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ABSTRACT 

The rupture of a steam generator tube is one of the accidents that affects availability and safety of nuclear plants. To 
reduce the probability of occurrence of this problem, the utilities have implemented a maintenance program that consists in 
inspect the tubes by eddy current test (ECT). The dimensions of the possible defects are compared with specified limits, and 
in case of non-compliance, the tubes are removed from service (plugged). Data from several plants in the world indicate that 
the initiation and propagation of the crack is due to stress corrosion cracking (SCC). The international experience shows a 
growing number of tubes removed by damage caused by SCC. As similar tendency has been verified in Angra 1 Nuclear 
Power Plant, it turned out to be necessary to develop an action plan to manage the life of the steam generator. One of the 
objectives of this plan is to define the maintenance program that allows extending the residual life of the equipment. The 
initial results, restricted to the activities related to the structural area, are presented in this work. The approach for the analysis 
considers the technology of probabilistic fracture mechanics and aims to: a) define the statistical distribution of the main 
parameter involved in the problem; b) establish an approach of plugging that allows the tubes to be longer in service without 
compromising the safety of Plant. 

INTRODUCTION 

The premature degradation of steam generator (SG) tubes is one of the greatest problems in the nuclear industry. This 
type of damage, first detected at the end of 70's, is caused by stress corrosion cracking (SCC), a mechanism responsible for 
the initiation and propagation of the defects, which has potential to cause the material failure. The tube bundle is part of the 
pressure barrier of the pressurized water reactors and isolate fission products from the primary to the secondary side. The 
barrier is broken when, under certain conditions, a crack penetrates the tube wall, causing undesirable leaks, which request 
plant shutdown. To avoid unplanned outages, the tubes are preventively removed from service (plugged) whenever the cracks 
sizes measured during the periodic inspections reach the allowable limits. 

As the damage by SCC is dependent on time, aggressive environment, and service conditions, the number of tubes 
removed from service increases every year. Consequently, as the heat output is affected adversely, plugging of a large 
number of tubes reduces the life of the plant. Therefore, to assure the design lifetime an effective maintenance program is 
mandatory. 

Angra 1 Nuclear Power Plant operates with two steam generators model D3 supplied by Westinghouse. Each SG has 
4674 tubes, made of Inconel 600 (Ni-Cr-Fe alloy), which are periodically examined by the ECT. As a result of the 
inspections accomplished during the last five years, the degradation tendency for SCC observed in many plants worlwide is 
also present. 

Several alternatives are being adopted to mitigate the problem and to extend the operating life of this component. Some of 
the remedial actions taken have been a better control of the water chemistry of the system (to reduce the aggressive 
environment), improvement of the inspection techniques, and the use of approaches with less restrictive plugging limit. 

Probabilistic fracture mechanics (PFM) is one of the options to determine the failure probability of SG. In this context, 
failure is characterized by the need for removing the tubes whenever there is an indication larger than the specified limits. 
The technology of PFM is adopted in several countries to establish new tubes plugging limit (Ribes et al. [ 1 ]; Pitner et al. [2]; 
Cizelj [3] and IAEA [4]), and is recommended to cases where there are uncertainties in the parameters that govern the 
propagation of the defects in the material. Therefore, PFM is the adequate approach to analyze the problem, since each SG 
has thousands of tubes with different material properties, geometry, stresses and defects sizes. 

Three conditions are necessary to develop SCC: material susceptibility, aggressive environment, and tensile stresses. The 
most unfavorable the combination the worst will be the consequences on the material. The damage mechanism is 
denominated PWSCC (primary water stress corrosion crack) when it produces cracks on the internal side of the SG tube. 
Figure 1 shows a schematic representation of these cracks, located in the transition zone, a region above the top of the 
tubesheet (limit between the expanded and non expanded zone of the tube). 

Several parameters control the failure of the tubes in the transition zone. When PWSCC is the concern, an important 
factor is the residual stress, which results from the mechanical expansion assembly of the tube in the tubesheet. The residual 
stress field is mainly influenced by the yield strength, a material property with a statistical variations (dispersion). Besides, 



there are uncertainties in other quantities such as tube outside diameter, thickness, crack size, crack growth rate, and error 
associated with the measurements during the ECT. 

