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ABSTRACT 

Th i s  r e p o r t  presents  t h e  r e s u l t s  o f  a  s tudy  o f  t he  impact o f  i n s e r v i c e  
i n s p e c t i o n  ( I S I )  programs on t h e  r e 1  i a b i l  i t y  o f  s p e c i f i c  nuc lea r  p i p i n g  
systems t h a t  have a c t u a l l y  f a i l e d  i n  se rv i ce .  Two ma jo r  f a c t o r s  a r e  
cons idered i n  t he  IS1 programs: one i s  t he  c a p a b i l i t y  o f  d e t e c t i n g  f laws;  
t h e  o t h e r  i s  t he  frequency of performing ISI .  A p r o b a b i l i s t i c  f r a c t u r e  
mechanics model i s  used t o  es t ima te  t h e  r e l i a b i l i t y  o f  two nuc lea r  p i p i n g  
l i n e s  over  t he  p l a n t  l i f e  as f u n c t i o n s  o f  t h e  IS1 programs. Examples 
chosen f o r  t he  s tudy a r e  t h e  PWR feedwater steam genera to r  nozz le  c rack ing  
i n c i d e n t  and t he  BWR r e c i r c u l a t i o n  l i n e  safe-end c rack ing  i n c i d e n t .  The 
r e s u l t s  show t h a t  an e f f e c t i v e  i n s e r v i c e  i n s p e c t i o n  r e q u i r e s  a  s u i t a b l e  
combinat ion o f  f l a w  d e t e c t i o n  c a p a b i l i t y  and i n s p e c t i o n  schedule. An 
augmented i nspec t i on  schedule i s  r e q u i r e d  f o r  p i p i n g  w i t h  fas t -g row ing  
f l aws  t o  ensure t h a t  t h e  i n s p e c t i o n  i s  done be fo re  t he  f laws  reach c r i t i c a l  
s i zes .  A lso,  t he  e l i m i n a t i o n  o f  "poor" i n s p e c t i o n  teams through t r a i n i n g  
and qua1 i f i c a t i o n  t e s t i n g  can produce s i g n i f i c a n t  b e n e f i t s  t o  IS1 e f f e c -  
t i veness .  
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ANALYSES OF THE IMPACT OF INSERVICE 
INSPECTION USING A PIPING RELIABILITY MODEL 

1.0 INTRODUCTION 

This r e p o r t  descr ibes p r o b a b i l i s t i c  f r a c t u r e  mechanics c a l c u l a t i o n s  t h a t  
p r e d i c t  the  impact o f  i n s e r v i c e  i nspec t i on  on the  growth o f  cracks i n  
nuc lear  p ip ing .  These c a l c u l a t i o n s  a re  one o f  a  se r ies  o f  eva lua t ions  
being performed a t  P a c i f i c  Northwest Laboratory (PNL) f o r  the U.S. Nuclear 
Regulatory Commission (NRC) as p a r t  o f  the  research program " I n t e g r a t i o n  o f  
NDE Re1 i a b i l  i t y  and F rac tu re  Mechanics" (NUREGICR-3059; NUREGICR-3176; 
Heasler and Simonen 1983). Data generated on t h i s  program are  in tended t o  
p rov ide  a  bas is  on which t o  fo rmula te  r e v i s i o n s  t o  both the  ASME Sect ion X I  
B o i l e r  and Pressure Vessel Code and r e g u l a t o r y  requirements needed t o  
assure low f a i l u r e  p r o b a b i l i t i e s  of r e a c t o r  components. The pr imary 
o b j e c t i v e  o f  PNL's research program has been t o  determine the  r e l i a b i l i t y  
o f  u l t r a s o n i c  i n s e r v i c e  i nspec t i on  ( I S I )  as performed on commercial, 1  i g h t  
water r e a c t o r  pr imary systems. Th is  r e p o r t  concerns a  second ob jec t i ve ,  
which i s  t o  determine t h e  impact o f  nondest ruc t ive  eva lua t i on  (NDE) u n r e l i -  
a b i l i t y  on system s a f e t y  and t o  determine the  l e v e l  o f  i nspec t i on  r e l i a b i l -  
i t y  requ i red  t o  assure a  s u i t a b l y  low f a i l u r e  p r o b a b i l i t y .  

The c a l c u l a t i o n s  descr ibed i n  t h i s  r e p o r t  were performed as a  cooperat ive 
e f f o r t  between PNL and Lawrence L i  vermore Nat iona l  Laboratory (LLNL) . 
Under NRC sponsorship LLNL has been p a r t i c i p a t i n g  i n  p ip ing  r e l i a b i l i t y  
s tud ies  s ince  1980. The development o f  the  PRAISE code (P ip ing  - R e l i a b l i t y  
Ana lys is  I n c l u d i n g  Seismic Events) was p a r t  o f  t he  LLNL e T f o r t  
TNUREG/CRr2189). T6i  s  code-formed the  bas i s  f o r  var ious  case s tud ies  i n  
which the  p r o b a b i l i t i e s  f o r  bo th  l eak  and break o f  var ious  p i p i n  systems 
were c a l c u l a t e d  (NUREGICR-2301; NUREGICR-2801; Woo and Chou 19823. The 
o b j e c t i v e  o f  the  PNLILLNL cooperat ive e f f o r t  was t o  extend the  e x i s t i n g  
p i p i n g  r e l i a b i l i t y  models and then t o  apply these models using, as inputs,  
t he  crack de tec t i on  data from the  P ip ing  Inspect ion  Round Robin a t  PNL. 

Previous work a t  PNL (Heasler and Simonen 1983) evaluated the  impact of IS1 
on t h e  r e l i a b i l i t y  o f  pr imary coo lan t  loop p i p i n g  o f  a  pressur ized water 
r e a c t o r  (PWR). The LLNL model of t h e  Zion Reactor was appl ied, f o r  which 
the  c a l c u l a t e d  f a i l u r e  p r o b a b i l i t i e s  were r e l a t i v e l y  low. I n  con.trast, the 
c u r r e n t  c a l c u l a t i o n s  were performed t o  evaluate the  impact of I S 1  on 
systems w i t h  h igh  f a i l u r e  p r o b a b i l i t i e s .  

The se lec ted  models descr ibed two ac tua l  f a i l u r e  i nc iden ts  [PWR feedwater 
1  i n e  and b o i l i n g  water r e a c t o r  (BWR) r e c i r c u l a t i o n  l ine].  I n  each case, 
t h e  re1  a t i v e  importance o f  f l a w  d e t e c t i o n  capabi 1  i ty  and i nspec t i on  
schedule was evaluated by s imu la t i ng  a l t e r n a t i v e  i nspec t i on  scenarios. 

This  r e p o r t  begins by desc r ib ing  the  de tec t i on  c a p a b i l i t i e s  from PNL's 
round r o b i n  and how t h i s  i n fo rma t ion  was app l i ed  i n  the  c u r r e n t  
c a l c u l a t i o n s .  Sect ions 3  and 4 prov ide  an overview o f  the  p i p i n g  
r e l i a b i l i t y  model and d e t a i l s  o f  the  c a l c u l a t i o n s  f o r  t he  PWR feedwater 



l ine  and BWR recirculation l ine  cracking incidents. Section 5 presents an 
interpretation of the case study resu l t s .  The overall conclusions are  
provided in Section 6.  An appendix re la tes  the resul ts  obtained in th i s  
study to  resu l t s  of other calculations fo r  which the analytic models and 
character is t ics  of the systems themselves differed from those described in 
th i s  report. 



ROUND ROBIN FLAW DETECTION CAPABILITY DATA 

The p i p i n g  i nspec t i on  round r o b i n  conducted a t  PNL f o r  t he  NRC was aimed a t  
determin ing the  e f f ec t i veness  o f  i n s e r v i c e  u l t r a s o n i c  i nspec t i on  o f  nuc lear  
system p i p i n g  (NUREG/CR-1696, Vol .l ). The round r o b i n  inc luded th ree  
m a t e r i a l s  and s i x  t e s t  teams. The measured i nspec t i on  e f f ec t i veness  
encompassed 1 )  minimum ASME code requirements, 2) as-prac t i ced  f i e l d  
procedures, and 3 )  improved procedures. Inspec t ions  were made under 
l a b o r a t o r y  and s imulated f i e l d  cond i t i ons  w i t h  f laws l oca ted  on both the  
near  and f a r  s i d e  o f  t he  weld. The f o l l o w i n g  subsect ions present t he  
p r o b a b i l i t y  o f  crack de tec t i on  (POD) curves used i n  t he  analyses. 

2.1 PROBABILITY OF CRACK DETECTION 

The p r o b a b i l i t y  o f  c rack  ( o r  f l a w )  d e t e c t i o n  (POD) i s  de f ined  as the  
p r o b a b i l i t y  t h a t  a  crack w i t h  c e r t a i n  s p e c i f i e d  phys ica l  c h a r a c t e r i s t i c s  
(e.g., s i z e )  i s  found du r i ng  an i nspec t i on  and c o r r e c t l y  c l a s s i f i e d  as a  
crack. P r o b a b i l i t y  o f  crack de tec t i on  i s  measured d i r e c t l y  by summing the  
number o f  t imes a  c rack  o f  a  g iven category i s  success fu l l y  detected and 
then d i v i d i n g  by the  t o t a l  number o f  t imes the  crack i s  sub jec t  t o  
inspec t ion .  

