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It is probably too late to make any changes in the tech assessment doc, but 
after the discussion on Friday when I realized that the decision was not 
whether a 24 month inspection period was acceptable, but rather whether a 

plant that had not done a credible inspection should inspect now or 6 months 
from, I wanted to take another look at the more fundamental model that 
allows initiation at random times and then allows those cracks to grow.  
Recall that the first nozzle leak at Oconee 3 could well have initiated 
after about 4 EFPY.  

I assumed that initiation of leaks was based on a Weibull model calibrated 
by field experience, that 0.3 of the leaks lead to circ cracks, that the 
initiated leak (whether from a J groove or an initially axial crack) 
developed into a 60 degree crack in 3 years. (I could have picked a smaller 
crack size, but then one gets into discussions of whether the growth is 
controlled by multiple initiation and growth through the wall or by 
classical FM controlled growth). However, in addition to the NRC K, I also 
looked at 3 additional less conservative K distributions.  

The calculations with the bounding K acting all 69 nozzles give 
probabilities that range from 0.39 for Oconee 3 (close to the 95th 
percentile plants) to 0.02 for other plants. The rate of increase in the 
CPOF for the 5th, 50th, and 95th percentile plants with this bounding K are 
0.04, 0.013, and 0.003 per EFPY.  

The two big factors in POF are plant to plant variations (about a factor of 
20) and variation with K (about 4 orders of magnitude). In fact the POF 
changes more than 3 orders of magnitude with a change in K of 4 ksi inAO.5.  

The variation from plant to plant is real. The variation with K is 
artificial. It arises from the assumption that all 69 nozzles have the same 
K. What we don't know and what seems like the highest priority to determine 
is what fraction of the nozzles have the high Ks and what fraction have low 
Ks. We will have to see what SIA, Gery, and Richard can do.  

There is a kind of threshold behavior that is related to the steep part of 

the Scott curve. Three of my K distributions which drop the lowest K from 

25 to 14 result in a change for Oconee of about a factor of 4 from 0.39 to 

0.09. The next drop in the minimum K from 14 to 10 drops the failure 
probability by orders of magnitude. Conversely it would only take a 

relatively few high stress nozzles to get Oconee3 up to about 0.1 at 20 
EPFY. Most other less susceptible plants would be 0.01 or lower.



Probability of failure

The probability that a CRDM nozzle will fail at a time tf less than T. P(tf <'T, can be 

described as the integral over the operating history of the product of the probability that a 

crack will initiate at a time t. p(t), and the probability that a crack that initiates at t will fail at a 

time tf less than T. P,(tf < T-t) 

T 

P(tf < T =J p(t)Pc(tf < T- t)dt (3) 

0 

Equation 3 gives the probability that one tube will fail. If we assume that all N 

penetrations can be considered as independent, the probability PN that one of the penetrations 

will fail at a time tf < T is 

N N 

PN=- H- (I-Pn)- Ph (4) 
n=1 n=1 

where N is the total number of penetrations and Pn is the probability of failure of the nth 

penetration and is small. If it is that the probability of failure of each of the nozzles is the 

same, then 

PN = 1-(I-p)N = NP 
(5) 

for small values of P.  

Conditional probability of failure for a growing crack 

A conditional probability of failure can be computed for a given crack, if the crack driving 

force (stress intensity factor) is known as a function of crack size and the distribution of crack 

growth rates is known. The results presented in Section 6.4.2 on the crack driving force and 

the crack growth rate distribution described in Section 6.3 have be used to estimate 

conditional probabilities of failure of throughwall cracks. The development of a reasonable. but 

conservative distribution for K was discussed in Section 6.4.2. To determine the sensitivity of 

the results to the assumed K distribution, several other, less conservative distributions for K 

were considered as shown in Fig. 10. The distributions of K would be expected to vary from 

nozzle to nozzle, but until more accurate calculations of K for a variety of geometries are 

available, it is assumed that the distributions shown In Fig. 10 can be used to estimate the 

sensitivity of the results to the assumed K. Deterministic calculations of the time to failure for 

variance initial crack sizes for a value of A= 1.8 x 10-11 (the 95/50 curve for Alloy 600) are 

shown in Fig. 11 

Once a K distribution is chosen and an initial crack selected the probability P,(tf < I1 can 

be determined by fraction mechanics analysis. Because the initial circumferential growth may 

involve multiple initiations and coalescence of cracks and is difficult to describe analytically 

although some attempts have been made to deal with this problem.6 it was assumed that the 

fracture mechanics model only governed the growth of the crack after it was greater than 60° in 

extent. The time taken to grow from initiation of a leak either from a crack in the J groove weld



or by an initially axial crack was taken as a parameter in the model and used in sensitivity 

studies.  

