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REPORT SUMMARY

Background

PWSCC of Alloy 600 materials, first observed in steam generator tubes, was found to be
occurring in PWR reactor vessel upper head penetrations in 1991, after a leak was observed in a
French plant. Cracking was observed in a few PWRs in the USA in the 1990s, but no severe
cases were found until fall of 2000, when a number of leaks were identified. This safety
evaluation was prepared to demonstrate that PWRs of Westinghouse and Combustion
Engineering design can continue to operate safely.

Objectives

Using state-of-the-art finite element analyses and fracture evaluation procedures, a series of flaw
tolerance evaluations were performed. Because of the emphasis on safety, only circumferential
flaws were considered, and the evaluations are applicable to both Westinghouse and Combustion
Engineering fleets.

Approach

The geometries of the reactor vessel upper head penetrations for all the Westinghouse and
Combustion Engineering fleets were compiled, and typical units representing each fleet were
evaluated. Three dimensional elastic-plastic finite element analyses were used, along with the
appropriate PWSCC growth rates from report MRP-55.

Results

These evaluations showed that at least 17 years would be required to propagate a circumferential
through-wall flaw to a critical length, where ejection could result. This conclusion was reached
for the highest head temperatures in service, so it would be conservatively applicable to all CE
and Westinghouse designs. It may therefore be concluded that there is no urgent safety need for
frequent volumetric inspection of these head penetrations.

EPRI Perspective

This report evaluated the safety of operating PWRs of Westinghouse and Combustion
Engineering design by studying the growth of PWSCC circumferential flaws to a critical length
which could result in ejection. This study used conservative assumptions for parameters such as
reactor vessel head operating temperature and location of the initial flaw in order to provide a
bounding analysis. The results in this document will be combined with probabilistic assessments
of the likelihood of occurrence of the various failure modes to produce an overall safety
assessment of the RPV top head nozzle cracking issue.
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INTRODUCTION

Oconee Unit 1 shut down in the fall of 2000. During inspection of the outer surfaces of the head,
boric acid deposits were found, indicating through-wall leakage. Cracking was found in several
of the peripheral head penetrations (thermocouple nozzles), not unlike cracking found in other
CRDM and CEDM head penetrations. In addition to this, cracking was found for the first time
in an attachment weld for a head penetration. These are Alloy 182 weldments between the head
penetration and the inside surface of the reactor vessel head, as shown in Figure 1-1. Additional
cracking, both axial and circumferential, was also found which initiated at the OD of the
penetrations, when Oconee Unit 3 was inspected in February of 2001.

The axial cracking was not of great concern, except as it might lead to leakage, and this
possibility has been previously addressed. The circumferential cracking was of much greater
concern, because of the potential that it could lead to ejection of the CRDM penetration. This
issue had been addressed in previous submittals in 1993/94, but the field data from Oconee
Unit 3 has added new emphasis to the issue.

T
|
%

Weld Lengih-

Figure 1-1
Typical CRDM Nozzle
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Introduction

These inspection findings have led to questions regarding the likelihood of similar flaws in other
plants, and their impact on safe operation of those plants. This report has been prepared to
provide answers to those questions.

The safety assessment for head penetrations and their attachment welds covers both
Westinghouse and Combustion Engineering plant designs, and reviews the previous safety
assessments which have been provided to the NRC.

This report has been prepared to provide a qualitative assessment that demonstrates the safe
operation of Westinghouse and Combustion Engineering designed plants, considering the
potential for primary water stress corrosion cracking (PWSCC) of the reactor vessel head
penetration nozzles and attachment welds.
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2

GEOMETRY AND INTERFERENCE FIT

The hemispherical closure heads on Westinghouse and Combustion Engineering PWRs contain
penetrations for Control Rod Drive Mechanisms (CRDM). The term used for the Combustion
Engineering designs is Control Element Drive Mechanics (CEDM). The CRDM (or CEDM)
head adapters (penetrations) are installed in machined holes in the closure head with an
interference fit. Some penetrations are installed into a straight through hole, while the majority
are installed into holes that contain a counterbore on the top and/or bottom of the hole (See
Figure 2-1). In addition to the interference fit, head adapters have a partial penetration J-groove
weld on the inside radius of the head. The weld geometry of the head penetration varies as the
distance of the penetration from the reactor centerline increases. The weld can be defined as
having a low side and a high side. The significance of the differential height of the weld is the
amount of weld shrinkage and penetration deformation experienced during installation.

There are 48 Westinghouse designed reactors and 14 CE designed reactors currently in operation
in the United States. This report will provide information on the reactor vessel heads for these
62 units only. Domestic reactors that have ceased commercial operation, domestic units that
never reached commercial operation, and foreign units, are not included.

2.1 Westinghouse Plants

The head adapters on all Westinghouse closure heads have a nominal outside diameter of 4.0".
There are eight different head adapter geometries in the Westinghouse fleet. The specific
geometry is a function of the vessel manufacturer. Westinghouse contracted five different
manufacturers to fabricate reactor vessels for U.S. domestic plants. These manufacturers
include: Combustion Engineering, Babcock & Wilcox, Chicago Bridge and Iron, Rotterdam
Dockyards, and Creusot- Loire. The head adapter configurations for the 48 Westinghouse
reactor vessels are defined as follows:

Type 1:  Manufactured by Babcock & Wilcox in Mt. Vernon, Indiana. Each adapter has an
interference fit of 0.0005" to 0.0015". There is a counterbore above and below the
interference fit. There are 4 closure heads with this head adapter geometry.

Type 2:  Manufactured by Combustion Engineering in Chattanooga, Tennessee. Each adapter

has an interference fit of 0.000" to 0.003". There is a counterbore above and below
the interference fit. There are 25 closure heads with this head adapter geometry.

2-1



Geometry and Interference Fit

Type 3:  Manufactured by Combustion Engineering in Chattanooga, Tennessee. Each adapter
has an interference fit of 0.000" to 0.003". There is a counterbore above the
interference fit only. There are 2 closure heads with this head adapter geometry

Type 4:  Manufactured by Chicago Bridge & Iron. Each adapter has an interference fit of
0.000" to 0.004". There is a counterbore above the interference fit only. There are
2 closure heads with this head adapter geometry.

