i d e  va n e  op erati n g  m e ch a n i s m  (Ta b l e  1 0 ) ;  

– O p era ti n g  ri n g  (Ta b l e  1 1 ) ;  

–  S ervom otors  (Tab l e  1 2 );  

– G u i d e  b e ari n g s  (Ta b l e  1 3 );  

– Tu rb i n e  s h aft s e al  (Ta bl e  1 4 );  

– Th ru s t  b e ari n g  s u p port ( Tab l e  1 5 ) ;  

– N o zzl e s  (Ta b l e  1 6 ) ;  

– D efl ectors  an d  e n erg y d i s s i pa ti o n  (Ta b l e  1 7 ).  

c)  Tu rb i n e  ro ta ti n g  p arts  

– Ru n n er (Ta b l e  1 8);  
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– Tu rb i n e  s h aft ( Ta b l e  1 9) ;  

– O i l  h ea d  a n d  o i l  d i s tri bu ti on  p i p es  (Ta b l e  2 0 ) .  

d )  Tu rb i n e  a u xi l i ari es  

– S p e e d  a n d  l o a d  re g u l a ti o n  s ys te m  (g o vern or)  (Ta b l e  2 1 ) ;  

– Tu rb i n e  a erati on  s ys tem  (Tab l e  2 2 ) ;  

– Lu bri cati on  s ys tem  (g u i d e  va n e  m ech an i s m )  (Tab l e  2 3 ) .  

S om e  of th e  tab l e s  ap p l y to  a l l  typ e s  of tu rb i n e s  wh i l e  oth e rs  ap p l y to  s p eci fi c typ e s  of tu rb i n e  
on l y,  as  i n d i ca te d  i n  th e  ta b l e  h ea d i n g s .  S om e p arts  fa l l  i n  m ore  th an  on e  cate g ory bu t,  for 
cl ari ty,  th e y are  l i s te d  i n  on l y o n e .  F or exam pl e  s om e p arts  m a y b e  “ e m bed d e d ”  or “ n o n -
em be d d e d ”  d e p e n d i n g  u p on  th e  d es i g n .  

A d e ta i l ed  d i s cu s s i o n  of th e  m os t re l e va n t as pe cts  of co n ce rn  for th e  m ech an i ca l  i n te g ri ty 
as s es s m en t a n d  for th e  p erform an ce i m p ro vem e n t of th e  tu rb i n e  fo l l o ws  th e  tab l e s .  
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Table  2  – Assessment of tu rbine  embedded  parts  – Stay ring  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  i n  s ta y va n e s  □  Vi b ra ti o n  

□  D e fo rm a ti o n s  d u e  to  a l ka l i -
a g g re g a te  re a cti vi ty i n  th e  
co n cre te  

□  Re d u ce d  s tru ctu ra l  i n te g ri ty 
ca u s e d  b y e ro s i o n  o r co rro s i o n  

□  W ea k s tru ctu ra l  ca p a ci ty d u e  
to  p o o r d e s i g n  o r 
m a n u fa ctu ri n g  d e fe ct 

□  M a te ri a l  d e fe ct 

□  I n q u i ry o n  p re vi o u s  re p a i rs  
( q u a n ti ty a n d  fre q u e n cy)  

□  C om p l e te  vi s u a l  i n s p e cti o n  

□  N D T i n s p e cti o n  a t  s ta y va n e  
a n d  s h ro u d  j u n cti o n s  

□  M a te ri a l ,  fl o w a n d  s tre s s  
a n a l ys i s  

□  Re p a i rs  b y we l d i n g   

□  P a rti cl e  e ros i o n  □  P oo r s ta y va n e  p ro fi l e  

□  Ab ra s i ve  p a rti cl e s  i n  wa te r 

□  C om p l e te  vi s u a l  i n s p e cti o n  

□  I n q u i ry o n  p re vi o u s  re p a i rs  
( q u a n ti ty a n d  fre q u e n cy)  

□  C o m p a ra ti ve  a n a l ys i s  wi th  
m o d e rn  d e s i g n s  

□  F l o w a n a l ys i s  

□  S u rfa ce  re b u i l d i n g  b y we l d i n g  

□  H yd ra u l i c p ro fi l e  m od i fi ca ti o n   

□  Ap p l i ca ti on  o f p ro te cti ve  
co a ti n g  

□  C o rro s i on  □  I n a p p ro p ri a te  coa ti n g  o r l o s s  
th e re o f 

□  Ag g re s s i ve  wa te r 
ch a ra cte ri s ti cs  

□  C om p l e te  vi s u a l  i n s p e cti o n  

□  B l a s t  cl e a n i n g  a n d  
a p p ro p ri a te  co a ti n g  

□  H yd ra u l i c l o s s e s   □  P oo r s ta y va n e  p ro fi l e  

□  Ro u g h  s u rfa ce  fi n i s h  

□  F l o w a n a l ys i s  

□  C o m p a ra ti ve  a n a l ys i s  a g a i n s t 
m o d e rn  d e s i g n s  

□  B l a s t  cl e a n i n g /s m o o th i n g  

□  H yd ra u l i c p ro fi l e  m od i fi ca ti o n  

□  P a i n ti n g  

□  S e e p a g e  th ro u g h  ra d i a l  
fl a n g e s  

□  D e te ri o ra te d  co n d i ti o n  o f ra d i a l  
fl a n g e s  d u e  to  co n cre te  
d e form a ti o n s  

□  F a ti g u e  cra cki n g  o f s e a l  we l d s  
i f o ri g i n a l  fl a n g e  b o l ti n g  
i n a d e q u a te  

□  S e a l  o r s tru ctu ra l  re p a i r 
we l d i n g  
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Table  3  – Assessment of tu rbine  embedded  parts  – 
Spiral  or semi-spiral  case 

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  i n  re g i o n  o f s ta y 
ri n g ;  i n  p l a te s  o r we l d e d  
j o i n ts  

□  D e fo rm a ti o n  d u e  to  a l ka l i -
a g g re g a te  re a cti vi ty i n  
co n cre te  

□  Re d u ce d  s tru ctu ra l  ca p a ci ty 
ca u s e d  b y a b ra s i ve  e ro s i o n  

□  P re s s u ri za ti on  
cycl e s /p re s s u re  
s u rg e s /h yd ra u l i c re s o n a n ce  
( l o w,  m e d i u m  a n d  h i g h  cycl e  
fa ti g u e )  

□  C o m p l e te  vi s u a l  i n s p e cti o n ;  
m a p p i n g  o f d a m a g e  

□  N D T i n s p e cti o n  a t  S p i ra l  
ca s e /s ta y ri n g  j u n cti o n  a n d  
o th e r s u s p e ct a re a s  

□  S tre s s  a n a l ys i s  

□  I n q u i ry on  p re vi o u s  re p a i rs  
( n a tu re ,  e xte n t a n d  
fre q u e n cy)  

□  Ad j u s tm e n t o f d i s tri b u to r 
cl o s i n g  ti m e  

□  Re p a i r b y we l d i n g   

□  Ri ve t d e te ri o ra ti o n  
□  C o rros i on  □  Re p a i r b y we l d i n g  

□  Re p l a ce m e n t wh e re  
a cce s s i b l e  

□  S u rfa ce  fi n i s h  
d e te ri o ra ti o n  

□  C orros i o n  

□  M i cro -o rg a n i s m s   

□  B a rn a cl e s  

□  I n a p p ro p ri a te  co a ti n g  o r l o s s  
th e re o f 

□  B l a s t cl e a n i n g  a n d  
a p p ro p ri a te  co a ti n g   

□  D e te ri o ra te d  co n cre te  
wa te r p a s s a g e  s u rfa ce s  

□  P o o r q u a l i ty o f co n cre te  
( g e n e ra l  o r l o ca l )  

□  C o n cre te  re p a i rs  

□  Wal l  th i ckn e s s  
d e te ri o ra ti o n  

□  Ab ra s i ve  p a rti cl e s  i n  wa te r 

□  C o m b i n e d  e ffe cts  o f co rro s i o n  
a n d  e ro s i o n  

□  P l a te  th i ckn e s s  
m e a s u re m e n ts  

□  S tre s s  a n a l ys e s  

□  Ap p l i ca ti o n  o f co rro s i o n  
re s i s ta n t co a ti n g  

□  M o d i fi ca ti o n s  to  g u i d e  va n e  
cl o s u re  l a w o r d e ra ti n g  o f th e  
u n i t  or b oth .  

□  Re i n fo rce  s p i ra l  ca s e  

□  M a n  h o l e  l e a ka g e  o r d o o r 
m a l fu n cti o n  

□  C orros i o n  

□  D o o r g a s ke t a n d  fl a n g e  
s u rfa ce  d e te ri ora ti o n  

□  D o o r a d j u s tm e n t 

□  D e te ri o ra ti on  o f h i n g e s  

□  B u s h i n g  we a r 

□  C o m p l e te  vi s u a l  i n s p e cti o n  
o f s e a l i n g  s u rfa ce s  

□  G a s ke t re p l a ce m e n t 

□  N e w s e a l  d e s i g n  

□  Re p a i r o f s e a l i n g  s u rfa ce s  

□  Re p l a ce m e n t o r re p a i r o f 
h i n g e  b u s h i n g s  a n d /o r p i n s  

□  H i n g e  d e s i g n  m o d i fi ca ti o n  
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Table  4 – Assessment of tu rbine  embedded  parts  – Discharge  ring  

Ap p l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  p rop e l l er tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks   □  P oo r d e s i g n  

□  M a n u fa ctu ri n g  d e fe ct 

□  P re s s u re  fl u ctu a ti o n s  

□  Ru n n e r ru b b i n g  a g a i n s t 
d i s ch a rg e  ri n g  

□  I n a p p ro p ri a te  we l d  re p a i r 

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  S tre s s  a n a l ys i s  

□  Re p a i rs  b y we l d i n g  

□  D i s ch a rg e  ri n g  
re i n fo rce m e n t  

□  Ae ra ti on  ( F ra n ci s )  

□  U n i t  a l i g n m e n t a n d  
b a l a n ci n g  

□  W ate r l e a ks  □  As s e m b l y d e fe ct 

□  P oo r d e s i g n  

□  L o o s e  b o l ts  

□  Vi s u a l  e xa m i n a ti o n  

□  Ve ri fi ca ti o n  o f b o l ti n g  

□  Re p a i r o r re p l a ce m e n t o f 
d i s ch a rg e  ri n g  

□  Ci rcu l a ri ty d e fe ct □  D e fo rm a ti o n  o f s u b -s tru ctu re  
co n cre te  d u e  to  a l ka l i -
a g g re g a te  re a cti vi ty (AAR)   

□  M e a s u re  ci rcu l a ri ty a n d  
b l a d e  ti p  cl e a ra n ce s  

□  C h e ck u n i t  a l i g n m e n t 

□  I n te rve n ti o n  o n  s u b -
s tru ctu re  co n cre te  

□  Re e s ta b l i s h m e n t o f b l a d e  
ti p  cl e a ra n ce s  

□  D i s ch a rg e  ri n g  d e form a ti o n ,  
m i s -a l i g n m e n t o r i n cl i n a ti o n   
( B o tto m  ri n g  s u p p o rt fo r 
F ra n ci s  tu rb i n e s )  

□  As s e m b l y d e fe ct  

□  D e fo rm a ti o n  o f co n cre te  d u e  
to  a l ka l i -a g g re g a te  re a cti vi ty  

□  M e a s u re  a xi a l  p o s i ti o n  o f 
ru n n e r ( F ra n ci s )  wi th  
re s p e ct to  d i s ch a rg e  ri n g  

□  U n i t  o ve rh a u l ,  re a s s e m b l y 
a n d  re -a l i g n m e n t 

□  Ab n o rm a l  we a r  □  Ru n n e r ru b b i n g  a g a i n s t i n n e r 
wa l l  

□  Vi s u a l  e xa m i n a ti o n  

□  U n i t  a l i g n m e n t ch e cks  a n d  
co rre cti o n s  

□  Ve ri fi ca ti o n  o f ru n n e r b l a d e  
ti p  cl e a ra n ce s  

□  C o rro s i on   □  Ag g re s s i ve  wa te r 

□  I n a p p ro p ri a te  coa ti n g  

□  B l a s t  cl e a n i n g  a n d  
a p p ro p ri a te  co a ti n g  

□  P a rti cl e  e ros i o n  □  S u s p e n d e d  a b ra s i ve  
p a rti cl e s  i n  wa te r 

□  I n a p p ro p ri a te  m a te ri a l  ch o i ce  

□  Ab ra s i o n  re s i s ta n t  co a ti n g  
( m e ta l l i za ti o n  o r we l d i n g )  

□  Re p a i r o r re p l a ce m e n t 

□  Ca vi ta ti o n  e ro s i o n  □  O p e ra ti n g  co n d i ti o n s  

□  B l a d e  d e s i g n  

□  B l a d e  ti p  cl e a ra n ce s  

□  I n s p e cti o n  a n d  m a p p i n g  o f 
ca vi ta te d  a re a s  

□  Ve ri fi ca ti o n  o f b l a d e  ti p  
cl e a ra n ce s  

□  Re vi e w o f o p e ra ti n g  
co n d i ti o n s  

□  Re p a i r o f d a m a g e d  
s u rfa ce s  

□  P e rfo rm a n ce  a n d  
e n vi ro n m e n ta l  co n ce rn s  

□  E xce s s i ve  b l a d e  ti p  
cl e a ra n ce s  

□  C o n ve rs i o n  to  s p h e ri ca l  
d i s ch a rg e  ri n g  a b o ve  a n d  
b e l o w b l a d e  a xi s  
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Table  5  – Assessment of tu rbine  embedded  parts  – Draft  tube 

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Vo i d s  b e h i n d  th e  d ra ft 
tu b e  l i n e r o r l i n e r d e -
b o n d i n g  fro m  co n cre te  

□  P re s s u re  fl u ctu a ti o n s  ( Co re  
vo rti ce s  a t  p a rti a l  o r h i g h  
l oa d s )  

□  D e fo rm a ti o n  d u e  to  a l ka l i -
a g g re g a te  re a cti vi ty i n  
co n cre te  

□  P o or i n i ti a l  co n cre ti n g  a n d /o r 
a n ch o r fa i l u re s  

□  H a m m e r s u rve y;  m a p p i n g  o f 
vo i d s  

□  E p o xy o r ce m e n t g ro u t 
i n j e cti o n  

□  S u p p l e m e n ta ry a n ch o rs  

□  Ca vi ta ti o n  e ro s i o n  □  I n a p p ro p ri a te  m a te ri a l  o r 
o ve rl a y 

□  E xte n s i ve  o p e ra ti o n  o u ts i d e  
n o rm a l  l o a d  or h yd ra u l i c 
co n d i ti o n s  

□  C h a n g e  i n  th e  p l a n t 
o p e ra ti n g  m o d e  

□  F l o w d i s tu rb a n ce  fro m  p o o r 
ru n n e r o r d i s tri b u tor p ro fi l e  

 

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  F l o w a n a l ys i s  

□  C o m p a ra ti ve  a n a l ys i s  a g a i n s t 
m o d e rn  d e s i g n s  

□  S h e l l  th i ckn e s s  
m e a s u re m e n ts  

□  Re s to ra ti o n  o f th e  s u rfa ce   

□  B l a s t cl e a n i n g  a n d  p a i n ti n g   

□  U s e  o f ca vi ta ti o n  e ro s i o n  
re s i s ta n t o ve rl a y  

□  Cra cks  □  D e ta ch m e n t fro m  a n ch o rs  o r 
e xte rn a l  ri b s  

□  P re s s u re  fl u ctu a ti o n s  d u e  to  
co re  vo rte x a t  p a rti a l  a n d  
h i g h  l o a d s   

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  I n q u i ry o n  p re vi o u s  re p a i rs  
( q u a n ti ty a n d  fre q u e n cy)  

□  S h e l l  th i ckn e s s  
m e a s u re m e n ts  

□  N D T i n s p e cti o n  i n  re g i o n  o f 
m a n  d o o r a n d  a t  j u n cti o n  wi th  
d i s ch a rg e  ri n g  

□  S e cti o n  re p l a ce m e n t o r 
s u rfa ce  re b u i l d i n g  ( we l d i n g ,  
g ri n d i n g  a n d  re -g ro u ti n g )  

□  Co rros i o n  a n d /or e ro s i o n  
d a m a g e  

□  P re s e n ce  o f co rro s i o n  
ca ta l yti c m i cro -o rg a n i s m s  i n  
wa te r  

□  N u m b e r o f i m m e rs i o n  cycl e s   

□  Ag g re s s i ve  wa te r wi th  o r 
wi th ou t e l e ctro l yti c co rro s i o n  
e ffe ct d u e  to  u n fa vo u ra b l e  
m a te ri a l  co m b i n a ti o n   

□  Ab ra s i ve  p a rti cl e  co n te n t i n  
wa te r 

□  Co m p l e te  vi s u a l  i n s p e cti o n  

□  S h e l l  th i ckn e s s  
m e a s u re m e n ts  

□  B l a s t  cl e a n i n g  a n d  
a p p l i ca ti o n  o f co rro s i o n  a n d  
e ro s i o n  re s i s ta n t co a ti n g  

□  U s e  o f co rro s i o n  a n d  e ro s i o n  
re s i s ta n t o ve rl a y o r l i n e r i n  
h i g h  ve l o ci ty re g i o n s  

□  E ffi ci e n cy o r p o we r 
s h o rtfa l l  wi th  re s p e ct to  
n o m i n a l  va l u e s  

□  P o or d e s i g n  

□  N e w o p e ra ti n g  co n d i ti o n s  
( l o a d  ra n g e  o r h yd ra u l i c)   

□  F l o w a n a l ys i s  

□  Co m p a ra ti ve  a n a l ys i s  a g a i n s t 
m o d e rn  d e s i g n s  

□  S te e l /co n cre te  p ro fi l e  
m o d i fi ca ti o n s  

□  M o d i fi ca ti on  to  d i s ch a rg e  ri n g  

□  D ra ft  tu b e  s u rfa ce  a n d  
p ro fi l e  d a m a g e  

□  M i s s i n g  p i e ce s  o f wa te r 
p a s s a g e  co n cre te  d u e  to  
p o o r co n cre te  q u a l i ty 

□  Ab ra s i ve  p a rti cl e  a n d /or 
ca vi ta ti o n  e ro s i o n  o f co n cre te  

□  S u s ta i n e d  h i g h  ve l o ci ty 
e ro s i o n  ( s e co n d a ry fl o ws )  

□  Co m p l e te  vi s u a l  i n s p e cti o n  

□  S u rve y a n d  m a p p i n g  o f 
d a m a g e  

□  C on cre te  re b u i l d i n g  

□  Co n cre te  g ri n d i n g  to  a ch i e ve  
a cce p ta b l e  fl o w co n ti n u i ty 
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Table  6  – Assessment of tu rbine  non-embedded,  non-rotating  parts  – 
Headcover 

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l e r tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks   □  Re p e a te d  p re s s u ri za ti o n s ,  

□  P re s s u re  fl u ctu a ti o n s  o r 
p re s s u re  s u rg e s   

□  H yd ra u l i c re s on a n ce  ( l o w,  
m e d i u m  o r h i g h  cycl e  
fa ti g u e )  

□  D e fo rm a ti o n  

□  D e fe cti ve  m a te ri a l  o r d e s i g n  

□  H i g h  m e ch a n i ca l  s tre s s  b y 
d e s i g n  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  S tre s s  a n a l ys i s  

□  Re p a i rs  b y we l d i n g  

□  H e a d co ve r re i n fo rce m e n t  

□  H e a d co ve r re p l a ce m e n t 

□  D e te ri ora ti o n  o f we a ri n g  
s u rfa ce  o r fa ci n g  p l a te  

□  Ab ra s i ve  p a rti cl e s  i n  wa te r 

□  Ca vi ta ti o n  e ro s i o n  

□  Co m b i n e d  e ffe cts  o f 
co rro s i on  a n d  e ro s i o n  

□  W i re  d ra wi n g  (W i re  d ra wi n g  
i s  a  typ e  o f e ro s i o n  p ro d u ce d  
b y a  h i g h  ve l o ci ty cl e a n  
wa te r j e t  p a s s i n g  th ro u g h  a  
s m a l l  g a p )  

□  Co n ta ct wi th  g u i d e  va n e s  

□  C o m p l e te  vi s u a l  a n d  
d i m e n s i o n a l  i n s p e cti o n  

□  W ea ri n g  s u rfa ce  re p a i r a n d  
m a ch i n i n g  

□  F a ci n g  p l a te  i n s ta l l a ti o n  o r 
re p l a ce m e n t  

□  As s e m b l y re a l i g n m e n t   

□  G u i d e  va n e  ve rti ca l  
a d j u s tm e n t 

□  H e a d co ve r -   g u i d e  va n e  
ru b b i n g  co n ta ct  

□  H e a d co ve r a n d /o r b o tto m  
ri n g  m i s a l i g n m e n t 

□  I n s u ffi ci e n t cl e a ra n ce  
b e twe e n  g u i d e  va n e s  a n d  
h e a d co ve r 

□  H e a d co ve r e xce s s i ve  
d e fl e cti o n  

□  E va l u a ti o n  o f ri s k o f g u i d e  
va n e  m a l fu n cti o n  b y g u i d e  
va n e  to rq u e  te s t 

□  C o m p l e te  vi s u a l  i n s p e cti o n ,  
s e a rch i n g  fo r we a r a n d /o r 
g a l l i n g  a t  co m p o n e n t 
i n te rfa ce  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f g u i d e  va n e s ,  
h e a d co ve r a n d  b o ttom  ri n g  
a l i g n m e n t 

□  As s e m b l y re a l i g n m e n t  

□  H e a d co ve r we a ri n g  s u rfa ce  
re b u i l d i n g  a n d  re -m a ch i n i n g  

□  W ea ri n g  p l a te  i n s ta l l a ti o n  o r 
re p l a ce m e n t  

□  U p p e r ru n n e r s e a l  
( l a b yri n th )  d a m a g e  

□  H e a d co ve r m i s a l i g n m e n t 

□  Ru n n e r m i s a l i g n m e n t 

□  I n a p p ro p ri a te  cl e a ra n ce s  

□  Al ka l i -a g g re g a te  re a cti vi ty i n  
co n cre te  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  C l e a ra n ce  m o d i fi ca ti o n  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f h e a d co ve r 
a n d  ru n n e r a l i g n m e n t 

□  Ru n n e r s e a l  ( l a b yri n th )  
m a ch i n i n g  o r re p l a ce m e n t 

□  H e a d  co ve r re p l a ce m e n t 

□  Ru n n e r re p l a ce m e n t 

□  L e ve l  i n a ccu ra cy □  As s e m b l y d e fe ct 

□  P o we r s ta ti o n  d i s p l a ce m e n ts  

□  Al ka l i -a g g re g a te  re a cti vi ty i n  
co n cre te  

□  D i m e n s i o n a l  i n s p e cti o n  o f 
h e a d co ve r s e a ti n g  s u rfa ce .  

□  M a ch i n i n g  o f h e a d co ve r 
s e a ti n g  s u rfa ce  (s ta y ri n g  
fl a n g e )  
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Table  6  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  F l a tn e s s  o f we a ri n g  s u rfa ce  
o r fa ci n g  p l a te  

□  As s e m b l y d e fe ct 

□  U n e q u a l  we a r 

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f m a ch i n e d  
s u rfa ce s  

□  M a ch i n i n g  o f th e  h e a d co ve r 
we a ri n g  s u rfa ce  o r fa ci n g  
p l a te  

□  W ea ri n g  p l a te  i n s ta l l a ti o n  o r 
re p l a ce m e n t   

□  H e a d co ve r re p l a ce m e n t 

□  U n i t  re a s s e m b l y 

□  W ate r l e a ka g e  □  W ea r o f s h a ft  s e a l  o r s e a l i n g  
s u rfa ce s  

□  S h a ft s e a l  re p l a ce m e n t 

□  Re co n d i ti o n i n g  o f s e a l i n g  
s u rfa ce s   

□  L u b ri ca ti o n  i n cl u d i n g  
e n vi ro n m e n ta l  co n ce rn s  

□  B ro ke n  g re a s e  co n d u i t  

□  G re a s e  d i s tri b u ti o n  s ys te m  
fa i l u re  

□  P o o r g re a s e  d i s tri b u ti o n  
g ro o vi n g  

□  E xce s s i ve  l o s s  o f g re a s e  to  
th e  e n vi ro n m e n t 

□  G u i d e  va n e  b u s h i n g  we a r 

 

□  C o m p l e te  vi s u a l  i n s p e cti o n  
o f h e a d co ve r a n d  i ts  
b u s h i n g  g re a s i n g  s ys te m  

□  G u i d e  va n e  b u s h i n g  
re p l a ce m e n t 

□  I n s ta l l a ti o n  o f s e l f-
l u b ri ca ti n g  g u i d e  va n e  
b u s h i n g s  

□  G re a s i n g  s ys te m  
m o d i fi ca ti o n ,  re p a i r o r 
re p ro g ra m m i n g  o r 
e l i m i n a ti o n  

□  Lo o s e  o r b ro ke n  b o l ts  

 

□  As s e m b l y d e fe ct 

□  D e fo rm a ti o n  o f h e a d co ve r 

□  P o o r ch o i ce  o f m a te ri a l  o r 
l a ck of re s p e ct fo r th e  
s p e ci fi e d  m a te ri a l  

□  Qu a l i ty co n tro l  p ro b l e m s  
d u ri n g  m a n u fa ctu re  a n d  
i n s ta l l a ti o n  

□  E xce s s i ve  d e s i g n  s tre s s e s  

□  Ab n o rm a l  p re s s u re  
fl u ctu a ti o n s   

□  H yd ra u l i c re s on a n ce  ( l o w,  
m e d i u m  o r h i g h  cycl e  fa ti g u e  
l o a d i n g )  

□  C o m p l e te  vi s u a l  i n s p e cti o n  
o f th e  fl a n g e  a n d  b o l ts  a n d  
N D T i f fe a s i b l e  

□  B o l t  re p l a ce m e n t 

□  F l o w a n a l ys i s  

□  M o d i fy h e a d co ve r n a tu ra l  
fre q u e n cy 

□  I m p ro ve  tu rb i n e  a e ra ti o n  

□  M o d i fy n u m b e r a n d /o r s i ze  
o f b o l ts  a n d /o r th e i r 
m a te ri a l  

□  W ate r re te n ti on  (d ra i n a g e  
p ro b l e m )  

□  B l o cke d  o r i n s u ffi ci e n t d ra i n  
h o l e s  

□  I n s u ffi ci e n t d ra i n a g e  
ca p a ci ty 

□  F o u l i n g  o f d ra i n  p i p i n g  

□  M a i n  s h a ft  s e a l  a n d /o r g u i d e  
va n e  wa te r l e a ka g e  to o  h i g h   

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  I n q u i ry co n ce rn i n g  p a s t 
p ro b l e m s  

□  D ra i n  h o l e  a n d  p i p i n g  
cl e a n i n g  

□  D ra i n a g e  p u m p  ( e j e cto r)  
re p a i r o r re p l a ce m e n t 

□  D ra i n a g e  s ys te m  d e s i g n  
m o d i fi ca ti o n  

□  Re p l a ce m e n t o f u n i t  s h a ft  
s e a l  o r g u i d e  va n e  s e a l s  

□  Acce s s  p ro b l e m  for 
m a i n te n a n ce  co n s i d e ra ti o n  

□  P o o r d e s i g n  

□  N e w m a i n te n a n ce  o r s e cu ri ty 
n e e d s  

□  C o m p a ra ti ve  a n a l ys i s  
a g a i n s t m o d e rn  d e s i g n  

□  H e a d co ve r d e s i g n  
m o d i fi ca ti o n  

□  H e a d co ve r re p l a ce m e n t 

□  P ro b l e m  wi th  g u i d e  s tri p s  
fo r g a te -o p e ra ti n g  ri n g   

□  G u i d e  s tri p  s e g m e n t we a r 

□  H i g h  fri cti o n  

□  G u i d e  s tri p  re p l a ce m e n t o r 
co n ve rs i o n  to  s e l f-
l u b ri ca ti n g  m a te ri a l s  
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Table  6  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  G u i d e  va n e  b u s h i n g  we a r □  B o tto m  ri n g  a n d  h e a d co ve r 
m i s a l i g n m e n t 

□  L u b ri ca ti o n  p ro b l e m  

□  W ea r d u e  to  l o n g  or e xtre m e  
s e rvi ce  l i fe  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  U n i t  re a l i g n m e n t 

□  B u s h i n g  re p l a ce m e n t o r 
co n ve rs i o n  to  s e l f-
l u b ri ca ti n g  m a te ri a l s  

□  G re a s i n g  s ys te m  
m o d i fi ca ti o n ,  re p a i r o r 
re p ro g ra m m i n g  o r 
e l i m i n a ti o n  
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Table  7  – Assessment of tu rbine  non-embedded,  non-rotating  parts  – 
In termediate  and  inner headcovers  

App l i cab l e  to  Kap l a n  an d  fi xed  b l a d e  p ro p el l e r tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks   □  D e s i g n  d e fi ci e n cy 

□  P o o r m a te ri a l  o r p o o r ch o i ce  
o f m a te ri a l  

□  Ab n o rm a l  p re s s u re  
fl u ctu a ti o n s ,  p re s s u re  
s u rg e s .   

□  F re q u e n t u p -l i ft  o f th e  ru n n e r 
d u ri n g  tra n s i e n ts  

□  I n tru s i o n  o f fo re i g n  o b j e cts  i n  
wa te r p a s s a g e s  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  S tre s s  a n a l ys i s  

□  Re p a i rs  b y we l d i n g  

□  Re i n fo rce m e n t  

□  Re p l a ce m e n t 

□  Ch e ck o f cl e a ra n ce  
b e twe e n  ru n n e r a n d  i n n e r 
h e a d  cove r 

□  W ate r l e a ks  □  As s e m b l y d e fe ct 

□  P oo r d e s i g n  

□  L o o s e  b o l ts  

□  Vi s u a l  e xa m i n a ti o n  

□  Ve ri fi ca ti o n  o f b o l ts  

□  J o i n t  s e a l s  re p l a ce m e n t 
a n d /or s e a l i n g  s u rfa ce s  
re co n d i ti o n i n g  

□  H yd ra u l i c s u rfa ce  e ro s i o n  □  Ab ra s i ve  p a rti cl e s  i n  wa te r 

□  D i s co n ti n u i ty o n  h yd ra u l i c 
s u rfa ce  

□  Vi s u a l  e xa m i n a ti o n  a n d  
m a p p i n g  o f d e fe cts  

□  W el d  o ve rl a y o f d a m a g e d  
s u rfa ce s  

□  Re m o va l  o f h yd ra u l i c 
d i s co n ti n u i ti e s  

□  Lo o s e  o r b ro ke n  b o l ts  □  As s e m b l y p ro b l e m  

□  P o o r ch o i ce  o f m a te ri a l  o r 
d e fe cti ve  m a te ri a l  

□  I n s u ffi ci e n t b o l t  to rq u e  

□  Vi b ra ti on  l o o s e n i n g  o f b o l ts  

□  Vi s u a l  e xa m i n a ti o n  fo r  
fl a n g e  fi t  p ro b l e m s  

□  Ve ri fi ca ti o n  o f th e o re ti ca l  
b ol t  l o a d s ,  m a te ri a l  a n d  
a s s e m b l y to rq u e  

□  M e a s u re m e n t o f vi b ra ti o n s  
a n d  p re s s u re  fl u ctu a ti o n s   

□  D ra i n a g e  p ro b l e m  □  B l o cke d  o r i n s u ffi ci e n t d ra i n  
h o l e s  

□  F o u l i n g  o f d ra i n  p i p i n g  

□  M a i n  s h a ft  s e a l  a n d /o r g u i d e  
va n e  wa te r l e a ka g e  to o  h i g h  

□  I n s u ffi ci e n t d ra i n a g e  
ca p a ci ty  

□  I n s p e cti o n  o f wi cke t g a te  
s e a l s ,  s h a ft  s e a l  a n d  h e a d  
co ve r fl a n g e  s e a l s  

□  Cl e a n i n g  o f d ra i n s  a n d  
p i p i n g  

□  Re p l a ce m e n t or re p a i r o f 
d ra i n a g e  p u m p  o r e d u cto r 

□  D ra i n a g e  s ys te m  
m o d i fi ca ti o n  

□  Re p l a ce m e n t of wi cke t g a te  
s e a l s ,  s h a ft  s e a l  a n d  h e a d  
co ve r fl a n g e  s e a l s  

□  Acce s s  p ro b l e m  □  P oo r d e s i g n  

□  N e w m a i n te n a n ce  o r s e cu ri ty 
re q u i re m e n ts  o r re g u l a ti o n s  

□  C o m p a ri s o n  a g a i n s t 
m o d e rn  d e s i g n s  

□  M o d i fi ca ti o n s  

□  Re p l a ce m e n t  
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Table  8  – Assessment of tu rbine  non  embedded ,  non  rotating  parts  – 
Bottom  ring  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  F a ci n g  p l a te  d e te ri o ra ti o n  □  Ab ra s i ve  s e d i m e n t i n  wa te r 

□  C a vi ta ti o n  e ro s i o n  

□  W i re  d ra wi n g  

□  C o n ta ct wi th  g u i d e  va n e s  

□  C o m p l e te  vi s u a l  a n d  
d i m e n s i o n a l  i n s p e cti o n  

□  S u rfa ce  re p a i r a n d  m a ch i n i n g  

□  F a ci n g  p l a te  i n s ta l l a ti o n  o r 
re p l a ce m e n t  

□  As s e m b l y re a l i g n m e n t   

□  G u i d e  va n e  ve rti ca l  p o s i ti o n  
a d j u s tm e n t 

□  I n te rfe re n ce  wi th  g u i d e  
va n e  o p e ra ti o n   

□  H e a d co ve r a n d /o r b o tto m  
ri n g  m i s a l i g n m e n t 

□  I n s u ffi ci e n t cl e a ra n ce  
b e twe e n  b o tto m  ri n g  a n d  
g u i d e  va n e s  

□  Co m p l e te  vi s u a l  i n s p e cti o n  

□  Co m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f g u i d e  va n e s ,  
b o tto m  ri n g  a n d  h e a d  co ve r 
a l i g n m e n t 

□  As s e m b l y re a l i g n m e n t   

□  S u rfa ce  re p a i r a n d  m a ch i n i n g  

□  F a ci n g  p l a te  i n s ta l l a ti o n  o r 
re p l a ce m e n t  

□  Lo we r ru n n e r s e a l  
( l a b yri n th )  d a m a g e  
( F ra n ci s  tu rb i n e s )  

□  B o tto m  ri n g  m i s a l i g n m e n t 

□  Ru n n e r m i s a l i g n m e n t 

□  I n a p p ro p ri a te  d e s i g n  
cl e a ra n ce s  

□  B o tto m  ri n g  d e fo rm a ti o n  d u e  
to  a l ka l i -a g g re g a te  re a cti vi ty 
i n  co n cre te  

□  Co m p l e te  vi s u a l  i n s p e cti o n  

□  C l e a ra n ce  m o d i fi ca ti o n  

□  Co m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f b o tto m  ri n g  a n d  
ru n n e r a l i g n m e n t 

□  Ru n n e r s e a l  ( l a b yri n th )  
m a ch i n i n g  o r re p l a ce m e n t 

□  B o tto m  ri n g  re p l a ce m e n t 

□  L e ve l  i n a ccu ra cy □  As s e m b l y p ro b l e m  

□  P o we r s ta ti o n  d i m e n s i o n a l  
i n s ta b i l i ty 

□  Al ka l i -a g re g a te  re a cti vi ty i n  
co n cre te  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f b o tto m  ri n g  a n d  
i ts  fo u n d a ti o n  

□  M a ch i n i n g  o f b o tto m  ri n g  
s u p p ort s u rfa ce  

□  F a ci n g  p l a te  fl a tn e s s  □  As s e m b l y p ro b l e m s  

□  W ea r 

□  D i s to rti o n  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f m a ch i n e d  
s u rfa ce s  

□  M a ch i n i n g  o f th e  b o tto m  ri n g  

□  B o tto m  ri n g  re p l a ce m e n t 

□  U n i t  re a s s e m b l y 

□  F a ci n g  p l a te  i n s ta l l a ti o n  o r 
re p l a ce m e n t  

□  W ate r l e a ka g e  □  S e a l  d a m a g e  o r d e te ri o ra ti o n  
o f s e a l i n g  s u rfa ce s   

□  S e a l  re p l a ce m e n t 

□  S e a l i n g  s u rfa ce s  
re co n d i ti o n i n g  
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Table  8  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  L u b ri ca ti o n  p ro b l e m s  o f 
l o we r g u i d e  va n e  b u s h i n g  
i n cl u d i n g  e n vi ro n m e n ta l  
co n ce rn s  

□  B ro ke n  g re a s e  co n d u i t  

□  P o o rl y d e s i g n e d  g re a s e  
d i s tri b u ti o n  g ro o ve s  

□  G re a s e  d i s tri b u ti o n  s ys te m  
m a l fu n cti o n  

□  E xce s s i ve  g re a s e  l o s s  to  th e  
e n vi ro n m e n t 

□  G u i d e  va n e  b u s h i n g  we a r 

□  C o m p l e te  vi s u a l  i n s p e cti o n  o f 
b o tto m  ri n g  b u s h i n g s  a n d  
th e i r l u b ri ca ti o n  s ys te m  

□  G u i d e  va n e  b u s h i n g  
re p l a ce m e n t 

□  I n s ta l l a ti o n  o f s e l f- l u b ri ca ti n g  
g u i d e  va n e  b u s h i n g s  

□  L u b ri ca ti o n  s ys te m  
m o d i fi ca ti o n ,  re p a i r o r 
re p ro g ra m m i n g  

□  Lo o s e  o r b ro ke n  b o l ts  

 

□  As s e m b l y p ro b l e m  

□  D e form a ti o n  o f b o ttom  ri n g  

□  P o o r ch o i ce  o f b o l ti n g  
m a te ri a l  o r p o o r m a te ri a l  

□  C o m p l e te  vi s u a l  i n s p e cti o n  o f 
b o l ti n g  a n d  s e a l i n g  

□  M o d i fi ca ti o n  o f n u m b e r,  
m a te ri a l  o r s i ze  o f b o l ts  

□  B o l t  re p l a ce m e n t 

□  G u i d e  va n e  b u s h i n g  we a r □  B o tto m  ri n g  a n d  h e a d co ve r 
m i s a l i g n m e n t 

□  L u b ri ca ti o n  p ro b l e m  

□  E xtre m e  s e rvi ce  o r a g e  

□  Al ka l i -a g g re g a te  re a cti vi ty i n  
co n cre te  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f b o tto m  ri n g  a n d  
h e a d co ve r a l i g n m e n t 

□  U n i t  re a s s e m b l y a n d  
re a l i g n m e n t 

□  B u s h i n g  re p l a ce m e n t wi th  
s i m i l a r o r s e l f- l u b ri ca ti n g  
m a te ri a l s   

□  L u b ri ca ti o n  s ys te m  
m od i fi ca ti o n ,  re p a i r o r 
re p ro g ra m m i n g   

 

 

BS EN 62256:2008– 51  –



Table  9  – Assessment of tu rbine  non  embedded ,  non  rotating  parts  – 
Gu ide vanes  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cki n g  □  Vi b ra ti o n  

□  Re d u ce d  s tru ctu ra l  i n te g ri ty 
ca u s e d  b y p a rti cl e  o r 
ca vi ta ti o n  e ro s i o n   

□  D e fe cts  i n  m a te ri a l ,  d e s i g n  
o r m a n u fa ctu re  

□  E xce p ti o n a l  a cci d e n ta l  
l o a d i n g  

 

□  I n q u i ry o n  p re vi o u s  re p a i rs  
( n a tu re ,  e xte n t a n d  
fre q u e n cy)  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  S tre s s  a n d  m a te ri a l  
a n a l ys e s  

□  Re p a i rs  b y we l d i n g  

□  Re -m a ch i n i n g  

□  Re p l a ce m e n t 

□  D e fo rm a ti o n   □  D e fe cts  i n  m a te ri a l ,  d e s i g n  
o r m a n u fa ctu re  

□  E xce p ti o n a l  a cci d e n ta l  
l o a d i n g  d u e  to  d e b ri s  

□  I n a d e q u a te  o r m a l fu n cti o n i n g  
o f p ro te cti ve  d e vi ce  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  

□  Re p l a ce m e n t 

□  Ve ri fi ca ti o n  a n d  co rre cti o n  
o r re p l a ce m e n t o f p ro te cti ve  
d e vi ce  

□  Re p a i r o r re p l a ce m e n t o f 
tra s h  ra cks  

□  Ca vi ta ti o n  e ro s i o n   □  G u i d e  va n e  p ro fi l e  

□  O p e ra ti o n  u n d e r a b n o rm a l  
co n d i ti o n s   

□  S i g n i fi ca n t ch a n g e s  i n  th e  
p l a n t op e ra ti n g  o r h yd ra u l i c 
co n d i ti o n s  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  I n q u i ry o n  p re vi o u s  re p a i rs  
( q u a n ti ty a n d  fre q u e n cy)  

□  M a te ri a l  a n d  fl o w a n a l ys e s  

□  C o m p a ra ti ve  a n a l ys i s  wi th  
m o d e rn  d e s i g n s  

□  S u rfa ce  re b u i l d i n g  b y 
we l d i n g   

□  M o d i fi ca ti o n  

□  Re p l a ce m e n t  

□  C o rro s i on  □  I n a p p ro p ri a te  co a ti n g  

□  Ag g re s s i ve  wa te r wi th  o r 
wi th o u t e l e ctro l yti c co rro s i o n  
e ffe ct d u e  to  u n fa vo u ra b l e  
m a te ri a l  co m b i n a ti o n   

□  S a n d b l a s ti n g /s m o o th i n g  

□  M o re  a p p ro p ri a te  co a ti n g  

□  Re p l a ce m e n t wi th  m o re  
a p p ro p ri a te  m a te ri a l  

□  Ab ra s i ve  e ro s i o n  □  Ab ra s i ve  s e d i m e n ts  i n  wa te r □  S u rfa ce  re b u i l d i n g  b y 
we l d i n g  

□  D e p o s i t  o f a b ra s i o n  
re s i s ta n t m a te ri a l  ( we l d i n g ,  
m e ta l l i za ti o n )  

□  Re p l a ce m e n t wi th  m o re  
a p p ro p ri a te  m a te ri a l  

□  Co n ta ct we a r ( ru b b i n g ,  
g a l l i n g  o n  h e a d co ve r a n d /o r 
b o tto m  ri n g )  

□  P o o r a l i g n m e n t a t  a s s e m b l y  

□  P o o r ch o i ce  o f M a te ri a l  
co m b i n a ti o n s  

□  I n s u ffi ci e n t cl e a ra n ce s  

□  I n i ti a ti o n  b y fore i g n  p a rti cl e s  

□  Al ka l i -a g g re g a te  re a cti on  i n  
co n cre te  

□  Vi s u a l  a n d  d i m e n s i o n a l  
i n s p e cti o n  o f g u i d e  va n e s  
a n d  d i s tri b u to r a s s e m b l y 

□  S u rfa ce  re b u i l d i n g  b y 
we l d i n g   

□  U s e  o f a n ti -g a l l i n g  m a te ri a l s  

□  U n i t  d i s a s s e m b l y,  
a d j u s tm e n t a n d  re a s s e m b l y 

□  I n ve s ti g a te  a n d  e l i m i n a te  i f 
p o s s i b l e ,  s o u rce s  o f fo re i g n  
p a rti cl e s  
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Table  9  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□   H yd ra u l i c p e rform a n ce   □  P o o r h yd ra u l i c p ro fi l e  

□  N o n  u n i fo rm  g u i d e  va n e  
a n g u l a r p o s i ti o n  

□  I n a d e q u a te  m a xi m u m  
o p e n i n g  o f g u i d e  va n e s  

□  F l o w a n a l ys i s  

□  C o m p a ra ti ve  a n a l ys i s  wi th  
m o d e rn  d e s i g n s  

□  P ro fi l e  m o d i fi ca ti o n  

□  Re p l a ce m e n t 

□  Ve ri fi ca ti o n  a n d  a d j u s tm e n t 
o f g u i d e  va n e  o p e ra ti n g  
m e ch a n i s m  

□  Tru n n i o n  we a r  
□  G re a s i n g  s ys te m  

m a l fu n cti o n  

□  Ab ra s i ve  s e d i m e n ts  

□  C o rro s i o n  

□  P o or ch o i ce  o f m a te ri a l  
co m b i n a ti o n  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  N e w s ta i n l e s s  s te e l  s l e e ve s  
o n  tru n n i o n  o r s ta i n l e s s  
s te e l  tru n n i o n  m a ch i n i n g  

□  G u i d e  va n e  re p l a ce m e n t 

□  Re p l a ce m e n t o f g re a s e  
l u b ri ca te d  b ro n ze  b u s h i n g  
s ys te m  b y s e l f- l u b ri ca ti n g  
b u s h i n g s  

□  G re a s i n g  s ys te m  
m o d i fi ca ti o n ,  re p a i r o r 
re p ro g ra m m i n g   

□  P o o r s e a l i n g  a t  e n d s  a n d  
o n  co n ta ct l i n e s  

□  Wea r/e ro s i o n  o n  co n ta ct 
fa ce s   

□  G a p  b e twe e n  g u i d e  va n e s  o n  
va n e  to  va n e  s e a l i n g  l i n e  
(p o o r a d j u s tm e n t)  

□  Pa rti cl e  e ro s i o n  o r wi re  
d ra wi n g  a t  cl e a ra n ce s  
b e twe e n  g u i d e  va n e s  a n d  
h e a d co ve r a n d /or b o tto m  
ri n g  (W i re  d ra wi n g  i s  e ro s i o n  
ca u s e d  b y a  h i g h  ve l o ci ty j e t  
of cl e a n  wa te r p a s s i n g  
th ro u g h  a  s m a l l  cl e a ra n ce )  

□  I n s u ffi ci e n t co n ta ct p re s s u re  
wh e n  cl o s e d  

□  Po o r ori g i n a l  ch o i ce  o f 
m a te ri a l s  

□  G a p  m e a s u re m e n ts   

□  Re p a i r o f con ta ct fa ce s   

□  Re p a i rs  to  h e a d co ve r,  
b o tto m  ri n g  a n d  e n d s  o f 
g u i d e  va n e s  

□  Ad j u s tm e n t o f g u i d e  va n e  
o p e ra ti n g  m e ch a n i s m  

□  Ad j u s tm e n t o f s e rvo m oto r 
p re l o a d i n g  i n  cl o s e d  
p o s i ti o n  (s q u e e ze )  

□  G u i d e  va n e  re p l a ce m e n t 
wi th  p o s s i b l e  
h e a d cove r/b otto m  ri n g  
re p a i rs  

□  Vi b ra ti o n  □  Lo s s  o f a s s e m b l y to l e ra n ce s   

□  D e fi ci e n t p ro fi l e  

□  C o m p l e te  d i m e n s i o n a l  a n d  
co n d i ti o n  i n s p e cti o n  o f 
o p e ra ti n g  m e ch a n i s m  

□  O p e ra ti n g  m e ch a n i s m  
m o d i fi ca ti o n  or re p a i r 

□  F l o w a n a l ys i s  

□  M o d i fi ca ti o n  o f p ro fi l e  

□  Re p l a ce m e n t 
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Table  1 0  – Assessment  of tu rbine  non  embedded,  non  rotating  parts  – 
Gu ide  vane operating  mechanism  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  a n d  d e fo rm a ti o n  □  E xce p ti o n a l  l o a d i n g  d u e  to  
d e b ri s  o r i m p ro p e r 
a d j u s tm e n ts  

□  M i s a l i g n m e n t o f co m p o n e n ts  
( s e rvo m o to rs  to  o p e ra ti n g  
ri n g  o r o p e ra ti n g  ri n g  to  g a te  
l e ve rs )   

□  F a i l u re  o f s o m e  s h e a r p i n s  
o r o th e r l o a d  l i m i ti n g  d e vi ce s  
o r m a l fu n cti o n  o f fri cti o n  
d ri ve  s ys te m  

□  I n cre a s e  i n  s e rvo m o to r 
o p e ra ti n g  p re s s u re  wi th o u t 
d u e  ve ri fi ca ti on  o f th e  e ffe cts  

□  P o o r m a te ri a l  o r d e s i g n  

□  Co m p l e te  vi s u a l  a n d  
d i m e n s i o n a l  i n s p e cti o n  

□  N D T i n s p e cti o n  

□  O p e ra ti n g  m e ch a n i s m  
fri cti on  te s t 

□  S tre s s  ca l cu l a ti o n s  a n d  
a n a l ys i s  

□  B u s h i n g  re p l a ce m e n t o r 
co n ve rs i o n  to  s e l f-
l u b ri ca ti n g  b u s h i n g s  

□  Ad j u s tm e n ts  ve ri fi ca ti o n  
a n d  co rre cti o n  

□  Co m p o n e n t m a ch i n i n g   

□  An ti -g ri p p i n g  co a ti n g  
a p p l i ca ti o n  

□  D e te ri o ra ti o n  o f s u rfa ce s  □  Co rro s i o n  o n  g u i d e  va n e  
l i n ks  a n d  l e ve rs  

□  Co m p l e te  vi s u a l  i n s p e cti o n   

□  S a n d b l a s ti n g  a n d  p a i n ti n g  

□  E xce s s i ve  p l a y i n  l i n ke d  
co m p o n e n ts  

□  B u s h i n g  we a r □  B u s h i n g  re p l a ce m e n t o r 
m o d i fi ca ti o n  to  s e l f-
l u b ri ca ti n g  b u s h i n g s  

□  Ad j u s tm e n t d i ffi cu l ti e s   □  G u i d e  va n e  tru n n i o n  o r 
b u s h i n g  we a r 

□  P o o r l e ve r/l i n k e cce n tri c p i n  
l o cki n g  s ys te m  

□  Acce s s  p ro b l e m  

□  M e ch a n i s m  d e s i g n  

□  Co m p l e te  g u i d e  va n e  
m e ch a n i s m  e va l u a ti o n  

□  M od i fi ca ti o n  to  th e  
e cce n tri c l i n k-p i n  l o cki n g  
s ys te m   

□  Ap p l i ca ti on  o f a n ti -g a l l i n g  
co a ti n g  

□  Acce s s  a n d  to o l i n g  
i m p ro ve m e n ts  

□  Re p e ti ti ve  s h e a r p i n  fa i l u re s   □  G u i d e  va n e  a n d  s e rvo m o to r 
a d j u s tm e n t 

□  S h e a r p i n  d e s i g n  

□  G u i d e  va n e  re s tra i n t  s ys te m  
d e s i g n  fo r b ro ke n  s h e a r p i n  

□  P ro b l e m  wi th  g u i d e  va n e  
b u s h i n g s  

□  Co n ta ct wi th  h e a d co ve r 
a n d /o r b o tto m  ri n g  

□  I n q u i ry re g a rd i n g  
fre q u e n cy,  l o ca ti o n  a n d  
ca u s e s  o f fa i l u re s  

□  S tre s s  a n a l ys i s  

□  S h e a r p i n  d e s i g n  
m o d i fi ca ti o n  

□  M o d i fi ca ti o n  o f g u i d e  va n e  
re s tra i n t  s ys te m  fo r b ro ke n  
s h e a r p i n  

□  G u i d e  va n e ,  l i n k,  o p e ra ti n g  
ri n g  a n d  s e rvo m o to r 
a d j u s tm e n ts  

□  Re h a b i l i ta ti o n  o f g u i d e  va n e  
b u s h i n g s  o r m o d i fi ca ti o n  to  
s e l f- l u b ri ca ti n g  b u s h i n g s  
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Table  1 0  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  L u b ri ca ti o n  i n cl u d i n g  
e n vi ro n m e n ta l  i s s u e s  

□  B ro ke n  g re a s e  co n d u i t  

□  G re a s e  d i s tri b u ti o n  s ys te m  
m a l fu n cti o n  

□  B u s h i n g  we a r 

□  E xce s s i ve  g re a s e  e n te ri n g  
th e  e n vi ro n m e n t  

□  Co m p l e te  vi s u a l  i n s p e cti o n  

□  Co m p l e te  cl e a n i n g  o f th e  
tu b e  l a yo u t a n d  d i s tri b u to rs  
i n cl u d i n g  ce n tre  h o l e s  i n  
g u i d e  va n e  tru n n i o n s  a n d  
a n y co n d u i ts  wi th i n  th e  
g u i d e  va n e s  

□  Re m o va l  o f e xi s ti n g  s ys te m  
a n d  m o d i fi ca ti o n  to  s e l f-
l u b ri ca ti n g  b u s h i n g s   

□  L u b ri ca ti o n  s ys te m  
m o d i fi ca ti on ,  re p a i r or 
re p ro g ra m m i n g  

□  P ro b l e m  wi th  s h e a r p i n  
fa i l u re  d e te cti o n  s ys te m  

□  E l e ctri ca l  p ro b l e m  

□  O u td a te d  d e te cti o n  
s ys te m /p o o r d e s i g n  fo r 
h u m i d  co n d i ti o n s  

□  D e te cti o n  s ys te m  d e s i g n  
re vi e w 

□  M od e rn i za ti on  o r 
re p l a ce m e n t o f th e  s h e a r 
p i n  fa i l u re  d e te cti o n  s ys te m  

 

Table  1 1  – Assessment  of tu rbine non  embedded,  non  rotating  parts  – 
Operating  ring  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  a n d  d e fo rm a ti o n  □  Ab n o rm a l  l oa d i n g  d u e  to  
d e b ri s  i n  g u i d e  va n e s   

□  M i s a l i g n m e n t wi th  re s p e ct 
to  s e rvo m o to rs  o r g u i d e  
va n e  l e ve rs  

□  P o o r m a te ri a l  or d e s i g n  

□  M a n u fa ctu ri n g  d e fe ct 

□  Co m p l e te  vi s u a l  a n d  
d i m e n s i o n a l  i n s p e cti o n  

□  N D T i n s p e cti o n  

□  S tre s s  a n a l ys i s  

□  Re -a l i g n m e n t o f s e rvo m o to rs  

□  Re p l a ce  we a r s tri p s  s u p p o rti n g  
op e ra ti n g  ri n g  a n d  re a l i g n  
o p e ra ti n g  s ys te m  

