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Abstract

The outside dianieter stress éorrosion cracking at tube support plaies became the dominating ageing mechanism in
steath genérator tubes made of Inconel 600 A variety of maintenance approaches were developed and implemented
world-wide to egable safe apd reliable plant operation with affected tubes. Despite different philofophical and
physical backgrounds involved, all applied approaches satisfy relevant regulatory requirements. The main goalfin this *Y {:'(}HOW'EL
paper is to quantify the degree of safety which is achieved through the implementation of selected maintenance
approaches. A method is proposed which measures the operational safety and availability through three efficiency
parameters: probability of steam generator tube rupture; predicted accidental leak rates through the defects in the tubt €
bundle; and number of plugged tubes. An original probabilistic model quantifies the probability of tube rupture, while
procedures available in literature were used to evaluate the accidental leak rates. A numerical example is based on
data from thie Kriko MPP (PWR 623 MWe). The maintenance strategies analyzed are: (a) traditional defect depth
(40%) plugging criterisn; (b) alternate plugging criterion (bobbin coil voltage as defined by EPRI and US NRC); (c)
combination of traditional and alternate plugging criteria; and (d) no plugging at all, Advantages of the defect specific
approaches (b) and (c) over the traditional one (a) are clearly shown. The efficiency of the traditional approach (a)
is shown to be comparable to the no plugging at all approach (d). Finally, a sensitivity analysis aimed at ranking of
the input pirameters is presented, Uticertain failure miodels are shown to be the major contributor to the scatter of
obtained results, © 1998 Elsevier Science S.A. All rights reserved.

1. Intreduction

The steam genérators (SG) tubes represent the
majority of the reactor coclant pressure
boundary. Tubes. in SG .are exposed to thermal
and mechanical loads combined by aggressive en-

* Corrésponding aithof.

vironmental conditions. Rather sever corrosion
damage results in tubes made of Ihconel 600.
Excessive degradation of tubes might lead 1o fail-
ure of tubes and therefore implies reduced
availability and safety of the entire plant (Mac-
Donald et al., 1995). Twe potential failure modes
of degraded tubing are of particular concern:

e single or muitiple tube rupture and i
e excessive leaking of the reactor coolant to the

secondary side.
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The appropriate degree ol plant availability and
safety is maintained by periodic inspection of
tubes, which is followed by repair (e.g. sleeving)
or removal from service (e.g. plugging) of tubes
with excessive degradation. The excessive and ac-
ceptable degradation are delineated through re-
pair criteria. Traditionally, repair was required for
defects deeper than 40% of the tube wall thickness
(Clark and Kurtz, 19¥8; ASME, 1998). This re-
pair criterion—with slight variations in the
value—was used until recently on a world-wide
basis as a generic repair criterion regardless of the
defect morphology (MacDonald et al., 1995).
The extent and morphology of the recent types
of corrosion damage (primary water stress corro-
sion cracking—PWSCC and outside diameter
stress corrosion cracking—ODSCC) required
more specific treatment. Basically, the conser-
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hypothetical accidental conditions and through
the number of repaired tubes required to achieve
this defense level. The analysis is based on an
original method which is explained in some detail
in the next section.

A realistic numerical example illustrates the
performance of the method. The data obtained
from inservice inspections of steam generator
tubes in the Slovene NPP at Krsko (Westinghouse
2-loop PWR) (BRE K rtko 10073 are analyzed.
The degrees of safety obtained by four different
maintenance options are analyzed and discussed.
The results of the numerical example clearly show
the advantages of the defect specific approaches.
Furthermore, results of sensitivity analysis of in-
put parameters show the relative importance of
input parameters.

vatism inherent in the generic repair criteria svere WA S

reduced through dedicated inspection and defect
specific failure models. This was the basis for
defect specific repair criteria. For example, the
plugging criterion for PWSCC in expansion tran-
sitions was defined as allowable length of an axial
crack, while the ODSCC (at tube support plates
only) criterion limits the signal amplitude ob-
tained from a bobbin coil Eddy Current inspec-
tion. A review on the development work and
underlying assumptions can be found for example
in (MacDonald et al., 1995; US NRC 1993).

