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1.0 INTRODUCTION
1.1 H*/B* BACKGROUND INFORMATION

In response to the detection of crack-like indications within the tube expansion region of steam generators
(SGs) with Alloy 600 thermally-treated (A600TT) tubing, the NRC issued GL-2004-01 (Reference 1-14)
which reiterated the requirement to inspect the full length of the tubes with probes capable of detecting
potential degradation in all the areas of the steam generator (SG) unless a technical argument was
available to demonstrate that specific types of degradation are not expected. Indications interpreted as
primary water system stress corrosion cracking (PWSCC) were reported from the nondestructive, eddy
current examination of the SG tubes during the fall 2004 outage at the Catawba Unit 2 Nuclear Power
Plant (References 1-1, 1-2, and 1-3). The indications at Catawba Unit 2 were reported about 7.6 inches
from the top of the tubesheet in one tube, and just above the tube-to-tubesheet welds in a region of the
tube known as the tack expansion (TE) in several other tubes. The Catawba Unit 2 plant has
Westinghouse designed, Model D5 SGs fabricated with A600TT tubes of 3/4 inch outside diameter.
Subsequently, one indication was reported in each of two SG tubes at the Vogtle Unit 1 Plant (Reference
1-4). The Vogtle Unit 1 SGs are of the Westinghouse Model F design with 11/16 inch outside diameter
A600TT tubes. The indication locations in both Catawba Unit 2 and Vogtle Unit | were coincident with
geometric variations, termed “bulges” (BLG), in the expansion region. It was concluded from those
observations that there is the potential for similar tube indications to be reported during future inspections
of all SGs Wwith hydraulically expanded A600TT tubes since geometric variations in the tubesheet
expansion region are common. Since that time, several plants that have. inspected through the entire
thickness of the tubesheet with rotating pancake coil (RPC) have reported indications near the tube-to-
tubesheet welds, in the tack expansion region.

The findings in the Catawba Unit 2 and Vogtle Unit 1 SG tubes present two distinct issues with regard to
future inspections of AGOOTT SG tubes which have been hydraulically expanded into the tubesheet:

1. Indications may occur at internal bulges (BLG) or overexpansions (OXP) in the tubes within the
tubesheet that were created as an artifact of the manufacturing process.

2. Indications may occur at the elevation of the tack expansion transition because it represents a
stress riser in the tube. )

Although some of the indications at Catawba were reported to be in the tube end weld, subsequent studies
using a prototypic tube end test section concluded that the eddy current techniques were not capable of
distinguishing the interface between the tube and weld, and further, that the indications likely were in the
tube material. However, it could not be ruled out that the indications may extend into the weld. The
indications were located within the tack expansion length, which, at Catawba, was made using a
hard-rolling process. Thus, it was concluded that the indications that were observed all occurred in areas
of potentially elevated residual stress in the tube material.

A technical evaluation is presented in this report that considers the requirements of the American Society
of Mechanical Engineers (ASME) Code, Regulatory Guides, NRC Generic Letters, NRC Information
Notices, the Code of Federal Regulations, NEI 97-06, and responses to NRC Request for Additional
Information (RAI). The two major conclusions of the technical evaluation are that:
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1. The structural integrity of the primary-to-secondary pressure boundary is unaffected by tube
degradation of any magnitude below a specific depth of 13.8 inches, designated as H*, and,

2. The accident condition leak rate integrity is bounded by an overall leakage increase of 2.03
during the limiting design basis accident (DBA) relative to normal operating plant conditions.
This is known as the leakage factor. Although an increase in contact pressure at accident
conditions relative to normal operating conditions is not a basis for the leakage evaluation, for
conservatism, it is shown that, for the Model D5 SG, the contact pressure between the tube and
the tubesheet is greater at accident conditions than at normal operating conditions (NOP) for all
relevant accidents.

The determination of the required engagement depth is based on the use of finite element model structural
analyses and of a bounding leak rate evaluation for normal operation and postulated accident conditions.
The results provide the technical rationale to exempt inspection of the region of the tube below the
calculated H* elevation. Such an approach is interpreted as a redefinition of the primary-to-secondary
pressure boundary relative to the original design of the SG, which requires the approval of a license
amendment by the NRC Staff. ;

The H* values are determined to assure meeting the structural performance criteria for the operating SG
tubes as delineated in NEI 97-06, Revision 2 (Reference 1-5). The leakage factors are determined based
on meeting the accident condition leak rate performance criteria for all DBA that model primary-to-
secondary leakage. The leakage analysis is based on a first principles application of the Darcy model for
leakage through a porous medium; supported by empirical test results that show that there is no
correlation between loss coefficient and contact pressure for the conditions of interest. The leakage
analysis is supported by the structural analysis (Section 6.0) that shows for the Model D5 SG that the
contact pressure between the tubes and tubesheet is always greater at accident conditions than at normal
operating conditions. 1

Tests have shown that all full-depth expanded tube-to-tubesheet joints in Westinghouse-designed ‘SGs

have a residual radial preload interface pressure between the tube and the tubesheet. Residual contact

pressure is not an essential element for determining a value of H* for hydraulically expanded tubes. The

reference approach in this document is to assume zero contribution from residual contact pressure;
however, when the existing residual contact pressure is more firmly established through additional

testing, the value of H* presented in this report will be significantly smaller. Thus, the assumption of

zero residual contact pressure is a conservative assumption.

1.2 DISCUSSION OF THE CALCULATION PROCESSES

The current candidate plants for H* are those plants whose SGs have Alloy 600TT tubes that are
hydraulically expanded into the tubesheet. Among these are plants with Model F SGs, Model D5 SGs,
Model 44F SGs and Model 51F SGs. Except for the Model S1F SGs, there are multiple plants with each
of the other models of SGs. To reduce the analysis burden, a bounding plant was determined for each
model of SG as discussed in Section 6.0. The value of H* determined for each of the bounding plants is
the recommended H* for each of the models of SG, respectively.
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This report is specifically based on the properties of the Model D5 SGs. Separate reports will be provided
for the other models of SGs. While specific geometric and operating conditions are different among the
various models of SGs, the methodology for the H* calculations are common to all models of SGs
represented among the population of H* candidate plants.

1.2.1 Structural Integrity Analysis

The H* technical analysis consists of two essentially independent processes; the structural evaluation to
define the value of H*, and the leakage analysis for the tubesheet expansion region. The structural
analysis for H* is a complex analysis that involves the use of four different models as shown on the
flowchart on Figure 1-1.

¢ A finite element structural model is used to calculate the deflections and rotations of the tubesheet
complex components which include the tubesheet, channelhead, stub barrel and divider plate.
The finite element model is a three-dimensional finite element model (3D FEA) using the
ANSYS computer code. This model is described in detail in Section 6.0.

e An Excel®" (Reference 1-6) spreadsheet model utilizes the deflection and rotation output from
the 3D FEA model (Reference 1-7) and a crevice pressure input based on test data to calculate the
radially and axially distributed contact pressures between the tube and tubesheet for the various
operating conditions. The spreadsheet also axially integrates the forces resisting tube pull out
based on the contact pressures and a conservative value.of coefficient of friction to define the
mean value of H*. H* is defined as the distance from the top of the tubesheet at which the
integrated pull out resisting force equals the applied end cap loads. The Excel® model is
described in Section 6.0. The end cap force calculation applied to the tubes is described in
Section 5.0.

e The third model is an Excel® spreadsheet that calculates the mean residual contact pressure based
on pull out test data, and provides the residual contact pressure to the H* integrating spreadsheet
discussed above. Residual contact pressure is defined as the contact pressure between the tube
and the tubesheet at room temperature that results from the hydraulic expansion process. The use
of this model is optional for the justification of H*; the reference calculation in this report
assumes that residual contact pressure is zero.

e The variability of the residual contact pressure, also an input to the probabilistic analysis, is
determined from a two-dimensional finite element model (2D FEA) (Reference 1-9). The
variability of the inputs used to calculate the residual contact pressures are determined
individually- using an influence factor approach and combined into a single residual contact
pressure variability distribution using different approaches including a Monte Carlo sampling
technique. This is discussed in Section 7.0.

M Microsoft, MSN, and Windows Vista are trademarks of the Microsoft group of companies.
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1.2.2 Le*akage Integrity Approach

As discussed in Section 9.0 of this report, the expréssion used to predict the leak rate from tube cracks
through the tube-to-tubesheet crevice is the Darcy expression for flow rate, Q, through porous media, i.e.,

A
0= Eﬁ
where
7 = the viscosity of the fluid
Ap = the driving pressure differential
/ = the phy;ical dimension in the direction of the flow (effective crevice length)
K = the leakage “lo‘ss coefficient” which can also be termed the flow resistance.

