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ABSTRACT

The objective of the present study is to estimate the probability of a steam generator
tube rupture due to the unstable propagation of axial through-wall cracks during a
hypothetical accident. For this purpose the probabilistic fracture mechanics model was
developed taking into account statistical distributions of influencing parameters. The
numerical example presented indicates the change of rupture probability with different
assumptions focusing mostly on tubesheet reinforcing factor, crack propagation rate and
crack detection probability.
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1 INTRODUCTION

Primary Water Stress Corrosion Cracking (PWSCC) is one of the main degradation
mechanisms affecting mill annealed Inconel 600 steam generator tubes. This corrosion
mechanism is observed in regions with high tensile, residual or operational, stresses.
Typically affected region is the roll transition zone where multiple axial cracks are
initiated from the primary side. They grow further in length and propagate out of the
transition zone as through-wall (or close to) cracks.

Bursting tests of axially cracked tubes have shown that no crack growth precedes the
bursting but large ductile deformation (bulging) is observed before the axial crack
becomes unstable [1]. Therefore, the failure mode of tubes with axial cracks is not
crack propagation but plastic collapse. This also demonstrates that the crack length
rather than crack depth is the relevant parameter for tube rupture.

The bulging phenomenon also prevents tube rupture when the cracked section is located
in a confined space. More precisely axial cracks in a confined space remain stable at
pressures where unstability should occur. This is the case for axial PWSCC at the roll
transition zone when the mechanical rolling is partial (i.e. the rolling is limited to a part
of the tubesheet). On the other hand when the tube is fully rolled along the tubesheet
thickness, PWSCC axial cracks in the roll transition zone propagate outside the top of
the tubesheet in a free span region. In the later case, tube rupture is a safety concern.

To continue safe reactor operation with known (axial) through-wall cracks above the
tubesheet, utilities in some countries rely on adapted plugging criteria and extensive use
of advanced NDE techniques. Criteria based on crack length recognize that cracked tube
has a margin against bursting and requires that all tubes with cracks greater than
allowable length be detected and plugged (repaired).

The goal of the crack length criteria is to ensure with adequate safety margin that the
loadings during operation will not initiate unstable crack propagation. These criteria
derive from an analytical deterministic model taking into account the mean or extreme
values of statistically distributed parameters, thus implicitly assuming that variabilities
and uncertainties contribute to a small (but not evaluated) probability of tube rupture.

When plants are operating with a large number of through-wall cracked tubes, the
concern of Steam Generator Tube Rupture (SGTR) is raised. More specifically, the
probability of a SGTR during hypothetical accidental conditions should be assessed. The
results of the analysis may be used at the later stage to evaluate if the expected SGTR
probability may be tolerated and to validate the crack length criteria.

The method used to evaluate failure probability of cracked tubes is based on the
probabilistic fracture mechanics model proposed in [2].
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2 MATHEMATICAL MODEL

Assuming that the steam generator tube failure can be described by a Poisson's process,
the probability Q of having one or more tubes failed in a steam generator tube bundle
containing M cracks is given, for large values of M, by:

Q = 1 - expC-M-Qj) (1)

Qj being failure probability of a tube containing only one crack. Qj can be obtained by
solving:

<?, = / / ( a ) / / e (2-a e ) d(2-ae) da (2)

f(a) and fc(2aj being probability densities of observed and critical crack lengths,
respectively. Probability density f(a) is defined by the in-service inspection of the tube
bundle while fc(2aj is determined through semi-empirical rupture model, from the
probability density of different parameters, as described below. Equation (2) can be
solved numerically using known techniques [3].

2.1 Critical Crack Length

The critical axial through-wall crack length calculation is based on the ductile fracture
mechanics model, originally proposed in [4] and experimentally verified in [5].
By inverting the bulging factor correlation [4] and assuming the Poisson ratio to be 0.3,
the critical crack length is obtained from:

ac = [-0.709 + 1.155-in - 7.056 exp(-2.966•m)]- sp^i (3>

where the bulging factor m is given by:

m = _«/ =
 K(°Y

 + O (4)

The probability density fc(2aj is then easily determined from probability densities of
influencing parameters, considered as statistically independent variables (eq. (4)).