Type 5:  Manufactured by Creusot Loire. Each adapter has an interference fit of 0.0028" to
0.0035". There are no counterbores in this geometry. There are 2 closure heads with
this head adapter geometry.

Type 6:  Manufactured by Rotterdam Dockyards. Each adapter has an interference fit of
0.0004" to 0.0012". There is a counterbore above and below the interference fit.
There are 7 closure heads with this head adapter geometry.

Type 7:  Manufactured by Rotterdam Dockyards. Each adapter has an interference fit of
0.001" to 0.0014". There is a counterbore above and below the interference fit.
There are 2 closure heads with this head adapter geometry.

2.2 Combustion Engineering Plants

The head adapters on all CE closure heads range in outside diameter from 3.495" to 4.275".
There are five different head adapter geometries in the CE fleet. The specific geometry is a
function of the penetration diameter. The head adapter configurations for the 14 CE reactor
vessels are defined as follows:

Type 1:  4.050" penetration tube. Each adapter has an interference fit of 0.000" to 0.003".
There is a counterbore above and below the interference fit. There are 6 closure
heads with this head adapter geometry.

Type 2:  3.850" penetration tube. Each adapter has an interference fit of 0.000" to 0.003".
There is a counterbore above and below the interference fit. There are 5 closure
heads with this head adapter geometry.

Type 3:  3.495" penetration tube. Each adapter has an interference fit of 0.000" to 0.003".
There is a counterbore above and below the interference fit. There is 1 closure head
with this head adapter geometry.

Type 4:  3.495" penetration tube. Each adapter has an interference fit of 0.000" to 0.003".
There is a counterbore above the interference fit only. There is 1 closure head with
this head adapter geometry

Type 5:  4.275" penetration tube has an interference fit of 0.000" to 0.003". There is a
counterbore above and below the interference fit. There is 1 closure head with this
head adapter geometry.
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Geometry and Interference Fit

In addition to the CEDM nozzles, eleven of the 14 C-E units have In-core Instrumentation (ICI)
nozzles installed in the RPV closure head. There are six to eleven ICI nozzles installed in the
outer periphery of the head outside of the CEDM nozzle locations. The ICI nozzle outside
diameter for all but two of the eleven plants is 5.56 inches. The other two units have 4.5 inch
and 6.625 inch diameter ICI nozzles, respectively. The drawing requirement for the ICI nozzles
specify a 0 to 3 mil interference fit, similar to the CEDM nozzles. It is expected that the shop
practice for installing the ICI nozzles was similar to that for the CEDM nozzles. Therefore, it is
assumed that the majority of the ICI nozzles would also have 1.5 mils or less interference fit.

Weld Lengih—‘l

Figure 2-1
Typical Head Adapter Geometry
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Geometry and Interference Fit

2.3 Interference Measurements

Measurements recorded during fabrication in Chattanooga of typical Westinghouse and CE RPV
closure heads were reviewed to evaluate the as-fabricated distribution of the interference fits.
Actual measurements of the machined holes for the CEDM and CRDM nozzles were compared
to the average diameter specified on the drawing for the nozzles. The distributions of the
interference fit based on the average specified nozzle diameters are compared in Figure 2-2.
Although the range of interference fits specified on the fabrication drawings was 0 to 3 mils, the
results indicate that the shop practice was to aim for a nominal 1.5 mil interference. The
majority of the interference fits are 1.5 mils or less. Only a very small percentage of the nozzles
are indicated to have an interference fit greater than 1.5 mils.

80%

B Typical Westinghouse Plant
70% 1~ O Typical C-E Plant

60% -

50%

40%

30% - [

Percentage of Nozzles

20% -

10%

. O 1M1

-3.0 -25 -20 -15 -10 -05 0.0 05 10 15 20 25 3.0

Average Nozzle Interference (mils)

Figure 2-2
Average Nozzle Interference
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Geometry and Interference Fit

2.4 Leakage Assessment

The leakage from a crack near the J weld can reach the top surface of the reactor vessel head
only after passing through the annulus between the CEDM/CRDM nozzle and the hole in the
head.

2.4.1 Calculated Interference between CEDM/CRDM nozzle and hole

The reactor vessel stress reports include the effect of shrink fit on the stresses in the
CEDM/CRDM nozzles and the vessel head. A typical nozzle analysis is reviewed here [1].

a. Effect of Pressure only:

Nozzle radial expansion, Ur, considers the internal pressure on the nozzle.
Using the equation for hoop strain,

Ur/Ri= 1/E (PRm/t— vPRi/2t)
or
Ur = 1/E { PRi"2/t } { Rm/Ri—v/2}

Where P is the pressure
Ri is inside radius of nozzle
Rm is mean radius of nozzle
t is thickness of nozzle
v is Poisson Ratio
E is modulus of Alloy 600

For a typical geometry and properties [1],
Ur= 0.09626 P x 10"-3
Where P is in Ksi
Radial expansion of a hole in the head, Uh, considers the pressure on the head, the effect
of the many holes on the head stiffness, and the local expansion of the hole being

addressed. The expansion of the hole itself is computed using influence factors
developed in other documents [1].
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Geometry and Interference Fit

2-6

For brevity, this equation is taken directly from [1]:
Uh= 1/E {RhPRi"2/(2 Rmt)} { (1-v) (E/E*)+F}

Where E*/E =0.77 x modulus of elasticity for the carbon steel material; modified
for the presence of the many remote holes,
Rh is the radius of the hole,
Ri and Rm refer to the head, Ri being the inner radius and Rm the mean
radius.
F is the factor for the opening of the hole being addressed. Using the
geometry, properties and influence factors [1],

Uh=10.3376 P {0.9221 + 1.085}
Uh=10.6776 P x 10"-3
At normal operating pressure of 2.25 ksi, the relative radial opening of the hole is
Uh - Ur=(0.6776 — 0.09626) P x 10"-3 = 1.31 x 10"-3 inches.