The normal cumulat ive d i s t r i b u t i o n  func t i on ,  m (Mood, G r a y b i l l  and Boes 
1974, pp. 107-108), was used t o  f i t  the  round r o b i n  data. The f u n c t i o n a l  
form i s  

l e  - tL /2  a  POD = m(x) = i_ ~7 dt ,  and x  = U + 6 i n  5 

where U and B a re  constants r e l a t e d  t o  p i p e  ma te r i a l s ,  u l t r a s o n i c  
i nspec t i on  procedures, and i nspec t i on  access. The dimensions a  and t are  
crack depth and p ipe  w a l l  th ickness, respec t i ve l y .  The p r o b a b i l i t y  o f  
crack nondetect ion, PND, i s  de f i ned  as 

PND = 1  - POD 

Three POD curves i d e n t i f i e d  as "poor", "good", and "advanced" teams were 
de f ined  as f o l  1  ows (NUREGICR-2189) : 

poor team - Th is  curve represents a  lower bound on performance among 
round r o b i n  teams. This  team d i d  f o l l o w  minimum ASME code requ i re -  
ments. 

good team - Th is  curve represents t he  b e t t e r  teams i n  the round rob in .  

advanced team - Th is  curve represents the  performance t h a t  may be 
achieved w i t h  improved procedures and e x i  s t i n g  techno1 ogy. It assumes 
a  0.9999 f l a w  de tec t i on  p r o b a b i l i t y  f o r  a  through-wal l  f law,  and a  



p r o b a b i l i t y  o f  d e t e c t i o n  of about 90 pe rcen t  f o r  a  f l a w  w i t h  a  depth 
o f  10 pe rcen t  o f  t h e  w a l l .  

The n e x t  two subsect ions p resen t  t h e  POD curves i n  t he  form o f  Equat ion 
(2.1) f o r  bo th  f e r r i t i c  s t e e l  and s t a i n l e s s  s t e e l  m a t e r i a l s .  

2.1.1 F e r r i t i c  S tee l  POD Curves 

Three POD curves (NUREGICR-2716, Vol .  3)  were generated by f i t t i n g  round 
r o b i n  da ta  f o r  f e r r i t i c  s t e e l  under t h e  c o n d i t i o n s  where personnel f o l l o w e d  
t h e  ASME code procedures and had near -s ide  access f o r  t h e i r  i nspec t i on .  

poor  team - POD = ~ [ 0 . 4 3 2  + 0.163 l n ( a / t ) ]  (2 .3)  . good team - POD = @[I .75 + 0.583 l n ( a / t ) ]  (2.4) 

advanced team - POD = mC3.63 + 1.106 l n ( a / t ) ]  (2 .5)  

These f u n c t i o n s  app ly  t o  f l a w  depths g r e a t e r  than 5 percen t  o f  w a l l  t h i c k -  
ness. A d e t e c t i o n  c a p a b i l i t y  of POD = 0.0 f o r  a / t  = 0.0 was assumed, and a 
l i n e a r  i n t e r p o l a t i o n  w i t h  a / t  was used between 0 and 5 percen t  o f  w a l l  
th i ckness .  Some numer ica l  values f o r  f e r r i t i c  s t e e l  POD a r e  presented i n  
Tab le  2.1. 

TABLE 2.1. Numerical Values f o r  F e r r i t i c  S tee l  P r o b a b i l i t y  o f  Crack 
De tec t i on  Curves 

POD 
a/ t Poor Good Advanced 



2.1.2 S t a i n l e s s  S tee l  POD Curves 

Three POD curves f o r  10- inch s t a i n l e s s  s t e e l  p i p i n g  w i t h  s t r e s s  co r ros ion  
c racks  (Doctor  e t  a l .  1983) were f i t t e d  t o  t he  round r o b i n  data.  The 
c o n d i t i o n s  f o r  per fo rming  u l t r a s o n i c  i nspec t i ons  were t h a t  i nspec to r s  had 
near -s ide  access and f o l l o w e d  f i e l d  i n s p e c t i o n  procedures. 

poor  team - POD = 0 [o. 24 + 1.485 1  n ( a / t ) ]  (2 .6 )  

good team - POD = 0[1 .526 + 0.533 l n ( a / t ) ]  (2 .7 )  

advanced team - POD = ~ C 3 . 6 3  + 1.106 l n ( a / t ) ]  (2 .8)  

Again, these f u n c t i o n s  app l y  f o r  f l a w  depths g r e a t e r  than 5  percen t  o f  t he  
w a l l  th i ckness .  A  d e t e c t i o n  c a p a b i l i t y  o f  POD = 0.0 f o r  a / t  = 0.0 was 
assumed, and a  l i n e a r  i n t e r p o l a t i o n  w i t h  a / t  was used between 0  and 5  percen t  
o f  w a l l  th i ckness .  Table 2.2 g i ves  some numerical  values f o r  s t a i n l e s s  
s t e e l  POD curves. 

TABLE 2.2. Numerical Values f o r  S t a i n l e s s  S tee l  P r o b a b i l i t y  o f  Crack 
De tec t i on  Curves 

POD 
a/ t Poor Good Advanced 



3.0 PIPING RELIABILITY MODEL OVERVIEW 

The piping r e l i a b i l i t y  model was developed on the basis of probabi l is t ic  
fracture mechanics concepts. The computational procedure for  the 
estimation of leak probability combines various random variables, such as 
i n i t i a l  crack s ize dis t r ibut ion,  flaw (or crack) detection probability, crack 
growth relat ion,  and the deterministic s t r e s s  history. As indicated by 
Figure 3.1, the computation s t a r t s  with the i n i t i a l  s ize  of crack-like 
defects ( i  . e . ,  flaws) a t  a given location. These growing cracks are 
detected with a certain probability during preservice and inservice inspec- 
tions. Cracks tha t  escape detection and repair can grow following sub- 
c r i t i ca l  crack growth character is t ics  such as fatigue crack growth and 
s t ress  corrosion cracking. The c r i t i ca l  crack s ize  for  leak can be defined 
by using an appropriate cr i ter ion (e .g . ,  through-wall cracking). The 
probability of leak a t  the pipe location analyzed i s  equal t o  the probabil- 
i t y  of a crack growing to  corresponding c r i t i ca l  s ize within the specified 
time. The Monte Carlo method was used in the numerical simulation. I t  i s  
obvious that  crack detection capabili ty and inspection time influence the 
leak probability resu l t s  because they are  the l a s t  elements t o  prevent pipe 
leak once the crack grows in the simulation. 

Seven variables are  required in the model ' s  calculations: 

pipe material and properties 

pipe geometry, pipe cross section dimensions 

i n i t i a l  crack depth dis t r ibut ion 

loadings and associated occurrence rates - Loadings may include pipe 
internal pressure, dead weight, thermal res t ra in t  load, residual 
s t r e s s ,  vibratory s t r e s s ,  and seismic load. Occurrence rates  for 
different  loadings can be specified. 

crack growth models - da/dn = f ( C ,  m ,  A K )  for  fatigue crack growth 
and da/dt = f ( C ,  m ,  K) for  s t r e s s  corrosion cracking where C and m 
a re  material Gonstants; K and A K  are the applied s t r e s s  intensity 
factor and i t s  range, respectively; n i s  the number of cycles, and t 
i s  the time variable. 

detection probability models for  cracks and leaks . inservice inspection schedules. 

The next section describes how the piping r e l i ab i l i t y  model was used t o  
demonstrate the impact of flaw detection capabili ty on the r e l i a b i l i t y  of 
nuclear pi ping . 
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FIGURE 3.1. Computational Procedure Used i n  Est imat ing 
Leak Probab i l  i t y  f o r  Nuclear P ip ing  



4.0 PIPING RELIABILITY MODEL APPLICATIONS 

Two ac tua l  p i p i n g  l eak  i n c i d e n t s  were chosen t o  demonstrate the  impact o f  
f l a w  d e t e c t i o n  c a p a b i l i t y  on the  r e l i a b i l i t y  o f  nuc lear  p ip ing .  The p i p i n g  
r e l i a b i l i t y  model descr ibed i n  Sec t ion  3 was app l i ed  t o  a  PWR feedwater 
l i n e  c rack ing  i n c i d e n t  and t o  a  BWR r e c i r c u l a t i n g  l i n e  c rack ing  i n c i d e n t .  
Two p lan ts ,  i d e n t i f i e d  as A and By  were s tud ied  f o r  t he  f i r s t  i n c i d e n t .  
One p l a n t  was s tud ied  f o r  t he  second i n c i d e n t .  

I n  a l l  t h r e e  model app l i ca t i ons ,  t h e  v a r i a b l e  f o r  i n i t i a l  crack s i z e  
d i s t r i b u t i o n  a t  t h e  beginning of t he  s imu la t i on  was assigned a  f i x e d  o r  
d e t e r m i n i s t i c  value. The i n i t i a l  crack depth was determined such t h a t  t he  
s p e c i f i e d  crack s i z e  a t  t he  s p e c i f i e d  t ime would be i d e n t i c a l  t o  the  one 
observed du r i ng  the  i n c i d e n t .  Mean-value curves f o r  crack growth r a t e s  
were used i n  determin ing t h e  i n i t i a l  c rack  s i ze .  However, i n  the  r e a l  
s imu la t ion ,  a  p r o b a b i l i s t i c  crack growth model was used. Three f l a w  
d e t e c t i o n  p r o b a b i l i t y  curves i n  con junc t i on  w i t h  var ious  i n s p e c t i o n  sched- 
u les  were considered. A l eak  due t o  through-wal l  c rack ing  was de f i ned  as 
t h e  f a i l u r e  c r i t e r i o n .  The p r o b a b i l i t i e s  o f  leak  were then expressed as a  
f u n c t i o n  o f  p l a n t  l i f e .  

This  sec t i on  descr ibes t h e  computations used and the  r e s u l t s  ob ta ined when 
t h e  model was a p p l i e d  t o  t he  two c rack ing  i n c i d e n t s .  

