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ABSTRACT 

The reliabil i ty of nuclear piping is a function of piping quality as 
fabricated, service loadings and environments, plus programs of continuing 
inspection during operation. This report presents trie results of a study of 
the impact of Inservice inspection (ISI) programs on the rel iabil i ty of speci­
fic nuclear piping systems that have actually failed in service. Two major 
factors are considered in the ISI programs: one is the capability of detect­
ing flaws; the other is the frequency of performing ISI. A probabilistic 
fracture mechanics model issued to estimate the reliabili ty of two nuclear 
piping lines over the plant l ife as functions of the ISI programs. Examples 
chosen for the study are the PWR feedwster steam generator nozzle cracking 
incident and the EWR recirculation reactor vessel nozzle safe-end cracking 
incident. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Governnent nor any agency t her cor, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or response 
bilily for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, Qr represents that its use would not infringe privately owned rights. Refer­
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by ihe United States Government or any agency thereof. The views 
and opinions of authors, expressed herein do not necessarily state 01 reflect those of the 
United States Government or any agency ificrcof. 
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EXECUTIVE SLMMWY 

The necessi ty fo r cont inu ing inspect ion of nuclear power p lant components 

has been recognized for near ly two decades. A j o i n t e f f o r t by the U.S. 

Nuclear Regulatory Commission (NRC) and the American Society o f Mechanical 

Engineers (ASME) during the per iod o f 1966-68 resul ted i n Section XI o f the 

ASME Bo i le r and Pressure Vessel Code, "Rules for Inserv ice Inspect ion o f 

Nuclear Power Plant Components." This code i s accepted i n t e r n a t i o n a l l y ; how­

ever , the adequacy o f ASME Section XI fo r assuring continued operat ing safety 

has not been conclusively establ ished. I t i s the purpose o f t h i s repor t to 

study the impact o f inserv ice inspect ion on the r e l i a b i l i t y o f nuclear p i p i n g . 

The Pac i f i c Northwest Laboratory (FNL) has conducted a p ip ing inspect ion 
round rob in experiment funded by the U.S. NRC to assess the r e l i a b i l i t y o f 
flaw detect ion capab i l i t y on nuclear p ip ing. The FNL Round Robin inspect ion 
included three mater ials and s i x t e s t teams. The inspect ion effect iveness was 
evaluated for minimum code requirements, c3-pract iced f i e l d procedures, and an 
improved procedure. Inspections are made under laboratory and simulated f i e l d 
condit ions wi th flaws located on the near and far s ide o f the weld. The team 
performances are i d e n t i f i e d as poor, good, and advanced to r e f l e c t d i f f e r e n t 
flaw detect ion c a p a b i l i t i e s r e l a t i v e to the resu l t s o f the round rob in study. 

Lawrence Livermore National Laboratory (LLNL) has been p a r t i c i p a t i n g i n 
the p ip ing r e l i a b i l i t y studies s ince 1980. A p ip ing r e l i a b i l i t y model based 
on the p r o b a b i l i s t i c f r ac tu re mechanics concept was developed by LLNL and has 
been appl ied t o various p ip ing systems. In the model, inserv ice inspect ion 
was considered a key element i n assessing the r e l i a b i l i t y o f p ip ing systems. 
Inserv ice inspect ion consists o f two major fac to rs : one i s flaw detect ion 
c a p a b i l i t y ; t he other i s inspect ion schedule. For input on flaw detect ion 
capab i l i t y i n t h i s study we have used the FNL round r o b i n r e s u l t s , while for 
the inspect ion schedules we have assumed various inspect ion scenarios on the 
basis o f Section XI o f the ASME code. Two actual f a i l u r e inc idents CPWR feed-
water l i n e and BWR r e c i r c u l a t i o n l i n e ) were selected to show the impact o f 
inserv ice inspect ion on the r e l i a b i l i t y o f nuclear p ip ing . R e l i a b i l i t y 
analysis resu l t s for the condi t ions tha t apply t o those two l i n e s led us to 
conclude the fo l l ow ing : 
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(1) An effective inservice inspection requires a suitable combination of flaw 
detection capability and inspection schedule. 

(2) The f i r s t inservice inspection is the most important one i f flaws have 
the potential to grow to c r i t i ca l size in the early stage of plant opera­
tion. 

(3) fln augmented inspection schedule is required for these particular piping 
l ines with fast-growth flaws to ensure that ttie inspection is done before 
flaws reach c r i t i ca l sizes. 

(4) For the PNU round robin study, the improvement in leak probability reduc­
tion from the "good" team to the "advanced" team is less than that from 
the "poor" team to the "good" team. 

In addition, i t is concluded that the probabil ist ic approach presented in 
the study provides a useful method to assess the impact of inservice inspec­
tion on the r e l i a b i l i t y of other nuclear piping systems. 

