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ABSTRACT

The reliability 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 the results of 2 study of
the Impact of Inservice inspection (ISI) programs on the reliability 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 reliability of two nuelear
piping lines over the plant life as functions of the ISI programs. Examples
chesen for the study are the PWR feedwster steam generator nmzzle cracking
incident and the BWR recirculation reactor vessel nozzle safe-end cracking
incident.
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employees, makes any warraaty, <xpress of implied, or assumes any legal Hability or responsi-
biliLy for the accuracy, completeness, or usefulniess of any information, apparatus, product, or
process disclosed, ar represents that its use would not infringe privately awned rights. Refer-
ence herein to any specific commercial product, pracess, ar service by trade name, trademark,
manufaclurer, of atherwise does noat necessarily constitute or imply its endarsement, recom-
mendation, or favaring by the United States Government or any agsncy thereof. The views
and opinions of authors expressed herein do nol mecessarily stale o1 reflect those of the
United States Government or any agency thereof.
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EXECQUTIVE SIMMARY

The necessity for continuing inspection of nuclear power plant components
has been recognized for nearly two decades. A joint effort by the U.S.
Nuclear Regulatory Commission (NRC)} and the American Scciety of Mechanical
Engineers (ASME) during the pericd of 1966-68 resulted in Section XI of the
ASME Boiler and Pressure Vessel Code, "Rules for Inservice Inspectlion of
Nuclear Power Plant Compenents.™ This code is accepted internationally; how-
ever, the adequacy of 4SME Section XI for assuring continued operating safety
has not been conclusively established. It is the purpose of this report to
study the impact of inservice inspection on the reliability of nuclear piping.

The Pacific Northwest Laboratory (FNL) has conducted a piping inspection
round Tobin experiment funded by the U.S. NRC to assess the reliability of
flaw detection capability on nuclear piping. The ANL Round Robin inspection
included three materials and six test teams. The inspection effectiveness was
evaluated for minimum code requirements, c3-practiced field procedures, and an
improved procedure. Inspections are made under laboratory and simulated field
conditions with flaws located on the near and far side of the weld. The team
performances are identified as poor, good, and advanced to reflect different
flaw detecticn capahilities relative to the results of the round robin study.

Lawrence Livermore Netional Laboratory (LLNL) has been participating in
the piping reliabjlity studies since 1980. A piping relisbility model based
on the probabilistic fracture mechanics concept was developed by LINL and has
been applied to various piping systems. In the model, inservice inspection
was considered a key element in assessing the reliability of piping systems.
Inservice inspection consists of two major factors: one is flaw detection
capability; the other is inspection schedule. For input on flaw detection
capability in this study we have used the PNL round robin results, while for
the inspection schedules we have assumed various inspection scenarios on the
basis of Section XI of the ASME code. Two actual failure incidents (PWR feed-
water line and BWR recirculation line) were selected to show the impact of
inservice inspection on the reliability of nuclear piping. Reliability
analysis results for the conditions that apply to those two lines led us to
concluce the following:
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(1) An effective inservice inspection requires a suitable combination of flaw
detection cepability and inspection schedule.

(2) The first inservice inspection 1s the most important cne if flaws have
the potential to grow to critical size in the early stage of plant opera-

tion.

(3) An augmented inspection schedule is required for these particular piping
lines with fast-growth flaws to ensure that the inspection is done before

flaws reach critical 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.

In addition, it is concluded that the probabilistic approach presented in
the study provides a useful method to assess the impact of inservice inspec-
tion on the relisbility of other nuclear piping systems.
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1. INTRGDUCT ION

Inservice inspection of light water reactor piping systems has been
recognized as one of the ways to improve the relisbility and safety of nuclear
power plants. Although the requirements of Section XI of the American Society
of Mechanical Engineers (ARME) Boiler and Pressure Vessel Code (hereafter
referred to as ASME Coce) give guidance on how and where to perform preservice
and inservice inspections, the impact of those extensive and expansive inspec-
tions on the reliabiiity of the components being inspected has not been
assessed. It is the purpose of this study to assess the impact of flaw detec-
tion capability and inspection schedule on the reliability of two selected
nuclear piping systems. The infeormation for flaw detection capability has
been gathered from the results of the Piping Inspection Round Robin Program at
the Pacific Northwest Laboratory (PNL). Inspection schedules are primarily
selected on the basis of Section XI of the ASME Code. A probabilistic
approach is adopted in this study. The model used in the approach was a
piping reliablity model developed for the U.S. Nuclear Regulatory Commission
(NRC).” The reliability of nuclear piping over plant life 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 reliability
model. Sections 4 and 5 describe how the flaw detection capability data are
integrated with the piping relisbility model and the results of the piping
reliability calculations. Section 6 provides the conclusions of the study.



