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From: WJ Shack <wjshack@anl.gov> ﬁ
To: Nilesh Chokshi <NCC1@nrc.gov>, Ed Hackett <EMH1@nrc.gov>, Wallace Norris t5
<WEN@nrc.gov>
Date: 8/27/01 9:05AM
Subject: CRDM Probabilistic Analysis

Attached is a revised version of the analysis of the probability of failure

of CRDM nozzles. In the previous analysis, it was assumed that all cracked
nozzles were susceptible to outer diameter SCC. Any cracks that initiate
were assumed to be circumferential. The Weibull parameters were estimated
from inspection data and previous results for the cracking of steam
generator tubes. No credit is given for inspections to reveal leaking

cracks. An initiated crack was assumed to grow instantaneously throughwall
to a circumferential extent of 165*. The crack then grows to failure under
the loads associated with the internal pressure.

The resulting probabilities of failure seem unrealistically high compared
with actual experience. To try to address this, sensitivity studies were
then performed in which it was assumed that it took 12, 24, and 36 months
for the cracks on the outer surface to grow to a circumferential extent of
165*. Although the probabilities of failure are reduced, they still appear
unrealistically high. Because initiation is assumed to be characterized by
Weibuli statistics, there is a significant chance for early initiation of a
crack relatively early in life. In this case, by 20 years there isa

relatively long time available for an early crack to grow to failure.

Either the cracks take much longer to grow to 165* or the initiation model
is overly conservative.

An alternate analysis was performed under the assumption that cracks that
threaten structural integrity are the cracks initiated on the OD. The
controlling step in the formation of an OD circumferential crack was assumed
to be the formation of a crack in the Alloy 182 weld. The statistics of

this cracking, which occurred only in Oconee*3, appear to be different than
the statistics of the cracking of the nozzles. Estimates of the probability

of failure for Oconee*3 based on this assumption are lower than those based
on the assumption that all cracked nozzles were susceptible to rapid
circumferential crack growth, but still high.

As in the case of Alloy 600, the susceptibility of Alloy 182 to cracking is
expected to be described by Weibull statistics. Because such cracks have
been identified to date only at Oconee*3, only one data point is available

to describe the distribution of the Weibull parameters. However, we also
know that no such cracking was observed at the other Oconee plants or at
ANO*1. These results were used with a Maximum Likelihood argument to
estimate the distribution of the Weibull parameters for the Alloy 182
cracking. This analysis suggests that Oconee*3 may be a "worst case” plant
on the tail of the distribution and OD initiated circumferential cracking is
much less likely at a "typical" plant, although the current data are too
limited, and the resulting uncertainties too large to demonstrate this
definitively. The analysis does, however, provide a framework in which new
inspection results can be included to reduce uncertainties and better
characterize the real probability of cracking.
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9700 SOUTH C ASS AVENUE, ARGONNE , ILLINOIS 60439 TELEPHONE 630/252-5137
FAX 630/ 252-4798
EMAIL wishack@anl gov
August 25, 2001
To: N Choksh, USNRC
From W J Shack

Subject :  Estimates of the probability of failure of CRDM nozzies

Attached Is a revised version of the analysis of the probability of failure of CRDM nozzles
In the previous analysis, It was assumed that all cracked nozzles were susceptible to outer
diameter SCC  Any cracks that inttiate were assumed to be circumferential The Wesbuil
parameters were estimated from inspection data and previous results for the cracking of steam
generator tubes No credtt is gven for inspections to reveal leaking cracks. An intiated crack
was assumed to grow instantaneously throughwall to a arcumferential extent of 165°. The
crack then grows to failure under the loads associated with the internal pressure

The resulting probabilities of failure seem unrealistically tugh compared with actual
expenence To try to address this, sensitvty studies were then performed in which it was
assumed that it took 12, 24, and 36 months for the cracks on the outer surface togrowtoa
circumferential extent of 165°. Although the probabilities of failure are reduced, they still
appear unrealistically high. Because inthation is assumed to be charactenzed by Weibull
statistics, there Is a significant chance for early intiation of & crack relatvely early inlfe  In
this case, by 20 years there is a relatively long time available for an early crack to grow to
fature Efther the cracks take much longer to grow to 165° or the inftiation model is overly
conservative