The analyses addressing the change in plant
availability and safety due to the implementation
of the defect specific maintenance are rather
scarce and at present limited to the axial PWECC
in expansion transition (Mavko and Cizelj, 1992;
Cizelj et al., 1996b, 1994). Those analyses were
based on probabilistic fracture mechanics tech-
niques and clearly showed the advantage of the
defect specific approaches over the traditional
ones. In other words, the defect specific ap-
proaches were shown to achieve lower probabili-
ties of tube rupture with fewer tubes plugged.

In this paper, an original method addressing the
degree of safety and availability of different defect
specific maintenance approaches in case of
ODSCC at tube support plates is proposed. The
degree of safety is defined by degree of defense
against failure models during most unfavorable

2. Mathematical model

Safety and availability of degraded tubing
clearly dependg on the degree of defense against
potential failure modes. This can be described
using:

e the probability of single or multiple tube rup-
ture;

e the maximum expected primary to secondary
leak rate through tubing under postulated lim-
iting accidental conditions;

e number of pluggec{lﬁepaired tubes.

All of the above parameters strongly depend on

the distribution and size of defects.

2.1. Probability of tube rupture

Let us assume an infinite population of steam
generator tubes, each containing exactly one de-
fect. Furthermore, let random variables x,,
Xa,..oX,  with  density functions  fi(x,),
Ja(xy),..f,(x,) describe the statistically indepen-
dent parameters defining load and resistance of
damaged tubes. The probability of failure P; in
this population is defined—following the tradi-
tional methods of probabilistic fracture mechan-
ics—by:
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The failure of the tube is defined in terms of a
failure function g(x,, x5,....x, ), which is by defini-
tion negative for all failure states.

We are concerned with the rupture of the tube
which is essentially caused when the pressure load
on the tube exceeds the limiting pressure the tube
can sustain. The failure function is thus defined
by:

g(Apace: Aps, @) = Apace — App(a) (2)

—>  Apace denotes the pressure load acting during a

ent

ostulated limiting accident (e.g. Steam line

e eak)JApy 18 sometimcfl_t_enned burst pressure of

=3

the tube. also

ODSCC defects are usually seen as rather com-
plex networks of cracks. A simple and measurable
formulation of defect size @ (e.g. the crack length
in fracture mechanics) is therefore not yet
achieved. However, the state-of-the-art applica-
tions rely on experimentally determined correla-
tion between the defect size a and burst pressure
App (Steam Generator Degradation Specific Man-
agement (Draft), 1993):

Apgla)=A+ B - log,la)+ ¢ (3)
A and B are proprietary coefficients obtained
from the regression analysis. At present they are
treated as constants. ¢ represents a zero-mean
random error of the regression model. Defect size
a in this regression model is referred to as bobbin
coil signal amplitude (voltage) and is explained in
some detail in Section 2.4.
The value of P¢ (Eq. (1)) was obtained using the
rst and cond (grder Heliability ethods
(FORM, SORM) as implemented in the ZER-
BERUS code (Cizelj et al., 1994; Cizelj, 1991).
These fast numerical methods were accurately im-
plemented (Dvordek, 1996; Cizelj, 1995) instead of
the computationally very intensive Direct Monte
Carlo simulations, which are acceptable to the
NRC (US NRC, 1995).
P; represents the fraction of failed tubes in the
population of all defective tubes. The observed
steam generator is then represented as a random
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sample on N defects. The probability of having i
tubes failed p(i ) is assumed to follow the Poisson
distribution:

N - PY)
p(r’):(ﬁi - exp{—N - Py (4)
Thus, the appropriate choice of i enables the
calculation of single and multiple tube rupture

probabilities.
2.2, Maximum expected leak rate

The ODSCC defects at tube support plates are
usually seen as complex networks of cracks. The
prediction of leak rates through such complex
networks of cracks is rather uncertain, even for
defects with well defined morphologies. However,
the state-of-the-art methods used to detect defects
are not capable of describing crack morphologies
at present (Steam Generator Degradation Specific
Management (Draft), 1993). Therefore, empirical
methods are used to support the prediction of
leak rates through defects.