□  Ab n o rm a l  we a r □  L a ck o f g re a s e  

□  D e fe cti ve  l i n k b u s h i n g s  o r 
o p e ra ti n g  ri n g  we a r s tri p s  

□  C o n ta m i n a ti o n  o f b e a ri n g  
s u rfa ce s  b y fo re i g n  
m a te ri a l  

□  M i s a l i g n m e n t wi th  re s p e ct 
to  s e rvo m o to rs  o r g u i d e  
va n e  l e ve rs  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  G re a s e  s ys te m  ve ri fi ca ti o n  

□  Re p l a ce m e n t o f l i n k b u s h i n g s  
o r op e ra ti n g  ri n g  we a r s tri p s  

□  Ad d i ti o n  o f b a rri e rs  a g a i n s t 
co n ta m i n a ti o n  

□  Re -a l i g n m e n t o f s e rvo m o to rs  

□  Re p l a ce m e n t o f we a r s tri p s  
s u p p o rti n g  o p e ra ti n g  ri n g  a n d  
re a l i g n m e n t o f o p e ra ti n g  
s ys te m  
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Table  1 2  – Assessment  of tu rbine  non  embedded,  non  rotating  parts  – 
Servomotors  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  O i l  l e a ka g e  □  B ro ke n  o r wo rn  s e a l s   

□  W orn  b u s h i n g s  

□  P i s to n  ro d  we a r o r s co ri n g  
d u e  to  o i l  co n ta m i n a ti o n   

 

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  L e a ka g e  te s t 

□  S e a l  re p l a ce m e n t  

□  S te m  re b u i l d  

□  S te m  re -ch ro m i n g  

□  S te m  re p l a ce m e n t 

□  B u s h i n g  re p l a ce m e n t 

□  S e rvo m o to r re b u i l d  o r 
re p l a ce m e n t 

□  Al i g n m e n t □  I n a d e q u a te  s e rvo m o to r 
b o l ti n g  a n d  d o we l l i n g   

□  S o l e p l a te  s u rfa ce  fl a tn e s s  o r 
a l i g n m e n t  

□  W ea r of o p e ra ti n g  ri n g  
s u p p o rt we a r s tri p s  

□  Co n cre te  i n s ta b i l i ty a ffe cti n g  
s e rvo m o to r/op e ra ti n g  ri n g  
a l i g n m e n t 

□  S e rvo m o to r a l i g n m e n t  
ve ri fi ca ti o n  

□  S e rvo m o to r/s ol e p l a te  
re a l i g n m e n t 

□  W ea r s tri p s  s u p p o rti n g  
o p e ra ti n g  ri n g  re p l a ce m e n t 
a n d  ve rti ca l  p o s i ti o n  a l i g n m e n t 

□  I n a d e q u a te  o p e ra ti n g  
fo rce s  

□  P i p i n g  p ro b l e m s  

□  G o ve rn o r/h yd ra u l i c s ys te m  
p ro b l e m  

□  S e rvo m o tor cyl i n d e r o r p i s ton  
ri n g  we a r (e xce s s i ve  l e a ka g e  
p a s t p i s to n )  

□  S e rvo m o to r b i n d i n g  d u e  to  
e xce s s i ve  b u s h i n g  we a r o r 
m i s a l i g n m e n t 

□  P i s to n  ri n g  l e a ka g e  te s t 

□  P i s to n  ri n g  re p l a ce m e n t 

□  P i s to n /p i s to n  ro d  re b u i l d  

□  C yl i n d e r h o n i n g  a n d /o r 
m a ch i n i n g  

□  B u s h i n g  re p l a ce m e n t 

□  G o ve rn o r/h yd ra u l i c s ys te m  
re h a b i l i ta ti o n   

□  O p e ra ti n g  s ys te m  re a l i g n m e n t 

□  G u i d e  va n e  p re -
s tre s s i n g  a d j u s tm e n t 
p ro b l e m s  ( cl o s e d  
p o s i ti o n  “ s q u e e ze ” )  

□  G u i d e  va n e  s e a l i n g  l i n e  
d e te ri o ra ti o n   

□  P o o r l e ve r/l i n k e cce n tri c p i n  
l o cki n g  s ys te m  d e s i g n  ( l o s s  
o f u n i fo rm  s i m u l ta n e o u s  
cl o s u re  o f a l l  g u i d e  va n e s )  

□  P oo r a n d /o r m a l a d j u s te d  
s e rvo m o to r p o s i ti o n  i n d i ca to r 

□  L o w o i l  p re s s u re  

□  P oo r p re -s tre s s i n g  
a d j u s tm e n t/s tro ke  l i m i t  
s ys te m  d e s i g n   

□  G u i d e  va n e  co n ta ct s u rfa ce  
a n d  s e a l i n g  l i n e  re b u i l d i n g   

□  P re -s tre s s i n g  
a d j u s tm e n t/s tro ke  l i m i t  s ys te m  
a n d  a d j u s tm e n t p ro ce s s  
m o d i fi ca ti o n s  

□  L e ve r/l i n k e cce n tri c p i n  l o cki n g  
s ys te m  m o d i fi ca ti o n  

□  S e rvo m o to r re b u i l d  

□  S e rvo m o to r re p l a ce m e n t 

□  G o ve rn o r/h yd ra u l i c s ys te m  
re h a b i l i ta ti o n  

□  S e rvo m o to r l o cki n g  
s ys te m  p ro b l e m s  a n d  
s a fe ty co n ce rn s  

□  W ea k l o cki n g  s ys te m  d e s i g n  

□  Ch a n g e  i n  m a xi m u m  o p e n i n g  
o f g u i d e  va n e s  

□  W ea r o r d a m a g e  to  p a rts  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  C o m p l e te  re h a b i l i ta ti o n  o r 
re p l a ce m e n t o f l o cki n g  s ys te m  

□  L o cki n g  s ys te m  d e s i g n  
m o d i fi ca ti o n  

□  Re p l a ce m e n t o f s e rvo m o to rs  
wi th  n e w l o cki n g  s ys te m  

 

BS EN 62256:2008 – 56 –



Table  1 3  – Assessment  of tu rbine non  embedded,  non  rotating  parts  – 
Gu ide bearings  

App l i cab l e  to  F ra n ci s ,  Ka p l a n ,  fi xe d  b l a d e  prop e l l e r a n d  P e l ton  tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  O i l  l o s s  

 

□  O i l  s u m p  g a s ke t/O -ri n g  
d e te ri o ra ti o n  

□  O i l  l e a ka g e  o ve r to p  o f o i l  
s u m p  i n n e r wa l l  ( a t  s h a ft  
j o u rn a l  l o ca ti o n )  ca u s e d  b y 
o n e  or m ore  o f th e  fo l l o wi n g  

•  o i l  s u m p  o ve rfi l l i n g  

•  n o n -u n i fo rm  s p a ci n g   
b e twe e n  s u m p  i n n e r wa l l  
a n d  s h a ft  j o u rn a l  s ki rt  d u e  
to  m i s a l i g n m e n t o r i n n e r  
wa l l  d i s to rti o n  

•  e xce s s i ve  d i s tu rb a n ce   
a n d  i n s ta b i l i ty o f o i l  fl o w 
i n  s u m p   

□  C om p l e te  vi s u a l  i n s p e cti o n  

□  G a s ke t/O -ri n g  re p l a ce m e n t  

□  Ad j u s tm e n t o f o i l  l e ve l  

□  I n s p e cti o n  a n d  co rre cti o n  o f 
a l i g n m e n t o f a d j a ce n t p a rts  

□  Ad d i ti o n  o f o i l  re ta i n i n g  
ri n g ( s ) /s e a l ( s )  a t  i n n e r wa l l  of 
o i l  s u m p  

□  G u i d e  b e a ri n g  m o d i fi ca ti o n  to  
s ta b i l i ze  o i l  fl o w  

□  I n n e r o i l  s u m p  re p a i r ( to  re s to re  
i n n e r wa l l  ci rcu l a ri ty)  o r 
re p l a ce m e n t  

 

□  P re s e n ce  o f wa te r a n d /o r 
s o l i d  p a rti cl e s  i n  o i l  

□  C o o l i n g  co i l /wa te r s u p p l y 
co n n e cti o n ( s )  l e a ka g e  

□  C o n d e n s a ti o n  

□  C o n ta m i n a te d  o i l  

□  I n a d e q u a te  or i n fre q u e n t  oi l  
fi l tra ti on  

□  P a i n t  co a ti n g  d e te ri o ra ti o n  

□  B a b b i tt  d e te ri o ra ti o n  

□  O i l  te s t fo r e vi d e n ce  o f wa te r 
a n d  fo re i g n  p a rti cl e s  

□  Re p a i r o f wa te r s u p p l y 
co n n e cti o n ( s )  

□  C o o l i n g  co i l  re p l a ce m e n t 

□  O i l  fi l tra ti o n  

□  O i l  ch a n g e  ( a l wa ys  u s e  a  fi l te r 
d u ri n g  s u m p  fi l l i n g )  

□  B a b b i tt  i n s p e cti o n   

□  Re -b a b b i tti n g  

□  S u rfa ce  cl e a n i n g  a n d  re -
p a i n ti n g  

□  B a b b i tt  i n  p o o r co n d i ti o n  □  E xce s s i ve  we a r 

□  E xce s s i ve  s h a ft  vi b ra ti o n  

□  L o s s  o f b o n d  

□  I n a p p rop ri a te  o i l  q u a l i ty o r 
co n ta m i n a te d  o i l  

□  C o m p l e te  i n s p e cti o n  fo r 
e vi d e n ce  o f b a b b i tt  
d e te ri o ra ti o n :  we a r,  m e l ti n g ,  
cra cki n g   a n d  l o s s  o f b o n d   

□  H a n d  s cra p i n g  o r re -m a ch i n i n g  

□  Re -b a b b i tti n g   

□  B e a ri n g  p a d  o r s h e l l  
re p l a ce m e n t 
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Table  1 3  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  O i l /b e a ri n g  m e ta l  h i g h  
te m p e ra tu re  

□  M a l fu n cti o n  o f co o l i n g  wa te r 
s u p p l y s ys te m  o r i n s u ffi ci e n t 
wa te r s u p p l y   

□  Too  ti g h t  b e a ri n g /s h a ft  j o u rn a l  
cl e a ra n ce  

□  E xce s s i ve  s h a ft ru n -o u t a t 
g u i d e  b e a ri n g  ( s h a ft  vi b ra ti o n )

□  S h a ft  j ou rn a l  n o n -u n i fo rm  
we a r 

□  L o s s  o f th e rm a l  d e te cto r 
ca l i b ra ti o n  

 

□  C om p l e te  vi s u a l  i n s p e cti o n   

□  M e a s u re m e n t o f s h a ft  j o u rn a l  
ci rcu l a ri ty a n d  co n ce n tri ci ty 

□  C o rre ct wa te r s u p p l y fa u l t  

□  W ate r s u p p l y p i p e  cl e a n i n g   

□  Re a d j u s tm e n t o f b e a ri n g /s h a ft  
j o u rn a l  cl e a ra n ce  o r re m a ch i n e  
b e a ri n g  

□  C o rre cti o n  o f s h a ft  ru n -o u t 
p ro b l e m  ( u n i t  m e ch a n i ca l  o r 
h yd ra u l i c b a l a n ci n g )  

□  Re -m a ch i n e  s h a ft  j o u rn a l  

□  Re p l a ce  o r re ca l i b ra te  th e rm a l  
d e te cto rs  

□  E xce s s i ve  o r n o n -u n i fo rm  
b e a ri n g /s h a ft j o u rn a l  
cl e a ra n ce  

□  B a b b i tt  we a r  

□  S h a ft  j ou rn a l  n o n -u n i fo rm  
we a r 

□  P o o r a d j u s tm e n t o f b e a ri n g  
s h o e s  ( s h o e  typ e  b e a ri n g s )   

□  M i s a l i g n m e n t o r d i s to rti o n  o f 
b e a ri n g  s h e l l  ( s h e l l  typ e  
b e a ri n g s )  

□  C o m p l e te  vi s u a l  a n d  
d i m e n s i o n a l  i n s p e cti o n  o f 
b e a ri n g  cl e a ra n ce   

□  C o m p l e te  i n s p e cti o n  o f b a b b i tt  
co n d i ti o n  

□  H a n d  s cra p i n g  o r re -m a ch i n i n g  
b e a ri n g  

□  Re -b a b b i tti n g  

□  Re a d j u s tm e n t o f ra d i a l  p o s i t i o n  
o f b e a ri n g  p a d s   

□  B e a ri n g  s h e l l  re a l i g n m e n t,  o r 
re p a i r to  re s to re  ci rcu l a ri ty  

□  B e a ri n g  p a d  re p l a ce m e n t 

□  B e a ri n g  s h e l l  re p l a ce m e n t 

□  C ra cks  i n  b e a ri n g  
s u p p o rt 

□  E xce s s i ve  vi b ra ti o n  

□  H i g h  d yn a m i c l o a d s  (s tre s s e s )  

□  Ab n o rm a l  o p e ra ti n g  
co n d i ti o n s  

□  D e fe cti ve  m a te ri a l  o r d e s i g n  

□  L o o s e  o r b ro ke n  b o l ts  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n   

□  An a l ys i s  o f o p e ra ti n g  co n d i ti o n s

□  D e s i g n  re vi e w 

□  B o l t  re - ti g h te n i n g  o r b ol t  
re p l a ce m e n t 

□   W e l d   re p a i rs  wi th  s tre s s -re l i e f 
a n d  m a ch i n i n g  a s  re q u i re d  

□  B e a ri n g  s u p p o rt re i n fo rce m e n t  

□  B e a ri n g  s u p p o rt re p l a ce m e n t 

□  I n s tru m e n ta ti o n  
m a l fu n cti o n  re s u l ti n g  i n  
n o  a l a rm  o n  a b n o rm a l  
te m p e ra tu re  o r o i l  l e ve l   

□  U n re l i a b l e  o r fa u l ty d e vi ce s  

□  L o s s  o f a d j u s tm e n t o r 
ca l i b ra ti o n  

□  O u td a te d  te ch n o l o g y  

□  I n s tru m e n ta ti o n  m o d e rn i za ti o n ,  
s u ch  a s  u s e  o f i n s tru m e n ts  wi th  
s e l f-d i a g n o s ti cs  

□  Ad j u s tm e n t a n d  re ca l i b ra ti o n  

□  P ro vi d i n g  re d u n d a n cy 
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Table  1 4  – Assessment  of tu rbine non  embedded,  non  rotating  parts  – 
Turbine shaft  seal  (mechan ical  seal  or packing  box)   

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  E xce s s i ve  wa te r l e a ka g e  o r 
fi l te re d  wa te r co n s u m p ti o n  

□  S e a l i n g  e l e m e n t we a r 
( s e g m e n t o r p a cki n g  
d e te ri o ra ti o n )  

□  Co rro s i o n  d a m a g e  o n  s e a l  
co m p o n e n ts  

□  S h a ft  s l e e ve  we a r 

□  I n te rru p ti o n  o r i n a d e q u a cy o f 
fi l te re d  wa te r  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  Ri n g  re p l a ce m e n t ( s e a l i n g  
e l e m e n ts )  

□  S h a ft  s l e e ve  re p l a ce m e n t 

□  S h a ft  s l e e ve  m a ch i n i n g  
a n d /o r s to n e  p ol i s h i n g  

□  S h a ft  s e a l  p a cki n g  a n d /o r 
g l a n d  re p l a ce m e n t 

□  E xce s s i ve  we a r ra te  o f 
s e a l i n g  e l e m e n ts  

□  S h a ft  s l e e ve  we a r  

□  Co rro s i o n  d a m a g e  

□  S h a ft  s l e e ve  m a ch i n i n g  o r 
h a n d  p o l i s h i n g  

□  S h a ft  s l e e ve  re p l a ce m e n t 

 

Table  1 5  – Assessment  of tu rbine non  embedded,  non  rotating  parts  – 
Thrust  bearing  support   

App l i ca b l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l e r tu rbi n es  wi th  s e para te  b e ari n g  bracket 
or wi th  th ru s t s u p p ort  on  tu rb i n e  h e ad co ve r 

 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks   □  P o o r m a te ri a l  o r d e s i g n  

□  H i g h  m e ch a n i ca l  s tre s s  

□  I n cre a s e d  h yd ra u l i c th ru s t   

□  U n i t  u n b a l a n ce d  

□  Ab n o rm a l  d yn a m i c l o a d i n g  
(h yd ra u l i c o r co m p o n e n t 
re s o n a n ce )  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n s  

□  I n q u i ry re g a rd i n g  p re vi o u s  
i n te rve n ti o n s  

□  In-situ  te s ti n g  ( l o a d s ,  
s tre s s e s ,  fre q u e n ci e s )  

□  S tre s s  a n d  l o a d  a n a l ys i s  

□  W el d  re p a i rs  

□  Th ru s t-b e a ri n g  s u p p o rt 
re i n fo rce m e n t 

□  I d e n ti fy a n d  co rre ct ca u s e s  
o f a b n orm a l  s ta ti c a n d  
d yn a m i c l o a d i n g   

□  Ve ri fi ca ti on  a n d  co rre cti on  
o f ru n n e r u p p e r s e a l  wa te r 
ve n ti n g  to  d ra ft  tu b e  

□  U n i t  a l i g n m e n t a n d  
b a l a n ci n g  

□  Le ve l  ( o r p e rp e n d i cu l a ri ty 
wi th  a xi s  o f ro ta ti o n )  

□  As s e m b l y p ro b l e m  

□  P o we r s ta ti o n  d i m e n s i o n a l  
i n te g ri ty 

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  o f b e a ri n g  
s u p p o rt fo u n d a ti o n  

□  M a ch i n i n g  o r a d j u s tm e n t o f 
b e a ri n g  s u p p o rt fo u n d a ti o n s  

□  Acce s s  p ro b l e m  □  P oo r d e s i g n  

□  N e w m a i n te n a n ce  o r s a fe ty 
re q u i re m e n ts  

□  C o m p a ra ti ve  a n a l ys i s  wi th  
m o d e rn  d e s i g n  

□  Th ru s t-b e a ri n g  s u p p o rt 
d e s i g n  m o d i fi ca ti o n  
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Table  1 6  – Assessment  of tu rbine  non  embedded,  non  rotating  parts  – 
Nozzles  

App l i cab l e  to  P el ton  tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Le a ka g e  a n d  p o o r j e t  
fo rm a ti o n  ( p oo r j e t 
fo rm a ti o n  ca n  re s u l t  i n  
ca vi ta ti o n  e ro s i o n  o n  
th e  cu t-o u ts  a n d  s p l i tte r 
ti p s  o f th e  ru n n e r 
b u cke ts )  

□  W ea r o f n o zzl e  s e a t ri n g s  a n d  
n e e d l e  ti p s  

□  F o re i g n  o b j e cts  l o d g e d  
b e twe e n  n e e d l e  a n d  n o zzl e  
s e a t ri n g ,  d a m a g i n g  th e  
s e a l i n g  e d g e  

□  D e s i g n  o f re p l a ce a b l e  n o zzl e  
s e a t ri n g  

□  Re b u i l d i n g  s e a t ri n g s  

□  Re p l a ce  n e e d l e  ti p s  a n d  
n o zzl e  s e a t ri n g s  

□  E ro s i o n  o n  th e  n e e d l e  
a n d  n o zzl e  s e a t  ri n g s  

□  Ab ra s i ve  s e d i m e n t i n  wa te r □  Re b u i l d  n e e d l e  ti p s  a n d  
n o zzl e  s e a t ri n g s  

□  Re p l a ce  n e e d l e  ti p s  a n d  
n o zzl e  s e a t ri n g s  

□  H a rd  fa ci n g  o f th e  n e e d l e  ti p s  
a n d  n o zzl e  s e a t  ri n g s  

□  E ro s i o n  o n  th e  n o zzl e  
b o d i e s  ( n o zzl e  h a ts )  

□  Ab ra s i ve  s e d i m e n t i n  wa te r □  Re b u i l d  n o zzl e  h a ts  

□  Re p l a ce  n o zzl e  h a ts  wi th  o r 
wi th o u t ch a n g e  o f m a te ri a l s  

□  I m p rop e r op e ra ti on  o f 
n e e d l e s  

□  S e d i m e n ts  i n  th e  b u s h i n g s  
i n cre a s i n g  th e  co e ffi ci e n t o f 
fri cti o n  

□  L u b ri ca ti o n  s ys te m  m a l fu n cti o n  

□  W orn  s e rvo m o to rs   

□  I n a d e q u a te  o p e ra ti n g  fo rce s  
(d e fi ci e n t o i l  p re s s u re  o r 
m a l fu n cti o n  o f m e ch a n i ca l  
co m p e n s a ti n g  m e ch a n i s m )  

□  Re p l a ce m e n t o f b u s h i n g s  
( wh e re  p ra cti ca b l e ,  d e s i g n  for 
s e l f- l u b ri ca te d  b u s h i n g s )  

□  O ve rh a u l  l u b ri ca ti o n  s ys te m  

□  Re h a b i l i ta te  s e rvo m o to rs  wi th  
re p l a ce m e n t o f p i s to n  ri n g s  

□  O ve rh a u l  g o ve rn o r a n d  
h yd ra u l i c s ys te m  

□  O ve rh a u l  m e ch a n i ca l  
co m p e n s a ti n g  m e ch a n i s m  

 

Table  1 7  – Assessment  of tu rbine non  embedded,  non  rotating  parts  – 
Deflectors  and  energy d issipation  

App l i cab l e  to  P el ton  tu rb i n es  
 

 

Aspect of concern  Possible  causes  or reasons  Possible  actions  

□  I m p ro p e r o p e ra ti o n  □  D a m a g e d  b e a ri n g s  o r b u s h i n g s  
o r o p e ra ti n g  m e ch a n i s m  

□  W orn  s e rvo m oto r 

□  E ro d e d  d e fl e cto rs  

□  O ve rh a u l  g o ve rn o r a n d  
h yd ra u l i c s ys te m  

□  Re h a b i l i ta te  s e rvo m o to r 

□  O ve rh a u l  th e  o p e ra ti n g  
m e ch a n i s m  

□  Re b u i l d  o r re p l a ce  d e fl e cto rs  

□  D a m a g e d  ru n n e r p i t  
l i n e r 

□  F re q u e n t o p e ra ti o n  wi th  j e ts  
d e fl e cte d  

□  I n a d e q u a te  re i n fo rce m e n t o f 
ru n n e r p i t  l i n e r i n  zon e s  of j e t  
i m p i n g e m e n t 

□  L o s s  o f e m b e d d e d  a n ch o rs  

□  Vi s u a l  i n s p e cti o n  a n d  
a p p ro p ri a te  N D T 

□  W el d  re p a i rs  

□  Ad d i ti o n  of a n ch o rs  i n  
a ffe cte d  zo n e s  

□  Re i n fo rce m e n t o f ru n n e r p i t  
l i n e r i n  a ffe cte d  zo n e s  
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Table  1 8a – Assessment of turbine  rotating  parts  – 
Runner 

Ap p l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  p rop e l l er tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  □  E xce p ti o n a l  o p e ra ti n g  
co n d i ti o n s  

□  Ch a n g e s  i n  th e  p l a n t 
o p e ra ti n g  m o d e  

□  Re s i d u a l  we l d i n g  s tre s s e s  

□  L o a d  i n d u ce d  s tre s s e s  

□  M e ta l  l o s s  ca u s e d  b y 
ca vi ta ti o n  

□  P e ri o d i c s tre s s e s  i n d u ce d  b y 
co n ta ct i n  th e  ru n n e r s e a l s  

□  Th i ckn e s s  l o s s  ca u s e d  b y 
s u rfa ce  e ro s i o n   

□  Re s o n a n ce  wi th  e xte rn a l  
e xci ti n g  fre q u e n ci e s  

□  I n q u i ry i n to  p re vi o u s  re p a i rs  
( n a tu re ,  s co p e  a n d  fre q u e n cy)  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  M e a s u re m e n ts  o f m o d e l  a n d /o r 
p ro to typ e  l o a d i n g   

□  M a te ri a l ,  s tre s s  a n d  fl o w 
a n a l ys e s  

□  Ru n n e r d yn a m i c/m o d a l  
a n a l ys e s  a n d  te s ti n g  

□  F a ti g u e  a n a l ys i s  

□  C o m p a ri s o n  a n a l ys i s  wi th  
m o d e rn  d e s i g n s  

□  W el d  re p a i rs  

□  E va l u a te  e ffe cti ve n e s s  o f p os t-
we l d  s tre s s  re l i e f h e a t 
tre a tm e n t  

□  E va l u a te  i m p a ct o f we l d  
re p a i rs  i f d o n e  wi th o u t  th e rm a l  
s tre s s  re l i e f  

□  B l a d e  o u tl e t e d g e  p ro fi l e  
m o d i fi ca ti o n  ( ch a n g e  Vo n  
Ka rm a n  vo rte x fre q u e n cy a n d  
i n te n s i ty)  

□  Re -e s ta b l i s h m e n t o f n e ce s s a ry 
ru n n e r s e a l  o r b l a d e  ti p  
cl e a ra n ce s  

□  Ru n n e r m o d i fi ca ti o n  

□  Ru n n e r re p l a ce m e n t 

□  W ate r p a s s a g e  s u rfa ce  
d e te ri o ra ti o n  

□  P oo r m a te ri a l  s e l e cti on  

□  Ab ra s i ve  p a rti cl e  o r 
ca vi ta ti o n  e ro s i o n   

□  E ro s i o n  o f co rro s i o n  p ro d u cts  

□  B a rn a cl e  typ e  g ro wth s  i n  l o w 
ve l o ci ty ru n n e rs  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  I n q u i ry i n to  p re vi o u s  re p a i rs  
( n a tu re ,  s co p e  a n d  fre q u e n cy)  

□  F l o w a n d  m a te ri a l  a n a l ys i s  

□  M o d e l  a n d /o r p ro to typ e  te s ti n g  

□  Re p a i r we l d i n g  wi th  ca vi ta ti o n  
o r p a rti cl e  e ro s i on  re s i s ta n t 
m a te ri a l s  

□  H a rd -fa ci n g  i n  zo n e s  s u b j e ct to  
p a rti cl e  e ro s i o n  

□  B l a s t  cl e a n i n g  a n d  p a i n ti n g  

□  Ru n n e r m o d i fi ca ti o n  

□  Ru n n e r re p l a ce m e n t wi th  
p o s s i b l e  ch a n g e  o f m a te ri a l  
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Table  1 8a  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Vi b ra ti o n  □  P re s s u re  fl u ctu a ti o n s  

□  Re s o n a n ce  

□  M e ch a n i ca l  u n b a l a n ce  

□  H yd ra u l i c u n b a l a n ce  

□  E xce s s i ve  o r u n e ve n  m a i n  
b e a ri n g  cl e a ra n ce   

□  Ch a n g e s  i n  th e  p l a n t 
o p e ra ti n g  m o d e   

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  I n q u i ry i n to  p a s t e xp e ri e n ce  
( ca u s e s ,  tre n d s ,  o p e ra ti o n a l  o r 
p h ys i ca l  ch a n g e s )  

□  P ro to typ e  te s ti n g  fo r vi b ra ti o n  
a n a l ys i s  

□  Ve ri fi ca ti o n  o f u n i t  a l i g n m e n t 

□  F l o w a n a l ys i s   

□  G u i d e  va n e  p ro fi l e  a n a l ys i s  

□  D ra ft  tu b e  a n a l ys i s   

□  I n s p e cti o n  a n d  re p a i r o f 
b e a ri n g s  ( wi th  o r wi th o u t 
m o d i fi ca ti o n )  

□  I n s p e cti o n  a n d  re p a i r of m a i n  
s h a ft  j o u rn a l s  

□  B a l a n ci n g  of ro ta ti n g  p a rts  

□  Ru n n e r m o d i fi ca ti o n s  to  
i m p ro ve  h yd ra u l i c b a l a n ce  

□  Ru n n e r re p l a ce m e n t 

□  Ca vi ta ti o n  e ro s i o n   □  I m p ro p e r o p e ra ti o n  

□  P oo r b l a d e  p ro fi l e  

□  M o d i fi ca ti o n  o f p ro fi l e s  
ca u s e d  b y i n a d e q u a te l y 
co n tro l l e d  we l d  re p a i rs  

□  Ch a n g e  i n  th e  p l a n t 
o p e ra ti n g  m o d e  i n vo l vi n g  
l a ck of re s p e ct fo r th e  p o we r 
l i m i ts  fo r ca vi ta ti o n  fre e  
p e rfo rm a n ce  

□  P oo r m a te ri a l  s e l e cti on  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  M o d e l  a n d /o r p ro to typ e  te s ti n g  

□  I n q u i ry i n to  p a s t o p e ra ti n g  a n d  
re p a i r p ra cti ce s  ( s co p e  a n d  
fre q u e n cy)  

□  M a te ri a l  a n d  fl o w a n a l ys e s  

□  C o m p a ra ti ve  a n a l ys e s  a g a i n s t 
m o d e rn  ru n n e r d e s i g n  

□  B l a d e  m o d i fi ca ti o n s  

□  Ru n n e r re p l a ce m e n t 

□  Re p a i r b y o ve rl a y we l d i n g  wi th  
ca vi ta ti o n  re s i s ta n t m a te ri a l  
a n d  re e s ta b l i s h m e n t o f o ri g i n a l  
o r re vi s e d  b l a d e  p ro fi l e s   

□  I n te rfe re n ce  wi th  
h e a d co ve r a n d  b o tto m  
ri n g  

□  As s e m b l y m i s a l i g n m e n t 

□  Ti g h t  ru n n e r s e a l  cl e a ra n ce s  
b y d e s i g n  

□  B otto m  ri n g  o r h e a d co ve r 
d i s to rti o n  u n d e r l o a d  

□  B otto m  ri n g  o r h e a d co ve r 
d i s to rti on  d u e  to  u n s ta b l e  
con cre te  fo u n d a ti o n s  

□  C o m p l e te  vi s u a l ,  d i m e n s i o n a l  
a n d  a l i g n m e n t i n s p e cti o n  

□  I n q u i ry i n to  p a s t e xp e ri e n ce  
( n a tu re ,  d a te s  a n d  re m e d i a l  
a cti o n s )  

□  U n i t  re a l i g n m e n t 

□  Ru n n e r s e a l  ( l a b yri n th )  
m a ch i n i n g  o r re p l a ce m e n t 

□  B o tto m  ri n g  o r h e a d co ve r 
m o d i fi ca ti o n s  

□  Re -m a ch i n i n g  o f h e a d co ve r 
a n d  b o tto m  ri n g  s u p p o rt 
fl a n g e s  ( s u rfa ce s )  
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Table  1 8a  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  U n u s u a l l y l i m i te d  ra n g e  
o f s ta b l e  o p e ra ti o n  

□  D ra ft  tu b e  p re s s u re  
fl u ctu a ti o n s  

□  H yd ra u l i c re s o n a n ce  wi th  th e  
e xte rn a l  wa te r co n d u i t  
s ys te m  

□  Ru n n e r a n d /o r d ra ft  tu b e  
h yd ra u l i c d e s i g n  

□  H yd ra u l i c u n b a l a n ce  
(u n e q u a l  b l a d e  o u tfl o w 
o p e n i n g s )  

□  I m p rop e r o p e ra ti o n  ( e . g .  l o n g  
d u ra ti o n s  a t  ve ry l o w l o a d s )  

□  Ch a n g e  i n  th e  p l a n t 
o p e ra ti n g  m o d e  

□  I n e ffe cti ve  d ra ft  tu b e  a e ra ti o n  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  

□  I n q u i ry i n to  o p e ra ti n g  p ra cti ce s  
ch a n g e s  i n  s a m e  

□  I n q u i ry i n to  ch a n g e s  i n  
h yd ra u l i c co n d i ti o n s  

□  M o d e l  a n d /o r p ro to typ e  te s ti n g  

□  F l o w a n a l ys i s  

□  C o m p a ri s o n  wi th  m o d e rn  
ru n n e r d e s i g n   

□  E va l u a ti o n /m o d i fi ca ti o n  o f d ra ft  
tu b e  a e ra ti o n  s ys te m ( s )  

□  Ru n n e r m o d i fi ca ti o n   

□  Ru n n e r re p l a ce m e n t 

□  E ffi ci e n cy o r p o we r 
s h o rtfa l l  wi th  re s p e ct to  
n o m i n a l  va l u e s  

□  N e w o p e ra ti n g  m o d e s  

□  Ca vi ta ti o n  o r p a rti cl e  e ro s i o n  
or o th e r s u rfa ce  d e te ri o ra ti o n  

□  P re s s u re  fl u ctu a ti o n s  wh i ch  
l i m i t  l o a d  ra n g e  

□  E xce s s i ve  ru n n e r s e a l  o r 
b l a d e  ti p  cl e a ra n ce s  

□  E xce s s i ve  a i r a d m i s s i o n  

□  P oo r h yd ra u l i c d e s i g n  

□  C o m p l e te  d i m e n s i o n a l  
i n s p e cti o n  

□  I n q u i ry i n to  ch a n g e s  i n  
o p e ra ti n g  p ra cti ce s  a n d  
e xp e ri e n ce  

□  M o d e l  a n d /o r p ro to typ e  te s ti n g  

□  P e rfo rm a n ce  a n d  fl o w a n a l ys i s  

□  C o m p a ri s o n  wi th  m o d e rn  
ru n n e r d e s i g n   

□  Ru n n e r m o d i fi ca ti o n  

□  Ru n n e r re p l a ce m e n t 

□  D ra ft  tu b e  a n d  g u i d e  va n e  
e va l u a ti o n s  
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Table  1 8b  – Assessment of turbine  rotating  parts  – 
Runner  

S u p p l em e n t a p pl i ca b l e  to  Ka p l a n  a n d  fi xe d  b l a d e  pro p e l l er tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  i n  b l a d e s  □  W ea k m a te ri a l  o r d e s i g n  

□  P re s s u re  fl u ctu a ti o n s  a n d  
re s o n a n ce  

□  I n a d e q u a te  ca vi ta ti o n  re p a i rs  

□  I n tru s i o n  of h e a vy fo re i g n  
o b j e cts  i n  wa te r p a s s a g e s  

□  W ate r co l u m n  s e p a ra ti o n  
d u ri n g  tra n s i e n ts  

□  U n -s tre s s  re l i e ve d  we l d  
re p a i rs  

□  P e ri o d i c co n ta ct b e twe e n  
ru n n e r b l a d e  ti p s  a n d  
d i s ch a rg e  ri n g  

 

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  ( ru n n e r a n d  d i s ch a rg e  
ri n g )  

□  I n q u i ry i n to  o p e ra ti n g  a n d  re p a i r 
h i s to ry ( s co p e  a n d  fre q u e n cy)  

□  S tre s s  a n d  l o a d  a n a l ys i s  

□  Ap p ro p ri a te  we l d  re p a i rs  wi th  
s tre s s  re l i e f a s  a n d  wh e n  re q u i re d  

□  B l a d e s  re p l a ce m e n t  

□  Ad j u s tm e n t o f d ra ft  tu b e  a e ra ti o n  
s ys te m  ( va cu u m  b re a ki n g  s ys te m  
for tra n s i e n ts )  

□  Ad j u s tm e n t o f g u i d e  va n e  cl o s u re  
ti m e  

□  Re -e s ta b l i s h  a p p rop ri a te  b l a d e  ti p  
cl e a ra n ce s  

□  Ca vi ta ti o n  e ro s i o n  
( b l a d e s ,  h u b )   

□  I n a p p ro p ri a te  o p e ra ti n g  
co n d i ti o n s  

□  P o o r b l a d e  p ro fi l e  ( b y d e s i g n  
o r b y i n a p p ro p ri a te  re p a i rs )  

□  P o o r m a te ri a l  ch o i ce  

□  I n a p p ro p ri a te  b l a d e  
cl e a ra n ce s  wi th  d i s ch a rg e  
ri n g  a n d  ru n n e r h u b   

 

□  Vi s u a l  e xa m i n a ti o n  a n d  m a p p i n g  
o f d e fe cts  

□  I n q u i ry re g a rd i n g  o p e ra ti n g  
co n d i ti o n s  a n d  re p a i r h i s to ry 
(s co p e  a n d  fre q u e n cy)  

□  W el d  re p a i rs  wi th  ca vi ta ti o n  
re s i s ta n t m a te ri a l s  

□  Re p l a ce m e n t o f b l a d e s  ( m a j o r 
ove rh a u l )  wi th  p o s s i b l e  ch a n g e  o f 
m a te ri a l s  

□  W ate r i n tru s i o n  i n to  
ru n n e r h u b  ( Ka p l a n  
o n l y)  

 

□  I n e ffe cti ve  ru n n e r b l a d e  
s e a l s  ( d e s i g n  fa u l t  o r 
e xce s s i ve  we a r)  

□  W orn  ru n n e r b l a d e  b u s h i n g s  
o r b ro ke n  b e a ri n g s  

□  D e fe cti ve  m a i n  s h a ft  fl a n g e  
o r ru n n e r co n e  s e a l s  

□  C ra cks  i n  ru n n e r h u b  o r co n e  

□  M o n i to ri n g  o f wa te r i n tru s i o n  

□  I n s p e cti o n  a n d  te s ts  to  d e te ct l e a k 
s o u rce  

□  B l a d e  s e a l s  re p l a ce m e n t 

□  M a j o r o ve rh a u l  o f ru n n e r 
( re p l a ce m e n t o f b u s h i n g s  o r 
b e a ri n g s  a n d  s e a l s )  

□  Ru n n e r h u b  o r co n e  we l d  re p a i rs  

□  B l a d e  ti p  d a m a g e  □  I n s u ffi ci e n t b l a d e  ti p  ru n n i n g  
cl e a ra n ce s  

□  D i s ch a rg e  ri n g  d i s to rti o n  

□  Ru n n e r u n b a l a n ce d  

□  U n i t  m i s a l i g n m e n t 

□  Vi s u a l  e xa m i n a ti o n  a n d  m a p p i n g  
o f d e fe cts  

□  W el d  re p a i rs  

□  Re s to ra ti o n  o f ru n n e r b l a d e  
cl e a ra n ce s  

□  U n i t  b a l a n ci n g  

□  U n i t  re -a l i g n m e n t 
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Table  1 8b  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  B l a d e s  n o t m o vi n g  
( Ka p l a n  o n l y)  

□  I n s u ffi ci e n t o i l  p re s s u re  

□  O i l  l e a ks  i n  d i s tri b u ti o n  p i p e s  

□  G o ve rn o r m a l fu n cti o n  

□  B l a d e  m e ch a n i s m  d e fe ct 

□  B u s h i n g /B e a ri n g  we a r 

□  O i l  co n ta m i n a ti o n  

□  M e a s u re m e n t o f o i l  p re s s u re  
re q u i re d  to  o p e n  a n d  cl o s e  b l a d e s  

□  E va l u a ti o n  o f b l a d e  m e ch a n i s m  

□  E va l u a ti o n  o f b u s h i n g /b e a ri n g  
we a r 

□  O i l  fi l te ri n g  o r re p l a ce m e n t 

□  M a j o r o ve rh a u l  o f b l a d e  o p e ra ti n g  
m e ch a n i s m  a n d  
b u s h i n g s /b e a ri n g s  

□  G o ve rn o r re h a b i l i ta ti o n  

 

Table  1 8c – Assessment of turbine  rotating  parts  – 
Runner 

Ap p l i ca b l e  to  P el ton  tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  □  W ea r th ro u g h  p a rti cl e  
a b ra s i o n   

□  H i g h  n u m b e r o f cycl e s  

□  U n -d e te cte d  m a te ri a l  d e fe ct  

□  D e fi ci e n t we l d i n g  a n d  h e a t  
tre a tm e n t 

□  I n q u i ry i n to  p re vi o u s  re p a i rs  
( l o ca ti o n s ,  q u a n ti ty,  fre q u e n cy 
a n d  m e th o d s )  

□  I n q u i ry i n to  o p e ra ti n g  h i s to ry 

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  N D T i n s p e cti o n   

□  M a te ri a l  a n a l ys i s  

□  F l o w a n a l ys i s  

□  S tre s s  a n a l ys i s  

□  Ap p ro p ri a te  we l d  re p a i rs  a n d  
re fi n i s h i n g  ( h e a t  tre a tm e n t  
e s s e n ti a l  fo r cri ti ca l  zo n e s )  

□  E ro s i on  □  Ab ra s i ve  p a rti cl e s  i n  wa te r 

□  L a rg e  n u m b e r o f o p e ra ti n g  
h o u rs  a t  fu l l  l o a d  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  C o m p a ra ti ve  a n a l ys i s  wi th  m o d e rn  
d e s i g n s  

□  S u rfa ce  re b u i l d i n g  b y we l d i n g   

□  H yd ra u l i c p ro fi l e  m o d i fi ca ti o n  

□  H a rd -fa ci n g    

□  P o o r h yd ra u l i c 
p e rfo rm a n ce   

□  E n tra n ce  e d g e s  a re  n o t 
s h a rp  e n o u g h  

□  Ro u g h  o r wa vy fl o w s u rfa ce s  

□  O u tl e t  a n g l e  h a s  d e cre a s e d  
d u e  to  e ro s i o n  ca u s i n g  
i m p i n g e m e n t o n  o u ts i d e  o f 
a d j a ce n t b u cke ts  

□  G ri n d i n g  o f e d g e s  

□  Re s to ra ti o n  o f b u cke t i n n e r 
co n to u rs  

□  E l i m i n a ti n g  th e  wa vi n e s s  

□  C o m p a ra ti ve  a n a l ys i s  wi th  m o d e rn  
d e s i g n s  

□  H yd ra u l i c p ro fi l e  m o d i fi ca ti o n  

□  Ru n n e r re p l a ce m e n t 

□  W al l  th i ckn e s s  to o  
th i n  

□  W ea r th rou g h  a b ra s i o n  □  S tru ctu ra l  re p a i r we l d i n g  

□  Re s to ra ti o n  o f b u cke t i n n e r 
co n to u rs  

□  Ru n n e r re p l a ce m e n t 
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Table  1 9  – Assessment  of tu rbine  rotating  parts  – 
Turbine shaft  

App l i cab l e  to  P el ton ,  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  pro p e l l e r tu rb i n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  Cra cks  □  Vi b ra ti o n  

□  H i g h  s tre s s e s  b y d e s i g n  

□  D yn a m i c ( fa ti g u e )  s tre s s  

□  I n a p p rop ri a te  o p e ra ti n g  
co n d i ti o n s  

□  E xce p ti o n a l  e ve n t o r 
a b n o rm a l  o p e ra ti n g  
co n d i ti o n s   

□  C o m p l e te  vi s u a l  a n d  N D T 
i n s p e cti o n  

□  D e s i g n  re vi e w 

□  Re p a i r b y we l d i n g ,  h e a t tre a tm e n t 
a n d  m a ch i n i n g  

□  C ra ck re m o va l  a n d  fo rm  ch a n g e s  
wi th o u t we l d i n g  

□  Tu rb i n e  s h a ft  re p l a ce m e n t 

□  Ru n n e r a n d  ro to r b a l a n ci n g  

□  G u i d e  a n d  th ru s t b e a ri n g  re p a i rs  
o r m o d i fi ca ti o n s  

□  D e te ri ora ti o n  o f s h a ft  
j o u rn a l  a t  g u i d e  
b e a ri n g  

□  S co ri n g  d u e  to  d a m a g e d  
b e a ri n g  

□  C o rro s i o n  

□  L u b ri ca ti o n  p ro b l e m  

□  O i l  co n ta m i n a ti o n  

□  C o m p l e te  vi s u a l  i n s p e cti o n  a n d  
N D T i n s p e cti o n  

□  Re p a i r s u rfa ce  fi n i s h  b y 
m a ch i n i n g  a n d /o r s to n e  p o l i s h i n g  

□  Re s to re  co n ce n tri ci ty a n d  
ci rcu l a ri ty 

□  Tu rb i n e  s h a ft re a l i g n m e n t 

□  Co u p l i n g  s u rfa ce s ,  
d e te ri o ra ti o n   

□  C o rro s i on  o r fre tti n g  
co rro s i o n  

□  D e fo rm a ti o n  

□  I n a d e q u a te l y ti g h te n e d  
co u p l i n g  b o l ts  

□  C o m p l e te  vi s u a l ,  d i m e n s i o n a l  
i n s p e cti o n  a n d  N D T i n s p e cti o n  

□  Re -m a ch i n i n g  o f co u p l i n g  
s u rfa ce s  

□  C o u p l i n g  b o l t  re p l a ce m e n t wi th  o r 
wi th o u t d e s i g n  ch a n g e  

□  Tu rb i n e  s h a ft  re p l a ce m e n t  

□  S h a ft  s e a l  s l e e ve  
d e te ri o ra ti o n  

□  C o rro s i o n  

□  S co ri n g  

□  D e fe cti ve  l u b ri ca ti o n  a n d  
co o l i n g  

□  C om p l e te  vi s u a l ,  d i m e n s i o n a l  a n d  
N D T i n s p e cti o n  

□  S u rfa ce  re s to ra ti on  b y m a ch i n i n g  
o r s to n e  p o l i s h i n g  

□  Re -e s ta b l i s h  co n ce n tri ci ty a n d  
ci rcu l a ri ty 

□  S l e e ve  re p l a ce m e n t 

□  Ru b b i n g  o n  a d j a ce n t  
fi xe d  p a rts  ( s h a ft  s e a l  
h o u s i n g ,  b e a ri n g s ,  
b e a ri n g  cove r p l a te s )  

□  S h a ft  m i s a l i g n m e n t 

□  B e a ri n g  o r s h a ft  s e a l  o r 
co ve r p l a te  a d j u s tm e n ts  

□  C o m p l e te  vi s u a l  i n s p e cti o n  
l o o ki n g  fo r e vi d e n ce  o f ru b b i n g    

□  I n s p e cti o n  a n d  co rre cti o n  o f u n i t  
a l i g n m e n t   

□  S h a ft  s l e e ve  re p a i r o r 
re p l a ce m e n t 

□  B e a ri n g  j o u rn a l  a n d  b e a ri n g  re p a i r 

□  E xce s s i ve  vi b ra ti o n s  □  S h a ft  d e fo rm a ti o n  

□  S h a ft  m i s a l i g n m e n t 

□  Ro to r a n d /or ru n n e r 
i m b a l a n ce    

□  U n i t  a s s e m b l y p ro b l e m s  

□  C o m p l e te  vi b ra ti o n  a n a l ys i s  

□  Al i g n m e n t i n s p e cti o n  

□  S h a ft  m a ch i n i n g  

□  S h a ft re a l i g n m e n t 

□  G e n e ra to r a n d /o r ru n n e r 
b a l a n ci n g  

□  Tu rb i n e  s h a ft re p l a ce m e n t 
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Table  20  – Assessment  of tu rbine  rotating  parts  – 
Oi l  head  and  oi l  d istribution  pipes  

App l i cab l e  to  Ka p l a n  tu rb i n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  O i l  l e a ks  □  L o o s e n i n g  o f p i p e s  

□  W orn  o r l o o s e  s e a l s   

□  Cra cks  i n  p i p e s  

□  W orn  o r l o o s e  o i l  h e a d  
co m p o n e n ts  

□  Vi s u a l  i n s p e cti o n  a n d  
e va l u a ti o n  o f l e a k s o u rce  

□  D i s m a n tl i n g  a n d  i n s p e cti o n  o f 
o i l  h e a d  

□  D i s m a n tl i n g  a n d  i n s p e cti o n  o f 
p i p e s  

□  Re p l a ce m e n t o f d e fe cti ve  
s e a l s  a n d  g a s ke ts  

□  Re p a i r o f cra cks   

□  Re p l a ce m e n t o f o i l  h e a d  

□  Re p l a ce m e n t o f o i l  d i s tri b u ti o n  
p i p e s  

□  Vi b ra ti o n s /n o i s e  □  P i p e s  n o t s e cu re d  

□  O i l  h e a d  l o o s e  o r wo rn  
b u s h i n g s  

□  F l a n g e s  o r fa s te n e rs  b ro ke n  

□  Vi s u a l  e xa m i n a ti o n  

□  D i s m a n tl i n g  a n d  i n s p e cti o n  o f 
o i l  h e a d  

□  D i s m a n tl i n g  a n d  i n s p e cti o n  o f 
p i p e s  

□  Re p l a ce m e n t o f b u s h i n g s  a n d  
s e a l s  

□  Re p a i rs /re i n fo rce m e n t o f 
fl a n g e s  o r fa s te n e rs  

 

Table  21  – Assessment  of tu rbine auxi l i aries  – 
Speed  and  load  regu lation  system  (governor)  

App l i cab l e  to  a l l  tu rb i n e  a n d  pu m p-tu rb i n e  typ es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  I n a p p ro p ri a te  o r i n a d e q u a te  
re s p o n s e  to  o p e ra to r 
co m m a n d s  o r to  s ys te m  
fre q u e n cy ch a n g e s  

□  W orn  va l ve s  o r l i n ka g e s  

□  S tre tch e d  o r wo rn  ca b l e s  i n  
g u i d e  va n e  p o s i ti o n  fe e d b a ck 
s ys te m  

□  D e fe cti ve  s p e e d  s i g n a l  
g e n e ra to r 

□  O u td a te d  te ch n o l o g y fo r 
m o d e rn  co n tro l  a p p l i ca ti o n s  

□  C o m p l e te  i n s p e cti o n  a n d  
o ve rh a u l  o f g o ve rn o r 
i n cl u d i n g  s p e e d  a n d  l o a d  
s i g n a l s  a n d  g u i d e  va n e  
p o s i ti o n  fe e d b a ck s ys te m s  

□  Re h a b i l i ta ti o n  o f g o ve rn o r 
to  p e rm i t  i n te g ra ti o n  o f i ts  
fu n cti o n s  i n to  P L C  b a s e d  
l o ca l  a n d  re m o te  co n tro l  
s ys te m  

□  O i l  l e a ka g e  □  S e a l s /va l ve s  we a r 

□  D e te ri ora ti o n  o f p i p e  fi tti n g s  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  S e a l s /va l ve s  re p l a ce m e n t 

□  P i p i n g  
re h a b i l i ta ti o n /re p l a ce m e n t 
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Table  21  (continued)  

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  O p e ra ti n g  p ro b l e m s  wi th  o i l  
s ys te m  

□  I n a p p ro p ri a te  o i l /a i r ra ti o  i n  
p re s s u re  ta n k ( a ccu m u l a to r 
ta n k)  

□  I n a d e q u a te  p re s s u re  ta n k 
vo l u m e  

□  I n a d e q u a te  p u m p  ca p a ci ty 

□  I n a d e q u a te  co m p re s s o r/a i r 
s o u rce  ca p a ci ty 

□  U n re l i a b l e  l e ve l /p re s s u re  
i n s tru m e n ts  

□  Ad d i ti o n  o f a u xi l i a ry 
p re s s u re  ta n k 

□  P re s s u re  ta n k re p l a ce m e n t 

□  P u m p  re h a b i l i ta ti o n  o r 
re p l a ce m e n t 

□  C o m p re s s o r/a i r s o u rce  
re h a b i l i ta ti o n  o r 
re p l a ce m e n t 

□  I n s tru m e n ta ti o n  a n d  
co n tro l s  m o d e rn i za ti o n  

 

Table  22  – Assessment  of tu rbine auxi l i aries  – 
Turbine  aeration  system  

App l i cab l e  to  P el ton ,  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  pro p e l l e r tu rb i n e s  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  E ffi ci e n cy o r p o we r 
d e fi ci e n cy 

□  Ai r fl o w ra te  e xce s s i ve  

□  Ae ra ti o n  u s e d  wh e n  n o t  
re q u i re d  ( re a cti o n  tu rb i n e s )  

□  I n e ffe cti ve  p o s i ti o n  o f i n j e cti o n  

□  P o o r a d j u s tm e n t o r n o  co n tro l  
o ve r a i r a d m i s s i o n /i n j e cti o n  
l oa d  ra n g e  

□  Ai r a d m i s s i o n  te s ts  o n  
p ro totyp e  (a i r fl o w vs  
e ffi ci e n cy)  

□  Co m p a ri s o n  a n a l ys i s  wi th  
m o d e rn  d e s i g n  

□  Axi a l  a e ra ti o n  s ys te m  
i n s ta l l a ti o n  o r m o d i fi ca ti on  o f 
e xi s ti n g  s ys te m   

□  U n a cce p ta b l e  p re s s u re  
fl u ctu a ti o n s  

□  Ai r fl o w ra te  i n a d e q u a te  ( b a ck-
p re s s u re  m a y b e  e xce s s i ve  
d u e  to  s ys te m  d e s i g n )  

□  Ai r fl o w a d m i tte d  i n  l o a d  ra n g e  
wh e n  n o t re q u i re d  ( ca n  
p ro d u ce  re s o n a n ce  
p h e n o m e n a )  

□  I n e ffe cti ve  p o s i ti o n  o f i n j e cti o n   

□  C h a n g e s  i n  th e  p l a n t o p e ra ti n g  
m o d e  

□  C h a n g e s  i n  h yd ra u l i c 
co n d i ti o n s   

□  I n q u i ry o n  p a s t e xp e ri e n ce  
(h yd ra u l i c co n d i ti o n s ,  u n i t  
op e ra ti o n ,  s ys te m  
m o d i fi ca ti o n s )  

□  F l o w a n a l ys i s  fo r cu rre n t a n d  
a n ti ci p a te d  h yd ra u l i c 
co n d i ti o n s  

□  M od e l  a n d /o r p ro to typ e  
te s ti n g  

□  Axi a l  a e ra ti o n  s ys te m  
i n s ta l l a ti o n  o r e xi s ti n g  s ys te m  
m o d i fi ca ti o n   

□  U s e  o f co m p re s s o rs  

□  N o i s e  l e ve l  □  Ae ra ti o n  s ys te m  d e s i g n  

□  To o  m u ch  a i r i s  
a d m i tte d /i n j e cte d  

□  I n s ta l l a ti o n  o r m o d i fi ca ti o n  o f 
m u ffl e rs  

□  I n s ta l l a ti o n  o r m o d i fi ca ti o n  o f 
a n  a i r fl o w co n trol   

□  L os s  o f tu rb i n e  g u i d e  
b e a ri n g  o i l  ( P e l to n  
o n l y)  

□  I n a d e q u a te  vo l u m e  o r l o ca ti o n  
o f a i r ve n ti n g  to  ru n n e r p i t  

□  I n a p p rop ri a te  ru n n e r p i t/s h a ft 
h o u s i n g /g u i d e  b e a ri n g  i s o l a ti o n  
for s te a d y s ta te  o r tra n s i e n t  
o p e ra ti o n  

□  I m p ro ve  i s o l a ti o n  o f tu rb i n e  
b e a ri n g  h o u s i n g  fro m  ru n n e r 
p i t  

□  I m p ro ve  q u a n ti ty o r l o ca ti o n  
of a e ra ti o n  

□  I n s ta l l  i m p ro ve d  s h a ft  h o u s i n g  
i n  ru n n e r p i t  
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Table  23  – Assessment of tu rbine auxi l i aries  – 
Lubrication  system  (gu ide  vane mechan ism)  

App l i cab l e  to  F ra n ci s ,  Ka p l a n  a n d  fi xe d  b l a d e  prop e l l er tu rbi n es  
 

Aspects  of concern  Possible  causes  or reasons  Possible  actions  

□  G re a s e  l e a ka g e  (e s ca p e  to  
th e  e n vi ro n m e n t)  

 

□  Tu b i n g  a n d  fi tti n g s  we a r 

□  I m p ro p e r a s s e m b l y 

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  Tu b i n g  a n d  fi tti n g s  
re p l a ce m e n t 

□  Re m o va l  o f s ys te m  wi th  
co n ve rs i o n  to  s e l f-
l u b ri ca ti n g  we a r 
co m p o n e n ts  

□  G re a s e  cl o g g i n g  o f co n d u i ts  □  L u b ri ca ti o n  s ys te m  
m a l fu n cti o n  

□  P o o r g re a s e  typ e   

□  P o o r m a i n te n a n ce  

□  C o m p l e te  vi s u a l  i n s p e cti o n  

□  M a i n te n a n ce  m e th o d  
a n a l ys i s  a n d  co m p a ri s o n  
wi th  m o d e rn  m e th o d s  

□  Re d e fi n e  g re a s e  typ e  a n d  
q u a n ti ti e s   

□  L u b ri ca ti o n  s ys te m  
m o d i fi ca ti o n  a n d /or 
re p ro g ra m m i n g   

□  Tu b i n g  a n d  fi tti n g s  
re p l a ce m e n t 

□  Re m o va l  o f s ys te m  wi th  
co n ve rs i o n  to  s e l f-
l u b ri ca ti n g  we a r 
co m p o n e n ts  

□  I n a cce s s i b l e  g re a s e  fi tti n g s   □  D e s i g n  p ro b l e m  

□  I m p ro p e r i n s ta l l a ti o n  

□  D e s i g n  re vi e w wi th  
m o d i fi ca ti o n s  

□  C o n ve rs i o n  to  a u to m a ti c 
g re a s i n g  s ys te m  

□  I n a d e q u a te  g re a s e  d e l i ve ry 
o r o ve r co n s u m p ti o n  
( e s ca p e  to  th e  
e n vi ro n m e n t)  

□  I m p ro p e r g re a s i n g  cycl e s  

□  P o o r s ys te m  d e s i g n  

□  L u b ri ca ti o n  s ys te m  
m o d i fi ca ti o n  a n d /or 
re p ro g ra m m i n g   

 

6.3.2  Turbine in tegri ty assessment 

6.3.2 .1  General  

Th e as s es s m en t of th e  tu rb i n e  m ech a n i ca l  i n te g ri ty i s  es s e n ti a l l y d o n e  b y d eta i l e d  i n s p ecti on s  
i d e a l l y i n cl u d i n g  th os e  m a d e a t d i ffere n t t i m es  i n  th e  l i fe  of th e  m ach i n e .  S u ch  d eta i l e d  
i n s p ecti o n  ca n  b e  d o n e  on l y wi th  th e  u n i t d e wa te red  a n d  s afe l y i s o l a te d .  I t  i s  i m pe rati ve  th a t 
th e  i n s p ecti on  of tu rb i n e  com pon e n ts  be  p erform ed  b y a  q u a l i fi e d  a n d  experi e n ce d  en g i n e e r 
wh o wo u l d  i m pl i ci tl y kn o w wh at are as  are  s u bj e ct to  h i g h  s tre s s es  a n d  po te n ti a l  cracki n g ,  
parti cu l a rl y s i n ce  th e  tu rb i n e  i s n ’ t  d i s as s e m bl ed  a n d  com po n e n ts  are  n ot  fu l l y acces s i b l e .  
E ven  wi th  th e  p arti ci p a ti o n  of an  “ E xp ert”  i t  i s  e s s en ti a l  to  procee d  wi th  th e  a i d  of a  s tru ctu re d  
ch eck l i s t  s u ch  as  th e  on e  pre s e n te d  a b o ve .  