4.1 PRESSURIZED WATER REACTOR FEEDWATER LINE CRACKING INCIDENT 

4.1.1 Background 

On May 20, 1979, t h e  Ind iana and Michigan Power Company in formed t h e  NRC o f  
c rack ing  i n  two feedwater l i n e s  a t  D.C. Cook U n i t  2. C i r cumfe ren t i a l  
through-wal l  cracks were detected a t  t h e  16- inch l i n e s  i n  t he  j u n c t i o n  o f  
t he  feedwater l i n e s  and steam generator.  Subsequent vo lumet r ic  examinat ion 
by radiography revea led  crack i n d i c a t i o n s  a t  s i m i l a r  l o c a t i o n s  i n  a l l  
feedwater l i n e s  o f  bo th  U n i t s  1 and 2. As a  r e s u l t  o f  t h i s  i n c i d e n t ,  t he  
NRC O f f i c e  o f  I nspec t i on  and Enforcement issued I . E .  B u l l e t i n  79-13 
r e q u i r i n g  i nspec t i on  o f  a l l  PWR feedwater l i n e s .  Inspec t ions  through March 
1980 revea led  p ipe  cracks o r  f a b r i c a t i o n  de fec t s  r e q u i r i n g  r e p a i r  i n  t he  
v i c i n i t y  o f  t he  feedwater nozzles a t  16 o f  35 PWR p lan ts  (NUREG-0691). 

Extensive s tud ies ,  i n c l u d i n g  m e t a l l u r g i c a l  ana lys is ,  i n - p l a n t  inst rumenta-  
t i o n ,  and thermohydraul ic  modeling, l e d  t o  t he  conclus ion t h a t  t h e  pr imary  
cause o f  c rack ing  was a  f a t i g u e  mechanism induced by thermal s t r a t i f i c a t i o n  
dur ing  low- f low aux i  1  i a r y  feedwater i n j e c t i o n s  (Westinghouse E l e c t r i c  
Corporat ion 1980). Thermal s t r a t i f i c a t i o n  usual 1  y occurs du r i ng  ho t -  
standby, s ta r tup ,  and shutdown cond i t i ons .  During such cond i t i ons ,  hor izon-  
t a l  p o r t i o n s  o f  t h e  feedwater l i n e  a re  subjected t o  l a r g e  temperature 
d i f f e rences  between the  t o p  and bottom o f  t he  p ipes.  Th is  phenomenon i s  
i l l u s t r a t e d  i n  F igu re  4.1. These s t r a t i f i e d  temperature c o n d i t i o n s  vary  
r a p i d l y  du r i ng  low-power operat ions and can induce h igh  c y c l i c  thermal 
s t resses i n  t he  feedwater nozzle where c rack ing  has occurred. 



Low Flow, Relatively 
Cold Water (1  OO°F or 

Less, May be Intermittent) 

FIGURE 4.1. Thermal S t r a t i f i c a t i o n  Phenomenon i n  PWR Feedwater L ines 

4.1.2 Data I n p u t  t o  Model 

The values of t h e  v a r i a b l e s  i n p u t  t o  the  p i p i n g  re1  i a b i l  i t y  model f o r  
s imu la t i ng  the  feedwater l i n e  cracks a re  documented i n  t he  nex t  seven 
subsect ions. 

4.1.2.1 Pipe M a t e r i a l  

The feedwater p i p i n g  cons is ted  o f  A106 GrB. The nozz le  examined was SA508 
Class 2. 

4.1.2.2 Pipe Geometry 

The feedwater p i p i n g  was 16- inch Schedule 80. The nozz le  was 16-inch 
Schedule 60. 

4.1.2.3 I n i t i a l  Crack Depth 

The c a l c u l a t e d  i n i t i a l  crack depths f o r  bo th  p l a n t s  A and B a re  l i s t e d  i n  
Table 4.1. 

4.1.2.4 Crack Growth Model 

The re fe rence f a t i g u e  crack growth law i n  Sec t ion  X I  o f  the ASME Code f o r  
carbon and l o w - a l l o y  f e r r i t i c  s t e e l s  was mod i f i ed  t o  represent  t he  f a t i g u e  



TABLE 4.1. I n i t i a l  Crack Depth f o r  PWR Feedwater L ine  R e l i a b i l i t y  Ana lys is  

Wall Observed Ca lcu la ted  I n i t i a l  
Time o f  Thickness Crack Depth Crack Depth 

P l a n t  I nspec t i on  (a )  ( i nch )  ( i nch )  ( i n c h )  

A 11 months 0.57 0.57 0.021 

B 33 months 0.875 0.238 0.057 

(a )  Time from f i r s t  corrmercial s e r v i c e  t o  i nspec t i on  due t o  feedwater 
l i n e  c rack ing  i n c i d e n t .  

crack behavior  o f  t he  feedwater l i n e  p i p i n g  m a t e r i a l .  The m o d i f i c a t i o n  was 
done by adding a  f a c t o r ,  P, t o  t he  re ference crack growth law. The model 
has the  form 

where P i s  lognormal l y  d i s t r i b u t e d  (p t he  mean value, and o t he  standard 
dev ia t i on ) .  The randomness of P r e f l e c t s  the d i s t r i b u t i o n  o f  t e s t  data f o r  
t he  ma te r ia l  c rack  growth c h a r a c t e r i s t i c s  (Bamford 1980). 

The value o f  AK i s  t he  d i f f e r e n c e  between the  maximum and minimum values o f  
crack t i p  s t ress  i n t e n s i t y  f a c t o r s  (KI) r e s u l t i n g  f rom the  changing 
st resses du r ing  a  g iven s t ress  cyc le .  For  t he  c u r r e n t  ana lys is ,  a  
l i n e a r i z e d  s t r e s s  f i e l d  i s  assumed f o r  s t resses through the  p i p e  w a l l  
th ickness.  The expression below i s  used t o  c a l c u l a t e  KI (Bamford, Thurman 
and Mahlab 1980). 

where a  = crack depth 

A, = a x i a l  s t r e s s  a t  i n s i d e  sur face 

a = a x i a l  s t ress  a t  ou ts ide  sur face 
0 

t = w a l l  th ickness  



The s t r e s s  p r o f i l e  i s  represen ted  by the  l i n e a r i z a t i o n  

where x i s  t h e  r a d i a l  d i s t ance  measured f rom t h e  i n s i d e  sur face  o f  the  
p i  pe. 

Denot ing R as t he  r a t i o  o f  Kmi and K , Table 4.2 shows var ious  values o f  
C, m, u ,  and a f o r  d i f f e r e n t  ranges oTa# and nK. 

4.1.2.5 Loadina Cond i t ions  

The t r a n s i e n t s  used as a des ign bas i s  f o r  t h e  feedwater l i n e s  a r e  l i s t e d  i n  
Table 4.3, a long w i t h  t h e  number o f  t h e i r  expected occurrences over  the  
40-year des ign l i f e t i m e  o f  a t y p i c a l  PWR p l a n t .  The t r a n s i e n t s  a r e  assumed 
t o  occur  a t  a un i f o rm  r a t e  over  t h e  e n t i r e  l i f e t i m e .  For  each t r a n s i e n t ,  
t h e  pressure and temperature changes a r e  used t o  c a l c u l a t e  s t resses .  The 
r e s u l t s  a re  presented i n  Table 4.3 (NUREG-0691). Resu l ts  o f  h i gh  c y c l e  
thermal s t resses  r e s u l t i n g  f rom thermal s t r a t i f i c a t i o n  phenomena f o r  
feedwater l i n e s  a t  p l a n t s  A and B a re  presented i n  Tables 4.4 and 4.5, 
r e s p e c t i v e l y  (NUREGICR-2801). I n  Tables 4.4 and 4.5, a and a a re  de f i ned  
as membrane and bending s t resses ,  r e s o e c t i v e l y .  The reTat ionsRi  between 

ab, A. and Al [see Equat ion (4 .2 ) Ican  be expressed as: 

TABLE 4.2. Constants Used i n  Fa t i gue  Crack Growth Model f o r  
Carbon and Low A l l o y  S tee l s  

Constants 

Ranges f o r  R  and A K  C rn I- o 

R 2 0.25 

A K  < 19 1.02 x l o - 6  5.95 -0.4.08 0.542 

( a )  ~ K i n k s i f i .  

( b )  W = (R - 0.25)/0.4, W '  = 1 - W.  



TABLE 4.3. S t ress  Resu l ts  Used i n  Fa t i gue  Crack Growth 
C a l c u l a t i o n  f o r  Design Trans ien ts  

No. o f  A x i a l  S t ress  i n  k s i  A x i a l  S t ress  i n  k s i  
Cycles i n  I n s i d e  Sur face Outs ide Sur face  

Design T rans ien t s  40 years  Maximum Minimum Maximum Minimum 

Hot standby 18,300 4.77 3.67 4.77 3.67 

U n i t  load-unload 
5% p e r  m inu te  18,300 5.07 3.04 4.01 4.66 

Small s  t e p l  oad decrease 2,000 4.53 3.33 3.83 3.83 

Large s tep load  decrease 200 8.04 3.83 1.40 3.83 

Loss o f  power 40 17.27 3.66 -4.9 3.66 

P a r t i a l  l o s s  o f  f l o w  3  0 17.41 3.37 -1.34 3.66 

Loss o f  l o a d  80 17.7 3.76 -1 -04  4.76 

Reactor t r i p  400 26.56 2.25 -7.34 4.37 

Secondary s i d e  h y d r o t e s t  5  5.68 4.37 5.68 4.37 

Crack De tec t i on  P robab i l  i ty, 

Three c rack  d e t e c t i o n  p r o b a b i l i t y  curves as descr ibed  i n  Equat ions (2.3) 
th rough  (2.5) were used f o r  t he  feedwater  l i n e  p i p i n g  m a t e r i a l .  Those 
curves a r e  r e f e r r e d  t o  as t he  poor,  good, and advanced teams. 