A relative simple and robust model which relies
on experimental analysis of the sample of tubes
including those pulled from operating steam gen-
erators was developed and proposed by EPRI
(Steam Generator Degradation Specific Manage-
ment (Draft), 1993). This is a two step model
which considers: (1) the probability that a defect
af given size a will leak; and (2) conditional leak
rate (for defects that do leak).

The probability of leaking is determined for a
given size of defect a:

1

Rﬂ] = 1 4 e—lo+ta - logig(a) +1] ()

The parameters ¢, and g, were obtained by
regression analysis of measured values (Steam
Generator Degradation Specific Management
(Draft), 1993). The uncertainty of the regression is
accounted for in parameter & The measure of
uncertainty ¢ is a zero-mean normal random vari-
able which describes the scatter around the regres-
sion curve (logit function).

For the subpopulation of leakers, the individual
leak rate Q can be obtained for a given defect size
a:

Page 1
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log,ol@)=A+ B - log,oa) +& (6)

The parameters of the regression model (4. B,
and ¢) were obtained from measured values
(Stearmn Generator Degradation Specific Manage-
ment (Draft), 1993). Correlated random vari-
ables 4 and B denote the intercept and slope of
the regression line. ¢ denotes the scatter around
the regression line. Again, defect size a in this
regression model is referred to as bobbin coil
signal amplitude which is explained in some de-
tail in Section 2.4,

The total leak rate through the entire steam
generator Oy is essentially a sum of all individ-
ual leak rates Q. To characterize its statistical
properties, numerical methods such as the
Monte Carlo simulation may be used. This usu-
ally involves substantial computational efforts.
The CPU time may be reduced by using ap-
proximate methods. In the present analysis, a
method proposed by EPRI (Steam Generator
Degradation Specific Management (Draft), 1993)
was used to estimate the total leak rate Q. The
whole sample of defects in the observed SG is
divided in to classes of small size (e.g. 0.1 V).
The total leak rate Qqlyse, 15 then given at 95%
probability level (with 95% confidence) as:

Or

= &y
osv _Zl [Pla) - Qa)lserjioon = M (N

The subscript 961/1000 means that 1000 val-
ues of [P(a,) - Q(a;)] are generated using Monte
Carlo simulation and are sorted in ascending or-
der. The 961st value of this ordered set is cho-
sen as a representative value for the entire class
of defectsy n, in Eq. (7) depicts the number of
defects in ith class and N, number of classes.

However, Eq. (7) defines the representative
leak rate by averaging the contributions of leak-
ers and non-leakers. This is reasonable given a
large number of defects of approximately the
same size or for defects with P(a)= 1. Other-
wise, it may lead to an underestimation of Qr
(Cizelj et al., 1996c).

2.3. Number of plugged tubes

Suppose that inspection of the tubes revealed

N defects. Distribution of defect sizes (in terms
of- bobbin coil signal amplitudes) is denoted by
fta). Imposing a plugging criterion with value of
PC (in Volis), the number of plugged tubes
Npi can be obtained from the relation:

; ot d
Nerg Lc' &) ‘

e (8)
J- fla) - da

0

2.4. Defect size

The field inspection of ODSCC defects are
performed by bobbin coils (Eddy Currentp{-e_ch-
nique (ECT)). The result of the inspection which
is assumed to represent the defect size is the
amplitude of the signal (measured in Volts) ob-
tained from the bobbin coil. Establishing further
relationship between measured amplitude of the
signal and physical size (e.g. length of the
cracks) is of out of the scope of this paper.

The defect size is generally a time dependent
variable. Defect size a at time r is defined by:

da
alt)=ap+a,+ S )

where a, represents the defect size at the begin-
ning of the inspection cycle (BOC), a, uncertain-
ties inherent to the ECT measurement
variability, and third term defect growth in time
i

In this analysis, two points in time are of
special concern and essentially define the value
of defect size: (1) the beginning (BOC) and (2)
the end of the cycle (EOC) between two consec-
utive inspections, which includes stochastic com-
bination of BOC defect size and predicted defect
growth. At present, the growth of the crack net-
work is assumed to be described by a voltage
increase between two successive inspections of
the defects. For the purpose of the present anal-
ysis, defect growth was predicted from the
statistical analysis of consecutive inspections
(Cizelj, 1995).
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Fig. |. Distribution of defect sizes (SG # 1),

3. Numerical example -

3.1. Input data description

The data used in the numerical example were
obtained during regular annual inspections of
tubes of SG # 1 at the Slovenian NPP at Kriko
performed in 1993, 1994, and 1995 (Fig. 1).