Th e  u n kn o wn  i n te g ri ty of th e  tu rb i n e  com p o n e n ts  u n ti l  th e  tu rb i n e  i s  d i s a s s em b l e d  con s ti tu tes  
a  m a j or prob l em  for d efi n i n g  th e  n ee d  a n d  co n te n t of a  re h a bi l i ta ti o n  proj ect.  Th e  re s u l t i s  th at  
th e  re h a b i l i ta ti o n  cos t,  th e  p reci s e  d u rati on  of th e  o u ta g e  a n d  th e  re s u l ti n g  p ote n ti a l  l os t 
re ve n u e are  d i ffi cu l t  to  d e term i n e  wi th  preci s i o n  a t th e  ti m e of pre p ara ti on  of th e  s co pe of 
work.  

S en s i ti vi ty a n a l ys es  s h a l l  a l wa ys  be  d o n e  to  e va l u ate  th e  i m pact of va ri o u s  u n kn o wn  factors  i n  
ord er to  d efi n e  a p propri a te  co n ti n g e n ci es .   
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6.3.2 .2  Material  and  design  i ssues  

6.3.2 .2 .1  General  

Th e tu rb i n e  m ech a n i ca l  or p h ys i ca l  i n teg ri ty i s  d i rectl y re l ated  to  i ts  ori g i n al  d es i g n  a n d  
m ate ri a l s .  Th es e  affe ct th e  d u ra b i l i ty a n d  th e  re p ara b i l i ty of th e  tu rb i n e  com pon e n ts  an d  ca n  
l i m i t  th e  p os s i b i l i ty of n e w or tem p orary o verl o ad i n g  ap p l i ca ti o n s .  

Th e  i n te g ri ty as s e s s m e n t s h a l l  b e  con d u cte d  wi th  d u e  re g ard  for th e  ori g i n a l  d es i g n ,  d ra wi n g s ,  
m od i fi ca ti o n s ,  b i l l s  of m a teri a l  a n d  a n y oth er i n form ati o n  a va i l a b l e  o n  th e  m ach i n e  d es i g n  an d  
i ts  op erati n g  l i m i ts .  I f on e  fai l s  to  fi n d  th e  ap pro pri a te  tech n i cal  d ocu m en ta ti o n  a n d  
i n form ati o n ,  i t  i s  n eces s ary to  procee d  wi th  a  m ore  i n - d e p th  s u rve y of th e  exi s ti n g  m ach i n e  
an d  i ts  com po n en ts .  I f th e  m ate ri a l  of a  com pon e n t i s  u n kn o wn  a n d  a  re p a i r or m od i fi cati on  i s  
con te m pl ated ,  s am pl es  a n d  an a l ys e s  m a y b e  re q u i red  to  co n fi rm  th e  re p a i r op ti o n s  a va i l a b l e.  

Care  s h a l l  b e  taken  i n  a s s es s i n g  th e  co n d i ti on  o f exi s ti n g  com p on e n ts .  F or exam pl e  i n  th e  
cas e  of a  Ka p l a n  or fi xe d  b l a d e  prop e l l er  u n i t wh i ch  h a s  a  d i s ch arg e  ri n g  wi th  s ta i n l es s  s te e l  
o ve rl a y or wi th  s ta i n l es s  s te el  cl ad d i n g ,  a  corro d ed  s u rface  m a y n ot be  an  i n d i cati on  of an  
i n a d eq u ate  th i ckn e s s  of s ta i n l es s  coa ti n g  bu t ra th er,  e vi d e n ce  of a  m i l d  s te e l  fore i g n  o bj ect 
h a vi n g  b e en  we d g e d  be twe e n  th e  ru n n er b l a d e s  an d  th e  d i s ch arg e  ri n g ,  l ea vi n g  traces  of m i l d  
s te e l  wh i ch  th e m s e l ve s ,  h a ve  corro d e d .  

Th e  o wn er i s  we l l  a d vi s ed  to  m ake u s e  of q u a l i fi ed  p ers o n n e l  an d  pro ve n  s oftwa re  s ys tem s  
for th i s  work,  b e  th e y i n  i ts  o wn  s ervi ce  or th ro u g h  m an u factu rers  or con s u l tan ts .  Th ere  m a y 
be  s om e ad va n ta g e  i n  d ea l i n g  wi th  th e  ori g i n a l  m an u factu rer wh i ch  h as  acces s  to  th e  o ri g i n a l  
d e tai l e d  d ra wi n g s  an d  b i l l s  of m ate ri a l s  s i n ce  acces s  to  th es e  d ocu m en ts  al wa ys  faci l i tates  
th e  a n a l ys es ,  th e  pl a n n i n g  a n d  s ch e d u l i n g  of th e  work.  I n  s om e i n s ta n ces ,  i t  m a y b e  p os s i bl e  
to  p u rch as e  th e  ri g h t to  th e  u s e  of th e  ori g i n al  d ra wi n g s  a n d  d ocu m en ta ti o n ,  i f s u ch  ri g h t d o es  
n o t a l rea d y res i d e  wi th  th e  p l a n t o wn er.  

I n  ord e r to  m i n i m i ze  po te n ti a l  g a l l i n g  prob l em s be twe en  a d j a ce n t m o vi n g  p a rts ,  m a te ri a l  
s e l e cti o n  i s  e xtrem el y i m porta n t.  G u i d e  van e  e n d  s u rface s ,  a d j ace n t h ea d co ve r an d  b ottom  
ri n g  s u rfa ces  an d  ru n n er s e a l s  are  typ i ca l  s i g n i fi ca n t  e xa m pl es .   

Th e  d es i g n  of a l l  of th e  re l ate d  s tru ctu res  a n d  eq u i pm e n t s h a l l  be  ta ke n  i n to  accou n t,  as  
d es cri b e d  i n  s om e d e ta i l  l a te r on .  Th i s  as p ect  i n creas es  i n  i m porta n ce  i f ch a n g e s  are  
en vi s a g e d  to  th e  tu rb i n e  ch aracteri s ti cs .   

6.3.2 .2 .2  Deal ing  wi th  cracks,  porosi ty and  simi lar defects  

Cra cks ,  po res  a n d  s i m i l a r d e fects  we aken  a  com p o n en t.  H o we ver th e y d o  n o t l e a d ,  
n eces s ari l y,  to  th e  n e ed  for i ts  rep l acem e n t bu t th e y a l wa ys  re q u i re  a  th oro u g h  
d ocu m e n ta ti o n ,  ob s e rvati on  an d  a n a l ys i s .  

B as i c  as p e cts  to  b e  as s e s s ed  a re :  

•  th e  cri ti ca l i ty of a  p o te n ti a l  fa i l u re  of th e  com p on e n t;  

•  th e  ori g i n  of th e  d efect:  from  ori g i n al  m a n u factu ri n g  ( h ot te ars ,  p oros i ty,  l a ck of fu s i on ,  
s l ag  i n cl u s i o n s )  or a  res u l t  of th e  a pp l i e d  l o ad s  from  u n i t o p erati o n  ( co l d  cra cks ,  
d eform ati o n );  

•  th e  s i ze  of th e  d efect a n d  th e  l i m i t  a t wh i ch  i t  i s  exp ecte d  to  g ro w u n d er th e  a n ti ci p a te d  
l oa d i n g .  
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Th e cri ti ca l i ty of a  d efect i s  h i g h  i f a  fa i l u re  of th e  com po n e n t ca n  l e a d  to  a n  o u ta g e  of th e  
tu rb i n e  or i f h u m an  l i fe  i s  e n d a n g ere d .  Th i s  i s  e s p e ci a l l y tru e  for a l l  com p on e n ts  o n  th e  
pre s s u re  s i d e  of th e  tu rb i n e .  

I n - b u i l t  d efects  a re  often  fou n d  i n  s p i ra l  cas i n g s ,  p en s tocks  an d  oth e r com p on e n ts  bu i l t  d u ri n g  
th e  p eri o d  of th e  e arl y a pp l i ca ti on  of we l d i n g  tech n o l og y.  Th ere  are  oth e r pos s i b l e  s o u rce s  of 
i n -b u i l t  d efects .  Th e y are  a s  n u m ero u s  as  th e  m eth o d s  a n d  m ate ri a l s  u s ed  i n  th e  co n s tru cti o n  
of tu rb i n e  com po n en ts .  I f th es e  d efects  h a ve  n o t g ro wn  d u ri n g  m an y ye a rs  of ope ra ti o n ,  th e y 
m i g h t  b e  co n s i d ered  to  rep res e n t a  m i n or a n d  acce p ta b l e  ri s k.  Th e i r s i ze ,  ori en ta ti on  a n d  
l oca ti o n  i n  re l ati on  to  th e  s tres s  pa ttern  i n  th e  co m pon e n t s h a l l  b e  a n a l ys ed  b efore  a  d e ci s i o n  
i s  m a d e  to  exca va te  th e  d e fect an d  to  execu te  a  re pa i r.  W el d i n g  re pa i rs  i n  th em s e l ves ,  o n  
com pon e n ts  wh i ch  ca n n o t u n d erg o a  s u bs e q u e n t th erm a l  s tre s s  re l i e f,  i n d u ce  a  ch a n g e i n  th e  
res i d u a l  s tres s  p a ttern  i n  th e  com po n e n t a n d  re pre s en t a  ri s k factor.  

Cracks  wh i ch  d e ve l o p  i n  s ervi ce,  a re  th e  con s e q u e n ce of o verl o a d  th ro u g h  s tra i n  i n d u ce d  b y 
ap p l i e d  l o a d s  u s u a l l y i n  com bi n a ti o n  wi th  h i g h  res i d u a l  s tres s es  or i n tern a l  d efects  or b o th .   

I n tern a l  d e fects  wh i ch  were  n o t d ete cte d  d u ri n g  ori g i n a l  m an u factu re  or wh i ch  were  d etecte d  
an d  co n s i d ered ,  b y th e i r l ocati on ,  s i ze  an d  ori e n tati o n ,  to  b e  acce pta bl e  m i g h t  reach  th e  
s u rface  d u e  to  a bras i o n  th ro u g h  pa rti cl e  or ca vi ta ti o n  eros i o n .  S om e  typ i ca l  exam pl es  of 
exp os ed  com po n e n ts  a n d  zo n es  a re  th e  ro ot or i n n er con to u r of a  Pe l to n  ru n n e r b u cket,  th e  
con tou r of a  g u i d e  van e  b o d y wh ere  i t  j oi n s  th e  d ri vi n g  ( u s u al l y u p p e r)  tru n n i o n  a n d  th e  
j u n cti o n s  of th e  b l ad es  wi th  th e  cro wn  a n d  b a n d  i n  a  F ra n ci s  ru n n er.  

Co n d i ti o n s  wh i ch  fa vo u r th e  i n i ti ati o n  an d  g ro wth  of cracks  are  h i g h  re s i d u a l  an d  a p p l i e d  
s tres s es ,  l oca l  p l as ti c s tra i n s ,  os ci l l a ti n g  e l a s ti c s tra i n  a n d  a  corros i ve  m ed i u m .  T yp i cal  are as  
wh ere  th es e  factors  are  a  co n s i d erati on  are  th e  s h aft of a  P e l to n  tu rb i n e  n e ar th e  ru n n er 
cou p l i n g ,  fl a n g es  i n  s p i ra l  cas i n g s  or s ta y ri n g s  wi th  i m pro p er s e a l i n g  or th e  co u p l i n g  zo n es  of 
ru n n ers  wi th  th e  s h aft  p a rti cu l arl y i n  h o ri zo n ta l  s h aft m ach i n es .  

E s s en ti a l  for a  g oo d  e va l u a ti o n  of th e  i m pact of s u ch  d e fects  i s  th e i r d ocu m en tati o n  a n d  th e  
obs ervati o n  of th e i r pro g res s  d u ri n g  o p era ti on .  Th e  d ocu m en tati o n  com pri s es  th e  d es cri p ti on  
of th e  l ocati o n ,  of th e  s i ze  a n d  ori e n ta ti o n  veri fi e d  b y N D T an d  a  pre s cri p ti on  re g a rd i n g  h o w to  
d e a l  wi th  th e  d e fect i f i t  re ach es  or exce e d s  d e fi n ed  l i m i ts .   

Th e  e va l u ati on  of th e  p o te n ti a l  i m pact of d e fects  m a y be  d o n e  wi th  co n ve n ti on a l  tech n i q u es  
i n vo l vi n g  an a l yti ca l  ca l cu l a ti on s  or,  i f n eces s ary,  wi th  fi n i te  e l em en t a n a l ys i s .  I n  m an y cas es ,  
a  com pa rati ve  a n a l ys i s  u s i n g  co n ven ti o n a l  m e th o d s  i s  th e  m os t a p p l i ca b l e  wh e re  as s u m p ti o n s  
an d  refere n ce s  are  take n  from  p arts  wi th  s i m i l ar g eom etry a n d  s tra i n  u n d er s i m i l ar l oa d i n g  
con d i ti o n s  an d  wh i ch  h a ve  g i ve n  s ati s factory s e rvi ce.  O n e  s h al l  a vo i d  th e  tra p  of s p e n d i n g  
m ore  o n  th e  an a l ys i s  of th e  i m pact of l e a vi n g  a  d e fect th a n  i t  wo u l d  cos t to  rep a i r i t.  

Th e  re p ai r of d efe cts  ca n  be  d on e  b y g ri n d i n g  th e m  ou t a n d  l e a vi n g  th e  ca vi ty or b y re b u i l d i n g  
th e  ori g i n a l  com po n e n t g eom etry b y we l d i n g  a n d  g ri n d i n g .  

I n  th e  cas e  of re m ova l  b y g ri n d i n g  on l y,  care  s h a l l  be  taken  to  e va l u a te  p os s i b l e  s i d e  e ffects ,  
for exa m pl e  s eco n d ary fl o ws  d u e  to  a  d i s tu rba n ce  of th e  h yd ra u l i c p rofi l e  o r we aken i n g  of th e  
com pon e n t at th e  l oca ti o n  of th e  d efect.  
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I n  th e  cas e  of rep a i r b y we l d i n g ,  th e  d e term i n a ti on  of th e  p ro p e r we l d i n g  tech n o l o g y a n d  
proces s  i s  cru ci a l  as  a n  i m prop er re pa i r or h e at  trea tm en t,  ca n  i n crea s e  th e  d am ag e   

Prep arati o n  of an  ap p ro pri a te  re pa i r p roce d u re  req u i res  a  com p l e te  u n d ers tan d i n g  of th e  
m ate ri a l  pro perti e s ,  th e  ori g i n a l  d es i g n  a n d  m an u factu ri n g  p roces s es  an d  th e  d eta i l s  of a n y 
rep a i r h i s tory.   

Th e  d ocu m e n ts  a ttes ti n g  to  th e  q u a l i ty of th e  tu rb i n e  fa bri ca ti o n ,  i n s p ecti on  certi fi ca tes  a n d  
rep a i rs ,  b oth  i n  th e  s h o p a n d  s u b s e q u e n tl y i n  th e  fi e l d ,  are  an  i n te g ra l  p art of th e  tu rb i n e  
d ocu m e n ta ti o n  to  b e  d e l i ve re d  b y th e  tu rb i n e  s u p p l i e r,  th e  bas e  m a teri a l  s u pp l i er a n d  th e i r 
res p ecti ve  i n s p ectors  or b y th e  o wn er.  

Th e  fi l l e r m eta l  s h a l l  b e  ca re fu l l y s e l e cte d .  Th e re  a re  th re e  p os s i b i l i ti es :   

 

•  H om og e n e o u s :  Ch em i ca l  com p os i ti o n  of we l d  m eta l  a n d  b as e  m ateri a l  i s  th e  s am e;  
a l s o  th e  m i cros tru ctu re  i s  com p ara b l e .   
 

•  S i m i l a r:  C h em i ca l  com pos i ti on  of we l d  m e ta l  a n d  b as e  m ateri a l  i s  s i m i l ar;  th e  
m i cros tru ctu re  i s  n ot i d e n ti ca l .  
 

•  D i s s i m i l ar:  Ch em i ca l  com p os i ti o n  of we l d  m eta l  an d  b as e  m ateri a l  a n d  a l s o  th e  
m i cros tru ctu re  are  n o t th e  s am e .   
 

 

Preca u ti o n s  s h a l l  be  ap p l i e d  i n  u s i n g  d i s s i m i l a r fi l l er m e ta l s  for re pa i rs .  F o r exam pl e ,  b y th e  
u s e  of d i s s i m i l ar (a u s te n i ti c)  fi l l er m e ta l s  i n  th e  re p a i r of m arte n s i ti c  s ta i n l es s  s te e l s ,  carb i d e  
preci p i tati o n  ca n  occu r d u ri n g  s u bs eq u en t h ea t tre a tm en ts .   

I n  s om e cas es ,  th e  re p l a cem e n t of a  com pon e n t ca n  b e  m ore  eco n om i ca l  th an  th e  re pa i r of 
cracks  or o th er d efe cts .  Th i s  i s  e s p e ci a l l y tru e  i f th e  a ffecte d  zo n es  are  a cces s i b l e  o n l y after 
th e  d i s m an tl i n g  of th e  com pon e n t s i n ce  th e  n ece s s ary rep a i r ti m e ca n n o t b e  ca l cu l a ted  
accu ra te l y b efore h a n d  a n d  th e  p l a n n e d  ou ta g e  d u rati on  of th e  u n i t m i g h t b e  o vers te p p e d .  

I n  e va l u a ti n g  th e  i m porta n ce  of d efe cts  wh i ch  h a ve  n ot,  to  th i s  p o i n t,  res u l te d  i n  fa i l u re s  an d  
wh i ch  on e  wo u l d  pro p os e to  l e a ve  u n -rep a i red ,  o n e  s h a l l  be  s a ti s fi ed  th a t,  after reh a b i l i ta ti o n ,  
th e  l o ad i n g  con d i ti o n s  on  th e  com pon e n t co n cern e d  wi l l  n o t be  a g g ra va ted .   

6.3.2 .2 .3  Al lowable  stress  l evels  

E ven  exi s ti n g  com po n e n ts  wh i ch  h a ve  g i ve n  g oo d  s ervi ce  wi th ou t s i g n s  of d e te ri orati o n  
s h o u l d  b e  s u bj ecte d  to  n e w s tres s  an a l ys es  to  con fi rm  th e i r s u i ta bi l i ty for th e  p l an n ed  l i fe  
exte n s i o n  p eri o d .  W h en  ch a n g es  are  p l a n n e d  to  th e  op era ti n g  m od e ,  p o wer,  h e a d ,  d i s ch arg e  
or s p e ed  of th e  u n i t,  i t  i s  n eces s ary to  m ake m ore  d e tai l e d  a n a l ys es  of wh i ch  com po n en ts  wi l l  
be  a ffecte d  b y th e  pro p os e d  ch a n g e a n d  to  wh a t d e g re e .  S i m i l arl y,  i f a  com p o n e n t h as  
s u ffe re d  cra cki n g  or d eform ati o n  i n  s ervi ce ,  th e  cau s e  of th i s  d e fecti ve  be h a vi o u r s h al l  be  
d e term i n ed .  Th i s  m a y n eces s i tate  d e ta i l ed  s tre s s  an d  d efl ecti o n  a n a l ys es  of s om e 
com p on e n ts  an d  th e  a p p l i ca ti o n  of m ore  s o p h i s ti ca te d  d es i g n  m eth o d s  th a n  we re  a p p l i e d  
d u ri n g  th e  ori g i n a l  d es i g n ,  for exam p l e  th e  u s e  of th e  fi n i te  e l e m en t m eth o d .   

Th e  a l l o wa b l e  s tres s  l e ve l s  i n  o l d  tu rb i n es  we re  es ta bl i s h ed  at a  t i m e wh en  th e  b es t d es i g n  
to o l s  a vai l a bl e  refe rre d  to  em p i ri ca l  form u l a e  d e s ti n e d  to  ca l cu l a te  “ a verag e”  s tres s es  i n  a  
g i ve n  com p on e n t or m em b er.  I f n o  ch a n g e i s  en vi s ag e d  i n  th e  m axi m u m  l oa d i n g  co n d i ti on s  to  
be  a p p l i e d  to  th e  tu rb i n e  wh os e  reh a b i l i ta ti on  i s  b e i n g  co n s i d ered ,  o n e  can  n orm a l l y a vo i d  
d e tai l e d  ca l cu l a ti o n s  of s tres s  a n d  d efl ecti on .  I f h o we ver,  as  i s  m os t o ften  th e  cas e ,  a n  
i n cre as e  i n  m a xi m u m  power i s  b e i n g  con s i d e re d ,  d e tai l e d  ca l cu l a ti o n s  s h a l l  b e  d o n e  to  as s es s  
th e  effects  of th e  n e w co n d i ti o n s .   
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Th e  u s e  of fi n i te  e l em e n t an a l ys i s  tech n i q u e s  a l l o w th e  es ta bl i s h m en t d u ri n g  th e  d es i g n  p h a s e  
of a  m u ch  m ore  a ccu ra te  p i ctu re  of s tres s es  to  wh i ch  th e  m ai n  com po n e n ts  wi l l  b e  s u bj ected .  
A com bi n ati on  of q u a s i - s ta ti c s tre s s  a n a l ys es  a n d  fa ti g u e  a n a l ys es  s h o u l d  b e  d on e  for th e  
es ta b l i s h m en t of th e  u s efu l  l i fe  of th e  n e w com p on en t g i ve n  th e  a n ti ci pa te d  d es i g n  con d i ti o n s .  
S u ch  a n a l ys es ,  th o u g h  m ore  d i ffi cu l t,  s h o u l d  a l s o  be  carri e d  o u t for com po n e n ts  to  be  re u s ed .  
To  th e  exte n t th at th e  l e ve l s  of d yn am i c s tres s es  are  d eterm i n ed  from  “ exp eri e n ce” ,  th ere  i s  a  
n e e d  to  h a ve  occas i on a l  veri fi ca ti o n s  of th e  a s s u m e d  va l u es .  I n  th e  ca s e  of l a rg e  u n i ts ,  th e  
ap p l i ca ti o n  of n o n -s te a d y C F D  ca l cu l ati on s  s h o u l d  b e  co n s i d e red  to  e va l u ate  th e  d yn am i c 
pre s s u re  l o a d i n g s  o n  th e  ru n n er b l a d es  wh i ch  ca n  com e from  i ts  i n te ra cti on  wi th  th e  tu rb i n e  
d i s tri bu to r.  

I t  i s  re com m e n d e d  th a t,  for l arg e  u n i ts ,  th e  fi rs t ru n n er of e ach  d es i g n  b e  s u bj ected  to  s tra i n  
g a u g e  te s ts  d u ri n g  com m i s s i o n i n g  to  co n fi rm  th at th e  d yn am i c l o a d i n g  a s s u m ed  d u ri n g  th e  
fati g u e  ca l cu l a ti o n s  h as  n o t b e en  exce e d e d .  I f th e  m a n u fa ctu rer h as  s i m i l ar d a ta  on  
fl u ctu ati n g  s tres s es  an d  res i d u al  s tres s e s  on  l a rg e  u n i ts ,  i t  wi l l  b e  a  s i g n i fi can t  b en efi t for th e  
o wn ers  of s m al l er u n i ts .   

6.3.2 .2 .4  M iscel laneous  hardware 

I t  i s  g o od  a n d  j u s ti fi ab l e  practi ce  d u ri n g  m aj or o verh a u l s ,  to  re p l ace  a l l  fa s te n ers  wh i ch  are  
exp os ed  to  wa te r p as s a g e or a l tern a tel y h u m i d  an d  d ry co n d i ti o n s .  I t  i s  a l s o  g o o d  pra cti ce  to  
rep l a ce  fas te n ers  s u bj e cte d  to  l oa d i n g  on  th e  h i g h  pres s u re  s i d e  of th e  u n i t a n d  th os e  
s u b j ecte d  to  fati g u e  l o ad i n g .  Th e  o p ti o n  of cl ea n i n g  a n d  ca refu l  i n s p ecti o n  of fas te n e rs  ca n  b e  
as  cos tl y as  th e  o u tri g h t re p l acem en t an d  fro m  th e  s ch ed u l e  p o i n t o f vi e w,  re p l a ce m en t 
i m pl i es  fe we r ri s ks .  

S m al l  p i p i n g  i n  wa ter s ervi ce  ( 5 0  m m  an d  l es s ) ,  i f i t  was  ori g i n al l y s u pp l i e d  i n  n on -corros i o n  
res i s tan t m a teri a l s ,  s h o u l d  b e  rep l a ce d .  E ven  ori g i n a l  corros i on  re s i s tan t m ateri a l s  s h ou l d  
u n d e rg o h yd ro-s ta ti c pre s s u re  tes ts ,  prefera b l y d u ri n g  th e  p roj ect pre l i m i n ary e n g i n e eri n g  
ph a s e  s u ch  th at a  ti m e l y d eci s i on  ca n  b e  m ad e  on  i ts  n e ed  for re p l ace m en t.  La rg er p i p i n g  
s h a l l  b e  i n s p ecte d  a n d  te s te d  b e fore  a  d e ci s i o n  ca n  b e  m ad e.  

I t  s h o u l d  be  a s s u m ed  th at a l l  s ea l s  an d  g as kets  of parts  wh i ch  are  to  b e  d i s as s em bl ed  an d  
reas s e m bl e d  d u ri n g  th e  re h a b i l i ta ti o n  s h a l l  b e  re p l ace d .  

A m aj or o ve rh a u l  pres en ts  th e  o p p ortu n i ty to  re as s es s  th e  com pl ete  com p l em e n t of 
i n s tru m en ta ti o n  wh i ch  wa s  s u p p l i ed  a n d  i n s ta l l e d  o n  th e  ori g i n a l  u n i t.  I t  i s  h i g h l y u n l i kel y th a t 
th e  ori g i n a l  i n s tru m e n ta ti on  i s  s ti l l  fu n cti o n a l  a n d ,  i f i t  i s  n o t,  th a t rep l a ce m en ts  of th e  s a m e 
m ake a n d  m od e l  ca n  be  fou n d .  Th e  bes t ap proa ch  i s  to  d o  an  a s s es s m en t of th e  o wn er’ s  
n e e d s  i n  re g a rd  to  u n i t i n d i cati o n ,  con tro l  a n d  protecti o n  a n d  to  fu l fi l  th o s e  n e ed s  wi th  th e  
m os t m od ern  a n d  m os t re l i a b l e  e q u i pm en t a va i l a b l e  a t th e  ti m e of th e  o ve rh a u l .  

6.3.2 .2 .5  Foundations  

Th e effect of th e  fo u n d ati on s  o n  th e  con d i ti o n  of th e  tu rb i n e  s h a l l  n o t be  o verl ooke d .  F or 
exa m p l e ,  s we l l i n g  of th e  con cre te ,  as  a  res u l t of a l kal i - a g g re g a te  re acti vi ty,  i s  pres e n t i n  m a n y 
o l d  p o wer p l a n ts .  I t  l e a d s  to  th e  d i s p l acem e n t of th e  em b ed d e d  tu rb i n e  a n d  g e n e ra to r 
com pon e n ts  a n d  u s u a l l y res u l ts  i n  th e  m i s a l i g n m en t of th e  fi xed  an d  rota ti n g  p a rts  of th e  
g e n era ti n g  u n i t.  Th i s  m i s a l i g n m en t can  l e a d  to  i n cl i n ati on  of th e  s h aft a n d  i n cre as ed  rad i a l  
l oa d i n g  on  th e  g u i d e  b e ari n g s ,  i n cl i n ati on  of th e  d i s tri bu to r com po n e n ts  a n d  prem a tu re  we ar 
of th e  g u i d e  va n es ,  h e a d co ver an d  b o ttom  ri n g  a n d  con tact at th e  ru n n e r s ea l s .  I t  h as  a l s o  
be e n  kn o wn  to  cau s e  s ta y va n e  cracki n g .  
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Th i s  p h e n om e n o n  ca n n o t b e  s to pp e d  an d  th ere  i s  n o  o pti on  b u t to  l i ve  wi th  i t  b y p eri o d i ca l l y 
rea l i g n i n g  a n d  a d j u s ti n g /re h ab i l i ta ti n g  th e  u n i t.  I f th e  ra te  of s we l l i n g  i s  h i g h ,  i t  b ecom es  
n eces s ary a t s om e po i n t to  re wo rk th e  fi xe d  pa rts  i n  s u ch  a  wa y a s  to  accom m od ate  th e  
d i s p l acem e n t a n d  to  faci l i ta te  th e  re a l i g n m en t of th e  u n i t.   

6.3.2 .2 .6  Use  of self-lubricating  materials  

I n  o l d  m a ch i n es ,  a l l  b u s h i n g s  i n  th e  d i s tri b u tor an d  i ts  o p era ti n g  m ech a n i s m  are  g reas e  
l u b ri cate d  bras s  or bro n ze .  E ve n  i f th e  s ys tem  works  prop e rl y a n d  re l i a b l y,  i t  s h o u l d  be  
s eri o u s l y con s i d e re d ,  for en vi ro n m en ta l  reas o n s ,  to  re p l ace  th e  we ari n g  e l em en ts  u s i n g  s e l f-
l u bri ca ti n g  m ateri a l s .  

Th e  s e l f- l u bri ca ti n g  m ate ri al  s h al l  be  s e l ected  wi th  d u e  co n s i d e rati on  for i ts  a p p l i ca ti on  a n d  
s h a l l  h a ve  g o o d  a bras i o n  res i s ta n ce  a n d  b e  d i m en s i on a l l y s tab l e  wh en  exp os ed  to  wa te r.  
Care  s h al l  b e  take n  to  pre ve n t  th e  i n tru s i o n  of d i rt b etwe e n  s l i d i n g  s u rfaces  b y th e  u s e  of 
ad e q u a te  s e a l s  p arti cu l a rl y o n  th e  b u s h i n g s  a d j acen t to  th e  tu rb i n e  wa te r p as s a g e.  

M a n y of th e  s e l f- l u b ri ca ti n g  m a teri a l s  h a ve  th erm a l  expa n s i o n  coeffi ci e n ts  m u ch  g re ater th a n  
th e  m eta l s  i n  wh i ch  th e y are  h ou s e d .  Th i s  pos es  a  d i ffi cu l t tas k of e n s u ri n g  g o od  i n terfere n ce  
fi ts  u n d er a l l  op erati n g  con d i ti o n s  p a rti cu l arl y i n  co l d  cl i m ate s .  P os i ti ve  b on d i n g  of m an y of 
th e s e  b u s h i n g  m ateri a l s  i n  th e i r h ou s i n g s  i s  recom m en d e d  to  e n s u re  th e i r l on g  term  s ta b i l i ty.   

Al l  s e l f- l u bri ca ti n g  bu s h i n g s  a n d  we ari n g  p l a tes  re q u i re  s m ooth  n o n -co rro s i ve  m ati n g  s u rface  
m ateri a l s  s u ch  as  s ta i n l e s s  s tee l .  

S om e  of th e  a va i l a b l e  m a teri a l s  a n d  p arti cu l arl y th e  th i n -fi l m  typ e s  re q u i re  p arti cu l ar care  to  
a vo i d  d a m a g e d u ri n g  i n s ta l l ati on .  W h en  p rop erl y a s s em bl ed  h o we ver,  th e y ca n  g i ve  m an y 
ye ars  of re l i a b l e  s ervi ce.   

Th e  s e l f- l u bri ca ti n g  m ateri a l s  a va i l a b l e  o n  th e  m a rke t h a ve  a  wi d e  ra n g e  of coeffi ci e n ts  of 
fri cti o n .  Th i s  n eces s i ta te s  a  carefu l  re vi e w of th e  ca p aci ty of th e  s ervo m otors  i n  th e  g u i d e  
van e  o p era ti n g  s ys tem .  

Th e  n orm al  d efl ecti o n s  of th e  g u i d e  van e  b o d i es  l e ad s  to  a  d e g ree  of ed g e  l oa d i n g  pa rti cu l arl y 
on  th e  b u s h i n g s  o n  th e  g u i d e  va n e  s tem s  ad j ace n t to  th e  water p as s ag e .  Th e  ch o i ce  of g u i d e  
van e  b u s h i n g  m ate ri a l  s h a l l  take  i n to  acco u n t th e  a n ti ci pa te d  m axi m u m  d eg re e  of e d g e  
l oa d i n g .  Th e  m a teri a l  s h a l l  acce p t to  “ we ar i n ”  wi th ou t d etri m en ta l  d am ag e .  

6.3.2 .3  Operating  issues  

Th e h yd ra u l i c  co n d i ti on s  u n d er wh i ch  th e  g e n era ti n g  u n i t i s  op erate d  as  we l l  a s  th e  l oa d  o n  
th e  u n i t  ca n  h a ve  a n  i n fl u en ce  o n  i ts  m ech a n i ca l  i n te g ri ty.   

I f th e  u n i t  i s  fre q u e n tl y o p era te d  a t pa rti a l  l oa d ,  i t  cou l d  s u ffe r from  i n cre a s ed  l oa d i n g  o n  th e  
g u i d e  b e ari n g s  d u e  to  h yd ra u l i c i n s ta b i l i ty.  I f th e  ta i l ra ce  l e ve l  d o es  n o t res p e ct th e  d es i g n  
l i m i ts  o n  s u cti o n  h e a d ,  ca vi ta ti o n  m a y occu r.  

Th e  i n form ati o n  re l ate d  to  th e  o p e ra ti o n  of th e  tu rb i n e  i s  es s e n ti a l  to  corre ctl y e va l u a te  th e 
con d i ti o n  of th e  exi s ti n g  u n i t a n d  to  a d e q u a tel y d e s i g n  th e  n e w com po n e n ts .  
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6.3.2 .4  Erection  and  maintenance  i ssues  

S om e  of th e  pro bl em s  fou n d  d u ri n g  a s s es s m en t of a  tu rb i n e  or g e n e ra ti n g  u n i t  are  i n  d i rect  
re l a ti o n  to  th e  q u a l i ty of th e  u n i t' s  erecti o n  an d  m a i n ten a n ce .  A l ack of m ai n te n an ce ca n  res u l t  
i n  com p o n e n t fai l u res  s u ch  as  b u rn t g u i d e  be a ri n g s  or p rem atu re  we a r of th e  g u i d e  va n e  
op erati n g  m ech an i s m .  

Th e  e va l u a ti o n  of th e  d i s tri b u tor al i g n m e n t wi th  reg ard  to  th e  m ovi n g  pa rts  i s  an  i m portan t 
as p ect of th e  i n te g ri ty as s es s m en t.  Th e  co n cen tri ci ty of th e  g u i d e  va n e  b u s h i n g  b ores  i n  th e  
bo ttom  ri n g  wi th  res pe ct to  th os e  of th e  h ea d co ve r s h a l l  b e  veri fi e d .  I f th e  bores  b e twe e n  th e  
h e a d co ver a n d  b ottom  ri n g  are  e xces s i ve l y ecce n tri c,  i t  wo u l d  l e ad  to  pre -m a tu re  we ar of th e  
bu s h i n g s  d u e  to  a n  e xces s i ve  e d g e  l o a d i n g  a n d  p os s i b l y b i n d i n g  of th e  g u i d e  va n e  
m ech an i s m .  L i n e  b ori n g  of th e  h e a d co ver a n d  b ottom  ri n g  m a y be  re q u i red .  

I f th e s e  prob l em s  exi s t,  th e y s h al l  be  p rop erl y i d e n ti fi e d  i n  ord er to  a vo i d  th e i r re pe ti ti on  wi th  
th e  re h a b i l i tate d  com po n e n ts .  

6.3.2 .5  Mechan ical  vibrations  

6.3.2 .5.1  General  

A p rob l em  wh i ch  occu rs  freq u e n tl y wi th  h yd ra u l i c  u n i ts  i s  exces s i ve  vi bra ti o n .  Th e  m a i n  
s ou rces  of a bn orm al  m ech a n i cal  vi b ra ti o n s  are :  

•  ru n n er m ech a n i ca l  o r h yd rau l i c  i m b a l a n ce;  

•  g u i d e  be ari n g  d efi ci e n cy;  

•  ru n n er s e a l  cl ea ra n ce  d e fi ci e n cy;  

•  g e n era tor m ech a n i ca l  or e l ectri ca l  i m bal a n ce;  

•  g e n era ti n g  u n i t  m i s a l i g n m e n t;  

•  h yd ra u l i c i n s tab i l i ty 

6.3.2 .5.2  Runner mechan ical  or hydrau l ic  imbalance   

Th e ru n n er m e ch a n i ca l  i m ba l a n ce  wi l l  ca u s e  m ech a n i ca l  vi bra ti o n  ( s h a ft ru n o u t)  a n d  wi l l  
res u l t i n  i n cre as e d  l o a d i n g  of th e  g u i d e  b ea ri n g s  a n d  p ote n ti a l  d a m ag e to  s u p p ort 
com pon e n ts .  B a l a n ci n g  to l era n ces  for m od ern  ru n n ers  ( pos t 1 9 7 0 )  are  s u ffi ci e n tl y ti g h t to  
vi rtu a l l y e l i m i n ate  th i s  ca u s e  as  a  s o u rce  of a b n orm al  s h aft ru n  ou t (for e xa m pl e  s e e  Vol u m es 
I  a n d  V of th e  “ C a n a d i an  E l ectri ci ty As s oci a ti o n  G u i d e  o n  E recti o n  To l era n ces  a n d  S h aft 
S ys te m  Al i g n m en t” ) .  

A h yd ra u l i c i m ba l a n ce  wi l l  res u l t i f th e  o u tfl o w o pe n i n g s  b etwe e n  th e  ru n n er b l a d e s  are  n o t 
s u ffi ci e n tl y u n i form .  Th i s  typ e  of i m b a l a n ce  i s  u s u a l l y ch aracteri ze d  b y a n  i n cre as i n g  s h aft 
ru n o u t  wi th  i n crea s i n g  l o ad  (d i s ch a rg e) .  I E C 6 0 1 9 3  g i ves  to l eran ces  to  b e  res p ecte d  i n  th i s  
reg ard  a l th ou g h  m an y m an u fa ctu rers  a n d  u s e rs  i m pos e  e ve n  ti g h ter to l era n ces .  
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6.3.2 .5.3  Gu ide bearing  deficiencies  

G u i d e  b e ari n g  s ti ffn es s  i n  b oth  th e  tu rb i n e  a n d  th e  g e n era tor s h a l l  b e  s u ffi ci e n t to  wi th s ta n d  
th e  m os t cri ti ca l  o p era ti n g  con d i ti o n s  wi th ou t a l l o wi n g  con tact i n  th e  ru n n er s e a l s  or i n  th e  
g e n e ra tor a i r- g a p .  Th e  s h aft s ys te m  fi rs t cri ti cal  s p e e d  s h a l l  h a ve  a  s u ffi ci e n t m arg i n  ab o ve  
th e  tu rb i n e  ru n a wa y s p e ed  to  a vo i d  res o n a n ce.  Th i s  can  b e  ach i e ve d  o n l y wi th  a pp ro pri a te  
atte n ti o n  to  s h a ft s ys te m  s ti ffn e s s  an d  g u i d e  b eari n g  s u p port s ti ffn e s s .  Th es e  fa ctors  are  
i m porta n t i n  a n y u n i t  re h ab i l i ta ti o n  i f ch a n g es  are  pro pos e d  i n  ei th er th e  rota ti n g  parts  s ys tem  
or i n  th e  g u i d e  b e ari n g s  or th e i r s u p p ort s ys tem s  or i f th e  tu rb i n e  ru n n er i s  b e i n g  re p l ace d  wi th  
on e  h a vi n g  a  h i g h er ru n a wa y s p ee d .  Th e  cri ti ca l  s pe e d  ca l cu l a ti on  s h a l l  b e  re d o n e  as  we l l  a s  
a  ve ri fi cati on  of th e  ca p a b i l i ty of th e  g e n era tor rotor to  wi th s ta n d  th e  h i g h e r s p e ed  i f a  h i g h er 
ru n a wa y s pe e d  b y m ore  th a n  a  fe w perce n t  i s  i n vo l ved .  

D efi ci e n t to l era n ces  o n  co l d  cl e a ra n ces  a t th e  g u i d e  b ea ri n g s  a n d  ch a n g e s  i n  g u i d e  b e ari n g  
cl eara n ces  d u e  to  th e  th erm al  effects  on  bo th  th e  rotati n g  p arts  a n d  on  th e  be ari n g  i ts el f,  from  
th e  col d  co n d i ti o n  to  th e  o pe ra ti n g  con d i ti o n ,  can  l e a d  to  exce s s i ve  vi b ra ti o n s  or to  
m ech an i ca l  d am ag e o n  a  g e n erati n g  u n i t.  E xces s i ve  s h aft ru n o u t u s u a l l y res u l ts  i f th e  
op erati n g  cl ea ra n ces  are  too  l a rg e.  E xces s i ve  b e ari n g  l oa d s  o verh ea ti n g  an d  pre m atu re  
d am a g e an d  fa i l u re  u s u a l l y re s u l t i f o pe ra ti n g  cl e a ra n ces  are  to o  s m al l .  I f e i th er prob l em  h as  
be e n  experi e n ce d  o n  a n  o perati n g  m ach i n e ,  th e  re h a b i l i tati on  pres e n ts  a n  o pp ortu n i ty to  
m od i fy th e  d es i g n  a n d  co rre ct th e  d efi ci e n cy.  

6.3.2 .5.4  Runner seals  clearance  deficiency 

Th e ru n n e r we ari n g  ri n g s  or faces  a t th e  s e a l s  s h a l l  h a ve  a d eq u ate  cl e ara n ce  to  a vo i d  con tact 
wi th  th e  fi xed  p a rts  a n d  s h a l l  b e  a ttach e d  i n  s u ch  a  m an n er as  to  a vo i d  h yd ra u l i ca l l y i n d u ce d  
vi bra ti o n s  or cen tri fu g a l l y i n d u ced  s e pa ra ti o n  of th e  rotati n g  s e a l  ri n g .  A cl i m a te  of h i g h  
en erg y va l u es  ca n  p u s h  th e  m an u factu rer a n d  th e  o wn er to  re d u ce  ru n n e r s e a l  cl eara n ces  to  
ob ta i n  effi ci e n cy g ai n s  d u ri n g  re h a b i l i tati on .  Pru d e n ce s h ou l d  b e  a p p l i e d  to  a vo i d  g o i n g  b e l o w 
a  s afe  m i n i m u m  for th e  m os t cri ti ca l  s te a d y s tate  a n d  tran s i en t o p erati n g  co n d i ti o n s .  S u ch  
g a i n s  m a y be  ach i e ved  wi th  a  m od i fi ed  s e al  d es i g n  wi th o u t re d u ce d  s e a l  cl e ara n ce .  Al th o u g h  
m om en tary l oca l  co n tact i n  th e  ru n n er s ea l s  at th e  ru n a wa y s pe e d  co n d i ti on  m a y n ot b e  
catas tro ph i c,  fu l l  co n tact (on  d i a m eter)  wo u l d  b e  d i s a s trou s .  

6.3.2 .5.5  Generator imbalance 

Th e g e n erator re l a te d  vi bra ti o n s  u s u a l l y are  of two typ e s .  Th e  fi rs t i s  a  m ech a n i cal  i m ba l a n ce  
res u l ti n g  from  th e  ro tor fabri ca ti o n  or i ts  ori g i n a l  d e s i g n  or m an u factu re.  T h e  s e con d  i s  re l a te d  
to  a n  u n b a l an ce d  m ag n e ti c  force  th a t res u l ts  from  ro tor con ce n tri ci ty o r ci rcu l a ri ty errors  wi th  
res p ect to  th e  axi s  of rota ti on .  

6.3.2 .5.6  Generating  un i t  misal ignment 

E xces s i ve  s h aft m i s a l i g n m en t can  re s u l t  i n  a n  i n cre as e  of g u i d e  b e ari n g  l oa d i n g  res u l ti n g  i n  
i ts  pre m a tu re  fai l u re.  I t  can  a l s o  res u l t i n  a bn orm a l  s h aft s tre s s es  an d  p rob l e m s  wi th  ru n n er 
s ea l  cl eara n ce s  a n d  g e n era tor a i r g a p .  I n  a n y m aj or re h ab i l i ta ti o n ,  s h aft cou p l i n g s  s h o u l d  b e  
d i s a s s em b l e d  a n d  a  d i m en s i on a l  i n s p e cti o n  carri e d  o u t to  d e term i n e  a n y n e ed  for re-
m ach i n i n g .   

6.3.2 .5.7  Hydrau l ic  instabi l i ty 

E xces s i ve  vi brati on  ca n  b e  re l a te d  a l s o  to  a  h yd ra u l i c i n s ta b i l i ty wh i ch  ca n  res u l t  i n  a n  
i n d u ce d  res on a n ce a n d  from  th a t,  a  com po n e n t fa i l u re.  Th e  s ou rces  of h yd ra u l i c i n s tab i l i ti es  
are  co vere d  i n  th e  Tu rb i n e  P erform an ce as s e s s m en t s ecti o n .   
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6.3.2 .6  Cracks  and  defects  in  Pel ton  runners  

6.3.2 .6.1  General  

Th e m os t s e ri o u s  as p ect th at  d i s ti n g u i s h es  P e l ton  tu rb i n es  from  al l  th e  o th e r typ es  of tu rb i n es  
i s  th e  m an n e r i n  wh i ch  th e  b u ckets  of th e  P e l to n  ru n n e r are  l o ad e d .  Th e y a re  expos e d  to  very 
h i g h  fl o w ve l oci ti es  of th e  m e d i u m ,  ca u s i n g  we ar a n d  a bra s i o n ,  a n d  th e  i m p acts  of th e  j e t 
res u l t i n  a  h i g h  n u m ber o f l oa d  cycl es  ( a  s p e ed  of 50 0  re vo l u ti on s /m i n ,  6  n o zzl e s ,  1  50 0  h o u rs  
per ye ar l e a d s  to  2 , 7 × 1 0

8
 cycl es  p er ye a r) .  

P el ton  tu rbi n e s  wi th  th e i r ch aracte ri s ti c h i g h  h e ad  are  ofte n  u s e d  i n  m ou n ta i n o u s  re g i o n s  
wh ere,  s m al l  b u t very h a rd  a n d  very a bras i ve  parti cl es  are  fou n d  i n  s u s p e n s i o n  i n  th e  wa ter 
from  g l aci e r m el t.  Th e s e  pa rti cl e s  are  d i ffi cu l t to  rem ove  i n  d e-s i l ti n g  s ti l l i n g  b as i n s  b e ca u s e  of 
th e i r s m a l l  s i ze  a n d  l o w m a s s .  

Th e  are as  i n  th e  b u cket wh i ch  s h a l l  b e  i n ves ti g ate d  th orou g h l y a re  s h o wn  a t A a n d  B  i n  
F i g u re  2 .  Th e  fi rs t are a  A,  i n  th e  b u cke t ro ot,  i s  s u bj ected  to  h i g h  s tres s es ,  n o ta b l y from  
s te a d y s tate  cen tri fu g a l  stres s e s  an d  from  d yn a m i c be n d i n g  s tres s es ,  a n d  th ere fore  d e fects  
on  th e  s u rface  or s l i g h tl y be l o w i t,  wi l l  be  th e  po i n ts  of ori g i n  for cracks .  Th e  s eco n d  area  B ,  a t  
th e  en tra n ce  ed g e  o n  th e  s p l i tte r a n d  i n  th e  cu t- ou t,  i s  a l s o  s u b j ect to  h i g h  s tres s es  b e ca u s e  
th e  wa l l  th i ckn es s  i s  s m a l l  i n  a d d i ti o n  to  b e i n g  s u bj ecte d  to  e ros i o n .  I n  b oth  are as ,  d e fects  
from  th e  m eth od  of fa bri cati on  wh i ch  a re  n ot  a l wa ys  d e tected  a n d  rem oved  i n  th e  works h o p 
a re  pos s i b l e .  
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Figure 2  – Cri tical  zones  for cracks  “A”  and  “B”  in  Pel ton  runner buckets  
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6.3.2 .6.2  Determination  of the  condi tion  of Pel ton  runners  and  consequent fai lu re  
ri sk 

Re p a i r we l d s ,  e ve n  i f th e y a re  s m al l ,  h a ve  a n  i n fl u e n ce o n  th e  s tru ctu re  of th e  com pon e n t 
wh i ch  m a y pro ve  to  b e  d etri m en ta l .  F or a  s u cces s fu l  re p a i r,  i t  i s  n ece s s ary to  co l l ect a s  m u ch  
d a ta  as  p os s i bl e ,  s tarti n g  wi th  th e  m a n u fa ctu re  of th e  tu rb i n e  a n d  i n cl u d i n g  a l l  pre vi o u s  
rep a i rs .  Th e  i n fl u en ce of th e  m a ch i n i n g  proces s  (g ri n d i n g ,  m i l l i n g ,  etc)  i s  sm al l  a n d  can  b e  
n e g l ected .  

Th e  d e te rm i n ati on  of exte n t  of a bras i o n  ca n  be  d on e  wi th  th e  ai d  of te m pl ates .  W h e n e ve r 
pos s i b l e ,  m eas u re m en ts  of th e  b u ckets  o n  a  N C- m ach i n e  are  u s efu l .  A com pari s o n  b etwe e n  
effecti ve  res i d u a l  a n d  d es i g n ed  con to u rs  s h a l l  be  d o n e  a n d  th e  rem a i n i n g  cros s -s e cti o n s  
d e te rm i n ed  to  ca l cu l a te  a n d  e va l u a te  th e  co n s e q u en t s tre s s es .   

F or a n y we l d  re p a i r wh i ch  i n vo l ve s  p os t we l d  h e at tre a tm en t,  th e  tem peratu res  pro p os e d  s h a l l  
be  carefu l l y ch os en  to  a vo i d  d e tri m en ta l  e ffects  on  th e  ph ys i ca l  p ro p erti es  of th e  b as e  
m ate ri a l  a n d  to  m i n i m i ze  d i s torti on s .  An y h e at tre a tm en t wi l l  i n vo l ve  d i s torti on s  an d  th e  re pa i r 
proce d u re  s h a l l  pro vi d e  for re-m ach i n i n g  wh e re  n eces s ary.  