The leakage analysis utilizes a ratio approach, based on the Darcy equation, to determine the ratio of
leakage at accident conditions to that at normal operating conditions. It is shown in Section 9.0 that the
loss coefficient is not a function of contact pressure; therefore, the loss coefficient ratio has a value of 1.
It is also shown that the tube and the tubesheet are in contact for the total-length of the tubesheet
thickness. Therefore, the ratio of the length of the porous medium also has a value of 1. The ratio of the
viscosity at accident conditions to that at normal operating conditions is also conservatively shown to be
1. Consequently, the leakage ratio is a function of only the ratio of the driving heads, that is, the ratio of
the accident condition 4p to that at normal operating conditions.

1.3 SUMMARY OF CHANGES FROM PRIOR H* SUBMITTALS
1.3.1 Structural Integrity Analysis

All prior submittals of the H* technical justification (e.g., Reference 1-9) utilized the same analysis
approach summarized in Section 1.2.1. However, since the last submittal by Wolf Creek Nuclear
Operating Corporation (Reference 1-8, with Reference 1-9 enclosed) significant changes have been made
in the structural models. The original structural model utilized a two-dimensional (2D) axisymmetric
model for the tubesheet complex. A number of RAIs were issued by the NRC (see Section 2.1) that
questioned the details of the application of this model. Further, questions were raised regarding the
efficacy of the superpositioning approach employed with this model because it was noted that different
results were obtained when the model input was condition-specific compared to the superposition results
based on temperature and pressure. The process of benchmarking the 2D model utilized state-of-the-art
three-dimensional (3D) finite element capabilities inherent to the ANSYS computer code. Ultimately, a
new 3D model of the tubesheet complex was developed and adopted as the reference model for the
structural analysis. The 2D axisymmetric model is no longer used in the current tubesheet deflection
calculations supporting the analysis of H*.
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Prior calculations assumed that contact pressure from the tube would eéxpand the tubesheet bore uniformly
without considering the restoring forces from adjacent pressurized tubesheet bores. In the structural
model, a tubesheet radius dependent stiffness effect is applied by modifying the representative collar
~ thickness (see Section 6.2.4) of the tubesheet material surrounding a tube based on the position of the tube
in the bundle. The basis for the radius dependent tubesheet stiffness effect is similar to the previously
mentioned “beta factor” approach. The “beta factor” was a coefficient applied to reduce the crevice
pressure to reflect the expected crevice pressure during normal operating conditions in some prior H*
calculations and is no longer used in the structural analysis of the tube-to-tubesheet joint. The current
structural analysis consistently includes a radius dependent stiffness calculation described in detail in
Section 6.2.4. The application of the radius dependent stiffness factor has only a small effect on the
ultimate value of H* but rationalizes the sensitivity of H* to uncertainties throughout the tubesheet.

The contact pressure analysis methodology has not changed since 2007 (Reference 1-9). However, the
inputs to the contact pressure analysis and how H* is calculated have changed in that period of time. The
details describing the inputs to the contact pressure analysis are discussed in Section 6.0.

The calculation for H* includes the summation of axial pull out resistance due to local interactions
between the tube bore and the tube.” Although tube bending is a direct effect of tubesheet displacement,
the calculation for H* conservatively ignores any additional pull out resistance due to tube bending within
the tubesheet or Poisson expansion effects acting on the severed tube end. In previous submittals, the
force resisting pull out acting on a length of a tube between any two elevations %2/ and 42 was defined in .

Equation (1-1):
l: | ] o

where:

Fug = Resistance per length to pull out due to the installation hydraulic expansidn,

d = Expanded tube outer diameter,

P = Contact pressuré acting over the incremental length segment dh, and,

1 = Coefficient of friction between the tube and tubesheet, conservatively assumed to be 0.2 for

the pull out analysis to determine H*.

The current H* analysis generally uses the following equation to determine the axial pull out resistance of
a tube between any two elevations 4/ and 42: :

. a,0e

(1-2)

Where the other parameters in Equation (1-2) are the same as in Equation (1-1) and [

]a,c,c

. A detailed explanation of the
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revised axial pull out equation are included in Section 6.0 of this report. However, the reference basis for
the H* analysis is the assumption that residual contact pressure contributes zero additional resistance to
tube pull out. Therefore, the equation to calculate the pull out resistance in the H* analysis is: '

a.c,e

-(1-3)
1.3.2 Leakage Integrity Analysis

Prior submittals of the technical justification of H* (Reference 1-9) argued that K was a function of the
contact pressure, P,, and, therefore, that resistance was a function of the location within the tubesheet.
The total resistance was found as the average value of the quantity uK, the resistance per unit length
multiplied by L, or by integrating the incremental resistance, dR = ©K dL over the length L, i.e.,

R = 1K (L, —Ll)=#deL S R

Interpretation of the results from multiple leak rate testing programs suggested that the logarithm of the
loss coefficient was a lmear function of the contact pressure, i.e.,

#

3

1nK=a0+a1Pc, (1-5)

where the coefficients, ay and a; of the linear relation were based on a regression analysis of the test data;

both coefficients are greater than zero. Simply put, the loss coefficient was determined to be greater than

zero at the point where the contact pressure is zero and it was determined that the loss coefficient
increases with increasing contact pressure. Thus,

K =™l | (1-6)

b

and the loss coefficient was an exponential function of the contact pressure.

b}
i

The B* distance (Lg) was defined as the depth at which the resistance to leak during SLB was the same as
that during normal operating conditions (NOP) (using Equation 1-4, the B* distance was calculated
setting Rgig = Ryop and solving for Lg). Therefore, when calculating the ratio of the leak rate during the
design basis accident condition to the leak rate during normal operating conditions, the change in
magnitude of leakage was solely a function of the ratio of the pressure differential between the design
basis accident and normal operating plant conditions. ‘

The NRC Staff raised several concerns relative to the credibility of the existence of the loss coefficient
versus contact pressure relationship used in support of the development of the B* criterion: -
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1. The Model F SG loss coefficient versus contact pressure pliot exhibits a higher slope than the case
for the Model DS SG (Reference 1-10).

2. Although the mean of the regression fits for the loss coefficient data for the Model F and the
Model D5 SGs are within a factor of three (3) of each other, the slope and intercept properties
remain highly divergent (Reference 1-11). '

3. The Model D5 loss coefficient data is spread out in range and results in a slightly negative
log-linear correlation (Reference 1-11).

The current approach to the leakage analysis shows that there is no significant correlation between loss
coefficient and contact pressure based on the available test data. A ratio approach, using the Darcy
formulation as noted above and as described in detail in Section 9.0, is the current r‘eference basis for
leakage ratio calculations.

1.3.3 Probabilistic Analysis

At a meeting in July 2008, the NRC requested a probabilistic evaluation of H*. Probabilistic evaluations
of H* had not been performed. Previously, a limiting worst-case analysis was provided (Reference 1-11)
that was based on an H* variability study on individual inputs parameters. The worst-case values of the
variables were then combined into an integrated case that resulted in a high probability value of H*. This
approach was not accepted as noted in the remaining technical concerns issued in Reference 1-12.

Because of the complexity of the H* calculations (see Section 1.2.1) that involve the combined use of
four different models, a pure Monte Carlo approach was not possible. The current analysis of H* is based
principally on the semi-statistical approach outlined in the EPRI Integrity Assessment Guidelines
(Reference 1-13), in which the uncertainties are combined using a square root of sum of squares (SRSS)
approach. Further, to support the SRSS approach, a Monte Carlo approach to the H* calculation was
developed that utilized influence factors. For the influence factor approach, a distribution of H* in a
single input variable is determined while maintaining all other input variables at their nominal values.
This process is completed for each input variable, resulting in H* distributions in every input variable.
Monte Carlo sampling is performed from these distributions to develop the integrated variability of H* in
all variables. The probabilistic analysis for H* is included in Section 8.0 of this report.

In response to the residual technical issues identified by the Staff, the capability to provide residual
contact pressure variability as an input to the H* integration model was developed. The mean value of
residual contact pressure is based on test data, and the variability around the mean value is determined for
each relevant input variable based on analysis. The individual variability distribution for residual contact
pressure is combined in the same manner as discussed above for the probabilistic H* determination. It is
noted that the reference H* calculation provided in this report assumes residual contact pressure to be
zero. Any positive value of residual contact pressure will decrease the final value of H*.

1.4 CONSERVATISMS IN THE H* ANALYSIS

A conservative approach was taken for the calculation of H*. Notwithstanding that the underlying
structural integrity and leakage requirements are inherently conservative, e.g., application of a factor of

WCAP-17072-NP May 2009
: . ' Revision 0



1-8

three (3) on expected normal operating pressure differentials, other conservative assumptions were made
that provide significant confidence in the predicted value of H* and the leakage factors. Table 1-1
summarizes the significant conservative assumptions and approaches included in the calculations for H*.