- x 



1 . INTRODUCTION 

Inserv ice inspect ion of l i g h t water reactor p ip ing systems has been 
recognized as one o f the ways to improve the r e l i a b i l i t y and safe ty o f nuclear 
power p lan ts . Although the requirements of Section XI o f the American Society 
of Mechanical Engineers (ASME) Boi ler and Pressure Vessel Code (hereafter 
re fe r red to as ASME Code) g ive guidance on how and where to perform preservice 
and inserv ice inspect ions, the impact o f those extensive and expansive inspec­
t i ons on the r e l i a b i l i t y o f the components being inspected has not been 
assessed. I t i s the purpose o f th is study to assess the impact o f flaw detec­
t ion capability and inspection schedule an the r e l i a b i l i t y of two selected 
nuclear piping systems. The information for flaw detection capability has 
been gathered from the results of the Piping Inspection Round Robin Program at 
the Pacific Northwest Laboratory (PML). Inspection schedules are primarily 
selected on the basis of Section XI of the ASME Code. A probabi l ist ic 
approach is adopted in this study. The model used in the approach was a 
piping re l iab l i t y model developed for the U.S. Nuclear Regulatory Commission 
(NRC). The re l i ab i l i t y of nuclear piping over plant l i f e is expressed as a 
function of flaw detection capability and inspection schedule. 

The report consists of four sections. Section 2 presents the round robin 
flaw detection capability data and Section 3 describes the piping r e l i a b i l i t y 
model. Sections 4 and 5 describe how the flaw detection capability data are 
integrated with the piping r e l i a b i l i t y model and the results of the piping 
r e l i a b i l i t y calculations. Section 6 provides the conclusions of the study. 



2 . ROUND ROBIN FLAW DETECTION CAPABILITY DATA 

2.1 Background 

2 
The piping inspection rourid robin inspection testing conducted at PNL 

for the U.S. NRC was aimed at determining the effectiveness of inservice 
ultrasonic inspection of nuclear system piping. The round robin Included 
three materials and six test teams. The inspection effectiveness was evalu­
ated for minimum ASME code requirements, as-practiced field procedures:, and an 
improved procedure. Inspections were made under laboratory and simulated 
field conditions with flaws located on both the near and far side of the 
weld. In the following, we will present the results of the probability of 
crack detection (POD) curves for use in the analysis given in Section 3. 

2.2 Probability of Crack Detection 

The probability of crack (or flaw) detection (POD) is defined as the 
probability that a crack with certain specified physical characteristics 
(e.g., size) is found during an inspection and correctly classified as a 
crack. POD is directly measured by counting up the number of times cracks of 
r. given category are successfully ^eecicu, then dividing by the total number 
of times these cracks are subject to inspection. 

The normal cumulative distribution function, * , was used tc fit the 
round robin data. The functional Term is 

x , -t 2/2 
POD = *(x) = J - ^ e dt, and x = U + B In (|) (1) 

where U and 8 are constants re la ted to pipe mater ia ls , u l t rason ic inspect ion 

procedures and inspect ion access. The dimensions a and t are crack depth and 

pipe wa l l th ickness, respec t ive ly . The p robab i l i t y o f crark non-detect ion 

P N D i s def ined as 

P N D = 1 - POD. (2) 
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Tnree POD curves i d e n t i f i e d a<= "poor , " "good," ana "advanced" teams were 

defined as f o l l ows : 

1 . Poor team: t h i s curve represents a lower bound on performance among 

round rob in teams. 

2. Good team; t h i s curve represents the bet ter teams in the round 

r o b i n . 

3. Advanced team: th i s curve represents the performance tha t may be 
achieved w i th improved procedures and e x i s t i n g technology. I t 
assumes a 0.9999 flaw detect ion p robab i l i t y for a th rouoVwal l 
f law. A p robab i l i t y o f detect ion o " about 90 percent for a f law 
w i th a depth of iP percent o r the wa l l was assumed. 

I n the fo l lowino sec t ions , we w i l l present the POO curves i n the form o f 
Eq. (1) f o r botn f e r r i t i c s tee l and s ta in less s tee l mate r ia ls . 

2.3 F e r r i t i c Steel POD Curves 

Three POD curves were generated by f i t t i n g round robin data for fe r ­
r i t i c s tee l under the condit ions where personnel fol lowed the code procedures 
and had near side access for t he i r inspect ion . 

* Poor team 

POD = $[0,432 + 0.163 l n ( a / t ) ] (3a) 

Good team 

POD = $[1.75 + 0.583 l n ( a / t ) ] (3b) 

* Advanced team 

POD = <5[3.63 + 1.106 l n ( a / t ) ] (3c) 

- 3 -



These functions apply to f law depth greater than 5 percent o f w a l l th ickness. 

A detection capab i l i t y o f FDD = 0.0 fo r a / t = 0.0 was assumed, and a l i n e a r 

i n te rpo la t i on with a / t was used between 0 and 5 percent o f wa l l th ickness. 

Some numerical values o f f e r r i t i c s t e e l HDD are presented i n Table 1 . 

Table 1 . Numerical values for f e r r i t i c s tee l POD* curves. 

a / t Poor 

FDD 

Good Advanced 

0 . 0 . 0 . 
.005 0-048 0.045 
.01 0.096 0 .1 
.02 0.191 0.2 
.03 0.287 D.3 
.05 0.478 0.5 
.10 0.522 0.655 
.25 0.572 0.826 

1.00 0.666 0.96 

0. 
0 . 
0 . 
0 . 
0. 
0 . 
0 . 
0 . 
0 . 