6.3.2 .6.3  Other aspects  of the  Pel ton  turbine   

Th ere  are  pro bl em s  on  o cca s i o n  wi th  th e  ta i l wa te r ch an n e l  i f th e  ta i l wa ter l e ve l  i s  too  h i g h  o r 
th e  a erati o n  of th e  tu rb i n e  h o u s i n g  a n d  th e  o u tfl o w ch an n e l  a re  i n a d e q u a te.  Th i s  wi l l  b e  tru e  i f 
th e  water l e ve l  i n  th e  ta i l wa ter b as i n  or ri ver h as  i n cre as e d ,  i f th e  fl o w pas s a g es  are  b l ocke d  
b y s e d i m en ts ,  i f th ere  are  ch an g es  i n  th e  bu i l d i n g  s tru ctu re  or i f th e  tu rb i n e  m axi m u m  
d i s ch arg e  h as  b e e n  i n crea s e d  wi th o u t ap prop ri ate  m od i fi ca ti o n s  to  th e  ca p aci ty of th e  
ta i l wa ter s ys te m .  

An  i n cre a s e  i n  th e  aera ti on  of th e  tu rb i n e  ru n n e r p i t  m a y b e  a ch i e ved  b y bo ri n g  ad d i ti on a l  
op e n i n g s  i n  th e  tu rbi n e  h o u s i n g ,  wh i ch  th e n  are  co n n ected  b y s u i ta b l e  p i p i n g  to  a n  
atm os p h e ri c a i r s o u rce  e xem p t from  u n wa n te d  n oi s e  e ffects .  

6.3.3  Residual  l i fe   

Th e u s efu l  l i fe  of a  co m pon e n t i s  i n fl u en ce d  b y m an y fa ctors  i n cl u d i n g  th e  d es i g n ,  th e  
m ate ri a l s  u s e d ,  th e  m a n u factu ri n g  m e th o d s ,  p as t an d  fu tu re  op era ti n g  con d i ti on s  a n d  effe cted  
m ai n te n an ce.   

I t  i s  th e oreti ca l l y p os s i b l e  to  ca l cu l a te  th e  res i d u a l  l i fe  of a  com p on e n t b y fractu re  m ech an i cs  
th e ory,  b u t  th e  a pp l i cati o n  of th i s  m eth od  re q u i res  th e  e va l u a ti o n  of m an y para m eters  s u ch  as  
m ate ri a l  prop erti es ,  l oca ti o n ,  s h ap e a n d  d i m en s i on s  of a  d efe ct,  p reci s e  l oa d i n g  a n d  l oca l  
s tres s e s  i n  th e  com po n e n t,  a n d  th e  ch aracte ri s ti cs  of th e  l o ad s  a p p l i e d  i n cl u d i n g  th e  
am pl i tu d es  a n d  n u m ber of cycl es  for d yn a m i c co n d i ti o n s .  M u ch  of th i s  d a ta  i s  ve ry d i ffi cu l t  i f 
n o t i m pos s i b l e  to  e s ta b l i s h  wi th  preci s i o n  for m os t of th e  tu rb i n e  exi s ti n g  co m p on e n ts .   

I t  i s  p os s i b l e  to  e va l u ate  th e  res i d u a l  l i fe  of m an y com po n e n ts  wi th  a  re as o n a b l e  l e ve l  of 
con fi d e n ce  s o l e l y b y i n s p ecti o n ,  i n form ed  e n g i n e eri n g  j u d g m en t a n d  com p a ri s o n  wi th  
com pon e n ts  th a t were  b u i l t  wi th  th e  s am e tech n o l o g y i n  te rm s  of d es i g n  an d  m a te ri a l s  an d  
wh i ch  h a ve  be e n  op erate d  u n d er s i m i l ar con d i ti o n s  for m a n y ye ars .  Th i s  s tate m en t a p p l i es  as  
l on g  a s  l oca l  s i g n i fi ca n t m an u factu ri n g  d efe cts  a re  n ot  of co n cern .  

I t  i s  u s u a l l y p os s i b l e  to  es ta b l i s h  wh y a  com po n en t h as  d e teri ora te d  or h a s  fa i l e d  a n d  th i s  
i n form ati o n  i s  i m porta n t  i n p u t for pre d i cti n g  re m ai n i n g  l i fe  of s i m i l a r com pon e n ts  or for 
m od i fyi n g  th e  d es i g n  of th e  fa i l e d  com po n e n t.  
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I n  ord er to  es ta b l i s h  th e  re s i d u a l  l i fe  of a  com po n en t,  i t  i s  i m porta n t to  i d e n ti fy s i g n s  of 
d e teri orati o n  s u ch  a s  cra cks ,  s eri ou s  corros i o n  d a m ag e ,  ab n orm al  n o i s e,  ch a n g e i n  vi b ra ti o n  
am p l i tu d e  or fre q u e n cy,  ch a n g es  i n  tem peratu re  a n d  pres s u re,  a n d  ab n orm a l  l e akag e.  A 
n u m be r of refere n ces  are  a va i l ab l e  i n  th e  i n d u s try to  as s i s t o wn ers  i n  m on i tori n g  an d  j u d g i n g  
th e  cu rren t con d i ti o n  of th e i r eq u i pm e n t (for exa m pl e,  th e  C a n a d i a n  E l e ctri ci ty As s oci a ti o n  
G u i d e  for E recti o n  Tol eran ces  a n d  S h aft S ys tem  Al i g n m en t) .  I t  i s  a l s o  i m portan t to  re g u l arl y 
re vi e w th e  res u l ts  of m ai n te n a n ce i n terven ti o n s  an d  th e  e ffects  of a n y a bn orm al  o pera ti n g  
con d i ti o n s  wh i ch  m a y s o m eti m e s  occu r to  pred i ct  th e  a p p ro ach  of th e  “ e n d  of u s efu l  l i fe”  of a  
com pon e n t.  Re g u l ar co n d i ti o n  as s es s m en t of th e  e q u i pm en t i s  a  n eces s ary i n pu t to  an y 
e va l u ati on .  

6.3.4  Turbine performance assessment  

6.3.4.1  General  

Th e  m os t i m porta n t p erform an ce  fa ctors  to  b e  con s i d ere d  for a  reh a b i l i ta ti o n  proj ect are  
certa i n l y a  p oten ti a l  cap aci ty (or po we r)  i n cre as e ,  a  p ote n ti a l  effi ci e n cy i n creas e ,  a  re d u cti on  
of ca vi ta ti o n  eros i o n  a n d  a n  i m pro ve m en t i n  h yd rau l i c s ta b i l i ty.  O n e  s h o u l d  be g i n  b y 
e va l u ati n g ,  as  accu rate l y as  p os s i bl e ,  th e  p ote n ti a l  p erform an ce g a i n s  on e  m i g h t exp ect from  
a  n e w tu rb i n e  wi th  s i m i l a r ch aracteri s ti cs .  Th e  exten t to  wh i ch  th e  p e rform an ce  of an  exi s ti n g  
(o l d )  tu rb i n e  ca n  b e  i m pro ve d  i s  d e p e n d an t o n  th e  typ e  an d  th e  a g e  of th e  u n i t.  A ro u g h  
as s es s m en t of p ote n ti a l  g a i n s  i s  p ro vi d ed  i n  th e  fo l l o wi n g  s u b cl a u s es .  Th e s e  d ata  are  b as ed  
on  a  l arg e  n u m be r of tu rb i n e  m akes  an d  s i ze s  an d  s h o u l d  o n l y b e  u s e d  for a  fi rs t p h as e  
e va l u ati on  of g a i n s  i n  pe rform an ce wh i ch  on e  m ay e xp e ct to  ach i e ve  b y re h a b i l i tati n g  a  g i ve n  
u n i t.   

I n  s p eci fi c cas es ,  for exa m pl e  wh ere  a  fre q u e n cy ch a n g e  i s  be i n g  m ad e o n  th e  g e n era tor,  i t  i s  
req u i red  to  m ake a  s pe e d  ch an g e on  th e  tu rb i n e.  Th i s  can  b e  a d van ta g e ou s  for th e  tu rb i n e  
perform an ce i f th e  ru n n er i s  to  b e  rep l ace d .  Th e  tech n o l og y i s  a va i l a b l e  a t th e  ti m e  of 
pu b l i ca ti o n  of th i s  G u i d e,  to  b u i l d  i n to  th e  re h a b i l i tate d  m ach i n e  a  “ vari a b l e  s p e e d ”  ca pa b i l i ty.  
S u ch  a  fe a tu re  ca n  b e  p arti cu l arl y a d va n ta g e ou s  for re ve rs i b l e  p u m p-tu rb i n e s ,  an d  for 
tu rb i n es  a n d  s tora g e  p u m ps  op e rati n g  u n d er h i g h l y vari a b l e  con d i ti o n s  o f s peci fi c  h yd ra u l i c  
en e rg y ( h e a d ).  C h a n g i n g  th e  s p ee d  at  a  g i ven  s i te  or u s i n g  vari a b l e  s p e e d  te ch n o l og y bri n g s  
wi th  i t,  th e  ob l i g a ti o n  to  carefu l l y s tu d y,  th e  po ten ti a l  i m pact of th e  m od i fi e d  e xci ti n g  
freq u e n ci e s  of th e  h yd rau l i c m ach i n e  o n  a  po ten ti a l  re s on a n ce  wi th  th e  o vera l l  con d u i t 
s ys tem .  

N o twi th s ta n d i n g  th e  as p ect of i m p ro ve d  perform a n ce wh i ch  o n e  m i g h t s e e k,  th e  o wn er’ s  fi rs t 
pri ori ty wi l l  a l wa ys  b e  to  h a ve  a  g e n era ti n g  s ta ti on  wh i ch  h a s  th e  h i g h es t pos s i b l e  re l i a b i l i ty 
an d  a va i l a bi l i ty.  I t  wi l l  n o t b e n efi t  th e  o wn er to  g a i n  m arg i n a l l y i n  u n i t m a xi m u m  ou tpu t or i n  
effi ci e n cy i f th e  ch an g es  m ad e  to  th e  u n i t  res u l t  i n  a  re d u cti o n  of i ts  rel i a b i l i ty or a va i l a b i l i ty.  
Th e  fo l l o wi n g  s u bcl au s es  d e al  wi th  th e  fo u r m ai n  con s i d era ti o n s  i n  p e rform an ce  as s es s m en t.  

6.3.4.2  Power increase 

B as e d  u p o n  i n form ati o n  co l l e cte d  from  p l a n t o pe rati n g  record s  o ver ti m e,  or d e term i n e d  b y a  
care fu l l y execu te d  p o we r-g a te  tes t or s ti l l  b ette r,  b y a n  i n d e x tes t corre cte d  to  ra te d  h yd ra u l i c 
con d i ti o n s ,  o n e  m a y es ta b l i s h  i f th e re  i s  e vi d en ce of s e ri ou s  p o we r o u tp u t d e g ra d ati on . .  F o r 
exam p l e ,  a  d ecre as e  i n  exces s  of ( 4  to  6 )  %  i n  p o we r ou tpu t at  fu l l  g u i d e  va n e  o p en i n g  a t  
rate d  h yd rau l i c con d i ti on s  s h o u l d  i m m ed i ate l y l e a d  to  fu rth er i n ves ti g ati on  of th e  co n d i ti o n  of 
th e  h yd ra u l i c s u rfaces  of th e  tu rb i n e  an d  of th e  re l ate d  wa ter pas s a g es .  I f ti m e  an d  co n d i ti o n s  
perm i t an d  th e  s i ze  of th e  u n i t  j u s ti fi es  i t,  a  p rofe s s i on a l l y exe cu te d  fi e l d  tes t to  d e te rm i n e  th e  
cu rren t p erform an ce  of th e  tu rb i n e  m a y be  d o n e .  I f th e  ru n n er i s  m ore  th an  2 5  ye a rs  ol d  a n d  i t  
i s  e vi d e n t for m ech an i ca l  re a s o n s  th a t o n e  h a s  to  i n terve n e o n  a  u n i t  to  m ai n ta i n  i t  i n  
op e rati n g  co n d i ti on  a n d  th at i t  h as  to  b e  d i s m a n tl ed  to  be  re p a i re d ,  i t  i s  ofte n  econ om i ca l l y 
j u s ti fi a bl e  to  i n s ta l l  a  n e w tu rb i n e  ru n n e r a n d  p os s i bl y to  m od i fy o th er com po n en ts  to  ach i e ve  
i m pro ved  perform an ce .   
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W h at th e  e co n om i c s ol u ti o n  i s  for a  g i ve n  p l an t i n  reg a rd  to  m axi m u m  ou tpu t d ep e n d s  on  
m an y factors  i n cl u d i n g :  

•  th e  ori g i n a l  d es i g n  a n d  con d i ti o n  of th e  m ech a n i ca l  com po n e n ts  i n  th e  d ri ve  tra i n ;  

•  th e  m axi m u m  a va i l a b l e  d i s ch arg e  (th i s  m a y h a ve  an  e n vi ron m e n ta l  or o th er co n tractu a l  
con s i d era ti o n ) ;  

•  th e  g e n erator ca p aci ty (a cti ve  p o wer – M W );  

•  tu rb i n e  s e tti n g  wi th  res p e ct to  ta i l water l e ve l ;  

•  typ e  a n d  ch ara cteri s ti cs  of th e  d raft  tu be ;  

•  ta i l  wa ter l e vel  e vo l u ti on  vs .  to ta l  d i s ch arg e  i n  ta i l race  ch a n n e l ;  

•  h e a d  l os s e s  i n  i n l e t  con d u i ts .  

Th e  m ech a n i ca l  d es i g n  of th e  s h a fts ,  co u p l i n g s ,  rotor s p i d e rs ,  s ta tor s o l ep l ates ,  ( th e  d ri ve  
tra i n )  i n  o l d e r u n i ts  are  u s u a l l y ca p a b l e  of acce p ti n g  s om e i n cre as e  i n  th e  m a xi m u m  ou tpu t of 
a  u n i t wi th  l i ttl e  or n o  m od i fi cati on s .  I n  s om e ca s e s ,  on l y m i n or m od i fi ca ti o n s  are  re q u i re d .  Th e  
preci s e  a m ou n t of a n y po we r i n cre as e  ca n ,  b e  d e term i n e d  on l y after ve ri fyi n g  a l l  of th e  
po ten ti a l  i m p acts  an d  e va l u ati n g  a l l  ca s e s  wh ere  s u ch  a cti o n  wi l l  g i ve  ri s e  to  h i g h er s tres s e s  
th a n  were  e n vi s a g ed  b y th e  ori g i n a l  d es i g n er.  

H i s tori ca l l y,  p o we r i n cre as e s  of be twe en  1 0  %  a n d  2 0  %  are  com m on  s i n ce  m an y o l d  u n i ts  
a l re a d y g a ve  a  fu l l  g u i d e  van e  o pe n i n g  p o wer wh i ch  exce e d e d  th e  n om i n a l  or “ ra te d ”  val u e  b y 
1 0  %  to  1 5  %  u n d er th e  ra te d  n et h ea d .  Th i s  wa s  typ i ca l  i n  th e  d a ys  b efore  com pu tati o n a l  
fl u i d  d yn a m i cs  ( C F D )  an d  n u m eri ca l  co n tro l  ( N C )  m ach i n i n g .   

I n  a d d i ti on ,  g e n erators  bu i l t  b e fore  ab o u t 1 9 6 5,  h a d  cl as s  B  a s p h a l t/m i ca  typ e  i n s u l a ti on  
s ys tem s  o n  th e  s ta to r wi n d i n g s  wh i ch  re q u i re d  a  g rou n d - wa l l  i n s u l ati o n  th i ckn es s  m u ch  
g re a ter th an  th e  m od e rn  e p oxy/m i ca  b as e d  cl as s  F  s ys tem s .  Th i s  fa ct wi l l  a l l o w a  g e n e ra tor 
th erm al  ca paci ty i n cre a s e  of be twe e n  (2 0  a n d  3 0 )  %  b y s i m pl y i n s ta l l i n g  a  n e w s ta tor wi n d i n g .  
Th e  H o o ve r D am  G e n era ti n g  S tati on  i n  th e  U n i te d  S ta tes  i s  an  e xam pl e  of wh a t can  b e  
ach i e ve d  i n  th e  rea l m  o f re h a b i l i ta ti o n  a n d  pe rform an ce  i m pro ve m en t wh e n  a l l  co n d i ti o n s ;  
h yd ra u l i c,  e l ectri ca l  a n d  m e ch an i ca l  a n d  th e  m arket,  are  fa vo u ra b l e.  

Th e  H o o ver D am  G en era ti n g  S ta ti o n  U n i ts  N 1 - 4  u n d erwe n t two re h ab i l i tati on  proj ects  i n  1 96 8  
an d  1 9 8 6 .  Th e  re s u l ts  pres e n te d  b y th e  o wn er are  s h o wn  on  F i g u re  3 .  B u t n o t a l l  h yd ro el ectri c 
s i te s  wi l l  pro vi d e  th e  o p p ortu n i ti es  for i n cre as ed  p o wer a ch i e ve d  a t H oo ver D am  (over 5 0  % ).  
Th e  i n terval  be twe en  u pg ra d e s  a t  th a t p l an t i s  a l s o  m u ch  s h orter th an  i s  econ om i ca l l y 
j u s ti fi a b l e  i n  m os t m arket ci rcu m s ta n ces .  
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Figure  3  – Relative  efficiency versus  relative  output – Orig inal  and  new runners  

N o te  th a t i n  th e  ca s e  of H o o ve r D a m ,  th e  p eak effi ci e n cy i n cre as e  was  a  re l ati ve l y m od es t  
1  %  b eca u s e  a  m u ch  h i g h er d i s ch arg e  i s  b e i n g  pas s e d  th ro u g h  th e  ori g i n a l  wa ter p as s a g es  
re s u l ti n g  i n  l os s e s  wh i ch  pa rti a l l y offs et  th e  effi ci e n cy g a i n ed  b y n e w ru n n e r p rofi l e s .  

I n  o th er cas es ,  i t  i s  p os s i bl e  to  i n cre as e  th e  s p e ed  a n d  p o wer of th e  tu rb i n e  b y s u pp l yi n g  a  
n e w g e n era to r a n d  th i s  can  b e  j u s ti fi ed  e co n om i ca l l y i f th e  i n creas e  i n  th e  m axi m u m  ou tp u t of 
th e  u n i ts  i s  l a rg e  en o u g h .  Th e  O u tard es  3  tu rb i n e  a n d  g e n e ra to r reh ab i l i ta ti o n  p roj ect i n  
Ca n ad a,  F i g u re  4 ,  i s  a  g oo d  exam pl e  of wh a t ca n  b e  a ch i e ve d  wh ere  th e  po wer i n cre as e  of 
4 4  %  was  accom pan i e d  b y a  m ore  th an  3  %  i n cre as e  i n  tu rb i n e  pe ak effi ci en cy.  Th e  ori g i n al  
u n i t wa s  com m i s s i on e d  i n  1 96 8  a n d  th e  tu rb i n e  reh a b i l i tated  an d  th e  g e n era tor rep l a ce d  i n  
2 0 0 3 .  Th e  h yd ra u l i c l os s e s  i n  th e  p o wer co n d u i t o u ts i d e  th e  tu rb i n e  wi l l  h a ve  i n cre as e d  fo r a l l  
con d i ti o n s  of o p era ti on  a bo ve  th e  ori g i n a l  m a xi m u m  po wer a n d  th e s e  s h a l l  b e  e va l u a te d  i n  th e  
ca l cu l ati on  of th e  n e t b en efi ts .  

IEC   1 985/07 
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Figure  4  – Relative efficiency versus  output – Orig inal  and  new runners  – 
Outardes  3  generating  station  

6.3.4.3  Efficiency improvements   

6. 3.4.3.1  Un i t  assessment 

Th e fi rs t s te p  i n  as s es s i n g  po te n ti a l  effi ci e n cy i m pro vem en t i s  to  d eterm i n e  th e  p e rform an ce  
of th e  tu rb i n e  i n  i ts  cu rre n t s ta te .  Th e  s eco n d  i s  to  s ee  wh at th e  m an u factu rers  ca n  offer i n  th e  
wa y of i m pro ved  p erform a n ce .  Th e s e  a re  es s en ti a l  to  a l l o w o n e  to  d eterm i n e  th e  p erform an ce  
i m pro vem en t po te n ti a l  a n d  from  i t,  th e  p ote n ti al  be n e fi ts  (a n n u a l  re ve n u e i n creas e) .   

Th e  tu rb i n e  effi ci en cy of th e  exi s ti n g  u n i t  s h o u l d  b e  d e term i n ed  i n  a ccord a n ce  wi th  I E C  6 0 0 4 1 .   

F i g u re  5  i s  a  p l ot of l os s  d i s tri bu ti o n  at p eak effi ci e n cy ag a i n s t s p eci fi c s p e e d  

H

Q
NNq

4

3
=  

for a  wi d e  ra n g e  of m od e l  F ran ci s  tu rb i n e s  i n  2 0 0 5 .  Th e  l eft  ord i n a te  of th e  g ra ph  i s  th e  “ p er 
u n i t”  p e ak h yd rau l i c effi ci en cy wh i l e  th e  ri g h t ord i n a te  i s  th e  “ p er u n i t”  h yd rau l i c l os s es .  Th i s  
p l o t g i ves  a  g o o d  i d ea  of wh at o n e  m a y expe ct i n  th e  wa y of pe rform an ce fo r a  to ta l l y n e w u n i t 
at th at po i n t i n  ti m e .  O n e  s h al l  kee p i n  m i n d  h o we ver th a t i t  i s  s e l d om  pra cti ca b l e  to  
reh a b i l i tate  a n  o l d  tu rb i n e  an d  to  ach i e ve  th e  e ffi ci e n cy of a  n e w tu rb i n e  for th e  s a m e 
h yd ra u l i c co n d i ti o n s  an d  s i ze .  O n e  ca n  s ee  from  th i s  p l ot th a t th e  tu rb i n e  ru n n er i s  th e  s i n g l e  
m os t i m p orta n t com p on e n t co n tri b u ti n g  to  h yd ra u l i c l os s es .  Th e  d i s tri b u tor i n cl u d i n g  th e  s ta y 
ri n g  an d  g u i d e  van es  i s  th e  s eco n d  m os t i m porta n t p art of th e  tu rb i n e ,  wh i l e  for tu rb i n es  of l o w 
s p eci fi c h yd ra u l i c e n erg y,  th e  d raft  tu be  i s  a l s o  ve ry s i g n i fi can t.  
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Figure 5  – Efficiency and  d istribution  of losses  versus  speci fic  speed  for Francis  
turbines  (model )  in  2005 

S i g n i fi ca n t p erform an ce d e g rad a ti o n  m a y b e  ob vi ou s  from  a  care fu l l y co n d u cted  re ce n t p o we r 
g a te  te s t,  or i n d ex te s t,  b y com pari n g  th e  res u l ts  a g a i n s t rel i a b l e  e arl i er te s ts .  

F or s m al l  u n i ts ,  th i s  ap proa ch  a l o n g  wi th  a  carefu l  u n i t  i n s p e cti on  i n cl u d i n g  m eas u re d  ru n n er 
s ea l  cl e a ra n ce s ,  wi cke t g a te  cl e a ran ces  a n d  carefu l  re cord i n g  of a l l  wa te r p as s a g e d am a g e ,  
m a y be  a  s u ffi ci en t b as i s  for an  e va l u a ti o n  b y a  q u a l i fi ed  con s u l ta n t  or m an u factu re r,  of th e  
po ten ti a l  for effi ci e n cy i m p rovem en t wh i ch  m a y be  a ch i e ve d  e i th er b y m od i fi cati o n  of th e  
exi s ti n g  ru n n er or b y re p l acem en t of th e  ru n n e r wi th  a  n e w d es i g n .  Th i s  exerci s e  wo u l d  
as s es s  a l l  p os s i bl e  g a i n s  from  i m pro ve m en ts  to  th e  d i s tri b u tor,  s ta y ri n g ,  s p i ra l  ca s e  a n d  d raft  
tu b e.  

Th e  com pari s on  b etwe e n  re ce n t tes t re s u l ts  a n d  th e  ori g i n a l  com m i s s i o n i n g  tes t res u l ts ,  as  
l on g  a s  on e  h as  con fi d e n ce i n  th e  e arl i er tes ts ,  a l wa ys  g i ve s  th e  b es t i n form a ti o n  to  e s tab l i s h  
i f d e g rad a ti o n  of tu rb i n e  p erform an ce  h as  taken  p l ace.  Th e  m os t rece n t  tes t  wi l l  s e rve  as  a  
be n ch m ark for e va l u a ti n g  fu tu re  pe rform an ce i m pro vem en ts .  

B eca u s e  of th e  n a tu re  a n d  cos t of e ffi ci en cy tes ts ,  th e  s e l e cti on  of th e  ap prop ri a te  typ e  of 
tes ts  to  b e  p e rform e d  re q u i res  carefu l  co n s i d era ti on  b as e d  o n  th e  val u e  of th e  p roj ect,  th e  
po ten ti a l  e n erg y g a i n s  a n d  th e  con s e q u e n ce s  of n o t m ee ti n g  th em  com pl ete l y.  Th e  o pti o n s  
i n cl u d e  th e  fo l l o wi n g :  

•  F i e l d  tes ts  ( a  b e fore  a n d  a fte r tes t on  th e  re h a b i l i tate d  u n i t) :  

– po we r/g a te  tes t u n d er co n tro l l e d  h yd rau l i c co n d i ti on s ;  

– i n d ex ( re l ati ve  e ffi ci e n cy)  te s t  u n d er con trol l e d  h yd rau l i c  co n d i ti on s ;  
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– abs o l u te  effi ci e n cy tes t ( I E C  6 0 0 4 1 ) .  

•  M o d e l  tes ts  ( o n  a  n e w m od e l  of th e  exi s ti n g  d es i g n  a n d  a  n e w m od e l  of th e  n e w d es i g n ).  

•  CF D  a n a l ys i s  wi th  or wi th o u t veri fi ca ti o n  b y m od e l  tes ti n g .  An  eco n om i c a n a l ys i s  i s  
req u i re d  to  d eterm i n e  th e  eco n om i c com b i n ati on  o f s tu d i es  an d  tes ti n g  i n  th i s  ca s e.  

Th es e  o pti on s  are  fu rth er e l a bora te d  u p o n  i n  th i s  G u i d e.  Pres e n te d  h ere u n d er i s  a  bri e f 
re vi e w s h o wi n g  typ i cal  effi ci e n cy g a i n s  (or l os s  re d u cti o n s )  a tta i n a b l e  i n  ol d  tu rb i n es .  

D a ta  i s  pro vi d e d  h ere  b e l o w co n cern i n g  th e  i m pro vem en t i n  tu rb i n e  effi ci en cy wh i ch  m a y b e  
a n ti ci p a te d ,  d e p en d i n g  u p o n  th e  a g e  of th e  u n i t a n d  th e  d a te  of th e  pro p o s ed  ch a n g es .  N ote  
th at th e  i n form ati on  pro vi d e d  con cern i n g  po ten ti a l  ru n n er profi l e  g a i n s  (T ab l e  2 4 )  i s  for n e w 
m ach i n es  i n  e ach  era.  A certa i n  pe rce n ta g e  of th e  a p p are n t g a i n  i n d i ca te d  i s  s om eti m es  n o t 
a ch i e ved  i n  reh a b i l i ta ti o n  b eca u s e  of th e  l i m i te d  a b i l i ty of th e  s u p p l i er to  m od i fy or tota l l y 
reh a b i l i ta te  econ om i ca l l y,  wa ter pas s a g e  com p o n e n ts  ou ts i d e  th e  ru n n e r i ts el f.  I t  s h a l l  be  
ap pre ci a te d  th at th e  va l u e s  g i ve n  are  a vera g e s  for an  e ra  an d ,  a s  h a s  b e e n  i n d i cated  
e l s e wh ere  i n  th i s  g u i d e ,  a l l  h yd roe l ectri c  g e n era ti n g  s ta ti on s  a re  p a rti cu l a r ca s e s  wh i ch  s h a l l  
b e  u l ti m ate l y s tu d i e d  o n  th e i r o wn  m e ri ts .  

An y n e w ru n n e r s h a l l  b e  com pa ti b l e  wi th  th e  oth er wa ter p as s a g e  com po n e n ts  of th e  tu rbi n e,  
fai l i n g  wh i ch  th e  an ti ci p a te d  effi ci en cy g a i n s  m a y n o t b e  ach i e ve d .  I n  extre m e cas es ,  th e  n e w 
ru n n e r m a y h a ve  a  l o wer effi ci e n cy th a n  th e  o l d  o n e.  

6.3.4.3.2  Runner improvements  

Tabl e  2 4  i s  a  com pi l ati on  of th e  we i g h ted  a n d  p ea k effi ci e n cy g a i n s  vers u s  tu rb i n e  vi n ta g e  fo r  
ru n n er p rofi l e  m o d i fi ca ti on  o n l y.  Th es e  effi ci en cy g a i n s  a re  d eterm i n e d  b y th e  d i fferen ce of 
F ra n ci s  tu rb i n e  effi ci e n cy be twe en  n e w re p l acem en t ru n n er an d  ori g i n a l  ru n n er on l y,  wi th  n o  
oth er m od i fi cati o n .  Th e  s l i g h tl y b e tter g ai n s  i n  we i g h ted  effi ci en cy refl e ct th e  fact th a t th e  
m an u factu rers  h a ve  ach i e ve d  n ot o n l y a n  i m p ro vem e n t i n  l e ve l  of th e  effi ci en cy cu rve  b u t i n  
i ts  fl atter s h ap e  (p ro porti on a te l y m ore  i m pro vem e n t i n  th e  “ off peak”  re g i o n s  th a n  at th e  b es t 
effi ci e n cy p o i n t) .  E ffi ci e n cy g a i n s  d u e  to  m od i fyi n g  o th er wa ter p as s a g e com pon e n ts  are  d ea l t  
wi th  s e p ara tel y.  Th e  effi ci en cy g a i n s  are  ap proxi m ate  val u e s  on l y,  to  be  u s ed  i n  pe rform i n g  a  
pre l i m i n ary fe as i b i l i ty s tu d y.  F or a  d e ta i l ed  fe as i b i l i ty s tu d y,  tu rbi n e  m an u factu rers  s h ou l d  b e  
con tacted  to  o b ta i n  s p eci fi c va l u es  of p oten ti a l  effi ci en cy i m pro vem e n t for th e  u n i t  i n  q u es ti on  
an d  for th e  pro pos e d  s co pe  a l te rn ati ves .  

Table  24  – Francis  tu rbine potential  efficiency improvement  (%)  
for runner profi l e  mod ifications  on ly 

Francis  Turbine  Age  

(Years-period  end ing  in  2000)  

60  years  40  years  20  years  

Peak Weighted  Peak Weighted  Peak Weighted  

2 , 2  2 , 7  1 , 0  1 , 3  0 , 5  0 , 7  

N O TE  Th i s  i n fo rm a ti on  wa s  co m p i l e d  b y Ro u s s e a u  S a u vé  W a rre n  I n c. ( RS W )  d u ri n g  i ts  wo rk o n  th e  I E A 
g u i d e .  Th e  va l u e s  i n  th e  a b o ve  ta b l e  com e  from  i ts  own  e xp e ri e n ce  a n d  from  th e  re s p on s e  to  a n  RS W  
q u e s ti o n n a i re  b y a  m a j or i n te rn a ti on a l  tu rb i n e  m a n u fa ctu re r d u ri n g  th e  I E A m a n d a te .  
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W h en  a  ru n n er i s  b e i n g  re p l aced ,  th e  m an u factu rers  h a ve  th e  o p ti o n  to  co n s i d er th e  po te n ti a l  
be n efi ts  of ch a n g i n g  th e  n u m be r of ru n n er b l a d es .  Al l  oth er th i n g s  b e i n g  e q u a l ,  a n  i n crea s e  i n  
th e  n u m ber of ru n n e r b l a d es  afford s  th e  m a n u factu re r th e  p os s i b i l i ty of re d u ci n g  th e  p res s u re  
d i ffere n ti a l  acros s  a  g i ve n  b l ad e  a n d  i m p ro vi n g  th e  ca vi ta ti o n  p erform an ce for a  g i ven  
m axi m u m  po wer.  W i th  a n  accom pa n yi n g  profi l e  ch a n g e ,  wh i ch  i s  u s u a l ,  on e  ca n  exp ect to  
ach i e ve  a n  i n creas e  i n  m axi m u m  po wer.  An y ch a n g e i n  n u m ber of bl a d e s  s h a l l  b e  d o n e  wi th  
d u e  co n s i d erati o n  for th e  d yn am i c i n terp l a y b e twe e n  th e  tu rb i n e  d i s tri b u tor a n d  th e  ru n n er 
i ts e l f.  U n s tea d y fl o w a n a l ys es  m a y b e  j u s ti fi e d ,  p arti cu l arl y i n  th e  ca s e  of pl a n ts  wi th  h i g h  
s peci fi c h yd ra u l i c  e n erg y a n d  cl os e  proxi m i ty b etwe e n  th e  tra i l i n g  e d g es  of th e  g u i d e  va n es  
an d  th e  l e a d i n g  e d g es  of th e  ru n n e r b l a d es .  

Tota l  ru n n er b l a d e  are a ,  wh i ch  m ean s  b l ad e  l e n g th  for a  g i ve n  d i s tri b u to r h e i g h t,  i s  a n o th er 
vari a b l e  to  con s i d er wh e n  i n creas e d  p o wer i s  b ei n g  s ou g h t.  O verl a pp i n g  of th e  ru n n er b a n d  
on  th e  d i s ch a rg e  ri n g  or on  th e  top  of th e  d ra ft  tu be  l i n er a n d  m o vi n g  d o wn s tre am  th e  j u n cti on  
of th e  ru n n er bl a d es  wi th  th e  ru n n er cro wn  ca n  b e  d o n e  on l y wi th  d u e  re g a rd  for th e  i n fl u e n ce  
of th i s  o n  th e  ve n ti n g  of th e  ru n n er s e a l  l e akag es  to  th e  d raft tu b e  s i n ce  s u ch  ch a n g e s  affect 
th e  s ta ti c  pre s s u res  d o wn s tre am  of th e  u p p er a n d  l o we r ru n n er s e a l s .  Pres s u re  ch an g e s  ca n  
res u l t i n  res on a n t vi bra ti o n s .  

S u bs ta n ti a l  g a i n s  can  a l s o  b e  ob tai n e d  i n  s om e cas es  th ro u g h  m i n o r m od i fi ca ti o n s  to  th e  
b l a d e  p rofi l es  wi th o u t re p l aci n g  th e  ru n n er.  F i g u re  6  s h o ws  th e  i n cre as e  i n  e ffi ci e n cy o bta i n e d  
on  th e  L a  G ran d e -3  tu rb i n e  ru n n er,  i n  Q u e b ec,  Ca n ad a ,  ( com m i s s i o n e d  i n  1 9 8 2 )  b y s l i g h tl y 
cu tti n g  b a ck th e  bl a d e s  a t th e  o u tl et.  Th i s  m od i fi ca ti on  was  ca rri e d  o u t on l y afte r a n  e xte n s i ve  
CF D  a n a l ys i s  of th e  fl o w th ro u g h  th e  tu rb i n e.  
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Figure 6  – Relative efficiency gain  fol lowing  modification  of the  blades  on  the  
La Grande  3  runner,  in  Quebec,  Canada 
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I n  ad d i ti o n  to  th e  g a i n s  from  a  n e w h yd ra u l i c profi l e  of th e  b l a d e s ,  s om e a d d i ti o n al  effi ci e n cy 
g a i n s  m a y b e  ach i e ved  th ro u g h  re d u cti on  of ru n n er h yd ra u l i c fri cti o n  l os s e s  bo th  i n  th e  wa te r 
pas s a g es  a n d  ou ts i d e  th e  b an d  an d  cro wn  ( d i s k fri cti o n )  a n d  re d u cti o n  of th e  ru n n er s e a l  g a p  
l os s  ( l eaka g e  d i s ch arg e) .  

Th e  m ag n i tu d e  of th e  p ote n ti a l  g a i n  i n  g o i n g  from  ve ry ro u g h  to  s m oo th  s u rfa ces  i n  th e  water 
pas s a g es  th em s el ves  a n d  i n  th e  a d j acen t ch am bers  co u l d  be  an ywh ere  be twe e n  0 , 2  %  a n d  
2  %  d e p e n d i n g  on  th e  cu rre n t  co n d i ti o n  of th e  o l d  ru n n er.   

W ork i s  cu rre n tl y b e i n g  d on e  b y I E C  TC  4  l ea d i n g  to  a  m ore  a ccu ra te  pre d i cti o n  of th e  m od el  
to  p roto typ e  effi ci e n cy s tep - u p  taki n g  d i fferen ti a l  rou g h n e s s  i n to  accou n t.  I t  m i g h t be  p os s i b l e  
to  u s e  a n  exte n s i o n  of th i s  wo rk i n  th e  fu tu re  to  e s ti m ate  l os s es  ari s i n g  fro m  g ros s  ro u g h n es s  
i n  ol d  m a ch i n es .  As  a  fi rs t ap proxi m ati o n ,  th e  m axi m u m  poten ti a l  g a i n  for i m pro ve m en t of 
s u rface  co n d i ti on  m a y be  as s u m e d  to  be  2  %  for 6 0  ye a rs ,  1 , 5  %  for 4 0  ye ars  a n d  1  %  for 2 0  
ye ars  s i n ce  i t  m a y b e  a s s u m e d  th a t m os t typ es  of a tta ck o n  th e  ori g i n a l  s u rface  co n d i ti o n  of a  
ru n n er are  re l ated  to  th e  d u ra ti o n  of s ervi ce .  T h es e  g a i n s  wo u l d  n o t b e  a ttai n ab l e  i f th e  
ori g i n a l  ru n n er m ate ri a l  was  s ta i n l es s  s te e l  a n d  parti cl e  eros i o n  i s  n o t a  factor.  D u ri n g  a  
P h as e  1  Re h a b i l i tati on  S tu d y,  o n e  m a y as s u m e g a i n s  from  th i s  s o u rce  to  b e  1  %  for 6 0  ye ars ,  
0 , 5 0  %  for 4 0  ye ars  an d  0 , 2 5  %  for 2 0  ye a rs .  F or a n y l ater ph a s e s  of a  re h ab i l i ta ti o n  s tu d y,  i t  
i s  recom m en d e d  to  s e ek exp erti s e  from  m an u factu rers  or q u a l i fi e d  h yd ra u l i c l a boratori es  to  
g e t a  b etter as s es s m e n t of th e  p o te n ti a l  g a i n s  fro m  i m pro ve m e n t of s u rface  co n d i ti o n  i n  a n d  
aro u n d  th e  ru n n er.  

Th e  ru n n er “ d i s k fri cti o n ”  l os s es  are  i n fl u e n ce d  b y th e  cl e ara n ce wi th  re s p ect to  th e  a d j a ce n t 
fi xe d  com po n en ts ,  th e  ro ta ti o n al  s p e e d  an d  d e g re e  of s u rface  ro u g h n es s  o n  b oth  th e  ro ta ti n g  
an d  fi xe d  p arts .  I f a n y of th e s e  p a ram ete rs  can  b e  i m pro ve d ,  a  l os s  re d u cti o n  m a y b e  
ach i e ved .  M o d i fi ca ti o n s  m a y i n cl u d e  a  re d u cti on  of th e  cl e ara n ce b etwe e n  th e  ru n n e r cro wn  
an d  h e a d co ve r,  th e  a d d i ti on  of a n  a n ti -ci rcu l a ti o n  p l a te  b e twee n  th e  ru n n e r cro wn  a n d  
h e a d co ver or a  red u cti o n  of th e  s u rface  ro u g h n es s  of th e  com pon e n ts  i n vo l ve d  (h ea d co ve r,  
ru n n er cro wn  an d  b an d  a n d  d i s ch arg e  ri n g ) , .   

Th e  ru n n e r s e a l  g a p  l os s e s  i n cre a s e  wi th  an y i n cre as e  of th e  s ea l  cl e a ra n ces  ca u s e d  b y 
eros i o n ,  ca vi tati on  an d  on  occas i on ,  we ar d u e  to  co n tact.  Re- es tab l i s h i n g  th e  ori g i n al  
cl eara n ces  or u s i n g  a  m ore  effecti ve  s e a l  d es i g n  s u ch  as  a  m u l ti -s e g m en t l ab yri n th  i n  th e  
p l a ce  of a  s tra i g h t cyl i n d ri cal  s e a l ,  m a y con tri b u te  to  l os s  re d u cti o n .  Th e  s ea l  d es i g n  m a y b e  
re- a n a l ys e d  to  d e term i n e  th e  o pti m a l  th eore ti ca l  cl eara n ce,  b u t  th i s  s h a l l  b e  com pa re d  ag a i n s t 
a  m i n i m u m  s a fe  cl e ara n ce taki n g  i n to  accou n t th e  fol l o wi n g  m e ch an i ca l  con s i d erati o n s :  

•  d efl ecti o n  of th e  h ea d co ver an d  bo ttom  ri n g  or d i s ch arg e  ri n g  as  a  res u l t of th e  pres s u re  
l oa d s  a n d  th e  re acti on  l o ad s  from  g u i d e  va n e s ;  

•  m a ch i n i n g  tol era n ces  o n  th e  ru n n er a n d  o n  th e  a d j ace n t fi xe d  we ari n g  ri n g s ;  

•  ru n o u t of s h a ft s ys tem  wi th i n  th e  b e ari n g  cl ea ra n ces  wh i ch  l e a d s  to  ru n o u t of th e  ru n n e r i n  
th e  s e a l s ;  

•  rad i a l  d efl e cti on s  of th e  ru n n er com po n e n ts  (m a i n l y th e  b a n d )  d u ri n g  n orm a l  l oa d i n g  
con d i ti o n s  an d  a t ru n a wa y;  

•  tu rb i n e  b e ari n g  s u pp ort d e fl ecti on s  i n cl u d i n g  th os e  res u l ti n g  from  occas i o n al  u n eq u a l  
l oa d i n g  from  th e  s e rvom otors  wh en  th e  force s  a cti n g  o n  th e  o pe rati n g  ri n g  are 
u n b a l a n ced .   
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Th e ru n n er s ea l  d es i g n  a n d  g a ps  i m pact l e akag e d i s ch arg e  an d  th ere b y th e  axi al  th ru s t o n  th e  
tu rb i n e .  An  i n cre a s e  i n  a xi a l  th ru s t wi l l  res u l t i n  h i g h er l os s es  i n  th e  th ru s t be ari n g ,  s o  i t  m a y 
be  b e n e fi ci a l  to  con s i d er th e  a d d i ti o n  of a n  a n ti -ci rcu l a ti o n  p l ate  i n  th e  h e a d co ver to  res tri ct 
th e  reci rcu l ati on  of l e akag e  wa te r from  th e  o u te r cro wn  s ea l  th e re b y re d u ci n g  th e  pres s u re  
l oa d  on  th e  ru n n e r cro wn .  C on s i d e ra ti o n  s h o u l d  a l s o  b e  g i ve n  to  th e  ra ti o  of b al a n ci n g - h o l e  
are a  i n  th e  ru n n e r cro wn  or b a l a n ci n g  p i pe  are a  ve rs u s  th e  u p p er s ea l  cl e ara n ce a re a.  Th e  
ba l a n ci n g  s ys tem  tran s m i ts  th e  u pp er ru n n e r s ea l  l e a ka g e to  th e  d ra ft tu b e .  A rati o  of at  l e as t  
5  to  1  i s  typ i ca l .   

Tab l e  2 5  pro vi d es  an  i n d i ca ti o n  of p ote n ti a l  e ffi ci en cy i m pro vem e n t wh i ch  m a y b e  exp ecte d  
s o l e l y from  res tora ti o n  or d es i g n  m od i fi ca ti o n  of F ran ci s  ru n n e r s e a l s  a n d  th i s  i s  u s u a l l y from  
res torati on  of th e  ori g i n a l  ru n n er s e a l  cl e ara n ces .  Th e  ra n g e  of p ote n ti a l  g a i n s  s h o wn  take s  
i n to  acco u n t a  wi d e  ra n g e  of ca s e s  of s e a l  d a m ag e i n cl u d i n g  s e ri ou s  pa rti cl e  eros i o n  a n d  
s eri o u s  we a r.  Th e  ta bl e  s h o u l d  b e  u s e d  wi th  s o m e forekn o wl ed g e of th e  p a rti cu l ar cas e  as  
i n d i cate d  b e l o w an d  o n l y for fi rs t a p proxi m ati o n s  of a  po te n ti a l  g a i n  from  th e  re h ab i l i tati o n  or 
d es i g n  ch a n g e  of th e  s ea l s  th em s e l ves .  

Th e s e  e ffi ci e n cy i m pro ve m en ts  a re  d eterm i n e d  as  th e  d i ffere n ce  b etwe e n  red es i g n e d  ru n n er 
s ea l s  a n d  th e  o ri g i n a l  wo rn  ru n n er s e a l s  o n l y,  i n  con j u n cti on  wi th  a  n e w re p l acem en t ru n n er or 
a  reh a b i l i ta ted  ru n n er an d  n o  oth e r m od i fi ca ti on .  Th es e  effi ci e n cy i m p rovem en ts  a re  
ap proxi m a te  va l u e s  on l y to  be  u s ed  i n  p erform i n g  a  pre l i m i n ary feas i b i l i ty s tu d y.  Th e  ru n n er 
s e a l  l os s es  are  n ot co n s tan t a cros s  th e  ran g e  of s pe ci fi c s p e e d s  ( h ea d s )  as  d em on s tra ted  i n  
F i g u re  5 .  F or l o w s p eci fi c  s p ee d  tu rb i n es ,  l os s es  i n  worn  s ea l s  co u l d  b e  m u ch  g re a ter th a n  on  
h i g h  s p eci fi c s p ee d  tu rbi n es  d u e  to  th e  very d i fferen t p res s u re  g ra d i e n ts  a cros s  th e  s e a l s .  

Table  25  – Potential  impact of design  and  condition  of runner seals  on  Francis  tu rbine  
efficiency wi th  new replacement runner or rehabi l i tated  runner (%)  

Runner seal  component Modi fication  or repl acement 

C ro wn  0 , 2  to  2 , 0 *  

B a n d  0 , 2  to  2 , 0 *  

* H i g h l y d e p e n d e n t on  s ta te  of we a r of e xi s ti n g  s e a l s  a n d  o n  s p e ci fi c  s p e e d  o f th e  tu rb i n e .  

 

I f we  s e t as i d e  th e  pa rti cu l ar ca s e s  of ve ry b a d  ru n n er s e a l  we a r d u e  to  p a rti cl e s  tra n s p o rted  
i n  th e  fl o w,  we  ca n  s a y th a t for a  fi rs t a p proxi m ati on ,  th e  po ten ti a l  g a i n  from  repa i ri n g  a n d  
i m pro vi n g  th e  ru n n er s e a l s  co u l d  b e  of th e  ord e r of 0 , 5  %  for each  of th e  cro wn  a n d  ba n d  
s ea l s  s u ch  th a t th e  p ote n ti a l  g a i n  for th e  ru n n er re p l acem en t,  a g a i n  as  a  fi rs t a p p roxi m a ti o n ,  
cou l d  b e  ta ke n  as  th e  va l u es  i n  Ta b l e  2 4  p l u s  1 , 0  %  for a  6 0  ye ar o l d  tu rb i n e ,  0 , 7 5  %  for a  
forty ye a r o l d  tu rb i n e  a n d  0 , 5  %  for a  2 0  ye ar o l d  tu rb i n e.  

Tabl e  2 6  b e l o w s h o ws  th e  to ta l  g a i n  wh i ch  m i g h t b e  a n ti ci p ated  th ere fore  for p re l i m i n ary 
s tu d i es  for a  F ra n ci s  ru n n er re pl acem en t taki n g  a l l  as pects  i n to  acco u n t i n cl u d i n g  profi l e  
i m pro vem en ts ,  re h a b i l i ta ti o n  of th e  s ea l s  a n d  res tora ti o n  of th e  s u rfa ce  fi n i s h  o n  th e  b l a d es  
cro wn  a n d  b a n d  of th e  water p as s a g es  a n d  on  th e  ru n n e r extern a l  s u rfaces .  

BS EN 62256:2008– 87 –



Table  26  – Potential  total  gain  i n  efficiency from  the replacement of a  Francis  turbine 
runner including  the  blade profi l e  improvements,  the  restoration  of surface condi tion  

and  the reduction  of seal  losses   

Francis  turbine  potential  runner effici ency gains   

(Period  end ing  in  2000)  

Age  of un i t   6 0  ye a rs  4 0  ye a rs  2 0  ye a rs  

Profi le  improvements  2 , 2  %  1 , 0  %  0 , 5  %  

Restoration  of surface  condi tion  1 , 0  %  0 , 5  %  0 , 2 5  %  

Reduction  of seal  l osses  1 , 0  %  0 , 7 5  %  0 , 5  %  

Total  approximate  potenti al  gain  4 , 2  %  2 , 2 5  %  1 , 2 5  %  

 

Th e  va l u es  of Tab l e  2 6  a re  for th e  cas e  i n vo l vi n g  F ra n ci s  ru n n er re p l acem en t.  E ffi ci e n cy g a i n s  
ca n  s om eti m e s  b e  m ad e b y m o d i fyi n g  th e  exi s ti n g  ru n n er b l a d es  as  i n d i ca te d  i n  F i g u re  6  
wi th o u t re p l aci n g  th e  ru n n er.  H o we ve r,  th e  to ta l  p o ten ti a l  g a i n s  m a y be  e xp ecte d  to  be  l e s s  
th a n  th e  va l u es  i n d i ca ted  i n  Tab l e  2 6 .  

Ad d i ti o n al  p o te n ti a l  g a i n s  i n  p erform an ce from  m od i fi ca ti o n  of o th e r tu rb i n e  com p on e n ts  are  
d i s cu s s e d  i n  th e  fol l o wi n g  S u bcl a u s es .  

6.3.4.3.3  Improvements  to  other turbine components  

Tabl e  2 7  i s  a  com pi l a ti o n  of p ote n ti a l  a d d i ti o n a l  effi ci e n cy i m p ro vem en ts  b y re h a b i l i ta ti o n  or 
rep l acem en t of oth e r wa ter p a s s a g e com p o n e n ts  for a  tu rbi n e  vi n ta g e  of (5 0  to  6 0 )  ye a rs .  Th e  
po ten ti a l  effi ci e n cy i m pro vem e n ts  s h o wn  are  from  two p os s i b l e  s ou rce s ;  th e  i m pro vem e n t of 
th e  s u rfa ce  fi n i s h  a n d  m od i fi ca ti o n  or re p l acem en t of th e  com pon e n t.  Th e  rep l a cem en t or n ot 
of th e  tu rb i n e  ru n n er i s  n o t co n s i d ere d  h ere  i n  e va l u ati n g  th es e  po te n ti a l  g a i n s .  H o we ver,  
m os t s tu d i e s  i n vo l ve  ru n n er re p l acem en t a s  a  fi rs t o p ti o n .  Ru n n er re p l ace m en t h as  n orm al l y a  
h i g h  i m pact o n  tu rb i n e  p e rform an ce an d  th e  ru n n er i ts e l f h a s  u s u a l l y a  s h orter u s efu l  l i fe  th a n  
th e  re s t of th e  tu rb i n e .  Th e  p oten ti a l  effi ci e n cy i m pro vem en ts  p res en ted  h ere  are  a p proxi m ate  
va l u e s  to  be  u s e d  i n  p e rform i n g  a  pre l i m i n a ry fe a s i bi l i ty s tu d y.  F or a  d eta i l e d  fe as i b i l i ty s tu d y,  
tu rb i n e  m an u factu rers  s h o u l d  b e  co n tacte d  to  o bta i n  s peci fi c va l u es  of po ten ti a l  a d d i ti on a l  
effi ci e n cy i m pro vem en t for th e  u n i t  b e i n g  s tu d i e d .  

Table  27  – Potential  Addi tional  Efficiency Improvement by Rehabi l i tation/Replacement 
of Other Water Passage  Components  on  a  Francis  Turbine  (%)  

Water passage component Surface fi n i sh  improvements  Modi fication  or repl acement 

S p i ra l  C a s e  0 , 3   

S ta y Ri n g  0 , 2  0 , 1  to  2 , 0  

G u i d e  Va n e s  0 , 2  to  1 , 0 * *  0 , 2  to  1 , 0 * *  

D ra ft  Tu b e  0 , 3  0 , 3  to  1 , 0 *  

*H i g h l y d e p e n d e n t o n  fo rm  o f o ri g i n a l  d ra ft  tu b e  a n d  p l a n t s p e ci fi c h yd ra u l i c e n e rg y ( h e a d ) .  I n  
e xtre m e  ca s e s ,  co u l d  b e  a s  h i g h  a s  2 , 0  % .  

**I n  e xtre m e  ca s e s ,  th i s  i m p ro ve m e n t h a s  b e e n  fo u n d  to  b e  a s  h i g h  a s  2 , 0  % .  