Using the estimate of K in Fig. 10 for the stress intensity, failure calculations were carried 

out for Alloy 600 nozzles by doing Monte Carlo calculations for the distribution of crack growth 

rates discussed in Section 6.2. Only the portion of the distribution greater than the 50th 

percentile was sampled, because field data (Fig. 9) suggests that the heats which are most 

susceptible to cracking also tend to have higher than average crack growth rates. The 

resulting conditional cumulative probabilities of failure (CCPOFs) are shown in Fig. 12.  

Because only the top half of the crack growth distribution is sampled, the curves do not show 

the strong curvature as the probability approaches I that is normally seen In such curves.  

Estimates of the probability of failure due to CRDM nozzle cracking 

The probability that a crack will initiate at a time t, p(t), in Eq. (3) can be determined 

using the Weibull probability distribution and the estimates of the Weibull parameters given in 

Section 6.2. The data given in Section 6.2 are for nozzle leaks. These include leaks due to 

axial indications as well as circumferential cracks. However, it is only circumferential cracks 

that are a significant concern in terms of structural integrity and the potential for large 

amounts of leakage. Only a fraction of the leaks observed to date have been associated with 

circumferential cracks and the observed data were used to develop a multiplier for the Weibull 

probabilities to estimate the likelihood of circumferential cracks. Values of the multiplier 

between 0.2 and 0.3 are consistent with the available data. Sensitivity studies showed that the 

results did not vary widely for this range of values and the value of 0.3 was used for the 

reported calculations. The time from initiation to the development of a 600 throughwall crack 

was varied between" 1 and 3 years. The effect of the initiation time is small compared to some 

other variables and a value of 3 years was used for the reported calculations. This is because 

of the high variability in failure times associated with corrosion processes that can be 

characterized by Weibull distributions. In Table 4 the expected times for the first occurrence of 

a leaking nozzle are shown for several plants for values of the Weibull slope b= 1.5 and 3. In 

plants with a large number of nozzle leaks, the first leaks are likely to occurred many years ago 

thus a difference of one to tow years in the assumed initiation time to transition from an initial 

leak to a 600 circumferential crack has relatively little impact.  

Table 4 Expected times for the first occurrence of a leaking nozzle for 

Weibull slopes of 1.5 and 3 

EFPY EFPY at 1st initiation 

Plant at 600°F b=1.5 b=3 

Oconee 3 21.7 4 9 

Oconee 2 22 8 13 

Oconee 1 21.7 21 21 

ANO 1 19.5 19 19 

TMI 1 17.5 7 11 

Crystal River 15.6 15 15 

Surry 16.6 7 11



Realistic estimates of the probability of failure require a knowledge of the distribution of 

stress intensity for each of the nozzles. Such calculations are not yet available. Using the 

distribution KI for all of the nozzles should give very conservative bounding estimates of the 

cumulative probabilities of failure. Such estimates for several plants and for hypothetical 

plants at the 5th. 50th. and 95th percentiles of the Weibull shape parameter e are shown in 

Table 5. The time dependence of the cumulative probabilities of failure is shown in Fig. 13 for 

the 5th. 50th, and 95th percentile plants as well as Oconee 3. The slopes of the curves in the 

region around 20 EFPY give approximately 0.04. 0.013, 0.003 increases in probability of failure 

per year for the 5th, 50th, and 95th percentile plants.  

Table 5 Estimates of the cumulative probability of failure assuming 

all nozzles have the K1 stress intensity distribution shown in 

Fig. 10

Plant 
Oconee 3 

Oconee 2 

Oconee 1 

ANO 1 

TMI I 

Crystal River 

Surry 

95th 

Median 

5th

EFPY at 
600OF 

21.7 

22 

21.7 

19.5 

17.5 

15.6 

16.6 

20.0 

20.0 

20.0

Cumulative POF 
at EFPY 

0.39 

0.19 

0.04 

0.03 

0.03 

0.02 

0.09 

0.02 

0.10 

0.38

The factor of 20 difference between the probabilities of failure between the highest and 

lowest operating plants reflects that expected between the 5th and 95th percentile plants.  

To get insight in the effect of the K distributions on the failure probabilities, the results 

for Oconee 3 were recalculated for the other stress intensity distributions shown in Fig. 10.  

The results are summarized in Table 6.  