1.5 REPORT OVERVIEW

Section 1.0 provides an introduction to WCAP-17072-P. Section 2.0 provides information on the
resolution of all technical issues and NRC requests for additional information on this topic. Section 3.0
addresses the test programs in support of the technical justification of H*. Section 4.0 addresses the
structural and leakage analysis acceptance criteria.- Section 5.0 discusses the plant operating conditions at
the H* plants with Model D5 SGs. Section 6.0 discusses the structural analyses of the tube-to-tubesheet
joint. Section 7.0 addresses residual contact .pressure and its variability. Section 8.0 uses the results
provided in Section 6.0 and Section 7.0 tg, define the H* values as a function of tubesheet radial location =
for each of the H* plants for normal operating, postulated steam line break, and feedwater line break
~ conditions to provide a probabilistic assessment of the H* value. Section 9.0 discusses the details of the
leakage analysis. Finally, Section 10.0 provides the conclusion of this report.
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Figure 1-1 Analysis Process for H*
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Table 1-1 List of Conservatisms in the H* Structural and Leakage Analysis

" Assumption/Approach

Why Conservative?

The NEI 97-06 performance

are applied by equating failure to
meet the H* distance w1th tube
burst .

criteria, which address tube burst,

Tube burst cannot occur within the tubesheet (see Section 4.1), thus application of the same criteria designed to prevent
tube burst in an area where tube burst cannot occur is inherently conservative. Prevention of tube burst is a necessity for
preventing excessive leakage, and accident-induced leakage in the tubesheet expansion region is shown to be limited,
independent of the H* distance. Therefore, equating failure to meet H* with tube burst, and application of the same
criteria to prevent tube burst to H*, is inherently conservative.

H* distances are based on
analysis of the worst tube in the
bundle.

The distribution of the contact pressure between the tube and the tubesheet varies as a function of radial position in the
tubesheet; the worst-case tube location is used to establish the H* distance (see Section 6.2.3). All other tubes have lower
H* values.

Structural support from the
divider plate is ignored.

The H* distances for a severely degraded divider plate (no connection between the tubesheet and the divider plate) bound
the H* distances for a non-degraded divider plate (see Section 6.2.6).

Residual Contact Pressure
Assumed to be Zero.

All pull out tests to date have shown that there is residual contact pressure from the hydraulic expansion; any non-zero
value will decrease H* (see Section 7.0 and Appendix A).

Calculation of Pull out Force.

Assumes mean plus 2 sigma tubesheet bore diameter as basis for tube cross-sectional area (see Section 5.3).

Coefficient of Thermal
Expansion.

Use of ASME Code mean is conservative relative to test data for both tubesheet and tubing materlal (see Section 3.5 and
Appendix B).

Coefficient of Friction.

Lower bound value of [ 1%*° is used in the determmatlon of the H* distance (see Section 6.2.2.3.3). Standard reference

values suggest a reasonable value of coefficient of friction is [ I s

Darcy equation used to model
leakage analysis.

The assumed linear relationship between leak rate and differential pressure is conservative relatlve to alternate models
such as Bernoulli or orifice models which assume the leak rate to be proportional to the square root of the pressure
differential (see Section 9.1.1 and Reference 9-5 of Section 9.0).
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Table 1-1 List of Conservatisms in the H* Structural and Leakage Anaiysis (Continued)

Assumption/Approach

Why Conservative?

Use of different plant temperature
and pressure conditions for
structural and leakage
calculations.

N 1%® conditions are used for evaluating the overall leakage factors (to maximize the pressure difference ratio

The conditions that maximize H* are different from those that maximize leakage conditions. Separate maximizing
assumptions are made for structural and leakage analysis (see Section 6.4.5 for the structural analysis assumptions and
Section 9.4 for the leakage analysis assumptions).

Bounding limit values for the most limiting plant operating pressure and temperatures which include maximum licensed
steam generator tube plugging levels (i.e., in numbers of tubes plugged) are used to establish the H* distances for the
Model D5 SGs (see Section 5.0).

A combination of [ .
1%° are used for the structural evaluation (see Section

6.2.2.2.2 and Section 6.2.2.2.5).

between design basis accident conditions and normal operating conditions) (see Section 9.4).

H* distances based on hot leg
temperatures and pressure.

The results described in this report conservatively bound the requirements for both the hot leg and the cold leg in any
Model D5 SG (see Section 6.2.2.2.3).

Stiffening effect of the presence
of tubes ignored in the structural
analysis.

Equivalent properties of the tubesheet are calculated without taking credit for the stiffening effect in the tubes, which
results in a conservatism in the calculations regarding tubesheet deflection (see Section 6.2.1).

Some local interactions between
the tube bore and the tube are
ignored.

Additional pull out resistance due to tube bending within the tubesheet or Poisson expansion effects on the severed tube
end are ignored (see Section 1.3.1).

Peak reactor coolant system
pressures and temperatures are
assumed to exist during the entire
design basis accidents.

Time varying, or transient pressures and temperatures would reduce the pressure and thermal loads on the tube and the
tubesheet (see Section 6.2.2).
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Table 1-1 List of Conservatisms in the H* Structural and Leakage Analysis (Continued)

Assumption/Approach Why Conservative?
Al This is conservative because it reduces the stiffness of the solid and perforated regions of the tubesheet to the lowest level
for each operating condition (see Section 6.2.2.2.2).
] ac.e

Pressure is not applied to the

[

] ace

Applying pressure to the |

1%°¢ (see Section 6.2.2.2.4).

The radius dependent stiffness
analysis ignores the presence of
the [

] ace

Including these structures in the analysis would reduce the tubesheet displacement and limit the local deformation of the
tubesheet hole ID (see Section 6.2.4.4).

The tubesheet bore dilation [

]' a,c,e

Thermal expansions under operating loads were [

1€ (see Section 6.2.5).
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2.0 RESOLUTION OF TECHNICAL ISSUES AND NRC REQUEST FOR
ADDITIONAL INFORMATION (RAI) FROM PRIOR H*
SUBMITTALS

2.1 CATEGORIZATION OF TECHNICAL ISSUES AND RESOLUTION ROAD
MAP

The open technical issues identified by the NRC Staff are included in Reference 2-1. Generally, the
significant remaining technical issues are in the following categories:

1. Determination of residual contact pressures and variability of residual contact pressure.

2. Adequacy of the existing tube pull out data to justify residual contact pressure when potentially
larger values of H* may be determined.

3. Justification of the mean values and variability of the coefficient of thermal expansion for the
tubesheet material (SA508) and the tubing material (A600).

4. Leakage loss coefficient as a function of tube-to-tubesheet contact pressure.

5. Consideration of the potential for incremental tube slippage during pressure and temperature
cycles.

Table 2-1 provides a listing of the remaining technical issues related to steam generator (SG) tube
inspections based on the H*/B* methodology that were identified in Reference 2-1 and a road map to
where these issues are addressed within this report. Since the issuance of Reference 2-1, four additional
issues have been identified during NRC/Industry meetings. These issues are labeled as A**, B**, C**,
and D** and are also resolved in this report.

2.2 REVIEW OF PRIOR NRC REQUESTS FOR INFORMATION

Wolf Creek Nuclear Operating Corporation (WCNOC) submitted a license amendment request on
February 21, 2006 (Reference 2-4) proposing changes to the Technical Specifications for the Wolf Creek
Generating Station. The proposed changes were to revise the Technical Specification to exclude portions
of the SG tube for a distance from the top of the tubesheet in the SGs from periodic tube inspections
based on the application of structural analysis and leak rate evaluation results to re-define the primary-to-
secondary pressure boundary. The NRC Staff provided an initial Request for Additional Information
(RAI) on June 27, 2006 (Reference 2-5). Subsequently, a second NRC Staff RAI was received by
WCNOC via electronic mail on June 22, 2007. The second NRC Staff RAI was documented in
Reference 2-6. Responses to these two sets of NRC RAI are included in References 2-2 and 2-3.