2.2 Tubesheet Reinforcement Effect

The tubesheet provides additional circumferential rigidity in the transition zone. This
effect was observed in [1] and later quantified in [5] proposing the Tube Sheet
Reinforcing Factor, defined as correction coefficient to the flow stress factor K (see eq.
(4):

RF(ac) = 1 + 10-exp

RF is effective for very short cracks and is vanishing with the crack length.
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Unfortunately, its use is restricted only to the cracks tangent to the tube sheet [5] which
may not be true for the numerous cracks propagating from the tube sheet.

2.3 Observed Crack Length

When in-service inspection of the full population of the tube transition zones is
completed, the probability density of measured crack lengths can be estimated [5],
[6], Tubes with cracks equal or exceeding the plugging limit (PL) are removed from
service.

Plugging limits [5] are based on the observed mean or extreme values of the parameters
including sizing accuracy and crack length propagation rate. The use of such limits
should ensure that at the end of is-service inspection interval there is no crack longer
or equal to PL. However there is a non-zero probability of having these parameters
exceeding the observed values. Another consideration is the possibility of missing some
cracks during in-service inspection. As a consequence, some of the cracks might be left
in operation after the in-service inspection and actually exceed the plugging limit before
the end of cycle. The model describing this behaviour is summarized in:

a = ag * \am + ae, aM + ae * PL and £ > P^ (b)

0 otherwise

where P^ represents the probability of crack detection.

3 NUMERICAL EXAMPLE

Application of the proposed model is illustrated by a numerical example considering a
typical steam generator seriously affected by axial stress corrosion cracking in the roll
transition area. The probability of a steam generator tube rupture is calculated for the
most unfavourable hypothetical conditions (Feedwater line break).

Two cases are considered. In case A, the parameters defining the assumed probability
densities are calculated from the samples of the available test data [7]. They are
coherent with the values used to define the plugging criteria [8]. This should give a
point estimate of the probability Q, (see eq. (2)) consistent with the assumptions of the
bases for plugging criteria [8].

For case B, a statistical re-analysis of data was performed in order to estimate with a
given confidence level (95% in most cases) the most unfavourable values of parameters.
Such choice of parameters should result in an upper bound for the probability Q, (see
eq. (2)) consistent with the available data.

For each of the two cases, the effect of the tubesheet reinforcing factor RF (see eq. (5))
is studied by performing two analyses, differing only by considering the RF or not.
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3.1 Data Summary

The statistical properties of data used in analyses were summarized in Table I for case
A and Table II for case B. The parameters which were taken as deterministic are given
in Table III. In both cases, the same initial (as measured) crack length distribution was
assumed (see Fig. 1).

Crack propagation law, used in case A does not consider the effect of initial crack
length, although such dependence was observed in [5]. However, it predicted greater
propagation rate than model used in case B for all propagation rates greater than 2mm
(see Fig. 2).

3.2 Solution Method

A direct Monte Carlo method was used to solve eq. (2). To obtain Qt with a resolution
of the order of magnitude 10"*, it was necessary to perform 107 numerical experiments.
Qj is then obtained by:

Q, = -5". (7)
1 N

3.3 Results

The single tube failure probabilities Q} for all four cases considered are presented in
Table IV. Consideration of the number of cracks in the tube bundle is shown in Fig.
3, as expressed by eq. (1).

As expected, case B gives higher rupture probabilities than case A. However the ratio
between them remains below 1.17 and 2.31 with or without RF, respectively. This may
be due to the fact that case B was more conservative than case A in treating flow stress
coefficient and probability of crack detection but less in describing crack propagation
rate.

The reinforcing factor RF decreases rupture probability by approximately an order of
magnitude for both cases.

Following the curves on Fig. 3 and assuming case B without tubesheet reinforcement
the rupture probability will exceed 50% (5%) if 730 (54) cracks were detected.
Assuming case A with tubesheet reinforcement the same number of cracks will yield
probability below 4.7% or 0.36%, respectively. At this point it should be noted again
that above mentioned rupture probabilities are conditional. A hypothetical Feedwater
line break accident was assumed as an initial event.

3.4 Single versus Multiple tube rupture

An interesting application of the above results is to compare the probability Qs of
having single to the probability Qm of having simultaneous multiple steam generator
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tube rupture. The probability Q is basically given by Poisson's cumulative distribution:

O = e > y°>

which results in eq. (1) for large M.