4.1.2.7 I n s e r v i c e  I nspec t i on  Schedules 

Table 4.6 p resen ts  s i x  scenar ios  f o r  i n s p e c t i o n  schedules. I nspec t i ons  
were assumed t o  be performed a t  t h e  end o f  t h e  years  i n d i c a t e d  i n  Table 
4.6. 

4.1.3 Resu l t s  and D iscuss ion  

Cumulat ive l e a k  p r o b a b i l i t i e s  f o r  b o t h  p l a n t s  A  and B over  a  40-year p l a n t  
l i f e  a r e  expressed as f u n c t i o n s  o f  i n s p e c t i o n  schedule and c rack  d e t e c t i o n  
c a p a b i l i t y .  F i g u r e  4.2 shows t h e  l e a k  p r o b a b i l i t i e s  f o r  p l a n t  A  w i t h  
i n s p e c t i o n  schedules 1, 2, and 3. It can be seen t h a t  t h e  l e a k  p r o b a b i l i t y  
increases r a p i d l y  f rom zero  t o  u n i t y  w i t h i n  t h e  f i r s t  5  years  when no 
i n s p e c t i o n  i s  performed. As shown i n  F i g u r e  4.2, schedules 1  and 2  do n o t  
s i g n i f i c a n t l y  h e l p  i n  reduc ing  t h e  l e a k  p r o b a b i l i t y  (d ropp ing  f rom u n i t y  t o  
a  va lue  o f  0 .9) .  However, schedule 3  lowers  t h e  l e a k  p r o b a b i l i t y  t o  a 
va lue  o f  0.5 s t a r t i n g  f rom t h e  f i f t h  year .  Furthermore, t h e  e f f e c t  o f  



TABLE 4.4. Stress Resul ts  Used i n  Fat igue Crack Growth Ca lcu la t i on  
f o r  P lan t  A  f o r  Thermal S t r a t i f i c a t i o n  Condit ions 

No. o f  Cycles Est imated Maximum Stress i n  k s i  Minimum Stress i n  k s i  

up t o  the  Inc iden t  0 m Ob m Ob 0 

d i f f e r e n t  inspect ion  teams (poor, good, advanced) begins t o  have a  s i g n i f i  - 
cant impact on l eak  p r o b a b i l i t y  when an augmented inspect ion  program such 
as schedule 3  i s  adopted. S i m i l a r l y ,  F igure 4.3 shows leak  p r o b a b i l i t i e s  
f o r  p l a n t  A w i t h  i nspec t ion  schedules 4, 5, and 6. I t i s  c l e a r  t h a t  on l y  
inspect ion  schedule 6 has a  s l i g h t  impact on the  l eak  p r o b a b i l i t y ;  sched- 
u les  4  and 5 show no e f f e c t  a t  a l l  because the  f i r s t  inspect ion  f o r  both 
schedules i s  beyond the  f i f t h  year. 

F igure  4.4 shows the  l eak  p r o b a b i l i t i e s  f o r  p l a n t  B over a  40-year p l a n t  
l i f e  w i t h  inspect ion  schedules 1, 2, and 3. The e f f e c t  o f  schedules 4,.5, 



TABLE 4.5. Stress Results Used in Fatigue Crack Growth Calculation 
for Plant B During Thermal Stratification Conditions 

No. of Cycles Estimated Maximum Stress in ksi Minimum Stress in ksi 

up to the Incident u Ob u m m Ob 

and 6 is shown in Figure 4.5. It is important to point out that the leak 
probability with no inspection does not increase as fast as it did for 
Plant A. Furthermore, the leak probability approaches unity around the 
25th year. Because the first inspection for all six schedules is long 
before the 25th year, all schedules have a positive impact on the leak 
probabilities. In general, schedule 3 shows the greatest reduction in leak 
probability (to a value of less than 0.1) when compared with the no- 
inspection case. The results for schedules 2 and 6 are comparable; their 
maximum leak probabilities are between 0.2 and 0.4. Schedules 1 ,  4, and 5 
give an improvement in reliability and reduce the leak probabilities to 
about 0.6, 0.9, and 0.7, respectively. 



TABLE 4.6. I nspec t i on  Schedules f o r  PWR Feedwater 
L i n e  Steam Generator Nozzle 

Schedul e  D e s c r i p t i o n  I nspec t i on  t ime  (end o f  yea r )  

1  ASME Program A ( ~ )  3, 10, 23, 40 

2  112 i n s p e c t i o n  i n t e r v a l s  
o f  ASME Program A  1.5, 3, 6.5, 10, 16.5, 23, 31.5, 40 

3  115 i n s p e c t i o n  i n t e r v a l s  0.6, 1.2, 1.8, 2.4, 3, 4.4, 5.8, 
o f  ASME Program A  7.2, 8.6, 10, 12.6, 15.2, 17.8, 

20.4, 23, 26.4, 29.8, 33.2, 26.6, 40 

4 ASME Program B ( ~ )  10, 20, 30, 40 

5 112 i n s p e c t i o n  i n t e r v a l s  
o f  ASME Program B  5 ,  10, 15, ..., 40 

6 115 i n s p e c t i o n  i n t e r v a l s  
o f  ASME Program B  2 , 4 , 6  , . . . ,  40 

( a )  Refers  t o  ASME B o i l e r  and Pressure Vessel Code, Sect ion X I ,  I n s e r v i c e  
I n s p e c t i o n  Programs. 

A1 though s i x  i n s p e c t i o n  schedules were adopted f o r  t h i s  assessment o f  p i p e  
l e a k  a t  PWR feedwater 1  i n e  steam genera to r  nozz les,  i t  i s  obvious t h a t  some 
i n s p e c t i o n  schedules a r e  n o t  r e a l  i s t i c  (e. g., schedule 3 ) ,  because 
i n s e r v i c e  i nspec t i ons  a r e  u s u a l l y  performed d u r i n g  scheduled outages. The 
s i x  schedules se lec ted  were in tended t o  cover  a  wide range of i n s p e c t i o n  
schedules. I n t e r p o l  a t i o n  o f  l e a k  p r o b a b i l  i t i e s  r e s u l t i n g  from these s i x  
scenar ios  should g i v e  a  good es t ima te  f o r  o t h e r  i n s p e c t i o n  schedules. The 
r e s u l t s  shown i n  F igures  4.2 through 4.5 do n o t  i n d i c a t e  l a r g e  d i f f e r e n c e s  
i n  p r e d i c t e d  l e a k  p r o b a b i l i t i e s  as a  f u n c t i o n  o f  f l a w  d e t e c t i o n  c a p a b i l i t y  
(POD curves) .  Th i s  i s  due i n  p a r t  t o  t h e  s a t i s f a c t o r y  performance f o r  
f e r r i t i c  p i p i n g  o f  even t h e  "poor" team i n  t h e  PNL p i p i n g  i n s p e c t i o n  round 
r o b i n .  Another impo r tan t  f a c t o r  i s  t h e  r e l a t i v e l y  h i g h  l e a k  p r o b a b i l i t i e s  
f o r  t h e  PWR feedwater l i n e s  e a r l y  i n  t h e  p l a n t  l i f e .  I n  t h i s  s i t u a t i o n ,  
t h e  i n s p e c t i o n  i n t e r v a l  i s  o f  o v e r r i d i n g  importance. An ou ts tand ing  
d e t e c t i o n  c a p a b i l i t y  does n o t  o f f s e t  t h e  impact  o f  an un t ime l y  i nspec t i on .  
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4.2 BOILING WATER REACTOR RECIRCULATION LINE CRACKING INCIDENT 

4.2.1 Background 

I n  June 1978, a 3-gpm leak  was d iscovered i n  one o f  t he  e i g h t  r e c i r c u l a t i o n  
i n l e t  nozz le  sa fe  ends a t  one BWR p l a n t  (NUREG-0531). The sa fe  ends a t  t h e  
r e c i r c u l a t i o n  i n l e t  nozz le  are used t o  f a c i l i t a t e  weld ing o f  the  s t a i n l e s s  
s t e e l  i n l e t  p i p i n g  t o  t h e  carbon s t e e l  o f  t he  r e a c t o r  vessel nozzles. A 
thermal s leeve i s  welded i n t o  each sa fe  end t o  d i r e c t  coo lan t  f l o w  i n t o  t he  
vessel .  F igu re  4.6 i l l u s t r a t e s  the  c o n f i g u r a t i o n  o f  t he  nozzle, sa fe  end, 
p i  p i ng  , and thermal sleeve. 

Recirculation Inlet Nozzle 
Carbon Steel, Stainless Steel Clad 

Crack Location 

Thermal Sleeve to 
Safe End Weld 

\-- Thermal Sleeve 

Type 31 6 Stainless Steel 
Spool Piece 

FIGURE 4.6. R e c i r c u l a t i o n  I n l e t  Nozzle Safe End 
Con f i gu ra t i on  a t  BWR P l a n t  

D e t a i l e d  f r a c t u r e  analyses (Burghard 1980) l e d  t o  t he  conclus ion t h a t  c rack  
i n i t i a t i o n  and propagat ion r e s u l t e d  from a combination o f  1) the  h igh  
r e s i d u a l  s t resses  and ope ra t i ng  s t resses  a t  t he  thermal s leeve attachment 
weld, 2) t he  oxygen i n  t h e  coo lan t ,  and 3) a  chemical environment, 
r e s u l t i n g  from a c r e v i c e  formed by t h e  sa fe  end thermal s leeve attachment 
con f i gu ra t i on .  

4.2.2 Data I n p u t  t o  Model 

4.2.2.1 Safe End Geometry and M a t e r i a l  

The sa fe  end modeled had an ou ts ide  diameter o f  13.2 inches and was 1.15 
inches t h i c k .  The m a t e r i a l  was Inconel  600. 