062 
125 
25 
375 
624 
86 
982 
9999 

* POD: p r o b a b i l i t y of crack detect ion 

2.4 Stainless Steel POD Curves 

Three POD curves for 10-inch sta in less s tee l p ip ing w i th stress co r ro ­
s ion cracks were f i t t e d to the round robin data. The condit ions for perform­
ing u l t rason ic inspect ions were tha t inspectors had near-side access and that 
they fol lowed f i e l d inspect ion procedures. 

• Poor team 

POD = $[0.24 + 1.485 l n ( a / t ) ] (4a) 

Good team 

POD = ^[1.526 + 0.533 l n ( a / t ) ] (4b) 

_ 4 _ 



Advanced team 

POD = * [3.63 + 1.106 l n ( a / t ) ] (4c) 

Again, these funct ions apply fo r f law depths greater than 5 percent o f the 
wa l l th ickness. A detect ion capab i l i t y o f POD = 0.0 for a / t = 0 . 0 was 
assumed, and a l i n e a r i n t e rpo la t i on with a / t was used between 0 and 5 percent 
o f wa l l th ickness. Table 2 gives some numerical values for s ta in less s t ee l 
POD, 

Table 2. Numerical values for s ta in less s t ee l POD* curves. 

POD 

a / t Poor Good Advanced 

0 . 0 . 0 . 0 . 
.005 0 . 0 .047 0.062 
.010 0 . 0 .094 0 .125 
.020 0 . 0 .189 0 .25 
.030 0 . 0 ,287 0 .375 
.050 Q. 0.472 0 .524 
.1 0.DC1 0 .617 0 .86 
. 2 0.016 0 .748 0 .968 
. 4 0 . 1 3 1 0 . 8 5 0.9956 
.7 0.386 0.909 D .9994 

1.0 0 .595 0 .936 0.9999 

* POD: p robab i l i t y o f crack detect ion 
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3. OVERVIEW OF PIPING RELIABILITY MODEL 

The piping r e l i a b i l i t y model was developed on the basis of probabi l ist ic 
fracture mechanics concepts. The computational procedure (Fig. 1) for the 
estimation of leak probability combines various random variables, such as 
i n i t i a l crack size dist r ibut ion, flaw (or crack) detection probabil i ty, crack 
growth re lat ion, and the deterministic stress history. The computation starts 
with the i n i t i a l size of crack-like defects ( i . e . , flaws) at a given loca­
t ion . These growing cracks are detected with a certain probability during 
preservice and inservice inspections. Cracks that escape detection and repair 
can grow following subcri t ical crack growth characteristics such as fatigue 
crack growth and stress corrosion cracking. The c r i t i ca l crack size for leak 
can be defined by using an appropriate cr i ter ion (e.g., through-wall crack­
ing). The probabil i ty of leak at the pipe location analyzed is equal to the 
probabil i ty of a crack growing to corresponding c r i t i c a l size within the 
specif ic time. The Monte Carlo method was used in the numerical simulation. 
I t i s obvious that crack detection capability and inspectian time are inf luen­
t i a l on the leak probabil i ty results since they are the isst elements to pre­
vent pipe leak once the crack grows in the s in f la t ion. The following l i s t s 
variables required in the computations. 

1. Pipe material and properties. 

2. Pipe geometry: pipe cross section dimensions. 

3. I n i t i a l crack depth distr ibut ion. 

4. Loadings and associated occurrence rates: loadings may include pipe 
internal pressure, dead weight, thermal restraint load, residual 
stress, vibratory stress, and seismic load. Occurrence rates for 
dif ferent loadings can be specified. 

5. Crack growth models: da/dri = f . (C, m, tK) for fatigue crack growth 
and da/dt = f „(C, m, K) for stress corrosion cracking where C and m 
are material constants; K and £H are the applied stress 

- 6 -



Initial crack size distribution 

" 

Pre-service inspection •«— 

Crack growth 
characteristics . 

Crack non-detection 
probability 

J I • ' 

Crack growth calculations 

Loading conditions 

1 r 

In-service inspection •*— 

i 1 

Crack size as function of time 

i • 

Leak probabilities as function of time 

Lean c -usnon 

Figure 1 . Computational procedure used i n 
estimating leak probabil ity for nuclear piping, 
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intensity factor and i t s range; respectively, n is the number of 
cycles, and t is the time variable. 

6. Detection probability models for cracks and leaks. 

7. Inservice inspection schedules. 

In the following sections, two actual piping leak incidents were chosen 
to demonstrate the impact of f lan detection capability on the r e l i a b i l i t y of 
nuclear piping by using the piping re l i ab i l i t y model just described. The leak 
incidents are: (1) FWR feedwater l ine cracking incident, and (2) BWR recircu­
lat ion l ine cracking incident. Two plants identi f ied as plant A ^nd plant B 
were studied for incident (1), and only one plant was studied for incident (2), 

The variable for i n i t i a l crack size distr ibution at the beginning of the 
simulation was assigned a fixed or deterministic value. The i n i t i a l crack 
depth was determined such that the specific crack size at the specific time 
would be identical to the one observed during the incident. Mean-value curves 
for crack growth models were used in determining the i n i t i a l crack size. How­
ever, in the real simulation, a probabil ist ic crack growth model was used. 
Three flaw detection probability curves in conjunction with various inspection 
schedules were considered. A leak due to through-wall cracking was defined as 
the fa i lure cr i ter ion. The probabilit ies of leak were then expressed as a 
function of plant l i f e . 