An alternate analysis was performed under the assumption that cracks that threaten
structural integnty are the cracks initiated onthe OD  The controfling step in the formation of
an OD circumferential crack was assumed to be the formation of a crack in the Alloy 182 weld
The statistics of this cracking, which occurred only in Oconee-3, appear to be different than
the statistics of the crackang of the nozzles  Estimates of the probabilty of failure for
Oconee—3 based on this assumption are lower than those based on the assumption that all
cracked nozzies were susceptible to rapid circumferential crack growth, but still hugh.

As in the case of Alloy 600, the susceptibiity of Alloy 182 to cracking is expected to be
descnbed by Weibull statistics  Because such cracks have been identified to date only at
Oconee=3, only one data point is available to descnbe the distnbution of the Weibull
parameters. However, we also know that no such cracking was observed at the other
plants or at ANO-1. These results were used with a Maximum Likelihood argument to
estimate the distnbution of the Weibull parameters for the Alloy 182 cracking Thus analysis
suggeststhat  Oconee—3 may be a “worst case® plant on the tail of the distnbution and oD
inttiated circumferential cractang is much less likely at a “typical” plant, although the current
data are too kmited, and the resutting uncertainties too large to demonstrate this defintively
The analysis does, however, provide a framework in which new inspection results can be

inciuded to reduce uncertainties
XxC O K. Chopra W Normns, USNRC
S Majumdar E. Hackett, USNRC

. U § DEPARTMENT OF ENERGY HE UNIVERSITY OF CHICAGO

Oconee
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Estimates of the Probability of Fallure of CRDM Nozzles

Probability of faflure

The probabilty that a8 CRDM nozzle will fail at a ime t ¢ lessthanT, Pt ¢ <T), canbe
descnibed as the integral over the operating history of the product of the probability thata
crack will iniate at a time t, p(t), and the probability that a crack that intiates at t will far at
atmet ¢ lessthanT,P (g <T=Y)

T
POy <7 w(tiPe(ty <T - t)dt 9
0

Equation 1 gives the probability that one tube will fail if we assume that all n

penetrations can be considered as independent, the probabiltty that one of the penetrations
will fal at atime t 1<Tis

Pp = 1-{1-P) @
Conditional probabllity of failure for a growing crack

The probabilty P <(ty <T) can be determined by fraction mechanics analysis. Because the
chemustry of the crevice and the details of the residual stress are uncertain, the assumption is
made that once the crack inttiates it instantaneously grows to a throughwall crack of
circumferential extent 165°, The subsequent growth is assumed to controlled by the pressure
loading stresses  The crack growth rates are assumed to charactenstic of a PWR pnmary
ervironment, since with a throughwall crack of this length the crevice environmert is able to
communicate with the pnmary environment. As noted in my earlier report on CRDM cracking,
if the cata for the different heats of nozzle matenal are fit using the Scott correlation

da 116
e AK 9) ()]

a value of A can be determined for each heat of material from the measured CGRs. As shown
° InFig 1, the values of A for the different heats are reasonably well represented in terms of a
fognormat distnbution with a log mean of -26 21 and a log standard deviation of 0 92

Corresponding to a particular choice of A a fallure time can be calculated from a fracture
mechanics analysis of the gromng crack as shown in Fig 2 By perfoming a Monte Carlo
analysis using the distnbution for A given In Fig 1, the distribution of falure tmes,
Pc(t; < T<), can be obtaned  This distnbution  can be represented  reasonably well by the
lognormal distnbution shown as a solid curve InFig 3 with a log mean of 3.55 and a log
standard deviation of 0 58 The dashed curves show the resutting distnbutions if the inttial
development of the 165° crack takes 12, 24, or 36 months
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Figure 1 .

Cumulative distnbttion of the parameter
A in the Scott CGR correlation for heats
of nozzle matenals studied by Foster et
al !, Cassagne et al 2, and Gémez
Bricefio and Lapefia 5

Figwe2 .
Growth of a throughwall crack under
pressure loads

Figure3 .

