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Abstract

A probabilistic fracture mechanics model is employed to estimate the failure probability of axially cracked steam
generator tubes. The model estimates the failure probability from the random changes of the influencing parameters
such as tube and crack geometry, material properties and non-destructive examination results, reliability and sizing
accuracy and stable crack propagation. The performance of the model is illustrated by a numerical example. A steam
generator tubing severely affected by the stress corrosion cracking is studied during most unfavourable accidental
conditions. Two different plugging approaches are analyzed and the quality is compared, showing the superior
performance of crack length oriented approach over tube wall thickness reduction both in terms of SG failure
probability and extent of plugging. Thus, apart from setting the acceptable SG failure probability, all elements for
the risk-based SG lifetime optimisation are provided on the example of stress corrosion cracking in the tube
expansion transition zone.

1. Introduction developed and employed to control the steam
generator and plant safety [3]. In most cases,
tubes are examined by non-destructive examina-
tion (NDE) methods. The tubes with NDE indi-
cations exceeding a certain allowable extent are
then plugged (or sleeved in some cases). The
allowable extent of the NDE indication of degra-
dation is usually called plugging criterion. Gener-
ally, two approaches to define the plugging crite-
ria have been accepted. Traditionally, the ap-
proach developed in the United States (US) is
employed. Thus, the acceptable defect magnitude
equals 40% of the tube wall thickness reduction
[4]. The defect sizing relies on bobbin coil (BC)
eddy current technique (ECT) regardless of the
defect type or morphology characteristics. Exami-
" Corresponding author. Tel. +386 61 1885 450, fax +386 nation of a random sample of tubes may satisfy
61 374 919. the regulatory requirements completely [5].

Steam generator (SG) tubes made of Inconel
600 are experiencing severe degradation pro-
cesses. In particular, stress corrosion cracking
(SCC) in the tube expansion transition zone seems
presently to be the leading degradation cause [1].
It results in deep, often through the tube wall,
mostly axially oriented cracks [2]. Steam genera-
tor tubes represent a substantial part of the sec-
ond fission product barrier in a PWR nuclear
power plant. Decrease of structural reliability of
affected tubes therefore implies reduced plant
availability and safety.

A variety of maintenance activities have been
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Recently, some European countries developed
defect specific plugging criteria for stress corro-
sion cracks in the tube expansion transition re-
gion. In particular, a Belgian approach [6] is
considered in this paper. Following the Belgian
approach, axial cracks up to a certain length may
remain in operation. More effective motorized
pancake coil (MRPC) ECT is applied in this case
to enable sufficiently accurate crack length deter-
mination [7]. A routine inspection of 100% of SG
tubes is performed. We should note here that
tubes which are declared operable using the Bel-
gian approach may be plugged when using the US
40% criterion. This may lead to excessive tube
plugging and early SG retirement.

The purpose of the present paper is to investi-
gate the influence of the maintenance strategy on
the SG failure probability. A two step analysis
has been performed in this context. In the first
step, the failure probability of axially cracked
steam generator tubes has been estimated. A
suitable probabilistic fracture mechanics model
has already been proposed [8] following the plug-
ging approach in [6]. In the second step, the
performance of the traditional (40% tube wall
thickness reduction) plugging strategy together
with the bobbin coil ECT is assessed on the same
defect distribution [9]. In this way, reasonable
comparison of both technologies has been per-
formed by the means of a numerical example. A
Slovenian Kr$ko nuclear power plant steam gen-
erator 15 considered during the most un-
favourable conditions (hypothetical feed-line
break accident). Recent NDE results from Kriko
NPP have been used in the analysis.

By defining an acceptable SG failure probabil-
ity, such maintenance strategy can be chosen,
which minimizes the extent of plugging. However,
our intention is to develop suitable failure proba-
bility estimation models rather than setting ac-
ceptable values.

2. Steam generator failure probability
Steam generator failure is defined as the onset

of unstable crack propagation in at least one of
the cracked tubes. This is in fact a tube rupture

accident. All cracks are assumed to be through
wall, which is a conservative assumption [10].
Further, no credit has been given to the means
available for leak detection.