This work deals with the applicability of PFM to determine plugging criteria related to the probability of failure 
acceptable by industry standards, such as NEI [5]. The purpose of the calculation is to reduce the conservatism in the criteria 
currently used in Angra 1, which was established based on a deterministic procedure. Initially the theoretical formulation of 
the problem is introduced, followed by the calculation of the statistical distributions of the flow stresses (arithmetic average 
between yield and tensile strength), mean radius and thickness of the tube, and length of the measured crack. Then, it is 
shown the approach to estimate the crack propagation using the actual tubes data. From these information the failure 
probability is calculated as a function of crack length. The problem is solved numerically with the Monte Carlo method. 

PROBABILITY OF FAILURE 

The failure probability Pr is evaluated from data represented by independent statistical distributions. The equation to be 
solved is (Thoft-Christensen and Baker [7]) 
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where f ( X )  is the failure function a n d  i x  I ( X l ) , . . .  , ix, (Xn) are the joint probability density functions of the input 

parameters that characterize the uncertainties of the problem. 
The analysis of the tubes has two considerations" a) there is a throughwall axial crack in the transition zone (see Fig.l); b) 

the failure mode is by plastic collapse, an assumption supported by laboratory experiments in tubes pulled from the plants 

(NEA [8]). The crack instability occurs when the circumferential stress, cro, reaches the flow stress Sr of the material. The 
m 

function f ( X ) ,  which defines the failure, is determined from 

f ( X )  - S s - O ' o m  b < 0 (2) 

with o- o (=APRm/t). The quantity AP is three times the difference in the pressure between the primary and the secondary side 

(USNRC [6]), being the mean radius and the thickness of the tube Rm and t, respectively. The factor of amplification mb takes 
into account the axial crack size and i s given by (Erdogan [9]) 

m h - 0,614 + 0,386e -1'25~ + 0,4182, 2 [12(1 v2)] °'25 -05 - - ( R m t )  ' a (3) 

where v is the Poisson ratio of the material and a is the half of the crack length. Therefore, since the quantities SD Rm, t, and 

a are scatter, their statistical distribution shall be determined. It is admitted that v is a deterministic value and AP is a 
constant. 

INPUT DATA - UNCERTAINTIES OF THE PROBLEM 

Material data 
The Angra 1 tubes are manufactured using Inconel 600, with mechanical properties defined in terms of the yield Sy and 

tensile S,, strengths. From the material data records it is observed that these properties may be represented by a normal 

(Gaussian) distribution. It is assumed that the flow stress SU is also characterized by the same distribution, with mean/.tsr and 

standard deviation O-st equals to 

,US r = 545 MPa O's r = 24 MPa 

Geometry of the tube data 
The nominal dimensions and the tolerances are obtained from the original specification of the tubes. It is assumed a 

normal distribution for Rm and t, with mean equal to the nominal value of each quantity. Considering that the maximum 
dispersion is three times the standard deviation (reliability of 99,8%), then 



/zR,,, = 8,979 mm O'R,,, = 0,017 mm ; /tt = 1,092 mm o 5 = 0,034 mm 

Crack size data 
In Angra 1 an inspection program is implemented at each regular outage to verify the existence of cracks. During the ECT 

all tubes are examined and the results stored in a database, which allow to identify the size, location and mechanism of 
initiation of the defects. Figure 2 shows the PWSCC distribution of the axial crack in the tubes of the steam generators, 
detected by ECT performed in the last plant outage. Fifty five indications were detected. The ordinate represents the 
frequency of the distribution which is the number of indications in a specific crack length interval. The abscissa shows the 
crack length 2a located in the transition zone, above the top of the tubesheet. Based on several test, the plugging criteria 
considers that this portion of crack size controls the failure (the size inside the tubesheet does not affect the plugging). 

The cumulative probability density functions corresponding to the results of ECT can be approximated using different 
distributions, such as normal, log-normal or Weibull. In this work the option is a normal distribution, with the mean 4,6 lmm 
and standard deviation 1,6 lmm, selected after attempts to verify the distribution that better fits to the data measured during 
the inspection. From Fig.3 it is noticed that the comparison between the field results and those predicted using normal 
distribution have a reasonable agreement. For information purpose, the Weibull curve is also represented in the figure. 

CRACK PROPAGATION AND END OF CYCLE DISTRIBUTION 

The cumulative probability density function for the crack at the end of a period of operation is the combination between 
the distribution of the length in the beginning of the cycle and the distribution of the crack growth in the specified interval. 

The length distribution in the beginning of cycle is computed based on the as found distribution (Fig.2) and on ECT 
uncertainties, given in terms of the probability of detection POD and standard technique error c. The POD is directly related 
to the reliability of the inspection and, together with e, has to be included to determine PWSCC crack distribution in the 
beginning of cycle. The estimation of those parameters is informed by the companies responsible for the inspection. 

