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Introduction  

In  the  p re sent  e ra  o f  rap id  technology  

evolut ion,  modern  technolo gy and  int egra ted  

auto ma t io n of  manufac tur ing has  developed  a  

tendency to  des ign and  manufac ture  eq uip ment s  o f  

grea ter  cap i t a l  co s t ,  sophi s t i ca t io n,  co mplex i ty  and  

capac i ty .  The  very surviva l  o f  such sys tems i s  

dependent  upon  h igh  product ivi ty  and  h ig h  

payback ra t io s .  Al l  p roduct ion sys tems  are  

expected  to  be  opera t iona l  and  ava i lab le  fo r  the  

maximu m t ime poss ib le  so  a s  to  maximize  

product io n vo lumes and  prof i t s .  But ,  fa i lure  i s  an  

unavoidab le  p heno menon.  Al l  sys tems  eventua l ly  

fa i l .   

I t  there fore  beco mes  impera t ive  tha t  any  

sys t em do wnt ime  resu l t ing fro m these  fa i lure s  be  

kep t  to  an ab so lute  minimu m.  In  mos t  o f  the  

co mplex sys tems  enco untered  in  p rac t ice ,  i t  has  

been ob served  t ha t  t hey  consi s t  o f  co mpo nent s  and  

sub sys tems co nnected  in  ser i es ,  para l le l ,  o r  

s tandb y,  o r  a  co mbina t ion o f  these .  For  regular  

and  eco no mica l  gene ra t ion o f  s team,  i t  i s  

necessary to  ma inta in  each subsys tem o f  the  water  

c i rcu la t ion sys tem.  The  fa i lure  o f  e ach i tem of  

equip ment  o r  sub sys tem depends  upo n the  

opera t ing co ndi t io ns  and  maintenance  po l i c ie s  

used .  Fro m econo mic  and  opera t io na l  po int s  o f  

vie w,  i t  i s  des i rab le  to  ensure  an op t imum leve l  o f  

sys t em avai lab i l i t y.  The  goal  o f  maximu m stea m 

genera t ion ma y be  achieved  under  the  given  

opera t iona l  condi t io ns ,  making the  water  

c i rcu la t ion sys tem fa i lure - free ,  b y examining  the  

behavio ur  o f  the  sys tem and  making a  top  pr io r i t y  

main tenance  dec i s io n  for  the  mo st  c r i t ica l  

sub sys tems.   

The  need  and  appl ica t io n o f  r e l iab i l i t y  

technolo gy in  the  p rocess  & product ion ind us t r ie s  

was  d iscussed  b y many re searcher s .  Khan  and  

Gupta  [1 ]  have  int ro duced  the  co ncept  o f  a  

pending –  f a i lure  s t a te  in  o rder  to  co ns ider  usua l  

opera t ing and  wear  out  per iods  o f  enginee r ing  

sys t ems and  proposed  3  –  s ta te  sys tem model .  

Thei r  impor tan t  f ind ings  were :  fo r  a  given r epa i r  

ra te  the  s tead y s ta t e  ava i lab i l i t y  o f  a  sys tem can  

be  increased  b y d ecreas ing  the  p revent ive  

main tenance  inte rva l s ,  and  prevent ive  maintenance  

i s  more  e f fec t ive  fo r  a  sys te m having a  smal le r  

de ter io ra t io n fac tor .  Gupta  and  T yagi  [2 ]  ca lcu la te  

the  ava i lab i l i t y  and  M.T .T .F of  a  s tandb y 

redundant  co mplex sys tem incorpora t ing the  

concept  o f  human fa i lu re  in  t wo s ta te s ,  v iz .  good  

and  fa i led .  They a ssumed tha t  s ing le  service  

fac i l i t y  i s  ava i lab le  fo r  the  serv ice  o f  uni t  fa i lure .
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The presen t  paper  d iscusses  the  develop ment  o f  a  Marko v model  fo r  

per formance  eva lua t ion  of  water  c i rcu la t io n sys tem of  a  therma l  power  

p lant  us ing probabi l i s t i c  approach.   A water  c i rcula t io n sys tem ensur es  a  

p roper  supply o f  water  fo r  smooth working o f  a  thermal  po wer  p lant .   