 

S i n ce  m od i fyi n g  th e  s p i ra l  cas e  or i ts  re p l ace m en t for l os s  red u cti o n  i s  ou t  of th e  q u es ti on  for 
a l l  p l a n ts  wh e re  i t  i s  em b ed d ed  i n  co n cre te,  th e  o n l y rem e d i al  acti on  i s  th e  i m pro ve m en t of th e  
s u rface  fi n i s h  wh i ch  s h a l l  b e  th e  s u bj ect of a  b en e fi t/cos t a n a l ys i s .   
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Th e  s ta y ri n g  can n ot b e  re p l ace d  e a s i l y a n d  th i s  i s  s e l d om  d on e ,  b u t i ts  form  can  b e  m ore  
eas i l y m od i fi e d  for l os s  re d u cti o n .  Th e  p ote n ti a l  e ffi ci en cy i m pro vem e n t from  a  s ta y ri n g  
m od i fi cati o n  ca n  b e  d ete rm i n e d  b y m ean s  of CF D  an a l ys i s  a n d  con fi rm ed  b y m od e l  tes ti n g ,  
th o u g h  a n  eco n om i c a n a l ys i s  i s  re q u i red  to  d e term i n e  i ts  fe as i b i l i ty.  Th e  tu rb i n e  m a n u factu rer 
can  perform  th i s  C F D  a n a l ys i s .  Th i s  an a l ys i s  m a y d em on s tra te  i t  to  be  fe a s i bl e  to  m od i fy th e  
s ta y va n e s  to  red u ce  l o s s es .  Th e  s ta y ri n g  i s  a  very i m portan t s tru ctu ra l  com p o n e n t a n d  
th erefore ,  ca refu l  s tru ctu ra l  a n al ys i s  i s  re q u i red  b efore  an y m od i fi ca ti on s  a re  d on e .  
M o d i fi cati o n s  to  th e  s h rou d s  are  s om eti m es  co n s i d ere d  to  i m pro ve th e  fl o w from  th e  s p i ra l  
cas e  to  th e  s ta y ri n g  b y th e  a d d i ti on  of p ara l l e l  s h ro u d  p l ate s .  F o r exam p l e  a  cl a s s i c n o n -
P i g u et s ta y ri n g  ( wi th  co n verg i n g  s h ro u d  p l a tes )  can  b e  co n ve rte d  to  th e  P i g u e t typ e  s ta y ri n g  
h a vi n g  para l l e l  s h ro u d  p l ates  fo r a  ca s e  wh ere  a  s i g n i fi ca n t  i n cre as e  i n  m axi m u m  d i s ch arg e  i s  
con tem p l a ted .  M o d i fi ca ti on s  to  th e  i n fl o w e d g e  p rofi l e  a n d  a n g l e  of th e  s ta y va n es  m a y a l s o  
be  co n s i d ere d .  Th e  d e g ra d a ti o n  of th e  s u rface  fi n i s h  wi l l  a l s o  h a ve  re s u l te d  i n  a n  i n cre as e  of 
l os s es  a n d  th e  i m pro vem en t of th e  s u rface  con d i ti on  of th e  s ta y va n es  a n d  s h ro u d s  m a y pro ve  
to  b e  a d van ta g e o u s .  

Apart from  th e  tu rb i n e  ru n n e r i ts e l f,  th e  g u i d e  va n es  a re  th e  n ext m os t l i kel y com po n e n t to  
pres e n t a n  eco n om i c p o s s i bi l i ty for p erform an ce i m pro vem en t b y re p l ace m en t.  U s e  of h i g h er 
s tre n g th  m ateri a l  for th e  g u i d e  va n es  ca n  p erm i t  re d u ci n g  th e  th i ckn es s  of th e  g u i d e  va n e  
bo d y a n d  i m pro vi n g  i ts  h yd ra u l i c s h a p e .  Pro vi d e d  th e  n e w g u i d e  va n es  u s e  th e  s am e tru n n i o n  
d i am e ters ,  a  ch a n g e  of g u i d e  va n e s  repres e n ts  n o  s i g n i fi ca n t m od i fi ca ti on  to  e i th er th e  
h e a d co ver or b o ttom  ri n g .  I t  s h o u l d  b e  n o te d  h o we ver,  th a t i n  ad d i ti o n  to  a  ch an g e of th e  
s h a p e of th e  g u i d e  va n e  i ts e l f,  a d d i ti o n a l  m a xi m u m  op e n i n g  an g l e  m a y be  req u i re d  to  ach i e ve  
an  i n crea s e  i n  m axi m u m  po we r a n d  th i s  wi l l  re q u i re  a  d eta i l e d  re vi e w of g u i d e  va n e  h yd ra u l i c  
torq u e  a n d  th e  s troke  an d  ca p aci ty of th e  s ervom otors .  

Th e  d eg ra d a ti o n  of th e  s u rface  fi n i s h  of th e  g u i d e  va n es  wi l l  a l s o  res u l t i n  a n  i n creas e  of 
l os s es  a n d ,  i f th e y a re  to  b e  reta i n e d ,  th e  i m pro ve m en t of th e i r s u rface  fi n i s h  wi l l  co n tri b u te  to  
l os s  re d u cti o n .   

Th e  con tri b u ti o n  of  th e  d ra ft tu b e  to  tota l  tu rb i n e  l os s es  i s  h i g h l y vari a b l e  a n d  s i te  d e p e n d en t 
an d  n o t a l wa ys  p red om i n a te l y re l ate d  to  “ vi n tag e”  (s ee  F i g u re  5) .  CF D  a n a l ys i s  i s  es s e n ti al  to  
d e term i n e  po te n ti a l  i m pro ve m en ts  a n d  a n  econ o m i c an a l ys i s  i s  req u i red  to  d e term i n e  th e  
fe as i b i l i ty of a n y prop os e d  ch a n g es .  Th e  d e g ra d a ti on  of th e  s u rface  fi n i s h  o f th e  d raft tu b e  wi l l  
a l s o  res u l t  i n  a n  i n cre as e  of l os s es  a l th o u g h  th i s  e ffect i s  u s u al l y s e co n d ary to  p o or d raft  tu be  
d es i g n  es p eci al l y i n  very o l d  m ach i n es .  

M o d i fi cati o n s  for perfo rm a n ce  i m pro vem e n t m a y b e  l i m i te d  to  th e  a rea s  i n vol vi n g  th e  
m e ch an i ca l  com p on e n ts  al o n e  b u t th e y m a y i n vo l ve ,  i f eco n om i ca l l y j u s ti fi e d ,  s u bs tan ti a l  
m od i fi cati o n s  to  th e  con cre te  d raft  tu b e  profi l es .  As  i n d i cate d  a b o ve ,  for b e s t res u l ts ,  d e ta i l e d  
d ra wi n g s  of th e  com pl ete  exi s ti n g  e q u i pm e n t i n cl u d i n g  th e  d raft tu be  an d  a n y exi s ti n g  fl o w 
i m pro vem en t d e vi ces  s h a l l  be  m ad e a va i l ab l e  to  th e  con tractors  b e i n g  con s i d ere d  to  q u o te  o n  
an y reh a b i l i ta ti o n  p roj ect.   

Re l ati ve l y m i n or co n cre te  m od i fi ca ti o n s  are  s om eti m es  p os s i bl e  to  i m pro ve th e  ve l oci ty p rofi l e  
of s om e of th e  e arl i er e l b o w d ra ft tu b e  d es i g n s  a l l o wi n g  s u b s ta n ti a l  p erform an ce g a i n s  a t h i g h  
d i s ch a rg e .  

F i g u re  7 a  pres e n ts  a  p l ot  of p o i n ts  s h o wi n g  g a i n s  atta i n ed  for va ryi n g  d e g ree s  of i n te rve n ti o n  
on  F ra n ci s  typ e  tu rb i n es .  Th e  p o i n ts  be twe e n  1 9 0 8  a n d  1 9 5 5 are  from  J ap an es e  e xp eri e n ce  
an d  a re  ba s e d  m a i n l y o n  b efore  a n d  afte r re h a b i l i ta ti o n  effi ci e n cy te s ts  u s i n g  a  n u m ber of 
d i ffere n t m eth o d s .  Th e  p o i n ts  b e twee n  1 97 8  an d  1 9 9 8  a re  from  E u rop e an  an d  N orth  Am eri can  
ca s es  a n d  are  b as e d  o n  com pa ra ti ve  m od e l  te s ts  of F ran ci s  ru n n e rs  wi th  th e  o l d  an d  n e w 
h yd ra u l i c p rofi l es  bu t wi th  co n ve n ti o n a l  ru n n er s ea l s  i n  com para b l e  co n d i ti o n  for th e  two  
d es i g n s  h e n ce  re pres e n t th e  p o te n ti a l  b en e fi t of th e  bl a d e  n u m b er a n d  p rofi l e  ch a n g e s  o n l y 
wi th  n o  g a i n  from  s u rface  con d i ti o n  n or from  ru n n e r s e a l  i m pro vem e n t.  O n  th es e  po i n t p l ots ,  a  
cu rve  i s  ad d ed  ba s e d  u p on  th e  as s e s s m en ts  d e s cri be d  a b o ve  fo r ru n n e r re p l acem en t from  th e  
l a s t  l i n e  of Ta b l e  2 6 .   
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Th e p oten ti a l  b e n efi ts  of oth er com p o n e n t m od i fi cati on s  s h a l l  a l s o  b e  co n s i d e re d  b u t th e y are  
h i g h l y d e pe n d e n t o n  s i te  s peci fi c co n d i ti o n s  an d  a re  ra re l y con s i d e re d  i n  a  P h as e  I  F e as i bi l i ty 
S tu d y fo r tu rb i n e  re h a b i l i tati on .   

Th e  re a d er s h ou l d  n o te  from  F i g u re  7 a  th a t th ere  are  m an y cas es  wh e re  th e  p erform an ce  
i m p ro vem e n ts  wh i ch  o n e  m i g h t e xp ect from  th e  a b o ve d a ta ,  were  n o t  a tta i n ed  a n d  th i s  
u n d erl i n e s  th e  i m po rtan ce  of h a vi n g  th e  a p propri ate  exp erti s e  d e vote d  to  th e  s tu d i es  pri or to  
com m en cem en t of th e  re h a b i l i ta ti on  work i n  a l l  ca s es .  
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Table 26 - Ru nn er replacem ent  
includi ng m odifications to the  
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Figure 7a – Potential  efficiency improvement  for Francis  tu rbine  rehabi l i tation  

F i g u re  7 b  i s  a  p l ot bas e d  on  S wed i s h  exp e ri e n ce  of po te n ti a l  g a i n s  on  Kap l an  tu rb i n e s  ari s i n g  
from  th e  rep l acem en t of th e  tu rb i n e  ru n n e r a n d  th e  d i s ch arg e  ri n g .  S om e  of th es e  
reh a b i l i ta ted  m ach i n es  n o w h a ve  d i s ch arg e  ri n g s  wh i ch  are  s p h eri ca l  th rou g h o u t th e  zo n e  
s we pt b y th e  ru n n er b l a d es ,  a bo ve a n d  b e l o w th e  b l a d e  axi s .  S u ch  i n te rve n ti on s  m a y n ot b e  
eco n om i ca l l y j u s ti fi e d  i n  a l l  ca s e s  wh ere  th e  d i s ch arg e  ri n g  i s  em be d d e d  as  i t  l i ke l y was  i n  
m ach i n es  b u i l t  b efore  1 96 0 .  A n u m be r of effi ci en cy g a i n  e va l u a ti o n  m eth od s  we re  a l s o  
i n vo l ved  an d  th e  rea d er s h a l l  b e  a ware  th a t e ach  m e th o d  cari e s  i ts  o wn  i n a ccu ra ci es .  
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Figure 7b  – Potential  efficiency improvement for Kaplan  turbine rehabi l i tation  

As  m en ti o n e d  a b o ve,  th e  d e teri orati on  of th e  s u rfa ce  fi n i s h  of th e  com po n e n ts  of a  tu rbi n e  ca n  
h a ve  a  s i g n i fi can t i m pact on  i ts  effi ci en cy.  I n  th e  ord e r of p ote n ti a l  i m portan ce ,  th e  
com pon e n ts  wh i ch  h a ve  an  i n fl u e n ce are  th e  ru n n er,  th e  g u i d e  va n es  a n d  th e  s ta y ri n g .  
Les s er bu t p ote n ti a l l y s i g n i fi ca n t effe cts  re s u l t  from  d ete ri ora ti o n  of th e  wa te r p as s a g e  
s u rfaces  of th e  s p i ra l  ca s e  a n d  d raft tu b e .  F u tu re  I E C  6 2 0 9 7  p ro vi d es  a  m e th od  of e val u ati n g  
th e  i m pact of s u rface  fi n i s h  d i ffere n ces .  I ts  l i m i ts  of a p p l i ca b i l i ty are  very s tri ct h o we ver,  s i n ce  
th a t pu b l i cati on  was  d e ve l o p ed  to  perm i t e val u a ti n g  th e  d i ffe ren ce s  b e twee n  th e  s u rface  
fi n i s h es  of tu rb i n e  m od e l s  wi th  res p ect to  th e  corres p o n d i n g  pro totyp es ,  b oth  i n  “ n e w”  
con d i ti o n  ( pred i cti o n  of p rototyp e  p erform an ce fro m  m od e l  tes ts ) .  F u rth e r work i s  b ei n g  d on e  
b y b oth  I E C TC4  an d  I AH R to  exte n d  th e  ra n g e  of e va l u ati on  of s u rface  rou g h n es s  effe cts .  
Re h ab i l i tati o n  of th e  s u rface s  of th e  ru n n e r a n d  g u i d e  van e s  or th e i r re p l acem e n t i s  a l m os t 
a l wa ys  eco n om i cal l y j u s ti fi a b l e .  C l e an i n g  a n d  p a i n ti n g  of th e  s ta y ri n g ,  s u rface s  of th e  
h e a d co ve r a n d  d i s ch arg e  ri n g  exp os e d  to  th e  fl o w a re  a l s o  u s u a l l y j u s ti fi ed .  Th e  cl e a n i n g  a n d  
pa i n ti n g  or oth er re s u rfa ci n g  of th e  wa ter pas s a g e s  of th e  s p i ra l  cas e  a n d  d ra ft tu b e  m a y b e  
j u s ti fi e d ,  s om e ti m es  for re d u cti on  of l os s e s  a n d  s om e ti m es  to  arres t m ateri al  l os s  b y 
corros i o n /eros i o n .  

6.3.4.4 Cavitation  erosion  

6.3.4.4. 1  Cavi tation  in  reaction  turbines  

M o d ern  ru n n e r d e s i g n s  a l l o w l es s  s u bm erg e n ce  for ca vi ta ti o n  e ros i o n  fre e  p e rform an ce  at a  
g i ve n  d i s ch a rg e  co effi ci e n t th a n  d o  o l d er u n i ts .  Th i s  i s  d u e  to  b etter pres s u re  d i s tri bu ti o n s ,  
wh i ch  th e  u s e  of m od ern  d e s i g n  a n d  tes ti n g  to ol s  p erm i t th e  m an u fa ctu re r to  a tta i n  
(Com pu tati on a l  F l u i d  D yn a m i cs  ( CF D )  an d  m od e l  tes ti n g )  p a rti cu l a rl y wi th i n  th e  ru n n er.  Th e  
Th om a coeffi ci en t i s  fi xe d  i n  a n  exi s ti n g  p l a n t u n l es s  th ere  a re  ch a n g es  i n  h yd ra u l i c co n d i ti o n s  
or d o wn s tre a m  ch a n n e l  i m prove m en ts  i n vo l ve d  wh e n  th e  re h a b i l i tati o n  of th e  u n i t i s  d o n e.  Th e  
m arg i n  a fford e d  b y th e  n e w d es i g n s  m a y b e  u s e d  b y th e  tu rbi n e  m an u fa ctu re r to  p ro vi d e  a n  
i n cre as e  i n  th e  m a xi m u m  po wer at  fu l l  g u i d e  va n e  o p e n i n g  ( h i g h er d i s ch arg e  co effi ci e n t).  To  
th e  exte n t th a t a d d i ti o n a l  d i s ch a rg e  i s  i n vo l ve d  a n d  i f n o  d o wn s tre am  ch a n n e l  i m pro ve m en ts  
are  d on e,  a n  i n creas e  i n  th e  ta i l wa ter e l e va ti o n  for m axi m u m  d i s ch arg e  a n d  i n cre as e d  p l an t 
s i g m a wi l l  res u l t.  I n  a d d i ti on ,  th e  a vai l a bl e  s peci fi c  h yd ra u l i c en e rg y ( n e t h ea d )  at th e  tu rb i n e  
wi l l  b e  re d u ce d .  

BS EN 62256:2008– 91  –

http://dx.doi.org/10.3403/30125843U


S e vera l  typ e s  of ca vi tati on  eros i on  are  typ i ca l  i n  F ra n çi s  a n d  axi a l  fl o w reacti o n  tu rb i n e  
ru n n ers .  Th e  fi rs t i s  “ l e a d i n g  e d g e  i n d u ced  eros i o n ”  o n  e i th er th e  pre s s u re  s i d e  or th e  s u cti o n  
s i d e  of th e  bl a d e s  an d  can  be  cau s e d  e i th e r b y d es i g n  profi l e  errors ,  p o or fl o w d i s tri b u ti o n  i n  
th e  ru n n er or b y wi d e  vari a ti o n s  i n  th e  op erati n g  s p eci fi c h yd ra u l i c e n erg y or d i s ch a rg e.  
M a n u factu rers  h a ve  l ea rn e d  to  b ette r accom m od ate  th es e  i n  p os t 1 99 0  d es i g n s ,  a l th o u g h  i t  
can  s ti l l  occu r.  Th e  s eco n d  i s  n e ar tra i l i n g  e d g e  eros i o n  as  s h o wn  i n  F i g u re  8  wh i ch  m a y be  
cau s e d  b y po or fl o w d i s tri b u ti on  g i vi n g  h i g h  l oca l  ve l oci ti es  or l oca l  pro fi l e  errors  i n  a  l o w 
pres s u re  zo n e .  Th e  l a tte r are  re l a te d  a l m os t excl u s i ve l y to  h i g h  l o a d  op erati on  wi th  m arg i n a l  
d o wn s tre am  s u bm e rg e n ce ( l o w Th om a co effi ci e n t).  F i g u re  8  s h o ws  b o th  ca vi tati o n  e ros i o n  
wi th i n  th e  b ou n d s  of th e  s ta i n l e s s  s te e l  o ve rl a y an d  corros i o n  e ros i on  u ps trea m  of th e  o ve rl a y.  
Axi a l  fl o w fi xed  b l ad e  prop e l l e r a n d  Ka p l a n  tu rb i n e s  ca n  a l s o  h a ve  ca vi tati on  eros i o n  on  th e  
s u cti on  s i d e  of th e  b l a d e s  at  th e  p eri ph ery a n d  o n  th e  ad j a ce n t d i s ch arg e  ri n g  from  ca vi tati on  
occu rri n g  i n  th e  b l a d e  ti p  g a p .  Th i s  l a tte r typ e  i s  “ d es i g n ”  re l a ted  a n d  i s  a  fu n cti o n  of pre s s u re  
d i ffere n ti a l  from  th e  pre s s u re  s i d e  to  th e  s u cti o n  s i d e  of th e  b l ad e s  a l l  a l on g  th e  p eri p h ery,  th e  
b l a d e  th i ckn e s s  a n d  th e  p eri p h e ra l  cl e aran ce be twe e n  th e  b l a d es  a n d  th e  d i s ch arg e  ri n g .  An ti -
ca vi ta ti on  l i ps  are  s om eti m es  em pl o ye d  to  e l i m i n ate  th i s  pro b l em  b u t,  i f po orl y d es i g n e d  or 
m an u fa ctu re d ,  th e y m a y,  th em s el ve s  b e  th e  s o u rce  of a n  eros i on  pro b l em .  

 

 
 

Figure 8  – Cavi tation  and  corrosion-erosion  i n  Francis  runner 
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6.3.4.4.2  Cavi tation  in  Pel ton  turbines  

Th e e n tra n ce  e d g es  of th e  b u cke ts  are  ofte n  d a m a g ed  b y ca vi ta ti o n  ero s i on  or b y d ro p l e t  
eros i o n .  An  e xa m pl e  i s  s h o wn  i n  F i g u re  9 .  

 
 

Figure 9  – Back s ide erosion  of the  entrance in to  a  Pel ton  bucket 

Th e re  are  two  rea s o n s  fo r th i s  d am a g e :  

•  l o w pres s u re  on  th e  backs i d e  of th e  b u cket cu tou t i f th e  profi l e  i s  n ot correct;  

•  d ro p l ets  wi th  l o w ve l oci ty l e a ve  th e  b u cket afte r th e  j et  of th e  fo l l o wi n g  i n j e ctor e n te rs  wi th  
h i g h  ve l oci ty;  th es e  d ro p l e ts  a re  d ri ve n  o n to  th e  ru n n er m ate ri al  wi th  s u ffi ci e n t force  to  
ero d e  i t.  Th i s  typ e  of d a m ag e i s  ofte n  fo u n d  i n  m u l ti - j e t tu rb i n es  i n  wh i ch  th e  ti m e i n terva l  
be twe en  two  j ets  i s  to o  s h ort for a l l  th e  d ro p l e ts  to  l e a ve  th e  b u cket.  

Th e  re pa i r re q u i re s  we l d i n g  an d  th oro u g h  re- profi l i n g  b y g ri n d i n g  a n d  p ol i s h i n g .   

6.3.4.4.3  Cavitation  in  pump-turbines  

Th e expos u re  of p u m p -tu rb i n es  to  ca vi tati o n  e ros i o n  i s  ve ry s i m i l ar to  th a t of th e  cl as s i c  
reacti o n  tu rb i n es .  H o we ver,  b eca u s e  th e  profi l e  of th e  va n es  at th e  o u tl et a n d  i n l et of th e  
i m pe l l er/ru n n er i s  a  com prom i s e  b etwe e n  th a t re q u i re d  b y th e  pu m p i n g  a n d  tu rb i n i n g  m od es ,  
th ere  i s  a  g re ate r ri s k of ca vi tati on  e ros i o n  i n  th e  i m pel l e r/ru n n er of th e  p u m p-tu rb i n e .   
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T yp i ca l  ca vi ta ti o n  eros i o n  i n  th e  tu rb i n e  m od e   i s  s h o wn  i n  F i g u re  1 0 .  Th i s  i s  parti cu l arl y tru e  
for an  i n s tal l ati o n  wh i ch  h as  a  wi d e  ra n g e  of s peci fi c h yd ra u l i c e n e rg y an d  for wh i ch  th e  
d em a n d  i n  th e  tu rb i n e  m od e co vers  a  wi d e  ra n g e  of l oa d .  E ros i o n  o n  th e  p res s u re  s i d e,  
d o wn s tre am  of th e  b l a d e  i n l et i n  th e  tu rb i n e  m od e i s  typ i ca l  of u n i ts  req u i red  to  o p era te  for 
l on g  p eri o d s  a t s p ee d - n o -l oa d  or at ve ry l o w l o a d s .  E ros i o n  o n  th e  s u cti on  s i d e,  d o wn s tre am  
of th e  b l a d e  i n l et  i n  th e  tu rb i n e  m od e i s  typ i ca l  of u n i ts  re q u i re d  to  o p era te  for l on g  p eri o d s  a t  
very h i g h  l o a d s .  I n  th e  p u m p i n g  m o d e ,  th e  ri s k of ca vi tati on  eros i on  o n  th e  s u cti o n  s i d e  of th e  
b l a d e,  n e ar th e  e n tra n ce ,  i n cre as e s  as  th e  d o wn s trea m  l e ve l  d i m i n i s h es .  

 

 
 
 

Figure 1 0  – Leading  edge cavi tation  erosion  on  a  Françis  pump-turbine  caused  by 
extended  periods  of operation  at  very low loads  

 

6.3.4.4.4  Possibi l i ties  of reducing  cavi tation  erosion  in  existing  hydrau l ic machines  

M o d e rn  ru n n e r d es i g n s  are  ofte n  b as ed  o n  h i g h er s tre n g th  s ta i n l es s  s te e l  m ateri a l s  wh i ch  
a l s o  h a ve  h i g h er ca vi ta ti on  eros i o n  res i s ta n ce  th a n  th e  o ri g i n a l  m a teri a l s  wh i ch  were  typ i ca l l y 
cas t  i ro n ,  b ro n ze  or m i l d  s te e l .  M o d e rn  ru n n er d es i g n s  a re  u s u a l l y m a n u factu re d  b y as s em bl y 
an d  we l d i n g  of d i g i ta l l y- m a ch i n e d  s e p a ra te  cro wn ,  b l a d es  a n d  b a n d  wh i l e  th e  ori g i n al  ru n n ers ,  
pri or to  a b ou t 1 9 7 5  i n  m os t ca s e s ,  we re  m an u factu re d  u s i n g  e i th er o n e  p i e ce  ca s ti n g s  or h a n d  
fi n i s h e d  cas ti n g s  as s em b l e d  b y we l d i n g .  Th e  m od ern  a pp ro ach  pe rm i ts  b e tter a d h ere n ce to  
th e  h om ol o g y b etwe e n  th e  th e ore ti ca l  d es i g n ,  th e  m od e l  a n d  th e  pro totyp e ,  wh i ch  i n  tu rn ,  
m akes  for m ore  pre d i cta b l e  ca vi tati on  eros i o n  p e rform an ce .  S m a l l  ru n n e rs ,  h o we ver,  m a y be  
s ti l l  m an u fa ctu re d  u s i n g  on e  p i ece  cas ti n g s .  Th e  h om o l o g y b etwe e n  m od e l  a n d  pro totyp e  of 
th e s e  ru n n ers  wi l l  s ti l l  b e  a d e q u ate  s o  l on g  as  a  q u a l i fi ed  fo u n d ry i s  u s e d .  Th es e  fo u n d ri es  
h a ve  d e ve l op e d  tech n i q u es  o ver th e  ye ars  wh i ch  wi l l  en s u re  a n  a cce p ta b l e  l e ve l  of p reci s i on  
for s m a l l  u n i ts .  C arefu l  h an d  fi n i s h i n g  i s  e q u a l l y i m porta n t i n  th es e  cas es .   
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M o d ern  ru n n er d es i g n s  wi th  a l l  th e i r a ttri b u tes  wi th  res p ect to  fre e d om  from  ca vi ta ti o n  eros i o n  
b y d es i g n  a n d  pro tecti on  ag ai n s t ca vi ta ti o n  eros i o n  b y th e  ch o i ce  of m ore  res i s ta n t m a teri a l s  
s h o u l d  b e  n e verth e l e s s  op erate d  wi th i n  th e  d es i g n  ra n g e  of s p eci fi c h yd ra u l i c e n erg y ( h e a d ) ,  
po we r an d  s u bm erg en ce .  F a i l u re  to  com p l y wi th  th es e  con tractu a l  cri teri a  co u l d  s u bj ect th e  
n e w ru n n er to  ca vi tati on  eros i o n  wh i ch  m a y b e  a vo i d a bl e  a n d  co u l d  vo i d  th e  m a n u factu rer’ s  
g u aran tee .  Th e  ke ys  to  th e  l o n g e vi ty of th e  ru n n er are  s tri ct o p e ra ti n g  ru l es  an d  res p e ct for 
th e m ,  reg u l ar i n s p ecti on s  an d  ti m e l y,  ca refu l l y con trol l e d  we l d  re pa i r a n d  s u rfa ce  g ri n d i n g  of 
an y ca vi ta ti o n  d am a g e wh i ch  d o e s  occu r.  Rep a i rs  of ca vi tati on  eros i o n  d am a g e s h o u l d  b e  
m ad e wi th  e ros i on  res i s tan t e l ectro d es  u s i n g  te m p l a tes  to  re- es tab l i s h  or m a i n ta i n  th e  d e s i g n  
b l a d e  profi l e .   

As  i n d i cated  i n  C l au s e  8 ,  th e  u s e  of I E C 6 0 6 0 9  i s  re com m e n d ed  as  a  b a s i s  for th e  co n tra ct 
term s  reg ard i n g  ca vi ta ti o n  e ros i o n  p e rform an ce .  Th e  ru n n er s h o u l d  n o t b e  th e  on l y com pon e n t 
wh i ch  i s  g o ve rn e d  b y th e  ca vi ta ti on  g u ara n te es .  Ad j ace n t com p o n e n ts  s u ch  a s  th e  d i s tri b u tor,  
d i s ch arg e  ri n g s  a n d  d raft  tu b e  l i n ers  s h ou l d  b e  i n cl u d e d  i n  th e  g u a ra n te e  co vera g e .  

6.3.4.4.5  Experience  with  special  overlay materials  

S peci a l  o verl a y m ateri a l s  for e n h a n ced  ca vi ta ti o n  eros i on  res i s ta n ce  s h ou l d  b e  co n s i d ere d  
wh e n  m od e l  tes ti n g  o bs erva ti o n s  i n d i cate  th at a n  a re a  of th e  ru n n er wi l l  b e  s u bj ecte d  to  
ca vi tati on  wi th i n  or e ve n  s l i g h tl y be yo n d  th e  d es i g n  o pe ra ti n g  ra n g e  a n d  th e  m a n u factu rer 
can n ot e l i m i n ate  th i s  ca vi ta ti o n  b y fu rth e r d e ve l opm en t e fforts  wi th i n  th e  con tract s ch ed u l e.  
An o th er ci rcu m s ta n ce for th e  u s e  of h i g h  ca vi tati on  res i s tan t we l d i n g  e l ectro d es  i s  wh e n  th e  
n e w pro totyp e  ru n n er h as  u n exp e cte d  recu rri n g  ca vi tati on  eros i o n  d am ag e .  Ap p l i ca ti o n  of 
s u ch  m ate ri a l s  n e ces s i ta tes  th e  u s e  of care fu l l y co n tro l l e d  we l d i n g  proce d u res .  

6.3.4.5  Suspended  particle  erosion  

6.3.4.5.1  Exposed  components  

Th e  fl o w th ro u g h  tu rb i n e s  ca rryi n g  s u s pe n d e d  s e d i m en ts  ca n  re s u l t  i n  e ros i o n  on  th e  wa ter 
pas s a g e  com pon e n ts  e xp os e d  to  h i g h  ve l oci ti es .  S e ve re  e ros i on  (s e e  F i g u re  1 1 )  ca n  re s u l t  i n  
s u bs tan ti a l  p ro d u cti o n  l os s es  d u e  to  th e  n e e d  for fre q u e n t re p ai r we l d i n g  or freq u en t 
com pon e n t re p l a ce m en t.  Th e  ke y p aram eters  g o ve rn i n g  th e  s e veri ty of e ros i o n  d am ag e are  
s ed i m e n t con ce n tra ti o n ,  th e  d e n s i ty,  h ard n es s  an d  s h a p e  of s e d i m e n ts  an d  fl o w ve l oci ty.  Th e  
fl o w ve l oci ty param eter d i vi d es  th e  tu rb i n e  i n to  two  are as  wh i ch  are  s u bj ect to  varyi n g  
d e g ree s  of parti cl e  eros i on :  th e  com pon e n ts  wi th  l o w ve l oci ti es  s u ch  as  s p i ra l  cas e  a n d  d ra ft 
tu b e  l i n e r a n d  th os e  wi th  h i g h  ve l oci ti e s  or s u d d e n  fl o w d i recti o n al  ch a n g e s  s u ch  as  th e  s ta y 
ri n g  ( p arti cu l arl y th e  s ta y va n es ) ,  g u i d e  va n es ,  h e ad co ver,  b ottom  ri n g ,  d i s ch arg e  ri n g ,  ru n n e r 
an d  ro ta ti n g  we a ri n g  ri n g s .  T yp i ca l l y fo r F ra n ci s  tu rb i n es ,  th e  wors t ero s i on  occu rs  i n  th e  
ru n n er,  ru n n er we a ri n g  ri n g s ,  g u i d e  va n e  bo d y extrem i ti es  (s u rfa ce s  a d j acen t to  th e  
h e a d co ver a n d  b ottom  ri n g ) ,  h e a d co ver ( p a rti cu l a rl y th e  s ta ti o n ary we ari n g  ri n g ) ,  a n d  bo ttom  
ri n g  ( pa rti cu l arl y th e  s tati on ary we a ri n g  ri n g ).  
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Figure 1 1  – Severe particle  erosion  damage in  a  Francis  runner 

 

6.3.4.5.2  Causes  and  effects  of suspended  particle  erosion  

Th e ca u s es  of s u s pe n d e d  p arti cl e  eros i o n  are  as  fol l o ws :   

•  P arti cl e  s i ze  i n cre a s e  wi l l  re s u l t i n  a  corres po n d i n g  i n creas e  i n  eros i o n  rate  u p  to  a  s i ze  
th res h o l d  b e yo n d  wh i ch  we ar ra te  s ta b i l i zes .  F or ve l oci ti e s  of 1 3 0  m /s  a n d  l e s s ,  th e  p a rti cl e  
s i ze  s e em s  to  h a ve  l i ttl e  or n o  i m pact.  Th i s  co ve rs  a l l  com po n en ts  of a l l  reacti o n  tu rb i n es  
an d  p u m p-tu rb i n e s .  

•  Th e  re l ati ve  pa rti cl e  a n d  b as e  m a teri a l  h a rd n e s s  a ffect th e  eros i o n  ra te.  A p arti cl e  
h ard n e s s  e q u a l  to  or g re ater th an  th e  b as e  m ateri a l  h ard n es s  res u l ts  i n  h i g h  eros i o n  rate s .  
Co n vers e l y wh e n  th e  ba s e  m ate ri a l  h ard n es s  e xce e d s  th e  parti cl e  h ard n es s ,  th e  eros i o n  
rate  i s  l o w.  

•  Th e  p arti cl e  s h a pe  h as  h i g h  i m pact o n  eros i o n  rate  wi th  s h arp -e d g e d  a n g u l ar p arti cl es  
b e i n g  th e  wo rs t.   

•  Th e  eros i o n  rate  wi l l  e xpo n e n ti a l l y i n cre as e  wi th  i m p act ve l oci ty a n d  th e  va l u e  of th e  
e xp o n e n t i s  a  fu n cti o n  o f th e  b as e  m ateri a l  e l as ti ci ty.  A h i g h  m od u l u s  m ateri a l  s u ch  as  
s te e l  wi l l  h a ve  a  h i g h er e xp o n en t th a n  a  m ate ri a l  wi th  a  l o we r m o d u l u s  s u ch  as  ru bb er.  

•  Th e  i m pact a n g l e  wi l l  affect th e  typ e  of eros i o n .  A l o w i m p act an g l e  a n d  a  s h arp  p arti cl e  
wi l l  l i te ra l l y cu t a wa y th e  b as e  m a teri a l ;  a  h i g h  i m pa ct a n g l e  l e ad s  to  fati g u e  fa i l u re  of th e  
b as e  m ateri a l  wh ereb y p i eces  a re  b roke n  off b y a  h am m eri n g  e ffect.  

IEC   1 994/07 

BS EN 62256:2008 – 96 –



•  P arti cl e  con ce n tra ti o n  a n d  parti cl e  d i s tri b u ti o n  h a ve  an  i m porta n t  i m p a ct o n  th e  eros i on  
rate.  

Th e  effe cts  of th e  two  eros i o n  typ es  (cu tti n g  a n d  i m pact fa ti g u e )  can  b e  o bs erve d  i n  th e  
com pon e n ts .  F or exam p l e ,  th e  eros i o n  wea r of th e  a d j ace n t s u rfaces  b e twee n  th e  g u i d e  va n e ,  
h e a d co ve r a n d  b ottom  ri n g  i s  th e  re s u l t  of th e  cu tti n g  typ e  of eros i o n  d u e  to  th e  h i g h  vel oci ty 
an d  l o w i m pact an g l e  wh e n  th e  g u i d e  van es  are  cl os e d  or at l o w o p en i n g s .  Th i s  wi l l  re d u ce  
th e  p e rform a n ce of th e  tu rb i n e  a n d  th e  i n crea s e d  cl e a ran ces  b etwe e n  th e s e  com p o n e n ts  wi l l  
res u l t i n  a  h i g h e r torq u e  be i n g  a p p l i e d  to  th e  ru n n e r d u ri n g  a  s h u td o wn  s e q u e n ce .  Th e  i m pa ct 
fati g u e  typ e  eros i o n  occu rs  o n  th e  l e ad i n g  e d g e  of ru n n e r b l a d es ,  g u i d e  va n es  o r s ta y va n es .  
N o  m atter wh a t th e  typ e  of e ros i o n ,  i t  wi l l  re d u ce  th e  s tru ctu ral  i n te g ri ty of th e  com p o n en ts  b y 
m etal  rem ova l ,  a l ter th e  profi l e  of th e  com p o n e n t an d  re d u ce  th e  h yd ra u l i c m a ch i n e  
perform an ce.  I n  th e  cas e  of th e  ru n n er,  i n cre as e d  s e a l  cl e a ra n ce s  wi l l  res u l t i n  a n  i n crea s e  i n  
fl o w th rou g h  th e  s e a l s  con tri b u ti n g  al s o  to  a  red u cti o n  i n  th e  p e rform an ce  of th e  tu rb i n e .  
I n cre as e d  cl e ara n ces  at  th e  s e a l s  m a y a l s o  re s u l t  i n  h i g h er h yd rau l i c  th ru s t l o a d s .  E ros i on  
d u e  to  s u s p e n d e d  p a rti cl es  a n d  ca vi ta ti o n  ero s i on  wi l l  te n d  to  acce n tu ate  o n e  an o th er.  
D am ag e  d u e  to  ca vi ta ti o n  e ros i o n  wi l l  l e a d  to  m ore  vorti ces  re s u l ti n g  i n  a n  i n cre a s e d  eros i o n  
d am ag e  ra te.  

6.3.4.5.3  Experience  with  methods  used  to  reduce suspended  particle  erosion  

Th e fi rs t l i n e  of d efe n ce  reg a rd i n g  s u s p en d ed  pa rti cl e  eros i o n  i s  to  red u ce  th e  con ce n trati o n  
of th e  p arti cl es  en teri n g  th e  tu rb i n e  b y ca u s i n g  th e i r s ettl e m en t i n  th e  s torag e  res ervo i r or i n  
s i l tati o n  be d s .  E ffecti ve  fl u s h i n g  of d e pos i te d  m ate ri al s  i s  es s en ti a l  to  th e  effecti ve n es s  of th i s  
m eth o d .  Al th ou g h ,  wh e re  th e  res ervo i r i s  u s e d  for s ed i m en ta ti o n ,  i ts  ca p aci ty wi l l  be  
e ve n tu a l l y re d u ce d .  S o m e s i tes  l e n d  th e m s el ves  to  th e  i n s ta l l a ti on  of s ed i m en t tra ps  wi th  
fl u s h i n g  pro vi s i o n s .   

F or m i n i m a l  eros i o n  ra tes ,  th e  op erati o n  of th e  tu rb i n es  s h o u l d  be  s u ch  th at wh en  th e  
s u s p e n d e d  p arti cl e  l o ad  i n  th e  wa ter i s  h i g h ,  th e  tu rb i n e  i s  o p era ted  a t o r n ear to  i ts  p e ak 
effi ci e n cy p o i n t.  Th i s  wi l l  res u l t i n  th e  m os t effi ci en t fl o w for a  corres p on d i n g  po we r,  th u s  
exp os i n g  th e  com po n en ts  to  l o wer s eco n d ary ve l oci ti es  a n d  to  o pti m al  fl o w a n g l e s  on  th e  
d i s tri b u to r com p o n e n ts  a n d  on  th e  ru n n er b l a d es ,  re d u ci n g  parti cl e  i m pa ct an g l e s .  Tu rb i n e  
s h u td o wn s  wi th ou t i n l e t  va l ve  cl os u re  or wi th ou t p e n s tock d ra i n a g e  s h o u l d  a l wa ys  b e  
m i n i m i ze d  th u s  m i n i m i zi n g  th e  e xp os u re  of th e  cl os ed  d i s tri b u tor as s e m bl y to  th e  h i g h  
ve l oci ti e s  a t th e  a d j ace n t s u rfaces  of th e  g u i d e  va n e s ,  h e a d co ve r an d  b otto m  ri n g .   

F or com po n e n ts  s u ch  as  s p i ra l  cas es  a n d  d ra ft tu b e  l i n ers ,  wh i ch  are  s u bj e cte d  to  l o w fl o w 
ve l oci ti es ,  i t  i s  i m p orta n t to  m ai n ta i n  th e  co ati n g  s ys tem .  Th e  u s e  of to u g h  e l a s ti c co a ti n g s  
s u ch  as  ep oxy an d  p o l yu reth an e - bas e d  p l as ti cs  s ys tem s  i s  re com m en d e d ,  s i n ce  th ere  i s  very 
l i ttl e  d es tru cti ve  e n e rg y re l eas e d  d u ri n g  th e  i m pact a n d  th e  com p o n en t s u rface  i s  e l as ti c  
en o u g h  to  a bs orb  s l i g h t  d eform ati o n  wi th ou t d am ag e .  

As  i s  s u g g es te d  b y th e  d es cri pti o n  of th e  m ech a n i s m s  of s u s pe n d e d  p a rti cl e  e ros i o n ,  th ere  
are  th re e  b as i c a p pro ach es  to  re d u ci n g  i ts  effects  on  com pon e n ts  e xp os e d  to  ve ry h i g h  fl o w 
ve l oci ti es  s u ch  as  th e  d i s tri b u tor a n d  th e  ru n n er.  T h e y a re :  

a)  d es i g n  for red u ced  ve l oci ti es  i n  th e  cri ti ca l  re g i o n s  of th e  h yd rau l i c m ach i n e ;  

b)  u s e  of th e  h ard es t a va i l a b l e  m a teri a l s  fo r th e  cri ti ca l  com p o n e n ts ;  

c)  u s e  of h ard -faci n g  m ateri a l s  i n  cri ti ca l  re g i o n s .  
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A com b i n a ti o n  of a)  an d  b)  i s  fe as i bl e  i n  a n y n e w h yd ra u l i c m ach i n e  a n d  to  a  l es s e r d eg re e  i n  
a  m aj or re h a b i l i tati o n .  O n ce th e  s p e e d  a n d  g e om etry of th e  m ach i n e  a re  fi xed ,  m od i fi cati on  of 
th e  d es i g n  to  m i n i m i ze  e ros i o n  h a s  fe wer p os s i b i l i ti e s .  I n  th e  cas e  of a  ru n n er rep l acem e n t,  
th e  ru n n e r d es i g n  s h o u l d  co n s i d e r a l l  th e  p ara m eters  g o vern i n g  s u s p en d ed  p arti cl e  e ros i o n :  
fl o w vel oci ty;  ch an g e i n  fl o w d i re cti o n ;  e l i m i n ati on  of l ocal  fl o w vorti ces ;  e l i m i n ati o n  of 
ca vi tati on ;  ru n n er m a teri a l  s el ecti o n  an d  d es i g n  fea tu res .  I n  th i s  l as t cate g ory wo u l d  fa l l ,  for 
exa m p l e ,  tu rb i n e  s e a l s  h a vi n g  s eg m en ted  we ari n g  ri n g s  o n  th e  h ea d co ve r an d  b ottom  ri n g  
wh i ch  are  re pl ace ab l e  wi th o u t th e  n ee d  for d i s a s s e m bl i n g  of th e  tu rb i n e .  

I f a  tu rb i n e  wi l l  b e  s u bj ecte d  to  s ta n d s ti l l  con d i ti o n s  u n d e r pre s s u re ,  th e  u s e  of l o ad e d  ( acti ve )  
s ta i n l es s  s te e l  e n d  s ea l s  ad j a ce n t to  th e  cl os ed  g u i d e  va n es  m a y be  con s i d ere d .  Th e  g u i d e  
van es  s h o u l d  b e  co n s tru cte d  wi th  re n e wa b l e  s ta i n l es s  s te e l  e n d  s u rfaces .  Th e  h e a d s  of 
fas te n ers  i n  th e  fl o w p as s a g e s  pre s e n ti n g  d i s con ti n u i ti e s  to  th e  fl o w pa ttern  s h ou l d  b e  
a vo i d ed  s i n ce  th e y wi l l  p rod u ce  vorti ci es  a n d  s eco n d ary fl o ws ,  a g g ra vati n g  eros i o n  rate s .  

W ork i s  con ti n u a l l y b e i n g  d on e  to  a s s e s s  an d  a pp l y n e w m ate ri a l s  i n  h i g h  ri s k eros i o n  s e rvi ce .  
Th e  bes t con tri b u ti o n  an  o wn er ca n  m a ke  to ward  a l l e vi ati n g  th i s  p ro b l em  i s  to  e n s u re  th a t th e  
ch aracteri s ti cs  of th e  water a n d  i ts  s u s pe n d e d  m ateri a l  are  we l l  d e fi n e d  i n  th e  s peci fi ca ti o n s .  
I n  ad d i ti on ,  th e  te n d e r d ocu m e n t s h o u l d  cl ea rl y i n d i cate  th at th e  te n d e rer s h a l l  d es cri b e  i n  i ts  
te n d er th e  m ea n s  b y wh i ch  i t  wi l l  co n fro n t th i s  pro b l e m .  

Com p o n en ts  s u ch  as  th e  s ta y ri n g ,  h e ad co ve r,  bo ttom  ri n g ,  g u i d e  va n es  a n d  ru n n er wh i ch  are  
s u b j e cte d  to  h i g h  fl o w ve l oci ti e s  m a y b e  l i n e d  wi th  or con s tru cted  of a  m arten s i ti c  s ta i n l es s  
s te e l  s u ch  as  AS TM  A2 4 0  T yp e  4 0 5 ,  4 1 0  or 4 1 5  or AS TM  A 7 4 3  G ra d e  C A- 6 N M  wh i ch  h a ve  
re l a ti ve l y g o od  parti cl e  eros i o n  re s i s ta n ce .  

W h en  th e  s u s p e n d e d  p arti cl e  co n te n t  i s  ve ry h i g h ,  th e  u s e  of a p p l i e d  co a ti n g s  m a y b e  
con s i d e re d .  Th i s  G u i d e  d o es  n ot re com m en d  th e  u s e  of a n y s peci fi c coa ti n g  s i n ce  m an y are  
exp eri m en ta l  an d  h a ve  d em on s tra te d  varyi n g  d e g rees  of s u cce s s .  Th e  vari ou s  a pp l i ed  co ati n g  
op ti o n s  are  cera m i c,  h a rd  m eta l  or p o l yu re th a n e  b as ed .  Th e  a d d i ti o n a l  exp e n s e  of th es e  
coa ti n g s  s h a l l  b e  ca refu l l y e va l u a te d  ag a i n s t th e  p o te n ti a l  g a i n s  of pro d u cti on  ach i e ve d  b y 
red u ce d  d o wn ti m e for re pa i r.  E ve n  wi th  s p eci a l  coa ti n g s ,  i n e vi tab l y s om e tu rb i n e  com po n e n ts  
wi l l  re q u i re  fre q u e n t re con d i ti o n i n g  or com p on e n t re p l a ce m en t wh ere  th e  s e rvi ce  co n d i ti o n s  
are  s e vere .  

U s e  of h ard  faci n g  m ate ri a l s  s u ch  as  ce ram i cs  i s  fa i rl y wi d e s p rea d  i n  cas es  wh ere  th e  
parti cl es  s i zes  are  s m al l  an d  wh ere  i t  i s  cl e a r th a t th e  s e l ecte d  co ati n g  i s  h ard er th a n  th e  
s u s p e n d e d  p arti cl es .  E ro s i on  res i s tan t co a ti n g s  d o  n ot p e rform  wel l  u n d er cavi ta ti o n  eros i o n  
atta ck,  n or d o  th e y i f th e re  are  very l arg e  p arti cl e s  s u ch  as  “ rocks ”  e n tra i n ed  i n  th e  fl o w (h i g h  
i m p act l o ad i n g ).  M o d ern  ca vi tati on  fre e  or n e ar ca vi tati on  free  d es i g n s  a re  o p en i n g  u p  n e w 
pos s i b i l i ti es  for th e  u s e  o f h ard  faci n g  m ateri a l s  fo r p arti cl e  eros i o n  re s i s ta n ce.  

Th e  a pp l i cati on  of h ard  fa ci n g  m ateri a l s  i n  th e  s h o p i s  re l ati ve l y s trai g h t forward  al th o u g h  
re l a ti ve l y exp e n s i ve .  S u cces s fu l  a p pl i ca ti o n  i n  fi e l d  co n d i ti o n s  i s  m u ch  m ore  d i ffi cu l t  a n d  s om e 
wo u l d  s a y,  i m pos s i b l e .  I t  i s  th erefore  wi s e  to  p l a n  for a  cycl e  of s h o p  re b u i l d s  wh e n e ver th e  
u s e  of h ard  faci n g  m ateri a l s  i s  co n tem pl ate d .  
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6.3.4.6  Hydrau l ic stabi l i ty 

6.3.4.6.1  General  

Th es e  p h e n om en a fal l  i n  th re e  bas i c  ca teg ori es  as  fo l l o ws :  

•  Von  Karm a n  vortex i n d u ced  re s o n an ce s ;  

•  ru n n er – d i s tri b u tor i n tera cti o n s ;  

•  h yd ra u l i c p u l s a ti on s  wi th  or wi th o u t res o n a n ce  a n d  wi th  or wi th o u t p o we r/freq u en cy 
s wi n g s .  

6.3.4.6.2  Von  Karman  vortex induced  resonances  

Th e Vo n  Karm an  vortex i n d u ced  res on a n ce s  h a ve  th ree  u s u a l  s o u rces :  vorti ces  s h e d  b y th e  
s ta y va n es ;  vorti ces  s h e d  b y th e  g u i d e  va n es  a n d  vorti ces  s h ed  b y th e  ru n n er b l a d es .  Th e  
freq u e n cy an d  i n ten s i ty of s u ch  vorti ces  are  d i s ch arg e  ( vel oci ty)  a n d  co m pon e n t th i ckn es s  
an d  form  d e p en d en t.  S o,  i f a  re h a b i l i tati on  pro j ect i n vo l ve s  a n  i n cre as e  i n  th e  m axi m u m  
d i s ch arg e ,  i t  co u l d  pro d u ce a  res on a n t con d i ti on  wh ere  o n e  d i d  n ot exi s t p re vi o u s l y.  

Th e  fi rs t (from  th e  s ta y van es )  are  ofte n  a t a  l o w e n o u g h  fre q u e n cy to  en ter i n to  re s o n an ce  
wi th  o n e  of th e  m od es  o f vi bra ti o n  of th e  s ta y va n es  th em s e l ves  a n d  as  s u ch  ca n  g i ve  ri s e ,  
parti cu l arl y i n  l o w h ea d  u n i ts ,  to  cracki n g  of th e  s ta y va n e  to  s ta y ri n g  s h ro u d  con n ecti o n s .  
Th e  fre q u e n ci es  i n vo l ve d  ca n  be  i n  th e  s u b- a u d i b l e  to  th e  l o w au d i b l e  ran g e  ( e. g .  from  a  
fe w H z to  5 0  H z).  M o d i fi cati on  of th e  s h a pe of th e  s ta y van e  tra i l i n g  e d g e  i s  th e  com m on  
s o l u ti o n  to  th i s  p ote n ti a l  pro b l e m .  

Th e  s econ d  (from  th e  g u i d e  van es )  a re  m u ch  l es s  com m on  b eca u s e ,  n orm a l l y,  th e  th i ckn es s  
of th e  tra i l i n g  e d g e  of th e  g u i d e  van e s  rel a ti ve  to  th e  fl o w ve l oci ti es  a t th a t l ocati o n  m akes  
th e m  a  l es s  l i kel y s o u rce.  I f th e y d o  occu r,  th e y to o  wou l d  b e ,  for m ed i u m  to  l arg e  s i ze d  
m ach i n e s ,  i n  th e  l o w a u d i b l e  ra n g e  ( e. g .  from  2 0  H z to  1 0 0  H z).  Th e  s o l u ti o n ,  i f th e  p ro b l em  
d o es  ari s e,  i s  th e  s a m e a s  for th e  s ta y va n es .  

Th e  th i rd  pos s i b l e  s ou rce  of Vo n  Ka rm a n n  vorti ces  i s  th e  tra i l i n g  ed g es  o f th e  tu rb i n e  ru n n er 
b l a d e s .  At th i s  l oca ti o n ,  th e  d i s ch arg e  ve l oci ti es  i n  a  rea cti on  tu rb i n e  ( axi a l  fl o w o r F ra n ci s  
typ e  ru n n er)  a re  th e  h i g h es t fl o w ve l oci ti es  atta i n e d  i n  th e  tu rb i n e  a n d  th e  fre q u e n ci es  
g e n era ted  ca n  b e  i n  th e  ran g e  of th e  n a tu ra l  freq u e n ci es  of th e  ru n n er b l ad e s  th em s e l ve s  i n  
wa te r.  Tu rb i n e  ru n n e rs  h a ve  a  l a rg e  n u m be r of vi b ratory m od es  a n d  th e  freq u en ci es  va ry 
g re a tl y from  wh at m i g h t be  ca l cu l a te d  b y fi n i te  e l em en t m eth od  (F E M )  or m ea s u red  i n  a i r,  to  
wh at wo u l d  b e  m eas u re d  i n  wa ter.  Accord i n g l y,  i t  i s  d i ffi cu l t wi th  cu rre n t d es i g n  too l s  to  
pre d i ct  wh eth er or n ot a  res on a n t co n d i ti o n  wi l l  occu r.  Th e  too l s  for as s e s s i n g  n a tu ra l  
freq u e n ci es  of ru n n ers  i n  wa ter are  i m pro vi n g  an d  i t  i s  re com m en d e d  th a t th e  s e l ected  
con tractor b e  re q u es te d  b y s p eci fi ca ti on  to  es ta b l i s h  th e  p ote n ti al  forci n g  freq u e n ci es  wh i ch  
ca n  exci te  th e  ru n n er a n d  to  es ti m ate  th e  n a tu ral  fre q u e n ci es  i n  wa ter of th e  prop os e d  d es i g n .  
I t  s h o u l d  b e  re q u i re d  to  a vo i d  com bi n a ti o n s  of cro wn ,  b l a d e  a n d  b an d  th i ckn es s  a n d  form  
wh i ch  expos e  th e  n e w d e s i g n  to  p ote n ti al  re s o n a n ce or force d  res p on s e  prob l em s .  