- 8 -



4 . APPLICATION OF PIPING RELIABILITY MODEL TO PWR FEEDWATER LINE 

CRACKING INCIDENT 

6.1 Background 

On May 20 , 1979 the Indiana and Michigan Power Company informed the l*C 
o f cracking i n two feedwater l i nes a t D. c. Cook Uhit 2. C i rcumferent ia l 
through-wal l cracks were detected a t the 1 6 - i n . l i nes in the junc t ion o f the 
feedwater l i nes and steam generator. Subsequent volumetric examination by 
radiography revealed crack ind ica t ions at s im i l a r locat ions i n a l l feedwater 
l i nes o f both Units 1 and 2. As a r e s u l t o f t h i s i nc iden t , the NRC Off ices o f 
Inspect ion and Enforcement issued I.E. Bu l l e t i n 79-13 requ i r ing inspect ion of 
a l l PWR feedwater l i n e s . Inspections through March 1980 revealed pipe cracks 
or fab r i ca t i on defects requ i r i ng repa i r i n the v i c i n i t y o f the feedwater 
nozzles a t 16 o f 35 PWR p lan t s . 

Extensive s tud ies , i nc lud ing meta l lu rg ica l ana lys is , i n - p l a n t ins t runen-
t a t i o n , and thermohydraulic model l ing, led to the conclusion tha t the primary 
cause of cracking was a fa t igue mechanism induced by thermal s t r a t i f i c a t i o n 
dur ing low-f low a u x i l i a r y feedwater i n j ec t i ons . Thermal s t r a t i f i c a t i o n 
usual ly occurs during p lant-hot-s tandoy, s t a r t u p , and shutdown cond i t ions . 
During such cond i t ions , ho r i zon ta l port ions o f the feedwater l i n e are sub­
jec ted to large temperature di f ferences between the top and bottom o f t h e 
pipes. This phenomenon i s i l l u s t r a t e d in F ig . 2. These s t r a t i f i e d tempera­
tu re condit ions vary rap id l y dur ing low-power operations and can induce high 
c y c l i c thermal stresses i n the feedwater nozzle where cracking has occurred, 

4 .2 Input Data for Pipinp R e l i a b l i t y Model 

1 . Pipe geometry and mater ia l 

Size/schedule: 16/80 (p ipe ) , 16/60 (nozzle) 

Ma te r i a l : A106 GrB (p ipe) , SA508 Class 2 (nozzle) 

2. I n i t i a l crack depth 
Table 3 gives the calculated i n i t i a l crack depths for plants A 

and B. 
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General location 
of cracks 

Hot 
steam generator 

water 
(500° For more) 

Steam generator wall 

Low flow, relatively 
cold water (10Q°F or 

less, may be intermittent) 

Figure 2 . Thermal s t r a t i f i e d phenomenon in PWR feedwater l i n e s . 

Table 3. I n i t i a l crack depth f o r fWR feedwater l i n e r e l i a b i l i t y ana lys i s . 

P lan t Time* o f 
Inspect ion 

Wall 
Thickness 

( i n . ) 

Observed 
Crack Depth 

( i n . ) 

Calculated I n i t i a l 
Crack Depth 

( i n . ) 

B 
11 u!C 

2 y r s . , 9 mo. 

0.57 
0.875 

0.57 

0.?38 

0.021 
0.057 

x Time from f i r s t commercial service t o inspect ion due to feedwater l i n e 
cracking i n c i d e n t . 

3 . Crack growth ,'rtodel 

The reference fat igue crack growth law i n Section X I o f the 

fiSME Code for carbon and low-a l loy f e r r i t i c s tee ls was modif ied to 

represent the fa t igue crack behavior o f the feedwater l i n e p ip ing 

mate r ia l . The modi f icat ion was done by adding a fac to r , P, to the 

reference crack growth law. The model has the fo l l ow ing form: 

- 10 -



|J= praao"1] (5) 

where P is lognormally distributed (u the mean value, and a the 
standard deviation). The randomness of P reflects the distr ibut ion of 
test data for the material crack growth characteristics. The value 
of tK, i s the difference between the maximum and minirrum values of 
crack t i p stress intensity factors ( O resulting from the changing 
stresses during a given stress cycle. For the present analysis, a 
linearized stress f ie ld is assumed for stresses through the pipe wall 
thickness. The expression below is used to calculate Kj , 

Kj = fi£ ( A ^ + 2S. A X F 2 ) , (6) 

nhere 
a = crack depth, 
A0 = axial stress at inside surface, 

\ ~ t ' 
o = axial stress at outside surface, 
t = wall thickness 
F 2 = 1.126 + 0.234 a/t + 2.20 ( a / t ) 2 - 0.208 ( a / t ) 5 , 
F = 1.073 + 0.267 a/t + 0.666 ( a / t ) 2 + 0.635 ( a / t ) 3 . 

The stress prof i le is represented by the l inear izat ion, 

° ~ A o + A l *' ( 7 ) 

where x is the radial distance measured from the inside surface of 
the pipe. 