Assuming the design upper limit shrink fit of 1.5 x 10”-3 radial (3 mils diametral), this
would result in an interference of 0.19 x 10”-3 inches radial due to pressure only.

. Effect of Pressure and Thermal Conditions

The analysis considers all the operating transients, and computes an interference or gap
for all transient conditions assuming the design upper limit of shrink fit of

1.5 x 10”-3 inches radial [1]. A radial interference of 0.74 x 10”-3 inches is computed
for the 100% power normal operation condition.

Shrink Fit Required to Maintain Interference Fit

Based on the relative hole opening due to pressure, a shrink fit of 1.31 x 10-3 inches
radial or 2.6 mils diametral would be required to maintain an interference fit at normal
pressure. However, based on the Reference 1 analysis which considers thermal
conditions as well, a shrink fit of only (1.5 - 0.74) x 10"-3 = 0.76 x 10”-3 inches radial or
1.5 mils diametral is required to maintain an interference fit at normal operation
conditions. Note that this indicates an increase of the interference fit due to temperature
(and other operational details) of about 1.1 mils diametral. From Table 2-2 it is observed
that the ASME Code values at the time [1], would produce an increased diametral
interference of 1.4 mils due to temperature only, and the data of CINDAS in Table 2-2
would result in an increased interference of 1.1 mils diametral due to temperature only.
If the Code values of the 1980s are used, the shrink fit to maintain an interference fit at
normal operation would be about the same as the pressure only value of 2.6 mils
diametral.



Geometry and Interference Fit

Table 2-1
Penetration Geometries

Content Deleted — MRP/EPRI Proprietary Material

Content Deleted — MRP/EPRI Proprietary Material
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Table 2-2
Design Interference Fit and Effect of Temperature Only

Content Deleted —- MRP/EPRI
Proprietary Material

2.4.2 Effect of Interference on Inspectability

For most of the CEDM nozzles, the shrink fit required to maintain an interference fit at normal
operation (1.5 mils diametral) exceeds the actual as-fabricated shrink fit. Since only about 5% of
the nozzles have as-fabricated shrink fits greater than 1.5 mils, an external visual observation is
likely to detect any leakage from 95% of the nozzles. Leakage may not be detectable by an
external visual observation of about 5% of the nozzles.
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INTEGRITY ASSESSMENT METHODOLOGY

The integrity assessments for both the Westinghouse and Combustion Engineering designs were
previously carried out in the 93-94 time frame. In this section, the fracture analysis methods as
well as the PWSCC crack growth rates will be described, and updated, to deal with recently
observed cracking and improved analytical methods.

3.1 Fracture Analysis

Rapid nonductile failure is possible for ferritic materials at low temperatures, but is not
applicable to austenitic stainless steels, Alloy 600 or Alloy 182 welds. In these materials their
high ductility leads to failure by plastic instability. The critical flaw size for the head
penetrations is that size which would lead to plastic instability, and the resulting ejection of the
head penetration. This critical flaw size was calculated using a plastic instability model similar
to that of the ASME Code, Section XI, Appendix C. The specific solution was taken from the
ASME Code, Section XI, as published in Code Case N-513-1[2].

3.2 Crack Growth Prediction

The cracks in the penetration region have been determined to result from primary water stress
corrosion cracking in the Alloy 600 base metal [3], and more recently Alloy 182 weld cracking
has been observed at a number of plants. There are a number of available measurements of static
load crack growth rates in primary water environment, and in this section the available results
will be compared and a representative growth rate established.

Direct measurement of SCC growth rates in Alloy 600 was limited to tests of steam generator
tubes until 1993, when an extensive test program was begun under EPRI and PWR Owners
Group sponsorship. The findings of this program enabled development of a preliminary crack
growth prediction model for Alloy 600 [4]. This development will be discussed below.

The effort to develop a reliable crack growth rate model for Alloy 600 began in the Spring of
1992, as part of the Westinghouse Owners Group activity to develop a safety case to support
continued operation of plants. At the time there were no available crack growth rate data for
head penetration materials, and only a few publications existed on crack growth rates of
Alloy 600 in any product form.

The best available publication was found to be that of Peter Scott of Framatome, who had
developed a growth rate model for PWR steam generator materials [5]. His model was based on

a study of results obtained by Mcllree and Smialowska [6] who had tested short steam generator
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Integrity Assessment Methodology

tubes which had been flattened into thin compact specimens. His model is shown in Figure 3-1.
Upon study of his paper there were several ambiguities, and several phone conversations were
held to clarify his conclusions. These discussions led to Scott's admission that reference 5
contains an error, in that no correction for cold work was applied to the Mclllree/Smialowska
data. The correct development is below.

In Scott’s original work [5], an equation was fitted to the data of reference [6] for the results
obtained in water chemistries that fell within the standard specification. Results for chemistries
outside the specification were not used. The following equation was fitted to the data:

da _ 2.8x 10_11(K - 9)l'l6rn/sec

dt
where K is in MPaVm.

The next step described by Scott in his paper was to correct these results for the effects of cold
work. Based on work by Cassagne and Gelpi [7], he concluded that dividing the above equation
by a factor of 10 would be appropriate to account for the effects of cold work. This step was
inadvertently omitted from Scott's paper, even though it is discussed. The crack growth law for
330°C (626°F) then becomes:

% =2.8x107"2(K-9)"""m/sec

This equation was verified by Scott in a phone call on July 1992 [8].

This model was corrected for the effects of temperature using an activation energy of
33 kcal/mole.

Scott's crack growth model is shown for 330°C in Figure 3-1, and this model was independently
obtained by B. Woodman of ABB-CE (now Westinghouse), who went back to the original data
base. His equation was of a slightly different form:

% = 0.2 exp[A +Bln{ln(K - Q)}]
Where A =-25.942
B =3.595
Q=0

This equation is nearly identical with Scott's original model corrected for cold work. This work
provided an independent verification of Scott's work.