I t  s h o u l d  b e  s tated  th a t,  i n  n e w ru n n ers  m ad e  from  h i g h  s tre n g th  m ate ri a l s ,  th e  b l ad e  
th i ckn e s s  at th e  trai l i n g  ed g es  te n d  to  b e  l e s s  th a n  i n  an y d es i g n  wh i ch  th e y m i g h t b e  
rep l aci n g  wh i ch  te n d s  to  ra i s e  th e  forci n g  freq u e n ci e s  from  vortex s h e d d i n g .  O n  th e  o th er 
h a n d ,  th e  fu n d am en ta l  n atu ra l  freq u en cy a n d  a l l  of th e  h arm on i cs  of a  th i n n er b l a d e  are  l o we r,  
i n cre as i n g  th e  p os s i b i l i ty of re s o n a n t vi bra ti on s .  I n  th e  ru n n er,  th e  i n d u ce d  freq u en ci es  are  i n  
th e  l o w to  m ed i u m  a u d i b l e  ra n g e  (e . g .  5 0  H z to  1  0 0 0  H z).  Th e  on e  a d van ta g e  wi th  th i s  typ e  
of “ pe rform an ce ”  prob l em  i s  th at i ts  m ech a n i s m s  a re  e as i l y recog n i ze d  a n d  th e  kn o wl e d g e ab l e  
m a n u fa ctu re rs  wi l l  b e  a b l e  to  el i m i n a te  th e  p rob l e m  b y m o d i fi ca ti o n  of th e  b l a d e  tra i l i n g  e d g e  
s h a p e a t s i te .  I t  i s  a  pro b l em  wh i ch  can  b e  s ol ve d  d u ri n g  com m i s s i o n i n g  a n d  n ot o n e  wh i ch  
s h o u l d  affect th e  l o n g  term  pe rform an ce  of a  re h a b i l i ta te d  u n i t.  
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6.3.4.6.3  Runner/d istributor in teraction  

I n  re g ard  to  th e  force d  re s po n s e typ e  of vi brati o n  pro b l em s ,  th e  s o l u ti on s  to  ru n n er/d i s tri b u tor 
pro b l e m s  a re  n ot at a l l  s o  s i m p l e  b eca u s e  th e y a re  a  fu n cti on  of th e  n u m b er of g u i d e  va n es  
an d  ru n n er b l ad es  a n d  th e  j u xta p os i ti on  of th e  two .  Th i s  po te n ti a l  “ p rob l em ”  i s  m os t com m on  
i n  m ed i u m  to  h i g h  s p eci fi c h yd rau l i c e n erg y (h e ad )  F ra n ci s  m a ch i n e s  for wh i ch  th e re  i s  cl os e  
proxi m i ty b e twe en  th e  tra i l i n g  ed g es  of th e  g u i d e  va n es  a n d  th e  l e a d i n g  e d g es  of th e  ru n n er 
b l a d es .  I t  i s  i m p o rtan t th a t th e  m a n u factu rer b e  re q u i red  to  d em on s tra te  th a t th e  d es i g n  wh i ch  
i t  p ro p os es ,  h as  a  s o l i d  b as i s  i n  p re vi o u s  s u cces s fu l  o pera ti o n  of g eom etri ca l l y s i m i l ar 
m ach i n es  or th a t an y n e w fe a tu re  h as  b e e n  a n a l ys e d  wi th  th e  m os t s op h i s ti cate d  to o l s  
a va i l ab l e  a n d  i s  s h o wn  to  b e  s afe  a n d  re l i a b l e .  Th i s  typ e  of pro bl e m  h as  be e n  kn o wn  to  
n eces s i ta te  m a ki n g  s i g n i fi can t m od i fi ca ti o n s  to  or e ve n  o u tri g h t re p l acem en t of n e w ru n n ers .  

6.3.4.6.4  Hydrau l ic  pressure  pu lsations  

H yd ra u l i c pre s s u re  p u l s a ti o n s  i n  th e  d raft tu b e  of a  F ran ci s  tu rb i n e  a n d ,  i n d e e d ,  i n  th e  d ra ft  
tu b e  of a n y rea cti o n  tu rb i n e ,  a re  a  n orm al  fe a tu re  of off-pe ak op e rati on .  S i n ce  th e  b i rth  of th e  
tech n o l og y i n  th e  l a tter h a l f of th e  1 9  ce n tu ry,  d es i g n ers  an d  m a n u factu rers  h a ve  b ee n  tryi n g  
to  m i n i m i ze  th e  s e con d a ry fl o ws  i n  an d  d i s ch arg i n g  from  th e  ru n n e r to  b roa d en  th e  ra n g e  of 
pos s i b l e  op e rati on  wi th  res p ect to  th e  pe ak effi ci en cy zo n e.  Th e y h a ve  n ot  ye t i n  2 0 0 6 ,  
s u cce e d e d  i n  e l i m i n a ti n g  th e  p os s i b i l i ty th at th e  pu l s ati o n s  g e n erate d  b y th e  ru n n er,  cre ate  
res o n a n ce wi th  th e  com p l e te  h yd ra u l i c s ys tem .  Th i s  a s p ect of h yd ra u l i c  d es i g n  i s  fu rth e r 
com pl i ca ted  b y th e  fa ct th a t th e  p os s i b l e  res o n a n ce s  ca n n o t b e  d ete rm i n e d  b y m od e l  tes ts ,  
e ve n  i f th e  e n ti re  h yd rau l i c s ys tem  were  to  be  m od e l l e d .  

I E C  TC  4  h as  b e e n  worki n g  on  th e  es ta bl i s h m en t of cri teri a  for j u d g i n g  th e  acce pta bi l i ty of 
h yd ra u l i c pres s u re  pu l s a ti o n  for a t l e a s t th e  l as t 50  ye a rs .  To  d ate ,  i t  h as  s u cce e d e d  o n l y i n  
d efi n i n g  h o w p res s u re  pu l s a ti on s  d u e  to  ru n n er d e s i g n  s h o u l d  b e  m eas u re d  ( I E C  6 0 9 94 ) .   

An a l ys e s  to  d e te rm i n e  th e  p o te n ti a l  res on a n t fre q u e n ci es  s h a l l  take  i n to  accou n t th e  e n ti re  
wa ter p as s a g e,  “ free  s u rface  to  fre e  s u rfa ce”  from  th e  po we r i n ta ke  s tru ctu re  th ro u g h  th e  
po we r tu n n e l ,  th e  p e n s to ck,  th e  s u rg e  ta n k,  th e  m an i fo l d ,  th e  tu rb i n e ,  th e  d raft tu b e  an d  th e  
ta i l race  co n d u i t,  wh i ch e ver are  a p p l i ca b l e  for e a ch  s i te.  F orci n g  fre q u e n ci es  com i n g  from  th e  
ru n n er d ep e n d  o n  th e  d e s i g n  a n d  on  th e  d i s ch arg e  an d  are  u s u a l l y i n  th e  ran g e  from  2 5  %  to  
1 0 0  %  of th e  ru n n e r rota ti o n a l  fre q u e n cy.  L o w l o ad  o pe rati o n  n orm al l y g e n e rates  th e  l o wes t 
d raft tu b e  forci n g  fre q u e n ci es  wh i l e  h i g h  l o a d s  g en e rate  th e  h i g h e s t fre q u e n ci es .  I n  com pl ex 
h yd ra u l i c s ys tem s ,  th i s  l arg e  vari a ti o n  i n  po te n ti a l  forci n g  freq u en ci es  m a ke s  i t  d i ffi cu l t to  
precl u d e ,  b y d es i g n ,  a l l  pos s i b i l i ti es  of re s on a n ce.  W h en  a  re h a b i l i ta ti o n  i n vo l ves  i n cre as i n g  
th e  m a xi m u m  d i s ch arg e  p a s s e d  th ro u g h  th e  u n i t,  i t  i s  p os s i b l e  th at  th e  ra n g e  of forci n g  
freq u e n ci es  wi l l  ch a n g e  a n d  crea te  a  res on a n t co n d i ti on  wh ere  i t  d i d  n ot e xi s t pre vi o u s l y.  

Th e  m os t com m on  s o l u ti on  to  a  pro b l e m  of h yd rau l i c res on a n ce  i s  th e  m od i fi cati o n  of th e  
n a tu ra l  freq u en cy of th e  tu rb i n e  d raft tu b e  b y th e  ad m i s s i on  or i n j ecti o n  of a i r.  Th e  effects  are  
ob tai n e d  i n  two wa ys .  F i rs tl y,  th e  form  an d  freq u en cy of p reces s i o n  of th e  d raft tu b e  vortex 
(th e  forci n g  fre q u e n cy)  ch a n g es  wh e n  a i r i s  ad m i tted  to  i t  a n d  s econ d l y,  th e  res o n a n t  
freq u e n cy of th e  com pl e te  d raft tu be  ch a n g es  d u e  to  th e  ch a n g e i n  ce l eri ty of th e  m od i fi ed  two 
ph as e  fl o w ( water a n d  a i r) .  C are  s h a l l  b e  take n  i n  ap p l yi n g  th i s  m e th od  of tu rb i n e  s ta b i l i za ti o n  
beca u s e ,  i n  a  com p l ex h yd ra u l i c s ys tem ,  re s o n an ce can  b e  cre ate d  wi th  a i r ad m i s s i on  as  
eas i l y a s  i t  ca n  b e  e l i m i n a te d .  Th e  o th er i m portan t factor i s  th a t wh e n  th e  q u an ti ty of a i r  
ad m i tted  ( or i n j e cte d )  e xcee d s  a b ou t 1  %  to  1 , 5  %  (s ta n d ard  tem pera tu re  a n d  p res s u re)  of th e  
tu rb i n e  d i s ch arg e ,  i t  can  h a ve  a  m eas u rab l y d e tri m en ta l  e ffect o n  tu rb i n e  effi ci e n cy,  
parti cu l arl y i n  th e  reg i o n  of th e  o pti m u m  e ffi ci en cy of th e  tu rb i n e.  I t  i s  th ere fore  i m porta n t n o t 
to  a d m i t or i n j ect a i r i n  th e  n orm a l  ra n g e  of g u i d e  va n e  o p en i n g ,  i f i t  i s  n ot  req u i red  for 
e l i m i n a ti n g  res o n an ce .  Th e  a d m i s s i on  or i n j ecti o n  of a i r to  th e  d raft tu b e  i n  th e  p art l oa d  a n d  
o ve rl o ad  ran g es  ca n  be  m arg i n a l l y b e n efi ci a l  for tu rb i n e  effi ci e n cy.  
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I t  s h ou l d  be  n ote d  th at  for d e e p l y s e t F ra n ci s  tu rb i n e s  an d  p arti cu l arl y p u m p-tu rb i n es  wh os e  
ru n n er/i m pe l l er s u bm erg en ce i s  s et b y th e  re q u i rem en ts  of th e  p u m p i n g  m od e,  th a t i f a i r i s  
req u i re d ,  i t  wi l l  pro b ab l y h a ve  to  b e  i n j ecte d  from  a  com pres s ed  a i r s ou rce .  Th e  l o wes t s ta ti c  
pres s u re  p o i n t i n  th e  d raft tu b e  m a y b e  a b o ve a tm os p h e ri c p res s u re .  

Vari o u s  typ es  of d raft tu b e  fl o w s trai g h te n ers  h a ve  b e en  tri e d  wi th  varyi n g  d e g re es  of s u cces s  
bu t th ei r b i g  d i s a d va n ta g e  i s  th at th e y ca n  be  p racti ca l l y d es i g n ed  to  be  op ti m al  for o n l y a  
n arro w ra n g e  of d i s ch a rg e  a n d  are  th erefore  a  p erform an ce h i n d ra n ce  a t  a l l  oth e r o pe ra ti n g  
con d i ti o n s .  

6.3.4.6.5  Power/frequency swings  

P o we r or freq u en cy s wi n g s  ca n  occu r a t th e  fre q u e n ci e s  ca u s ed  b y d raft tu b e  pres s u re  
pu l s a ti o n s  p arti cu l arl y i f th es e  are  i n  re s on a n ce  wi th  th e  h yd ra u l i c  co n d u i t  s ys tem .  
Re p ercu s s i o n s  ca u s ed  b y d raft tu b e  p u l s ati on s  o n  th e  s tati c pres s u re  u ps tre am  of th e  tu rb i n e  
d i s tri bu to r (s p i ra l  cas e  p res s u re  p u l s ati on s )  wi l l  res u l t i n  d i s ch arg e  p u l s a ti on s  wh i ch  h a ve  a  
d i rect i n fl u e n ce o n  po wer.  S u ch  ca s e s  a re  m ore  l i ke l y pro d u ce d  b y th e  typ e  of d raft tu b e  
pu l s ati o n s  wh i ch  occu r a t h i g h  l o ad s  an d  ca n  u s u a l l y b e  e l i m i n ated  b y m i n i m i zi n g  th e  
pres s u re  p u l s a ti o n s  a s  d es cri b e d  a bo ve.  

P o we r/freq u e n cy s wi n g s  at l o wer fre q u e n ci es  can  b e  rel a te d  to  i m prop e r g o ve rn i n g  
param e ters .  At a  pl a n t wh ere  th e  i n te n ti on  i s  to  i n cre as e  th e  m axi m u m  d i s ch a rg e ,  th e  wa te r 
s tarti n g  ti m e of th e  e n ti re  co n d u i t  s ys tem  wi l l  i n crea s e .  I f n o  ch a n g e i s  m ad e to  th e  i n erti a  of 
th e  u n i t,  th e  g o ve rn i n g  p ara m e ters  s h a l l  b e  re vi e we d  to  co n fi rm  acce ptab l e  g o vern i n g  for a n y 
an d  a l l  o p era ti n g  co n d i ti on s  of th e  po we rp l a n t ( i s ol a te d  o p era ti o n  o r a l wa ys  o n  a  g ri d ) .  
Tran s i e n ts  s h a l l  a l s o  b e  ve ri fi ed  (p res s u re  ri s e  an d  s p ee d  ri s e).  An  i n creas e  i n  m axi m u m  
d i s ch arg e  u s u a l l y m ea n s  th a t th e  m axi m u m  rate  of g u i d e  van e  cl os u re  s h a l l  b e  s l o wed  d o wn  
to  a vo i d  excee d i n g  th e  p en s tock an d  s p i ra l  ca s e  d es i g n  pres s u res .  Th i s  re s u l ts  i n  a n  i n cre a s e  
i n  tra n s i e n t s p e ed  ri s e  fo r a  fu l l  l o ad  rej ecti on ,  a  factor wh i ch  s h al l  b e  con fi rm ed  to  b e  wi th i n  
s afe  l i m i ts  i n  re l a ti o n  to  o vers p ee d  a n d  ru n a wa y s pe e d  pro tecti on  d e vi ces .  I t  i s  u s u a l l y 
acce p ta b l e  for th e  ro tati n g  p arts  th em s el ve s  wh i ch  a re  n orm al l y d e s i g n e d  for th e  fu l l  ru n a wa y 
con d i ti o n ,  b u t  th i s  i s  a n  a s p ect wh i ch  s h a l l  be  e va l u a ted  a n d  co n fi rm ed .  

6.4 The assessment of related  equ ipment 

6.4. 1  General  

I n  th e  p roce s s  of tu rb i n e  re h a b i l i tati on ,  i t  i s  n eces s ary to  kn o w th e  i m p act of th e  reh a bi l i ta ti o n  
on  al l  of th e  e q u i p m en t a n d  s tru ctu re s  i n  th e  p o we r p l a n t.   

W e can  con s i d er two d i ffere n t cate g ori es  of eq u i p m e n t i n vo l ve d :  

•  re l a te d  e q u i pm en t,  d i re ctl y affe cte d  b y th e  re h a b i l i tati on  of th e  tu rbi n e :  fo r exam p l e  
g e n era tor,  g o vern or,  g o vern or o i l  pres s u re  s ys tem ,  pres s u re  re l i ef va l ve,  tu rb i n e  i n l e t 
va l ve ,  s h u t  off va l ve,  pe n s tock,  s u rg e  ta n k,  p o we r tu n n e l ,  s u rg e  ch am b er,  ta i l race  tu n n el ;  

•  eq u i p m en t req u i red  for th e  m ai n ten a n ce an d  e ve n tu a l  o ve rh a u l  of th e  u n i t  an d  o th e r 
eq u i pm en t:  for exa m p l e  cran e s  a n d  th e i r ru n wa y s ys tem s ,  d i s as s e m bl y a n d  ere cti on  
eq u i pm e n t a n d  to o l s .  

Th e  i m pa ct of th e  tu rbi n e  reh a b i l i ta ti on  on  th e  rel a te d  e q u i pm en t s h a l l  b e  d e term i n e d  b y 
e va l u a ti n g  s u ch  a s p e cts  as :  

•  m od e  of op erati o n  (e . g .  i n cre as e  i n  th e  n u m be r of s tart/s tops  p er d a y cou l d  re q u i re  
i m pro vem en ts  to  th e  th ru s t be a ri n g ,  a n d  u n i t bra ke /j ack e q u i pm en t) ;  
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•  tra n s i e n ts  o n  l o a d  re j e cti o n  p a rti cu l arl y i f a n  i n cre as e d  m axi m u m  u n i t ou tpu t i s  b ei n g  
con s i d ere d  (s p e ed  ri s e  a n d  pres s u re  ri s e);  

•  g o vern or ad e q u a cy.  

•  i n cre a s e d  axi a l  th ru s t d u e  to  a  n e w ru n n er d e s i g n  (m a y n e ces s i ta te  ch a n g es  to  th e  th ru s t 
be ari n g  coo l i n g  s ys tem ) ;  

•  ru n a wa y s p ee d  of th e  n e w ru n n er ( s tres s es  i n  rotati n g  p arts  a n d  re l ati o n s h i p  wi th  cri ti ca l  
s p e e d s ) ;  

•  ri s k of n e w a d vers e  h yd ra u l i c p u l s a ti o n s  d u e  to  n e w ru n n er d es i g n ,  m a i n l y for F ran ci s  
tu rb i n es  a n d  p u m p-tu rb i n es  (fo r tes t proce d u re ,  s e e  I E C  6 0 9 9 4 ) ;  

•  ch a n g e  i n  tai l wa te r el e va ti on  i n  re l a ti on  to  i n cre a s e d  m axi m u m  fl o w of th e  tu rb i n e,  wh i ch  
affects  bo th  s p eci fi c h yd ra u l i c en erg y,  a n d  s u b m erg e n ce of th e  tu rb i n e  for ca vi tati o n  
con s i d era ti o n s ;  

•  i m pact o n  s p eci fi c h yd rau l i c e n erg y d u e  to  i n creas e d  m axi m u m  fl o w of tu rb i n e  (h i g h er 
l os s e s  i n  th e  pe n s tock,  p o wer tu n n e l  a n d  ta i l race);  

•  pres s u re –re l i ef va l ve  ca paci ty req u i red  to  l i m i t  p res s u re  ri s e  an d  s p ee d  ri s e  d u ri n g  l o ad  
rej ecti o n  ( i f a pp l i ca bl e) ;  

•  tu rb i n e  i n l et  va l ve  a n d  i ts  co n tro l  s ys tem  ad e q u a cy.  

I t  i s  h i g h l y p rob a bl e  th at th e  re l a te d  e q u i pm en t wi l l  n e e d  re h a b i l i tati o n  to  a  d eg re e  s i m i l ar to  
th e  tu rb i n e  i ts e l f.  Th e  as s e s s m e n t of th e  re l a ted  eq u i pm en t wi l l  n ot be  d e s cri be d  i n  d e ta i l  i n  
th i s  g u i d e ;  h o we ver a  fe w as pects  are  m en ti o n e d  co n cern i n g  th e  d i rect i n fl u e n ce of a  n e w 
ru n n er a n d  pos s i b l y m od i fi e d  o p erati n g  m od es  of th e  po we r p l a n t.  

Th e  fo l l o wi n g  ta b l es  g i ve  i n  a  “ ch eck-l i s t”  form at,  for e a ch  com p on e n t,  th e  as p ects  th a t s h o u l d  
be  con s i d ere d  i n  th e  e va l u a ti o n  of th e  re l ate d  e q u i pm e n t.  Th e s e  are  p res e n te d  u n d e r th e  
h e a d i n g s  “ as p ects  of co n cern ” ,  “ p os s i b l e  ca u s e  or reas o n ”  a n d  “ pos s i b l e  acti on ”  

Th e  Ta b l e s  are  a rra n g e d  as  fo l l o ws :  

•  G o vern or (Ta b l e  2 8);  

•  G e n era tor (Ta b l e  2 9);  

•  P e n s tock an d  tu rb i n e  i n l e t va l ves  (Tab l e  3 0 );  

•  C i vi l  works  ( Tab l e  3 1 ) ;  

•  Cra n e,  erecti o n  e q u i p m e n t (Tab l e  3 2 ).   

A d e ta i l e d  d i s cu s s i on  of th e  m os t re l e va n t a s p e cts  of co n ce rn  for th e  a s s es s m en t of th e  
re l a te d  e q u i p m en t fo l l o ws  th e  ta b l es .  
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Table  28  – Assessment  of related  equ ipment  -  
Governor 

Aspect of concern  Possible  cause  or reason   Possible  action  

□  Ad e q u a cy  □  I n cre a s e  o f s tro ke  fo r 
n e e d l e s /g u i d e  va n e s  

□  I n cre a s e  o f m a xi m u m  p o we r 
b e ca u s e  o f d i s ch a rg e  
i n cre a s e  

□  C h a n g e  i n  cl o s i n g  
ch a ra cte ri s ti cs  wi th  n e w g u i d e  
va n e  p ro fi l e ,  o r ch a n g e  i n  
s e rvo m o to r s tro ke ,  o r d u ra ti on

□  S e rvo m o to r 
m o d i fi ca ti o n s /re p l a ce m e n t 

□  M o d i fi ca ti o n s  to  o i l  p re s s u re  
s u p p l y a n d  s to ra g e  s ys te m   

□  D i s tri b u ti o n  va l ve  
re p l a ce m e n t/a d j u s tm e n t 

□  M o d i fi ca ti o n s  to  g o ve rn o r 
p ri m a ry p a ra m e te rs ,  o r 
fe e d b a ck s e tti n g s   

□  F u n cti o n  □  D i ffe re n t  o p e ra ti n g  m o d e  e . g .  
d i re ct p o we r-fre q u e n cy co n tro l  
fro m  s ys te m  co n tro l  s i g n a l  

□  C o n tro l  m o d i fi ca ti o n s  re q u i re d  
b y o p e ra ti o n s  g ro u p  

□  Au tom a ti o n  fo r re m o te  co n tro l

□  O p e ra ti o n  i n  i s o l a te d  g ri d  o r 
i s l a n d e d  o n  l o ca l  l o a d   

□  Re q u i re d  ch a n g e  o f 
m e ch a n i ca l  i n e rti a  o r 
h yd ra u l i c i n e rti a  fo r s ta b l e  
g o ve rn i n g  

□  G o ve rn or p a ra m e te r 
a d j u s tm e n ts  

□  G o ve rn or re p l a ce m e n t ( i . e .  
m e ch a n i ca l  fo r e l e ctro n i c o r 
to  P ro g ra m m a b l e  L o g i c 
C o n tro l l e r ( P L C )  b a s e d  
s ys te m )  

□  I n te g ra ti o n  o f th e  g o ve rn o r 
fu n cti o n s  i n  th e  s u p e rvi s o ry 
co n tro l  s ys te m   

□  I n s ta l l a ti o n  o f a n  e l e ctri ca l  
p o we r co n s u m p ti o n  d e vi ce  to  
p ro vi d e  a  m i n i m u m  l o a d  i n  
o rd e r to  a ch i e ve  o r i m p ro ve  
s ta b i l i ty  

□  Ad d i ti o n  o f fl ywh e e l  e ffe ct 

□  Re d u cti o n  o f p e n s to ck 
ve l o ci ti e s  b y re p l a ce m e n t  o f 
a l l  o r p a rt  of th e  p e n s to ck 
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Table  29  – Assessment of related  equ ipment – 
Generator and  th rust bearing   

Aspect of concern  Possible  cause  or reason  Possible  action  

□  P o we r i n cre a s e  □  I n cre a s e d  tu rb i n e  m a xi m u m  
o u tp u t 

□  Ve ri fi ca ti o n  o f to rq u e  
tra n s m i tti n g  co m p o n e n ts  

□  M o d i fi ca ti o n s  to  o r 
re p l a ce m e n ts  o f to rq u e  
tra n s m i tti n g  co m p o n e n ts  

□  Ve ri fi ca ti o n  of s ta to r wi n d i n g  
ca p a ci ty 

□  G e n e ra to r s ta to r re wi n d  

□  G e n e ra to r fi e l d  s ys te m  
re h a b i l i ta ti o n  

□  Ve ri fi ca ti o n  o f g e n e ra to r 
co o l i n g  s ys te m  

□  M o d i fi ca ti o n s  to  s u rfa ce  a i r 
co o l e rs  ( m a i n  g e n e ra to r 
co o l e rs )  

□  I n cre a s e d  a i r fl o w 

□  H yd ra u l i c th ru s t  □  N e w ru n n e r d e s i g n  

□  N e w ru n n e r s e a l  d i a m e te rs  o r 
s m a l l e r cl e a ra n ce s  

□  I n s ta l l a ti o n  o f p re s s u re  
e q u a l i zi n g  d e vi ce s  o r s ys te m s  
o n  th e  tu rb i n e  to  re d u ce  th ru s t

□  M o d i fi ca ti o n  o f th ru s t  b e a ri n g  

□  M o d i fi ca ti o n  o f th ru s t  b e a ri n g  
co o l i n g  s ys te m  

□  Ad d  h i g h  p re s s u re  o i l  i n j e cti o n  
s ys te m  fo r s ta rt-s to p s   

□  I n cre a s e d  m a xi m u m  tra n s i e n t  
o ve rs p e e d   

□  I n cre a s e  i n  m a xi m u m  p o we r 
of th e  u n i t  wi th  re d u cti o n  o f 
g u i d e  va n e  cl o s u re  ra te  
( i n cre a s e d  cl os u re  ti m e )  

□  I n cre a s e  o f th e  m e ch a n i ca l  
i n e rti a  o f th e  u n i t  

□  Ad o p ti o n  o f two  ra te  tu rb i n e  
g u i d e  va n e  cl o s u re  

□  I n cre a s e d  tra n s i e n t o r 
s u s ta i n e d  ru n a wa y s p e e d  

□  N e w ru n n e r d e s i g n  

□  I n cre a s e d  m a xi m u m  g u i d e  
va n e  o p e n i n g  

□  Ve ri fi ca ti o n s  o f a n d  
m od i fi ca ti o n s  to  s h a ft,  roto r 
s p i d e r,  ri m ,  p o l e s ,  g u i d e  
b e a ri n g s  a n d  g u i d e  b e a ri n g  
s u p p o rts  

□  Cri ti ca l  s p e e d  ( to rs i o n  o r 
b e n d i n g )  

 

□  H i g h e r ru n a wa y s p e e d  wi th  
th a t of n e w ru n n e r 
a p p ro a ch i n g  fi rs t  cri ti ca l  
s p e e d  o f u n i t  

□  C ri ti ca l  s p e e d  a n a l ys i s  

□  M o d i fi ca ti o n s  to  ro ta ti n g  p a rts

□  M o d i fi ca ti o n s  to  g u i d e  
b e a ri n g s  o r th e i r s u p p o rt  
s ys te m s  

□  Ad d i n g  o f a n  a d d i ti o n a l  g u i d e  
b e a ri n g  
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Table  30  – Assessment of related  equ ipment – 
Penstock and  turbine  in let  valves  

Aspect of concern  Possible  cause  or reason  Possible  action  

□  H yd ra u l i c re s o n a n ce  wi th  
tu rb i n e  g e n e ra te d  p re s s u re  
p u l s a ti o n s  

□  N e w ru n n e r,  m o d i fi e d  o u tl e t  
s wi rl  fre q u e n cy 

□  M o d i fi e d  d ra ft  tu b e  

□  I n te ra cti o n  b e twe e n  g u i d e  
va n e s  a n d  ru n n e r b l a d e s    

□  C F D  a n a l ys e s  a n d  u n s te a d y 
fl o w a n a l ys e s  

□  I n s ta l l a ti o n  o f s ys te m s  o r 
d e vi ce s  to  s u p p re s s  vo rti ce s  
a n d /o r m od i fy fo rci n g  
fre q u e n ci e s  

□  D ra ft  tu b e  a i r a d m i s s i o n  o r 
i n j e cti o n  

□  M o d i fi ca ti o n s  to  wa te r 
co n ve ya n ce  s ys te m  

□  H yd ra u l i c tra n s i e n t  p re s s u re  
ri s e  

□  P re s s u re  ri s e  i n cre a s e  d u e  to  
h i g h e r ra te  o f g u i d e  
va n e /n e e d l e  cl o s u re  a t  n e w 
m a xi m u m  d i s ch a rg e  

 

□  M o d i fy g u i d e  va n e /n e e d l e  
cl o s u re  ch a ra cte ri s ti c 

□  As s e s s  e ffe ct o f a l l o wi n g  
h i g h e r s p e e d  ri s e  fro m  s l o we r 
g u i d e  va n e  cl o s u re  

□  M o d i fi ca ti o n s  to  wa te r 
co n ve ya n ce  s ys te m  
( re p l a ce m e n t o r re i n fo rce m e n t 
o f p e n s to ck)  

□  Tu rb i n e  i n l e t  va l ve  s tru ctu ra l  
i n te g ri ty  

□  I n cre a s e d  m a xi m u m  
d i s ch a rg e  o r m o d i fi e d  cl o s i n g  
ti m e  re s u l ti n g  i n  h i g h e r 
m a xi m u m  wo rki n g  p re s s u re  

 

□  S tru ctu ra l  m o d i fi ca ti o n  o f th e  
va l ve  

□  Re d u ce  th e  va l ve  cl o s i n g  ra te  
o r u s e  m u l ti p l e  ra te  cl o s u re  
l i m i ti n g  tra n s i e n t e ffe cts  b y 
d e s i g n  

□  Tu rb i n e  i n l e t  va l ve  fu n cti o n a l  
s u i ta b i l i ty 

□  I n cre a s e  i n  n u m b e r o f u n i t  
s ta rt/s top s  

□  M o d i fy va l ve  a n d  i ts  o p e ra ti n g  
s ys te m  to  wi th s ta n d  m o re  
fre q u e n t o p e ra ti o n s  

□  Ca p a ci ty o f th e  p e n s to ck ve n t 
s ys te m  fo r e m e rg e n cy i n ta ke  
g a te  cl o s u re  wh e n  th e  l a tte r i s  
ca l l e d  u p o n  to  a ct a s  a  
d i s ch a rg e  i n te rru p ti o n  d e vi ce  

□  I n cre a s e  i n  th e  d i s ch a rg e  to  
b e  i n te rru p te d  b e ca u s e  o f a n  
i n cre a s e  i n  th e  m a xi m u m  
tu rb i n e  d i s ch a rg e  

□  I n cre a s e  th e  n u m b e r o r s i ze  
o f th e  a i r ve n ts  

□  Ad e q u a cy o f p e n s to ck 
p ro te cti o n  va l ve s   

□  M a xi m u m  o p e ra ti n g  p re s s u re  
i n cre a s e  d u e  to  h i g h e r 
h yd ra u l i c tra n s i e n ts   

□  Va l ve  
m o d i fi ca ti o n /re p l a ce m e n t 

□  N e w o i l  d ri ve n  s e rvo m o to r 

□  N e w s e a l i n g  

□  Ad e q u a cy o f tu rb i n e  d ra ft  tu b e  
g a te s  

□  I n cre a s e  o f h yd ra u l i c l o a d s  
fro m  d o wn s tre a m  b o th  
s u s ta i n e d  a n d  tra n s i e n t,  d u e  
to  h i g h e r m a xi m u m  d i s ch a rg e  

□  M o d i fi ca ti o n s  to  va l ve  or g a te  
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Table  31  – Assessment of related  equ ipment – 
Civi l  works  

Aspect of concern  Possible  cause  or reason  Possible  action  

□  I n cre a s e d  h e a d  l o s s e s  i n  
h e a d ra ce  ch a n n e l /tu n n e l   

□  I n cre a s e d  m a xi m u m  
d i s ch a rg e  

□  F o u l i n g  o r ch o cki n g  o f 
h e a d ra ce  ch a n n e l /tu n n e l  

□  L i m i ta ti o n  o f th e  s ta rt-u p  ra m p  
ra te  or th e  l o a d i n g  ra m p  ra te  

□  L i m i ta ti o n  o f th e  m a xi m u m  
s u s ta i n e d  d i s ch a rg e  

□  Ch a n n e l /tu n n e l  cl e a n i n g ,  
l i n i n g  o r m o d i fi ca ti o n  

□  P o te n ti a l l y g re a te r l e ve l  
va ri a ti o n s  i n  u p s tre a m  s u rg e  
ta n k o n  l o a d  u p ta ke  a n d /o r o n  
l o a d  re j e cti o n  

□  I n cre a s e d  m a xi m u m  
d i s ch a rg e  

□  I n cre a s e d  m a xi m u m  g u i d e  
va n e /n e e d l e  o p e n i n g  o r 
cl o s u re  ra te s   

□  L i m i t  ra m p i n g  ra te s   

□  L i m i t  m a xi m u m  g u i d e  
va n e /n e e d l e  cl o s u re  ra te s  

□  M o d i fy s u rg e  ta n k  

□  G re a te r l e ve l  va ri a ti o n s  i n  
d o wn s tre a m  s u rg e  ch a m b e r 
o n  l o a d  p i cku p  o r re j e cti o n  

□  I n cre a s e d  m a xi m u m  
d i s ch a rg e  

□  I n cre a s e d  m a xi m u m  g u i d e  
va n e  cl o s u re  ra te s   

□  P u t  l i m i ts  o n  s u rg e  ch a m b e r 
a cce s s  b y p e rs o n n e l  

□  E xte n d  g u i d e  va n e  cl o s u re  
ti m e  fo r n e w m a xi m u m  
d i s ch a rg e  

□  M o d i fy th e  s u rg e  ch a m b e r 

□  I n cre a s e d  h e a d  l o s s e s  o r 
l e ve l  fo r s u s ta i n e d  h i g h  
d i s ch a rg e  o p e ra ti on  i n  ta i l ra ce  
tu n n e l  o r ch a n n e l  

□   I n cre a s e d  m a xi m u m  
d i s ch a rg e  

□  E co n o m i c a n a l ys i s  to  
d e te rm i n e  i f i m p ro ve m e n ts  a re  
j u s ti fi e d  to  ta i l ra ce  ch a n n e l  o r 
tu n n e l  

□  M o d i fi ca ti o n s  to  ch a n n e l  o r 
tu n n e l  

 

Table  32  – Assessment of related  equ ipment  – 
Crane,  erection  equ ipment 

Aspect of concern  Possible  cause  or reason  Possible  action  

□  M a xi m u m  we i g h t  to  b e  l i fte d  

□  Accu ra cy o f p o s i ti o n i n g  o f 
p i ck-u p  p o i n t  ( h o o k o r p i n )  

□  S a fe ty ( m e ch a n i ca l  a n d  
s tru ctu ra l  i n te g ri ty)  o f cra n e  
a n d  ru n wa y  

□  W ei g h t i n cre a s e  o f n e w u n i t  
co m p o n e n ts  

□  L a ck o f re g u l a r u s e   

□  O b s o l e te  s tru ctu re ,  e q u i p m e n t 
a n d  co n tro l s  

□  C o rro s i o n  a n d  we a r  

□  C ra n e  a n d  ru n wa y 
i n s p e cti o n /m o d i fi ca ti o n  

□  C ra n e  re p l a ce m e n t 

□  O ve rh a u l e d  o r n e w e re cti o n  
e q u i p m e n t 

 

6.4.2  Generator and  thrust bearing  

Th e h yd ra u l i c th ru s t m a y ch a n g e wi th  th e  i n s ta l l a ti o n  of a  n e w tu rb i n e  ru n n er or wi th  a  n e w 
d es i g n  of ru n n er s e a l s  wi th  s m al l er cl e a ran ces .  Th e  d e s i g n  of th e  th ru s t be ari n g  s h a l l  b e  
veri fi ed  for th e  n e w l o ad i n g  co n d i ti on s .  I t  m a y be  u s efu l  to  i n s ta l l  a  h i g h - pres s u re  o i l  i n j ecti o n  
pu m p to  red u ce th e  a d vers e  e ffects  of m ore  fre q u e n t s tart/s top s  or to  con s i d er th e  u s e  of 
th ru s t p ad s  h a vi n g  a  n o n -m eta l l i c  co a ti n g .  F or s u s ta i n e d  h i g h er l oa d  op era ti o n ,  i t  m a y be  
n eces s ary to  m od i fy th e  be a ri n g  or i ts  oi l  co o l i n g  s ys tem .  
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A n e w tu rb i n e  ru n n er i n  a  h i g h  h e a d  p l a n t,  i f a n  i n cre a s e  i n  m a xi m u m  d i s ch arg e  i s  pl a n n e d ,  
wi l l  ofte n  h a ve  an  i n cre a s e d  s u s ta i n e d  ru n a wa y s p e e d  a n d  an  i n cre a s e d  tran s i e n t o ver-s p e e d  
wh i ch  m a y e xcee d  th e  s u s ta i n e d  ru n a wa y s p ee d  beca u s e  of th e  tran s i e n t o ve rpres s u re .  Th e  
l a tter m a y b ecom e th e  g o vern i n g  d es i g n  m axi m u m  s pe ed  for th e  g e n era tor.  I n  th i s  co n te xt,  
th e  n e w s u s tai n e d  ru n a wa y s p ee d  an d  th e  n e w m axi m u m  tran s i en t o ver-s pe e d  s h a l l  b e  
d e term i n ed .  Th i s  i s  es p e ci a l l y i m porta n t i f th e re  i s  a  d o wn s tre a m  s u rg e  ch am be r s i n ce  th e  
tra n s i e n t o ver-s pe e d  ca n  be  ag g ra vated  b y th e  tran s i e n t l o we r d o wn s tre a m  pres s u re  ca u s e d  
b y th e  l e ve l  d rop  i n  th e  s u rg e  ch am be r at th e  s a m e ti m e  as  th e  d i s tri bu to r i s  s e e i n g  a  
tra n s i e n t o ve rpre s s u re .  T h e s e  e ffects  are  s om e ti m e s  o verl o oked .  

I f th e  n u m b e r of ru n n er b l a d es  or P e l to n  bu ckets  i s  ch a n g e d ,  th en  th e  re l ati on s h i p  b e twee n  
th e  exci ti n g  fre q u e n cy a n d  th e  e q u i pm e n t n atu ra l  fre q u e n ci es  s h a l l  b e  ch ecked ,  p arti cu l a rl y 
for th e  rota ti n g  p arts .  

Th e  d es i g n  of th e  cou p l i n g  fl an g e  b e twe en  g en era tor s h aft  a n d  th e  tu rb i n e  ru n n e r or tu rb i n e  
s h a ft s h a l l  b e  re vi e we d .  Very ofte n ,  i t  i s  n e ces s ary to  i m pro ve th e  a l i g n m en t of th e  two  
com pon e n ts  i n  ord er to  d ecre as e  m e ch a n i ca l  vi bra ti o n s .  I t  m i g h t b e  co n s i d e red  to  rep l ace  
fi tte d  cou p l i n g  b o l ts  o r ke ys  wi th  a  m od ern  fri cti o n  cou p l i n g .  To  re d u ce  th e  d a n g er of s tre s s  
corros i o n  cracki n g ,  th e  cou p l i n g ,  i f e xp os e d  to  th e  water p a s s ag e ,  s h ou l d  b e  m ad e wate rti g h t.  
Th i s  i s  p arti cu l a rl y i m portan t for h o ri zo n ta l  s h aft P e l ton  u n i ts .  

I n  th e  cas e  of Pe l to n  tu rb i n es  ( h ori zo n ta l  or verti ca l  a xi s )  wi th  ru n n e rs  o ve rh u n g  o n  th e  
g e n era tor s h a ft,  th e  s h a ft s u rface  i s  often  expo s e d  to  wa ter an d  n e e d s ,  i n  th at re g i o n ,  a  
th orou g h  N D T exam i n a ti on .  I n  m an y ca s e s ,  a  co m pu ta ti o n  of th e  d a n g er of s tres s  corros i on  
cracki n g  i s  m e ri te d .  

An  i n cre as e  of tu rbi n e  ou tp u t m i g h t be  l i m i te d  b y th e  m axi m u m  s a fe  p o we r o u tp u t of th e  
g e n era tor i f i t  was  n o t o vers i ze d  i n  th e  ori g i n al  d es i g n .  I n  m an y ca s es ,  th e  p o wer o u tp u t ca n  
be  i n creas e d  i f th e  a cti ve  parts  of th e  g en era tor are  re n e we d  a n d  exi s ti n g  com pon e n ts  l i ke  th e  
s ta tor fram e or th e  s h aft a re  ve ri fi ed  an d  re u s e d .  I t  i s  n orm a l l y u n n eces s ary to  m ake 
exp e n s i ve  ch a n g es  to  th e  ci vi l  works .   

G e n erators  bu i l t  before  ab o u t 1 9 6 5,  h a d  cl a s s  B  as p h a l t/m i ca  typ e  i n s u l a ti o n  s ys tem s  wh i ch  
req u i red  a  g ro u n d - wa l l  i n s u l a ti o n  th i ckn es s  m u ch  g re a ter th a n  th e  m od ern  ep oxy/m i ca  b as ed  
cl as s  F  s ys tem s .  Th erefore  i f th e  o wn e r el ects  to  i n s ta l l  a  n e w s ta tor wi n d i n g  wi th  cl as s  F  
i n s u l ati on ,  th e  a d d i ti on a l  co p p er co n d u ctor are a  i n  th e  s a m e s tator core  s l ots  wi l l  a l l o w a  
po we r i n cre as e  of b e twe en  2 0  a n d  3 0  %  wi th o u t  d o i n g  m u ch  e l s e  to  th e  g en erator a n d  wi th o u t 
h a vi n g  to  exce e d  s i g n i fi can tl y,  th e  C l as s  B  o pe ra ti n g  tem p era tu res .  O th er m od i fi ca ti o n s  to  be  
con s i d ere d  are  a  n e w d e s i g n  of th e  p o l e s ,  th e  u s e  of h i g h  p erm e a b i l i ty s ta tor core  l am i n a ti o n s  
an d  n o n -m a g n e ti c m ate ri a l  for th e  e n d  re g i o n  ( wi n d i n g  s u p port,  ke yi n g  of th e  p o l es ,  a i r- g u i d es  
etc. )  

An  i m pro ve m e n t of th e  g e n erator-co ol i n g  s ys tem ,  es peci a l l y th e  va n es  m ou n ted  o n  th e  rotor 
an d  th e  ch a n n el s  wh i ch  g u i d e  th e  co o l i n g  a i r,  can  a l l o w h i g h er cap aci ty u ti l i za ti o n  wi th i n  
exi s ti n g  g e om etri c d i m en s i on s  wi th  re d u ce d  ve n ti l ati on  l os s es .  
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6.4.3  Turbine  governor 

I f th e  g u i d e  va n es  or i n j e ctor n e e d l es  are  m od i fi e d  or re p l a ce d  or a  n e w ru n n e r i s  s u p p l i e d  for 
th e  tu rb i n e  res u l ti n g  i n  a  ch a n g e to  th e  m axi m u m  tu rb i n e  d i s ch a rg e ,  th e n  p os s i b l e  ch an g e s  i n  
th e  op e n i n g  a n d  cl os i n g  p aram eters  s h a l l  b e  con s i d e re d .  Th e  d i m en s i on i n g  of th e  
s ervom otors  a n d  parti cu l arl y th e i r s troke  a n d  th e  s i ze  of th e  oi l -s u p p l y p u m ps  a n d  
accu m u l a tor tan k( s )  s h a l l  b e  ch e cke d .  Th e  op e n i n g  for s p ee d - n o- l o ad  an d  th e  s pe e d  ri s e  
fol l o wi n g  a  l oa d -rej e cti o n  ca n  ch a n g e  s i g n i fi ca n tl y wi th  a  n e w tu rb i n e  ru n n er i n  a  re acti on  
tu rb i n e .   

An  i n cre a s e  of m a xi m u m  tu rb i n e  d i s ch arg e  m i g h t  l ea d  to  a n  i n crea s e  of s troke  for th e  g u i d e  
van es ,  i n j ector n e ed l e s  or Ka p l a n  ru n n er b l a d e s  wh i ch  i n  tu rn  a l s o  n ece s s i ta tes  a  re vi e w of 
th e  s e rvom otor ch aracteri s ti cs  a n d  th e  o i l -s u p p l y s ys tem .  

Th e  m i n i m u m  al l o wa b l e  s u s ta i n e d  l oa d  on  F ra n ci s  tu rb i n es  or p u m p-tu rb i n es  a n d  i n d ee d  o n  
fi xe d  bl a d e  p ro pe l l e r or Kap l a n  tu rb i n es  d u e  to  l o w d i s ch arg e  s wi rl  i n  th e  d raft  tu be  ca n  
ch a n g e  s i g n i fi ca n tl y wi th  n e w ru n n ers ,  n eces s i ta ti n g  an  a d ap tati on  of th e  con trol  a l g ori th m .  

6.4.4  Turbine  in let  and  outlet  valves,  pressure  rel i ef valve 

Th i s  e q u i p m en t i s  u s u a l l y of th e  s a m e a g e  as  th e  tu rb i n e  bu t n orm al l y i s  n ot as  e xp os ed  to  
we a r a n d  a bras i o n  b eca u s e  th e y s erve  a  m a i n l y tra n s i e n t a n d  s ta n d - b y fu n cti o n .  N e verth e l e s s  
th e i r m ech a n i ca l  i n te g ri ty a n d  th e i r re l i a b i l i ty of op e rati o n  s h a l l  b e  i n ves ti g a te d  i n  th e  s am e 
m an n e r as  th os e  a s p ects  of th e  tu rb i n e.  

An  i n cre a s e  i n  th e  tu rb i n e  s p eci fi c h yd ra u l i c en erg y ( ri s e  i n  u ps tre am  l e ve l  or l o weri n g  of 
d o wn s tre am  l e ve l )  or i n  th e  tu rb i n e  m axi m u m  d i s ch arg e  wi l l  n e ces s i tate  a  com pl e te  ch ecki n g  
of th e  va l ve  d es i g n  an d  th a t of i ts  o p era ti n g  s ys te m  an d  of th e i r a b i l i ty to  o pe ra te  re l i a b l y a n d  
s afe l y u n d er em erg e n cy s h u t- off.  

An  ad d i ti on a l  as pect wh i ch  s h a l l  b e  d e a l t wi th  i s  a  p o te n ti a l  i n cre as e  o ve r ti m e of th e  fri cti o n  
i n  th e  b e ari n g s  or b u s h i n g s  of th e  ro tati n g  d i s c p l u g  or fl a p.  I f va l ves  are  ke p t o p en  for l o n g  
peri o d s ,  th e n  th e  fri cti o n  co e ffi ci e n t i n  th e  b e ari n g s  o r b u s h i n g s  m ay i n cre as e  d u e  to  
corros i o n ,  to  co n tam i n ati on  b y fore i g n  p arti cl es  or o th er d ep os i ts  an d  wi l l  res u l t  i n  a  d ecre as e  
of th ei r re l i a b i l i ty to  cl os e  u n d er em e rg e n cy d i s ch a rg e  i n terru p ti o n  co n d i ti o n s .  

F u rth erm ore ,  i f th e  tu rbi n e  fou n d ati on  s ys tem  h as  d e te ri orate d ,  th e n  th e  con s e q u e n ces  o n  
th e s e  an ci l l ary e q u i p m en ts  a n d  th e i r s u p p orts  a n d  a n ch or b o l ts  s h a l l  a b s ol u te l y b e  ve ri fi ed .  

6.4.5  Auxi l i ary equ ipment 

Th e p u rs u i t of i n cre a s e d  effi ci e n cy al s o  i n cl u d es  th e  re d u cti o n  of th e  p o wer con s u m pti o n  of 
au xi l i ary e q u i p m en t.  To  ach i e ve  th i s  g o a l ,  p u m p m otors ,  p u m p i m p e l l e rs  an d  va l ves  wi th  h i g h  
l os s es  ca n  b e  re p l ace d .  

Re h ab i l i ta ti o n  of th e  g e n e ra tor m a y n eces s i ta te  re vi s i o n s  to  th e  co o l i n g  wate r s u pp l y s ys tem  
for th e  g en era tor s u rfa ce  a i r co o l ers .  An  e n erg y b a l a n ce  cal cu l ati o n  a l o n g  wi th  th e  
as s es s m en t of cos ts ,  o pera ti n g  an d  m a i n te n an ce con s i d e ra ti o n s  wi l l  d i cta te  wh e th er i t  i s  
be tte r to  u s e  ta i l race  wa te r th ro u g h  a  p u m pe d  s ys te m  or to  ta p  th e  s u p p l y off th e  u p s tre am  
con d u i t  trou g h  a  s u i ta b l e  pres s u re  re d u cti on  d e vi ce .  
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An o th er a ppro ach  to  i m provem e n t i s  th e  exch a n g e  of h i g h  vi s cos i ty l u bri ca n ts  wi th  
com parab l e  p ro d u cts  h a vi n g  l o wer vi s cos i ty wh e re  d es i g n  con d i ti o n s  of th e  b ea ri n g s  p e rm i t.  
Th e  u s e  of b i o-d e g rad a bl e  l u bri can ts  a n d  h yd ra u l i c fl u i d s  m a y a l s o  b e  con s i d ere d .  I f th e  typ e  
of th e  l u bri ca n t or h yd ra u l i c fl u i d  i s  ch an g ed  wi th i n  an  exi s ti n g  h yd ra u l i c s ys tem ,  th e  s ys tem  
s h a l l  b e  cl e an e d  th oro u g h l y,  as  res i d u a l  q u an ti ti e s  of th e  o l d  l u bri ca n t m a y n ot b e  com p a ti bl e  
wi th  th e  n e w pro d u ct.  Th e  com pa ti b i l i ty of an y n e w p ro d u ct wi th  ru b be r or p o l ym er s e al s ,  
s ys tem  coa ti n g s  or th e  m ate ri a l  of i m pe l l ers ,  va l ves ,  e tc.  s h a l l  b e  con fi rm ed .  W i th  b i o-
d e g rad a b l e  l u bri ca n ts ,  i t  s h a l l  b e  as s u red  th a t th e y wi l l  n ot b e  i n  co n tact wi th  wa te r s i n ce  s u ch  
con ta ct  m a y l e ad  to  d e co m pos i ti o n  a n d  pre m atu re  a g ei n g .  

Ch a n g es  to  th e  m ai n  s h aft s ea l  re q u i re  ve ri fi ca ti on  of th e  a d e q u acy of i ts  cl e an  co o l i n g  a n d  
l u bri cati n g  wa ter s u p p l y.   

Ch a n g es  i n  th e  h yd ra u l i c th ru s t re q u i re  veri fi cati on  of th e  a d e q u acy of th e  l u bri cati n g  o i l  
ch aracte ri s ti cs  a n d  th e  coo l i n g  s ys te m  of th e  th ru s t b e a ri n g  an d  p os s i b l y of i ts  o i l  va p ou r 
s ca ve n g i n g  s ys tem .  

Th e  s u p p l y of a  n e w ru n n er m a y n e ces s i ta te  m od i fi cati on s  to  th e  d raft tu b e  ae ra ti o n  s ys tem  or 
i n d e e d ,  m a y p erm i t i ts  e l i m i n ati on .  I n  s om e i n s ta n ces ,  th e  q u a n ti ty of a i r re q u i re d  for 
s ta b i l i s a ti o n  of u n i t  op era ti o n  can  b e  s i g n i fi ca n t e n ou g h  to  u n b a l a n ce  th e  p o werh o u s e  h e ati n g  
an d  ve n ti l ati n g  s ys tem ,  p a rti cu l arl y i n  th e  cas e  of a n  u n d e rg ro u n d  p o we rh o u s e .  

6.4.6  Equ ipment for erection ,  d ismantl ing  and  maintenance 

Th e  h e a vi es t  l i ft  for wh i ch  th e  p o werh o u s e  cra n e  a n d  cran e  ru n wa y are  d es i g n ed  i s  u s u a l l y,  
bu t n ot a l wa ys ,  th e  as s e m b l e d  g en erator ro tor.  Th i s  e q u i pm en t i s  n e e d e d  for u n i t  d i s m an tl i n g  
an d  th i s  p rob a b l y for th e  fi rs t ti m e i n  d ecad es .  B efore  s tarti n g  a n y m aj or o verh a u l  work,  i t  i s  
n eces s ary to  ch eck an d  tes t th e  h a n d l i n g  eq u i p m en t a n d  i ts  s u p p ort s ys te m  u n d er n om i n a l  
l oa d  a n d  to  tes t  th e  accu racy of l o a d  h ol d i n g  a n d  p os i ti on i n g  of th e  cran e  i ts e l f.  

Th e  cra n es  i n  th e  m ach i n e  h a l l  s h a l l  be  a bl e  to  h an d l e  a n y i n cre as e  i n  d e s i g n  l oa d s  from  n e w 
an d  p erh a ps  h ea vi er co m pon e n ts .  S p eci a l  a tte n ti on  s h a l l  be  pa i d  to  th e  d es i g n  of th e  cran e  
h o ok,  l i fti n g  p i n s  a n d  l i fti n g  fi xtu res  to  e n s u re  th e i r com pa ti b i l i ty wi th  exi s ti n g  a n d  n e w 
com pon e n ts .  

6.4.7  Penstock and  other water passages  

Th e i n cre as e  of m axi m u m  d i s ch arg e  or s p eci fi c h yd ra u l i c en erg y (h e ad )  req u i res  a  th oro u g h  
reca l cu l a ti on  of th e  h yd ra u l i c tran s i e n ts .  Th e  m axi m u m  tran s i e n t  pres s u re  ri s e  wi l l  i n cre as e  i n  
pro p orti o n  to  th e  i n cre as e  i n  th e  m a xi m u m  d i s ch a rg e  i f th e  ti m e g rad i e n t o f th e  m o vem e n t of 
th e  g u i d e  va n es  or th e  i n j ector n e e d l es  i s  kep t con s tan t.  Th i s  i n ve s ti g ati o n  s h o u l d  a l wa ys  b e  
bas e d  u p o n  actu a l  re ce n t m e as u re m en ts  of pre s s u re  ri s e  a n d  s pe e d  ri s e  to  b e  s u re  th a t 
ch a n g es  i n  d es i g n  th at h a ve  b e en  m a d e  s i n ce  th e  ori g i n a l  com m i s s i o n i n g  a re  co n s i d ere d  as  
we l l  as  ch an g es  to  th e  fri cti o n  co e ffi ci e n ts  of tu n n e l s ,  pe n s tocks  an d  val ve s .  Th i s  i s  es p eci a l l y 
tru e  for p l a n ts  wi th  l o n g  tu n n e l s ,  s u rg e  tan ks  a n d  s u rg e  ch am b ers  or a n y com b i n a ti o n  of th e s e  
fe atu res .  

Pres s u re  p u l s a ti o n s  i n  th e  tu rb i n e  d raft tu b e  or d u e  to  th e  i n teracti o n  of th e  g u i d e  van es  an d  
th e  ru n n er va n es ,  wh os e n u m b er m a y b e  d i ffe ren t i n  th e  n e w d e s i g n ,  s h al l  b e  carefu l l y 
con s i d ere d  a n d  e va l u ate d .  
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Th e re p l a ce m e n t of Ka p l a n  tu rb i n e  ru n n ers  wi th  i n cre as e d  m axi m u m  d i s ch a rg e  a l s o  m akes  i t  
n eces s ary to  i n ve s ti g a te  th e  h yd rau l i c tra n s i e n ts  a n d  th e i r co n s eq u en ces  o n  th e  ci vi l  
s tru ctu re s .   