All previously issued NRC RALI are identified in Table 2-2 below along with a summary of either the
resolution of the issues or identification of where the previous NRC RAI are addressed in this report.
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Table 2-1 NRC Technical Issue Response Road Map

Report Section Addressing Technical

Technical Issue Description Issue
Issue No. .
1 Contact pressure between the tube and the tubesheet (Need to define method for computing Secti m
i ection 7.1
2 residual contact pressure from pull out tests)
3 Allowed degree of slippage at tube pull out loads Appendix A?
g Dimensions and yield strength of test specimens Appendix A®
6
; - Pull out test database adequacy for uncertainties Section 7.2%
9
10 Thermal expansion coefficient values and variability Section 3.1 and Appendix B
11 Statistical performance standard for H* adequacy Section 4.1
12 Propagate input uncertainties to H* uncertainties Section 7.0 and Section 8.0
13 Accuracy of 2-D Finite Element tubesheet model Sections 6.1.2
14 Error in the unit load FE analyses for SLB Section 6.1.2.1.5
15 Input random versus systematic uncertainties Section 8.1.3 and Section 8.2.2
16 Incremental slippage under normal operation and monitoring Section 9.8
17 Need to assess accident leakage for feedwater line break Section 9.2.3
18 Conservatism of “limiting median crevice pressure approach” Section 6.4.8 and Section 8.1.1
19 Beta factor adjustment to crevice pressure (tubesheet stiffness) Section 6.2.4
20 Consider assumptions on divider plate condition Section 6.2.6
AX* Effects of hole dilation on leakage and contact pressure Section 6.2.5
B** Thermal expansion coefficient in the radial direction Section 3.4 and Appendix B
C** 3D-FEA discrepancies with ANL (gap under DBA) Section 6.4.6
D** Accident Leakage Integrity ) Section 9.2

** Identified based on Industry activities after February 2008

)

)

Residual contact pressure conservatively assumed to be zero in this report.

this report.

o)

Residual contact pressure uncertainities are addressed analytically on this report.

Only previous pull out test program results are included in this report. New pull out test results were not available at the time of printing of
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Table 2-2 List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)

Enclosure 1 of the application, Sections 6.1 and 6.2 - What were the actual yield strengths and wall thicknesses of the tube specimens used for pull out and leakage
testing? How do these values compare to minimum values of these parameters at Wolf Creek? Discuss the effect of tube yield strength and wall thickness on contact
pressure between the tube and tubesheet after the tube expansion process (i.e., ignoring pressure and temperature loads). Discuss why the test specimen stréngths and
wall thicknesses were conservative from the standpoint of minimizing the contact pressures between the tube and tubesheet, or discuss what adjustments need to be
made to test results to allow for the variability of yield strength and tube wall thickness.

Issue Resolution Summary:

Additional tube pull and leakage data for the original test specimens as requested by the NRC Staff is provided in Appendix A of this report. Other than to provide
specific information about the test specimens used in the pull out test, additional test data, together with a new structural analysis which involves a fully probabilistic,
whole bundle H* depth calculation for each of the Model D5 H* plants obviate the need to compare the original test data yield strengths and tube wall thicknesses with
the tubes at Wolf Creek as requested in this RAI - This RAI has been superseded by Item Numbers 4 and 5 of the list of issues that were outstanding when the Wolf
Creek Generating Station amendment was withdrawn. The road map for the resolution of these issues is provided in Section 2.1 of this report.

Enclosure 1, Section 6.2.1 - The section states that the leak test program utilized tubesheet simulants (collars) with the nominal tubesheet hole diameter. Was this also
the case for the pull out tests? What were the diameters of the tube specimens used in the pull out and leakage tests? Discuss the effect that the field tolerances on these
parameters can have on contact pressure between the tube and tubesheet after the tube expansion process (i.e., ignoring pressure and temperature loads). Discuss why
the parameter values used for the test specimens were conservative from the standpoint of minimizing the contact pressures between the tube and tubesheet, or discuss
what adjustments need to be made to test results to allow for the variability of these parameters.

. Issue Resolution Summary: A . -

In response to the residual technical issues identified by the Staff, the capability to provide residual contact pressure variability-as an input to the H*-integration model
was developed. The mean value of residual contact pressure is based on test data, and the variability around the mean value is determined for each relevant input
variable based on analysis (see Section 7.0 of this report). The individual variability distribution for residual contact pressure are combined in the same manner as
discussed above for the probabilistic H* determination (see Section 8.0 of this report). It is noted that the reference H* calculation provided in thlS report assumes
residual contact pressure to be zero. Any positive value of residual contact pressure will decrease the final value of H*.

Enclosure 1, Section 6.1, page 27 of 127 - Why was the pull out data evaluated at the lower 95th percentile? Discuss how this supports the ability of tubes to sustain pull
out loads, versus using an absolute lower bound value? Given the limited number of tests performed (and the many thousands of tubes in the SGs), should not the lower
bound value be evaluated to a high confidence value? . .

Issue Resolution Summary:

See the response to NRC RAI 2 above.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAINo | - _ Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)

4 Enclosure 1, Section 6.2.1.2 - The section states'that the hydraulic expansion pressure was approximately [proprietary information]. Was hydraulic expansion pressure
a measured parameter during SG fabrication that was used for acceptance of each joint? Was the lower limit of the acceptance standard the same as the lower limit of
the assumed [proprietary information]? If the answer to either of these questions is no, what is the basis for the assumed [proprietary information]?

Issue Resolution Summary:

See the response to NRC RAI 2 above.

\

5 How does pressure and temperature cycling affect the pull out and leakage resistance of the joints? Cite the available data on this topic, and why it is appropriate that the
proposed inspection depths need not specifically account for such cycling.

Issue Resolution Summary:

This RAI has been superseded by Item Number 16 of the list of issues that were outstanding when the Wolf Creek Generating Station amendment was withdrawn. The
road map for the resolution of these issues is provided in Section 2.1 of this report.

6 Pull out resistance per unit length associated with the tube expansion process (residual pull out resistance) was determined on the basis of pull out tests and on the
assumption that pull out resistance is uniform along the length of the joint. The axial force in the tube is maximum at the top of the tubesheet and decreases as joint
friction incrementally picks up some of the load with increasing distance into the tubesheet. As axial force in the tube declines, with increasing distance in the
tubesheet, the Poisson's contraction of the tube diameter decreases causing contact pressure to increase until it reaches a constant value at the location where axial force
in the tube has been reduced to zero. At the pull out load, the pull out resistance per unit length near the bottom of the joint will be higher than the average pull out
resistance along the entire joint. The pull out resistance over the upper portion of the joint will be less than the average resistance. Referring to Tables 7-6 to 7-10 in
Enclosure 1, would not consideration of the actual distribution of the residual pull out resistance as a function of distance below the top of the tubesheet lead to larger
H* values than shown on these tables? If not, explain why not.

Issue Resolution Summary:

See the response to NRC RAI 2 above.

WCAP-17072-NP _ _ May 2009
’ - Revision 0




2-6

Table 2-2 (Contlnued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR CDME-07-72 (Reference 2-2)

7 The models used to develop the H* lengths are complex. Describe how these models have been verified to yield conservative H* values. Have these models been
verified by test? For example, how well do these models predict the actual residual pull out loads for joint test samples with typical H* lengths (i.e., provide
comparative data)?

Issue Resolution Summary:
This RAT has been superseded by Item Number 12 of the list of issues that were outstanding when the Wolf Creek Generating Station amendment was withdrawn. The
road map for the resolution of this issue is provided in Section 2.1 of this report.

8 Enclosure 1, Section 6.2.2 - The section states that room temperature leakage tests were performed on all test specimens at test pressures of 1900, 2650, and 3100
pounds per square inch (psi) (presumably applied on the primary side with nothing more than atmospheric pressure at the top of the joint). However, Table 6-2 only
presents room temperature data for a differential pressure of 1000 psi. Where is this latter data discussed? Why aren't the room temperature data for the tests described in

_ | Section 6.2.2 included in Table 6-2 and Figure 6-6? :
Issue Resolution Summary:
The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for
Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

9 Enclosure 1, Section 6.2.2-1 - The section states that the elevated temperature tests were performed following the room temperature tests. Section 6.2.2.2 states that the

room temperature tests were performed following the elevated temperature tests. Please clarify this discrepancy.

Issue Resolution Summary:

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for

Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)

Enclosure 1, Section 6.2.2-2 - The section states that a 1900 psi test pressure was used (simulating normal operating pressure) to keep the pressurizing fluid above
saturation pressure. As the Staff understands the report, the pressure at the upper end of the test joint is at atmospheric pressure which is not prototypic for normal
operating conditions. As the test leakage goes from the bottom of the joint to the top, pressure at some point drops to less than saturation. Why would the test be
expected to show as much leakage through the joint as would be the case under prototypic normal operating conditions?

Issue Resolution Summary:

The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek
Generating Station (WCGS) Permanent B* License Amendment Request,” still applies. This RAI has been superseded by Item Number 18 of the list of issues that
were outstanding when the Wolf Creek Generating Station amendment was withdrawn. The road map for the resolution of this issue is provided in Section 2.1 of this
report.

11

The plot of Model F loss coefficient versus contact pressure in Figure 6-6 of Enclosure 1 exhibits a higher slope than is the case for Model D5. The difference appears
attributable to lower loss coefficients at lower contact pressures for Model F than for Model DS. Discuss the differences between the Model F and DS SG designs that
explain their different behaviors. If no significant design differences can be identified, discuss the credibility of the loss coefficient data.

Issue Resolution Summary:

This RAI has been superseded by Item Number D** of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn
and as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.