The final proof of the usefulness of the Scott model comes from actual data from head
penetration materials. A testing program was carried out at Westinghouse in which 17 heats of
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Alloy 600, Alloy 690 and Alloy 182 were tested in a carefully controlled PWR environment.
The results of the program to date are published in reference [4]. One heat of Alloy 600 did not
crack, and of the fourteen heats of Alloy 600 where cracking was observed, the growth rates
observed in twelve were bounded by the modified Scott model.

Since all Westinghouse and Combustion Engineering designed plants operate at 600°F (315°C)
or less in the head region, and the crack growth rate is strongly affected by temperature, a
temperature adjustment is necessary. This temperature correction was obtained from study of
both laboratory and field data for stress corrosion crack growth rates for Alloy 600 in primary
water environments. The available data are summarized in Figure 3-2, where most of the results
are from steam generator tube materials, with several sets of data from operating plants. Some of
the points (the solid circles) were obtained from cracking which was found in head penetrations
in operating plants.

The data shown in Figure 3-2 results in an activation energy of 33 Kcal/mole for crack growth,
which can be used to adjust for the lower operating temperature. This value is slightly lower
than the generally accepted activation energy of 44-50 Kcal/mole used to characterize the effect
of temperature on crack initiation, but the trend of the actual data for many different sources is
unmistakable. This result was verified in controlled tests of two heats of Alloy 600 [4].

Use of the 33 Kcal/mole activation energy results in a correction factor of 0.634 for crack growth
rates at 315°C (600°F), compared to the rate at 330°C (626°F). Therefore the following growth
rate model was used for the head penetrations:

% =1.76 x 10_12(K —9)1'16m/sec

where K = applied stress intensity factor, in MPaVm. This equation implies a threshold for

cracking susceptibility, K ;.. =9 MPavVm.

The EPRI-MRP crack growth review team, an international panel of experts in the area of SCC
crack growth, provided input to the MRP in its development of the recommended CGR curve.
This group met to review the available worldwide data on October 2-4, 2001, in Airlie, Virginia.
The recommended CGR curve is based on controlled testing of fracture mechanics specimens
conducted at several laboratories. Such testing allows careful control of applied load (stress
intensity factor) and temperature and also allows accurate measurement of CGR. The MRP
recommends that this curve be applied to the growth evaluations of SCC flaws in Alloy 600
materials exposed to the primary water environment [19].

The most likely environments responsible for SCC of Alloy 600 materials in the annulus
between a penetration and the reactor upper head as a result of a through-wall or through-weld
leak are either hydrogenated, superheated steam or normal PWR primary water. The MRP
recommended that the PWR environment curve be used to evaluate the growth of SCC flaws in
Alloy 600 reactor upper head penetrations above the J-groove weld that are exposed to an OD
aqueous environment. Because of the possibility of concentrating the lithium in the water, a
factor of two was recommended to be applied in this case.
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There is a general agreement that crack growth in Alloy 600 materials in the primary water
environment can be modeled using a power-law dependence on stress intensity factor with
differences in temperature accounted for by an activation energy (Arrhenius) model for thermally
controlled processes.

The recommended curve is based on testing in the primary water environment performed by
Westinghouse [4], EDF [9, 10], Framatome [11], CEA [9, 12], Studsvik [13] and CIEMAT
[14-18]. The tests performed by these laboratories were verified to meet the stringent screening
criteria developed by the CGR review team for qualifying test results for use in developing the
recommended curve. All test results considered in the development of the recommended curve
are for tests performed in controlled primary water environment using fracture mechanics
specimens, with the growth rate calculated based on the average length to the crack front.

The 158 laboratory data points used to develop the recommended curve are limited to test
temperatures in the range of 290°C (554°F) to 363°C (686°F) in order to minimize the necessary
adjustments to account for differences in test temperature. Based on a general consensus and
input from the CGR review team, the activation energy for crack growth of Alloy 600 materials
in primary water environment was chosen as 130 kJ/mole (31.0 kcal/mole). This is slightly
lower than the 33 kcal/mole used in the original Westinghouse work [4], but not a significant
difference.

The recommended mean curve shown in Figure 4-1 was determined by a linearized least-squares
fit to the temperature-adjusted CGR data in Figure 4-1 using the power-law relationship:

CGR=a=a(K-Kg )P

where:

a = crack growth rate

o = crack growth amplitude

K = crack tip stress intensity factor

Ko = crack tip stress intensity factor threshold
= 9 MPa +/m (8.2 ksi +/in)

B = exponent

The function minimized by the linearized least-squares fit for each heat of material is f(a,)
where:

fla,p)= = {In(a)-[In () +p In (K; - 9]}
i=l1

and n is number of test data points in each heat of material that had stress corrosion cracking
tested. The same procedures were repeated for all 26 heats for which the test data are available
[19]. This results in 26 individual a-values, assuming a single given value of 3 = 1.16 applicable
for all heats. The most representative a-value suitable for stress corrosion cracking evaluation is
then determined based on the statistical aspects of the data, which are discussed in the following
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paragraph. The value for the crack tip stress intensity factor threshold Ky, is taken as 9 MPa+/m
in accordance with previous practice [4].

The MRP crack growth curve was structured to bound 75 percent of the 26 heats for which test
results were available. Fits were done on the results for each heat, and the constant term was
determined for each heat. This was done to eliminate the concern that the curve might be biased
from a large number of results from a single heat. The 75th percentile was then determined from
these results. The MRP expert panel on crack growth endorsed the resulting curve unanimously
in a meeting on March 6th and 7th 2002. This approach is consistent with the Section XI flaw
evaluation philosophy, which is to make a best estimate prediction of future growth of a flaw.
Margins are incorporated in the allowable flaw sizes. The entire data set is shown in Figure 3-1,
where the data have been adjusted to a single temperature of 325°C. The MRP model was used
for the calculations reported here.
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Figure 3-1
Screened Laboratory Data for Alloy 600, with the MRP Recommended Curve. Note that the
Modified Scott Model is also Shown [19]
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Summary of Temperature Effects on PWSCC Growth Rates for Alloy 600 in Primary Water
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STRESS EVALUATIONS FOR WESTINGHOUSE AND
COMBUSTION ENGINEERING DESIGNED PLANTS

Three dimensional elastic-plastic stress analysis was used as the basis for this evaluation.
Although there are distinct combinations of counterbores and interference fits in the
Westinghouse and Combustion Engineering fleets, only one case has been evaluated in this
report for each of the two designs, as the results are similar for the different designs.