It is interesting to point out that the distribu-
tion of defect sizes remained virtually unchanged
over those years. However, the number of de-
tected defects has increased from 492 in 1993 to
1048 in 1995 in SG # 1.

The defect growth (Eq. (9)) is based on a plant
specific analysis of changes in bobbin coil voltage
amplitudes observed in consecutive inspections,
Generally, different growth rates were observed
and implemented in this analysis for each SG and
each operational cycle. Detailed description of
defect growth observations and modeling is give
in Dvorsek, 1996 and Cizelj, 1995. The measure-
ment errors (Eq. (9)) were also estimated from
plant specific study which is given in Inetec, 1996.

3.2. Assumptions for maintenance approaches

The comparison of the degree of safety of de-
fect specific and generic maintenance strategies is

presented as a function of alternate plugging crite-

rion. The degree of safety was evaluated through:

e the predicted total leak rate through one steam
generator during the postulated limiting acci-
dent (SLB) at the end of cycle;

e estimated probability of tube rupture (single or
multiple) at the EOC, give postulated limiting
accidental conditions (FLB);

e number of tubes (and distribution of defect
sizes in them) which are supposed to be
plugged using one or another maintenance
strategy.

The maintenance approaches considered are:

e traditional approach. All tubes with defect
depths exceeding the Kriko specific 45% of
tube wall thickness were assumed plugged;

e alternate (or EPRI bobbin coil voltage based)
approach. All tubes with defect sizes exceeding
certain bobbin ceil voltage (e.g., 1 V) were
assumed plugged;

e combined traditional and EPRI approach. All
tubes with defect sizes exceeding 1 V and
depths exceeding 45% of tube wall thickness
were assumed plugged.

e no plugging at all:

Differences in maintenance approaches can be
described by different distributions and numbers
of defect sizes at the beginning of inspection cycle

Page 1
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Fig. 2. Companson of traditional and alternate maintenance approaches (1993).

(ap in Eq. (9)). For example, setting the alternate
plugging criterion to 1.5 V simply caused setting
1.5 as an upper limit of the distribution describing
the BOC defect sizes. On the other hand, the list
of tubes plugged because of the traditional (45%
loss of tube wall thickness) plugging criterion was
available. Therefor, all plugged tubes were elimi-
nated from the inspection result, yielding a corre-
sponding empirical distribution of defect sizes.

The distribution of defect sizes at the BOC
strongly depends on particular SG, operational
cycle, and maintenance approach.

3.3. Tube rupture probability

To estimate the tube rupture probability a pos-
tulated Feed Line Break (FLB) accident was as-
sumed with differential pressure of 195.6 bar
(2850 psi).

In this analysis we only present the single tube
rupture probabilities. As to the absolute values of
the single tube rupture probability, they varied
considerably between particular SG and opera-
tional cycles. At the same time, all of them were
estimated to be less than 1%, which is in agree-
ment with US NRC requirements (US NRC,
1995). These values are conditional, given a pos-
tulated FLB accident.

The estimated probability of multiple tube rup-
ture was in all cases at least two orders of magni-
tude lower than for the single tube rupture
probability, Thus, the multiple tube rupture event
was not considered to be of particular importance
at this time.

The results obtained from /all data sets showed
similar behaviour in the qualitative manner. Rela-
tive probabilities of single tube ruptures are de-
picted in Figs. 2—4 (curves denoted probability of
single SGTR). The values obtained by traditional
(Fig. 2) and combined (Figs. 3 and 4) mainte-
nance approaches were set to 1 in order to allow
direct comparison of both approaches.

The relative probability of SGTR is obtained
by firstly, predicting the probability of SGTR for
the traditional (Fig. 2) and combined (Figs. 3 and
4) maintenance approaches. Then, the probabili-
ties of SGTR were predicted for appropriate data
sets as a function of alternate plugging criterion
PC. The ratio between corresponding rupture
probabilities was then plotted as a function of the
defect specific plugging criterion (Figs. 2-4).