Table 6 Dependence on the cumulative probability of failure of 

an individual nozzle and a head with 69 nozzles on the K 

distribution assumed in the failure calculations

K 
distribution 

Ki

POF of a 
nozzle 

7.2 x 10-3

K2 4.4 x 10- 3

Cumulative 
POF 

0.393 

0.262

K3 1.4 x 10-3 0.091



K4 7.0 x 10-7 4.8 x 10-5 

The four distributions give probabilities of failure that vary about four orders of 

magnitude. Realistically none of the K distributions will be representative of all the nozzles in a 

head. More detailed calculations are needed to estimate the fraction of the nozzles that 

represented by each of the distributions. The probability of failure is likely to be dominated by 

the number of high stress locations. The probability of failure of n nozzles is almost linear with 

n as shown in Fig. 14.  

Estimates of the probability of failure for an inspection interval 

The probability of failure after an inspection is largely governed by the possibility that a 

large preexisting crack was missed during the inspection interval. The initiation and growth of 

new cracks appears to be a much smaller contributor to the potential for an failure during an 

inspection interval. A 1650 degree throughwall crack is the largest crack that has been found to 

date. However. the distributions for K shown in Fig. 10 suggest that the crack will continue to 

grow once initiated. Thus it is possible that cracks larger than 165' could occur. The variation 

of the times to reach conditional cumulative probabilities of failure of 0.01 and 0.1 with the 

initial size of the crack is shown in Fig. 15.  

To account for the possibility that larger cracks could be present another set of Monte 

Carlo calculations were performed. In these calculations a distribution of crack sizes was 

assumed. Although most leaks have been associated with axial cracks, it was assumed that 

every leak results in a throughwall circumferential crack with crack sizes that are randomly 

chosen following the cubic distribution shown in Fig. 16. This distribution provides a 

conservative estimate for the sizes of all the circumferential cracks that have been observed to 

date. It gives a probability (=0. 1) for large throughwall cracks (>160*) that is consistent with 

current observations, but allows for the potential for cracks greater than 165° in extent. In the 

calculation the number of leaking nozzles that could occur was determined by sampling from 

the distribution for the Weibull shape parameter 0 given in Section 6.2 and then calculating the 

resulting number of leaking nozzles at 20 EFPY. The size of the cracks in each nozzle was 

determined by sampling from the distribution shown in Fig. 16. A crack growth rate for each 

crack was then determined by sampling from the upper half of the lognormal distribution for 

crack growth rates given in Section 6.3. The time to failure after 20 EFPY of operation at 600°F 

was then calculated by determining the minimum time to failure for any of the cracks in the 

head. The times to failure were ranked order and the probability of failure after a given time 

determined. The results are shown in Fig. 17. Because these estimates now include the 

probability that a crack exists, they are actual cumulative probabilities of failure, not 

conditional failure probabilities as discussed previously. The probabilities of failure shown in 

Fig. 17 give no credit for the effect of inspections in redicing the probability of failure. The 

time t = 0 corresponds to the time of the inspection.  

Table 7 Probability of failure for operation at 318 0C for 18 and 24 

months after an inspection for which the probability of not 

detecting a throughwall crack is 0.1 

Size distribution POF Time to POF 

20-330 0.0015 18

20-330 0.0054 24
0.0054 2420-330
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Figure 10.  
Estimated stress intensity factors Kest 
for a CRDM nozzle. The conservative 
estimate of K developed in Section 6.4.2 
is denoted as K1.
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Figure 11.  
Time to failure for a 95/50 crack growth 

rate for the 4 stress intensity 

distributions shown in Fig. 10

250 300 350

70

80 120 
Crack Half Angle

40

300 

250 

0 200 
E 

S150 

U.  
o100 

E 
I- 50

0

I I I
E L E I I A I a J I I I

I I ] I I I I ....I I I I I I I - I I I I I I •



1 

0.8 

0.6 

0.4 

0.2 

0 

0.5 

04

Figure 12.  
Conditional probability of failure at 

3180C with an initial crack size of 600 

using K distributions from Fig. 10 

Figure 13.  
Variation of the cumulative probability of 

failure with EFPY assuming all nozzles 
have the K1 distribution.
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Figure 14.  
Variation of the cumulative probability of 

failure at 20 EFPY with the number of 

nozzles characterized by distributions 
K1, K2, K3. Results for K4 are too low 
to show.
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Figure 15.  
Variation of the time at 318°C to reach a 

conditional cumulative probabilities of 

failure of 0.01 and 0.1
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