Drstnbution of fatlure times for the
growth of a 165° throughwall crack
under pressure loads The dashed
curves show the resulting distnbutions if
the inttial development of the 165° crack
takes 12, 24, or 36 months
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Probability of Initlation

Staelhe, Gorman and their coworkers have populanzed the use of Weibull distnbutions

to descnbe the initiation of SCC cracks 7 The Weibull probability density and cumulative
probabilty functions are gven by
b V) b
P =y o° g_ae .
b~ 4
Yoy
F) =41 ep& .
gzt

In the recent response to the NRC review comments on MRP-44, MRP 2001-050, values
of the scale parameter 8 were estimated from the Inspections results at the Oconee units and
ANO-1 Since only the results from one inspection are avallable, the value of the Weibull slope
bwas assumed to be 3 However, the results for plant and laboratory data in Appendix C of
Staelheetal (  7) show that b can have values ranging from 1t0 € 4 as showninFig4 The
median value of bfrom Fig 4is1 4 Peter Scott's analysis of CROM cracking in France was
based on a value of 1.5 Lower values of b lead to higher probabilihes of failure because they
imply a wder scatter of intiation tmes so that the for the gven observations of cracking, the
first cracks appeared earlier in life and had more ime to grow to failure The MRP value of 3

appears to not be representative
1 LI I LELBLI I LALELER I LBLELIR] l LIRSS l LELIR IR I LI
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S P R
2 [ i
T .6 o ] Figwe 4
z — 1 Distnbution of the Wesbull siope b for
[ 2’ o  Fmedan ranks - crackang of steam generator tubes. By
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i 'j ..... Lognormal &t 4 the results can be fit by Weibull or
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* Tenth Sympesium on Ervironmental Degradation of Matenals in Nuclear Power
Systems—Water Reactors, Lake Tahoe, NV, August 5-8, 2001
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Weibull Scale Parameters for Cracking of Alloy 600 CRDM Nozzles

For a given value of the slope b, the coresponding Weibull scale parameters can be
calculated from the inspection results at each plant re Is clearly a range of scale parameters
observed for dfferent plants Because only one observation is available scale parameter 0 can
be calculated from the observed failure fraction F at tme T

1
o= Td 3_1_% * 5
s ©
where the observed failure fraction is the median rank value, i e, the observed fraction

muttiplied by

i-03 ©)
n+04

where | is the rank order number and n the sample size (=1, n=1 for this case) Table 1 shows
thevalues © for the different plants for values of b ranging from 1to 5

Table 1 Values of the Welbull scale parameter based on inspection results at Oconee and
ANO-1 for values of the Weibull slope b from 1-5
b 1 15 2 25 3 35 4 45 5
Oconee-3 1573 804 57.5 47.0 411 37.3 347 328 314
Oconee-2 3911 1483 913 682 562 489 441 407 381
Oconee-1 2068 7 447.9 208 4 1317 970 779 662 582 526
ANO-1 18717 4053 1886 1192 877 705 598 527 476

To estimate the range of possible scale factors, it was assumed that for a given value of
the Weibull slope the values of the scale parameter follow a lognormal distribution and the
values from the four plants were used to estimate the lognormal parameters The results are
summarized in Table 2 Although the data are from a imited sample of plants, the results for
b=1 5 suggest that the variability in tmes to failure for different heats of Alioy 600 will be
about a factor of 15 Scott working with a much larger database gets a factor of 20-30. A
smaller sample would be expected to somewhat underestimate the vanabilty