Those figures depict the effect of the alternate
maintenance approach on the probability of single
tube rupture. Setting the defect specific plugging
criterion below about 1.4 V is show to outperform
the traditional and combined approach. It should

Page 1
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he however noted that above {.4 V the state of 1o pblained wete well balow the fimit for gormal L
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‘7 . l (Figgv_d) the no plugging at all approach yields The practical concluson is that such an analysis
- rasulls comparable 10 other maintenance Ap- should be repeated aftertt inspection of a partic-
proaches. Again, the conditional tubg rupture plar steam generalor. N eq sibe
= probabiﬁties were cansistently fess than V% (US
_5  NRG 1995} % .
(us WRC vr:jwn‘:' 2.5, Number of plugged tubes
3.4. Maximum expected feak rate et s
The relative pumber of plugged tubes is ob-
A postulated Steam Line Break (SLB) accident taned by dividing number of tubes scheduled for
with @ conservative pressure difference of 182.7 plugging by different maintenandce approaches.
. bar (2650 psi) was assumed. The relative (maxi- This is analogous with relative efficiencies defined
J,\,. mum expected) leak rates were estimated {n the by probability of tube rupture and leak rates.
way analogous 10 the tube rupture probabmtie,s. Representative examples are depicted in Figs. 2-4
Al data sets showed similat pehaviar in the qual- (curve denoted number of p\ugged tubes), The
itative sense. Relative leak rates are depicted refative number of plugged tbes seems (O he
Figs. 24 fourves denated leak rate). more sensitive 10 the changes in plugging criterion
Again, lower leak tates are obtained by ENE than tube rupture probability and leak rate.
an alternate mantenance approach with PC < 1.8 It is important t0 stress that at pCz1 V.4
v However, the 1o plugging at all approach significant savings (M wbe plugging may be
results in leak rates of the same order of magtt- achieved by allowing for @ virtually negligible
tude. increase in probabi'.ity it tube rupture and €x-
Considerable differences in the absotute total pected accidental leak rate. In the cases analyzed.
leak rates were observed between different steam ihe no plugeng at all approach would still keep
generators. This is essentially caused by different the conditional pmbability of tube Tupture below
number and distribution of defects incinded 0 1% and gxpected appidental (SLB) jeak rate below

data sets available. However, all total leak rales the limits valid for normal operation
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Fig. 4. Comparisan of combined and alternate maintenance approaches (1995).

The above results strongly depend on the par-
ticular steam generator. These results may there-
fore not be generalized either to another steam
generator or to other nspection results of the
Same steam generators,

3.6. Toward the optimization of SG life time

The general behavior of all three curves in Figs.
2-4 was already explained in above discussion.
We shall now examine the general degree of safety
of particular maintenance approaches. The gen-
eral degree of safety is of course based on the
Joint consideration of the three parameters dis-
cussed above,

It is obvious (Figs. 2-4) that it js possible to
achieve lower SGTR probabilities and expected
accidental leak rates by application of lower val-
ues of alternate plugging criteria. This in turn
obviously increases the number of plugged tubes.
Now, let us examine the two separate cases: (1)
alternate versus traditional approach (Fig. 2); and
(2) alternate versus combined approach (Figs. 3
and 4).

Alternate versus traditional approach: In shad-
owed region in Fig. 2. the alternate approach
completely outperforms the traditional onpe. In

this region, lower likelihood of tube bursting and
excessive leakage is obtained with fewer tubes
plugged. This is also the region where the present
values of the defect specific criteria reside (~ ] V
for 3/4 in. tubes US NRC, 1995). This is an
obvious candidate for an optimal maintenance
approach.

Between 1.3 and 2.1 V., the GTR probability is
raised to its asymptotic leve given the defect pop-
ulation), while there can sti] be significant reduc-
tion in expected leak rates as compared to the
traditional approach. This region may be very
useful if we are more interested in preventing
excessive leak rates (without tube rupture) than
the tube rupture event. I should be however
noted here that this effect could very well be
caused only be the uncertainties in the correla-
tions defining tube bursting and individual Jeak
rates (Egs. (3) and (6)). Some more detailed phys-
ical modeling may be therefore required to clarify
this effect.