For  regular  and  eco no mica l  genera t ion o f  s t eam,  i t  i s  necessary to  

main ta in  each sub -  sys t em o f  th is  sys tem to  ensure  an op t imu m leve l  o f  

ava i lab i l i t y .  I n  p re sent  paper ,  t he  water  c i rcu la t io n sys t em co ns is ts  o f  

f ive  subsys tems  wi th  three  po ss ib le  s ta tes  i . e .  work ing,  reduced  and  

fa i led  s ta te .  Fa i lure  and  repa i r  ra te s  o f  sub systems are  t aken to  be  

cons tant .  Af ter  d rawing t ransi t ion d iagram,  d i f fe ren t ia l  equa t io ns  have  

been genera ted .  A fter  t ha t ,  s tead y s ta te  p robabi l i t ies  a re  de termined .  The  

sys t em o f  equat io ns  i s  so lved  for  s t ead y s ta t e  ava i lab i l i t y  o f  the  sys t em 

us ing Lap lace  t rans format ion techniq ue .  Besid es ,  so me dec i s io n matr i ces  

a re  a lso  deve loped ,  which provide  var ious  per formanc e  leve ls  fo r  

d i f fe rent  co mbinat ions  o f  fa i lure  and  repa i r  ra te s  o f  a l l  subsys tems .  

Based  upon  var ious  pe r formance  va lues  ob ta ined  in  dec i s io n ma tr ices  

and  p lo t s  o f  fa i lure  ra tes /  repa i r  ra tes  o f  var io us  sub systems ,  

per formance  o f  each sub sys tem is  ana lysed  and  then ma intenance  

dec is io ns  a re  made  for  a l l  subsys tems .  The  developed  model  he lp s  in  

co mpara t ive  eva lua t io n of  a l te rna t ive  ma intenance  s t ra t eg ie s .   

                                                                                                            © 2012 Elixir All rights reserved. 
 

ARTICLE INFO    

Article  history:  

Received: 5 December 2011; 

Received in revised form: 

15 March 2012; 

Accepted: 28 March 2012; 

 
Keywords  

Performance  mode l ing,  

Deci s io n Suppor t  Sys tem,  

Ava i lab i l i t y  ma tr ice s ,  

T ransi t ion d iagram,  Markov 

approach.  

 

 

 

 

 

Elixir Mech. Engg. 44 (2012) 7551-7557 

Mechanical Engineering 

Available online at www.elixirpublishers.com (Elixir International Journal) 

 



Ravinder Kumar/ Elixir Mech. Engg. 44 (2012) 7551-7557 
 

7552 

Supplementary var iab le  technique  & Laplace  

t rans format io n me thod  was  used  to  ob ta in  var ious  

s ta t e  p robabi l i t ie s .  To  make  the  sys tem more  

app l icab le  to  p rac t i ca l  l i fe  p rob lems,  M.T .T .F for  

the  sys t em has  a l so  been co mp uted  and  var ious  

grap hs  were  p lo t ted  to  highl ight  t he  ut i l i t y  o f  the  

model .  Many researche rs  deve loped  and  presented  

var io us  method s  fo r  de termining op t ima l  

main tenance  sched ule s .  Mo kaddi s  e t  a l .  [3 ]  

ca lcula t ed  re l iab i l i t y  and  ava i l ab i l i t y o f  a  two uni t  

sys t em wi th a  s tandb y uni t ,  hav ing  a  s ingle  service  

fac i l i t y fo r  the  pe r formance  o f  p reven t ive  

main tenance  and  repa i r .  Chung [4]  p re sen ted  

mathema t ica l  model s  to  eva lua te  s ta t e  

p robabi l i t ie s  and  s tead y s ta te  ava i lab i l i t ies  fo r  

mul t ip le  –  s t a te  devices  and  repa i rab le  para l le l  

sys t em wi th s tandb y involving human er ror  and  

co mmo n cause  fa i lure  respec t ive ly.  Dhi l lo n  and  

Rayapat i  [5 ]  emp has ized  tha t  chemica l  p lant s  have  

gro wn la rger  and  run a t  higher  tempera ture s  and  

pressure s ,  t hus  r i sks  a ssoc ia ted  wi t h  these  p l ant s  

have  increased  mani fo lds .  Therefore ,  t he  chemica l  

ind us t ry  needs  urgent  app l ica t io n o f  re l iab i l i t y  

engineer ing pr inc ip le s .  He  d iscussed  the  model  fo r  

the  mo ving and  f i r ing  miss ion re l iab i l i t i es  o f  a  

co mbat  tank and  the  use fulness  o f  K im [6]  

descr ibed  mathema t ica l  mode l  to  car ry  out  

ana lys i s  fo r  miss io n re l iab i l i t y  o f  a  co mba t  t ank,  

ana lys i s  par t  fo r  the  tank p lanner  o r  des igner .  

Zhao  [7]  developed  a  genera l ized  ava i lab i l i t y  

model  fo r  repa i rab le  co mponent s  and  se r ies  

sys t ems inc lud ing per fec t  and  imper fec t  repa i r .  