2. ROUND ROBIN FLAW DETECTION CAPABILITY DATA

2.1 Background

The piping inspection rourd robin inspection test.{ng2 conducted at PNL
for the U.5., MRC was almed at determining the effectiveness of inservice
ultrasonic inmspection of ruclear 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 weri2 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 (P0D) curves for use in the analysis given in Ssction 3.

2.2 Probabiility of Crack Detection

The probability of crack (or flaw) <etection (P)D) 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 weasured by counting up the number of times cracks of
> piven category are successfully dutecied, then dividing by the total mumber
of *imes these cracks are subject to inspection.

The rorwal cumulative distribution function, ¢3, was used tc il the
round tobin data. The functional form is

x -t%/2 .
e dt, and x = U + B 1n {3) (1)

where U and B are constants related to pipe materials, ultrasonic inspection
procedures and inspection access. The dimensions a and t are crack depth and
pipe wall thickness, respectively. The probability of crark non-detection
Pup 18 defined as

PND =1 - POD. (2)

-2 -
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Tnree POD curves identified s« "poor," "good," and “advanced" teams were
cefined as follows:*

1. Poor team: this curve represents a lower bcund on performance among

round robin teams.

2. Good team: this curve represents the better teams in the round

robin.

3. fdvanced team: this curve represents the performance that may be
achieved with improved procedures and existing technology. It
assumas z 0.999% flaw detection probability for a through-wall
flaw. A probability of detection o* about 90 percent for a flaw
with a depth oi 10 percent oy the wall was assumed.

In the following sections, we will present the FOO curves in the form of
Eg. (1) for boln ferritic steel and stainless steel materials.

2.3 Ferritic Steel POD Curves

Three POD curves;t‘L were generated by fitting round robin data for fer-
ritic steel under the conditions where personnel followed the code procedures
and had near side access for their inspection.

. Poor team
POD = ¢[0.432 + 0.163 1n(a/t)] (3a)
. Cood team

POD = ¢[1.75 + 0.583 Ir(a/t)] (3b)

. Advanced team

POD = ¢[3.63 + 1.106 In(a/t)] (3c)
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These functions apply to flaw depth greater than 5 percent of wall thickness.
A detection capability of AOD = 0.0 for a/t = 0.0 was assumed, and a linear
interpolation with a/t was used between C and 5 percent of wall thickness.

Some numerical values of ferritic steel FOD are presented in Table 1.

Table 1. MNumerical values for ferritie steel POD* curves.

FOD
a’t Poaor Good Advanced
0. 0. 0. 0.
005 0.048 0.045 0.662
Q1 0.096 0.1 0.125
.Q2 0.191 0.2 0.25
.03 0.287 0.3 0.375
.05 0.478 0.5 0.624
.10 0.522 0.655 0.86
.25 0.572 0.826 0.982
1.00 0.666 0.96 0.5992

* PD; probability of crack getection

2.4 Stainless Steel] AOD Curves

Three POD curves® for 10-inch stainless steel piping with stress corro-
sion cracks were fitted to the round robin data. The conditions for perform-
ing ultrasonic inspections were that inspectors had near-slde access and that
they followed field inspection procedures.

&
M
i
E

. Poor team

POD = @[0.24 + 1.485 In(a/t)] {4a)
. Good team

FOD = ¢[1,526 + 0.533 In(a/t)] (4b)
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. Advanced team

POD = ¢[3.63 + 1.106 1n{a/t)] (4c)

Again, these functions apply for flaw depths greater than 5 percent of the
wall thickness. A detection capability of POD = 0.0 for a/t = 0.0 was
assumed, and a linear interpolation with a/t was used between O and 5 percent
of wall thickness. Table 2 gives some numerical values for stainless steel
FOD.

Table 2. MNumerical values for stainless steel POD* curves.