2.1. Failure probability considerations

Probabilistic fracture mechanics deals with the
determination of failure probabilities P; of crack
containing structural components from the scat-
ter of the applied loads and structural resistance
properties. The failure behaviour of the structure
is described by a failure function g(x), depending
on basic random variables x = (x,,..., x,) which
denote applied loads and structural resistance
parameters such as dimensions and material
properties. By definition, g(x) <0 implies fail-
ure, whereas no failure occurs for g(x) > 0. The
failure probability P; can be calculated as the
probability content of the failure domain g(x) <

1) falFa) A2y dx,

(1)
where f(x,) represent the probability densities of
respective basic variables x;, which are for the
sake of simplicity assumed to be stochastically
independent. Eq. (1) is sometimes referred to as
failure integral, which can be solved for example
by direct Monte Carlo simulation [11].

glxy,..., x,)

2.2. Failure function

Extensive research work has been performed
to determine the conditions governing the tube
failure (see for example [12] and [10]). The plastic
limit load model has been chosen to adequately
describe the failure [13]. Thus, the failure func-
tion may be written as:

g(a,, R, t,K,8,0y+0y) =0,—mo. (2)

The factor m accounts for the crack buiging due
to the internal pressure in the tube [14]:

m = 0.614 + 0.386e( 2255 /VFD
a
+ 0.866(—2]—/\/7?7), (3)
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a,, R and t being crack length at the end of
inspection cycle, tube mean radius and tube wall
thickness, respectively. Flow stress oy is defined
by the means of yield stress oy and ultimate
tensile strength o, and adjusted for the operat-
ing temperature conditions by factor & where
appropriate:

or=K(oy+oy)d. (4)
The membrane stress perpendicular to the crack
direction o is pressure difference (p) induced
tube hoop stress:

R 1 )

0‘:
pt2

&)

2.3. Crack length distribution

In the operating steam generator, the vast
majority of the influencing parameters and their
respective probability distributions are already
known prior to the operation. We will assume
here that the only change affecting the structural
reliability is the development of axial cracks.
Therefore, the state of the steam generator tub-
ing under investigation is defined by the number
of cracks and the distribution of crack lengths.
Furthermore, all maintenance activities will affect
only the number and distribution of the cracks
and their respective lengths. This is in perfect
agreement with maintenance strategies in field
use (see for example [6]).

The non-destructive in-service inspection is
performed to detect and size the cracks in steam
generator tubing. The number and length distri-
bution of cracks is estimated based on the in-
service inspection results. The tubes containing
cracks exceeding specified allowable length called
plugging limit (PL) are then removed from ser-
vice (e.g., plugged). However, a certain amount of
cracks exceeding PL may be missed during the
inspection process. This fraction is governed by
the detection reliability function (Py(a,,)), which
is generally a function of crack length. We may
summarize this behaviour:

a,+a,, a,+a,<PL,
ag=7%a,+a,, a,+a,=PL and {<P)a,),
0 otherwise.

(6)

a, is a random variable representing the crack
length obtained after the end of the maintenance
process, while a_ and a, represent the as mea-
sured crack length and the measurement error,
respectively. { is a uniformly distributed random
variable.

2.3.1. Detection reliability

Unfortunately, the information about the de-
tection reliability available in the literature is
limited to sentences like “All cracks in excess of 3
mm were detected” [7]). To allow for the proba-
bilistic assessment of this important parameter,
the following assumption has been applied {15]:

Py(a) =1~ exp(—0.45a). )
2.4. Stable crack propagation

A fraction of cracks is propagating in a stable
manner during the period between two consecu-
tive inspections. A simple stochastic combination
of the stochastic propagation law proposed in [2]
and the measured crack length is applied at the
moment to yield the end of the inspection cycle
crack length a;:

a;=ay,+a,. (8)

2.5. Tube failure probability

By solving Eq. (1), the failed fraction of the
given population of tubes is estimated. In order
to predict the probability of having n out of N
cracked tubes ruptured, the binomial distribution
can be applied:

N!
P,=————Pr(1-pP)" " 9
n n!(N _ n) ! f ( f) ( )
Asymptotically, the probability of having one or
more tubes failed within the population of N
cracked tubes follows Poisson distribution [11]):

P=1-—¢e"N (10)

3. Bobbin coil inspection efficiency

The uncertainties of the BC inspection proce-
dures have been well defined and extensively



4 L. Cizelj, B. Mavko / Theoretical and Applied Fracture Mechanics 00 (1995) 000-000

discussed by Bowen et al. {16]. However, the
sampling plans analyzed did not include the US
NRC Reg. Guide 1.83 [5] sampling inspection
scheme. This has however been investigated by
Cizelj and Mavko [9]. The main assumption in
this investigation has been that there is no infor-
mation about the past defect distributions in the
steam generator under investigation. This conser-
vatively allowed for a random choice of tubes to
be inspected. A short review of the concept and
results is given below.