4.1 Objectives of the Analysis

The objective of this analysis was to obtain accurate stresses in each CRDM, CEDM, ICI, head
vent and its immediate vicinity. To do so requires a three-dimensional finite element analysis
which considers all the pertinent loadings on the penetration. An investigation of deformations
at the lower end of the nozzles was also performed using the same model. For the Westinghouse
design, five CRDM locations were considered: the outermost row (42.6°), rows at 40.0°, 38.6°,
28.6° and the center location (0°). For the CE design, four CEDM locations (outermost row, at
49.7°,29.1°, 7.8° and 0°) and the ICI penetration (55.3°) were chosen. In addition, the head vent
was analyzed, for each design.

The analyses were used to provide information for the flaw tolerance evaluation in Section 5.
Also, the results of the stress analysis were compared to the findings from service experience to
help assess the causes of the observed cracking.

4.2 Model

A three-dimensional finite element model comprised of isoparametric brick and wedge elements
with midside nodes on each face was used to obtain the stresses and deflections for each
geometry analyzed. A view of the outermost CRDM model is shown in Figure 4-1. Taking
advantage of symmetry through the vessel and penetration centerlines, only half of the
penetration geometry plus the surrounding vessel were modeled. The difference between the
hillside penetrations and the center penetration was that there was no differential height across
the weld for the center penetration. This same grid was used for all the models, with only the
dimensions changed.

In the models, the lower portion of the Control Rod Drive Mechanism (CRDM or CEDM, ICI)

penetration nozzle, head vent, the adjacent section of the vessel closure head, and the joining
weld were modeled. The vessel to penetration nozzle weld was simulated with two layers of
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elements. The penetration nozzle, weld metal and cladding were modeled as Alloy 600 and the
vessel head shell as carbon steel.

The only loads used in the analysis are the steady state operating loads and residual weld
stresses. External loads such as seismic loads have been studied and have no impact on PWSCC,
because the penetration nozzles are captured by the full thickness of the reactor vessel head (over
six inches of steel) into which the penetrations are shrunk fit during construction. The area of
interest is in the penetration near the attachment weld, which is unaffected by these external
loads.

4.3 Stress Analysis Results — Outermost CRDM Penetration (42.6°)

Figure 4-2 presents the hoop and axial stresses for the steady state condition for the outermost
penetration.

The hoop stresses for steady state operation are much greater than the axial stresses. This is
consistent with the field findings, where the cracks discovered are generally oriented axially.
Typically, in-service cracks will orient themselves perpendicular to the largest stress component.
Also it should be noted from Figure 4-2 that the highest tensile hoop stresses are at the uphill
side and downhill side locations rather than midway around the penetration, where they are
compressive. This is consistent with finding the axial cracks only at the uphill side and downbhill
side locations. It is these steady state stresses that will be used to predict crack extension in the
penetrations, as will be discussed further in Section 5.

These stress findings also support the safety argument that cracks are unlikely to propagate in the
circumferential direction, because the axial stresses are relatively low. This is illustrated in a cut
taken along the plane of the top of the attachment weld, as shown in Figure 4-3. Note the area of
compressive axial stress near mid-wall of the penetration, which extends for nearly the entire
circumference.

4.4 Stress Analysis Results — Intermediate CRDM Penetrations

The stresses in these penetrations are similar in character. Figure 4-4 shows the hoop and axial
stresses at steady state for the 40.0 degrees penetration. Figures 4-5 and 4-6 show the same
results for the 38.6 degrees penetration and 28.6 degrees penetration respectively. As with the
outermost housing, the hoop stresses for steady state operation are greater than the axial stresses.

4.5 Stress Analysis Results — Center CRDM Penetration

Figure 4-7 shows the hoop and axial stresses at steady state for the center CRDM penetration.
The tube hoop stresses near the weld are generally lower than the tube hoop stresses at the
downhill side or uphill side locations of the outer head penetration. This could explain why axial
cracks have not been found in the center head penetration for any plants.
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4.6 Stress Analysis Results — Head Vent for Westinghouse Design

The head vent is a smaller penetration than the CRDM head penetrations, but is also constructed
of Alloy 600 material, with a partial penetration weld at the inside of the reactor vessel head.
The head vent is located 8.5 inches from the centerline of the head dome.

The head vent was evaluated using a three-dimensional finite element model as shown in
Figure 4-8.

The critical stress location in the head vent is in the vicinity of the attachment weld, where
residual and pressure stresses have the most impact. As with the CRDM head penetrations, the
residual stresses dominate. Also similar to the CRDM head penetrations, the stresses in the pipe
decrease quickly as a function of distance up the pipe away from the weld. The hoop and axial
stresses are shown as contours in Figure 4-9.
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Figure 4-2
Stress Distributions at Steady State Conditions: Outermost CRDM Penetration
(42.6 Degrees) (Hoop stress is the top figure; axial stress is the bottom figure)
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Figure 4-3
Axial Stress Distribution at Steady State Conditions for the Outermost CRDM (42.6

Degrees) Penetration, Along a Plane Oriented Parallel to, and Just Above, the Attachment
Weld
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Figure 4-4
Stress Distribution at Steady State Conditions for the 40.0 Degrees CRDM Penetration
(Hoop stress is the top figure; axial stress is the bottom figure)
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Figure 4-5
Stress Distribution at Steady State Conditions for the 38.6 Degrees CRDM Penetration
(Hoop stress is the top figure; axial stress is the bottom figure
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Figure 4-6
Stress Distribution at Steady State Conditions for the 28.6 Degrees CRDM Penetration
(Hoop stress is the top figure; axial stress is the bottom figure)
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Figure 4-7
Stress Distribution at Steady State Conditions for the Center Penetration (Hoop stress is
the top figure; axial stress is the bottom figure
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Figure 4-8
Finite Element Model of the Head Vent Penetration
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Figure 4-9
Stress Contours in the Head Vent As A Result of Steady State Operation, including
Residual Stresses (Hoop stress is the top figure; axial stress is the bottom figure)
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4.7 Stress Analysis Results — Outermost CEDM Penetration (49.7°)

Figure 4-10 presents the hoop and axial stresses for the steady state condition for the outermost
CEDM penetration.