FOD
a’t Poor Goaod Advanced
0. 0. o. 0.
005 0. 0.047 0.062
.010 a. 0.0%4 0.125
020 0. 0.189 0.25
.030 0. 0.287 0,375
.50 a. g.472 0.524
.1 D.0C1 0.617 0.86
.2 0.016 0.748 0.568
4 G.13) 0.85 0.9956
.7 0.386 0.509 0.9954
1.0 0.595 0.536 0.993%

* POD: probability of crack detection
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ER OVERVIEW OF PIPING RELIABILITY MODEL

The piping reliability mode} was developed on the basis of probebilistic
fracture mechanics concepts. The computational procedure (Fig. 1) for the
estimation of leak probsbility ronmbines various random variables, such as
initial crack size distribution, flaw (or crack) detection probability, crack
growth relation, and the deterministic stress history. The computation starts
with the initial size of crack-like defects (i.e., flaws) at a given loca-
tion. These growing cracks are detected with a certain probability during
preservice and inservice inspections. Cracks that escape detection and repair
can grow following subcritical crack growth characteristics such as fatigue
crack growth and stress corrosion cracking., The critical crack size for leak
can be defined by using an appropriate criterion {e.g., through-wall crack-
ing). The probebility of leak at the pipe location analyzed iIs equal ta the
probability of a crack growing to corresponding critical size within the
specific time. The Monte Carla method was used in the numerical simulation.
It is obvious that crack detection capability and inspection time are influen-
tial on the leak probahility results since they are the iist elements to pre-
vent pipe leak once the crack grows in the simglation. The following lists
varighles required in the computatiors.

1. Pipe material and properties.

2. Pipe geometry: pipe cross section dimensions.

3. Initial crack depth distribution.

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
different loadings can be specified.

5. Crack growth models: da/dn = fl(c’ m, M) for fatigue crack growth

and da/dt = fz(c, m, K) for stress corrosion :_:racking where C and m
are material constants; K and & are the applied stress



Initial crack size distribution

A4

Pre-service inspection

Crack growth Crack non-detection
characteristics .. probability

| 1L Y

Crack growth calculations

Loading conditions

¥

In-service inspection

A

L

Crack size as function of time

y

Leak probabilities as function of time

Leak criterion

figure 1. Computational procedure used in
estimating leak probability for nuclear piping.
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intensity factor and its 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 pipirg leak incidents were chosen
to demonstrate the impact of flaw detection capability on the reliability of
nuclear piping by using the piping reliability mocel just described. The leak
incidents are: (1) PWR feedwater line cracking incident, and (2) BWR recircu-
lation line cracking incident. Two plants identified as plant A snd plant B
were studied for incident (1), and only one plant was studied for incident (2).

The variable for initial crack size distribution at the beginning of the
simuiation was assigned a fixed or deterministic valuve, The jnitial 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 injtial crack size. How-
evel, in the real simulation, a probabilistic crack growth model was used.
Three flaw detection probability curves in conjunction with various inspection
schedules were considered. A lesk due to through-wall cracking was defined as
the failure criterion. The probabilities of leak were then expressed as a
function of plant life.

- T e e e
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4. APPLICATION OF PIPING RELIABILITY MOCEL TO PWR FEEDWATER LINE
CRACKING INCIDENT

4,1 Background

On May 20, 1979 the Indiana and Michigan Power Company informed the NRC
of cracking in two feedwater lines at D.C. Cook Unit 2. Circumferential
through-wall cracks were detected at the 16-in, lines in the junction of the
feedwater lines and steam generator. Subsequent solumetric examination by
radiegraphy revealed crack indications at similar locations in all feedwater
lines of both Units 1 and 2. As a result of this incident, the NRC Offices of
Inspection and Enforcement issued I.E. Bulletin 79-13 requiring ingspection of
all PWR feedwater lines. Inspections throuch March 1980 revealed pipe cracks
or fabrication defects requiring repair in the vicinity of the feedwatier
nozzles at 16 of 35 PWR plants £

Extensive studies, including metallurgical analysis, in-plant instrumen-
tation, and thermohydraulic modelling, led to the conclusion that the primary
cause of cracking was a fatigue mechanism induced by thermal stiratification
during low-flow auxiliary feedwater injections.7 Thermal stratification
usually oceurs during plant-hot-standoy, startup, and shutdown conditions.
During such conditions, horizontal portions of the feedwater line are sub-
Jected to large temperature differences between the top and boattom of the
pipes. This phenomenon is illustrated in Fig. 2. These stratified tempera-
ture conditions vary rapidly during low-power operations and can induce high
cyclic thermal stresses in the feedwalter nozzle where cracking has occurred.