31. US NRC regulatory guide 1.83 inspection
scheme

The tubes with BC indications are described as
either degraded (with damage below the plugging
limit PL) or defective, where the tube is affected
beyond the PL. We shall assume that the frac-
tions of defective and degraded tubes in the
steam generator are p; and p,, respectively. The
probability of finding k, defective and k, de-
graded tubes in n random single tube inspections
is then given by:

n!
kan = Gk, (n =k — ky)!

Py,

Xplipki(1—p, —p,)" 72 (11)

To calculate the probability that the steam gener-
ator is declared operable (accepted) in the first
inspection step we only have to sum the probabil-
ities of all possible states which are acceptable
according to the procedure defined in [S]. Allow-
ing for D, defective and d, degraded tubes in a
random sample of n, tubes (see Table 1) will
yield the total probability of accepting the steam
generator in the first inspection step:

D, 4,

Py = Z 2 Pijn,- (12)

i=0j=0

If the first inspection step indicates rejection,
additional sample of n, — n, should be inspected.
The acceptance probability is therefore condi-
tional, because only certain outcomes of the first
step (P('{, — 2)) will trigger and at the same time

Table 1
Sampling inspection data

Step Cumulative Acceptable Acceptable  Ref.

i sample size number number 5]
n; of defective of degraded

tubes (> PL)? tubes( <PL)

D; d;
1 138 0 13 Csb
2 276 1 27 C5ec
3 552 3 55 C.7d
All 4578 N/A N/A N/A

tubes

2 Defective tubes found during the inspection should be
plugged afterwards.

enable the acceptable outcome of the second step

(P14~ 2
P,= L P@,~2) P21~ 2). (13)

When analysing the third inspection step an anal-
ogous approach should be used. Additionally, the
possibility of bypassing the second step should be
taken into account. This may happen if the allow-
able values for the second step are exceeded
during the first step, but the outcome still enables
the acceptance of the third step. Summing over
all appropriate outcomes again gives:

P= TP ~2) L P(2 i > 2)P(312,-3)
+)k:1>(qk—>3)P(3ljk—>3). (14)

Some further useful expressions may be derived
from the above equations. For example, the prob-
ability of plugging no more than D, tubes is
clearly given by P;.

In Egs. (11) to (14) a perfect detection tech-
nique has been assumed. A closed form solution
for the real (BC) performance can hardly be
expected. Therefore, a Monte Carlo simulation of
the inspection process has been accomplished [9].

3.2. Monte Carlo simulation

A Monte Carlo simulation of steam generator
in-service inspection was established (Fig. 1) ac-

cording to the procedure outlined in {5]. The
same conservative assumptions were retained: no
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Define tube map
{random defects)

Loop n=100 000

1% step Inspect
sample

ZING -
Increase YES oK? v P
P1 j o
NO
2nd step TPO0 |
additional —{ Inspect L—-—b {
sample
YES ySIzNG
::zcrease oK? =
NO
3rd step [P0 |
additional Inspect —p {
sample
increase YES v SEnes
1 p3 OK? =
NO
All
tubes Inspect

Fig. 1. Monte Carlo simulation setup.

credit is given for any information regarding the
history of observed or any other steam genera-
tors. Additionally, no false calls are considered.
First, a predefined number of defective and
degraded tubes (Fig. 3) is distributed on a ran-
dom basis over the tube map. The defect distribu-
tion in Fig. 3 corresponds to the recent 100% BC
inspection in the Krsko NPP. Second, an inspec-
tion procedure simulation is repeatedly per-
formed over the same distribution of defects to
evaluate the probability of accepting the steam
generator (summing Egs. (12), (13) and (14)).
Basically, if the defect is found within a sample,
the decision regarding further processing is made
an the basis of detection probability (POD in Fig.
1) as defined in Fig. 2. If this decision requires
further processing, the defect size is calculated

o

0.8

o
>
v

Probability of detection
°
FS
T

o
N
T

L L L I

0 20 40 60 80 100

Defect depth

Fig. 2. Defect detection probability.

according to Eq. (15). After the inspection of the
initial sample is completed, the findings are eval-
uated in order to stop the inspection or to con-
tinue with the next inspection step (Fig. 1). A
typical Westinghouse D-4 steam generator as in-
stalled in Kr§ko NPP is considered. The sampling
mspection parameters are listed in Table 1. Plug-
ging limit is set to PL = 50%.

