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ABSTRACT
Full-length inspection of all active tubes in both Krsko steam generators resulted in a huge amount

of inspection records. A computerized database was developed by Reactor Engineering division to acceler-
ate the management of about 200.000 records. The database was designed to support the development and
decisions related to the plugging criteria for damaged tubes and is utilized to gain as much experience
concerning the degradation of SG tube as possible.

In this paper, two prevailing groups of data are statistically analyzed: (1) the axial cracks in expan-
sion transitions at the top of tube sheet (TTS) and (2) Outside Diameter Stress Corrosion Cracking at tube
support plates (TSP). Especially ODSCC caused a vast majority of repaired tubes (e.g., plugs and sleeves).

The influence of plant startups involving oxidizing transients on the repair rates of tubes affected by
ODSCC is analyzed in some detail. The results are promising and show excellent correlation in SG 2 and
reasonable fit in SG 1.

Predictions of maximum expected number of tubes repaired due to ODSCC at the last planned in-
spection is given as 67 in SG 1 and 400 in SG 2.

1 INTRODUCTION

In recent years, the degradation mechanisms encountered in steam generator (SG) tubes
made of Inconel-600 triggered large inspection efforts in nuclear power plants (NPP) worldwide
[1]. Krsko NPP practices full-length inspection of all tubes by standard bobbin coil since 1987.
In addition, all expansion transitions are inspected by motorized rotating pancake coil (MRPC)
since 1992. More than 200.000 records of inspection results accumulated in nearly 13 effective
full power years (EFP Y) of steam generator operation. A computerized database was developed
by Reactor engineering division of "J. Stefan" Institute to support the maintenance of steam
generators. This database was also used for the analysis presented in this paper.

The history of tube repairs in both steam generators is depicted in Figure 1. The full lines
denote the fraction of tubes plugged, while the dotted lines show the fraction of all tubes repaired
(plugged and sleeved). The sleeving campaigns in 1993 (SGI), 1996 and 1998 (SG 1 and SG 2)
are clearly seen. The observed repair rates are relatively stable since ISI 94, with the exception
of ISI 97. The explanation of this sudden excursion is attempted in Section 3.2.

The major degradation mechanisms that caused the repair of tubes are comparatively shown
in Figure 2. 80% of tubes repaired during the entire lifetime of the steam generators and about
90% of repairs during the recent outages are attributed to only two degradation mechanisms:
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TTS: axial stress corrosion cracking at the expansion transitions at the top of the tube sheet
(TTS) caused 24% and 17% of repaired tubes in SGI and SG2, respectively, and
TSP: outside diameter stress corrosion cracking (ODSCC) at the tube support plate inter-
sections (TSP), caused about 56% and 63% of repaired tubes in SGI and SG2, respectively.
Multiple TSP defects per tube or tubes with both TSP and any other defects are responsible
for about 10% of repairs.
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Figure 1 History of tube repair (plugging & sleeving)
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TTS Repaired because of axial crack at expansion transitions
Other Repaired because of any cause not mentioned above

Figure 2 Causes of tube repair: Status after ISI98
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The quantity of tubes repaired because of ODSCC varied significantly during the recent
outages [2]. Special attention is therefore devoted to TSP defects, aiming at reasonable prediction
of repair rates following the last planned inspection.

It is therefore assumed that the TSP defects will govern the status of the steam generators
after the last planned inspection. Nevertheless, information related to TTS defects [3] is updated
below. Other degradation mechanisms are expected to cause a negligible number of repaired tubes
and are therefore not discussed further.

2 AXIAL CRACKS IN EXPANSION TRANSITIONS

Axial cracks in expansion transitions are mainly caused by joint effects of high residual
stresses and chemical influence by either primary/secondary coolant or deposits in crevices,
especially between sludge on the top of the tube sheet and tubes. A criterion for the repair of
degraded tubes is based on the allowable length of an axial crack.