The  genera l  d i s t r ib ut ion was  assumed fo r  a  

repa i red  co mpo nent .  Schabe  [8]  p resen ted  a  

method  for  ob ta in ing o p t imum rep lacement  t ime o f  

a  co mplex sys tem which i s  sub jec ted  to  

main tenance .  Laguer re  ser i es  expansio ns  were  

used  to  co mp ute  the  ava i lab i l i t y  numer ica l ly .  

Zhang [9]  s tud ied  the  s tochast ic  behavior  o f  an  

[N+1] -uni t  s tandb y sys tem under  p reempt ive  

pr io r i ty  repa i r  ru le  and  ob ta ined  the  express ions  

fo r  t rans ient  and  s tead y s ta tes  o f  the  sys tem us ing  

supplementary var iab le s  and  Lapl ace  t rans forms .  

Kumar  e t  a l .  Nakamura .M [10]  descr ib ed  a  

main tenance  sched ul ing for  P ump systems  in  

therma l  po wer  s ta t io ns  in  o rder  to  reduce  the  

main tenance  co st  d ur ing the  who le  per iod  of  

opera t ion,  whi le  keep ing the  cur rent  re l iab i l i t y  

leve l  o f  the  pump  syst em.  The  d imensional  

reduct ion method  was  used  to  so lve  the  p rob lem in  

which a  fe w ava i lab le  d a ta  were  used  to gether  wi th  

o ther  fac tor s  re la t ing  to  the  fa i lure  o f  pumps .  

Accord ing to  Ebl ing [11]  fac tors  tha t  a f fec t  RAM 

of  a  repa i rab le  sys tem inc lude  ma chinery ( type ,  

number  o f  machines ,  age ,  a r rangement  o f  machines  

re la t ive  to  each o ther ,  a r rangement  o f  co mpo nent s  

in  the  machine ,  i nherent  de fec ts  in  co mponent s) ,  

opera t ing co ndi t io ns  ( l eve l  o f  ski l l  and  numb er  o f  

opera t ing  perso nnel ,  work ing  hab i t s ,  i n te r -

personne l  re la t io nships ,  bsentee i sm,  sa fe t y  

measures ,  envi ronmenta l  co ndi t io ns ,  sever i ty  o f  

tasks  a ss igned ,  shock load ing -acc identa l  o r  

o therwise) ,  maintenance  cond i t io ns  (co mpetence  

and  s t rength of  ma intenance  per so nnel ,  a t tendance ,  

working hab i ts ,  sa fe t y  measures ,  i n te r -perso nnel  

re la t io nsh ips ,  de fec ts  int rod uced  b y prev ious  

main tenance  ac t io ns ,  e f fec t iveness  o f  ma intenance  

p lanning and  cont ro l ) ,  and  in fra s t ruc tur a l  fac i l i t ies  

( spare -par ts ,  consumab les ,  co mmo n and  spec ia l  

too ls) .  Sharma [12]  rep or ted  an  inte r es t ing  mo del  

fo r  op t imiza t io n of  red undancy in  a  therma l  po wer  

p lant  us ing  Genet ic  Algor i thm techniq ue .  He a lso  

repor ted  tha t  high re l i ab i l i t y  f igures  a re  req u i red  

for  mo st  c r i t ica l  co mpo nents  such a s  bo i le r ,  

turb ine  and  co ndenser  uni t .  Sharma e t  a l .  [ 13] ,  

ana lys i s  t he  Rel i ab i l i t y  and  ava i lab i l i t y  o f  ash  

handl ing uni t  o f  a  s team therma l  po wer  p lant .  

System Description 

The water  c irculat io n sy stem co ns ist s  o f  f ive  

sub-sy stems:  

1 .  Condensa te  Extrac t ion Pump (A) :   Consi s t  

o f  t wo  un i t s  working in  para l le l .  Th e  sys tem works  

wi th  o ne  un i t  i n  red uced  capac i ty .    

2 .  Lo w Pressure  Heater s  (B) :  Consi s t  o f  

three  un i t s .  T wo  un i ts  working in  ser ie s  and  o ne  i s  

s tand  b y.           

3 .  De-aera tor  (C) :  Consi s t  o f  s ing le  un i t .  

System fa i l s  i f  i t  fa i l s .     

4 .  Boi ler  Feed  Pump (D) :  Consi s t  o f  t hree  un i t s .  

Two  un i t s  working in  p ara l le l  and  o ne  i s  s t and  b y.  

This  sys tem never  fa i l s .  