Th e  i n cre a s e  of m axi m u m  d i s ch arg e  m a y l ea d  to  h i g h er l os s e s  or a i r-e n tra i n i n g  vorti ces  at th e  
i n take  s tru ctu re .  Th i s  p h e n om en a  s h a l l  b e  e va l u ated  an d  th e  vortex e l i m i n a te d  b y re d es i g n .  

Th e  d raft tu b e  i s  a  cri ti ca l  com pon e n t i f th e  m axi m u m  d i s ch a rg e  or th e  tu rb i n e  effi ci en cy at  fu l l  
l oa d  i s  to  be  i n cre as ed .  Th i s  i s  pa rti cu l arl y tru e  for l o w s p eci fi c h yd rau l i c en erg y p l an ts .  I t  ca n  
th e refore  be  worth wh i l e  s om eti m e s  to  d o  CF D  a n a l ys e s  wh i ch  i n cl u d e  th e  d ra ft tu b e  an d  th e  
ou tl e t ch a n n e l  wi th  a  vi e w to  i n tro d u ci n g  d raft tu b e  or ch an n e l  form  o p ti m i zati on s .  

6.4.8  Consequences  of changes  in  plant  specific hydrau l ic energy (head)  

I n  s om e cas es  th es e  fu n d am en ta l  h yd ra u l i c ch ara cteri s ti cs  h a ve  be e n  ch a n g e d  o ver th e  ye a rs  
of o p e ra ti o n ;  exam pl es  a re:  

•  Ra i s i n g  of th e  h e ad wa ter l e ve l  wi th  th e  u s e  of fl as h  b oard s  or o th er m e a n s ;  

•  Lo we ri n g  of th e  ta i l  wa ter l e ve l  d u e  to  eros i o n  of th e  ri verb e d  or to  th e  l o weri n g  or re m ova l  
of fl a s h  bo ard s  at  a  d o wn s tre a m  s i te .  

Th e  ch a n g e of th e  e l e va ti on  of th e  ta i l water req u i res  a  veri fi cati on  of th e  s u bm e rg e n ce of th e  
tu rb i n e  ru n n er (Th om a coeffi ci en t)  to  en s u re  ad e q u a te  p ro tecti o n  a g a i n s t  ca vi ta ti on  e ros i on .  I t  
m i g h t  a l s o  i n fl u e n ce th e  freq u en cy an d  m ag n i tu d e  of th e  s wi rl  a t  th e  tu rb i n e  ru n n er o u tl e t a n d  
th e  pres s u re  pu l s ati o n s  i n  th e  d raft tu b e  i ts e l f wh i ch ,  i n  tu rn  ca n  b e  a  s ou rce  of h yd rau l i c 
res o n a n ce .  Th e  l o weri n g  of th e  d o wn s tre am  l e ve l  for a  g i ve n  d i s ch arg e  i s  p a rti cu l arl y 
i m porta n t i n  th e  cas e  of pu m p -  tu rb i n es ,  s i n ce  i t  m a y h a ve  a n  i n fl u en ce o n  th e  p u m p m od e 
tras h  racks  a n d  wi l l  affect d i rectl y th e  N P S H  ( n e t pos i ti ve  s u cti o n  h e ad )  a va i l a b l e .  

7 Hydraul ic design  and  performance testing  options  

7. 1  General  

W h e n  a  d e ci s i on  h as  b e en  m ad e to  reh a b i l i ta te  a  h yd ro e l e ctri c tu rb i n e-g en era tor u n i t,  i t  i s  
worth wh i l e  to  con s i d er a l l  of th e  p os s i bl e  i m pro ve m en ts  th a t cou l d  b e  m a d e i n  ord er to  take  
ad va n ta g e  of tech n o l o g i ca l  pro g res s  wh i ch  h as  occu rre d  s i n ce  th e  d es i g n  of th e  exi s ti n g  
m a ch i n e .   

Th i s  n orm al l y l e a d s  to  th e  d e ve l o p m en t of a  n e w ru n n er d es i g n  a n d ,  s om e ti m e s  of a  n e w 
d i s tri bu to r an d  m od i fi ed  d ra ft tu b e.  

Th e  n e w h yd ra u l i c d es i g n  ca n  b e  d e ve l o p ed  an d  veri fi e d  b y th e  m ea n s  of m ore  or l es s  i n -
d e p th  CF D  ca l cu l a ti o n s ,  l ab oratory m o d e l  tes ts  an d  m ore  g e n era l l y b y a  co m bi n ati on  of b oth .  

Th e  m od e l  tes t s ti l l  g i ves ,  to d a y,  th e  b es t a vai l a b l e  too l  for con fi rm ati o n  of th e  accu racy of th e  
d es i g n  ca l cu l a ti o n s  a n d ,  for a l l  l arg e  u n i ts ,  i t  i s  re com m en d e d  to  perform  m od e l  tes ts  b efore  
th e  pro totyp e  m od i fi ca ti o n s  are  ca rri e d  o u t.  H yd ra u l i c d es i g n  ch a n g es  to  a n y p u m p -tu rb i n e  
s h o u l d  b e  al wa ys  e va l u ate d  b y m od e l  te s ts .  F or s m al l  u n i ts  h o we ver,  on l y refe re n ce to  
exi s ti n g  m od e l  te s t res u l ts  for h yd ra u l i ca l l y s i m i l ar m a ch i n e s  i s  ofte n  u s ed .  
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Th e  fi n a l  res u l t ca n  al s o  b e  ch ecke d  b y proto typ e  tes ts ,  h o we ver,  a t  th at s tag e ,  th e  p os s i b i l i ty 
of m aki n g  d es i g n  m od i fi cati on s  i f a  prob l e m  i s  d ete cte d ,  a re  n e ces s ari l y m u ch  m ore  l i m i te d  
th a n  at  th e  s ta g e  of a  m od e l  tes t  b efore  proto typ e  con s tru cti on  h as  b e g u n .  A prototyp e  tes t i s  
n o t a  d e ve l o pm e n t to o l ,  b u t ra th er a  to o l  wh i ch  a l l o ws  d e term i n a ti o n  of th e  d e g re e  of s u cce s s  
of th e  d es i g n  i n  re l a ti o n  to  th e  co n tractu a l  u n d erta ki n g s .  

Th e  exte n t of th e  i n ve s ti g a ti o n s  b y h yd ra u l i c  s tu d i es  a n d  m od e l  tes ts  s h a l l  be  d eterm i n e d  b y 
con s i d era ti o n  of th e i r re l a ti ve  cos t an d  th e i r re l a ti ve  n eces s i ty wi th  re g ard  to  th e  te ch n i ca l  
d i ffi cu l ty of th e  proj e ct.  F or a  h u g e  p roj ect,  for exam p l e ,  th e  re l ati ve  co s t of th e  h yd rau l i c 
s tu d i es  a n d  th e  m od e l  te s ts  i n  com p a ri s o n  wi th  th e  to ta l  i n ves tm en t b e i n g  ve ry s m a l l  or e ve n  
n e g l i g i b l e ,  i t  i s  e as y to  d eci d e  to  u s e  i n  d e p th  h yd ra u l i c s tu d i es  a n d  m od e l  tes ts .  At th e  o th e r 
extrem e,  for a  s m a l l  m a ch i n e  wi th  n o  s pe ci fi c h yd ra u l i c p ro b l em s  an d  g o od  re fere n ces  from  
s i m i l ar m a ch i n e s ,  m i n i m a l  h yd rau l i c s tu d i es  wi th o u t a  m od e l  tes t are  pro b ab l y accu ra te  
en o u g h .  F or m os t proj e cts  of i n term e d i a te  s i ze ,  th e  e xte n t of th e  i n ve s ti g ati on s  s h a l l  b e  
d eci d ed  o n  a  cas e  b y cas e  b as i s .   

I n  d eci d i n g  h o w m u ch  o n e  ca n  afford  to  s p e n d  on  d e vel o pm en t,  on e  s h a l l  as k “ wh a t i s  th e  
pres e n t va l u e  of th e  cre d i b l e  pe rform an ce s h ortfa l l  wh i ch  m a y ari s e  from  th e  d eci s i o n  n ot to  
d o  a  p a rti cu l a r p h as e  of th e  d es i g n  s tu d i es  a n d  m od e l  tes ts ? ”   A perfo rm an ce  s h o rtfa l l  i n  
po we r ca n  ofte n  b e  offs e t b y cu tti n g  b ack th e  tra i l i n g  e d g es  of th e  ru n n e r b l ad e s  o n  th e  
pro totyp e .  A p e rform an ce  s h ortfa l l  of b etwe e n  0 , 5  %  a n d  1 , 5  %  i n  we i g h ted  effi ci e n cy ca n  b e  
e va l u ated  i n  th e  l i g h t of th e  an ti ci p ate d  p l a n t o p e rati n g  co n d i ti on s  a n d  co m pa re d  a g a i n s t th e  
cos t of d o i n g  m ore  d es i g n  d e ve l o pm en t s tu d i es  (CF D )  or m od e l  te s ts  or bo th  on  a  g i ven  
proj e ct.   

Th i s  proces s  s h a l l  be  i n i ti ate d  from  th e  feas i b i l i ty s tu d y s ta g e  an d  s h a l l  take  i n to  acco u n t  th e  
s i ze ,  ch aracteri s ti cs  a n d  featu res  of e ach  i n d i vi d u a l  proj ect.  F or a n y p roj ect wi th  i d en ti fi ed  
tech n i ca l  d i ffi cu l ti es ,  th e  op i n i o n  of m a n u fa ctu rers  o n  th e  fe as i b i l i ty of vari ou s  o p ti o n s  s h o u l d  
be  re q u es te d  at th e  fe a s i b i l i ty s tu d y s ta g e,  a n d  h yd ra u l i c s tu d i e s  s h o u l d  b e  co n te m pl a te d  at 
th e  d eta i l e d  s tu d i es  s ta g e.   

I n  m os t cas es  th e  m od e l  tes t,  i f a n y,  i s  carri e d  o u t after a ward  of th e  co n tract to  th e  s e l ecte d  
Co n tra ctor.  F or very l a rg e  p roj ects ,  s om e o wn e rs  h a ve  con cl u d e d  th at th e i r i n te res ts  a re  b es t 
s erve d  i f th e  d e ta i l e d  d e s i g n  a n d  m od e l  tes ts  are  d on e  a t th e  d eta i l e d  s tu d i es  s ta g e  u n d e r 
s ep ara te  co n tract to  two or m ore  po ten ti a l  co n tractors  a n d  th e  res u l ts  of th e i r work are  veri fi ed  
i n  a n  i n d e p e n d e n t l a bo ra tory.  I n  s u ch  ca s e s  i t  i s  ad vi s a b l e  to  h a ve  th e  p o te n ti a l  C o n tractors  
q u o te  at th e  s a m e ti m e for b o th  th e  d es i g n  a n d  m od e l  tes t s tag e  an d  for th e  exe cu ti o n  of th e  
ru n n er s u p p l y a n d  th e  re h a b i l i ta ti on  of th e  com pl ete  tu rb i n e .  I n  th i s  wa y,  an y re a l  d i fferen ces  
i n  tes te d  p erform an ce  ca n  b e  e va l u ated  ag a i n s t d i fferen ces  i n  th e  o vera l l  cos t of th e  proj e ct.  

To  d es i g n  n e w com po n en ts  for o l d  m ach i n e s ,  es p eci a l l y ru n n e rs ,  a d j ace n t p arts  of th e  
exi s ti n g  fl o w p a th  s h a l l  be  i n cl u d ed  i n  th e  fl o w s i m u l a ti o n s .  Th i s  i s  th e  typ i ca l  cas e  fo r 
reh a b i l i tati on  a n d  m od ern i za ti o n  of a n  exi s ti n g  tu rb i n e ,  wh e re  m os t of th e  o l d  com po n e n ts  
rem ai n  u n ch a n g e d .  Rel i ab l e  p re d i cti on  of th e  pe rform an ce  of n e w co m pon e n ts  ca n  b e  
ach i e ve d  on l y i f th e  i n fl u e n ce  of th e  exi s ti n g  p arts  of th e  m ach i n e  i s  p ro p erl y taken  i n to  
acco u n t.  Th erefore ,  th e  preci s e  a ctu a l  s h a p e a n d  co n d i ti o n  of th e  o l d  co m pon e n ts  u s e d  for 
th e  fl o w s i m u l a ti o n  a n d  m od e l  tes ti n g ,  s h a l l  b e  a va i l a b l e  for u s e  i n  bu i l d i n g  a n  a ccu ra te  
n u m eri ca l  m od el  for th es e  com po n e n ts .  

7.2  Computational  hydrau l ic design  

7.2. 1  General  

To b e  e con om i ca l l y j u s ti fi e d ,  com pu ta ti on a l  h yd ra u l i c d es i g n  s h a l l  b e  co n d u cted  wi th  
con s i d e ra ti o n  of th e  fo l l o wi n g  as pects :  
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•  Ch o i ce  of th e  s oftware .  

– Th e  s oftwa re  (2 D  or 3 D ,  vi s cou s  or n on  vi s cou s ,  s ta ti o n a ry or u n s te a d y fl o w)  s h a l l  b e  
s e l e cte d  wi th  re g a rd  to  th e  com p on e n t to  be  ca l cu l a te d  a n d  to  th e  o ve ra l l  va l u e  of th e  
p roj ect.  

•  E xte n t of th e  ca l cu l a ti on s .  

– C a l cu l a ti o n  of th e  wh o l e  tu rb i n e  or of cri ti ca l  com p on e n ts  o n l y?  

– Ca l cu l a ti o n  of th e  exi s ti n g  tu rb i n e  o r of th e  re h a b i l i ta te d  tu rb i n e  on l y or bo th ?  

Th e  ch o i ce  of th e  s oftwa re  as  we l l  as  th e  exte n t of th e  ca l cu l a ti o n s  s h a l l  be  d e ci d e d  on  a  cas e  
b y cas e  b as i s ,  wi th  d u e  re g ard  for th e  s i ze ,  op e rati n g  con d i ti o n s  an d  oth er p arti cu l ar 
con d i ti o n s  of th e  tu rb i n e  to  b e  reh a b i l i tated .  

Cu rre n tl y (2 0 0 6 ),  th e  m os t s o p h i s ti ca ted  C F D  too l s  a va i l ab l e  a l l o w o n e  to  l i m i t  th e  ri s ks  
as s oci ate d  wi th  re h a b i l i ta ti o n  to  a  ve ry l o w l e ve l .  H o we ve r,  to  d o  s o  s o l el y b y CF D  
ca l cu l ati on s  i s  t i m e co n s u m i n g  a n d  th e  d e ve l op m en t cos ts  ca n  a p p ro ach  th os e  typ i ca l  of a  
l i m i te d  m od e l  tes t  p ro g ra m m e.  

7.2.2  The role  of CFD 

N u m e ri ca l  fl o w s i m u l a ti o n  or CF D  ( C om pu ta ti o n a l  F l u i d  D yn a m i cs )  i s  a  p o werfu l  to o l  wh en  i t  i s  
u s e d  correctl y a n d  wh e n  i ts  res tri cti o n s  a n d  l i m i tati on s  are  cl earl y u n d e rs to o d .  W h en  a pp l i e d  
to  re h ab i l i ta ti o n ,  i t  ca n  b e  u s e d  e i th er for;  

•  d es i g n  of n e w com po n e n ts  for o l d  (exi s ti n g )  m a ch i n es ;  

•  an a l ys i s  of th e  fl u i d  fl o w th ro u g h  exi s ti n g  m ach i n es  to  u n d ers ta n d  a n d  s o l ve  o p erati on a l  
pro b l em s  re l a te d  to  th e  form  of th e  wa te r pas s a g e ;  

•  th e  po ten ti a l  effi ci e n cy i m provem en t l i n ke d  to  profi l e  m od i fi cati on s  ca n  b e  d e te rm i n ed  b y 
CF D  an a l ys i s  a n d  co n fi rm ed  b y m o d e l  tes ti n g ,  a l th o u g h  a n  eco n om i c an a l ys i s  i s  re q u i re d  
to  d e term i n e  th e  fe as i b i l i ty o f th e  p h ys i ca l  ch a n g es  i n vo l ve d .  

I n  th e  d es i g n  p roces s  to  o pti m i ze  n e w m ach i n es  from  i n l et  to  ou tl e t  or to  d es i g n  fo r 
reh a b i l i tated  m ach i n es ,  C F D  ca n  b e  expecte d  to  red u ce th e  n u m be r of m od i fi cati on s  re q u i re d  
on  th e  ph ys i ca l  m od e l  i n  th e  tes t ri g  to  ach i e ve  th e  g u a ra n te ed  p erform an ce .  C a vi tati o n  ca n  
be  re d u ce d  to  a  very l o w l e ve l  to  a  d e g re e  q u i te  i m pos s i b l e  to  ach i e ve  wi th  th e  cl as s i ca l  p re-
CF D  d es i g n  m e th od s  a n d  fi n e  tu n i n g  d u ri n g  m od e l  tes ts .  Th e  re as o n  for th i s  i s  th a t wi th  
n u m e ri ca l  s i m u l ati on ,  th e  p res s u re  d i s tri bu ti o n  o n  cri ti ca l  p a rts  of th e  ru n n e r bl a d es  an d  o th er 
s u rfa ces  of th e  m ach i n e  can  b e  ve ri fi e d  an d  op ti m i ze d  res u l ti n g  i n  b e tter fl o w d i s tri b u ti o n  a n d  
m ore  e q u a l  s h a ri n g  of th e  pres s u re  l o a d s .  

I n  m an y cas es ,  o pera ti o n a l  pro b l em s  i n  th e  tu rb i n es  of e xi s ti n g  p o we r s ta ti o n s  can  b e  s o l ved  
u s i n g  CF D .  F l o w a n a l ys e s  a l l o w o n e  to  u n d ers ta n d  th e  fl o w p h en om e n a.  M ore  i m porta n tl y 
perh ap s ,  C F D  a l l o ws  th e  e va l u a ti o n  of o p ti o n s  wh e n  o n e  i s  tryi n g  to  s o l ve  a  p arti cu l ar fl o w 
pro b l em ,  b y p erm i tti n g  on e  to  ch an g e com p o n en t s h a p es  n u m eri ca l l y an d  to  s tu d y th e  
corres p o n d i n g  ch a n g e  i n  th e  re s u l ti n g  fl o w p a ttern .  O n l y i f th e  CF D  res u l ts  of a  g i ven  op ti o n  
are  prom i s i n g ,  wo u l d  th e  n e w s h a pe b e  i n te g rate d  i n  th e  m od el  or a tte m p te d  i n  th e  pro totyp e  
m ach i n e .  

7.2.3  The  process  of a  CFD  cycle  

A C F D  a n a l ys i s  i n vol ves  th e  fol l o wi n g  m aj or s te ps :   

•  th e  re a l  coo rd i n a tes  an d  d i m en s i o n s  of th e  fl o w ch a n n e l s  s h a l l  b e  d e term i n ed  ( we tte d  
s u rfaces );  

•  bas e d  on  th i s  d a ta ,  th e  s pace wi th i n  th e  fl o w ch an n e l s  s h a l l  b e  d i vi d ed  i n to  d i s cre e t or 
fi n i te  e l em en ts  or fi n i te  vo l u m es ;  
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•  th e  b o u n d ary co n d i ti o n s  as  we l l  as  i n i ti a l  con d i ti o n s  for u n s te a d y fl o w s i m u l a ti o n s  s h a l l  b e  
es ta b l i s h ed  for th e  actu a l  o p e ra ti n g  p o i n ts  of i n teres t of th e  tu rb i n e ;  

•  th e  fl o w s i m u l a ti o n  i s  carri ed  o u t;  

•  th e  res u l ts  s h a l l  b e  p os t p roces s e d  to  pro vi d e  th e  i n form ati o n  th at  i s  n eces s a ry for an  
i n form ed  d e ci s i o n  o n  th e  i d e n ti fi e d  pro bl em .  

Th e  va l i d i ty a n d  accu racy of th e  s o l u ti o n  d ep e n d  u p o n  h o w e ach  of th e  s te ps  i s  pe rfo rm ed  
an d  h o w th e  fo l l o wi n g  q u es ti on s  are  a n s we re d :  

•  are  th e  b as i c co ord i n ate s  of th e  m ach i n e  com po n e n ts  corre ct?  M ore  pre ci s el y,  d o  th e y 
pro p erl y re pre s e n t  th e  cu rre n t  s ta te  of th e  m ach i n e?   

•  h as  th e  com pu ta ti o n a l  d om a i n  b e en  correctl y re pres e n te d  b y th e  ch os e n  d i s cre et  
e l em e n ts  i n  ord e r to  m i n i m i ze  n u m eri ca l  errors ?   

•  h a ve  th e  b o u n d ary co n d i ti o n s  as  we l l  as  th e  i n i ti a l  co n d i ti o n s  b e e n  e s ta b l i s h e d  correctl y 
for th e  op erati n g  con d i ti o n s  of i n te res t of th e  tu rb i n e  i n  th e  p o wer p l an t?  

•  wh at  C F D -co d e  h a s  b e e n  u s ed  a n d  h a ve  th e  s pe ci fi c  p aram eters  be e n  s et correctl y (s u ch  
as  th e  tu rb u l en ce  m od e l  etc) ?  

•  can  o n e  b e  s u re  th at  a l l  re l e va n t  i n form ati on  i s  g i ve n  i n  th e  n u m eri ca l  res u l ts  a n d  th at  n o  
i m porta n t  res u l t  i s  h i d d e n  or m i s re pres e n te d ?  

7.2.4  The accuracy of CFD  resu l ts  

Th e accu racy of th e  re s u l ts  of CF D  cal cu l ati on s  d e p e n d s  o n  th e  C F D -co d e  i ts e l f,  th e  wa y i t  i s  
u s e d  an d  o n  th e  profe s s i on a l  exp eri e n ce  of th e  u s e r.  I t  s h a l l  b e  e m p h as i ze d  th a t fl o w 
s i m u l ati o n  ca n n o t d es cri be  preci s e l y th e  re a l  fl o w i n  a l l  i ts  com p l exi ty.  Th e  s i m u l ati on  i s  bas e d  
on  a  n u m eri cal  m od e l  of th e  re a l  fl o w,  a n d  th erefore  th e  ke y q u es ti on  i s  h o w cl os e  to  re a l i ty 
th e  n u m eri ca l  fl o w s i m u l a ti o n  ca n  com e .  

Th e  g o vern i n g  eq u ati on s  u s e d  to  d es cri b e  th e  fl u i d  fl o w th ro u g h  a  tu rb i n e  i n  a  h yd ro e l ectri c  
po we r p l an t are  th e  N a vi er- S tokes  ( N S )  e q u a ti o n s .  Th i s  s e t of e q u ati o n s  i s  va l i d  for l am i n ar as  
we l l  as  tu rb u l e n t fl o ws .  As  a  con s e q u e n ce ,  vi s cou s  as  we l l  as  vorti ca l  fl o w ph e n om en a  a re  
cap tu re d .  H o we ve r,  th e  s o l u ti o n  of th e  N a vi er- S tokes  e q u ati o n s  for fl o ws  th rou g h  com pl ex 
g e om etri es  s u ch  as  h yd ra u l i c tu rb o-m ach i n es  i s  cu rre n tl y ( 2 0 0 6 )  n ot ye t p os s i b l e .  Th u s ,  
n orm a l l y th e  Re yn o l d s - Avera g e d -N a vi er- S tokes  (RAN S )  eq u ati on s  are  u s e d  for th e  s i m u l a ti o n  
of tu rb u l e n t fl o w.  H e re ,  a  m ea n  va l u e  an d  a  fl u ctu ati on  te rm  are  u s ed  for th e  l oca l  fl o w 
ve l oci ty a n d  fo r th e  corre s po n d i n g  p res s u re  i n s te a d  of th e  ‘ tru e ’  l oca l  va l u e s .  Th i s  req u i res  th e  
i n trod u cti o n  of a  tu rb u l en ce  m od e l  wh i ch  takes  i n to  acco u n t th e  e ffe ct of th e  ‘ rea l ’  tu rb u l e n ce  
on  th e  fl o w b e h a vi o u r.  T u rb u l e n ce  m od e l l i n g  i s  s ti l l  u n d er d e ve l opm en t.  Th e  tu rbu l en ce  m o d e l  
u s e d  for a  preci s e  com pu tati o n  of tu rb u l e n t fl o w i s  of co n s i d erab l e  i n fl u e n ce o n  th e  accu racy 
of th e  an a l ys i s .  

I n  a d d i ti o n ,  th e  RAN S  e q u a ti o n s  d e s cri b e  th e  fl o w as  a  con ti n u u m ,  bu t ca n  on l y be  s o l ve d  for 
a  fi n i te  ( l i m i te d )  n u m b er of p o i n ts  i n  s pace.  As  a  co n s e q u e n ce,  th e  co m pu ta ti o n a l  d om ai n  
s h a l l  b e  d i vi d e d  ( d i s creti ze d )  i n to  a  n u m ber of fi n i te  e l em e n ts  or fi n i te  vo l u m es  d e p e n d i n g  o n  
th e  com pu ta ti o n a l  a l g ori th m .  Th i s  d i s creti za ti on  can  b e  of con s i d era b l e  i n fl u e n ce o n  th e  
n u m eri ca l  s o l u ti o n  an d  th e refore  on  th e  accu racy.  Th e re  are  s om e ru l e s  on  h o w to  g e n era te  a  
” g o o d ”  com pu ta ti o n al  m e s h ,  b u t  e ve n  i f th e  ru l es  are  kn o wn  to  th e  u s e r of th e  C F D -cod e,  i n  
m an y cas es  i t  i s  n o t p os s i b l e  to  com p l ete l y a vo i d  ” ba d  e l e m en ts ”  d u e  to  th e  g eom etri c  
con s trai n ts  g i ve n  b y th e  s h a p e of th e  m ach i n e  or th e  com pon e n t to  b e  a n a l ys ed .  Th e  n u m be r 
of e l em en ts  or th e  to p o l o g y of th e  m es h  for a  g i ve n  n u m ber of e l e m en ts  ca n  h a ve  a  
con s i d era b l e  i n fl u e n ce  o n  th e  accu ra cy.  

F or a l l  of th es e  re as o n s ,  th e  accu ra cy of th e  s i m u l a ti o n  i s  l i m i te d .  Th i s  i s  pa rti cu l arl y tru e  i n  
th e  cas e  of th e  d raft tu b e  a n d  e ve n  m ore  s o  for o l d  form s  of d raft tu b e s .   
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7.2.5  How to  use CFD  for rehabi l i tation   

Th ere  are  two wa ys  to  u s e  CF D  to  a n a l ys e  th e  p e rform a n ce of a  n e w tu rb i n e  ru n n er an d /or 
oth er com p o n e n ts  a n d  m od i fi ca ti o n s  i n  a n  e xi s ti n g  h yd ra u l i c tu rb i n e:  

•  d o  th e  a n a l ys i s  o n  th e  n e w arra n g e m en t from  s cra tch ;   

•  a n a l ys e  fi rs t th e  exi s ti n g  i n s ta l l a ti o n  for refere n ce ca l i b rati n g  wi th  a vai l a b l e  tes t d a ta ,  th e n  
th e  n e w or m od i fi ed  co m pon e n ts  to  ca l cu l ate  th e  d i ffere n ce s  be twe e n  th e  n e w a n d  th e  
exi s ti n g  i n s ta l l ati o n .  

Th e  fi rs t a p p ro ach  re l i es  s ol e l y on  th e  accu racy of th e  n u m eri ca l  pre d i cti on .  I n  th i s  cas e,  th e  
pre d i cte d  p erfo rm an ce of th e  n e w com p o n e n ts  i n  th e  exi s ti n g  e n vi ron m e n t i s  bas e d  
com pl ete l y o n  th e  n u m eri ca l  m ea n s .   

Th e  s econ d  a p pro ach  takes  i n to  accou n t m e as u rem e n ts  from  m od e l  te s ts ,  i f a va i l a b l e,  or 
pro totyp e  tes ts  or s i te  d a ta  from  ope ra ti o n  of th e  p o we r p l an t o ver th e  ye ars .  I n  th i s  a p p ro ach ,  
th e  d i ffere n ce i n  th e  p erform an ce b etwe e n  th e  o l d  an d  th e  n e w i n s ta l l a ti o n  i s  a n a l ys e d  
n u m eri ca l l y.  As  a  co n s e q u e n ce ,  o n l y th i s  d i ffere n ce i n  th e  p e rform an ce b e twe e n  th e  o l d  a n d  
th e  n e w i n s ta l l a ti on  i s  affe cte d  b y th e  accu racy o f th e  n u m e ri ca l  pred i cti o n .  I t  i s  e vi d e n t th a t 
th e  s econ d  a p pro ach  i s  m ore  re l i ab l e  (m ore  pre ci s e )  i n  pe rform an ce  p re d i cti on  u s i n g  CF D .  
H o we ver,  i t  i s  m ore  ti m e con s u m i n g  th a n  th e  fi rs t ap proa ch  b eca u s e  b o th  th e  exi s ti n g  as  we l l  
as  th e  n e w com po n e n ts  s h a l l  b e  a n a l ys e d .  F u rth e rm ore,  i n  ord e r to  p erform  a  pre ci s e  fl o w 
s i m u l ati o n  for th e  exi s ti n g  tu rb i n e,  th e  e xi s ti n g  i n s ta l l ati on  s h a l l  b e  we l l  d ocu m en te d  a n d  
con s i s te n t wi th  th e  re a l  wa te r p a s s a g es .  U n fortu n a tel y,  i n  m an y ca s es  th e  d ocu m en tati o n  i s  
po or a n d  es p e ci a l l y for ru n n ers ,  th e  d ocu m en ta ti on  i s  ofte n  n o t a vai l a bl e.  I n  s u ch  ca s e s ,  
preci s e  s i te  d i m en s i o n al  m eas u rem en ts  are  n e ces s ary.  

Th e  s eco n d  a ppro ach  for p erform a n ce pre d i cti o n  b y th e  u s e  of C F D  for re h a b i l i tati on  p roj ects  
i s  m ore  re l i a b l e  th a n  th e  fi rs t o n e.  H o we ver,  i t  i s  m ore  e xp e n s i ve  a n d  m ore  d i ffi cu l t  b ecau s e  of 
th e  n ee d  to  o bta i n  accu rate  d ata  o n  th e  exi s ti n g  com p on e n t g e om etri es .  

7.2.6  CFD  versus  model  tests  

CF D  i s  a  g o od  to o l  to  co m pa re  a l tern ati ves ,  b u t n ot as  a  s tan d - a l o n e  to o l  for es ta b l i s h i n g  th e  
abs o l u te  effi ci e n cy l e ve l  of a  h yd ra u l i c m ach i n e .  Th i s  i s  es p eci a l l y tru e  fo r cas es  of m a ch i n e  
reh a b i l i ta ti on .  Th i s  ch ara cteri s ti c of CF D  i s  a l s o  tru e  for th e  e va l u a ti o n  of ca vi tati o n  
perform an ce .  

Th e  q u es ti o n  of wh e th e r C F D  ca l cu l a ti o n s  or m od e l  te s ts  or b o th  s h ou l d  b e  p erform ed  
d e p e n d s  u po n  th e  s i ze  of th e  p o wer pl a n t a n d  i ts  a verag e  an n u a l  e n e rg y p ro d u cti on  after 
reh a b i l i tati on .   

F or a  very s m al l  h yd ro  p o wer s ta ti on  for wh i ch  a  m od e l  tes t i s  ofte n  m ore  exp e n s i ve  th an  th e  
to ta l  cos ts  for th e  re h a b i l i tati o n  m eas u re s ,  CF D  i s  th e  o n l y p racti ca l  bas i s  for th e  a n a l ys i s  of 
exi s ti n g  com p on e n ts  or for th e  d e vel o pm en t of n e w on e s .   

F or a  m ed i u m  s i ze d  p o wer s tati on  i t  ca n  b e  fe as i b l e  to  pe rform  s e m i -h om o l o g ou s  m od e l  tes ts  
to  te s t th e  n e w i n s ta l l a ti o n s  o p ti m i s e d  wi th  C F D .  S em i -h om ol og o u s  m od e l  tes ts  a l l o w to  veri fy 
at  m od es t cos t wh eth er th e  n u m eri ca l  p erform an ce pre d i cti o n  i s  re a l i s ti c.  I t  g i ves  co n fi d en ce  
th at th e  p l a n n e d  m ea s u res  wi l l  b e  s u cce s s fu l ,  an d  i t  pro vi d es  th e  o p portu n i ty to  i m pro ve th e  
d es i g n  fu rth er.  H o we ver,  on e  s h a l l  b e  a ware  of th e  fact th a t th os e  m ach i n e  com pon e n ts  i n  th e  
s em i -h om ol og o u s  m od e l  wh i ch  are  n o t s i m i l ar to  th e  exi s ti n g  con s tru cti on  ca n  h a ve  
con s i d e ra b l e  i n fl u en ce  o n  th e  m eas u re d  perform an ce .  I n  m an y ca s e s  for s em i -h om o l o g ou s  
m od e l  tes ts ,  on l y th e  n e w ru n n er i s  h om ol o g o u s  wh i l e  th e  oth er p arts  of th e  m od e l  a re  
d i s s i m i l ar to  s om e d e g re e .  
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F or a  l a rg e  p o wer s tati on  wi th  h i g h  e n e rg y p ro d u cti o n ,  fu l l y h om ol o g o u s  m od e l  te s ts  are  
u s u a l l y j u s ti fi e d .  I f a  1  %  d efi ci t  i n  effi ci e n cy o r 1  %  d efi ci t  i n  ca p aci ty over th e  ye a rs  of 
op erati o n  i s  worth  m ore  th a n  th e  cos ts  for a  m od e l  tes t,  a  h om ol o g o u s  m od e l  tes t i n  a  
q u a l i fi e d  l ab oratory s h o u l d  be  con s i d ere d .  Th i s  a pp ro ach  wi l l  e n s u re  wi th  th e  bes t p os s i b l e  
accu racy,  th e  fi n a n ci a l  s u cces s  of th e  re h a b i l i tati o n  of th e  g en e rati n g  u n i ts .  

Th i s  l ea d s  to  th re e  ca te g ori es  of d e s i g n  a p p ro ach  for reh a bi l i ta ti o n  proj ects :  

a)  Smal l  hydro:  o n l y C F D ;  

b)  Medium  hydro:  C F D  i n  com b i n a ti o n  wi th  s em i - h o m ol o g o u s  m od e l  tes ts ;  

c)  Large hydro:  C F D  i n  co m bi n a ti on  wi th  fu l l y h om ol og o u s  m od e l  tes t.  

Th e  q u es ti o n  as  to  wh e th er a n y g i ven  reh a b i l i tati on  corres p on d s  to  ca te g ory a) ,  b)  or c)  
ca n n ot b e  a n s we red  i n  g e n e ra l  term s .  Th e  an s wer d ep e n d s  u p o n  p aram eters  wh i ch  are  
s peci fi c to  th e  po we r s ta ti on  u n d e r s tu d y s u ch  as :  

•  H o w m u ch  can  th e  e n erg y p ro d u cti o n  b e  i n crea s e d  th ro u g h  u p g ra d i n g ?  

•  I s  ca vi tati on  eros i o n  a  m aj or p ro b l em  a n d  ca n  i t  b e  re d u ce d  or a vo i d e d ?  

•  Are  th e re  oth er o pe ra ti o n a l  pro b l em s  to  b e  i m pro ved  u p o n  s u ch  a s  h yd ra u l i c res o n a n ces ?  

•  Are  th ere  u n accep ta b l e  l e ve l s  of d raft tu be  pres s u re  p u l s ati on s  or vorti ce s  to  be  re d u ce d  
or e l i m i n ated ?   

M a n y factors  are  ch an g i n g  wi th  ti m e i n cl u d i n g  th e  accu racy of CF D  a n a l ys es .  Th e  l atte r are  
con ti n u a l l y be i n g  i m pro ved .  Th e  d e ci s i o n  co n ce rn i n g  wh i ch  to ol s  s h o u l d  be  ap p l i e d  s h a l l  b e  
m ad e o n  a  cas e  b y cas e  bas i s .  I n  a l l  ca s e s  a  th ro u g h  a  cos t- be n efi t  ca l cu l ati on  i s  n ee d e d .   

7.3  Model  tests  

7.3. 1  General  

Th e  d e ve l o pm e n t of h yd rau l i c tu rb i n e s ,  s tora g e  pu m ps  an d  pu m p-tu rb i n e s  h as  b e en  carri e d  
ou t h i s tori ca l l y,  u s i n g  a  red u ce d  s ca l e  m od e l  i n  a  l a bora tory.  Th i s  m eth od ,  com b i n e d  wi th  
em pi ri cal  ca l cu l a ti o n s  b as e d  on  pre vi ou s  d es i g n s ,  h a s  s h o wn  i ts e l f to  b e  a  re l i a b l e  
d e ve l op m en t to o l .  D es p i te  th e  i m pro ve m en t of h yd ra u l i c ca l cu l a ti o n s  wi th  th e  a d ve n t  of CF D  
tech n i q u es ,  m od e l  tes ts  rem ai n  th e  on l y accu rate  wa y to  a s s es s  th e  re s u l ts  of th e  ca l cu l a ti o n s  
i n  a  s u i tab l e  a n d  ti m el y m an n e r a n d  p re d i ct th e  g l o b a l  p erform an ce of a  pro totyp e  re g a rd i n g  
a l l  of th e  va ri o u s  an d  i m p ortan t as pects  s u ch  as  ou tpu t an d  e ffi ci en cy,  ca vi ta ti o n  eros i o n  ri s k,  
ru n a wa y s p e e d ,  pre s s u re  fl u ctu ati o n s ,  s h aft torq u e  fl u ctu a ti o n s ,  g u i d e  van e  torq u es ,  d raft 
tu b e  a i r a d m i s s i o n  b en e fi ts  an d  h yd rau l i c  th ru s t.  I t  s h a l l  b e  a ppreci ate d  h o we ver th a t wh ere  
i n s tab i l i ty p h e n om en a  a n d  po ten ti a l  res o n a n ce s  a re  co n cern ed ,  ( pres s u re  fl u ctu ati o n s ,  s h a ft 
torq u e  fl u ctu a ti o n s  a n d  d raft tu be  a i r a d m i s s i o n  b en efi ts )  th a t th e  m od e l  te s t ca n n o t b e  re l i e d  
u p o n  to  i d e n ti fy p o te n ti a l  res o n a n ce wi th  th e  p l a n t h yd ra u l i c co n d u i ts  e ve n  i f th e  l a tte r we re  to  
be  m od e l l e d .  

M o d e l  tes ts  a l l o w o n e  to  es ta b l i s h  th e  a bs ol u te  e ffi ci e n cy of th e  h yd ra u l i c m ach i n e  wi th  a  very 
l o w l e ve l  of u n certa i n ty ( ±  0 , 2  %  i s  com m on  i n  we l l  e q u i pp e d  l ab oratori es ).  S i n ce  effi ci e n cy i s  
on e  of th e  m os t i m portan t perform an ce  p aram eters  an d  s i n ce  th e  m o d e l  tes t i s  n orm a l l y 
con d u cte d  e a rl y i n  th e  d e ve l opm en t s tag e  of a  proj ect,  i t  i s  p arti cu l a rl y a ttracti ve  a s  a  
po ten ti a l  b e n efi t e va l u a ti on  too l .  M o d e l  tes t m e th od s  wh i ch  are  a p pl i ca b l e  to  n e w h yd rau l i c  
m ach i n es  are  a l s o  we l l  s u i ted  to  e va l u ate  re h a b i l i ta te d  m ach i n es  wi th  vari o u s  o p ti o n s  for 
po ten ti a l  m od i fi cati on s  (s ta y ri n g ,  d i s tri b u to r,  ru n n er a n d  d ra ft  tu be) .  
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I n  cas es  wh e re  s i te  tes ts  are  d i ffi cu l t or very e xpe n s i ve,  or wh ere  th e y wo u l d  h a ve  h i g h  
u n certa i n ti e s  ( l a rg e  tu rb i n es  h a vi n g  l o w s peci fi c h yd ra u l i c e n e rg y fo r exa m p l e)  m od e l  te s ts  
can  be  u s e d  a l s o  as  con tractu a l  acce pta n ce  tes ts .  Th i s  m a y b e  p arti cu l arl y a p p l i ca b l e  wh ere  
m od e l  tes ts  are  co n d u cte d  o n  a  m od e l  wh i ch  re prod u ces  th e  exi s ti n g  profi l es  an d  th e n  o n  o n e  
wi th  th e  n e w profi l es .  Th e  co n tra ct i s  s om eti m e s  b as e d  o n  d em on s tra ted  pe rform a n ce g a i n s  
rath er th a n  o n  th e  a bs o l u te  effi ci en cy of th e  reh a b i l i tate d  m a ch i n e.  

A s i m i l ar tech n i q u e  i s  s om eti m es  u s e d  wi th  prototyp e  te s ti n g  ( “ b efore ”  a n d  “ a fter”  te s ts )  to  
red u ce  th e  s ys tem ati c u n certa i n ti es .  

A m od e l  tes t pro g ram  wi th  two  ru n n e rs  ( o n e  o l d  a n d  on e  n e w),  ca n  cos t from  a  fe w h u n d re d  
th o u s a n d  U S  D o l l ars  to  s e vera l  m i l l i on  U S  D o l l ars  d e pe n d i n g  u p o n  wh eth e r or n ot s om e 
com pon e n ts  of th e  m od e l  a re  al re a d y a va i l ab l e  a n d  u p on  th e  s co p e of th e  tes t pro g ra m .  Th e  
l a tte r wo u l d  be  fi xe d  l arg e l y b as ed  o n  th e  val u e  th e  a n ti ci pa ted  effi ci e n cy g a i n s  an d  m a y,  for 
l arg e  p l a n ts  wi th  ten s  of u n i ts ,  i n vo l ve  two or th ree  m an u factu rers  i n  com peti ti o n  wi th  
con tractu a l  tes ts  i n  an  i n d e p en d en t l a b ora tory.  

7.3.2  Model  test  simi l i tude 

Th ere  are  two  cate g ori e s  of m od e l  tes ts :  

•  F u l l y h om o l o g ou s  m od e l  te s ts  

Th e  fu l l y h om ol o g ou s  m od e l  d u p l i ca tes  th e  h yd ra u l i c profi l es  of th e  exi s ti n g  tu rbi n e  
com p on e n ts  as  we l l  as  th e  h yd ra u l i c  p rofi l es  of th e  n e w com po n e n ts .  I t  req u i re s  h a vi n g  a  
com pl ete  a n d  a ccu rate  g eom etri c  d efi n i ti o n  of th e  e xi s ti n g  com pon e n ts  th rou g h  acce s s  to  
th e  ori g i n a l  d ra wi n g s  a n d  th ro u g h  s i te  m e as u re m en ts .  N ote  th at e ve n  wh e re  th e  ori g i n a l  
as -b u i l t  d ra wi n g s  are  a va i l a b l e ,  s om e s i te  m eas u rem en ts  m a y be  ad vi s a b l e  to  con fi rm  th e  
exi s ti n g  p rofi l e s .  

•  S em i -h om ol og o u s  m od e l  tes ts  

I n  th e  s em i -h om ol o g o u s  m od e l ,  com po n en ts  are  very s i m i l ar to  b u t d o  n ot perfectl y 
d u p l i ca te  th e  h yd ra u l i c  p rofi l es  of th e  e xi s ti n g  or th e  m od i fi ed  i m prove d  tu rb i n e  
com pon e n ts .  

Th e  a d va n ta g e  of fu l l y h om ol og o u s  m od e l  tes ts  i s  ob vi ou s  s i n ce  a  s em i - h om ol og o u s  m od e l  
tes t req u i res  th e  ca l cu l a ti on  of p erform an ce corre cti o n s  i n  ord er to  ta ke  i n to  accou n t th e  
l ack of h om ol o g y of s o m e com pon en ts .  S u ch  perform an ce corre cti o n s  are  s u bj ect to  
i n terp re ta ti o n .  

H o we ver,  wh e n  th e  d e g ree  of l ack of h om ol o g y i s  l i m i te d  a n d  th e  m an u fa ctu rer h as  g oo d  
exp eri en ce  i n  th e  re g i o n  of th e  s peci fi c s p ee d  o f th e  tu rb i n e  i n vo l ve d ,  th e  ri s k i n  u s i n g  
s em i -h om ol og o u s  m od e l  tes ti n g  fo r a  fe w re l a ti ve l y s m a l l  u n i ts  i s  l i m i ted .  I t  i s  th e refore ,  i n  
s om e cas es ,  of i n te res t to  d o  s em i - h om o l o g ou s  m od e l  tes t a n d  to  be n e fi t from  th e  red u ce d  
m an u factu ri n g  a n d  e n g i n eeri n g  d es i g n  cos ts  a s  we l l  as  from  a  re d u ce d  m od e l  te s t cycl e  
ti m e.  

7.3.3  Model  test  content 

A m o d e l  tes t  ca n  co ver th e  fo l l o wi n g  as p ects :  

a)  E s s en ti a l  i n ves ti g ati on s  

– e ffi ci e n cy h i l l  ch art co ve ri n g  th e  com pl ete  e xp ecte d  o p era ti n g  ra n g e  of th e  h yd ra u l i c 
m ach i n e ;  

– d e term i n ati on  of i n l e t ca vi ta ti o n  l i m i ts  ( s u cti o n  s i d e  a n d  pres s u re  s i d e);  
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– ou tl e t ca vi tati o n  i n fl u e n ce cu rves  for p o wer a n d  effi ci e n cy (m eas u rem en t of effi ci en cy 
a n d  p o we r vs .  th e  Th om a coeffi ci en t s i g m a wi th  o bs erva ti o n s  of th e  i n ci p i e n t ca vi ta ti o n  
con d i ti o n s );  

– ru n a wa y s pe e d  a t m a xi m u m  g u i d e  va n e  op e n i n g  an d  m axi m u m  s peci fi c h yd ra u l i c 
e n erg y fo r n orm a l  a n d  m i n i m u m  p l a n t Th om a co effi ci e n t;  

– p res s u re  fl u ctu a ti o n  m ea s u rem e n ts  i n  th e  s p i ra l  cas e  a n d  th e  d raft tu b e  a s  a  fu n cti o n  
of g u i d e  van e  o p e n i n g  for th e  co n d i ti o n  of n orm a l  p l a n t Th om a coeffi ci e n t a n d  i n  s om e  
cas es ,  for vari o u s  Th om a  co effi ci e n ts  i n  th e  ra n g e  of th e  an ti ci p ate d  p l a n t va l u es ;  

– s h aft torq u e  fl u ctu ati o n  m e as u rem en ts  as  a  fu n cti on  of th e  g u i d e  va n e  o p en i n g  a n d  for 
vari o u s  Th om a coeffi ci e n ts  i n  th e  ra n g e  of th e  an ti ci p a te d  p l a n t va l u es  ( I n fl u e n ce of 
N P S H  for a  p u m p-tu rb i n e );  

– Ka p l an  b l a d e  torq u e  tes ts ;  

– h yd ra u l i c th ru s t;  

– rep re s e n tati ve  ch ecks  of th e  p ri n ci p a l  d i m e n s i o n s  of th e  m od e l .  

b)  Ad d i ti o n a l  d a ta  

– g u i d e  van e  torq u e  m eas u rem e n ts  as  a  fu n cti o n  o f th e  g u i d e  va n e  o pe n i n g  a n d  s p eci fi c  
h yd ra u l i c e n erg y i n cl u d i n g  th e  i n fl u e n ce  of a  d es yn ch ro n i s e d  g u i d e  va n e;  

– a i r a d m i s s i o n  i n fl u e n ce o n  d raft tu b e  a n d  s p i ra l  ca s e  pres s u re  fl u ctu a ti o n s  an d  on  s h aft  
torq u e  fl u ctu ati on s ;  

– a xi a l  a n d  ra d i a l  th ru s t m eas u rem e n ts  as  fu n cti o n s  of g u i d e  va n e  o pe n i n g  a t m axi m u m  
s peci fi c h yd ra u l i c en erg y;  

– i n fl u e n ce of tai l wa ter l e ve l  o n  effi ci en cy i n  a  P e l ton  tu rb i n e  for cas es  of i n cre as ed  
m axi m u m  d i s ch arg e ;  

– n e e d l e  force  d i a g ram  i f th e re  i s  a  s i g n i fi ca n t ch a n g e  i n  th e  n o zzl e  form ;  

– d efl ector torq u e  cu rve  i f th ere  i s  a  s i g n i fi ca n t  ch a n g e  to  th e  m an u factu rer’ s  u s u a l  
p racti ce ;  

– ca l i brati o n  of W i n ter Ke n n e d y ta p s  -  pres s u re  d i ffere n ce m eas u re m en t a t two or m ore  
p o i n ts  (o n  a  s p i ra l  cas e  s ecti o n  for exam p l e )  for th e  l i m i ts  of th e  ra n g es  of pl a n t 
s peci fi c h yd ra u l i c en erg y an d  u n i t  d i s ch arg e .  

7.3.4  Model  test  appl ication   

7.3.4. 1  General  

A g a i n  i n  pe rfo rm an ce  ca n  b e  e s ta bl i s h ed  from  th e  com pari s o n  of th e  re s u l ts  of a  prototyp e  
effi ci e n cy tes t co n d u cted  b efore  th e  re h a b i l i ta ti o n  com pared  a g ai n s t th e  res u l ts  of a  m od e l  
tes t of th e  n e w d es i g n  wi th  ap propri ate  s te p-u p  ( “ m od e l  to  prototyp e  p red i cti o n ” )  or b y a  d i rect 
“ m od e l  to  m od e l ”  com p ari s on  b y tes ti n g  th e  o l d  a n d  n e w com po n en ts  i n  th e  s am e tes t s et-u p.  

7.3.4.2  Model  to  prototype comparison  

O n e wa y to  proce e d  i s  to  com p a re  th e  exi s ti n g  p roto typ e  d ata  o bta i n e d  pre ferab l y from  a  
rece n t prototyp e  fi e l d  tes t,  wi th  s tep p ed - u p  m od e l  te s t res u l ts  of th e  n e w m ach i n e.   

Th i s  p roce d u re  yi e l d s  re l a ti ve l y p o or accu racy b e cau s e :  

•  F i e l d  m e as u rem e n ts  i n vo l ve  a  rel a ti ve l y l arg e  u n ce rtai n ty ( 0 , 7  %  to  2  %  d e pe n d i n g  u po n  
m ach i n e  typ e ,  fi e l d  co n d i ti o n s  a n d  tes t m eth od s  s e l ecte d ) .  I n  po or co n d i ti o n s ,  th e  
u n certa i n ti e s  ca n  b e  e ve n  g re a te r.  
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•  Th e  l i m i ta ti o n s  of th e  s ca l e-u p  form u l a e  to  correctl y re pres e n t th e  d i ffere n ces  i n  re a l  l os s es  
be twe en  a  n e w m od e l  a n d  th e  ol d  proto typ e  wi th  a  n e w ru n n er a n d  pe rh a p s  s om e oth e r 
m od i fi cati o n s .  ( I E C 6 0 1 9 3  a n d  fu tu re  I E C  6 2 0 9 7  were  d e ve l op e d  for n e w m od e l s  a n d  n e w 
pro totyp es  wh os e s u rface  ro u g h n es s  d o es  n ot co ve r th e  ra n g e  ofte n  e n cou n tere d  i n  o l d  
pro totyp e  m a ch i n es . )  

I n  th e  wors t cas e,  th e  to ta l  i n accu racy of th i s  proced u re  m a y excee d  2  % .  

7.3.4.3  Model  to  model  comparison  

Th i s  m e th o d  com p are s  th e  e xi s ti n g  an d  n e w m ach i n e  ch aracteri s ti cs  d i re ctl y b y m o d e l  te s ts  of 
bo th  ol d  a n d  n e w d es i g n s .  As s u m i n g  th at  b o th  d es i g n s  are  i n  th e  s am e s u rface  fi n i s h  
con d i ti o n ,  wi th o u t ca vi ta ti on  e ros i o n  d am ag e ,  corros i o n  or oth e r s u rface  d e teri orati on  a n d  wi th  
th e  s am e ru n n er s e a l  cl e ara n ces  th i s  m eth o d  of com pari s o n  i s  very preci s e.   

I n  th e  “ m od e l  to  pro to typ e”  p re d i cti on ,  th e  ca l cu l a ti o n  of a  s tep- u p  to  b e  a d d e d  to  th e  m od e l  
perform an ce to  es ti m ate  th e  p ro to typ e  perform an ces  i s  n eces s ary.  W h en  a  m od e l  tes t i s  
perform ed ,  th e  m e ch a n i s m  for pre d i cti n g  p ro to typ e  perfo rm an ce i s  b as e d  on  s i m i l a ri ty 
be twe en  th e  m od e l  an d  th e  prototyp e .  Th e  pro totyp e  effi ci e n cy ca l cu l ati o n  re l i es  o n  a  preci s e  
kn o wl e d g e of th e  g e om etry a n d  a ctu a l  ro u g h n es s  of th e  s u rfaces .  Th e  s i m i l ari ty re q u i rem e n ts  
are  d e s cri be d  i n  I E C 6 0 1 93 .  A worki n g  g ro u p of I E C TC 4  i s  cu rre n tl y ( 2 0 0 6 )  i n vo l ve d  i n  efforts  
to  u p d ate  th e  pro vi s i o n s  of I E C 6 0 1 9 3  wh i ch  d e a l  wi th  s ca l e  effe cts  a n d  i s  i n  th e  proces s  of 
e l a b ora ti n g  a  d ocu m en t wh i ch  co n ta i n s  a  ca l cu l a ti o n  for accom m od ati n g  th e  s u rfa ce  
rou g h n es s  effects  of th e  va ri o u s  wa te r p as s a g e com pon e n ts  (fu tu re  I E C  6 2 0 97 ) .  W h en  th e  
g e om etri c s i m i l ari ty to l eran ces  h a ve  b e e n  res pe cte d  an d  th e  ro u g h n es s  of s u rfaces  of th e  
m od e l  a n d  pro totyp e  a re  kn o wn ,  th e  prototyp e  pe rform a n ce  ca n  b e  ca l cu l ate d .  Ca u ti o n  s h a l l  
be  a pp l i ed  h o we ver wh e n  e va l u a ti n g  th e  ro u g h n es s  of th e  p roto typ e  m ach i n e  wh e n  i ts  a g e  
res u l ts  i n  a vera g e  rou g h n es s  for i m p ortan t com pon e n ts  s u ch  as  th e  g u i d e  van es  a n d  to  a  
l es s er exte n t,  th e  s ta y va n es ,  wh i ch  a re  we l l  b e yo n d  th os e  d ea l t wi th  i n  th e  cu rren t g u i d e.  Th e  
rou g h n e s s  s h o u l d  be  m eas u re d  on  i m porta n t com pon e n ts  b efo re  th e  Ten d e r s tag e .  Th e  
Ten d ere r ca n  th en  re com m e n d  th e  op ti m al  u p g rad e  on  th e  va ri ou s  wa te r p as s a g e 
com pon e n ts  a n d  th e  ca l cu l a ti o n  of th e  s cal e  effect ca n  th en  b e  b as ed  o n  th e  co n d i ti o n  of th e  
reh a b i l i ta ted  com po n en ts .  I f,  for a n y re a s on ,  th e  s u rface  ro u g h n e s s  i s  n ot m e as u re d ,  a n  
ag re em e n t s h a l l  be  re a ch e d  be twe e n  o wn er a n d  co n tractor con cern i n g  th e  e va l u ati on  of 
rou g h n es s  e ffects .  