12

Enclosure 1, Section 6.2.2.1 - The section states that the leak test results averaged 16 drops per minute (dpm) per joint at 1900 psi compared to 59 dpm at higher
pressures. This is a factor of 3.7 difference. Discuss why this difference is so high compared to the factor of 2 which, under the bellwether principle, is assumed to
bound the increase in leakage going from normal operating to accident conditions.

Issue Resolution Summary:

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for
Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)

13 Enclosure 1, Section 7.1.2, page 45 of 127: Was the primary pressure unit load applied only to the primary face of the tubesheet, and not to the side of the tubesheet
bore holes? Was the secondary pressure unit load applied only to the secondary face of the tubesheet, and not to the side of the tubesheet bore holes? Was the tube end
cap pressure load (due to primary and secondary pressures) included in the finite element analyses? .
Issue Resolution Summary:
The response to this NRC RALI is provided for historical purposes only. The original response to this RAT in LTR-CDME-07-72, “Response to NRC Request for
Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” stilt applies.
This RAI has been superseded by Item Number 19 of the list of issues that were outstanding when the Wolf Creek Generating Station amendment was withdrawn. The
road map for the resolution of this issue is provided in Section 2.1 of this report.

14 Enclosure 1, Section 7.1.2, page 45 of 127: The 500 of unit loads represent which of the following; heating up from 70 to 500 °F, or from 70 to 570 °F? If the former,
why isn't 70 °F subtracted from 500 °F in the radial deflection scaling factors in Section 7.1.3 (page 46 of 127)?
Issue Resolution Summary:

-

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for
Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

15 Enclosure 1: Regarding the equation for A RprTS top of page 48 of 127, should not Pi be Po consistent with the last equation appearing on page 48? If not, why not?
Issue Resolution Summary:
The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for
Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)
16 Enclosure 1, Section 7.1.3 - The tube inside and outside radii within the tubesheet after expansion shown on page 49 of 127 appear not to be entirely consistent with the
numbers on page 44 of 127. Explain this inconsistency or, alternatively, show that this inconsistency does not significantly affect the outcome of the overall analysis.
Issue Resolution Summary:
The response to this NRC RALI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for
Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.
17 Enclosure 1, Section 7.1.4 - Near the top of page 50 of 127, it is stated that the secondary pressure is conservatively assumed to act on the outside of the tube and the
inside of the tubesheet hole. The Staff agrees that this is conservative from the standpoint of maximizing leakage under normal operating conditions, but is concerned
that it may be non-conservative from the standpoint of determining conservative ratios of accident leakage to normal operating leakage. Wouldn't the assumption of no
secondary pressure yield a lesser value of normal operating leakage, leading to a higher ratio of accident to normal operating leakage? What is the basis for describing
the assumption on secondary pressure as conservative? . ’
Issue Resolution Summary:
This RAT has been superseded by Item Numbers 18, 19 and D** of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was
withdrawn and as a result of industry activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.
18 Enclosure 1, Section 8.2 - The ligament tearing discussion in Section 8.2 (starting on page 75 of 127) only addresses circumferential cracks. Please provide
corresponding discussion for axial cracks.
Issue Resolution Summary: _
The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for Additional Information Relating t6 LTR-CDME-05-209-P of the Wolf Creek
Generating Station (WCGS) Permanent B* License Amendment Request,” still applies. The original response is also included as Section 9.7.2 of the Final H* Report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)

19 The structural and leakage assessments supporting the proposed technical specification amendment are for tubes with no degradation in the proposed inspection zone.
The proposed inspection depths make no allowance for degradation which may occur within this zone prior to the next scheduled inspection. Assess the potential
impact of degradation in the inspection zone on (1) contact pressures between the tube and tubesheet, (2) on tube pull out capacity, and (3) on leakage under normal and
accident conditions. (Although flaws in this zone will be plugged on detection, this question is relevant to satisfying the tube integrity performance criteria with respect
to condition monitoring and operational assessments.) This assessment should address potential axial and circumferential stress corrosion cracks (SCC) and volumetric
intergranular attack (IGA) flaws.

Issue Resolution Summary:
The orlgmal response to this RAI in LTR-CDME-07-72, “Response to NRC Request for Addmonal Information Relatmg to LTR-CDME-05-209-P of the Wolf Creek
Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

20 Describe the methodology to be employed for performing condition monitoring and operational assessments for the tubesheet inspection zone (for pull out and accident

leakage) assuming that SCC and or IGA mechanisms have started to be active.

Issue Resolution Summary: )

The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek
Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

21 Enclosure 1: The development of the B* distances assumes that crack leakage resistance is not significant relative to the tube-to-tubesheet joint resistance. Discuss the
conservatism of the_ B* distances given the assumption that crack leakage resistance is the dominant resistance to leakage under normal operating conditions. To the
extent this discussion relies on assumptions about contact pressure between the tube and tubesheet local to the crack, justify assumptions relative to the influence of the
crack on local contact pressure.

Issue Resolution Summary:

The response to this NRC RALI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-72, “Response to NRC Request for

Additional Information Relating to LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)
22 Describe the methodology for performing condition momtormg and operational assessments for accident induced leakage stemming from locations below the specified
tubesheet inspection depths.
| Issue Resolution Summary:
This RAT has been superseded by Item Number D** of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn -
and as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.
23 By letter dated March 28, 2006, you provided revisions to your proposed technical specifications (TS) in accordance with TSTF-449, Rev. 4, to include the following
additional sentence into TS 5.5.9 c.1:
"All tubes with degradation identified in the portion of the tube within the region from the top of the hot leg tubesheet to 17 inches below the top of the tubesheet shali
be removed from service."
Describe your plans for revising these words to reflect the February 21, 2006 license amendment and for submitting revisions to this amendment.
N
Issue Resolution Summary:
This RAI does not apply to the Model D5 H* plants going forward.
<
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-72 (Reference 2-2)

24

Discuss your plans to revise TS 5.6.10 to include reporting requirements applicable to the implementation of the tubesheet inspection and alternate repair criteria. For
example:

*A breakout of indications detected within the tubesheet inspection depths with respect to their location, orientation, and measured size. (The only difference here
relative to proposed changes associated with Technical Specification Task Force (TSTF) 449, Revision 4, is that the indications in the tubesheet region would be listed
separately from those elsewhere.) ’

*The operational primary to secondary leakage rate observed in each steam generator during the cycle preceding the inspection which is the subject of the report, and
(2) the calculated accident leakage rate for each steam generator from the portion of tubing below the tubesheet inspection depths for the most limiting accident. If the
calculated accident leakage rate for any steam generator is less than 2 times the total observed operational primary to secondary leakage rate, the 12-month report
should describe how it was determined.

Issue Resolution Summary:

Proposed changes to the technical specification for the steam generator tube inspection repbrt are provided by the utility as part of the license amendment request.

25

Enclosure 1, Section 7.1.3, page 46 of 127: The tubesheet bow analysis takes credit for resistance against bow provided by the divider plate. Cracks in the welds
connecting the tubesheet and divider plate have been found by inspection at certain foreign steam generators. Describe what actions you are taking to ensure that the
divider plates can perform their function, including providing the assumed resistance against tubesheet bow. ’

Issue Resolution Summary:

This RAI has been superseded by [tem Number 20 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn and
as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAINo

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

Reference 1, Enclosure I, Table 6-4 - Are the listed F/L, force per length, vatues correct? If so, please describe in detail how they were calculated. If not correct, please
provide all necessary revisions to the H* analysis results. [For Byron 2, Braidwood 2, and Seabrook, F/L is calculated as follows:

)

F/L = (Pull Force/specimen length) x (net contact pressure/total contact pressure)

A consistent approach for Wolf Creek (based on allowing 0.25 inch slip) would yield F/L values on the order of 200 pounds per inch (Ib/inch) rather than 563 1b/inch as
shown in the Table.]

Issue Resolution Summary:

In response to the residual technical issues identified by the Staff, the capability to provide residual contact pressure variability as an input to the H* integration model
was developed. The mean value of residual contact pressure is based on test data, and the variability around the mean value is determined for each relevant input
variable based on analysis (see Section 7.0 of this report). The individual variability distribution for residual contact pressure are combined in the same manner as
discussed above for the probabilistic H* determination (see Section 8.0 of this report). It is noted that the reference H* calculation provided in this report assumes
residual contact pressure to be zero. Any positive value of residual contact pressure will decrease the final value of H*.