2.1 History of Detected Cracks

Since 1992, a routine measurement of crack lengths using Motorized Rotating Pancake
Coil (MRPC) is performed in Krsko nuclear power plant (NPP) to verify the structural integrity
of cracked tubes. A stable and moderate increase in the number of known cracks is observed in
subsequent inspections (see Table 1). The vast majority of cracks detected and measured in 1998
already had a history of recorded crack lengths. In average, until ISI 98 the cracks survived more
than 4 inspections. The oldest known crack still in operation (SGI R33 C82) was first time
detected in 1987 and measured to be 3 mm long in 1998.

This confirms that currently implemented inspection methods (MRPC) reliably detect and
measure the cracks, which are shorter than the longest allowable through-wall crack of 6.4 mm.

2.2 Measured Crack Lengths

Selected statistical parameters of measured crack lengths are given in Table 1. A moderate
increase in number of cracked tubes during recent years is observed, which is consistent with the
fact that the population of cracks is growing older. Maxima of observed crack lengths recorded
are in the range 8-11 mm. It should be however noted that less than 4% of cracks exceed 5 mm
in length since 1994 when inspection technology remained virtually unchanged.

Table 1 Selected Statistical Parameters of Measured Crack Lengths (SG 1 and SG 2)

Inspection

Year

1998
1997
1996
1995
1994
1993
1992

Cumulative
EFPY

12.47
11.67
10.86
9.94
9.39
8.45
7.75

#of
Cracked

Tubes

509
534
513
488
465
413
427

Measured [mm]

Min*

0.
0.
0.
0.
0.
0.
0.

Max

10.
Q

8.
11.
10.
8.

11.

Average

3.13
3.06
2.92
2.39
2.55
3.23
3.48

Standard
Deviation

1.63
1.63
1.62
1.49
1.62
1.79
1.80

Sum of
Crack

Lenghts
[mm]

1593.
1636.
1500.
1167.
1187.
1336.
1484.

Resolution of measurement method causes that all cracks shorter than 0.5 mm appear with length O.mm
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Occasionally, more than one crack per tube is detected. The statistics in Table 1 is based
on the longest crack per tube. In the average, about 62% of cracked tubes contain only one crack,
about 23% two cracks, and 10% three cracks. More than three cracks are detected in about 5%
of cracked tubes [10].

2.3 Propagation of Axial Cracks

Table 2 shows selected statistical parameters on crack growth between consecutive inspec-
tions. The number of available data points moderately increases. Accumulated data confirmed
conservativity of predictions concerning crack growth ([5] and [6]).

In the 1997/98 only about 1.7% of cracks propagated more than 2 mm. Only 4 cracks (0.9
% of all cracks with recorded growth) grew 4 mm or more.

Table 2 Selected Statistical Parameters of Observed Crack Growth (SG 1 and SG 2)

Inspection

Period

97/98
96/97
95/96
94/95
93/94
92/93

EFPY

0.85
0.81
0.92
0.55
0.94
0.70

#*of
Recorded
Growths

389(458)
414(487)
403(460)
315(419)
204(327)
243(319)

Measured [mm]

Min

-3.
-3.
-2.
-3.
-4.
-4.

Max

6.
4.
6.
3.
6.
6.

Average

0.37
0.36
0.64
0.09

-0.19
0.28

Standard
Deviation

1.02
0.97
1.10
0.93
1.15
0.91

Sum of
AH

Growths
[mm]

168.
177.
295.

38.
-63.
91.

cracks with recorded positive growth (all cracks with recorded growth)

2.4 Future Behavior of Axial Cracks

The Weibull fit used in predictions of future behavior of axial cracks in [3] was updated
with data from 1998 inspection. The 1998 data confirmed the trends estimated from previous
years. The expected repair rates are in the order of 20 tubes per inspection and steam generator.