5 .  High Pressure  Heater s  (E) :  Consi s t  o f  two  

uni t s .  The  sys tem works  wi th  o ne  uni t  i n  reduced  

capac i ty .    

Assu mptio ns  a nd Notat ions  

1 .  Fa i lure  and  repa i r  r a tes  fo r  each sub sys tem are  

cons tant  and  s ta t i s t ica l ly  independent .  

2 .  Not  more  than o ne  fa i lur e  occurs  a t  a  t ime .  

3 .  A repa i red  uni t  i s  a s  good  a s  new,  per formance  

wise .  

4 .  The  s t andb y uni t s  a re  o f  the  same na ture  and  

capac i ty  a s  the  ac t ive  uni t s .   

The  notat ions  a ssoc iated with the  tra ns i t ion 

diagra m (Fig ure  2)  are  as  fo l lows:  

1 .  A,  B ,  C,  D,  E:  Sub systems in  good  opera t ing  

s ta t e  

2 .  ,  ,  ,  :  Ind ica te s  tha t  A,B,D,E  i s  working in  

reduced  capac i ty .  

3 .  a ,b ,c ,d ,e :  Ind ic a tes  the  fa i led  s ta te  o f  

A,B,C,D,E.   

4 .  λ i :  Mean co ns tant  fa i lure  ra tes  f ro m s ta te s  

A,B ,C,D,E, , , ,  to  the  s ta te s  , ,c , , , a ,b ,d ,e  

respec t ive ly.   

5 .  µ i :  Mean  constan t  repa i r  ra te s  f ro m s t a tes  

, ,c , , , a ,b ,d ,e  to  the  Sta tes  A,B,C,D,E, , , ,  

r espec t ive ly.  

6 .  P i  ( t ) :  P robabi l i t y tha t  a t  t ime‘t ’  t he  sys tem i s  

in  i t h  s ta te .  

7 .  ' :  Der iva t ives  w. r . t .  ‘ t ’  

M athemat ica l  Analy si s  o f  the  Syste m  

Probabi l i t y co nsidera t ion gives  fo l lo wing  

d i f fe rent ia l  eq uat io ns  assoc ia ted  wi th  the  

T ransi t ion Diagram (F igure  1 A) .  

)(
'

0 tP +    )(0321 tP )()()( 1832211 tPtPtP          

                                                                                    (1 )  
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)(
'

1 tP +   )(11432 tP  =

)()()()( 2011933201 tPtPtPtP                 (2 )                       

)(
'

2 tP +   )(22321 tP  =

)()()()( 1731623102 tPtPtPtP                   (3 )  

)(
'

3 tP +   )(32154 tP  =

)()()()( 55442112 tPtPtPtP                        (4 )  

   

)()()()()()(

)(

1241331421516534

4454321

'

4

tPtPtPtPtPtP

tPtP








(5 )  

   

)()()()()()(

)(

2422312232156435

5554321

'

5

tPtPtPtPtPtP

tPtP








(6 )  

   

)()()()()()(

)()(

11510493827154

4565454321

'

6

tPtPtPtPtPtP

tPtPtP








 (7 )  

)()()( 6171

'

7 tPtPtP                                     (8 )  

)()()( 6282

'

8 tPtPtP                                       (9 )           

)()()( 6393

'

9 tPtPtP                                      (10)  

)()()( 64104

'

10 tPtPtP                               (11)                                                                                                     

)()()( 65115

'

11 tPtPtP                                    (12)     

)()()( 44124

'

12 tPtPtP                                    (13)     

)()()( 43133

'

13 tPtPtP                                    (14)                                                                                                    

)()()( 42142

'

14 tPtPtP                                    (15)  

)()()( 41151

'

15 tPtPtP                                    (16)  

)()()( 22162

'

16 tPtPtP                        (17)  

)()()( 23173

'

17 tPtPtP                                    (18)  

)()()( 03183

'

18 tPtPtP                                   (19)  

)()()( 13193

'

19 tPtPtP                                     (20)  

)()()( 11201

'

20 tPtPtP                                     (21)  

)()()( 55215

'

21 tPtPtP                                   (22)  

)()()( 53223

'

22 tPtPtP                                  (23)  

)()()( 51231

'

23 tPtPtP            (24)  

)()()( 52242

'

24 tPtPtP                                    (25)  

Ini t ia l  co ndi t io ns  a t  t ime t  =  0  a re  1)( tPi  fo r  i  = 

0 ,  o therwi se  0)( tPi  
Steady State Avai labil i ty  

The s tead y s ta te  ava i l ab i l i t y  o f  the  sys t em can 

be  ana lyzed  b y se t t ing t→ ∞ and  d /d t→ 0 .The  

l imi t ing  probabi l i t ies  f ro m eq uat ions  (1 )  –  (25)  

a re :  