This RAT has been superseded by Item Numbers 1 and 2 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was
withdrawn and as a result of industry activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-198 (Reférence 2-3)

Reference 2, Enclosure I, Response to RAI questions 1 and 2 - provides the sensitivity of contact pressure to many of the material and geometric parameters used in the
analyses. The response provides only a qualitative assessment of these sensitivities to support the conclusion that the values assumed in the H* analyses support a
conservative calculation of H*. For example, the sensitivity study showed that contact pressure is sensitive to the yield strength of the tubing. The response states that
the yield strength of the tubing used in the pull out test specimens was higher than the documented mean yield strength for prototypical tubing material, but did not
indicate to what extent the yield strength of the test material bounds the range of prototypic yield strength variability. Thus, the Staff has no basis to agree or disagree
with the conclusion that test specimen contact pressures are conservatively low. The steam generators contain up to 5620 tubes, and it needs to be demonstrated that the
computed H* distances are conservative for all the tubes, not simply the average tubes or 95% of the tubes. Please provide a quantitative assessment demonstrating that
the assumed values of the material and geometric parameters support a conservative H* analysis for all tubes. This assessment should consider thermal expansion
coefficient (TEC) for the tube and tubesheet in addition to the parameters included in the Reference 2 response.

Issue Resolution Summary:

This RAI has been superseded by Item Number 9 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn and
as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.

The H* analyses in References 1 and 2 are based, in part, on pull out resistance associated directly with hydraulic expansion process. This pull out resistance was
determined by subtracting out the effects of differential thermal expansion between the tube and tubesheet test collar from the measured pull out load. The calculated
differential thermal expansion effect was based, in part, on‘an assumed TEC value of 7.42E-06 in/in/°F for the 1018 steel tubesheet test collar. What is the impact of
considering an alternative TEC value of 7E-06 in/in/°F (from Matweb.com for 1018 steel interpolated at 600 degrees Fahrenheit) on the computed pull out force
determined from the pull out test and on the computed H* distances? ’ ’

Issue Resolution Summary:

This RAI has been superseded by Item Number 12 of the list of issues that remain outstanding when the Wolf Creek Génerating Station amendment was withdrawn and
as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

Reference 2, Enclosure I, Response to RAI question 7 - The Model D5 steam generator (SG) pull out data in Table 2 indicate that pull out force increases with
temperature for the 3-inch long specimens and decreases with temperature for the 6-inch long specimens. For the 4-inch specimens, pull out force increases with
temperature to 400°F and decreases with temperature beyond that point. Discuss the reasons for this apparent discrepancy in trends among the data. Discuss whether
the reduction in tube yield strength with temperature might be sufficient for some specimens to limit any increase in contact pressure associated with differential thermal
expansion between the tube and tubesheet.

Issue Resolution Summary:

In response to the residual technical issues identified by the Staff, the capability to provide residual contact pressure variability as an input to the H* integration model
was developed. The mean value of residual contact pressure is based on test data, and the variability around the mean value is determined for each relevant input
variable based on analysis (see Section 7.0 of this report). The individual variability distribution for residual contact pressure are combined in the same manner as
discussed above for the probabilistic H* determination (see Section 8.0 of this report). It is noted that the reference H* calculation provided in this report assumes
residual contact pressure to be zero. Any positive value of residual contact pressure will decrease the final value of H*. '

Following up on question 4 above, is there a possibility that any tubes could be stressed beyond the compressive yield strength (at temperature) of the tube material due
to differential thermal expansion, internal pressure, and tubesheet hole dilation for the range of yield strengths in the field? Describe the basis for either yes or no to this
question. If yes, how has this been factored into the contact pressures, accumulated pull out resistance load as a functlon of elevation, and H* in Tables 7-6 through 7-
10 and 7-6a through 7-10a of Reference 2, Enclosure 1?

Issue Resolution Summary:

The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for Additional lnformatlon Relating to LTR-CDME- 07 72 P- Attachment and
LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

B

WCAP-17072-NP , : : ' . May 2009

Revision 0




2-16

Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

6 Reference 2, Enclosure I, Response to RAI question 17 - The response states near the bottom of page 30 of 84 that Case 1 results shown in Table 3.0 are for the limiting
cold leg analysis and reflect the following assumption: “Although the pull out test data indicated positive residual mechanical joint strength, the residual joint strength is
ignored for SLB [steam line break] accident condition[s] to conservatively account for postulated variability of the coefficient of thermal expansion.” The NRC Staff
notes, however, that the limiting H* value shown in Table 3.0 for Case 1 is that necessary to resist three times the normal operating pressure end cap load, not that
needed to resist 1.4 times SLB. It is the Staff’s understanding based on review of Tables 7-6 through 7-10 and 7-6a through 7-10a that the residual mechanical joint
strength (522 lb/inch) was reflected in the H* computations for normal operating and accident conditions, including SLB." Discuss and clarify these apparent
discrepancies.

Issue Resolution Summary: » ) . ‘ : ) _ : -
A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model DS H* planfs obviates the need to address the
sub-parts of this RAL

7 Reference 2, Enclosure I, Table 7-6 - This table states that the required pull out force is 1680 lb. Table 7-6 indicates that for a tubesheet radius of 12 inches the needed
depth of engagement is less than 10.52 (about 10.2 using linear interpolation). However, the table states that an engagement depth shghtly greater than 10.52 (i.e.,
10.54) is needed. Discuss and explain this apparent (minor) discrepancy.
Issue Resolution Summary:
A new structural analysis which involves a fully probablllstlc whole bundle H* depth calculation for each of the Model DS H* plants obviates the need to address this
RAI - .
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

8 Reference 1, Enclosure I, Table 6-4 - The listed F/L values are based on allowing 0.25 inch slippage. Reference 1 does not address the potential for limited, but
progressive incremental slippage under heatup/cooldown and other operational load cycles. Nor does Reference 1 address the effects of slippage on normal operating
leakage and on accident-induced leakage or the ratio of normal operating and accident induced leakage. The response to RAI question 5 in Reference 2, Enclosure I,
does not provide any further insight into this issue. That response specifically addressed test results for tubes with a hard roll expansion, and the Staff believes that the
slippage versus axial load characteristics for such an expansion may be entirely different than for a hydraulic expansion. Discuss and address the potential for
progressive incremental slippage under heatup/cooldown and other operational load cycles. In addition, address the potential for slippage under 0perat10na1 and
accident conditions to affect the ratio of accident-induced leakage to operational leakage.
Issue Resolution Summary: .
This RAI has been superseded by Item Number 16 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn
and as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.

9 Discuss your plans for revising the proposed technical specification (TS) amendment to monitor the tube expansion transition locatxons relative to the top of the
tubesheet to ensure that the tubes are not undergoing progressive, incremental slippage between inspections.
Issue Resolution Summary:
This RAI has been superseded by Item Number 16 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn
and as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

10

Reference 1, Enclosure I, Section 7.1.4.2 - This section provides a brief discussion of SLB, feed line break (FLB), and loss-of-coolant accident (LOCA) in terms of
which is the most limiting accident in terms of tube pull out potential. Expand this discussion to indicate whether SLB and FLB are the most limiting accidents among
the universe of design basis accidents (DBA) (or other faulted conditions in the design basis) in terms of both tube pull out, and the margin between the calculated
accident-induced tube leakage for each DBA and the assumed accident-induced tube leakage in the safety analysis for that DBA.

Issue Resolution Summary:

This RAI has been superseded by Item Numbers 17, A** and D** of the list of issues that remain outstanding when the Wolf Creek Génerating Station amendment
was withdrawn and as a result of industry activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.

11

Figure 11 of Reference 2, Enclosure I contains loss coefficient data for Model F SG tubing that was not included in Figure 6-6 of Reference 1, Enclosure 1. This data
was for contact pressures ranging from about 1200 psi to about 2000 psi. Why was this data not included in Figure 6-6? Discuss if this is this because of low
expansion pressures and if the data that is not included in Figure 6-6 is room temperature data. [If yes, then the NRC Staff observes that the room temperature loss
coefficients for the Model F specimens are relatively invariant with contact pressure above a contact pressure threshold of around 700 psi. The 600 degree F data is
also invariant with contact pressure. Thus, loss coefficient may not be a direct function of contact pressure once a threshold degree of contact pressure is established.
The difference in loss coefficient data between the 600°F data and the room temperature may be due to parameter(s) other than contact pressure This other
parameter(s) may not be directly considered in the B* analysis.]

Issue Resolution Summary:

This RAI has been superseded by Item Numbers 17, A** and D** of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment
was withdrawn and as a result of industry activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

12

Figure 13 of Reference 2, Enclosure I contains additional loss coefficient data taken from the crevice pressure study in the white paper. Provide a figure showing all
individual data points from which Figure 13 was developed. Describe the specific applied pressure differentials from the crevice pressure study used to calculate the
contact pressure for each data point.

Issue Resolution Summary:

This RAI has been superseded by Item Numbers 17, A** and D** of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment
was withdrawn and as a result of industry activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.