4,2 Input Data for Piping Reliablity Mogel

1, Pipe geometry and material
Size/schedule: 16780 (pipe), 16/60 (nozzle)
Material: Al06 GrB (pipe), SA508 Class 2 (nozzle)

2. Initial crack depth
Table 3 gives the calculated initial crack depths for plants A
and B.

-9-



Hot
steatm gemerator
water
(500°F or more)

L CIEL
X / [‘f

General location
of cracks

meamaseinma

-
"‘

CHot water

Feedwater Steam generator wall
line

Low flow, relatively
cold water (1G0°F or
less, may be intermittent)

Figure 2. Thermal stratified phenomencn in PWR feedwater lines.

Table 3. Initial crack depth for PWR feedwater line relisbility analysis.

wall OGbserved Calculated Initial
Plant TimeX of Thickness Crack Depth Crack Depth
Inspection (in.) (in.} (in.)
A 1l wo. 0.57 0.57 0.021
B 2 yrs., 9 mo. 0.875 0.7238 0.057

X Time from first commercial service to inspection due to feedwater line
cracking incident.

3. LCrack growth moodel
The reference fatigue crack growth law in Section XI of the
ASME Code for carbon and low~alloy ferritic steels was modified to
represent the fatigue crack behavior of the feedwater line piping
material. The modification was done by adding a factor, P, to the
reference crack growth law. The macdel has the following form:

- 10 =

L
]
{

T



da
8= Pleca)™ (5)

where P is lognormally distributed (u the mean valuve, and o the
standard deviation). The randomness of P reflects the distribuytion of
test data for the material crack growth maracteristics.m The value
of M is the difference between the maximum and minimum values of
crack tip stress intensity factors (KI) resulting from the changing
stresses during a given stress cycle. For the present analysis, a
linearized stress field is assumed for stresses throudh the pipe wall
thickness. The expression below is used to calculate KI‘ll

2a

Ky =7/m (AF +22AF), (6)
where
a = crack depth,
A, = axial stress at inside surface,
%P
f =7 >
9, = axial stress at outside surface,
t = wall thickness
F) = 1.126+ 0.234 a/t + 2.20 (a/t)? - 0.208 (a/t)>,
F, = 1.073+0.267 a/t + 0.666 (a/t)% + 0.635 (a/t)>,
The stress profile is represented by the 1linearization,
Q= AO + Al %y (7}

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

Denoting R as the ratio of Kmin and Kmax’ we have Table 2
showing various values of C, m, i, and o for different ranges of
R and &,

- 11 -



4.3

4.,

Loading conditions

The transients used as a design basis for the feedwater lines
are listeg in Table 5, along with the number of expected occurrences
in the 40-year-design lifetime of a typicai PWR plant. The tran-
sient occurrence is divided equally for the entire lifetime. For
eath transient, the pressure and temperature changes are used to
calculate stress. The results are presented in Table 5.lz Results
of high cyclic thermal stresses resulting from thermal stratifica-
tion phenomena for feedwater lines at plants A and B are presented
in Tables 6 and 7, resper:tiwe.'ly.l2 In these tables, %n and %
are cdefined as membrane and tending stresses, respectively. The
relationship between AP F\O and Al (see Eg. &) can be expressed
as follows:

Rg = O + 9 (a8

-2 ob/h )

Crack detection probability

Three crack detection probability curves as represented in Eq.
(3) were used for the feedwater line piplng material. Those curves
are referred to as the poor, good, and advanced as described in
Section 2.2.

Inservice inspection schecdules

Table 8 presents six scenarios for inspection schedules.
Inspections were assumed to be performed at the end of the year
indicated in the table.

Results and Discussion

Cumulative leak probability results far both plants A and B over 40-year

plant life are expressed as functiims of inspection scenarios and crack detec-
tion capabllities, Flgure 3a shows the leak probabilities for plant A with
Inspection scenarios 1, 2; and 3. It can be s. m that the leak probability
increases very fast from zero to unity within the first five years when no

-12 -
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Table 4.

Constants used in fatigue crack growth model for the carbon and low-alloy steels.