For companson with inspection results it Is useful to consider just the probability of
initiating cracks In nazzles rather than failure as in Eq (1), since we expect to have a much
larger database on inftiated cracks rather than structural failures For a given set of Weibull
parameters this is just given by the cumulative distnbution F(t) from Eq ( 1) Because we
know only the distnbution of b and the corresponding scale parameters, a Monte Carlo
analysts can be performed by choosing a value of b from the distnbution given in Fig 4, then
selecting a value of the scale parameter based on the distnbutions descnbed by the values in
Table 2 , For a spectfic plant instead of using distnbutions for the scale parameter, one would
sample b and then determine the scale parameter for the plant rather than sampling from the
distribution of scale parameters The expected fractions of nozzles that are expected to have
initiated cracks_ln terms of EFPYs at 600° F are shown in Table 3  Arrhenius extrapotation
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can be used to extrapolate to other operating temperatures using an actvation energy for
inthiation of 40-50 keal/mole °C  The results are grven in terms of the median values and the
90/10 percentiles to avoid the large uncertainties associated with the tails of the distnbutions

Table 2 Mean and standard deviation for lognormal distnbutions of the
Weibull scale parameter as a function of the assumed Weibull

slope
b Mean Stan Dev
1 655 125
15 537 083
2 479 0.61
25 443 048
3 420 040
35 403 034
4 390 029
45 381 026
5 373 023

Table 3 Fraction of CRDM nozzles with cracks as a function of EFPY at

600°F
EFPY Median 90th %tile 10th %tile
15 0016 0135 0002
20 0040 0369 0004
25 0062 0540 0007

Weibull Scale Parameters for Cracking of Alloy 600 182 J Groove Welds

The cracks of greatest concem are circumferential cracks above the weld inthiated on the
0D, which grow in an environment that could be more aggressive than the primary coolant
environment. The controlling step In the formation of these cracks is the formation of a crack
inthe Alloy 182 weld  The statistics of this cracking appear to be different than the statistics
of the nozzle cracking  Such cracking occurred only in Oconee-3 and so only one data point
is available to describe the distnbution of the Wesbull scale parameter. However, we also know
that no such cracking was observed at the other Oconee plants or are ANO-1. These results
can be used with a Maximum Likelihood argument to estimate the distnbution of the Weibull
scale parameter for the Alloy 182 cracking

We assume that the distnibution of the Weibull scale parameter is again lognormal as in
the case of the Alioy 600 nozzles  We also assume that the vanabilty in susceptibility of the
Alloy 182 is similar ta that of Alloy 600

The Inspection results show that we have no above weld arcumferential cracks in
Oconee 1 and 2 and ANO-1 after 24, 21,3, and 19 EFPY of operations  There were 2 such
cracks in Oconee=3 after 21 EFPY. The Weibull scale parameter for Oconee-2 can be
computed from the fraction failed and the operating time as a function of the assumed slope b
Forb=15, ©=2604
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The other inspection results can be used to give some information on the distnbution of
the shape parameter for Alloy 182 cracking If F 1, F2,F3,andF 4 arethe coesponding
probabilties of initiating such cracks, the likelihood function L for the observed results (3
plants with no failures and 1 plart with 2 falfures) is then

S0 :
L0t 4 % -Fz)“o-&“fzgﬁo-&)" @

The parameters of the fognormal distribution for the Weibull shape parameter (which
determine F 4~F4) are chosen to maximize L. Choosing the parameters for the lognormal
distnbution doesn't actually determine L, because one then samples from the distnbution to
determine F | The calculation ts done by taking a 1000 samples and then choosing the
lognormal parameters to maximize the average value of In (L) for 1000 samples. After the value
that maximizes L is determined, one can estimate the uncertainty in the estimate by
determining the change in the parameter that causes L to drop to half its value (recall that the
standard deviation measures the half width of the normal distnbution)  The value of the log
mean of the distnbution and the more conservative one and two o estimates are given In Table
4 along with the comesponding  percentile rank of the observed value for Oconee-3

Table 4 Maxaimum likelhood estimate of log mean of the lognormal
distnbution for the Wetbull shape parameter with an assumed log
standard deviation 0 8 and Weibull slope of 1.5

Log mean of S%tile rank
distribution for 8 o Oconee-3
ML Estimate 689 004
-1o 630 017
-2 0 574 039
The maximum likelihood estimate suggests that Oconee-3 is a "worst case” plant on the
tail of the distribution and OD inttiated circumferential cracking wouid be much less hkely at
a "typical” plant. The uncertainties are targe, however, and the percentile rank for the two [}

value is close to the median. Addmional inspection results could reduce the uncertainties