4.2.2.2 I n i t i a l  Crack Depth 

The i n i t i a l  crack depth was s p e c i f i e d  as 0.01 inch.  

4.2.2.3 Crack Growth Model 

The crack growth model was based on Boyce and Woo (1983) and i s  expressed 
as 

where a = crack depth i n  inches 

t = t ime i n  hours 

C = lognormal d i s t r i b u t i o n  w i t h  median value 1.44 x and 
standard d e v i a t i o n  3.112 x 10 

I t  should be noted t h a t  t h e  median value o f  C was determined from Equat ion 
(4.5) by assuming an i n i t i a l  crack depth o f  0.01 inch, which was cons i s ten t  
w i t h  t he  p ipe  leak  a t  t he  s p e c i f i c  t ime. Because o f  t he  l a c k  o f  t e s t  data 
f o r  growth r a t e s  o f  s t r e s s  co r ros ion  cracks i n  Inconel ,  t he  standard 
d e v i a t i o n  o f  C was assumed t o  be i d e n t i c a l  t o  t he  one compiled from the  



t e s t  da ta  f o r  s t a i n l e s s  s t e e l s  under a s i m i l a r  co r ros ion  environment 
(General E l e c t r i c  Company 1982). 

4.2.2.4 Loading Condi t ions 

The c o n t r i b u t i n g  s t resses are  those induced by pressure, dead weight ,  and 
r e s t r a i n t  o f  thermal expansion, as w e l l  as res idua l  and peak st resses.  The 
a x i a l  s t r e s s  p r o f i l e  through the  p ipe  w a l l  can be approx imate ly  expressed 
by the  t h i r d - o r d e r  polynomial  

n e 

where x/h i s  t he  normal ized r a d i a l  d is tance measured from i n s i d e  the  p ipe  
w a l l  t o  an a r b i t r a r y  p o i n t  w i t h i n  t he  w a l l .  Ao, Al, A2, and A3 a re  t he  
c o e f f i c i e n t s  g iven i n  Equation (4.5).  

4.2.2.5 Crack Detec t ion  P r o b a b i l i t y  

Because Inconel  600 p i p i n g  was n o t  p a r t  o f  t h e  PNL p i p i n g  i n s p e c t i o n  round 
rob in ,  t h e  c rack  d e t e c t i o n  p r o b a b i l i t y  curves f o r  s t ress  co r ros ion  cracks 
w i t h i n  welds o f  wrought s t a i n l e s s  s t e e l  p i p i n g  were assumed t o  app ly  t o  
Inconel  600 as w e l l .  Equations (2.6) through (2.8) g i ve  th ree  POD curves, 
r e f e r r e d  t o  as the  poor, good, and advanced i nspec t i on  r e l i a b i l i t y .  

4.2.2.6 I n s e r v i c e  Inspec t i on  Schedules 

Table 4.7 presents f o u r  schedules f o r  i n s e r v i c e  inspec t ion .  Inspec t ions  
are  assumed t o  be performed a t  t he  end o f  t he  year  i n d i c a t e d  i n  Table 4.7. 

TABLE 4.7. Inspec t ion  Schedules f o r  BWR R e c i r c u l a t i o n  
L i n e  Reactor Vessel Nozzle Safe End 

Scenario Desc r i p t i on  Inspec t ion  Schedule (end o f  yea r )  

1  ASME Program B ( ~ )  10, 20, 30, 40 

2 112 i nspec t i on  i n t e r v a l s  
o f  ASME Program B 5, 10, 15, ...., 35, 40 

3 115 i nspec t i on  i n t e r v a l s  
o f  ASME Program B 2, 4, 6, ...., 38, 40 

4 1/10 i nspec t i on  i n t e r v a l s  
o f  ASME Program B 1, 2, 3, . .. . , 39, 40 

(a )  Refers t o  ASME B o i l e r  and Pressure Vessel Code, Sec t ion  X I ,  I n s e r v i c e  
Inspec t i on  Program 



Resul ts  and Discussion 

Cumulative l eak  p r o b a b i l i t i e s  f o r  BWR r e c i r c u l a t i o n  l i n e  sa fe  ends over a 
40-year p l a n t  l i f e  a re  expressed as func t ions  o f  t he  f o u r  inspect ion  
schedules and the  c rack  de tec t i on  c a p a b i l i t i e s  f o r  the  th ree  inspect ion  
teams. F igure  4.7 shows the  p red i c ted  l eak  p r o b a b i l i t y  over the 40-year 
p l a n t  l i f e  f o r  the  poor inspect ion  teams and the f o u r  inspect ion  schedules. 
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FIGURE 4.7. Cumulative Leak P r o b a b i l i t i e s  f o r  BWR Rec i r cu la t i on  
Nozzle Safe End Based on Poor Inspect ion  Team and Four 
Inspect ion  Schedul es 

It can be seen tha t ,  when compared w i t h  the case o f  no inspect ion,  the 
r e l i a b i l i t y  a t  the  sa fe  end i s  n o t  improved s i g n i f i c a n t l y  by the  poor 
team's inspect ion,  even w i t h  an augmented inspect ion  program such as 
schedule 1. I n  o the r  words, t he  team w i t h  the poor f l aw  de tec t i on  capab i l -  
i t y  i s  o f  no b e n e f i t  i n  improving the  r e l i a b i l i t y  o f  t h i s  safe end, regard- 
l e s s  o f  the  i nspec t i on  schedule chosen. However, bo th  good and advanced 
inspec t i on  teams prov ide  an improvement and reduce leak  probab i l  i t i e s ,  as 
shown i n  Figures 4.8 and 4.9, respec t i ve l y .  A good inspec t i on  team can c u t  
t he  l eak  p r o b a b i l i t i e s  f o r  t he  safe end from about u n i t y  t o  0.89 (schedule 
4) a t  t he  end o f  p l a n t  l i f e .  With the  he lp  o f  an advanced team, the leak  
p r o b a b i l i t i e s  become 0.87 (schedule I ) ,  0.65 (schedule 2), 0.26 (schedule 
3),  and 0.06 (schedule 4) a t  the  end of p l a n t  l i f e .  

A comparison o f  r e s u l t s  shown i n  F igures 4.8 and 4.9 i nd i ca tes  t h a t  the 
improvement f o r  the  good i nspec t i on  team i s  comparable t o  t h a t  f o r  t h e ,  , 
advanced team. As f o r  the  PWR feedwater l i n e  example, the  l eak  p r o b a b i l i -  
t i e s  approach u n i t y  e a r l y  i n  the  p l a n t  l i f e .  Ev ident ly ,  i n  t h i s  s i t u a t i o n  
t h e  i nspec t i on  i n t e r v a l  i s  o f  p r imary  importance, once a c e r t a i n  minimal 
l e v e l  o f  crack de tec t i on  capabi 1 i ty i s  achieved. 
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5.0 INTERPRETATION OF RESULTS 

A long-term o b j e c t i v e  o f  PNL's research program i s  t o  evaluate the  impact 
o f  NDE on system r e l i a b i l i t y .  The PWR feedwater l i n e  and BWR r e c i r c u l a t i o n  
l i n e  i n c i d e n t  s imu la t ions  are  b u t  one o f  a  number o f  f r a c t u r e  mechanics 
c a l c u l a t i o n s  i n  which t h e  impact o f  NDE i s  being evaluated. This  sec t ion  
addresses concerns regard ing  1)  case-spec i f i c  c h a r a c t e r i s t i c s  o f  the two 
c rack ing  i n c i d e n t s  evaluated and 2) i npu ts  and assumptions t o  the 
a n a l y t i c a l  models. Both f a c t o r s  may s i g n i f i c a n t l y  i n f l u e n c e  the t rends 
suggested by t h e  r e s u l t s  o f  t he  s p e c i f i c  p r o b a b i l i s t i c  f r a c t u r e  mechanics 
analyses descr ibed i n  t h i s  repo r t .  

EFFECT OF SYSTEM FAILURE RATE 

The case s p e c i f i c  analyses descr ibed i n  t h i s  r e p o r t  apply t o  systems f o r  
which f a i l u r e  by l e a k  occurs e a r l y  i n  the  l i f e  o f  the  reac tor ,  and then 
decreases w i t h  t ime. This  t r e n d  has a  s i g n i f i c a n t  impact on the  a b i l i t y  o f  
i n s e r v i c e  i nspec t i on  t o  improve system r e l i a b i l i t y .  The conclusions o f  
these analyses must n o t  be app l i ed  t o  s i t u a t i o n s  i n  which the f a i l u r e  r a t e  
may increase du r ing  the  l i f e  o f  t he  reac to r .  The Appendix presents data on 
the  experience w i t h  BWR p i p i n g  i n  t he  U.S., where the  observed r a t e  of 
p i p i n g  f a i l u r e  by l eak  has tended t o  increase dur ing  the l i f e  o f  t he  
reac tors .  

F igure  5.1 schemat ica l l y  po r t rays  the  con t ras t i ng  cases i n  which f a i l u r e  
r a t e s  decrease and increase w i t h  t ime. I n  general, NDE i s  o f  g rea ter  
b e n e f i t  f o r  s i t u a t i o n s  where f a i l u r e s  tend t o  occur l a t e r  i n  l i f e  so t h a t  
inspect ions  can be performed before cracks grow t o  unacceptable s izes.  The 
analyses documented i n  t h i s  r e p o r t  considered s i t u a t i o n s  f o r  which f a i l u r e s  
occur e a r l y  i n  the  l i f e  o f  t he  reac to r .  I n  cont ras t ,  ca l cu la t i ons  a re  
descr ibed i n  the  Appendix f o r  which f a i l u r e s  occur a t  an increas ing  r a t e  
l a t e r  i n  the  p l a n t  l i f e t i m e .  