Denoting R as the rat io of K . and K , we have Table 2 
showing various values of C, m, \i, and a for different ranges of 
R and « . 
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4. Loading condit ions 

The transients used as a design basis for the feedwater l ines 
are l i s t e d in Table 5 , along wi th the number o f expected occurrences 
I n the 40-year-design 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 ien t occurrence i s d iv ided equally for the e n t i r e l i f e t i m e . For 
each t rans ien t , the pressure and temperature changes are used to 

12 calculate s t ress . The resu l t s are presented in Table 5. Results 

o f high cyc l i c thermal stresses r e s u l t i n g from thermal s t r a t i f i c a ­

t i on phenomena for feedwater l i nes a t plants A and B are presented 
12 in Tables 6 and 7 , respect ive ly . In these tab les , o and o. 

are defined as membrane and bending s t resses, respect ive ly . The 

re la t ionsh ip between cr , a , A^ and A, (see Eq. 6) can be expressed 

as fo l lows: 

A 0 = ° m + O b ( 8 ) 

A i = - 2 V h ' 

5. Crack detect ion p r o b a b i l i t y 

Three crack detect ion p robab i l i t y curves as represented i n Eq. 

(3) were used for the feedwater l i n e p ip ing mater ia l . Those curves 

are re fe r red to as the poor, good, and advanced as described i n 

Section 2 .2 . 

6. Inservice inspect ion schedules 
Table 8 presents s i x scenarios for inspect ion schedules. 

Inspections were assumed to be performed a t the end o f the year 
ind icated i n the t a b l e . 

4 . 3 Results arid Discussion 

Cumulative leak p robab i l i t y resu l t s for both plants A and B over 40-year 
p lan t l i f e are expressed as functLms o f inspection scenarios and crack detec­
t i o n c a p a b i l i t i e s . Figure 3a shows the leak p robab i l i t i es fo r p lant A » i t h 
Inspect ion scenarios 1 , 2 ; and 3. I t can be s. ;n tha t the leak p r o b a b i l i t y 
increases very fas t from zero to un i t y w i th in the f i r s t f i v e years when no 
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Table 4. Constants used in fatigue crack growth model for the carbon and low-alloy steels. 

Ranoes for R and tK 
Constants 

R £0.25 
ZK+ < 1 
m. > 19 1.01 x 1 0 - 1 1.95 -0.408 0.542 
ZK+ < 19 1.02 x 10 6 5.95 -0.408 0.542 

R > 0.65 
« < l: 
a< > 19 2.52 x l.O"1 1.95 -0.367 0.817 
fl< < 12 1.2 X 1 0 " 5 5.95 -0.367 0.817 

0.65 > 3 > 0.25 
a< < 12 + 7W» 
iK >. 12 + 7W 2.52 x 10 - IW «• 1.01 x 1 0 _ 1 W 1.95 -0.367W - 0.408W 0.617W + 0.542W 
a< < 12 + 7W» 1.2 X 10"5W + 1.02 X 10" 6 W 5.95 -0.367W - 0.408W 0.817W + 0.542W' 

f « in ks i / I n , * W = (R - 0.25)/0.4, W' = 1 - W. 



Table 5. Stress results used in fatigue 
crack growth calculation for design transients. 

No. of Axial stress in ksi Axial stress in ks i 
cycles in Inside surface Outside surface 

Design transients 40 years Maximum Minimum Maximum Minimum 

Hot standby 18,300 4.77 3.67 4.77 3.67 
Unit load-unload 18,300 5.07 3.04 4.01 4.66 

556 per minute 
Small stepload decrease 2,000 4.53 3.33 3.83 3.83 
Large stepload decrease 200 B.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 loss o f f low 30 17.41 3.37 -1 .34 3.66 
Loss of load 80 17.7 3.76 -1.04 4.76 
Reactor t r i p 400 26.56 2.25 -7 .34 4.37 
Secondary side hydrotest 5 5.68 4.37 5.68 4.37 

Table 6. Stress results used in fatigue crack growth 
calculation for plant A during thermal s t ra t i f icat ion conditions. 

No. of cycles estimated Maximum stress in ksi Minimum stress in ksi 
up to the incident OJ,, <% a m o^ 

1361 29.40 17.27 -39.85 -51.88 
545 29.35 17.32 -30.53 -41.32 
908 30.86 15.82 -26.45 -38.48 
545 29.35 17.32 -21.84 -31.37 
454 30.21 16.46 -21.40 -33.43 

2086 29.35 17.32 -21.84 -31.37 
m 26.92 15.75 1.65 -7.61 

90 26.92 15.75 2.41 -7.81 
454 20.57 11.55 2.35 -6.62 

1271 20.32 8.83 2.41 -6.56 
20 20.32 8.83 0 . 0 . 

454 20.32 8.83 5.17 -2 .28 
726 20.32 8.83 7.79 3.83 

1522 20.32 8.62 9.46 4.44 
817 19.19 8.37 9.46 4.44 
454 15.52 6.89 9.46 4.44 
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Table 7. Stress results used in fatigue crack growth 
calculation for plant B during thermal s t ra t i f i ca t ion conditions. 