The analysis can be extended to consider other values for the Weibull siope, but for the
present the analysis is limited to Just the case when b=1.5

Probabliity of Failure Using the Welbull Distributions for Alioy 600 and Alloy 182 cracking

Once the probabilty of initiation is charactenzed by choosing a value for the Weibull
slope and scale parameter, and the conditional probability of failure is determined by selecting
one of the curves in Fig 3, the probability of failure can be obtained from Eq (1) The
evaluation of Eq (1) must be done numencally A simple Excel macro was written which does
this using a Romberg integration scheme

The proposed calculations assume that the probability of initiation and the condttional
probability of failure are independent. This is probably not true It is likely that materials
more prone to inthation also have higher growth rates and hence shorter times to fallure

7
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However, it seems likely based on resuts for Alloy 600 that the comelation is weak enough
that the assumption of independence does not significantly distort the results

The results are normalized in terms of effective full power years (EFPYs) at 600°F.
Because the activation energles are different for intiation and crack growth, Arrhenius
extrapolation cannot stnctly be used extrapolate to other operating temperatures, but using
the lower value associated with crack growth rates (33 kcal/mote °C) should give conservative
results

Probability of Failure Assuming All Alloy 600 Cracks are Circumnferential

The inttiation of cracking in the Alloy 600 nazzles is described by the distnbution for b
grven in Fig 4 and the corresponding distributions for the scale parameters descnbed by the
values in Table 2 The conditional failure of probability grven that a crack has initiated is
determined by selecting one of the distributions shown in Fig 3 Equation (1) is then
integrated numerically and the probabilty of failure determined from Eq (2) Thiscanbe
done etther deterministically by choosing a single value of b and © or as a Monte Carlo
calculation sampling from the distnbutions for b and 6 No credt is taken in the calculations
for detection of an intiated crack before failure. The results of the calculations are
summarzed in Table 5 For agventme T, a range of probabiltties of failure are calculated
The table shows the median, S0th, and 10th percentiles Deterministic calculations for
Oconee—3 are shown in Table 6 The probabilibes appear unrealistically high even if the time
to failure after inftiation of the crack Is increased by 3 years (such a change of course could
have a substantial impact on the chances of detecting a crack before failure) This suggests
that the imiting process is not the intiation of cracks in the nozzles

Table 5 Estimate s of the probabilty of fallure of at least one CRDM nozzle in a head with 69
penetrations for the whole population of plants based on EFPY at 600°F

P(ty <T) Instantaneous growth 165° P(ty < T) 36 months to 165°
T (years) median 90%tle 10%tile median 90%tile 10%tle
15 0497 0993 0092 0 489 0989 0097
20 0836 1000 0229 0803 1000 0239
25 0.958 1000 0354 0951 1000 0367
Table 6 _Estimates of the probabiltty of failure of at least one CRDM nozle In Oconee-3 based on
EFPY at 600°F

P{ty < T) Instantaneous growth 165° P(ty < T) 36 months to 165°

T (years) b=1.5 b=3 b=1.5 b=3

5 0258 0024 0003 0 000

10 0810 0332 0429 0122

15 0977 0808 0909 0444

175 0993 0945 0970 0766

20 0938 0990 0991 0925

225 1.000 0999 0998 0985

25 1.000 1000 0999 0998
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Probabilty of Failure Assuming Limiting Process is Cracking of Alloy 182 J Groove Weld

The intiation of cracking in the Alloy 182 welds Is giveninterms of a fognormal
distnbution for the Weibull shape parameter 8 with log mean values as given in Table 4fora
Wetbull slope of 1.5 For Oconee-3 the observed value of 0is 2504 with b =15 Estimates
the probability of failure for Oconee-3 are shown in Table 7. The probabilities are lower than
the comresponding case when all Alloy 600 cracks were considered to be circumferential, but
still fairly high  Lengthening the conditional time to failure by 36 months has only a small
effect on the probabilty of failure, but i would make a more significant difference if credit for
inspection and early detection of circumferential cracking were included in the analysis.