F igure  5.2 shows the  expected impact o f  NDE on systems w i t h  increas ing  
versus decreasing f a i l u r e  ra tes .  C lear ly ,  t h e  case s tud ies  presented i n  
t h i s  r e p o r t  tend t o  minimize the  p o t e n t i a l  impact o f  p e r i o d i c  inspect ion  
because the  f r a c t u r e  mechanics model p r e d i c t s  f a i l u r e  ra tes  t h a t  decrease 
w i t h  t ime. I n  these analyses, a  d i sp ropo r t i ona te  number o f  f a i l u r e s  occur 
ea r l y ,  very  o f t e n  p r i o r  t o  t he  f i r s t  scheduled inspect ion.  I n  cont ras t ,  
f o r  analyses i n  which the  f a i l u r e  r a t e  increases w i t h  time, the f a i l u r e s  
tend t o  occur l a t e r ,  and the re  i s  a  g rea te r  oppor tun i t y  f o r  a  growing crack 
t o  be detected du r ing  a  scheduled inspect ion .  

5.2 EFFECT OF MODEL FOR INSPECTION PROBABILITY 

The POD curves from the  PNL p i p i n g  i nspec t i on  round r o b i n  are based on data 
f o r  a  s i n g l e  i nspec t i on  o f  a  specimen w i t h  a  g iven f law.  I n  cont ras t ,  the 
c u r r e n t  c a l c u l a t i o n s  address the  de tec t i on  o f  growing f laws fo r  which 
several  inspect ions  occur p e r i o d i c a l l y  over the  design l i f e  of the  
component. These c a l c u l a t i o n s  requ i red  assumptions t o  ex t rapo la te  the PNL 
curves f o r  POD t o  the  s i t u a t i o n  o f  mu1 t i p l e  inspect ion.  
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FIGURE 5.1. Comparison o f  P r o b a b i l i t y  Trends 

To descr ibe  crack de tec t i on  f o r  s i t u a t i o n s  o f  repeated inspect ion ,  the  
f o l l o w i n g  d e f i n i t i o n s  a re  made. 

PI = p r o b a b i l i t y  o f  nondetect ion f o r  the  f i r s t  i nspec t i on  when f l a w  
has depth al 

P2 = p r o b a b i l i t y  o f  nondetect ion f o r  t he  second inspec t i on  when f l a w  
has depth ap 

PN = p robab i l  i t y  o f  nondetect ion f o r  t he  Nth i nspec t i on  when the  f l a w  
has depth aN . P = p r o b a b i l i t y  o f  nondetect ion over a l l  N inspect ions .  
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FIGURE 5.2. Impact o f  Inspect ion  on Systems w i t h  Increasing 
Versus Decreasing Leak Probabi 1 i t y  

Two bounding assumptions can be made i n  the  ana lys is  o f  the m u l t i p l e  
inspect ion  scenario. These assumptions lead t o  q u i t e  d i f f e r e n t  r e s u l t s  f o r  
t he  pred ic ted p r o b a b i l i t y  o f  de tec t ing  the  growing f law over the N 
inspect ions. 

5.2.1 Bounding Assumption 1 

It can be assumed t h a t  nondetect ion i s  due t o  pure ly  random fac to rs .  
Nondetection o f  a g iven crack i n  one inspect ion  imp1 i e s  no systematic 
reason t h a t  t h i s  f l a w  w i l l  o r  w i l l  n o t  be detected i n  a subsequent 
inspect ion.  Under these condi t ions,  



This imp l i es  t h a t  a  se r ies  o f  inspect ions w i t h  perhaps modest de tec t i on  
c a p a b i l i t y  can produce a  compounded de tec t i on  c a p a b i l i t y  much super io r  t o  
any o f  the  i n d i v i d u a l  inspect ions.  For example, consider N = 4  w i t h  the  
nondetect ion p r o b a b i l i t i e s  P = 0.50, P = 0.20, P3 = 0.10, and P4 = 0.05. 
The assumption o f  random fac to rs  imp l i eg  t h a t  

Thus, the  p r o b a b i l i t y  o f  n o t  de tec t i ng  the  crack i s  on l y  5  chances i n  
10,000, which i s  a  f a c t o r  o f  100 b e t t e r  than the  best  o f  the  i n d i v i d u a l  
inspect ions  ( i .e . ,  P = 0.05). Ca lcu la t ions  described i n  t h i s  r e s p o r t  are 
performed w i t h  t h e  P~AISE code; the  s t r u c t u r e  o f  t h i s  code g ives de tec t i on  
p r o b a b i l i t i e s  t h a t  a re  governed by bounding assumption 1  as def ined here. 

5.2.2 Bounding Assumption 2  

It can be assumed t h a t  nondetect ion i s  due t o  pu re l y  systematic f a c t o r s  
such as crack t i gh tness  o r  s igna ls  from adjacent geometric r e f l e c t o r s .  
Nondetection o f  a  g iven crack i n  one inspect ion  impl ies  t h a t  these same 
systematic f a c t o r s  w i l l  impede de tec t i on  i n  subsequent inspect ions.  Under 
these cond i t i ons  i t  i s  conservat ive t o  assume t h a t  

This means t h a t  t he  r e s u l t  o f  a  se r ies  o f  inspect ions w i l l  g i ve  a  de tec t i on  
c a p a b i l i t y  governed by the  de tec t i on  c a p a b i l i t y  f o r  f i n a l  i nspec t ion  f o r  
which the  f l a w  has i t s  g reates t  depth and, hence, i s  most detectable.  For 
the  above example, 

Thus, the  crack de tec t i on  c a p a b i l i t y  i s  100 times l e s s  e f f e c t i v e  than t h a t  
p red ic ted  under assumption 1. The reader i s  r e f e r r e d  t o  the  Appendix f o r  
sample c a l c u l a t i o n s  based on assumption 2. 

EFFECT OF PIPING RELIABILITY MODEL 

Spec i f i c  fea tures  o f  t he  p i p i n g  re1 i a b i l  i t y  model used i n  the PRAISE code 
can a f f e c t  the  p red ic ted  impact of IS1 on system r e l i a b i l i t y .  The 
p red ic ted  shape o f  the  f a i l u r e  probabi 1  i t y  curve ( increas ing versus 
decreasing f a i l u r e  r a t e )  and t h e  crack de tec t i on  model have been reviewed 
i n  the  above d iscussion.  Other fac tors  are  now addressed. 

It should be emphasized t h a t  t he  p i p i n g  re1 i a b i l  i t y  model appears t o  
c o r r e l a t e  we1 1  w i t h  se rv i ce  experience f o r  the  two cracking i n c i d e n t s  
considered (feedwater 1  i n e  and r e c i r c u l a t i o n  1  i ne )  . I n  both cases the  
p red ic ted  f a i l u r e  p r o b a b i l i t i e s  have r e l a t i v e l y  h igh  values f o r  the  times 
a t  which cracking was a c t u a l l y  observed i n  serv ice.  However, data from the 
se rv i ce  experience are  i n s u f f i c i e n t  t o  determine i f  the  a n a l y t i c a l  model 
c o r r e c t l y  ca l cu la tes  t h a t  ac tua l  r e l a t i o n s h i p  between crack depth and t ime 



o f  r e a c t o r  opera t ion .  Th is  crack growth t rend  i s  an important  f a c t o r  t h a t  
impacts the  a b i l i t y  o f  NDE t o  de tec t  a  crack before i t  grows t o  an unaccept- 
ab le  depth. 

The fea tu res  o f  t he  a n a l y t i c a l  model t h a t  r e l a t e  t o  the  crack growth 
p r e d i c t i o n s  a re  as fo l l ows :  . The cracks a r e  assumed t o  i n i t i a t e  very e a r l y  i n  the  l i f e  o f  the 

component, so t h a t  c rack  growth r a t e s  r a t h e r  than i n i t i a t i o n  t imes 
govern the  t ime t o  f a i l u r e .  The i n t r o d u c t i o n  o f  the  i n i t i a t i o n  t ime 
fo r  cracks i n t o  the  p i p i n g  r e l i a b i l i t y  model would tend t o  g i ve  more 
p e s s i m i s t i c  p r e d i c t i o n s  o f  the  b e n e f i t s  o f  inspect ion .  . The growth o f  cracks i s  assumed t o  be adequately described by the  
s imple P a r i s  type r e l a t i o n s h i p .  Other, more complex, r e l a t i o n s h i p s  
cou ld  g i v e  crack depth versus t ime t rends t h a t  e i t h e r  enhance o r  
impede crack de tec t i on .  

It i s  assumed t h a t  no changes i n  r e a c t o r  opera t ing  cond i t ions  occur. 
Thus, f a c t o r s  such as the l e v e l  o f  s t ress ,  r a t e  o f  cyc l ing ,  and water 
chemist ry  remain unchanged. Changes i n  these f a c t o r s  would a f f e c t  the  
crack depth versus t ime trends, and cou ld  e i t h e r  enhance o r  impede 
crack de tec t i on .  

Residual s t resses have been neglected i n  the  c a l c u l a t i o n s  o f  crack 
growth i n  welds. I t  i s  known t h a t  such st resses o f t e n  have a  
s i g n i f i c a n t  e f f e c t  on crack growth behavior,  and may cause the crack 
growth process t o  slow down o r  a r r e s t  as the  crack depth increases. 
Such an e f f e c t  would increase the  p r o b a b i l i t y  o f  crack de tec t ion .  . The model assumes t h a t  each c r i t i c a l  l o c a t i o n  can f a i l  on l y  once 
du r ing  the  r e a c t o r  design l i f e .  As such, i t  i s  imp l i ed  t h a t  a  
"pe r fec t "  r e p a i r  occurs as soon as a  crack i s  detected e i t h e r  through 
IS1 o r  by d e t e c t i o n  o f  a  l eak  associated w i t h  a  through-wal l  crack. 