3 ODSCC AT TUBE SUPPORT PLATES

Outside diameter stress corrosion cracking (ODSCC) at tube support plates (TSP) is caused
by aggressive sediments that concentrate in the crevice between tube and tube support plate and
seems to be accelerated by high temperature and oxidizing conditions. It is currently the major
cause of tube repair in Krsko steam generators. More than 90% of tubes repaired during recent
outages are attributed to ODSCC at TSP.

3.1 Distribution of defects among tube support plates

The ODSCC defects are detected at different TSPs on the hot leg side of the steam genera-
tors. Further, two or more defects per tube (denoted as multiple) were detected in about 15% of
tubes. The distribution of all defects detected during ISI 98 is shown in Figure 3. The dominant
location of single defects is TSP 5 in SG 1 and TSP 3 in SG2. Most multiple defects per tube
involve TSP 3 and TSP 5 in SG2, whereas no dominant location is observed in SG 1.
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Figure 3 Distribution of ODSCC defects among tube support plates (detected during
ISI 98)

In general, the ODSCC tends to concentrate considerably lower in SG 2 than in SG 1. Since
the temperature of the tube is higher at lower TSP, the Arrhenius type of temperature dependence
of ODSCC may lead to faster defect initiation and growth of defects in SG 2. Indeed, the analyses
of inspection results show somewhat higher initiation and considerably higher growth rates in SG
2 [2].

The enumeration of TSP's used in this paper is consistent with the Krsko enumeration
scheme with TSP #11 being the uppermost TSP.

3.2 Observed repair rates

In the following, the discussion and analysis are limited to the observed repair rates of
tubes affected by ODSCC at TSP in the time period between ISI 95 and ISI 98.

As shown in Figure 1 and Figure 4, an increase of repair rates is observed during the ISI
97 in both SG 1 and SG 2. In SG 1, the repair rate of 0.5% observed in ISI 96 increased to 1.5%
in ISI 97 and remained constant in ISI 98. In SG 2, the repair rate of about 1.6% observed in ISI
96 increased to about 5% in ISI 97 and then decreased again to 1.8% in ISI 98.

There is no evidence of any changes in operational and maintenance procedures, which
could be correlated with the increased repair rates in ISI 97. Nevertheless, two forced outages
involving ingress of air in the steam generator (leak at the flange of SG 2 inspection opening) and
steam line (failure of the steam line isolation valve; SG 2) were recorded between ISI 96 and 97.

Some preliminary evidence exists in the literature, that the development of the IGA/SCC
could be influenced by the startup oxidizing transients [7]. A startup oxidizing event would in
general need ingress of the oxygen in the secondary system before the startup of the plant. Such
conditions occur always after the refueling of the plant, but are relatively rare during forced
outages.

The number of openings of the secondary side was therefore chosen as a preliminary
measure for the tube repair rate. Each refueling outage is assumed to be equivalent of one open-
ing. Also, the two unplanned outages between ISI 96 and 1997 are preliminary assumed to be
equally important and attributed value of one opening each. The plot of repair rates against the
number of opening of the secondary side is shown in Figure 5.

An excellent correlation between openings of the SG secondary side and the tube repair
rates is found for SG 2 (Figure 5). Thus, the explanation of the increased repair rate in SG 2/ISI
97 seems to be given by the startup oxidizing transients [7]. Of course, detailed analysis of actions
performed during both forced outages is underway, aiming at better understanding of processes
leading to the increased repair rates. For example, the preliminary analyses of inspection results
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show that the incerased repair rates are dominated by growth of defects, since the number of new
defects (ISI 97) seems to be of the same magnitude as in ISI 96 and 98.