   0321 P
1832211 PPP  

                  

(26)  

  11432 P  = 2011933201 )( PtPPP  
   

(27)                       

  22321 P  = 1731623102 PPPP         (28)  

  32154 P  = 55442112 )( PPPtP          (29)  

   4454321 P

1241331421516534 PPPPPP              (30)  

   5554321 P

2422312232156435 PPPPPP  
    

      (31)  

   65454321 P

1151049382715445 PPPPPPP  
        

          (32)  

6171

'

7 PPP                                                         (33)  

6282

'

8 PPP                                                       (34)          
 

6393

'

9 PPP                                                       (35)  

64104

'

10 PPP                                                    (36)                                                                                                                                                       

65115

'

11 PPP                                                     (37)     

44124

'

12 PPP                                                      (38)     

43133

'

13 PPP                                                     (39)                                                                                                    

42142

'

14 PPP                                                     (40)  

41151

'

15 PPP                                                   (41)  

22162

'

16 PPP                                           (42)   

23173

'

17 PPP                                                    (43)  

03183

'

18 PPP                                                    (44)  

13193

'

19 PPP                                           (45)  

11201

'

20 PPP                                            (46)  

55215

'

21 PPP                                                     (47)  

53223

'

22 PPP                                                    (48)  

51231

'

23 PPP                                            (49)  

52242

'

24 PPP  
                                                    

(50)  

Solving the  abo ve  eq uat ions ,  we  ge t :  

Le t  us  a ssume ,  

011 PLP 
,    

022 PLP 
,    

033 PLP 
,    

044 PLP 
,    

055 PLP 
,    

066 PLP 
,    

617 PkP 
,   

628 PkP 
,    

639 PkP 
,    

6410 PkP 
,    

6511 PkP 
,    

4412 PkP 
,    

4313 PkP 
,    

4214 PkP 
,     

4115 PkP 
,    

2216 PkP 
,  

2317 PkP 
,    

0318 PkP 
,    

1319 PkP 
,    

1120 PkP 
,    

5521 PkP 
 ,    

5322 PkP 
,    

5123 PkP 
,      

5224 PkP   
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Where ,

1

1
1




K

,  
2

2
2




K

,  
3

3

3



K

,  
4

4
4




K

,  

5

5

5



K

 

The  va lues  o f  L 1 ,  L 2 ,  L 3 ,  L 4 ,  L 5 ,  L 6  can be  

ca lcula t ed  b y matr ix  me thod  us ing equat io n (27)  to  

(32) .  
  

No w using normal iz ing
 

condi t ions  i . e .  sum o f  a l l  

the  p robabi l i t i es  i s  eq ua l  to  one ,  we ge t :  1
24

0


i

iP  

1

52515355

11133232241

424344656463

6261654321

0

1






























LKLKLKLK

LKLKKLKLKLK

LKLKLKLKLKLK

LKLKLLLLLL

P

0654321

6543210

]1[

][

PLLLLLL

PPPPPPPAV




  

Performance  Ana lysi s   

The fa i lure  and  rep a i r  ra te s  o f  var io us  

sub sys tems o f  water  c i rcula t io n sys tem are  taken  

fro m the  ma intenance  his to ry shee t  o f  the rma l  

po wer  p lant .  The  dec i s io n suppor t  sys tem dea l s  

wi th  the  quant i t a t ive  ana lys i s  o f  a l l  t he  fac tors  

viz .  cour ses  o f  ac t io n and  s ta tes  o f  na ture ,  which  

in f luence  the  main tenance  dec i s io ns  assoc ia ted  

wi th  the  water  c i rcu la t ion sys tem.  The  dec i s io n  

matr ice s  a re  developed  to  de termine  the  var ious  

ava i lab i l i t y  leve l s  fo r  d i f fe rent  co mbinat ions  o f  

fa i lures  and  repa i r  ra tes .  Tab le  1 ,  2 ,  3 ,  4 ,  5  

represent  the  dec i s io n matr ice s  fo r  var ious  

sub sys tems  of  wa ter  c i rcula t io n sys t em.  

Accord ing ly,  ma intenance  dec is io ns  can be  made  

for  var io us  sub systems keep ing in  view the  repa i r  

c r i t ica l i ty  and  we  may se lec t  t he  bes t  po ss ib le  

co mbinat ions  o f  fa i lure  and  repa i r  ra tes .  