Ma. of cycles estimated Maximum stress in ksi Minimum stress in ks i 
up to the incident °it\ °a Q m °o 

270 27.29 15.75 -35.90 -47.15 
90 24.38 12.84 -36.52 -46.52 

1170 23.75 13.46 -27.20 -37.20 
90 21.93 9.46 -17.98 -26.74 

540 20.07 11.31 -16.04 -24.74 
180 20.77 10.61 -8.89 -17.65 
360 20.31 11.08 1.79 -6.97 

2340 20.07 11.31 2.98 -5.82 
630 19.31 8.41 2.98 -5.72 
540 17.16 7.55 2.98 -5.72 
450 14.93 6.24 2.69 -5.40 

40 14.64 6.53 0 . 0 . 
50 14,64 6.53 5.46 -1.84 

670 10.60 3.31 4.32 -0.7 
2070 9.46 4.44 8.42 4.06 

Table 8. Inspection scenarios for PWR feedwater l ine steam generator nozzle. 

Scenario Description Inspection time (end of year) 

1 ASME Program A* 

2 1/2 inspection intervals 
of Scenario 1 

3 1/5 inspection intervals 
of Scenario 1 

4 ASME Program B* 

5 1/2 inspection intervals 
of Scenario 4 

6 1/5 inspection intervals 
of Scenario 4 

* Refers to ASME Boiler and Pressure Vessel Code, Section XI , Inservice 
Inspection Programs 

3, 10, 23, 40 

1.5, 3 , 6 .5 , 10, 16.5, 23, 31 .5 , 40 

0 .6 , 1.2, 1.8, 2.4, 3 , 4 .4 , 5 .8 , 
7 .2 , 8.6, 10, 12.6, 15.2, 17.8 , 
20.4, 23. 26.4, 29.8 , 33,2, 26.6 , 40 

10, 20, 30, 40 

5 , W, 15, . . . , 40 

2 , 4 , 6, . . . . 40 



inspection is performed. For different Inspection scenarios, as shown in Fig. 
3a, scenarios 1 and 2 do rot help significantly in reducing the leak probabil­
ity (dropping from unity to a value under 0.9), while scenario 3 cuts the leak 
probability down to a value of 0,5 starting from the fifth year. Furthermore, 
the effect of different inspection teams (poor, good, advanced) begins to have 
a significant impact on leak probability when an augmented inspection program 
such as scenario 3 is adopted. Similarly, Fig. 3b shows leak probabilities 
for plant A with inspection scenarios 4, 5, and 6. It is clear that only 
inspection scenario 6 has a s l ies t impact on the leak probability, and 
scenarios 4 and 5 show no effect at all since the first inspection schedules 
for both scenarios are beyond the fifth year. 

Figures 4a and 4b show the leak probabilities for plant B over a 40-year 
plant l i fe with inspection scenarios 1, 2, and 3 and scenarios 4, 5, and 6, 
respectively. It is important to point out that the leak probability with no 
inspection does not increase as fast as does the case represented by plant A. 
Furthermore, the leak probability approaches unity around the 25th year. 
Because the first inspection schedules for all six scenarios are scheduled 
long before the 25th year, all scenarios have a positive impact on the leak 
probabilities. In general, scenario 3 shews the greatest reduction on leak 
probability (less than the value of 0.1) when compared with the case of no 
inspection. The remits for scenarios 2 and 6 are comparable; their maximum 
leak probabilities are between 0.2 and 0.4. Scenarios 1, 4, and 5 also show 
improvement in reouclng the leak probabilities to about 0.6, 0.9, i d 0.7, 
respectively. 

Although we have adopted six inspection scenarios for our reliabil i ty 
assessment on pipe leak at FWR feedwater line steam generator nozzles, i t is 
obvious that some inspection scenarios are not real is t ic (e.g., scenario 3), 
since inservice inspections are usually performed during the period of sched­
uled outages. The selection of six inspectian scenarios was intended to cover 
a wide range of inspection schedules. Interpolation of leak probabilit .as re­
sulting from these six scenarios should give a good estimate for other inspec­
tion scenarios. The results shown in Figs. 3 and 4 do not indicate large dif­
ferences in predicted leak procjhilities as a function of flaw detection capa­
bility (POD curves). This is in part due to the satisfactory performance for 
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ferrit ic piping of even the "poor" team in the FNL piping inspection round 
robin. Mother important factor is the relatively high leak probabilities for 
the PWR feedwater lines early in the plant l i fe . In this situation, the 
inspection interval is of overriding importance, fln outstanding detection 
capability does not offset the impact of an intimely inspection. 
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Figure 3a. Cumulative leak p r c o a b i l i t i e s for a PWR (p lant A) 
feedwater steam generator nozzle wi th respect to three inspect ion teams 

and inspect ion schedules 1 , 2 and 3 over 40-year p lant l i f e . 