The probability of failure of a *typical”, Le , median, plant isgivenin Table 8 The
distribution of susceptibility was determined through the Maximum Likefihood analysrs
descnbed previously. Results are gven both for the median value determined by the analysis
(denoted as MLE in Table 8) and for the more conservative estimate of the median based on
the estimated uncertainty in the Maximum Likelihood analysis (denoted as 2 a in Table 8)
Again the inclusion of extra 36 morths in the condttional time to failure does not have a large
impact on the estimated probabiiity of failure

Table 7 Estimates of the probabilty of failure of at least one CRDM nozzle in Oconee-3 based on
EFPY at 600°F based on Alloy 182 J groove weld cracking
T (years) P(t; <T) Instantaneous growth 165° P{t¢ < T) 36 months to 165°

5 005 000
10 027 010
15 043 041

176 060 044
20 068 058

225 077 067
25 083 075

Table 8 Estimates of the probabiltty of failure of at least one CRDM nozzle in a *typical® plant based
on EFPY at 600°F based on Alloy 182 J groove weld cracking

P(ty < T) Instantaneous growth 165° P(ty < T) 36 months to 165°

Time MLE 20 MLE 20
5 001 004 000 000

10 004 021 oot 007

15 008 039 006 031

175 011 047 009 043
20 013 057 012 044

225 015 065 015 056
25 018 072 018 063

of
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Attached is a revised version of the analysis of the probability of failure

of CRDM nozzles. In the previous analysis, it was assumed that all cracked
nozzles w ere susceptible to outer diameter SCC. Any cracks that initiate

w ere assumed to be circurferential. The Weibull parameters w ere estimated
from inspection data and previous results for the cracking of steam

generator tubes. No creditis given for inspections to reveal leaking

cracks. An initiated crack w as assumed to grow instantaneously throughw all
to a circumferential extent of 165°. The crack then grows to failure under

the loads associated with the internal pressure.

The resulting probabilites of failure seem unrealistically high compared
with actual experience. To try to address this, sensitivity studies were
then performed in w hich it was assumed that it took 12, 24, and 36 months
for the cracks on the outer surface to grow to a circumferential extent of
165°. Although the probabilties of failure are reduced, they still appear
unrealstically high. Because initiation is assumed to be characterized by
Weibull statistics, thére is a significant chance for early initiation of a
crack relatively early in Iife. In this case, by 20 years thereis a

relatively long time available for an early crackto grow to failure.

Bther the cracks take much longer to grow to 165° or the initiation model
is overly conservative.
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An alternate analysis was peri’ormed under the assumption that cracks that
threaten structural integrity are the cracks initiated on the OD. The
controlling step in the formation of an OD circunferential crack was assume
d

to be the formation of a crackin the Alloy 182 w eld. The statistics of

this cracking, w hich occurred only in Oconee-3, appear to be dfferent tha
n

the statistics of the cracking of the nozzles. Estimates of the probabilit

y

of failure for Oconee-3 based on this assumption are low er than those based
on the assumption that all cracked nozzles w ere susceptible to rapid
circumferential crack grow th, but still high. -

As in the case of Alloy 600, the susceptibility of Alloy 182 to cracking is
expected to be described by Weibull statistics. Because such cracks have
been identified to date only at Oconee-3, only one data point is available

to describe the distribution of the Weibull parameters. How ever, we also
know that no such cracking w as observed at the other Oconee plants or at
ANO-1. These results w ere used with a Maximum Likelihood argument to
estimate the distribution of the Weibull parameters for the Alloy 182

cracking This analysis suggests that Oconee-3 may be a "worst case” plant
on the tail of the distribution and OD initiated circumferential cracking |

s

much less likely at a "typical’ plant, atthough the current data are too

Iimited, and the resulting uncertaintes too large to demonstrate this
definitively. The analysis does, how ever, provide a framew orkin w hich new
inspection results can be included to reduce uncertainties and better
characterize the rea! probabilty of cracking.
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