Results  a nd Discuss ion     

Tables  1  to  5  & f igures  1  to  5  sho w the  e f f ec t  

o f  fa i lur e  and  repa i r  ra te s  o f  Co ndensa te  

ext rac t io n pump,  Lo w pressure  hea ter ,  Deara tor ,  

Boi le r  feed  pump & High pressure  hea ter  on  the  

s tead y s ta te  ava i lab i l i t y  o f  the  Water  c i rcula t ion  

sys t em.  Table  1  & f igure  1  revea ls  the  e f fec t  o f  

fa i lure  and  rep a i r  ra te s  o f  Co ndensa te  ext rac t io n  

pump on the  ava i l ab i l i t y  o f  the  sys t em.  I t  i s  

observed  tha t  fo r  so me  kno wn va lues  o f  fa i lu re  /  

repa i r  ra tes  o f  Lo w pressure  hea ter ,  Deara tor ,  

Boi le r  feed  pump & High pre ssure  hea ter  

(λ 2 =0.005 ,  λ 3 =0.0025 ,  λ 4 =0.02 ,  λ 5 =0.0015 ,  µ 2 =0.1 ,  

µ 3 =0.125 ,  µ 4 =0.1 ,  µ 5 =0.05) ,  as  the  fa i lure  ra te s  o f  

Condensa te  ex t rac t ion p ump increases  f ro m 0 .01  to  

0 .05  the  ava i lab i l i t y  d ecreases  b y abo ut  9 .1 7%.  

Simi lar ly  a s  repa i r  ra te s  o f  Co ndensa te  ex t rac t ion  

pump increases  f ro m 0 .125  to  0 .425 ,  the  

ava i lab i l i t y  increases  b y abo ut  0 . 50%.  

Table  2  & f igure  2  revea ls  the  e f fec t  o f  fa i lure  

and  repa i r  r a te s  o f  Lo w pressure  hea ter  

ava i lab i l i t y  o f  the  Sys tem.  I t  i s  observed  tha t  fo r  

so me kno wn va lues  o f  fa i lure  /  repa i r  ra tes  o f  

Condensa te  ex t rac t io n pump,  Deara tor ,  Boi le r  feed  

pump & High pressure  hea ter  (λ 1 =0.01 ,  λ 3 =  

0 .0025 ,  λ 4 =0.02 ,  λ 5 =0.0015 ,  µ 1 =0.125 ,  µ 3 =0.125 ,  

µ 4 =0.1 ,  µ 5 =0.05) ,  as  the  fa i lure  ra te s  o f  Lo w 

pressure  hea ter  i ncreases  f ro m 0 .005  to  0 .0102 ,  the  

ava i lab i l i t y  decreases  b y about  0 .6 2%.  Simi lar ly  

as  repa i r  ra te s  o f  Lo w pressure  hea ter  increases  

f ro m 0 .1  to  0 .4 ,  t he  ava i lab i l i t y  incr eases  b y about  

0 .48%.  

Table  3  & f igure  3  revea ls  the  e f fec t  o f  fa i lure  

and  repa i r  ra tes  o f  Dea ra tor  on the  ava i lab i l i t y  o f  

the  Sys tem.  I t  i s  obse rved  tha t  fo r  so me kno wn 

va lues  o f  fa i lure  /  r epa i r  ra te s  o f  Co ndensa te  

ext rac t io n p ump,  Lo w pressure  hea ter ,  Boi le r  feed  

pump & High pre ssure  hea ter  (λ 1 =0.01 ,  λ 2 =0.005 ,  

λ 4 =0.02 ,  λ 5 =0.0015 ,  µ 1 =0.125 ,  µ 2 =0.1 ,  µ 4 =0.1 ,  

µ 5 =0.05) ,  as  the  fa i lur e  ra tes  o f  Deara tor   

increases  f ro m 0 .0025  to  0 .0041 ,  the  ava i lab i l i t y  

decreases  b y about  1 . 22%.  Simi lar ly as  repa i r  r a tes  

o f  Deara tor  increases  f ro m 0 .125  to  0 .250 ,  t he  

ava i lab i l i t y  increases  b y abo ut  0 .9 7%.  