- 16 -



I.U " - X \ 1 1 1 1 
f-.- — No inspection insnfiction schedule scenarios 4 and H 

1 

0.9 r P 
0.9 ' l^ / 

G 
U*>~ / A 

0.8 r / 
— I Inspection schedule scenario 6— / 

0.7 

-

-

0.6 

-

-

0.5 
P: Poor inspection team 
G: Good inspection team 

— 

0.4 A: Advanced inspection team 

0.3 — 

0.2 ! -

0.1 

0 1 1 1 1 i 1 1 
10 15 20 

Plant year 
25 30 35 40 

Figure 3b. Cumulative leak probabilities for a PWR (plant A) 
feedwater steam generator nozzle with respect to three inspection teams 

and inspection schedules 4 , 5 , and 6 over 40-year plant l i fe . 
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15 20 25 
Plant year 

Figure 4a. Cumulative leak probabi l i t ies for a PWR (plant B) 
feedwater steam generator nozzle with respect to three inspection teams 

and inspection schedules 1, 2, and 3 over 40-year plant l i f e . 
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Figure 4b. Cumulative leak p r o b a b i l i t i e s fo r a PWR (p lan t B) 
feedwater steam generator nozzle w i th respect to three inspect ion teams 

and inspect ion schedules 4 , 5 , and 6 over 40-year p lan t l i f e . 
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5. APPLICATION OF PIPING RELIABILITY MODEL TO BKR RECIRCULATION LINE 

CRACKING INCIDENT 

5.1 Background 

I n Ju ie , 1978 a 3-gpm leak was discovered i n one o f the e ight r e c i r c u l a -
t i o n - i n l e t - n o z z l e safe ends a t one BWR p lan t . The <-?ci rculat ion~in let -
nozzle safe ends f a c i l i t a t e welding o f the s ta in less -s tee l i n l e t p ip ing t o the 
carbon-steel reactor- /essel nozzles. A thermal sleeve i s welded i n t o each 
safe end to d i rec t coolant flow in to the vesse l . Figure 5 i l l u s t r a t e s the 
conf igurat ion o f the nozzle, safe end, p ip ing , and thermal s leeve. 

-Recirculation inlet nozzle 
carbon steel, stainless steel clad 

Crack location 
Thermal sleeve to 
safe end weld 

Crevice area -
Repair weld- Type 316 stainless steei 

spool piece 

Figure 5 . Rec i rcu la t ion- in le t -nozz le safe end conf igurat ion a t a BWR p l a n t . 

Qetaileo' f rac tu re analyses led t o the conclusion that crack i n i t i a t i o n 

and propagation resu l ted from a combination o f h igh res idua l stresses and 

operat ing stresses from the thermal-sleeve-attachment weld, the oxygen ^,, the 

coo lant , and a chemical environment, r esu l t i ng from a crevice formed by the 

safe end/thermal-sleeve^attachment con f igura t ion . 
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5.2 Input Data for Piping Rel iabi l i ty Model 

1 . Safe end geometry and material 
outside diameter: 13.2 in . 
thickness: 1-15 in . 
mater ia l : Inconel £00 

2. Initial crack depth: 0.01 in. 

15 
3. Crack growth model 

H = C(K)m (5) 
where a = crack depth in inches, 

t = time in hours, -8 C = lognormal distribution with median value 1.44 x 10" 
Q 

and standard deviation 3.112 x 10" , 
m =1 .935 , 2 

K = /"ra [ A Q F 1 + ^ A X F 2 + | - A 2 F 3 + -— a 3 IKf 4 ] in ks i^ in , 
F, = 1.1 + 0.9544(a/h) + 0 .2920(a/h) 2 , 
F 2 = 1.0 + 0.2979(a/h) + 0.6042(a/h) 2 , 
F = 1.0 + 0.1292(a/h) + 1.083(a/h) 2 , 
F^ = 1.0 + 0.009165(a/h) + 0.5584(a/h) 2 , 
AQ = 81.84, 
k = -413.26, 
A 2 = 707.5, 
A = -377.9. 

I t should be noted that the median value of C was determined 
from Eq. (9) by assuming i n i t i a l crack depth 0.01 in . which resul ted 
in pipe leak a t specific time. Because of the lack of t e s t data for 
growth ra tes of s t r e s s corrosion cracks in Inconel, the standard 
deviation of C was assigned to be identical to the one compiled from 
the t e s t data for s ta in less s t e e l s under a similar corrosion 
environment. 
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4. Loading condi t ions 

The con t r i bu t i ng stresses are those induced by pressure, dead 

weight, r e s t r a i n t o f thermal expansion, and res idua l and peak 

st resses. The a x i a l st ress p r o f i l e through the pipe w a l l can be 

approximately expressed by the th i rd -o rder polynomial 

o(x/h) = A n + A 1 (x /h) + A 2 ( x / h ) 2 + A ^ x / h ) 3 (10) 

where x/h i s the normalized r a d i a l distance measured from inside the 
pipe wa l l to an a r b i t r a r y point w i t h i n the w a l l . Ap, A^, A 2 , 
and A, are the coe f f i c i en ts given i n Eq. ( 9 ) . 

5. Crack detect ion p robab i l i t y 
Since Inconel 600 p ip ing was not pa r t o f the round r o b i n , the 

crack detect ion p robab i l i t y curves for s t ress corrosion cracks i n 
welds w i t h i n welds of wrought s ta in less s tee l p ip ing were assumed to 
apply to Inconel 600 as w e l l . Equation 4 in Section 2 gives three 
POD curves which are re fe r red to as the poor, good, ana advanced 
inspect ion r e l i a b i l i t y . 

6. Inserv ice inspect ion schedules 

Table 9 presents four scenarios for inserv ice inspect ion sched­

u l e s . Inspections are assumed to be performed a t the end o f the 

year ind icated in the tab le . 