Constants
Ranges for R and X
c m 1 [+4

R <0.25

RSt 1.02 x 1076 5.95  -0.408 0.542

M > 19 1.01 x 10-1 1.95  -0.408 0.542
R > 0.65

K <12 1.2 x 1072 5.95  -0.367 0.817

& >19 2.52 x 1071 1.95  -0.367 0.817
0.65 >R > 0.25

K <12 + THe 1.2 x 107 + 1.02 x 107%" 5.95 ~0.367W - 0.408W° 0.817W + 0.5624°

&K >12 + M 2.52 x 10~ + 1.01 x 10-18~ 1.95 -0.367W - 0.408%° 0.617W + 0.5420°
T & in ksi/in, *W=(R - 0.25/0.4, Wo=1 - W,
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Table 5. Stress results used in fatigque
crack growth caleulation for design transients.

No. of Axial stress in ksl Axial stress in ksi
cycles in Inside surfare Outside surface
Design transients 40 years Maximum  Minimum Maximum  Minimum
Hot standoy 18,300 477 3.67 4,77 3.67
Uit tcad-unlcad 18,300 5.07 3.04 4.01 4.66
5% per minute
Small stepload decrease 2,000 4.53 3.33 .83 3.83
Large stepload decrease 200 8.04 3.83 1.40 3.83
Loss of power 40 17.27 3.66 ~-4,9 3.66
Partial loss of flow 20 17.41 3.37 -1.34 3.66
Loss of load 80 17.7 3.76 ~1.04 4,76
Reactor trip 400 25.56 2,25 -7.34 4,37
Secondary sice 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 stratification conditions.

No. of cycles estimated

Maximum stress in ksi

Minimum stress in ksi

up to the incident % & o ey
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 i7.22 ~21.84 -31,37
454 30.21 16.46 -21.40 -33.43
2085 29.35 17.32 -21.84 -31,37
727 26.92 15.75 1.65 -7.81
90 26.92 15.75 2.41 -7.81
454 20.57 11.55 2.35 -6.62
1271 20,32 8.83 2.4 -6.56
20 20,32 8.83 0. G.
454 20.32 8.83 5.17 -2.28
726 20,32 8.83 7.79 3.83
1522 20.32 8.82 9.46 4,44
817 19.13 8.37 9.46 4,44
454 15.52 6.89 9.46 4.44

- 14 -



Table 7. Stress results used in fatigue crack growth
calculation for plant B during thermal stratification conditions.

No. of eycles estimated Maximum stress in ksi Minimum stress in ksi

up to the incident i o In O
270 27.25 15.75 «35.50 -47.15
i 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
4 540 20.07 11.31 -16.04 =24.74
180 20.77 10,61 -8.82 -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 17.186 7.55 2.98 -5.72
450 14,93 &6.24 2.69 =5.40

40 14.64 6.53 . Q.
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 line steam generator nozzle.

Scenario Description Inspection time (end of year)
1 ASME Program A* 3, 10, 23, 40
2 1/2 inspection intervals
of Scenario 1 1.5, 3, 6.5, 10, 16.5, 23, 31.5, 40
3 1/5 inspection intervals 0.6, 1.2, 1.8, 2.4, 3, 4.4, 5.8,
of Scenario 1 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 1/2 inspection intervals
of Scenario 4 5, 10, 15, ..., 40
6 1/5 inspection intervals

of Scenario 4 2,4, 6, ...y 40

| * Refers to ASME Bopiler and Pressure Vessel Code, Section XI, Inservice
L Inspection Programs
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inspection is perforvmed. For different inspection scenaries, 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 lsak
probaibility down to a value of 0.5 starting from the fifth year. Fu-thermore,
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 iIs 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 slight impact on the leak prcbability, and
scenarios 4 and 5 show no effect at all since the first inspection schedules
for both scenarios are beyond the Tifth year.

Figures 4a and 4b show the leak probabilities for plant B over a 40-year
plant life with inspection scemarlos 1, 2, and 3 and scenarios 4, 5, and 6,
respectively. It is important to point out thatl 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 scenarips are scheduled
long before the 25th year, all scenarios have a positive impact on the leak
probabilities. In general, scenario 3 shcws the greatest recuction on leak
probability (less than the value of 0.1) when compared with the case of no
inspection. The re:slis for scenarios 2 and 6 are comparable; their maximum
leak probabilities are between 0.2 and 0.4, Scenarios 1, 4, and 5 alsc show
improvement in reducing the leak probabilities to about 0.6, 0.9, ¢ 'd 0.7,
respectively.