The hoop stresses for steady state operation are much greater than the axial stresses. This is
consistent with the field findings, where the cracks discovered are generally oriented axially.
Typically, in-service cracks will orient themselves perpendicular to the largest stress component.
Also it should be noted from Figure 4-10 that the highest tensile hoop stresses are at the uphill
[side and downhill side locations rather than midway around the penetration, where they are
compressive. This is consistent with finding the axial cracks only at the uphill side and downbhill
side locations. It is these steady state stresses that will be used to predict crack extension in the
penetrations, as will be discussed further in Section 5.

4.8 Stress Analysis Results — Intermediate CEDM and ICI Penetrations

The stresses in these penetrations are similar in character. Figures 4-12, 4-13, and 4-14 show the
same results for the 29.1 degree CEDM penetration, 7.8 degree CEDM penetration, and

55.3 degree ICI penetration respectively. As with the outermost housing, the hoop stresses for
steady state operation are greater than the axial stresses.

4.9 Stress Analysis Results — Center CEDM Penetration

Figure 4-15 shows the hoop and axial stresses at steady state for the center CEDM penetration.
The tube hoop stresses near the weld are generally lower than the tube hoop stresses at the
downhill side or uphill side locations of the outer head penetration.

4.10 Stress Analysis Results — Head Vent

The head vent is a smaller penetration than the CEDM head penetration, but is also constructed
of Alloy 600 material, with a partial penetration weld at the inside of the reactor vessel head.
The head vent is located 8.180 inches from the centerline of the head dome. The head vent was
evaluated using a three-dimensional finite element model as shown in Figure 4-16.

The critical stress location in the head vent is in the vicinity of the attachment weld, where
residual and pressure stresses have the most impact. As with the CEDM penetrations, the
residual stresses dominate. Also similar to the CEDM head penetrations, the stresses in the pipe
decrease quickly as a function of distance up the pipe away from the weld. The hoop and axial
stresses are shown as contours in Figure 4-16.
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Figure 4-10
Stress Distribution at Steady State Conditions: Outermost CEDM Penetration Nozzle
(49.7 Degrees) (Hoop Stress is the Top Figure; Axial Stress is the Botton Figure.
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Figure 4-11
Axial Stress Distribution as Steady State Conditions for the Outermost CEDM Penetration
(49.7 Degrees), Along a Plane Oriented Parallel to, and Just Above, the Attachment Weld
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Figure 4-12
Stress Distribution at Steady State Conditions for the 29.1 Degrees CEDM Penetration
(Hoop Stress is the Top Figure; Axial Stress is the Bottom Figure)
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Figure 4-13
Stress Distribution at Steady State Conditions for the 7.8 Degrees CEDM Penetration
(Hoop Stress is the Top Figure; Axial Stress is the Bottom Figure)
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Figure 4-14
Stress Distribution at Steady State Conditions: ICI Penetration Nozzle (55.3 Degrees)
(Hoop Stress is the Top Figure, Axial Stress is the Bottom Figure)
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Figure 4-15
Stress Distribution at Steady State Conditions for the Center CEDM Penetration (Hoop
Stress is the Top Figure; Axial Stress is the Bottom Figure)
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Figure 4-16
Stress Contours in the Head Vent Nozzle as a Result of Residual Stresses and Operating
Pressure (Hoop Stress is the Top Figure; Axial Stress is the Bottom Figure)
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FRACTURE EVALUATIONS FOR WESTINGHOUSE
AND COMBUSTION ENGINEERING DESIGNED
PLANTS

5.1 Fracture Toughness and Critical Flaw Size

The key element in a fracture evaluation is the fracture toughness of the material. The fracture
toughness has been taken directly from work by Brown and Mills [20], because no reference
values are yet available in Section XI, for Ni-Cr-Fe alloys. The fracture toughness for the Alloy
600 is at least equivalent to that of 304 or 316 stainless steel, which ensures that any possible
failure will be by ductile limit load.

The allowable flaw size was determined for a circumferential through-wall flaw, using a ductile
limit load calculation, following the calculational guidelines of Section XI. It should be noted
that Section XI Appendix C does not contain calculational methods for through-wall flaws, so
the equations of Appendix C were modified to cover that case. These equations for limit load can
be found in ASME Code Case N513-1[2]. The maximum pressure was assumed to be 2250 psi.

The critical flaw length was determined to be 330 degrees for a circumferential through-wall
flaw in a typical CRDM or CEDM nozzle.

5.2 Stress Intensity Factors

The results of the three-dimensional stress analysis of the penetration locations were used
directly in the flaw tolerance evaluation.

The crack growth evaluation for the part-through flaws was based on the worst stress distribution
through the penetration wall at the location of interest of the penetration. The highest stressed
location was found to be in the immediate vicinity of the weld for both the center and outermost

penetrations.

The stress profile was represented by a cubic polynomial:

o(x)=Ay+Ax+ Arx? + A3X3

(5-1)
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where:
X = the coordinate distance into the nozzle wall
o = stress perpendicular to the plane of the crack
Aj = coefficients of the cubic polynomial fit

For the surface flaw with length six times its depth, the stress intensity factor expression of Raju
and Newman [21] was used. The stress intensity factor K; (@) can be calculated anywhere along
the crack front. The point of maximum crack depth is represented by ®@ = 0, and this location
was also found to be the point of maximum Kj for the cases considered here. The following
expression is used for calculating Ky (@), where @ is the angular location around the crack. The

units of K| (®) are ksiv/in .