13

Although the means of the regression fits of the loss coefficient data for the Model F and Model D SGs are shown in Figure 13 of Reference 2, Enclosure 1, to be
within a factor of three of each other, the slope and intercept properties remain highly divergent, seeming to cast further doubt that loss coefficient varies with contact
pressure (above some threshold value of contact pressure). Discuss this and describe any statistical tests that have been performed to establish the significance of
correlation between loss coefficient and contact pressure. In addition, describe any statistical tests that have been performed to confirm that it is appropriate to
combine the data sets to establish the slope and intercept properties of loss coefficient versus contact pressure.

Issue Resolution Summary:

This RAI has been superseded by Item Numbers 17, A** and D** of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment
was withdrawn and as a result of industry activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

14 Reference 2, Enclosure I, page 25 of 84 - For the case of assumed zero slope of loss coefficient versus contact pressure, two constant loss coefficient values were V
compared. Does the first assumed value come from Figure 14? If not, provide additional information on where this assumption comes from. If yes, explain the
relationship between the assumed value and Figure 14. Does the second assumed value come from Figure 12? If not, provide additional information on where this
assumption comes from. If yes, explain the relationship between the assumed value and Figure 12.

Issue Resolution Summary:

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for
Additional Information Relating to LTR-CDME-07-72 P-Attachment and LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B*
License Amendment Request,” still applies. .

15 Reference 2, Enclosure I, Figure 15 - clarify the title of Figure 15 in terms of whether it reflects consideration of residual mechanical strength in the joint during an
SLB. Is Figure 15 for the hot or cold leg? Explain the following® (1) why the B* values at small tubesheet radii are less than those listed in Reference 1, Enclosure 1,
Table 11-1 and (2) why the contact pressures shown in Reference 1, Enclosure I, Figures 9-6 and 9-7 are different from those shown in Tables 7-6 and 7-8 of Reference
1, Enclosure 1.

Issue Resolution Summary:
A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model D5 H* plants and a new leakage analysis
obviate the need to provide a detailed response to this RAL

16 Reference 2, Enclosure I - Provide a description of the revised finite element model used to support, the revised H* calculations in Tables 6-7 through 6-10 and Tables
6-7a through 6-10a. Compare this revised model to the original model which supported the Reference 1 analysis. Explain why the revised model is more realistic than |
the original model.

Issue Resolution Summary:
A new structural analysis which involves a fully probabilistic, whole bundle H* depth cal culatlon for each of the Model D5 H* plants obviates the need to provide a
detalled response to this RAIL
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI'No

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

17

Reference 2, Enclosure 1, Attachment 1 (The Westinghouse Letter Summary of Changes to B¥ and H*), page 14 - address the status of the divider plate evaluation
being performed under EPRI sponsorship, and the schedule for completion of the various topics being addressed in the evaluation. Describe‘any inspections that have

- been performed domestically that-provide insight on whether the extent and severity of divider plate cracks is bounded by the foreign experlence Discuss the available
options for inspecting the divider plates.

Issue Resolution Summary:

This RAT has been superseded by Item Number 20 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn
and as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.

18 Discuss how the ability of the divider plates at Wolf Creek to resist tubesheet deflection (without failure) under operating and accident loads is assured in the short
term, pending completion of the EPRI evaluation. Include in this discussion the actions that are planned in the near term to ensure that the divider plates are capable of
resisting tubesheet deflection.

‘Issue Resolution Summary:
This RAT has been superseded by Item Number 20 of the list of issues that remain outstanding when the Wolf Creek Generating Station amendment was withdrawn
and as a result of industry activities after February 2008. The road map for the resolution of this issue is provided in Section 2.1 of this report.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAINo - Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)
19- Reference 2, Enclosure 1, Attachment 1 - Provide a description of the Crevice Pressure Test. This description should address, but not necessarily be limited to the
following:
a. Description of test specimens, including sketches. ’
b. Description of ‘gpre-treatments” of test specimens (hydraulic expansion pressure, heat relief, etc.).
c. Description of test setup, including sketches.
d. Description of test procedure.
€. What were the secondary side temperatures in Tables 1 and 2 corresponding to the listed secondary side pressures and how were the secondary side
pressure and temperatures controlled and monitored?
f. How long did each test run and how stable were the pressure readings at each of the pressure taps during the course of each test?
g What was the temperature of (1) the coolant in the crevice and (2) the tube and tubesheet collar as a function of elevation?
h. How were the temperature distributions for item g determined? Were direct temperature measurements of the tubesheet collar performed as a
function of elevation?
Issue Resolution Summary:
The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for Additional Information Relating to LTR-CDME-07-72 P-Attachment and
LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies. . :
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3) ,

20 Reference 2, Enclosure 1, Attachment 1 - The pressure tap locatlons in Flgure 2 are different from those shown in Figure 3. Discuss and explain this difference or
provide corrected figures.
Issue Resolution Summary:
The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for Additional Information Relating to LTR-CDME-07-72 P-Attachment and
LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

21 Reference 2, Enclosure 1, Attachment 1 - Figures 2 and 3 assume crevice pressure at the top of tubesheet is at the saturation pressure for the primary system. Dlscuss
and explain the basis for this assumption. Why wouldn’ t the crevice pressure trend to the secondary side pressure near the top of the tubesheet?
Issue Resolution Summary: g
The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for Additional Inforthation Relating to LTR-CDME-07-72 P-Attachment and
LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.

22 Reference 2, Enclosure 1, Attachment- 1 - Figure 3 refers to tests labeled SLB 9 and SLB 10 whlch are not listed in Table 2. Discuss and explain this, or provide a
revised Table 2 and Flgure 3 showing all test results. .
Issue Resolution Summary:
The original response to this RAT in LTR-CDME-07-198, “Response to NRC Request for Additional Information Relating to LTR-CDME-07-72 P-Attachment and
LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License Amendment Request,” still applies.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

23

Reference 2, Enclosure 1, Attachment 1 - Page 6 states in part that the following change should be made to the H*/B* analyses: “The driving head of the leaked fluid
has been reduced.” Discuss and clarify this sentence. The Staff notes that resistance to leakage occurs from two sources: resistance from the flaw and resistance from
the crevice. Because the crevice pressure was assumed to be equal to the secondary pressure, the original analysis assumed the entire pressure drop (the driving head)
was across the flaw. The tests described in the white paper eliminate any pressure across the flaw (by using holes rather than cracks) and force the entire pressure drop
to occur along the crevice. Thus, there is no net change in the total driving head between the primary and secondary sides. In fact, the driving head from the bottom to
the top of the crevice would seem to have been increased. .

Issue Resolution Summary:

A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model DS H* plants which applies a depth-based
crevice pressure obviates the need to provide a detailed response to this RAL

24

Reference 2, Enclosure 1, Attachment 1 - The top paragraph on page 10 states, in part, “the median value of the crevice pressure ratios provides a conservative value
that is an average representation of the behavior at the top of the tubesheet. The median is typically a better statistical representation of the data than the mean because
the median is not influenced by a smaller data set but by the total range in values in the sample set.” The Staff has the following questions regarding these sentences:

a. Discuss and clarify what data set “median value” applies to. For example, does the “median value” for the NOP data set in Table 1 mean the median value of the
15 pressure tap data points obtained during three tests, or does it mean a median value of a subset of these 15 data points? If a subset, what subset and why?
Alternatively, does it mean the median value at each pressure tap location?

v

b. Discuss why this median value is a conservative representation of the behavior at the top of the tubesheet.

c. Discuss what is meant by “top of the tubesheet.” For 17-inch inspection zone amendments, shouldn’t this mean the upper 17-inches to ensure a conservative
analysis? If not, why not? To ensure a conservative analysis for H* and B*, should not the objective be to establish crevice pressure as a function of elevation that can
be directly applied into the H* and B* computations.

d. Discuss why the median is not influenced by a smaller data set and how the median is influenced by the total range of values in the sample set.
Issue Resolution Summary

A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model D5 H* plants which applies a depth based
crevice pressure obviates the need to provide a detailed response to this RAI (see Sections 6.0 and 8.0).
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI
No

Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3)

25

Reference 2, Enclosure 1, Attachment 1 - Provide a copy of Reference 3. The cited web page appears to be no longer available. Also, provide copy of Reference 4.
Issue Resolution Suminary

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for
Additional Information Relating to LTR-CDME-07-72 P-Attachment and LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License
Amendment Request,” still applies. A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model DS H*
plants which applies a depth-based crevice pressure obviates the need to prov1de a detalled response to this RAL

26

Reference 2, Enclosure 1, Attachment 1 - What were the specific data sets used to compute the Dixon Ratio values at the top of page 11?
Issue Resolution Summary

The response to this NRC RAl is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for
Additional Information Relating to LTR-CDME-07-72 P-Attachment and LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License
Amendment Request,” still applies. A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model D5 H*
plants which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAIL

27

Reference 2, Enclosure 1, Attachment 1 - In Table 5 under the heading of outliers, rows 1 and 2 refer to “total set,” whereas lines 3 and 4 refer to “included.” Does
“included” mean the same thing as “total set.” If not, how does it differ from “total set,” and how does it differ from “excluded?”