3.2.1. Detection probability

In general, the detection probability is a func-
tion of parameters which influence the inspection
process. A suitable model, proposed in [16], is
based on an extensive comparison of ECT signals
and destructive metallographic analyses. This
mode] given in Fig. 2 does not consider the false
call probability.

25

20r PL=50%

Number of defects

L Uall

1-10 11-20 21-30 3140 41-50 51-60 61-70

o

Defect size(%)

Fig. 3. Defect size distribution.
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Table 2

Steam generator data summary

Variable Distribution Unit Comment

Type Parameters

R normal  p =9.525, mm mean
o =0.0254 radius

t normal  p =1.055, mm -
o = 0.0464

an, gamma a=3.21, mm assumed
B =083

a, gamma a=0.92, mm -
B=0.69

a. normal u=0.0, mm -
og=1.5

K normal  u = 0.545, - -
o =0.03

8 normal p=0928, - -
o =0.003

(oy+oy) normal p=10800, MPa -
o =543

Distributions are not truncated.

3.3. ECT sizing errors

An ECT sizing error model is proposed in [16],
considering the systematic influence. of real de-
fect size X and random influence of other pa-
rameters (e.g., personnel proficiency) e on the
ECT reading Y:

YIX=17.459 +0.437X + ¢, (15)

where ¢ represents a zero mean random error
with variance of 261.14.

Table 3
Sampling inspection scheme results

4. Numerical example

The following situation has been assumed for
the purpose of this analysis. The same population
of tubes with cracks in the tube expansion transi-
tion zone has been subjected to both BC and
MRPC examinations. The MRPC resuits have
been used to define the extent of plugging when
using the Belgian crack length plugging criterion.
Also, the SG failure probability has been esti-
mated from the MRPC data.

The BC examination results have been used
primarily to assess the extent of plugging. The
assumption of poor correlation between BC wall
thickness reduction data and MRPC crack length
reading enabled straightforward assessment of the
remaining SG failure probability.

4.1. Data summary

A typical steam generator as installed in Slove-
nian KrSko nuclear power plant subjected to hy-
pothetical accidental operating conditions is taken
as a numerical example. The accidental condition
considered is feed-line break with differential
pressure of 196 bar. The summary of geometrical
and material data is outlined in Table 2, together
with assumed “as measured” crack length distri-
bution.

The assumed distribution of the wall thickness
reductions is given on Figure 3. This is the find-

Step Probability of Perfect detection Monte Carlo Real detection Monte Carlo
¢ acceptance Probability of Average Average Probability of Average Average
p; [%] acceptance number of number of acce b
ptance number of number of
(%] plugged degraded (%) plugged degraded
tubes tubes tubes tubes
1 15.23 14.88 0.00 0.34 36.71 0.00 0.99
2 4.39 4.19 1.00 0.68 13.25 1.00 1.93
3 1.37 1.49 2.85 1.32 10.53 2.75 3.95
all tubes N/A 79.44 * 62.00 11.00 39.53 ¢ 33.01 32.40
average ” N/A N/A 4934 8.83 N/A 13.47 13.07

* Probability of rejecting the steum generator after three inspection steps.
* Expectation in repeating the examination of the fixed defect pattern.
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ing of BC inspection of Krsko SG-1, which is also
characterized by the crack length distribution as
listed in Table 2.

5. Results

The failure probabilities presented in this sec-
tion are based on the hypothetical feed line break
differential pressure. Thus, assuming the feed
line break probability to be in the order of magni-
tude of 1072, the absolute SG failure probabili-
ties printed below decrease for two orders of
magnitude.

5.1. Bobbin coil inspection

Probabilities of accepting the steam generator
are listed in Table 3. Additionally, average num-
bers of tubes found to be degraded and defective
during the inspection simulation are listed, indi-
cating another measure of inspection quality. The
probability of accepting steam generator in the
first three steps when using a perfect detection
technique (see Table 3) exceeds 20%. Employing
a real inspection technique as described above
increases this probability to over 60%. In other
words, we can conclude that a steam generator
with 62 defective tubes (see Fig. 3) will be de-
clared operable in more than half of the inspec-
tions without significant plugging.