Table  4  & f igure  4  revea ls  the  e f fec t  o f  fa i lure  and  

repa i r  ra te s  o f  Boi le r  feed  pump o n the  ava i lab i l i t y  

o f  the  Sys tem.  I t  i s  ob served  tha t  fo r  so me kno wn 

va lues  o f  fa i lure  /  r epa i r  ra te s  o f  Co ndensa te  

ext rac t io n p ump,  Lo w pressure  hea ter ,  Deara tor  & 

High pre ssure  hea ter  (λ 1 =0.01 ,  λ 2 =0.005 ,  

λ 3 =0.0025 ,  λ 5 =0.0015 ,  µ 1 =0.125 ,  µ 2 =0.1 ,  

µ 3 =0.125 ,  µ 5 =0.05) ,  a s  the  fa i lure  ra tes  o f  B oi le r  

feed  p ump increases  f ro m 0 .02  to  0 .10 ,  the  

ava i lab i l i t y  decreases  b y about  0 .3 7%.  Simi lar ly  

as  repa i r  ra tes  o f  Boi le r  feed  pump increases  f ro m 

0 .1  to  0 .5 ,  t he  ava i lab i l i t y  increases  b y ab out  

0 .02%.  

Table  5  & f igure  5  revea ls  the  e f fec t  o f  fa i lure  

and  repa i r  ra te s  o f  High pressure  hea ter  on  the  

ava i lab i l i t y  o f  the  Sys tem.  I t  i s  observed  tha t  fo r  

so me kno wn va lues  o f  fa i lure  /  repa i r  ra tes  o f  

Condensa te  ext rac t io n pump,  Lo w pressure  hea ter ,  

Deara tor  & Boi le r  feed  pump (λ 1 =0.01 ,  λ 2 = 0 .005 ,  

λ 3 =0.0025 ,  λ 4 =0.02 ,  µ 1 =0.125 ,  µ 2 =0.1 ,  µ 3 =0.1 25 ,  

µ 4 =0.1) ,  as  the  fa i lur e  ra tes  o f  High pressure  

hea ter  i ncreases  f ro m 0 .0015  to  0 .0075 ,  the  

ava i lab i l i t y  decreases  b y about  0 .01%.  Simi lar ly  

as  repa i r  ra tes  o f  High pressure  hea ter  incr eas e s  

f ro m 0 .05  to  0 .25 ,  t he  ava i l ab i l i t y  increases  b y  

about  0 .001%.  

Conclus ions  

The  Deci s io n Suppor t  Sys tem for  Water  

c i rcu la t ion sys t em has  been developed  wi th  the  

he lp  o f  mathema t ica l  model ing us ing probabi l i s t ic  

approach.  The  dec is ion ma tr ice s  a re  a lso  

developed .  These  matr ice s  fac i l i t a te  the  

main tenance  dec i s io ns  to  be  made  a t  c r i t i ca l  po int s  

where  repa i r  p r io r i ty sho uld  be  g iven to  so me  

par t icular  subsys tem of  Water  c i rcula t io n sys t em.  

Deci s io n matr ix  as  given in  tab le  1  c l ear l y  

ind ica te s  tha t  t he  Co nden sa te  ext rac t io n pump is  

mos t  c r i t ica l  sub system as  fa r  a s  ma intenance  

aspec t  i s  co ncerned .  So ,  Co ndensa te  ext rac t io n  

pump should  be  given top  pr io r i ty as  the  e f fec t  o f  

i t s  fa i lure  ra te s  o n the  uni t  ava i lab i l i t y  i s  much  

higher  than tha t  o f  o ther  sub -syst ems .  There fore ,  

on the  bas is  o f  repa i r  ra tes ,  t he  maintenance  

pr io r i ty should  be  g iven  as  per  fo l lo wing order :  
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1 .  Condensa te  ext rac t ion p ump  

2 .  De-aera tor  

3 .  Lo w pressure  hea ter  

4 .  Boi ler  feed  pump  

5 .  High pre ssure  hea ter  

 
Figure 1A : Transition diagram of water circulation system 

 
Figure 1: Effect of Failure and Repair Rates of Condensate 

extraction pump on Availability 

 
Figure 2: Effect of Failure and Repair Rates of Low pressure 

heater on Availability 

 
Figure 3: Effect of Failure and Repair Rates of Dearator on 

Availability 

 
Figure 4: Effect of Failure and Repair Rates of Boiler feed 

pump on Availability 

 
Figure 5: Effect of Failure and Repair Rates of High 

pressure heater on Availability 
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Table 1: Effect of Failure and Repair Rates of Condensate extraction pump on 

Availability 
  λ1 

 

µ1 

 
0.01 

 
0.02 

 
0.03 

 
0.04 

 
0.05 

 
Constant values 

 

0.125 

 

0.972735 

 

0.958307 

 

0.937300 

 

0.911791 

 

0.883444 

 

λ2=0.005, µ2=0.1, 

λ3=0.0025, µ3=0.125, 
λ4=0.02, µ4=0.1, 

λ5=0.0015, µ5=0.05 

 

 

 

0.2 

 