Althouch we have adopted six inspection scenarios for our reliability
assessment on pipe leak at PWR feecwater line steam generator nozzles, it is
obvious that some inspection scenarins are not realistic {e.g., scenario 3),
since inservice inspections are usually pertormed 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 .zs re-
sulting from these six scenarios should give a gooc estimate for other inspec-
tion scenarjos. The results shown iIn Figs. 3 and 4 do not indicate large dif-
ferences in predicted leak proce:ilities as a function of flaw detection capa-
bility (FOD curves). This is in part due to the satisfactory performance for
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ferritic piping of even the "poor" team in the ANL piping inspection round
robin. 4nother Important factor is the relatively high leak probabilities for
the PIR feedwater lines early in the plant life. In this situation, the
inspection interval is of overriding importance. &n outstanding detection
capability does not offset the impact of an untimely inspection.
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Cumulative leak probabhility
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Figure 3a. Cumulative leak prcoabilities for a PHR (plant A)
feedwater steam generator nozzle with respect to three inspection teams
and inspection schedules 1, 2 and 3 over 40-year plant life.
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Cumulative leak probability
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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 life.
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Figure 4a. Cumilative leak probabilities 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 life.
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feedwater steam generator nozzle with respect to three inspection teams
and inspection schedules 4, 5, and & over 40-year plant life.
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APPLICATION OF PIPING RELIABILITY MODEL TO BWR RECIRCULATION LINE
CRACKING INCIDENT

S

5.1 Background

In June, 1978 a 3-gpm leak was discovered in one of the eight recircula-

tion-inlet-nozzle safe ends at one BWR plartt.13 The vecirculation-inlet-

nozzle safe ends facilitate welding of the stainless-steel inlet piping to the
A thermal sleeve 1s welded into each

carbon-steel reactor sessel nozzles.
Figure 5 illustrates the

safe end to direct coolant flow intoc the vessel.
configuration of the nozzle, safe end, piping, and thermal sleeve.

Recirculation inlet nozzle
carbon steel, stainless steel clad

Crack location

Safe end
inconel 600

Thermal sleeve to
safe end weld

M s Mm)

Crevice area

Repair weld = \~Type 316 stainless steei

spool piece

Figure 5. Recirculation-inlet-nozzle safe end configuratign at a BWR plant.

Oetailed fracture analyses“ led to the canclusion that crack initiation
and propagation resulted from & combination of high residual stresses and
operating stresses from the thermal-sleeve-attachment weld, the oxygen . the
coolant, and a chemical environment, resulting from a crevice formed by the
safe end/thermal-sleeve-attachment configuration.
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Input Data for Piping Reliability Model

Safe end geometry and material
putside diameter: 13.2 in.
thickness: 1.15 in.
material: Inconel €00

Initial crack depth: 3.01 in.

Crack growth ruodel'15 v
% . " (%
where a = crawk depth in inches,
t = time in hours,
C = lognormal distribution with median value 1.44 x 1078
and standard deviation 3.112 x 1079,
m= 1;335, , - . s
K =vma [AF, +?a- A, + %—A2F3 +37a” A, in ksivin,
Fy = 1.1 + 0.9544(a/h) + 0.2920¢a/)2,
F, = 1.0 + 0.2975(a/h) + 0.6042(a/h )%,
F, = 1.0 + 0.1292(a/h) + 1.083(a/h)%,
F, = 1.0 + 0.005165(a/h) + 0.5584(a/h)?,
Ag = BL.84,
A, = -413.26,
AZ = 707.5,
Ay = ~377.9.

It should be noted that the median value of C was determined
from Eq. (9) by assuming initial crack depth 0.01 in, which resulted
in pipe leak at specific time. Because of the lack of test data for
growth rates of stress corrosion cracks in Incoriel, the standard
deviation of C was assigned to be identical to the one compiled from
the test data for stainless steels under a similar corrosion
environment .16

- 23 -



Loading conditions

The contributing stresses are those induced by pressure, dead
welght, restraint of thermal expansion, and residual and peak
stresses. The axial stress profile through the pipe wall can be
approximately expressed by the third-order polynomial

olx/n) = Ag + Ay(x/h) + Az(x/h)z + Aylx/n)’ (10)

where x/h is the normalized radial distance measured from inside the
ripe wall to an arbitrary point within the wall. L\U, Al, AZ’
and Ay are the coefficients given in Eq. (9).
Crack cetection probability

Since Inconel 600 piping was not part of the round robin, the
crack detection probability curves for stress corrosion cracks in
welds within welds of wrought stainless steel piping were assumed to
apply to Inconel 600 as well. Eguation 4 in Section 2 gives three
POD curves which are referred to as the poor, good, ana advanced
inspection reliability.