These f a c t o r s  a re  l i s t e d  t o  emphasize t h a t  conclus ions regarding the 
b e n e f i t s  o f  IS1 are, i n  many respects, dependent on the s p e c i f i c  crack ing 
i n c i d e n t ,  as w e l l  as on the  s p e c i f i c  model used t o  descr ibe d e t a i l s  of the 
crac k i  ng i nc iden t .  

F igures 5.3 and 5.4 sumnarize t h e  r e s u l t s  o f  t he  c a l c u l a t i o n s  and i n d i c a t e  
the  r e l a t i v e  impact o f  IS1 p e r i o d  and NDE r e l i a b i l i t y  ( l abe led  "poor", 
"good", and "advanced" ) . Improvements i n  de tec t i on  probabi 1  i t y  from 
poor t o  advanced teams a re  perhaps most c l e a r l y  seen as a  decrease i n  slope 
o f  t he  l e a k  p r o b a b i l i t y  curves t h a t  occurs a t  the  t ime o f  the  f i r s t  
inspect ion .  There i s  a  c l e a r  d i f f e r e n c e  among the  performance l e v e l s  f o r  
t h e  th ree  d e t e c t i o n  c a p a b i l i t i e s  as measured by the  slopes o f  the curves. 
However, f o r  the  se lec ted  scenarios, t h i s  decrease i n  slope ( f a i l u r e  r a t e )  
has no impact on those components t h a t  develop leaks p r i o r  t o  t h i s  f i r s t  
inspect ion .  I n  cont ras t ,  i n  systems w i t h  low leak  p r o b a b i l i t i e s  e a r l y  i.n 



1 i f e  and w i t h  an assoc ia ted  i n c r e a s i n g  f a i l u r e  r a t e ,  t h e  d i f f e r e n c e s  i n  
s l ope  w i l l  have a  g r e a t  impact  on system r e l i a b i l i t y .  The r e s u l t s  f o r  t h e  
case s tudy  desc r i bed  i n  t h e  Appendix c l e a r l y  show t h i s  p o s i t i v e  impact.  
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6 . 0  CONCLUSIONS 

The impact o f  i n s e r v i c e  i n s p e c t i o n  on t h e  r e l i a b i l i t y  o f  nuc lea r  p i p i n g  was 
eva lua ted  f o r  two s e r v i c e  f a i l u r e  i n c i d e n t s  us ing  a  p r o b a b i l i s t i c  f r a c t u r e  
mechanics approach. Based on t he  a n a l y s i s  r e s u l t s  f o r  t h e  se lec ted  
scenar ios,  f o u r  p r imary  conc lus ions  may be drawn: 

An e f f e c t i v e  i n s e r v i c e  i n s p e c t i o n  r e q u i r e s  a  s u i t a b l e  combinat ion o f  
f l a w  d e t e c t i o n  c a p a b i l i t y  and i n s p e c t i o n  schedule. 

An augmented i n s p e c t i o n  schedule i s  r e q u i r e d  f o r  these s p e c i f i c  l i n e s  
w i t h  f as t -g row ing  f l a w s  t o  ensure t h a t  t he  i n s p e c t i o n  i s  done be fo re  
t h e  f l a w s  reach  c r i t i c a l  s i zes .  

I f  f l a w s  have t h e  p o t e n t i a l  t o  grow t o  c r i t i c a l  s i z e  i n  t he  e a r l y  
s tage  o f  p l a n t  opera t ion ,  then t h e  f i r s t  s e r v i c e  i n s p e c t i o n  i s  t he  
most impo r tan t  one. 

For  t he  PNL round r o b i n  study, t h e  improvement as measured by 
r e d u c t i o n  i n  l e a k  p r o b a b i l i t y  f rom t h e  "good" team t o  t h e  "advanced" 
team i s  l e s s  than t h a t  f rom t h e  "poor"  team t o  t he  "good" team. 
Th i s  e l i m i n a t i o n  o f  "poor"  teams through t r a i n i n g  and q u a l i f i c a t i o n  
t e s t i n g  can produce s i g n i f i c a n t  b e n e f i t s  t o  I S 1  e f f e c t i v e n e s s .  

A l though t h e  f i n d i n g s  o f  t h i s  s tudy may n o t  be a p p l i c a b l e  t o  a l l  p i p i n g  
systems, we b e l i e v e  t h a t  t h e  p r o b a b i l i s t i c  approach i s  s u i t a b l e  f o r  
assessing t h e  impact o f  i n s e r v i c e  i n s p e c t i o n  o f  o the r  p i p i n g  systems. I t  
should be no ted  t h a t  t h e  focus o f  t h i s  s tudy  was on l i n e s  w i t h  h i gh  f a i l u r e  
p r o b a b i l i t i e s  e a r l y  i n  t h e  p l a n t  l i f e .  For  these l i n e s  i t  appears t h a t  t he  
e f f e c t i v e n e s s  o f  i n s e r v i c e  i n s p e c t i o n  i s  dominated by t he  i n s p e c t i o n  p e r i o d  
r a t h e r  than t h e  f l a w  d e t e c t i o n  c a p a b i l i t y .  For  o t h e r  l i n e s  t h a t  a r e  n o t  
s u b j e c t  t o  h i g h  f a i l u r e  p r o b a b i l i t i e s  e a r l y  i n  l i f e ,  t h e  e f f e c t i v e n e s s  o f  
i n s e r v i c e  i n s p e c t i o n  (as shown i n  t h e  Appendix) w i l l  be more s t r o n g l y  
governed by t he  f l a w  d e t e c t i o n  capabi 1  i ty. 
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APPENDIX 

AN EVALUATION OF THE IMPACT OF 
INSERVICE INSPECTION ON STRESS 

CORROSION CRACKING IN  BWR PIPING 

This Appendix describes the  r e s u l t s  of p r o b a b i l i s t i c  f r a c t u r e  ca l cu la t i ons  
performed a t  PNL t h a t  evaluate the  impact of I S 1  on i n t e r g r a n u l a r  s t ress  
cor ros ion  c rack ing  (IGSCC) i n  b o i l  i n g  water r e a c t o r  (BWR) p ip ing .  The 
eva lua t ion  i s  f o r  a d i f f e r e n t  f a i l u r e  scenar io and uses a f r a c t u r e  
mechanics model t h a t  d i f f e r s  from t h a t  o f  the  eva lua t ions  described i n  the 
body o f  the  repo r t .  

The p r o b a b i l i t y  o f  crack de tec t i on  curves (F igure  A . l )  from the  PNL p i p i n g  
i nspec t i on  round r o b i n  were app l i ed  t o  data on IGSCC. The I G S C C  data were 
pub1 ished by the  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) and were based on 
opera t ing  experience w i t h  s t a i n l e s s  s tee l  p i p i n g  i n  use a t  BWRs. These 
resu l  t s  from the  EPRI/BWR Owners Group Research P ro jec t  (General E l e c t r i c  
Company 1982; Eason 1982) a re  i n d i c a t e d  i n  Figures A.2 and A.3. The 
r e s u l t s  o f  PNL's eva lua t ion  (shown i n  F igure  A.4) i n d i c a t e  t h a t  a 
s i g n i f i c a n t  increase i n  r e a c t o r  p i p i n g  r e l i a b i l i t y  can r e s u l t  from improved 
crack de tec t i on  c a p a b i l i t y  du r ing  NDE. Comparison of the  r e s u l t s  presented 
i n  t h i s  Appendix w i t h  r e s u l t s  g iven i n  the body o f  t h i s  r e p o r t  show t h a t  
t he  p red i c ted  b e n e f i t s  o f  I S 1  a re  s e n s i t i v e  t o  both the  f a i l u r e  mode being 
addressed and the  assumptions o f  t he  a n a l y t i c a l  model used t o  descr ibe the 
i nspec t i on  process. 

The c a l c u l a t i o n s  u t i l i z e d  the  crack growth curve o f  F igure  A.2, which was 
ex t rac ted  from Eason (1982). Although t h i s  curve i s  based on extensive 
a n a l y t i c a l  developments as we l l  as l abo ra to ry  experimental programs, i t  
must be recognized t h a t  any p r e d i c t i o n  o f  t he  progress o f  IGSCC i s  sub jec t  
t o  considerable unce r ta in t y  and i s  the t o p i c  o f  cont inu ing  research 
e f f o r t s .  Nevertheless, the  key fea tu re  o f  t he  p a r t i c u l a r  curve i n  F igure 
A. 2  i s  t h e  prolonged p e r i o d  o f  shal low crack depth ( s t a r t i n g  from an 
i n i t i a l  depth o f  0.010 i n . )  and the  r e l a t i v e l y  slow r a t e  o f  crack growth 
over most o f  t he  l i f e  o f  t he  component. Under these cond i t ions  o f  
prolonged per iods o f  small crack depth, the  de tec t ion  o f  cracks i s  
d i f f i c u l t .  I f  the  p r o b a b i l i t y  o f  crack de tec t i on  i s  t o  be high, 
inspect ions  must occur r e l a t i v e l y  l a t e  i n  l i f e ,  when the  crack depth has 
increased t o  a r e l a t i v e l y  de tec tab le  s ize .  