12,00%

EFTY

Figure 4 Fraction of tubes repaired due to ODSCC as a function of EFTY
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On the other hand, the behavior of SG 1 (Figure 5) can be explained by the startup oxi-
dizing transients [7] only for the periods until ISI 97. The repair rate observed in 1998 is namely
equivalent to the repair rate in 1997. Preliminary results of the distribution of defects among TSP
show, that new defects are found more frequently at lower TSP (e.g., 3, followed by 5). Since
ODSCC is a thermally activated process, such relocation alone may lead to faster defect growth.
Detailed analysis will be performed to characterize this phenomenon further when data on small
(non-reportable) ODSCC defects become available.

3.3 Future repair rates

The prediction of the future tube repair rates was traditionally based on the Weibull distri-
bution. Thus, it was assumed that the fraction of failed tubes is distributed in time (effective full
power years or effective full thermal year) according to Weibull distribution. Such approach is
well known in literature (e.g., [8]) and allows for variable failure rates during the useful lifetime
of the steam generator. The parameters of the Weibull distribution are obtained from the field data
using standard fitting procedure "minimum least squares" [9]. Further details on the method are
given elsewhere [8].

The essential conditions for selecting appropriate sets of field data include the comparable
inspection methods and plugging criteria used and comparable operating conditions. More de-
tailed description is given elsewhere [4], [9]. Nevertheless, the discussion in Section 3.2 reveals
additional parameters to be considered while predicting future repair rates.

The following approach was adopted until the results of more detailed analyses become
available. In the first step, the future repair rates were estimated using the traditional Weibull
distribution of tube failures in time (EFTY, see [2] for details). In the second step, an estimate of
necessary tube repairs per opening of steam generator was derived by simply using the repair rates
per opening observed in ISI 98 (see also Figure 5). Results of both steps are listed independently
in Table 3

Table 3 Predicted number tubes repaired due to ODSCC in the last planned inspec-
tion (1999)

Period

0,8 EFTY

1 opening

SGI
37(0,8%)

Minimum

37 (0,8%)

Best estimate

67(1,5%)

Maximum

68(1.5%)

SG2
134(2,9%)

Minimum

148 (3,3%)

Best estimate

400 (8,8%)

Maximum

85 (1,9%)

An example of the interpretation of Table 3 is as follows. If it is reasonable to assume that
the repair rates of tubes affected by ODSCC is governed by Effective full thermal year (e.g.,
normalized time at maximum temperature), then number of tubes repaired in SG 2 will be be-
tween 134 and 400. If, on the other hand, the ODSCC is governed by the openings of the
secondary side, only about 85 tubes will be repaired for each opening of the secondary system.
Thus, about 85 tubes will be repaired if there is a continuous plant operation until ISI 99 or about
170, if there is one unplanned outage involving ingress of air in the secondary system. The
information available at the present time is in favor of the "opening" approach; nevertheless, there
is no enough evidence available to reliably support this approach. Use of maximum expected
values is therefore recommended while planning the tube repair activities.
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4 CONCLUSIONS

The degradation mechanisms that cause most of repaired tubes are statistically analyzed in this
paper. These degradation mechanisms are axial stress corrosion cracking in expansion transitions
(TTS) and outside diameter stress corrosion cracking at tube support plates (TSP). Other degradation
mechanisms are considered to have negligible influence on the remaining life of steam generators.

The influence of plant startups involving oxidizing transients on the repair rates of tubes af-
fected by ODSCC is analyzed. The preliminary results show excellent correlation in SG 2. Reasonable
fit in SG 1 is however assumed to be cause by relocation of the defects towards the lower support
plates.

The future repair rates were predicted both using Weibull distribution and simple extrapolation
of observed repair rates based on a number of openings of the secondary system between two inspec-
tions. The second approach seems to fit better with the observed data. Nevertheless, the use of
maximum expected repair rates is recommended in the planning of the repair activities,. It is estimated
that the full power of the plant can not be maintained without extensive sleeving campaign or relaxa-
tion in repair criteria.

More detailed analysis of the influence of plant startups involving oxidizing transients on the
repair rates of tubes affected by ODSCC should be performed to clarify somewhat different behavior
of both steam generators.
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