The crack growth estimation is accomplished with statistical analysis of the field data supplied by ECT. The crack 
propagation in a particular tube is obtained taking the difference in the length between two consecutive inspections. Figure 4 
shows the cumulative probability density function of the crack growth for the PWSCC indications during one operating 
cycle. The period considered for the propagation was 1,0 EFPY (Effective Full Power Year). It can be observed that the 
mathematical curve represented by a normal distribution provides a reasonable fit when compared with ECT measurements. 
The statistical curve has mean 1,09mm/EFPY and standard deviation 1,05mm/EFPY, and accounts for the effect of the tail of 
the distribution where the largest growth rates occur. The amount of incremental degradation for this operational period 
obtained from the 95 percentile value of the cumulative data is equal to 2,8mm/EFPY. 

The distribution at the end of cycle is obtained adding the 95% growth in length to each indication measured at the 
beginning of cycle or, as an alternative, the projected sizes are obtained performing a Monte Carlo analysis using the 
distribution for all quantities involved. The second option has been adopted in this paper. 

RESULTS 

This study intends to quantify the influence of the plugging criteria (allowable crack size, Lmax) for the failure of one of the 
SG tubes during an operation cycle. Because in Angra 1 the number of indications caused by PWSCC is not enough to 
represent the crack size and propagation distribution, this is a preliminary stage of the work,. Therefore, it is not possible to 
def'lne a criteria for immediate application. Nevertheless, an example is introduced to illustrate the probabilistic procedure 
discussed here. The failure probability (Eq. 1) is numerically calculated using Monte Carlo method. The technique consists in 
establishing statistical distributions for S/~ Rm, t, and a, generate thousands of simulations with random numbers for each 
variable, and determine the corresponding failure function. The value of P~ is estimated using the relationship between the 

m 

number of iterations in that f ( X )  < 0 and the total number of simulations (typically ten thousands). A computational code 
was developed by the authors to implement the method. 

The value of P./at  the end of the operation cycle (the period before the next inspection is assumed 1,0 EFPY) is plotted 
as a function of the crack size 2a in Fig. 6. In the example 3AP is 28,95 MPa, POD is 0,8, and c is a normal distribution 
with average zero and standard deviation equal to 2,0 mm. The estimation of the allowable size Lmax for the axial crack 
caused by PWSCC in the transition zone is obtained from the maximum failure probability established in the industry 
standard. According to NEI [5], the annual failure probability of one SG tube shall be less than 5,0x10 -2. Therefore, from 
Fig.6, Lmax is 14 mm. As an altemative, Lmax is determined using the lowest P/. In this c a s e  Lmax is 12 mm. It is interesting 
to compare these numbers with the corresponding one adopted for Angra 1, calculated using deterministic approach, which is 
approximately 9,0 mm. It is observed that longer cracks are acceptable with the application of the probabilistic concept, 
which allows to increase the tube lifetime and, as a consequence, to extend the residual life of the equipment. 



CONCLUSION 

The work presents a methodology based on probabilistic fracture mechanics to investigate the behavior of the steam 
generator tubes. The goal is to define a less conservative plugging limit than the one currently adopted in Angra 1. In spite of 
this example considers the PWSCC damage and axial cracks located at the transition zone (top of the tubesheet), the use of 
the methodology is general and can be applied to other SG areas and degradation forms such as, ODSCC (outside diameter 
stress corrosion crack) at intersection between tube and tube support plate. 

The operation of the plant and the amount of available data from the ECT do not allow to establish a plugging limit for 
immediate application. However, the theoretical formulation and the computer codes are developed and will be validated 
during the future inspections. Depending on the results (comparison of the predict/measured crack distributions) all the 
computer programs have to be adjusted. 

An example of the application of the probabilistic procedure shows a less restrictive plugging limit than the current ones, 
obtained from deterministic analysis. This suggests that the tubes can stay longer in service, which implies in extending the 
life of the steam generator. 
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Fig. 1 - Transition zone between tube and tubesheet 
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Fig. 2 - Crack size distribution during ECT inspection (lengths are as found) 
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Fig. 3 - Crack size distribution during ECT inspection 
(comparison measured vs. calculated) 
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Fig. 4 - Crack size propagation during a typical operational period (1,0 EFPY) 
(comparison measured vs. calculated) 
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