The curve o f  crack depth versus t ime as shown i n  F igure A.2 was n o t  used i n  
a d i r e c t  o r  absolute sense. Rather, on l y  the  shape o f  t he  curve was 
u t i l i z e d  i n  these p r o b a b i l i s t i c  ca l cu la t i ons .  The ac tua l  t ime t o  l eak  ( o r  
through-wal l  crack)  was assumed t o  be described by the  p r o b a b i l i s t i c  curve 
shown i n  F igure  A.3. This  d i s t r i b u t i o n  from I E  B u l l e t i n  No. 88-02 (NRC 
1983) was e m p i r i c a l l y  der ived from an ana lys i s  o f  data from f i e l d  exper i -  
ence w i t h  BWR p i p i n g  systems. The curves i n  F igure A.3 show the  f r a c t i o n  
o f  welds t h a t  have requ i red  r e p a i r  due t o  IGSCC cracking. This  f r a c t i o n  
increases w i t h  t ime as the  days o f  reac to r  opera t ion  increase. The 
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ana lys i s  of data i n  I E  B u l l e t i n  No. 88-02 showed t h a t  the data f e l l  i n t o  
two populat ions, designated as 1 )  r e c i r c u l a t i o n  bypass l i n e s  and 2)  "o the r "  
BWR systems. As might  be seen, the re  i s  considerable weld-to-weld 
v a r i a t i o n  i n  se rv i ce  l i f e .  Th is  v a r i a t i o n  can be a t t r i b u t e d  t o  d i f f e rences  
i n  such f a c t o r s  as weld ing res idua l  stresses, coo lant  system chemistry, and 
degree o f  s e n s i t i z a t i o n  from welding, as w e l l  as o ther  unspec i f ied  fac to rs .  

- 
10-in. RISER - 24.6 ksi 

- 

The p r o b a b i l i t y  o f  f l a w  nondetectior, curves o f  F igure A.l are f o r  "poor" 
and "good" NDE r e l i a b i l i t y  and are  rep resen ta t i ve  o f  t he  range o f  
performance by d i f f e r e n t  teams i n  t h e  PNL p i p i n g  inspect ion  round-robin. 
The "advanced" curve i s  an es t imate  o f  t h e  l e v e l  o f  performance t h a t  can be 
achieved w i t h i n  t h e  1 i m i t a t i o n s  o f  f i e l d  procedures and ex3st ing  
technology. For IGSCC there  i s  c l e a r l y  a s i g n i f i c a n t  range i n  team-to-team 
performance, a1 though a1 1 teams i n c l u d i n g  the  "poor" team met minimum ASME 
Sect ion X I  Code requirements. The "poor" team detected o n l y  about 10 
percent  o f  f laws as deep as 40 percent  o f  t he  w a l l  th ickness.  I n  cont ras t ,  
t h e  "good" team detected about 80 percent  o f4 f laws o f  t h i s  depth. The 
"advanced" curve o f  F igure  A.l assigns a 10- p r o b a b i l i t y  of nondetect ion 
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Source: Eason (1982). 

for a through-wall flaw. This assumes the use of advanced instrumentation, 
and assumes that human errors will be the major factor in nondetection of 
deep flaws. For small flaws, the instrumentation and physics of the 
detection process will be the major factors. A 90 percent probability of 
detection for a flaw with a depth of 10 percent of the wall was assumed. 

In the fracture mechanics calculations it was necessary to apply the 
detection curves outside the parameters of the data from the piping 
inspection round robin. For pipe wall thickness other than the 10-inch Sch 
80 pipe of the round robin, it was assumed that the detection probability 
was only a function of the ratio a/t, with the same function of a/t 
applying to all wall thicknesses. The round robin did not involve repeated 
inspection of actual growing IGSCC f 1 aws. 

For multiple inspections of a given growing crack, a lower bound on 
detection probability was estimated using methods from reliability theory. 
The detection probability was taken as the best obtained in any of the 
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FIGURE A . 4 .  Predicted Impact of NDE on the  Occurrence o f  Leaks 
Caused by In te rg ranu la r  Stress Corrosion Cracking 

mu1 t i p l e  inspect ions or ,  i n  e f f e c t ,  the  de tec t i on  probabi 1  i ty corresponding 
t o  t h e  l a s t  inspect ion  f o r  which the  crack has i t s  g reates t  depth. An 
a1 t e r n a t i v e  approach would have been t o  assume an o p t i m i s t i c  upper bound 
behavior governed by the  product o f  t he  probab i l  i t i e s  of nondetect ion from 
t h e  successive inspect ions.  This approach was bel ieved t o  be ove r l y  
o p t i m i s t i c  because i t  does n o t  p roper l y  account f o r  the systematic factors 
t h a t  may impede the  de tec t i on  o f  a  g iven crack (e.g., crack t igh tness) .  



For the  c a l c u l a t i o n s  under ly ing  F igure  A.4, the  40-year design l i f e  was 
d i v ided  i n t o  un i fo rm inspec t i on  i n t e r v a l s ,  and the  i nspec t i on  was assumed 
t o  be performed a t  t he  midpo in t  of each i n t e r v a l .  I nse rv i ce  i nspec t i on  
i n t e r v a l s  ranging from 10 years (ASME Code scheduled i nspec t i on )  t o  1 year  
were considered. I n  the  p r o b a b i l i s t i c  c a l c u l a t i o n s  a d i s t r i b u t i o n  o f  crack 
growth curves o f  t h e  shape i n  F igure  A.2 was simulated, w i t h  the  t ime sca le  
t h a t  de f ines  end p o i n t s  o f  t he  curves having a d i s t r i b u t i o n  cons i s ten t  w i t h  
F igure  A.3. 

F igure  A.4 shows the  p red i c ted  impact o f  NDE on system r e l i a b i l i t y .  The 
measure o f  r e l i a b i l i t y  was def ined as the  number o f  leaks  t h a t  occur over 
t he  40-year design l i f e  o f  t he  p l a n t .  Factor  o f  improvement i s  de f ined as 
the  r a t i o  

Number o f  leaks w i thou t  NDE = 
Number of leaks  w i t h  NDE 

The r e s u l t s  show the  p red i c ted  improvement i n  system re1  i a b i l  i t y  t h a t  occurs 
as the  number o f  inspect ions  over t he  40-year design l i f e  i n  increased. 

It appears t h a t  "poor" NDE has l i t t l e  impact on system r e l i a b i l i t y ,  bu t  
"good" NDE can improve r e l i a b i l i t y  by a f a c t o r  o f  2 t o  10 depending on the  
IS1 per iod.  Even g rea te r  p o t e n t i a l  b e n e f i t s  can be achieved w i t h  
"advanced" technology and procedures. Recent NRC requirements f o r  
enchanced NDE o f  BWR p i p i n g  appear t o  have a p o s i t i v e  impact on system 
r e l i a b i l i t y .  I n  p a r t i c u l a r ,  the  frequency o f  i nspec t i on  requ i red  by 
NUREG-0313 and e l i m i n a t i o n  o f  i n e f f e c t i v e  IS1 v i a  I E B  88-02 prov ides a 
f a c t o r  o f  improvement o f  about 5 over code minimum I S 1  as prov ided by the  
"poor" NDE re1  i a b i l  i t y  curve of F igure  A. 1. The c a l c u l a t i o n s  o f  the  impact 
o f  NDE on I G S C C  support  t h e  f o l l o w i n g  conclusions. 

There a re  c l e a r  and s i g n i f i c a n t  di f ferences i n  the  a b i l i t y  o f  
a l t e r n a t i v e  NDE procedures t o  d e t e c t  IGSCC p r i o r  t o  leak.  

The "poor" team cannot approach a 50 percent  p r o b a b i l i t y  o f  de tec t i ng  
I G S C C  p r i o r  t o  leak,  even w i t h  an extremely s h o r t  i nspec t i on  i n t e r v a l  
o f  once per  year .  Inspect ions o f  t h i s  q u a l i t y  are o f  e s s e n t i a l l y  zero 
b e n e f i t ,  and a re  n o t  j u s t i f i e d  on t h e  bas is  o f  cos t  and r a d i a t i o n  
exposure concerns. 

The "good" team can r e a d i l y  a achieve a f a c t o r  o f  improvement o f  2 i n  
p revent ing  leaks due t o  I G S C C  and can, w i t h  a s h o r t  i nspec t i on  
i n t e r v a l ,  approach a f a c t o r  o f  10 improvement. 

"Advanced" I S 1  can r e a d i l y  achieve a f a c t o r  o f  improvement o f  10 i n  
p revent ing  I G S C C  leaks; t h i s  can be increased t o  100 w i t h  the  
i nspec t i on  i n t e r v a l  decreased s u f f i c i e n t l y .  



B e t t e r  i nspec t i on  procedures ("good" versus "poor" and "advanced" 
versus "good") appear t o  o f f e r  a c o s t - e f f e c t i v e  op t i on  f o r  enhancing 
p i p i n g  performance. The r e s u l t s  i n d i c a t e  t h a t  use o f  a b e t t e r  
procedure can be more e f f e c t i v e  than a t e n f o l d  increase i n  the  number 
o f  i nspec t i ons  w i t h  t h e  cont inued use o f  an i n f e r i o r  procedure. . A f a c t o r  o f  10 decrease i n  f a i l u r e  p r o b a b i l i t y  can be viewed as a 
reasonable est imate f o r  t he  b e n e f i t  t h a t  can be achieved through I S I .  

The r e s u l t s  show t h a t  r e l a t i v e l y  s h o r t  i nspec t i on  i n t e r v a l s  (e.g., one 
i nspec t i on  per  year  of opera t ion)  a re  requ i red  t o  prevent leaks due t o  
IGSCC i n  f a i l u r e - p r o n e  welds. Such i nspec t i on  i n t e r v a l s  may be 
p r a c t i c a l  b u t  o n l y  as a temporary measure f o r  a few selected welds. 
However, such i n t e r v a l s  would be imprac t i ca l  as a p lant-wide measure 
t o  assure p i p i n g  i n t e g r i t y .  
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