Further, it is clear (Table 3) that defective
tubes are governing the acceptance /rejection de-
cision process. While the perfect inspection tech-
nique will pick up all the tubes with any kind of
degradation if 100% inspection was performed,
we can only hope that half of the defective tubes
will be plugged using the real inspection tech-
nique. This fact may have considerable conse-
quences in studying the steam generator tube
rupture probability.

5.2. MRPC inspection

A parametric study has been performed show-
ing the influence of the applied plugging limit on
the SG failure probability. The decrease of fail-
ure probability with decreasing plugging limit is

10°F
s
® 7] ¥
. =
z ]
£
2
€ 10k -]
& £ ®
® E Bobbin coil:
H C B MaPc Step 1 (36.71%)
* B —- Step 2(13.25%)
® — Step 3 {10.53%)
— 100%insp.(39.53%)
10 3 L A 1 A b i 1 ]
q 3 8 10 PR 6 1§ 20  none

Plugging limit (mm)

Fig. 4. Failure probability at different plugging limits.

clearly shown in Fig. 4 (points denoted as MRPC),
especially for values below 16 mm. Additionally,
the number of plugged tubes is shown as a func-
tion of applied plugging limit in Fig. 5. For plug-
ging limits in excess of 12 mm, no significant
plugging is necessary. However, it becomes pro-
gressive when decreasing PL below 10 mm as
shown in Fig. 5 and Table 3. Recalling Table 3,
the probability of having this case is 13.25%. If
the 100% inspection by BC has been performed,
32 tubes have been plugged. It is obvious, that on
the given defect distribution, the Belgian plugging
strategy performs better. Even at the technically
minimal plugging limit of 4 mm (MRPC reliable
detection threshold is about 3 mm), it will not
exceed the number of tubes plugged following the
traditional US approach.

The situation is very similar when considering
SG failure probabilities. When the SG is declared

35

30

25 LW

o
o
£
2 Bobbin coil:
3 201 Step 1(36.71%)
s \vws Step 2 (13.25%)
s 15# —
s MRPC Step 3 (10.53%)
S — 100%Insp.{39.53%)
Z 10} 7
s |
177
4 6 8 10 12 14 16 18 20 none

Plugging fimit {mm)

Fig. 5. Number of plugged tubes at different plugging limits.
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operable after the Step 1, which has the probabil-
ity of 36.71%, all cracked tubes will remain in
operation (Fig. 4 and Table 3). This situation is
effectively the same as no plugging at all in terms
of the Belgian approach. Even for the 100%
inspection, the traditional plugging cannot per-
form better than the Belgian with the plugging
limit set to 14 mm (Fig. 4).

Comparing Fig. 5 and Fig. 4, the space con-
strained by plugging limits of § and 14 mm seems
to be optimal from the viewpoint of the number
of plugged tubes, when using the Belgian plug-
ging approach. The SG failure probability can be
adjusted by a factor of 2 in this range. However,
if a lower SG failure probability is required, it
can be achieved on the expense of reduced SG
performance.

6. Conclusions

A complete methodology for assessing the
steam generator plugging strategy has been pro-
posed for the case of axial stress corrosion crack-
ing in the tube expansion transition zone. It con-
sists of a probabilistic fracture mechanics model
and a Monte Carlo simulation setup designed to
assess the bobbin coil inspection uncertainties.
Also, the random sampling inspection scheme
contribution to the overall inspection uncertainty
has been considered.

This methodology enables the comparison of
different plugging strategies such as the US NRC
wall thickness reduction and the Belgian crack
length plugging criterion together with appropri-
ate in-service inspection concepts. Steam genera-
tor failure probability and number of plugged
tubes are proposed as a measure of efficiency.

A numerical example considering the Krsko
NPP steam generator has been presented. The
failure probability of steam generator tubing,
severely affected by stress corrosion cracking, has
been calculated. Further, by comparing the effi-
ciency of both plugging approaches studied, the
Belgian approach is recognized to be superior
both in extent of plugging and steam generator
failure probability.

For a given numerical example, the optimal

plugging limit in terms of allowable crack length
is derived. It minimizes the extent of plugging at
a given steam generator failure probability, and
thus extends the steam generator lifetime. How-
ever, no attempts have been made to define the
acceptable steam generator failure probability.
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