0.975955 

 

0.969874 

 

0.960518 

 

0.948486 

 

0.934319 

 

0.275 

 

0.976960 

 

0.973638 

 

0.968398 

 

0.961488 

 

0.953135 

 

0.350 

 

0.977398 

 

0.975311 

 

0.971974 

 

0.967508 

 

0.962032 

 

0.425 

 

0.977627 

 

0.976197 

 

0.973889 

 

0.970772 

 

0.966914 

 

Table 2: Effect of Failure and Repair Rates of Low pressure heater on 

Availability 
              λ 2 

 

µ 2 

 
0.005 

 
0.0063 

 
0.0076 

 
0.0089 

 
0.0102 

 
Constant values 

 
0.1 

 
0.972735 

 
0.971563 

 
0.970145 

 
0.968490 

 
0.966610 

 
λ1=0.01, µ1=0.125, 

λ3=0.0025, µ3=0.125, 

λ4=0.02, µ4=0.1, 
λ5=0.0015, µ5=0.05 

 

 
 

 
0.175 

 
0.974097 

 
0.973708 

 
0.973230 

 
0.972666 

 
0.972018 

 
0.250 

 
0.974433 

 
0.974244 

 
0.974009 

 
0.973731 

 
0.973409 

 
0.305 

 
0.974538 

 
0.974412 

 
0.974255 

 
0.974068 

 
0.973852 

 
0.4 

 
0.9774625 

 
0.974554 

 
0.974464 

 
0.974357 

 
0.974231 

 

Table 3: Effect of Failure and Repair Rates of Dearator on Availability 
               λ 3 

         
 µ 3 

 

0.0025 

 

0.0029 

 

0.0033 

 

0.0037 

 

0.0041 

 

Constant values 

 
0.125 

 
0.972735 

 
0.969727 

 
0.966738 

 
0.963767 

 
0.960814 

 
λ1=0.01, µ1=0.125, 

λ2=0.005, µ2=0.1, 

λ4=0.02, µ4=0.1, 
λ5=0.0015, µ5=0.05 

   

 
 

 
0.156 

 
0.976497 

 
0.974067 

 
0.971649 

 
0.969242 

 
0.966846 

 
0.187 

 
0.979028 

 
0.976989 

 
0.974959 

 
0.972937 

 
0.970923 

 
0.218 

 
0.980847 

 
0.979091 

 
0.977342 

 
0.975598 

 
0.973861 

  
0.250 

 
0.982256 

 
0.980720 

 
0.979189 

 
0.977663 

 
0.976141 
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Table 4: Effect of Failure and Repair Rates of Boiler feed pump on Availability 
            λ 4 

        
µ 4 

 

0.02 

 

0.04 

 

0.06 

 

0.08 

 

0.10 

 

Constant values 

 

0.1 

 

0.972735 

 

0.972239 

 

0.971471 

 

0.970432 

 

0.969124 

 

λ1=0.01, µ1=0.125, 
λ2=0.005, µ2=0.1, 

λ3=0.0025, µ3=0.125, 

λ5=0.0015, µ5=0.05 
   

 

 

 

0.2 

 

0.972881 

 

0.972735 

 

0.972521 

 

0.972239 

 

0.971889 

 

0.3 

 

0.972914 

 

0.972840 

 

0.972725 

 

0.972600 

 

0.972434 

 

0.4 

 

0.972927 

 

0.972881 

 

0.972816 

 

0.972735 

 

0.972637 

 

0.5 

 

0.972935 

 

0.972901 

 

0.972857 

 

0.972802 

 

0.972735 

 

Table 5: Effect of Failure and Repair Rates of High pressure heater on Availability 
           λ 5 

           
 µ 5 

 

0.0015 

 

0.0030 

 

0.0045 

 

0.0060 

 

0.0075 

 

Constant values 

 

0.05 

 

0.972735 

 

0.972706 

 

0.972669 

 

0.972625 

 

0.972574 

 

λ1=0.01, µ1=0.125, 
λ2=0.005, µ2=0.1, 

λ3=0.0025, µ3=0.125, 

λ4=0.02, µ4=0.1, 
 

 

0.10 

 

0.972747 

 

0.972735 

 

0.972721 

 

0.972706 

 

0.972688 

 

0.15 

 

0.972751 

 

0.972743 

 

0.972735 

 

0.972726 

 

0.972716 

 

0.20 

 

0.972753 

 

0.972747 

 

0.972741 

 

0.972735 

 

0.972729 

 

0.25 

 

0.972754 

 

0.972749 

 

0.972745 

 

0.972740 

 

0.972735 

 