05 3
K, (D) {“—a} >G(a/c, alt, t/R, ®)A;al (5-2)
=0

The boundary correction factors Go (@), G; (@), G, (®) and G; (D) are obtained by the
procedure outlined in reference [21]. The dimension “a” is the crack depth, and “c” is the half
crack length, while “t” is the wall thickness. “R” is the inside radius of the tube, and “Q” is the
shape factor.

For the prediction of crack growth for a circumferential through-wall flaw in the head
penetration along a plane above the attachment weld, two expressions are available. The first is
an expression first presented by Hiser [22]. The stress intensity factor for a through-wall flaw
was developed using finite element modeling by Structural Integrity Associates (SIA), and these
results were merged with results obtained by Richard Bass of Oak Ridge National Labs (ORNL),
as shown in Figure 5-1. The equation of the stress intensity factor is simply a function of the
crack half angle, and is given below:

K; =3.476x —6.619x1072 x> +4.733x107* x> =1.445x10° x* +1.790x 107" x° (5-3)

where:

x is the crack half angle, in degrees
K,is in ksivin

A second calculation of the stress intensity factor for a through-wall circumferential flaw was
developed directly from the finite element stress analyses performed for the CRDMs. After the
completion of the welding residual stress analysis, which is described in Section 4 above, a series
of finite element models was generated to calculate crack tip stress intensities for through-wall
circumferential cracks at operating conditions in the presence of welding residual stresses. The
stresses calculated by the welding residual stress model were interpolated onto the fracture
mechanics portion of the model using a quadratic interpolation rule. Cracks of increasing length
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were analyzed for models with a crack at the top of the weld, as well as at 0.25, 0.5, and

1.0 inches above the top of the weld. Cracks below the weld were not considered because the
weld is assumed to be intact for these analyses. Each of these cases were analyzed for a crack
centered at the uphill and downhill planes of the nozzle. A total of eight crack lengths were
analyzed for each model variation: 30°, 80°, 130°, 180°, 220°, 260°, 300°, and 330°. The crack
tip stress intensity was evaluated at eight evenly spaced locations through the wall of the nozzle.

Although the welding residual stress model uses non-linear material strain-hardening properties,
the structural model is converted to a fully elastic model for the fracture mechanics analyses.
This is appropriate since the correlations for PWSCC crack growth rate are currently provided as
a function of the stress intensity, K, which presumes linear elastic fracture mechanics (LEFM).
Operating temperature and pressure were applied to each model case starting from the post-
hydrotest welding residual stress state, including full operating pressure on the entire crack face.
Maximum stresses for representative cases were checked to ensure that the stresses did not
exceed reasonable levels for elastic material assumptions outside the crack tip region. It is noted
that for the fracture mechanics analyses performed in this report, the welding residual stresses
are applied as secondary stresses, which redistribute in the presence of the crack. Only the
operating pressure is applied as a primary load to the model, both at the model ID and OD wetted
surfaces and on the crack face. This is a more accurate approach to modeling the stress state of
the cracked nozzle than methods such as superposition.

Calculation of the J-integral values at each of the eight points along the crack front through the
wall of the nozzle was performed using software developed by Dominion Engineering.
Verification and validation of this software is discussed in Reference [23]. The software reads
the elastic strain at the crack front elements from the ANSYS results file and performs the J
value integration calculations using a numeric volume integration routine. As an output, the
software reports the J-integral value as a function of distance along the crack face. Using the
relationship between J and K for the special case of linear elastic materials and using plane strain
conditions, the crack tip stress intensity is calculated from the J-integral values with the
following equation:

JxE

1-v

(5-4)

where:

K = crack tip stress intensity (psi-sq-in)

J = calculated J-integral value (psi*in)

E = modulus of elasticity at 600°F = 28.7 x 10° psi
v = Poisson’s ratio = 0.29

It is noted that the J-integral value calculated by the software is the combined result of Modes I,

II, and III loading. Therefore, the value for K calculated using Equation 5-4 is an “equivalent” K
that is higher than the K associated with any individual loading mode.
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When an average crack tip stress intensity is desired, the average of the J-integral values is taken
for the entire crack front, then the average J is converted to the equivalent crack tip stress
intensity using Equation 5-4.

The crack tip J-integral was calculated as a function of through-wall depth for the cases
described above. From these results, the average through-wall stress intensity and the peak stress
intensity were determined. Plots of the average and peak stress intensity factor as a function of
crack length for each crack plane elevation considered are included in Figure 5-2 for downbhill-
centered cracks and in Figure 5-3 for uphill-centered cracks.

Examination of Figures 5-2 and 5-3 show that the average crack tip stress intensity is nearly
always highest at the top of the weld, and decreases as the crack plane elevation above the weld
increases. These figures demonstrate that peak crack tip stress intensity is highest at the top of
the weld for all but larger cracks centered on the downhill plane, where the peak stress intensity
at higher elevations tends to dominate. Additionally, the figures demonstrate that downhill-
centered cracks tend to have high stress intensities at small crack lengths that decrease and level
off with increasing length; whereas uphill-centered cracks have small stress intensities for small
cracks that increase and level off with increasing crack length.

Note that the downhill flaw is always governing. It is interesting that the maximum stress
intensity factor curve matches closely the earlier estimate of Hiser, as shown in Figure 5-6.

Once the stress intensity factor has been determined, the crack growth can be calculated using
the crack growth model discussed earlier. Different approaches were followed to characterize
the crack growth of postulated surface and through-wall flaws in the head penetrations at the
locations analyzed. Surface flaws were assumed to have an aspect ratio of 6:1 (length six times
the depth) and were subjected to the actual calculated stresses in the region of interest from the
finite element results of Section 4. It will be seen that growth of flaws above the weld will be
very slow because the stresses decrease in this direction.

5.3 Circumferential Flaw Propagation

Since circumferentially oriented flaws have been found at five plants (Bugey 3, Oconee 2,
Crystal River 3, Davis Besse, and Oconee 3), it is important to consider the possibility of crack
extension in the circumferential direction. The first case was discovered as part of the
destructive examination of the tube with the most extensive circumferential cracking at Bugey 3,
and the crack was found to have extended to a depth of 2.25 mm in a wall thickness of 16 mm.
The flaw was found at the outside surface of the penetration (number 54) at the downbhill side
location, just above the weld.