Alternate versus combined approach: Again,
the shadowed region in Fig. 3 and Fig. 4 repre-
sents the region where alternate approach com-
pletely dominates the combined approach. It
should be however noted that given PC>1v,
there is only one significant difference between

Page 1
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Fig. 5. Sensitivity of tube rupture probability to the scatter of basic random variables,

those two approaches: number of tubes plugged.
The performance of no plugging at all approach
in this region is comparable both to combined
and alternate approaches.

This leads to the conclusion that it would be
useful to define a risk based plugging criterion. In
simple terms, some limits should be imposed on
the tube rupture probability and accidental leak
rather than on the defect size. Then, methods
outlined above could be used to define which and
how many tubes should be plugged in order to
satisfy the risk limits. This would of course

strongly depend on a particular_steam generator
and operating cycle considercd.] Sensitivity analy-

53

51§

The absolute values of sensitivity factors are
presented in Fig. 5 for tube rupture probability
and Fig. 6 for leak rate, both as functions of PC
value. The sensitivity factors lor tube rupture
probability are obtained directly from First Order
Reliability Method caleulation. Thus, the sensitiv-
ity factors denoted the degree of the change im-
posed to the tube rupture probability by the
magnitude of the scatter of particular random
variable.

Consistent method was used in the case of
Monte Carlo simulation of leak rates (Fig. 6). An
additional basic variable has been introduced

here, i.e. probability of leakage. On the other
hand, the sensitivity of leak rates to changes in
the defect size was not addressed here. This is
because only minor impact on results has been
found for this basic variable in the previous anal-
ysis Q?(fize]j et al., 1996).

The oscillations in the leak rate sensitivity fac-
tors obtained at low values of PC are mainly
caused by the large scatter in the regression model
(Eq. (6)). Thus, the changes of the leak rate
caused by the uncertain model may be larger than
those caused by deliberate change in input
parameter. This effect could be filtered out by
averaging over a series of calculations, which
would require extensive computational effort be-
yond the scope of this analysis. However, the
qualitative behavior of sensitivity factors is con-
sidered reasonable.

Therefore, larger uncertainty of the regression
model yields larger tube rupture probabilities and
expected leak rates. All other basic variables
(Figs. 5 and 6) have significantly lower impact on
the result. It is also intuitively clear that defect
size should have important effect only at large
values of PC.

The uncertainty of the regression model
strongly depends on the sample size used in the
regression analysis (Steam Generator Degradation
Specific Management (Draft), 1993). Larger sam-
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Fig. 6. Sensitivity of leak rate to the scatter of basic random variables.

ples would therefore reduce both the uncertainty
of the regressions and calculated failure proba-
bilities or leak rates. This would require further
expensive experimental work (Steam Generator
Degradation Specific Management (Draft),
1993).

4. Conclusions

An original method is proposed to quantify
the safety and availability of different mainte-
nance approaches for steam generator tubes af-
fected by secondary side corrosion. In
particular, the tubes affected by outside diame-
ter stress corrosion cracking at tube support
plates are taken as an example.

The quantification of safety and availability is
based on three parameters: probability of tube
rupture, predicted accidental leak rates and
number of plugged tubes.

Four different maintenance approaches were
considered in the numerical example, which was
based on realistic data obtained from inservice
inspections of steam generators in Kriko NPP
in Slovenia. Generally, better safety performance
was indicated by the defect specific maintenance

approaches as compared to the generic ones.
Also, defect specific maintenance approaches re-
quire less tubes to be repaired in all cases ana-
lyzed.

Interesting observation is, that the no plug-
ging at all approach, shows performance which
is comparable to the traditional maintenance ap-
proaches. In all cases analyzed, the no plugging
at all approach also resided within the safety
limits suggested by US NRC. Therefore, it may
represent a reasonable maintenance option. It
may be therefore useful to define risk or perfor-
mance based goals for maintenance in the fu-
ture.

Sensitivity analyses show that the scatter of
regression models represents the dominant con-
tribution to the leak rate and tube rupture
probability. Thus, the topic which should get
closer attention in the future is more accurate
and/or physics-based modeling of the tube rup-
ture conditions and individual leak rates.

5. Unlinked list AUTHOR: PLEASE CITE
REFERENCES Cizelj et al., 1996a; Cuvelliez et
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