I n  s om e re h a b i l i tati on  proj e cts ,  th e  con tra ctor' s  s cop e d oes  n o t i n cl u d e  th e  en ti re  tu rb i n e .  Th e  
h om o l o g ou s  m od e l  wi th  th e  ap pro pri a te  ca l cu l a ti o n  of s ca l e  effe cts  of com p o n en ts  wh i ch  a re  
ou ts i d e  th e  res po n s i b i l i ty of th e  co n tractor,  p e rm i ts  m an ag i n g  th e  work i n  a ccord a n ce wi th  th e  
d efi n e d  co n tractu a l  res po n s i b i l i ti es .  

I n  a  “ m od e l  to  m od e l ”  co m p ari s on ,  bo th  ru n n ers  ( o l d  a n d  n e w d es i g n )  an d  an y o th er prop os ed  
m od i fi ca ti o n s  are  tes te d  i n  a  m od e l  co n s i s ti n g  o f th e  s am e oth er tu rb i n e  com pon e n ts .  Th e  
effi ci e n cy d i ffe re n ce o bs erve d  b e twee n  a  n e w ru n n er d e s i g n  a n d  th e  o l d  ru n n e r d es i g n  can  be  
d efi n e d  wi th  an  accu racy th a t i s  b etter th a n  th a t for a  g i ve n  s ta n d - a l o n e  tes t.   Th i s  a pp ro a ch  
req u i res  th e  te s ti n g  of two m od e l  ru n n ers  i n  a  com m on  te s t s e t- u p .   

M o d e l  tes ti n g  h as  th e  d i s ti n ct a d van ta g e  of b e i n g  a n  effecti ve  d e vel o pm e n t to o l .  Prototyp e  
tes ti n g ,  b y com p ari s o n ,  p ro vi d es  o n l y th e  m ea n s  to  e va l u ate  th e  ch a racteri s ti cs  of th e  fi n i s h ed  
pro d u ct or to  m a ke  a  com pari s o n  b e twee n  th e  e xi s ti n g  prototyp e  a n d  th e  re h a bi l i ta te d  
m ach i n e .   
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Th e  accu racy ach i e va b l e  i n  u s i n g  a  “ m od e l  to  m od e l ”  com pari s o n  for a n y re h ab i l i ta ti o n  of a  
po we r p l an t re l i es  on  th e  accu racy wi th  wh i ch  on e  i s  a b l e  to  co n s tru ct a  m od e l  fu l l y 
h om o l o g ou s  to  th e  o l d  m a ch i n e.  Th ere  are  i n  m o s t i n s ta n ce s ,  s i g n i fi ca n t  d i ffe re n ces  i n  b l a d e  
s h a p e a n d  p os i ti o n  fro m  bl a d e  to  b l ad e  i n  th e  o l d  ru n n ers .  To  acco m m od a te  th i s  fact 
eco n om i ca l l y,  i t  i s  u s u a l  to  m eas u re  th e  profi l e s  of at  l e as t  th ree  b l a d es  an d  to  ta ke  a n  
a vera g e  of th os e  profi l e s  to  co n s tru ct th e  n e w m od e l  of th e  o l d  pro totype  as s u m i n g  th e  o l d  
ru n n er h as  u n i form l y p o s i ti o n e d  b l ad e s .  Th e  fa ct i s  th e refo re  th at on e  can n ot eco n om i ca l l y 
con s tru ct a  n e w m od el  wh i ch  i s  p e rfe ctl y h om o l o g ou s  wi th  th e  ol d  pro to typ e.  Th e s e  facts  wi l l  
th e refore  i n tro d u ce a n  i n a ccu racy of u n d eterm i n e d  m a g n i tu d e  i n  th e  “ m od e l  to  m od e l ”  
com pari s o n .  

Th e  d i ffere n ce i n  effi ci e n cy b e twe e n  th e  o l d  a n d  n e w m od e l  ru n n ers  a n d  th e  o l d  a n d  n e w 
pro totyp e  ru n n ers  wi l l  b e  s i m i l ar pro vi d e d  th a t th e  h om ol o g y of th e  ol d  ru n n er m od e l  i s  
perfe ct.  I f we  con s i d er rou g h n es s  d i fferen ces  on l y,  th e  p ro b a b i l i ti e s  a re  th at th e  d i fferen ce 
be twe en  th e  ol d  a n d  n e w p ro to typ e  effi ci en ci e s  wi l l  b e  g rea te r th a n  th e  tes te d  d i ffere n ce 
be twe en  th e  “ o l d ”  an d  “ n e w”  m od el s  b eca u s e  of th e  d e teri orate d  s u rface  con d i ti o n  of th e  “ o l d ”  
pro totyp e .  H o we ver,  th i s  com pa ri s o n  wi l l  a l wa ys  h a ve  s om e u n kn o wn s  b eca u s e  of th e  
proce d u res  d es cri be d  i n  th e  prece d i n g  p arag ra ph .  

Th i s  “ m od e l  to  m od e l ”  a p pro ach  i m pl i e s :  

•  A h i g h er d e g re e  of s ecu ri ty for th e  o wn er,  wh o  wi l l  n o t be  e xp ecti n g  u n re a l i s ti c g u ara n te ed  
effi ci e n ci es  b u t rath er,  a  m eas u re d  effi ci en cy i n cre as e  wh i ch  m a y be  a d d e d  wi th  
con fi d e n ce  to  th e  pro totype  e ffi ci e n cy of th e  o l d  tu rb i n e.  

•  A h i g h e r d e g re e  of s ecu ri ty for th e  m an u factu rer,  wh o wi l l  n o  l o n g e r b e  faced  wi th  h a vi n g  to  
g u a ran te e  an  a bs o l u te  effi ci e n cy va l u e  on  a  m ach i n e  wh os e com po n en ts  o u ts i d e  th e  
ru n n er i ts e l f h a ve  d eteri ora te d  b u t rath er,  a n  e ffi ci e n cy i n creas e  wi th  re s pe ct to  th e  o l d  
tu rb i n e  for o n e  or m ore  m od e l  tes te d  m od i fi ca ti on s  ( e . g .  ru n n e r a n d  g u i d e  va n es ).  Th i s  
pro totyp e  effi ci e n cy i n creas e  m a y b e  d em on s tra te d  i n  com pa rati ve  fi e l d  tes ts .  I t  i s  to  b e  
as s u m ed  th at a l l  p o te n ti a l  ph ys i ca l  i m p ro vem e n ts  to  th e  co n d i ti o n  of th e  oth e r exi s ti n g  
tu rb i n e  com po n e n ts  wi l l  be  e val u ate d  i n  cos t/be n e fi t as s es s m en ts  b e fore  th e  o wn er 
em b arks  o n  a n y on e  of th e m .  

Th e  “ m od e l  to  m od e l ”  pro ced u re  a l s o  pro vi d es  for a  g o o d  e va l u ati o n  of ca vi ta ti o n  b eh a vi ou r of 
th e  n e w ru n n er,  l o weri n g  th e  pro b ab i l i ty of d i s pu tes  b e twee n  th e  con tra ctor a n d  th e  o wn er of 
th e  h yd ra u l i c m ach i n es .  

W h ere  th e  “ m od e l  to  m o d e l ”  co n tra ctu a l  com pari s on  i s  u s e d ,  a n  i n d ex te s t o n  th e  prototyp e ,  
before  a n d  afte r th e  re h ab i l i ta ti o n  i s  s om eti m es  u s e d  to  con fi rm  th e  g a i n s  pre d i cte d  b y th e  
m od e l  res u l ts .  

7.3.5  Model  test  l ocation  

Th e m od e l  tes t ca n  b e  ca rri ed  ou t e i th er i n  th e  m a n u factu re r’ s  l a b oratory or i n  a n  i n d e p e n d e n t 
l ab ora tory.  

a)  M o d e l  tes t i n  th e  m an u fa ctu rer’ s  l a bora tory 

Practi ca l l y a l l  d e ve l opm e n t m od e l  tes ts  a n d  m os t con tra ctu a l  m od e l  tes ts  a re  carri ed  ou t i n  
th e  m an u fa ctu re r’ s  l ab o ratory.  H o we ver,  s om e pu rch as ers  re q u i re  th a t  th e  co n tra ctu al  
m od e l  tes ts  b e  carri e d  ou t i n  a n  i n d e p e n d e n t l ab oratory.  I n  s u ch  cas e s ,  th e  m od e l  i s  
tra n s ported  from  th e  m an u fa ctu re r’ s  l ab oratory to  th e  i n d e p e n d e n t l a b ora tory a t th e  
con cl u s i o n  of th e  d e vel o pm en t te s ts .  

b)  M o d e l  tes ts  i n  a n  i n d e pe n d e n t l a b ora tory 

1 )  Co n ve n ti o n al  con tractu a l  arra n g em en t 

 W h en  a  m o d e l  tes t  i s  re q u i re d  i n  an  i n d ep e n d e n t l a bora tory,  i t  g e n e ra l l y con cern s  th e  
con tractu a l  m od e l  tes t of a  fu l l y h om o l o g ou s  m od e l .  I f con ven i e n t for th e  m an u factu rer,  
th e  d e ve l o pm en t tes ts  ca n  b e  a l s o  carri e d  o u t  i n  th e  i n d ep e n d e n t l a b ora tory.  
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 Th e  ad va n ta g e  of a  co n tractu al  m od el  tes t carri e d  ou t i n  a n  i n d ep e n d e n t l ab ora tory i s  
to  p ro vi d e  for th e  veri fi cati on  of th e  p erform an ce g u ara n tees  b y a  th i rd  p arty.  Th e  
d ra wb ack i s  th e  prob a b l e  exte n s i o n  th e  tota l  m od e l  te s t d u ra ti o n  b y u p  to  a  fe w m on th s  
wh e n  th e  d e ve l opm e n t tes ts  are  ca rri ed  o u t i n  th e  m an u factu rer’ s  l a b ora tory a n d  th e  
con tractu a l  tes ts  el s e wh e re.  

 I f th e  o wn e r op ts  for tes ti n g  of th e  exi s ti n g  tu rb i n e  a n d  th e  n e w d es i g n ,  b o th  tes ts  s h a l l  
be  carri e d  o u t  i n  th e  s a m e l ab oratory.  

 Th ere  i s  u s u a l l y n o  pro b l em  for th e  a d a pta ti o n  of th e  p h ys i ca l  m od e l  to  th e  tes t l o op  of 
th e  i n d ep e n d e n t l a borato ry.  I n  th e  p as t,  s om e l a bora tory tes t l oo p s  cou l d  n o t a l wa ys  
acce p t m od e l s  of th e  s i ze  el ecte d  b y th e  co n tractor a n d  th e  o wn er,  a n d  i t  was  
s om e ti m es  n eces s ary to  m an u factu re  m u l ti p l e  m od e l s .  C u rren tl y ( 2 0 0 6 )  a l l  m aj or 
m an u factu rers  a n d  i n d e p en d en t l a bora tori es  u s e  te s t l o o ps  of s i m i l ar s i ze  a n d  p o we r.   

2 )  C om p e ti ti ve  m od e l  tes ts  i n  a n  i n d e pe n d e n t l ab oratory 

 F or m aj or reh a b i l i ta ti o n  proj ects  ( Larg e  ca paci ty an d /or l arg e  n u m ber of m ach i n es ) ,  i t  
h as  b ee n  th e  practi ce  of s om e o wn e rs  to  re q u i re  a  com pe ti ti ve  m od e l  tes t i n  a n  
i n d e pe n d e n t l a bora tory.  Th e  va ri o u s  ten d ere rs  are  i n vi te d ,  an d  ofte n  p a i d  u n d er 
s ep a rate  con tract,  to  d e m on s tra te  th e  p e rform an ce  of th ei r m od e l  tu rb i n es  b efore  a  
re h a b i l i tati on  con tra ct i s  a ward e d  for work on  th e  prototyp e .  Th i s  i s  cl e a rl y a n  
exp e n s i ve  exerci s e  wh en  two or m ore  co n tractors  are  re q u i re d  to  perform  th e  
com p ari s o n .  H o we ver,  th e  cos t co u l d  b e  re as o n a b l e  a n d  j u s ti fi ed  wh e n ,  com p are d  
ag a i n s t th e  p ote n ti al  b e n e fi t,  i f m an u factu rers  are  i n vi ted  to  op ti m i s e  th e i r d e s i g n s  a n d  
tes t th em  i n  an  i n d e p e n d en t l a b ora tory.  Th i s  m a y i n vo l ve  a  s et  of m od i fi e d  com pon e n ts  
(n o t o n l y th e  ru n n er)  d e ve l o p ed  u s i n g  C F D  a n a l ys e s .  I n  th i s  cas e,  th e  a ccu ra cy of th e  
com pa ri s o n  i s  ab o u t ±  0 , 1 5  %  a n d  can  re l i a b l y p erm i t th e  es ta b l i s h m en t of th e  l on g -
term  fi n a n ci a l  b e n efi ts  of ve ry s m a l l  d i ffere n ce s  i n  effi ci e n cy.  

7.4  Prototype performance test 

7.4. 1  General  

Prototyp e  te s t m eth o d s  th at are  a p pl i ca b l e  to  n e w h yd ra u l i c m a ch i n es  are  a l s o  s u i te d  to  
reh a b i l i ta ted  m ach i n e s .  

I n  m os t i n s tan ce s ,  th e  m a i n  g oa l  of prototyp e  tes ts  i s  to  ch e ck th e  tu rbi n e  effi ci e n cy a g a i n s t 
th e  m an u factu rer’ s  g u ara n te e.  Th e  a d van ta g e  of th e  pro to typ e  tes t i s  th a t i t  g i ves  th e  tu rb i n e  
e ffi ci e n cy d i re ctl y wi th i n  th e  u n certa i n ti es  ap p l i ca b l e  to  th e  s e l ecte d  m eth o d  an d  s i te  
con d i ti o n s .  I t  i s  i m pos s i b l e  d u ri n g  th e  p e ri o d  of th e  tes t,  to  veri fy oth er i m portan t p aram ete rs  
s u ch  as  ca vi ta ti on  p erfo rm an ce wi th  a n y q u an ti tati ve  preci s i on .  Ru n a wa y s p e e d  tes ts  are  
s e l d om  carri e d  o u t  o n  th e  p rototyp e  beca u s e  of th e  ri s ks  of d am ag e  to  th e  u n i t an d  
p arti cu l arl y th e  g e n era to r for an  e ven t wh i ch  i s  h i g h l y i m prob a b l e  i n  th e  l i fe  of th e  m ach i n e .  
S om e o wn ers ,  wi th  d u e  reg ard  for th es e  ri s ks ,  ca rry ou t a  ru n a wa y s p ee d  tes t o n  o n e  u n i t of 
ea ch  n e w d es i g n .   

B y wa y of com p ari s on  ag a i n s t n e w tu rb i n es ,  re h a b i l i tate d  tu rb i n e s  offer th e  ad va n ta g e  of 
a l l owi n g  com parati ve  tes ts  o n  th e  m a ch i n e  b efore  a n d  after re h a b i l i ta ti o n .  I n  s u ch  
ci rcu m s tan ces ,  th e  pa ra m eter of p ri m ary eco n o m i c i n teres t i s  th e  e ffi ci en cy i n cre as e  rath e r 
th a n  th e  abs o l u te  effi ci e n cy.  P ro vi d e d  th e  “ b e fore”  an d  “ a fter”  te s ts  are  con d u cte d  b y th e  
s am e te s t cre w wi th  th e  s am e i n s tru m e n ts ,  th e  i n accu raci es  i n  th e  effi ci e n cy i n cre as e  a re  
s i g n i fi ca n tl y l es s  th a n  th o s e  re l a ted  to  th e  a bs o l u te  effi ci en cy m e as u re d  d u ri n g  ei th er te s t.   

BS EN 62256:2008 – 120 –



I n  s om e  ca s es  (s m a l l  u n i ts ,  for exam pl e ),  a  m i n i m u m  of fi e l d  tes ti n g  ca n  be  ta ken  as  
s u ffi ci e n t.  I t  ca n  co n s i s t of ch ecki n g  of th e  g u ara n te e d  ou tp u t of th e  u n i t as  we l l  as  a  g e n eral  
ch e cki n g  of th e  u n i t b eh a vi o u r th ro u g h o u t  th e  n o rm a l  op erati n g  l o a d  ra n g e  (s m oo th  op erati o n  
wi th o u t l e ve l s  of pres s u re  fl u ctu a ti o n s ,  vi bra ti o n  or n o i s e  wh i ch  m a y b e  d e tri m e n ta l  to  th e  
ch ara cteri s ti cs  of th e  po wer d e l i vere d  or to  th e  l on g  te rm  rel i a b i l i ty of th e  u n i t) .  S u ch  b as i c  
ch e cki n g  re q u i res  n o  s o p h i s ti ca ted  tes t eq u i pm en t.  I f th i s  b as i c  ch e cki n g  i d en ti fi es  a  p ote n ti a l  
pro b l em ,  s peci fi c m e as u rem e n ts  o n  th e  con s i d ere d  pa ram eter ca n  b e  carri e d  ou t.  Th e  
con tract s h a l l  b e  cl e a r a s  to  th e  cri teri a  for a n d  th e  n atu re  of exp ecte d  tes ti n g  an d  on  th e  
party wh i ch  wi l l  s u pp ort th e  cos ts  of th e  a d d i ti o n a l  m e as u rem e n ts .   

M os t s i te s  m e ri t a t l e a s t  a  p rototyp e  i n d e x tes t b efore  a n d  afte r th e  reh a b i l i ta ti o n  an d  s om e 
m ea s u re  of m od e l  d e ve l op m en t te s ti n g .  Th e  m e th od s  an d  l i m i tati on s  of i n d ex tes ts  are  
co vere d  u n d e r I E C  6 0 0 4 1 .  

7.4.2  Prototype performance test accuracy 

A n u m b er of te s ti n g  o rg an i s ati o n s  h a ve  i m p ro ve d  th e  te ch n o l o g y for s i te  te s ti n g  of h yd ra u l i c  
tu rb i n es ;  h o we ve r,  th e  accu racy i s  s ti l l  n o t as  g oo d  a s  th at of m od e l  tes ts .  

Th e  abs o l u te  l e ve l  of u n certa i n ty wi l l  d e p en d  u po n  th e  d e s i g n  of th e  m ach i n e .  I t  wi l l  g e n era l l y 
be  ea s i er to  ach i e ve  h i g h  a ccu ra cy wi th  a  h i g h  h ea d  th an  a  l o w h e a d  m ach i n e.  Th e  d eta i l e d  
d es i g n  of th e  tu rb i n e  a n d  i ts  co n d u i t s ys tem  i s  a l s o  i m porta n t.  I t  i s  e as i er,  for i n s ta n ce ,  to  
ach i e ve  h i g h  accu racy wh ere  th ere  i s  acces s  to  a  s u bs tan ti a l  s tra i g h t  l e n g th  of th e  u n i t  
pe n s tock i n  wh i ch  to  i n s ta l l  a  fl o w m e ter th an  o n  a  tu rb i n e  fe d  b y a  co n d u i t wi th  m a n y cl os e l y 
s pa ce d  b e n d s .  O n  h i g h e r s p eci fi c h yd ra u l i c e n erg y m a ch i n es ,  th e  d i re ct m eas u rem e n t of 
effi ci e n cy u s i n g  th e  th e rm od yn a m i c m e th o d  i s  ofte n  a  re l a ti ve l y l o w cos t an d  a ccu rate  
a l tern a ti ve .  

Th e  l e ve l  of a bs o l u te  u n certa i n ty of th e  vari o u s  I E C Pri m ary tes t m eth od s  i s  b e twe e n  ±  1 , 5   %  
to  ±  2   % .  W i th  th e  u s e  o f th e  m os t ad va n ce d  m e th o d s  a n d  eq u i pm e n t,  a n d  a  h i g h l y q u a l i fi ed  
tes t cre w,  th i s  ca n  b e  re d u ce d  to  b e l o w ±  1  %  u n d er th e  b e s t con d i ti o n s  (for exam pl e  wi th  th e  
th erm od yn a m i c m e th o d  on  a  u n i t  u n d er a  s peci fi c h yd ra u l i c e n erg y of 2  90 0  J . kg

- 1
,  a  h e a d  

o ve r 3 0 0  m ,  or u s i n g  th e  aco u s ti c m eth o d  wi th  at l e as t fo u r cros s e d - p ath s ,  a  to ta l  of e i g h t 
p a th s ,  a n d  te n  d i am e ters  of s tra i g h t  co n d u i t u ps trea m  of th e  m eas u ri n g  s e cti o n ).  As  for m od el  
tes ts ,  th e  i n accu racy of th e  pro to typ e  tes ts  u s ed  to  es tab l i s h  a  d i ffere n ce  i n  effi ci e n cy of th e  
u n i t tes te d  b efore  an d  a fte r th e  re h a b i l i tati o n  i s  be tter b y a b ou t 2 0  %  th an  th e  i n accu raci e s  
typ i ca l  of th e  s a m e m e th o d  u s e d  for d e term i n i n g  th e  a b s o l u te  effi ci e n cy of th e  s am e u n i t  
( s om e of th e  s ys tem a ti c u n ce rta i n ti es  are  e l i m i n ated ) .  

As  a  m i n i m u m ,  th e  s e l ecte d  proce d u re  s h o u l d  b e  s u ch  as  to  co n fi rm  th a t th e  fi n a n ci a l  
p erform an ce u p o n  wh i ch  th e  proj ect h as  b ee n  j u s ti fi e d  i s  ach i e ve d .   

I f i t  i s  req u i re d  to  ach i e ve  a  m i n i m u m  g a i n  i n  e ffi ci en cy of 3  %  for th e  pro j ect fi n a n ci a l  re tu rn  
to  b e  ach i e ved ,  an d  th e  g u ara n tee d  i n cre as e  i s  5  % ,  th e n  a  tes t th a t p ro vi d e d  a n  u n ce rta i n ty 
of ±  2  %  wo u l d  b e  ad e q u ate .  

C om pa n i e s  ofte n  h a ve  a  m i n i m u m  l e vel  of i n tern a l  rate  of retu rn  to  j u s ti fy a n  i n ves tm e n t.  I f th e  
l e ve l  of u n ce rtai n ty th at can  be  ach i e ve d  i s ,  for i n s ta n ce ,  ±  1  %  th e n  s om e com pa n i es  wo u l d  
d e d u ct 1  %  from  th e  g u ara n te e d  effi ci en cy of a l l  ten d erers ,  b e fore  th e  rate  of retu rn  i s  
ca l cu l ate d .  To  d o  s o  or n ot  i s  a  m atter of i n ves tm e n t p o l i cy.  
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7.4.3  Prototype performance test types  

Th e pro to typ e  p e rform an ce  tes ts  are  carri e d  o u t to  co n fi rm  com p l i a n ce  wi th  co n tractu a l  
g u a ran tee s .  

Abs o l u te  m e th od s  or re l a ti ve  m eth o d s  can  b e  u s e d  d ep e n d i n g  u p o n  th e  co n tra ctu a l  
con d i ti o n s .  Th e  d es cri p ti on s  an d  l i m i ta ti o n s  of th e  vari o u s  m e th o d s  a re  g i ve n  i n  th e  I E C 
6 0 0 4 1 .  

I f a b s o l u te  effi ci e n ci es  h a ve  b e e n  g u aran tee d ,  th e y s h o u l d  be  ch e cke d  b y a b s o l u te  “ pri m a ry”  
m eth o d s .  Th e  re s u l ts  ca n  b e  u s ed  for as s es s m en t of pe n a l ty or b o n u s  pa ym en ts  o r a n y oth e r 
con tra ctu a l  co n s e q u e n ce s  co n ce rn i n g  g u ara n te es .  

F or re h ab i l i ta te d  m ach i n es ,  i t  i s  u s u a l  to  j u s ti fy a t  l e as t p art of th e  cos t of reh a b i l i tati on  b y th e  
i m pro ve m en t i n  effi ci e n cy th a t ca n  b e  ob ta i n e d .  I t  i s  th e refore  j u d i ci o u s  to  m eas u re  th e  
perform an ce of th e  m ach i n e  b efore  a n d  a fte r th e  re h ab i l i ta ti o n .  F or th i s  re as o n ,  a n  a bs ol u te  
tes t i s  n ot o b l i g a tory an d  ca n  b e  re p l ace d  b y a  re l ati ve  te s t.  Th e  m e as u re m en t of th e  a bs o l u te  
d i s ch arg e  th rou g h  th e  tu rb i n e  i s  th erefore  n ot  n e ces s ary for th es e  co n tra ctu a l  con s i d era ti o n s  
l ea d i n g  to  a  s i g n i fi ca n t  a d va n ta g e  a n d  u s u a l l y to  cos t s a vi n g s .  O n  th e  o th er h a n d ,  for 
proj ecti o n  of l o n g -term  ea rn i n g s  i n to  th e  fu tu re ,  a n  a bs o l u te  va l u e  of tu rb i n e  effi ci e n cy s h a l l  
be  es ta b l i s h ed .  Th i s  ca n  be  e i th er b y re l ati n g  p a s t p erform an ce to  th e  m eas u re d  g ai n  or b y 
con d u cti n g  a n  a bs o l u te  e ffi ci e n cy tes t o n  th e  re h a b i l i ta te d  u n i t  an d  s om eti m es  b y bo th  
m eth o d s .  

W i th  a n  i n d ex tes t (for e xa m pl e  th e  W i n ter- Ken n ed y m e th o d ),  th e  g e n era tor p o wer o u tp u t i s  
m ea s u red  to  th e  re q u i re d  l e ve l  of accu ra cy.  At th e  s am e ti m e a  p res s u re  d i ffere n ce,  g e n era l l y 
be twe en  two p o i n ts  of a  s p i ral  cas e  s ecti o n ,  i s  m eas u re d .  W h e n  th e  re h a b i l i tati on  i s  
com pl ete d ,  th e  po we r o u tp u t of th e  re h ab i l i ta te d  m a ch i n e  i s  com pare d  wi th  th e  i n i ti a l  u n i t a t  
th e  s am e  d i s ch arg e  (s am e pres s u re  d i ffere n ce i n  th e  s p i ral  cas e  for exam p l e ).  Th e  ch a n g e i n  
po we r o u tp u t a t th e  s am e d i s ch arg e  i s  u s e d  to  d eterm i n e  th e  i m pro vem en t i n  perform an ce .  
Th es e  m ea s u rem en ts  ca n  b e  d o n e  o ve r th e  fu l l  ra n g e  of u n i t o u tp u ts .  

Al th ou g h  i n d ex te s ti n g  h a s  m a n y a d va n ta g es  a n d  i s  prob a bl y th e  l e as t cos tl y s ol u ti o n ,  th e re  
are  s om e d i ffi cu l ti es  wi th  th i s  tech n i q u e:  

•  Th e  s co pe of th e  re h a b i l i ta ti o n  h as  to  b e  s u ch  th a t th e  “ be fore”  an d  “ after”  tes ts  re m ai n  
va l i d .  

•  Th e  tu rb i n e  s h a l l  b e  e q u i pp e d  wi th  th e  m e an s  of m eas u ri n g  re l ati ve  d i s ch arg e .  Th i s  wo u l d  
g e n e ra l l y b e  b y th e  u s e  of W i n ter- Ke n n ed y ta ps  b u t th es e  a re  n ot a l wa ys  i n s ta l l e d  n or 
a l wa ys  i n  u s a b l e  co n d i ti o n .  O th er pres s u re  d i ffere n ces  occu rri n g  acros s  d i ffere n t p e n s tock 
d i a m eters  m a y a l s o  be  u s e d .  

•  Th e  accu racy a n d  l e vel  o f th e  m axi m u m  effi ci e n cy of th e  “ b efore  tes t”  s h a l l  be  accep ted  b y 
te n d ere rs .  Th i s  co u l d  b e  d o n e  th ro u g h  a  tes t wi tn es s e d  b y th e  s e l e cted  te n d e rer or b y th e  
em pl o ym e n t of a  q u a l i fi e d  th i rd  p arty org a n i s ati o n  for th e  execu ti on  of b oth  th e   “ b efore”  
an d  “ a fter”  te s ts .  

7.4.4  Evaluation  of resu l ts   

Th e com pari s on  of g u a ran tee d  e ffi ci e n ci es  a g a i n s t m eas u re d  effi ci en ci es  s h o u l d  b e  d on e  i n  
accord a n ce wi th  to  th e  ap p l i ca b l e  I E C p u b l i ca ti o n  ta ki n g  i n to  accou n t th e  m eas u rem en t 
u n certa i n ti es  of th e  a d o p ted  m eth o d .  

I f th e  m ea s u red  effi ci e n ci es ,  after a p p l i ca ti o n  of th e  m ea s u rem e n t u n ce rta i n ti e s ,  are  l o wer 
th a n  th e  g u ara n te e d  val u es ,  th e  d i ffe re n ce  m a y co m e  from  th e  fo l l o wi n g  fa ctors :  

a)  I f a b s ol u te  g u ara n te e d  p erform an ce h a s  b ee n  ch e cked  b y a  m od e l  tes t s te pp e d -u p :  

– C o n d i ti o n  a n d  d i m en s i o n s  of re m ai n i n g  exi s ti n g  com p on e n ts .  
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– P h ys i ca l  d i ffere n ces  b etwe e n  m od e l  an d  pro totype ,  p arti cu l arl y o n  exi s ti n g  rem ai n i n g  
com pon e n ts  ( exi s ti n g  d ra wi n g s  i n  po or co n d i ti o n  or a cces s  d i ffi cu l ti es  res u l ti n g  i n  
m eas u re m en t errors  i n  th e  cas e  of s i te  d i m en s i o n a l  m e as u rem en ts  for exam p l e)  co u l d  
e xp l a i n  s om e p erform an ce d i ffere n ce s  from  m od e l  to  prototyp e .  

– C a l cu l a te d  s ca l e  effect h i g h er th a n  actu a l  s ca l e  effect.  

– F or a  reh a bi l i ta ti o n  proj e ct,  th e  a ctu al  con d i ti o n  (d efects  i n  form  a n d  rou g h n e ss )  of th e  
e xi s ti n g  rem a i n i n g  com p on e n ts  can  l e a d  to  a  re d u ce d  re a l  s ca l e  effect co m p are d  wi th  
th e  th e oreti ca l  s ca l e  effe ct ca l cu l ate d  i n  acco rd a n ce  wi th  I E C  6 0 1 9 3 .  

b)  I n  th e  ca s e  wh ere  n o  m od e l  tes t  h as  b e en  ca rri e d  ou t:  

– I n  a d d i ti on  to  a b o ve exp l a n ati o n s ,  th e  perform a n ce  ca l cu l a ti o n s  m a y h a ve  b ee n  “ too  
op ti m i s ti c” .  

I f re l a ti ve  p erform an ce (d i ffe re n ce  b etwe e n  “ after”  a n d  “ b efore”  reh a bi l i ta ti o n )  h as  b ee n  
g u aran tee d  a n d  ch ecked  b y m od e l  te s ts ,  n o  prob l em s  rel a te d  to  th e  i n terp re tati on  of th e  
res u l ts  n ee d  b e  expecte d .  

8 Specifications   

8. 1  General  

Th i s  cl a u s e  s h o u l d  s e rve  as  a  g u i d e  i n  th e  pre p a rati on  of co n tract d ocu m en ts  for th e  
reh a b i l i tati on  of h yd ra u l i c tu rb i n e s .  Th e  reh a bi l i tati on  of tu rb i n es  i s  s i te  s p eci fi c re q u i ri n g  
d es i g n  cri te ri a  u n i q u e l y e s ta b l i s h e d  for th a t parti cu l a r s i te .  Th e  u s e  of I n te rn a ti o n a l  S ta n d a rd s  
i s  prom ote d  i n s ofar as  th e y m a y b e  a pp l i cab l e .  A l i s t of i tem s  wh i ch  s h o u l d  be  co vered  i n  th e  
d e tai l e d  Tech n i ca l  S p eci fi cati on s  i s  a l s o  p res e n ted  i n  th i s  cl au s e.   

Th ere  are  two  ba s i c ap proach es  th a t ca n  be  u s e d  i n  d e vel o p i n g  th e  S pe ci fi cati on s .  O n e  i s  to  
wri te  d eta i l e d  s p eci fi ca ti on s  i n  wh i ch  th e  d e ta i l s  of th e  e q u i pm en t d es i g n ,  com p on e n ts ,  a n d  
th e  co n s tru cti o n /i n s ta l l a ti on  proced u res  are  d efi n e d .  Th e  s eco n d  a p pro ach  i s  to  wri te  a  
s pe ci fi ca ti o n  i n  wh i ch  th e  perfo rm a n ce  res u l ts  of th e  i n s ta l l e d  e q u i pm en t are  d es cri be d ,  wi th  
fre e d om  l eft to  th e  co n tractor re g ard i n g  h o w to  d es i g n ,  fa bri ca te ,  a n d  i n s ta l l  th e  e q u i pm en t to  
m ee t th os e  perform an ce  req u i rem e n ts .  M os t s p e ci fi cati o n s  are  a  com bi n ati on  of th e  a bo ve 
two a pp ro ach es .  Th e  ch o i ce  of on e  or th e  o th e r u s u a l l y d ep e n d s  u p o n  th e  o wn er’ s  n orm al  
practi ces  an d  u p on  th e  s i ze  a n d  i m porta n ce  of th e  e q u i pm e n t i n  i ts  s ys tem .  

8.2  Reference  standards  

Th e  s u g g es ted  b as i s  for th e  Te n d eri n g  D ocu m e n t i s  I E C/TR 6 1 3 6 6 -1 .  Th i s  d ocu m en t co ve rs  
a l l  of th e  pri n ci pa l  co n s i d era ti o n s  i n  th e  pre para ti o n  of te n d eri n g  d ocu m en ts  an d  pre s e n ts  
u n d e r a n n e xe s :  

•  s am pl e  ta b l e  of co n te n ts  of te n d eri n g  d ocu m en ts ;  

•  com m en ts  o n  factors  fo r e va l u a ti on  of ten d ers ;  

•  ch eckl i s t for te n d er form ;  

•  exam p l e  tech n i ca l  d ata  s h e e ts ;  

•  tech n i ca l  p erform an ce g u ara n te e;  

•  exa m p l e  of ca vi ta ti o n  p i tti n g  g u a ran te e ;  

•  ch eckl i s t for m od e l  tes t s peci fi ca ti o n s ;  

•  s a n d  eros i on  co n s i d e ra ti on s .  

BS EN 62256:2008– 123 –

http://dx.doi.org/10.3403/30131984U


F orm i n g  a  p a rt of th i s  s a m e s eri es  of d ocu m e n ts  a n d  a l s o  re com m en d e d  as  a  pri m ary 
referen ce  for th e  pre pa ra ti o n  of ten d eri n g  d ocu m en ts  are  I E C /TR 6 1 3 6 6 -2  to  6 1 3 6 6 - 7 .  Th e s e  
d ocu m en ts  d es cri b e  th e  tech n i cal  req u i re m en ts  for th e  tu rb i n e  u n d er th e  fo l l o wi n g  h e a d i n g s :  

•  te n d e ri n g  req u i rem en ts ;  

•  proj ect,  g en era l ,  s p eci a l  i n form ati o n  a n d  con d i ti o n s ;  

•  g e n era l  re q u i rem en ts ,  te ch n i ca l  s p eci fi ca ti o n s /re q u i re m en ts ;  

•  s cop e  of work,  l i m i ts  of con tract,  s u p p l y b y em p l o ye r;  

•  d es i g n  con d i ti o n s ,  p e rform a n ce  a n d  oth er g u aran tees ;  

•  m e ch an i ca l  d e s i g n  cri teri a ;  

•  d es i g n  d ocu m en ta ti o n ,  m ate ri a l s  a n d  co n s tru cti o n ,  s h o p i n s p ecti o n  an d  tes ti n g ;  

•  tech n i ca l  s p eci fi ca ti o n s  for fi xe d /em be d d e d ,  s ta ti on ary/rem o va b l e,  rota ti n g  p a rts ,  g u i d e  
van e  re g u l ati n g  a pp a ratu s ,  b eari n g s  a n d  s ea l s ,  th ru s t be ari n g s ,  m i s cel l an e ou s  
com pon e n ts ,  a u xi l i ary s ys tem s ,  i n s tru m en tati o n ;  

•  s pare  p a rts ;  

•  m od e l  tes ts ;  

•  i n s ta l l a ti o n  a n d  com m i s s i on i n g ;  

•  fi e l d  acce p ta n ce te s t.  

Th e  a b o ve  refere n ced  I E C /TR 6 1 3 6 6 - 1  a n d  I E C /TR 6 1 3 6 6 - 2  were  pre p a red  wi th  a  vi e w to  
g u i d i n g  a  p u rch as er i n  th e  p rep arati o n  of Te n d er D ocu m en ts  for n e w h yd rau l i c m ach i n es .  Th e  
g e n era l  a p proach  rem a i n s  va l i d  for d ocu m en ts  g o vern i n g  th e  re h a b i l i tati o n  of exi s ti n g  
m ach i n es .  Th e  o bj ecti ve  of th e  a bo ve  n oted  G u i d es  i s  to  pro vi d e  a n  o ve ra l l  ch eckl i s t for th e  
tech n i ca l  co n s i d e rati on s  i n  pre p a ri n g  ten d e r d ocu m e n ts  an d  te n d er s pe ci fi cati on s .  S u bcl a u s es  
8. 3  an d  8 . 4  be l o w pro vi d e  a  ch eckl i s t of a d d i ti o n a l  i te m s  wh i ch  p e rta i n  to  th e  d e vel o p m en t of 
th e  s p eci fi ca ti on s  for th e  re h a b i l i tati on  of tu rb i n es ,  s tora g e  p u m p s  an d  p u m p -tu rb i n es .  I t  
s h o u l d  a l s o  b e  n ote d  th a t i n  re h a b i l i tati on  pro j ects ,  th e  s p eci fi ca ti o n s  m a y n e e d  to  be  
s i g n i fi ca n tl y m ore  com p l ex b ecau s e  of p o te n ti a l  ch a n g es  i n  th e  s co pe  of th e  proj ect  
n eces s i ta te d  b y d i s co very o f d am a g e d  com po n e n ts  d u ri n g  th e  d i s a s s em b l y a n d  s u b s e q u e n t 
i n s p e cti o n s .  

Th e  b i bl i o g ra p h y pro vi d es  a  l i s t of oth er I n te rn a ti o n a l  a n d  N a ti o n a l  S ta n d ard s  com m on l y 
referen ce d  wh e n  pre p ari n g  th e  s p e ci fi cati o n  for ten d eri n g  d ocu m en ts  co veri n g  a  tu rb i n e  
reh a b i l i tati on .  M os t of th e  I S O  an d  I E C d ocu m en ts  a re  a va i l a b l e  i n  bo th  F re n ch  a n d  E n g l i s h .  
I E C/TR 6 1 3 6 4  pro vi d es  th e  h yd ra u l i c  m ach i n e  co m pon e n t n om e n cl a tu re  i n  s i x  l a n g u a g es .  

Certa i n  N a ti o n a l  S ta n d a rd s  ci te d  ab o ve an d  i n  th e  b i b l i o g ra p h y pro vi d e  an  i n d i ca ti o n  of 
a va i l ab l e  refe re n ce s .  O th er e q u i va l e n t N a ti o n al  S ta n d ard s  m a y b e  u s e d  wh en  a p propri ate .  

8.3  Information  to  be  included  in  the  tender documents  

Th e fo l l o wi n g  i s  a  ch eckl i s t of th e  d a ta  wh i ch  s h ou l d  ap p e a r i n  th e  Tech n i ca l  S peci fi ca ti o n s  or 
e l s e wh ere  i n  th e  te n d e r d ocu m e n t.  

•  S i te  co n d i ti o n s  i n cl u d i n g :  

– ran g e  of p l a n t “ h e i g h t”  ( g ros s  h ea d ) ;  

– i n form ati o n  re g ard i n g  i n take  s tru ctu re,  g ates ,  tu n n e l s ,  pe n s tock,  va l ves  a n d  ta i l race  ( to  
p erm i t th e  d eterm i n ati o n  of h e ad  l os s es ,  i f th e y h a ve  n ot  b e en  m e as u re d ) ;  
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– i n form ati o n  o n  cu rren t tu rb i n e  wa ter p a s s a g e co n d i ti o n  i n cl u d i n g  s u rface  ro u g h n es s ;  

– ran g e  of “ s peci fi c h yd ra u l i c e n erg y”  ( n e t h ea d );  

– a va i l ab l e  d i s ch arg e;  

– h e a d water a n d  ta i l wa te r e l e vati o n  ra n g es ;  

– ta i l ra ce  ra ti n g  cu rve  ( e l e vati on  vs .  d i s ch arg e) ;  

– d i s ch a rg e  d a ta  wi th  corres p o n d i n g  h e a d wa ter e l e va ti o n ,  a n d  ta i l wa ter e l e va ti o n  as  a  
p erce n ta g e  of ti m e;   

– wa ter tem peratu re  ra n g e  an d  wa te r q u a l i ty ( p h ys i co-ch e m i ca l  a n d  e n tra i n e d  s o l i d s  
s u ch  as  s an d ,  s i l t,  etc. ) ;   

– cen tre l i n e  e l e vati o n  of tu rb i n e  d i s tri bu tor a n d  a l l  o th er es s e n ti a l  ch a racteri s ti c of th e  
tu rb i n e ;  

– p o we rh o u s e  l a yo u t  a n d  u n i t  ro ta ti o n a l  d i recti o n .  

•  I n te n d e d  op erati on a l  u s e  s u ch  as  b as e  l oa d ,  p eaki n g  s ervi ce,  ru n  of ri ver or a n y o th er 
con s tra i n ts .  

•  E n vi ro n m en ta l  co n s tra i n ts .  

•  P o werh o u s e  an d /or g e o m etry co n s tra i n ts  

•  Cu s tom er re q u i rem en ts :  

– ru n n er co n s tru cti o n  typ e ;  

– u n i t axi s  ( verti ca l  or h ori zon tal ) ;  

– rota ti o n a l  s yn ch ron o u s  s pe e d  ( g en era tor cu rre n t  d e s i g n  cri teri on );  

– cu rren t ru n a wa y d es i g n  s pe e d  of g e n era tor (m a y be  d i ffere n t from  cu rre n t s te a d y-s ta te  
ru n a wa y s pe e d ).  

•  P erform an ce e val u ati on  cri teri a  a n d  pe n a l ti es  (effi ci en cy,  po we r,  ca vi ta ti o n  an d /or 
s u s p e n d e d  p arti cl e  eros i on ) .  

•  Tes ti n g  re q u i rem en ts  for bas e l i n e  a n d  fi n a l  m od e l  tes ti n g  a n d /or fi e l d  tes ti n g .  

•  Co d es  an d  s tan d ard s  for d e s i g n ,  m an u fa ctu ri n g ,  a n d  tes ti n g  of tu rb i n es .  

•  M ech an i ca l  d es i g n  re q u i re m en ts .  

•  S u ffi ci e n t p e n s tock d eta i l  for tra n s i en t a n a l ys i s .  

•  D e l i ve ry s ch ed u l es .  

•  G e om etry an d  m ateri al s  of e xi s ti n g  tu rb i n e  from  “ as -b u i l t”  d ra wi n g s  ( i . e .  ru n n er a n d  ru n n er 
cl eara n ces ,  s h aft,  g u i d e  b ea ri n g ,  s h a ft s e a l ,  s p i ra l  ca s e ,  d ra ft  tu b e  wi th  com p l ete  wa te r 
pas s a g e  d i m e n s i o n s ,  d ra ft tu b e  l i n er,  d i s ch arg e  or fou n d a ti o n  ri n g ,  s ta y ri n g  wi th  s ta y van e  
profi l e  d e ta i l s ,  h e a d co ve r,  b ottom  ri n g ,  g u i d e  va n e s  ( i n cl u d i n g  h yd ra u l i c a n d  fri cti o n  torq u e  
ch ara cteri s ti cs  i f kn o wn ),  g u i d e  van e  o p era ti n g  m ech a n i s m ,  s ervom otors  a n d  s troke  
l i m i ta ti o n s ) .  

•  Cu rre n t l i m i ti n g  ca pa ci ti e s  of th e  g e n era tor an d /or tra n s form er ( l o we r of th e  two)  i n cl u d i n g  
m axi m u m  ca paci ty a n d ,  d e tai l s  of s tep s  wh i ch  th e  o wn er i s  pre p ared  to  co n s i d er m od i fyi n g  
th e s e  ( e co n om i c an a l ys e s  are  re q u i re d ).  

•  Cu rre n t  th ru s t  b e ari n g  ca paci ty.  
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8.4  Documents  to  be  developed  in  the  course of the  project 

Th e fol l o wi n g  i s  a  l i s t  of d ocu m en ts  to  b e  o bta i n e d  from  th e  exi s ti n g  fi l es  o r to  b e  d e ve l o p e d  i n  
th e  co u rs e  of th e  work.  Th e  p a rti ci pa n t re s p o n s i bl e  for th e  pre pa ra ti o n  of ea ch  of th es e  
d ocu m e n ts  wi l l  d e p e n d  u po n  wh a t con tractu a l  a rra n g em en ts  are  e n vi s a g e d  for e ach  p arti cu l ar 
proj ect:  

a)  b efore  co n tract wo rk b eg i n s :  

– pre -d i s as s em b l y o pera ti o n a l  or ‘ s i g n atu re’  tes t pro ce d u re;  

– pre-disassem bl y operation al  or ‘sig nature’  test report;  

– d i s as s em bl y a n d  re- a s s e m b l y p roce d u re ;  

– pre -d i s as s em b l y a l i g n m en t ch e cks ;  

– e q u i pm en t as s es s m en t a n d  i n s p ecti on  p roce d u re ;  

– re - as s e m b l y a l i g n m en t ch e ck p roce d u re ;  

– re - as s em b l y te s ti n g  s co p e a n d  proce d u re s ;  

– con cre te  s u bs tru ctu re  s ta b i l i ty i n s p ecti o n  re po rt;  

– com m i s s i on i n g  proce d u re.  

b)  Pre  u n i t  u n - wa teri n g  d a ta :  

– S i g n atu re  te s t co n s i s ti n g  of fo l l o wi n g :  

– s h aft  ru n o u t  vs .  s p e ed  off- l i n e  a n d  vs .  l oa d ;  

– tu rb i n e  s ta b i l i ty ( m ea s u re m en t of th e  d raft tu b e  an d  s p i ra l  cas e  pres s u re s  a n d  th e i r 
fl u ctu ati o n s  p l o tte d  ag a i n s t l oa d  for a  kn o wn  s p eci fi c h yd ra u l i c  en erg y);  

– vi bra ti o n  m eas u re m en ts  ( verti ca l  an d  h ori zo n ta l  d i recti o n s  of g u i d e  be ari n g  
h o u s i n g ) ;  

– tem pe ra tu res  of b e ari n g s  a n d  s h a ft s e a l  ( obs erve  th e  co ol i n g  wa ter fl o w ra te  a n d  
tem p era tu res  i n  a n d  ou t);  

–  p o we r g ate  te s t ( g en erator o u tp u t m eas u re d  vers u s  g u i d e  va n e  p os i ti on  for a  
kn o wn  s peci fi c h yd ra u l i c en erg y);  

– l oa d  re j e cti on  tes t (m eas u re m e n t of s p e e d  a n d  pres s u re  ri s e  d u ri n g  l o a d  rej ecti o n  
a t  2 5  % ,  50  % ,  7 5  %  an d  1 0 0   %  of fu l l  l o a d );  

– s ervom otor d i ffere n ti a l  p res s u re  tes t (d i fferen ti a l  pres s u re  of s ervom otor vers u s  
i n crem e n tal  s e rvom otor s troke  i n  b o th  th e  g u i d e  van e  op e n i n g  an d  cl os i n g  
d i re cti o n s ,  th i s  i s  re q u i red  wh e n  exi s ti n g  g u i d e  va n e  h yd ra u l i c torq u e  i s  n o t 
a va i l ab l e  b u t d es i ra b l e  i n  a l l  cas es ).  

– E ffi ci e n cy tes t:   

–  i n d e x te s ts  (m ea s u rem e n t of th e  re l a ti ve  effi ci en cy of th e  tu rb i n e)  or 

– a bs o l u te  effi ci e n cy te s ts .  

c)  P os t u n i t  u n - wa teri n g :  

– g u i d e  va n e  con tact cl ea ran ces  ( veri fy th e  co n ta ct l i n e  cl e ara n ces  wi th  an d  wi th o u t 
s e rvom otor s q u ee ze ) ;  

– g u i d e  van e  u p per an d  l o wer cl e aran ces  ( wi th  a n d  wi th ou t s q u e e ze );  

– g u i d e  va n e  o p e n i n g  vers u s  s e rvom otor s troke  ( an g l e  of o pe n i n g  a n d  o pe n  s p a ce  
b e twe en  van e s ) ;  

– g u i d e  van e  o p en i n g  an d  cl os i n g  ti m es ,  tu rb i n e  i n  th e  d ry wi th  cu s h i o n i n g  ti m e.   
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d )  U n i t d i s a s s em bl y:  

– a l i g n m en t a n d  cl e ara n ce s  veri fi ca ti o n  a n d  record i n g  (s h a ft  p os i ti o n s  at  a l l  b eari n g s ,  
ru n n er we ari n g  ri n g s ,  g e n era tor a i r g a p) ;  

– ve ri fi ca ti on   of a u xi l i a ry s ys te m  com pon en ts  for we ar,  d am a g e or a n y oth er pe rti n e n t  
obs erva ti o n s  (g reas i n g  s ys te m s ,  o i l ,  a i r a n d  coo l i n g  wa te r p i p i n g ,  i n s tru m en ta ti on ,  
wa l kwa ys ,  e tc. ) ;  

– veri fi cati on  of g e n erato r com p o n en ts  for we ar,  d am ag e or a n y o th e r p erti n e n t 
obs ervati o n s ;  

– veri fi cati on  of tu rb i n e  com po n e n ts  for we ar,  d am ag e or a n y oth er perti n e n t  
obs ervati o n s ,  wi th  p arti cu l ar a tte n ti o n  to  b e  g i ven  to  th e  g u i d e  va n e  m e ch a n i s m ).   

e)  U n i t rea s s em bl y:  

– d i m en s i o n s ,  a l i g n m e n t,  cl e a ra n ces  a n d  m an u a l  rotati on  ru n o u ts ,  veri fi ca ti o n  an d  
reco rd i n g .  

f)  C om m i s s i o n i n g :  

– d ry tes t a n d  cal i brati on  rep orts  of a l l  i n s tru m e n ts ;   

– d ry tes t of th e  g u i d e  va n e  m ech a n i s m  an d  s ervom otors  i n cl u d i n g  cl os i n g  ti m e s  an d  
cu s h i o n i n g ;  

– we t tes ts  rep orts ,  to  i n cl u d e  th e  execu ti o n  or th e  re p eti ti o n  of a l l  s i g n a tu re  tes ts  
d es cri b ed  i n  b )  h e re  b efo re  a n d  recom m en d e d  a t p re  u n i t u n - wateri n g  s ta g e;  

– h e a t ru n  rep ort to  te s ti fy th e  pro p er s te a d y s ta te  o pera ti o n  of th e  u n i t  a t fu l l  l o ad .  

g )  At  d es i g n  s ta g e :  

– d es i g n  ca l cu l ati o n s  for tu rb i n e  s h aft;   

– d es i g n  ca l cu l ati o n s  for ru n n er;   

– d es i g n  j u s ti fi cati o n  for th e  ru n n er wea r ri n g  cl e ara n ces ,  m ateri al  a n d  d es i g n  d eta i l s ;  

– d es i g n  ca l cu l ati o n  for a n y m o d i fi e d  com po n e n t;   

– C F D  a n a l ys i s  of wa te r pas s a g e com po n en ts  (ru n n er,  g u i d e  van e s  an d  s ta y va n es ,  
s p i ra l  cas e  or s em i -s p i ra l  cas e,  d raft  tu b e ;  

– u n i t  fl o w,  o u tp u t,  effi ci e n cy a n d  h yd ra u l i c th ru s t  o ver th e  s p eci fi e d  perform a n ce  ra n g e ;  

– tra n s i e n t ca l cu l ati on s  for n e w o p erati n g  ch aracteri s ti cs  a n d  i m pact on  s p e ed  ri s e  a n d  
pres s u re  ri s e  an d  res u l ti n g  g u i d e  va n e  s ervom otor cl os i n g  l a w wi th  corre s p o n d i n g  
n om i n a l  a n d  effecti ve  cu s h i o n i n g  ti m es ;  

– d ra wi n g s ,  e n g i n e e ri n g  i n s tru cti o n s ,  p u rch as e  s pe ci fi ca ti o n s  ( ra w m ateri al ,  or s u b -
con tracted  el em en ts  b ou g h t or fab ri ca te d ) ,  s h o p  tes ti n g  proce d u res .   
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