Inservice inspection schedules

Table 9 presents four scenarios for Inservice inspection sched-
ules. Inspections are assumed to be performed at the end of the
year indicated in the table.

R:sults and Discussion

Cumulative leak probabilities for BWR recirculation line safe ends over
40-year plant life are expressed as functions of four inspection scenarics and
three inspection teams. Figure éa shows the leak probability over plant year
for the poor inspection team with four inspection scenarics., it can be seen
thet, when compared with the case of no inspection, the relisbility at the
safe end is not improved signiflcantly py inservice Inspection even with an
augnented Inspection program such as scenario 1. In other words, the team
with the poor flaw detection capability is of no benefit in improving the
religbility of this safe end regardless of the inspection schedule chosen.

- 24 o
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However, both good and acvanced inspection teams provide an improvement in re-
ducing leak probabilities as shown in Figs. éb and 6, respectively. A good
inspection team can cut dowr the leak probabilities for the safe end from
about unity to 0.89 (scenaric 1), to 0.69 (scenario 2), to 0.32 (scenario 3),
and to 0.11 (scenario 4) at the end of plant iife. With the help of an
advanced team, the leak probsbilities become 0.87 (scenario 1), 0.65 (scenario
2), 0.26 {scenario 3) and D.06 (scenario 4) at the end of plant life,

A comparison of results shown in Figs. éb and éc indicates that the
improvement for the good inspection team is comparable to that for the
advanced team. As for the PWR feedwater line example, the leak probabilities
approach unity early in the plant 1ife. Evidently, in this situation the
inspection interval is of primary importance once & miningl or required reli-
ability level of nondestructive examinatian (NDE) is achieved.

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

Scenario Description Inspection Schedule (end of year)
1 ASME Program 8* 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 1710 inspection intervals
of scenario 1 1, 2, 3, ..., 39, 40

* Refeis to AWME Boiler and Pressure Vessel Code, Section XI, Inservice
Inspection Program
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Figure 6a. Cumulative leak probabilities for a BWR recirculation

reactor vessel nozzle safe end with respect to a poor inspection team

and four inspection schedules over 40-year plant life.
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Figure 6b. Cumulative lesk probabilitics for a BWR recirculation

reactor vessel nozzle safe end with respect to a good inspection team

and four inspection schedules over 40-year plant life.
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Cumulative leak probability
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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 ogver 40-year plant life.
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6. CONCLUDING REMARKS

The impact of inservice inspection on the reliablity of nuclear piping
has been evaluated for two service failure incidents using the probabilistic
fracture mechanics approach. Based on the analysis results for the selected
scenarios, we dbserved the following points:

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

(2) The first service inspection is the mest important one, if flaws have the
potential to grow to critical 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 critical 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 all piping
systems, we believe that the probabilistic approach presented is suitable for
assessing the impact of inservice inspection of some piping systems. The
forus of this study was on lines with high failure probabilities early in the
plant life. For these lines it appears that the effectlveness 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 &), 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 first
inspection. There is a clear difference among the performance levels for the
three detection capabilities (poor, good, and advanced). In systems with low
leak probabilities early in life and with an increasing fallure rate, the dif-
ferences in slope have a large bearing on the system reliability. Results of
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a studyn, which applied the flaw detection capability data generated by the
AL round robin experiments to stress corrosion cracking incidents in stain-
less piping verified this conclusion.

Anpother assumption macde in the piping reliability model alsop impacts the
effectiveness of Inservice inspections. Thesmodel assumes that piping with
leaks or detected cracks is replaced by "perfect" material. Thus over the
40-year plant life, failures will not occur at the previous critical piping
locations. G©bviously, this assumption tends to minimize the differences on
leak probability resulting from different flaw detection capabilities as well
as different inspection schedules.
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