5 .3 Results and Discussion 

Cumulative leak p r o b a b i l i t i e s for BWR r e c i r c u l a t i o n l i n e safe ends over 

40-year p lant l i f e are expressed as funct ions o f four inspect ion scenarios and 

three inspect ion teams. Figure 6a shows the leak p robab i l i t y over p lant year 

fo r the poor inspect ion team wi th four inspect ion scenarios, i t can be seen 

t h s t ; when compared wi th the case of no inspect ion, the r e l i a b i l i t y a t the 

safe end i s not improved s i g n i f i c a n t l y by inserv ice inspect ion even w i th an 

augmented inspect ion program such as scenario 1 . In other words, the team 

wi th the poor f law detect ion capab i l i t y i s o f no bene f i t In improving the 

r e l i a b i l i t y o f t h i s safe end regardless of the inspect ion schedule chosen. 
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However, both good and advanced inspection teams provide an improvement in re­
ducing leak probabilities as shown in Figs. 6b and 6c, respectively. A good 
inspection team can cut dowr the leak probabilities for the safe end from 
about unity to 0.89 (scenario 1), to 0.69 (scenario 2), to 0.32 (scenario 3), 
and to o.l l (scenario 4) a t the end of plant l i fe . With the help of an 
advanced team, the leak probabilities become 0.87 (scenario 1), 0.65 (scenario 
2), 0.26 (scenario 3) and 0.06 (scenario 4) at the end of plant l i f e . 

A comparison of results shown in Figs. 6b and 6c indicates that the 
improvement for the good inspection team is comparable to that for the 
advanced team. As for the FWR feedwater line example, the leak probabilities 
approach unity early in the plant l i fe . Evidently, in this situation the 
inspection interval is of primary importance once a minimal or requireo" r e l i ­
ability level of nondestructive examination (ICE) is achieved. 

Table 9. Inspection scenarios for a BWR 
recirculation line reactor vessel safe-end nozzle. 

Scenario Description Inspection Schedule (end of year) 

1 A5ME Program B* 10, 20, 30, 40 
2 1/2 inspection intervals 

of scenario 1 5, 10, 15, . . . . , 35, 40 
3 1/5 inspection intervals 

of scenario 1 2, 4, 6, . . . , 38, 40 
4 1/10 inspection intervals 

of scenario 1 1, 2, 3, . . . , 39, 40 

* Refei-s to flSME Boiler and Pressure Vessel Code, Section XI, Inservice 
Inspection Program 
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Figure 6a. Cumulative leak probabi l i t ies for a BWR reci rcula t ion 
reactor vessel nozzle safe end with respect to a poor inspection team 

and four inspection schedules over 40-year plant l i f e . 

Figure 6b, Cumulative leak probabi l i t ies for a BWR recirculat ion 
reactor vessel nozzle safe end with respect to a good inspection team 

and four inspection schedules over 40-year plant l i f e . 
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Figure 6c. Cumulative leak probabilities for a BWR recirculation 
reactor vessel nozzle safe end with respect to an advanced inspection 

team and four inspection schedules over 40-year plant l i f e . 
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6 . CONCLUDING REMARKS 

The impact of inservice inspection on the re l iab l i ty of nuclear piping 
has been evaluated for two service fai lure incidents using the probabil ist ic 
fracture mechanics approach. Based on the analysis results for the selected 
scenarios, we observed the following points: 

(1) An effective inservice inspection requires a suitable coirbination of flaw 
detection capability and inspection schedule. 

(2) The f i r s t service inspection is the most important one, i f flaws have the 
potential to grow to c r i t i c a l size in the early stage of plant operation. 

(3) An augmented inspection schedule is required for these particular piping 
lines with fast-growth flaws to ensure that the inspection is done before 
the flaws reach c r i t i ca l sizes. 

(4) For the PNL round robin study, the improvement in leak probability reduc­
tion from the "good" team to the "advanced" team is less than that from 
the "poor" team to the "good" team. 

Although the findings in the study may not be applicable to a l l piping 
systems, we believe that the probabil ist ic approach presented is suitable for 
assessing the impact of inservice inspection of some piping systems. The 
focus of this study was on lines with high fai lure probabil it ies early i n the 
plant l i f e . For these l ines i t appears that the effectiveness of inservice 
inspection is dominated by the inspection period rather than the flaw detec­
tion capability. 

In viewing the results of this study (Figs. 3, 4, and 6), improvements in 
detection probability from poor-to-advanced teams are clearly reflected by the 
decrease in slope of the leak probability curves at the time of the f i r s t 
inspection. There is a clear difference among the performance levels for the 
three detection capabilit ies (poor, good, and advanced). In systems with low 
leak probabilit ies ear2y in l i f e and with an increasing fa i lure rate, the d i f ­
ferences in slope have a large bearing on the system r e l i a b i l i t y . Results of 
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a study , which applied the flaw detection capability data generated by the 
FNL round robin experiments to stress corrosion cracking incidents in s ta in­
less piping ver i f ied this conclusion. 

Another assumption made i n the piping r e l i a b i l i t y model also impacts the 
effectiveness of inservice inspections. The»model assumes that piping with 
leaks or detected cracks is replaced by "perfect" material. Thus over the 
40-year plant l i f e , failures w i l l not occur at the previous c r i t i ca l piping 
locations. Obviously, this assumption tends to minimize the differences on 
leak probability resulting from different flaw detection capabilit ies as well 
as different inspection schedules. 
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