The first term of the summation is Qs and Qm is given by the sum of the other terms.
For large value of M, the ratio of QJQS is given by:

Q 1 - (1 •

Figure 4 shows the ratio QJQS for all cases considered. Assuming case B with
tubesheet reinforcement, it can be seen that if 2000 cracks are detected, Qm is only 8%
of Qs. If tubesheet reinforcement effect is not considered, Qm is two times larger than

4 CONCLUSIONS

Rupture probabilities of axially cracked steam generator tubes can be estimated by
means of probabilistic fracture mechanics model. Point and upper bound estimates have
been calculated for a typical steam generator seriously affected by primary water stress
corrosion cracking in the roll transition zone.

Additionally, the effects of tubesheet reinforcing factor and number of cracks on failure
probability were studied. The results showed great safety significance of both
parameters.

5 NOMENCLATURE

a predicted end of inspection interval crack length
ac critical crack half-length (theoretical prediction)
ae crack sizing error
ag crack propagation between two consecutive inspections
am measured (in-service inspection) crack length
fc(2aj probability density of end of inspection interval crack lengths
K flow stress factor
M number of cracks in the tube bundle
Nefper number of numerical experiments (Monte Carlo)
Nfan number of numerical tube ruptures (Monte Carlo)
p differentia] pressure
PL plugging limit
P^ probability of crack detection
Q probability of tube bundle failure (at least one tube rupture)
Qx probability of rupture per tube
Qm probability of having a multiple tube rupture in tube bundle
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Qs probabil i ty of having a single tube rupture in tube bundle
R tube mean radius (RM - 0 .5 /)
RF(a,.) tubesheet reinforcing factor
R^, tube outer radius
t tube wall thickness

f uniformly distributed random variable
of flow stress
am membrane stress
oM ultimate tensile stress
aY yield stress
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Table I Summary of data for case A

Variable

Tube outside
radius

tx

am

ae

at

K

<rY+oM

Distribution

Type

Normal

Normal

Gamma

Normal

Gamma

Normal

Normal

Parameters

p = 11.11
a = 0.0313

H = 1.195
a = 0.0423

a = 11.4
fi = 1.5

H = 0
a = 0.75

a = 1.0
fi = 0.8

H = 0.51
o = 0.03

It = 945
a = 50

Unit

mm

mm

mm

mm

mm

-

MPa

Comment

tolerance
± 3a

tolerance
± 3a

assumed

accuracy
± la

Prediction
model [5]

Experimental
data [7]

-

Uniform thinning of 0.075 mm assumed.

Figure 1 Measured crack length distribution

0.20

0.00

Crack Length [mm]
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Table II Summary of data for case B

Variable

Tube outside
radius

tl

am

at

K

oY+oM

Distribution

Type

Normal

Normal

Gamma

Normal

One - sided
normal

Normal

Normal

Parameters

pi = 11.11
a = 0.0313

M = 1.195
a = 0.0423

a = 11.4
0 = 1.5
M = 0
a = 0.75

a.d.5
a = 3.37

1.5 < a m ( 2 . 5
a = 2.36

2.5 < a,, ( 3.5
a= 1.84

3.5 < ^ ( 4 . 5
a = 1.47
4.5 < a,,,
a = 1.16

ju = 0.47
a = 0.04

H = 945
a = 50

Unit

mm

mm

mm

mm

mm

_

MPa

Comment

tolerance
± 3a

tolerance
± 3<T

assumed

accuracy

operational
data

Experimental
data [7]

-

Uniform thinning of 0.075 mm assumed.

Table III Deterministic data

Parameter

Differential
pressure

P*

RF

PL

Case A
Value

178.5 bar

1

See eq. (5)

14 mm

Comment

assumed

assumed

Case B

Value

178.5 bar

1 - exp( -0.45 a j

a,. < 18mm;
RF = 1.128
a, ) 18mm;
RF = 1.0

14 mm

Comment

assumed

Experimental
data

Experimental
data [7]
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Figure 2 Comparison of crack propagation laws
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Table IV Probability of single tube rupture (Q,)

With Reinforcing
Factor

Without Reinforcing
Factor

Case A
Point Estimate

6.62 -10-5

4.11-Kr1

Case B
Upper Bound Estimate

7.74-10-5

9.51 -10^
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Figure 3 Number of cracks and tube rupture probability
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Figure 4 Number of cracks and QJQS ratio
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