The circumferential flaws in Oconee Unit 3 were discovered during the process of repairing a
number of axial flaws, while the circumferential flaw in Oconee Unit 2 and Crystal River Unit 3
were discovered by UT. Experience gained from these findings has enabled the development of
UT procedures capable of detecting circumferential flaws reliably.
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To investigate this issue completely, a series of crack growth calculations were carried out for a
postulated surface circumferential flaw located just above the head penetration weld, in a plane
parallel to the weld itself. This is the only flaw plane which could result in a complete separation
of the penetration nozzle, since all others would result in propagation below the weld, and
therefore there is no chance of complete separation because the remaining weld would hold the
penetration nozzle in place.

The axial stresses are generally highest at the downhill side of the penetration nozzle, so the flaw
was assumed to initiate at that location, on either the inside or outside surface. The governing
location was found to be the outside surface. The goal of the calculations was to determine the
length of time required for a flaw to propagate through the wall, and around the circumference to
a point where the remaining ligament of the penetration nozzle would reach a plastic instability.
It is important to realize that a flaw would have to propagate through the penetration or the
attachment weld, and result in a leak, before the outer surface of the penetration above the weld
would be exposed to the primary water. Crack growth could then begin for an outside surface
flaw. This is believed to have been the case at all four plants in which circumferential flaws
were found. This time period where a surface flaw becomes a through-wall flaw was
conservatively ignored in the calculations to be discussed.

A semi-elliptic surface flaw, with length six times its depth, was assumed to exist at the outside
surface of each of the penetration nozzles, and its growth through the wall was calculated as a
function of time. Since the stresses along this plane vary considerably as a function of
circumferential location, nine different cuts were taken through the thickness. The residual
stresses in the axial direction became compressive near the mid-wall location in most cases (as
shown for example in Section 4), so generally only one location could be found where the
through-wall crack propagation did not arrest. To clarify, the crack will arrest whenever the

applied stress intensity factor drops below 9 MPa+/m or in a compressive stress field. The results
are shown in Figure 5-4, where it may be seen that the flaw requires at least 3.5 years to
propagate to become a through-wall flaw for a Westinghouse CRDM. Similar results for a range
of CEDM nozzles are shown in Figure 5-5, which also shows results for an ICI. In all cases, at
least 2.5 years are needed for a flaw to go from initiation to through-wall. The flaw was assumed
initially to have a length equal to six times its depth and to maintain this shape as it grew. The
stress intensity factor was calculated using the well-accepted influence function approach of Raju
and Newman [21].

Once the flaw became through-wall, it was assumed to grow circumferentially, with the stress
intensity factor calculated using the finite element expression previously discussed in

Section 5.2. As the crack propagates, it moves into a region of decreasing stress, and this was
modeled directly using finite element analysis. The results of this calculation are shown in
Figure 5-6, where it may be seen that the time required for propagation of a circumferential flaw
to a point where the integrity of the penetration nozzle would be affected (330-350 degrees)
would be at least 17 years. Because of the conservatism in the calculations, where the time
period for a surface flaw to become a through-wall flaw was conservatively ignored, it is likely
to be even longer. Similar results are not available for a typical CE design, but the Hiser method
was used (equation 5-3), and the results are shown for both CEDM and ICI nozzle, in Figure 5-7.
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Figure 5-1

Stress Intensity Factor for a Through-Wall Circumferential Flaw in a Head Penetration [5B], estimated by Hiser
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Figure 5-4
Crack Growth Predictions for Circumferential Outside Surface Flaws Near the Top of the Attachment Weld Westinghouse Design
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Figure 5-5
Outside, Circumferential Surface Flaws, Along the Top of the Attachment Weld - Crack Growth Predictions (Combustion
Engineering Design)
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Figure 5-7
Through-Wall Circumferential Flaws Near the Top of the Attachment Weld for CEDM and ICI Nozzles - Crack Growth Predictions
(MRP Factor of 2.0 Included)
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6

SUMMARY AND CONCLUSIONS

An assessment has been completed of the reactor vessel upper head penetrations for
Westinghouse and Combustion Engineering designs. Although the designs are similar, and the
flaw tolerance is also expected to be similar between the two designs, examples of each design
were evaluated. The examples were chosen based on head operating temperature, which was just
under 600°F for each example plant.

The stress analyses for these example units were three dimensional elastic plastic analyses, and
were performed by Dominion Engineering, Inc., under contract to Westinghouse. Stress
analyses were performed for the entire range of head penetrations, from CRDMs to ICIs to head
vents.

The results of the stress analyses were used for a series of flaw tolerance evaluations, which are
discussed in Section 5 of this Appendix. The goal of these evaluations is to consider the safety
implications of the head penetration cracking issue. Calculations were done to identify the time
required to propagate a flaw through the wall thickness of each penetration type, and then a
separate series of calculations was done to predict the time for a circumferential flaw to become
large enough that the tube could fail, and be ejected. Flaws initiating on both the uphill side and
the downhill side of the penetrations were considered, and the governing location was found to
be the downbhill side, primarily because the stresses are highest in that region for these designs.

The results of these evaluations are shown in Figures 5-6 and 5-7, and the conclusion is that at
least 17 years would be required for a circumferential through-wall flaw to reach a critical
length. This conclusion was found for the hottest heads, and it is clear that the results will be
much better for plants with lower head temperatures. This means that at least 17 years of service
with a through-wall flaw would occur before a critical length was reached, allowing sufficient
time to identify the flaw by leakage detection measures, or boron deposits on the head.

From this finding it can be concluded that the current bare head visual inspection approach, will
be sufficient to identify a serious flaw before a failure could occur. Furthermore, virtually all
plants will be required to perform a non destructive exam of their head penetrations within the
next three years, which should serve to further buttress this defense in depth.
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