Issue Resolution Summary

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for
Additional Information Relating to LTR-CDME-07-72 P-Attachment and LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanent B* License
Amendment Request,” still applies. A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model D5 H*
plants which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAL
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

RAI No

~ Source Document for Initial Response: LTR-CDME-07-198 (Reference 2-3

28

Reference 2, Enclosure 1, Attachment 1 - Provide a step-by-step description (including an example) of how the values in Table 5 were obtained.

“

Issue Resolution Summary .

The response to this NRC RAl is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for
Additional Information Relating to LTR-CDME-07-72 P-Attachment and LTR-CDME-05-209-P. of the Wolf Creek Generating Station (WCGS) Permanent B*
License Amendment Request,” still applies. A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the
Model D5 H* plants which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAI. '

29

Reference 2, Enclosure 1, Attachment 1 - Confirm that the “unaltered’” case in Table S reflects the use of the improved tubesheet/divider plate model with a “divider
plate factor” of 0.399. : - .

Issue Resolution Summary

The response to this NRC RAI is provided for historical purposes only. The original response to this RAI in LTR-CDME-07-198, “Response to NRC Request for
Additional Information Relating to LTR-CDME-07-72 P-Attachment and LTR-CDME-05-209-P of the Wolf Creck Generating Station (WCGS) Permanent B*
License Amendment Request,” still applies. A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the
Model D5 H* plants which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAL
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3.0 . TEST PROGRAM IN SUPPORT OF H*

Following the withdrawal by Wolf Creek Nuclear Operating Corporation of its License Amendment
Request (Reference 3-1), the NRC Staff issued a summary (Reference 3-2) of its technical concerns
regarding the technical justification of H* (References 3-3, 3-4 and 3-5). The issues noted in
Reference 3-2 that dealt with coefficient of thermal expansion and residual contact pressure (the
interaction between the tubesheet and tube resulting from only the hydraulic expansion) were addressed
-by test programs during 2008 and 2009. The following sections describe the tests that were performed in
support of the H* technical justification.

3.1 COEFFICIENT OF THERMAL EXPANSION (CTE) OF ALLOY 600 AND
SA508 STEEL '

The strength of the hydraulically expanded tube-to-tubesheet joint in a steam generator (SG) is due, in
large part, to the difference of thermal expansion between the tube and the tubesheet. The tube, which is
made of A600, expands more at a given temperature than does the tubesheet, which is made of A508
material, resulting in mechanical interference between the two.

In 2007, the NRC Staff provided data that suggested that there may be cases where the thermal expansion
mismatch between the tube and the tubesheet do not follow the expected behavior, i.e., the tubesheet may
expand more at a given temperature than the tube, resulting in loss of contact pressure between the tube
and'the tubesheet at elevated temperature. Because the technical basis of H* (tube pull out) is
significantly dependent on differential thermal expansion between the tube and the tubesheet, the Staff
provided the following summary of the outstanding issue (Item No. 10 from Reference 3-2):

— The [H* report of record] report considered two different nominal values of thermal expansion
coefficient (TEC) for alloy 600 tubing and two different nominal values for the A508 tubesheets. The
nominal TEC values are based on (1) nominal ASME Code values for both the tube and tubesheet and (2)
data from ANTER Laboratories Inc. for both the tube and tubesheet. TEC variability relative to these
nominal values was assumed to have a standard deviation of 1.5% based on reported measurement
uncertainty associated with the ANTER data. However, the report provided no evidence that either TEC
model (i.e., that based on Code values versus that based on the ANTER data) captures the range of TEC
values that may be encountered in the field. In addition, recent TEC data from PMIC indicate smaller
TEC differences between the tube and tubesheet materials than is indicated by either of the above TEC
models, thus adding to the Staff’s concern as whether either TEC model captures the range of TEC values
which may exist in the field. A more complete technical justification for the TEC model is needed in
terms of its ability to capture the range of TEC differences between the tube and tubesheet that may be
encountered in the field. This technical justification should address, but not necessarily be limited to the
Jollowing: .

a. Literature search for relevant TEC data, and evaluation of that data. If the PMIC data is
considered not relevant, what is the basis? .Apart from the American Society of Mechanical
Engineers (ASME) Code vetting process, is there any reason to believe that the pedigree of the
-PMIC data (or ANTER data) is not as good as the data upon which the Code values are based?
What is the feasibility of subjecting the PMIC and ANTER data to a review similar to that
performed as part of the Code vetting process?
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b. Expert opinion and experience on the variability of TEC that may be exhibited by materials such
as alloy 600 and A508 steel that may have fabricated from different heats of material, at different
times, and with different processing histories (e.g., mill annealed versus thermally-treated alloy
600, temperatures experienced during post weld heat relief).

c. Expert opinion and experience on potential changés to alloy 600 TEC due to hydraulic expansion
process. Data concerning sensitivity of TEC to cold working for metals in general needs to be
provided. v

3.11 Review of Industry Data

In response to the issue summarized in Reference 3-2, industry experts were consulted and a literature
search was performed to: (1) identify the sources of coefficient of thermal expansion (CTE) data, and in
particular, the sources of the CTE contained in the ASME Code, (2) determine how the Code mean value
for CTE was derived and (3) determine what the statistical interpretation of the 10% variability noted on
the Code should be. Further, the data provided by the NRC Staff was reviewed to determine the material
pedigree, the handling history of the material, the test process and the analysis of the test data. A
summary report was prepared which is included in this report as Appendix B. Generally, one of the data
points provided by the Staff (referred to as the ANTER data) was found to be reasonably consistent with
the available industry data. However, the second data point for. SA5S08 material (referred to as the PMIC
data) was found to have deficiencies in the material temperature exposure history and in the test process
and was, therefore, not-included in the final evaluation for the mean value and variability of CTE.
Appendix B of this report provides the details of the data literature search, the results of the analysis, and
a rationale for not including the PMIC data. The discussion in Appendix B includes the additional data
from a test program discussed in the following section.

3.2 CTE TESTS

Because the body of available industry data on CTE of SA508 and A600 was limited, a test program was
completed to acquire CTE data for both A508 and A600 material for conditions specifically of interest to
H*. This test program was intended to determine whether the ASME Code reasonably represents the
mean CTE values of these materials, and to characterize the statistical variability of CTE for these
materials. The ASME Code (Reference 3-6) provides mean values of the CTE and a general statement
that the values could vary by +/-10%. Because a probability statement is required for H*, specification of
a broad range of variability without a statistical interpretation was unacceptable.

3.21 Description of the CTE Tests

3.2.1.1  Materials |

SA508

Two grades and four heats of A508 pressure vessel steel were tested under this program: SA-508 Grade 3

Class 1 (Heat 03D958-1-6), SA-508 Grade 3 Class 2 (Heats 97D28-1-1, 97B80-1-11, and 97D258-1-1).
These materials were provided in block form by Babcock and Wilcox Canada. The chemical
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certifications of these materials are contained in Table 3-1, and their mechanical property certifications
are contained in Table 3-2.

Alloy 600

Nine tubes of A600 thermally-treated material, each approximately twelve inches long, were used to
perform the CTE measurements on A600 material. Three different heats of material were tested for each
of the three sizes of SG tube under consideration (Model F — 0.688 inch dia, Model D5 — 0.750 inch dia.,
- and Model 44F and 51F — 0.875 inch dia.). The Model F SG tubes were represented by Heats NX0419,
NX9749, and NX9821, the Model D5 SG tubes were represented by Heats NX1002, NX1019, and
NX1145, and the Model 44F/51F SG tubes were represented by Heats NX9180, NX9292, and NX1518.
All of these heats of material are from archive samples of tubing heats that were included in production
SGs.

The matrix of the tubes with their corresponding heats and nominal outer diameter is contained in
Table 3-3, while the chemical and mechanical property certifications are contained in Tables 3-4 and 3-53,
respectively. '

3.2.1.2 Sample Preparation

Each block of A508 material was cut into specimens that were 0.25 inch x 0.25 inch x 2 inches long
rectangular prisms. The cutting process utilized was a water cooled cut-off wheel to avoid excessive local
heating of the material and to provide lubrication.

The tubes of A600 material were first cut in half lengthwise; one half was used for the non-strain
hardened CTE measurements, and the other half was saved for the strain hardened part of the test
program. The first half of each of the tubes was subsequently cut into strips whose chord length was
0.25 inch and whose length was 2 inch. The length dimension was parallel to the axis of the original tube.

In order to strain harden the tube, the tubes were hydraulically expanded at a nominal pressure of
31,000 psi into split collars made of 1018 carbon steel, which were designed to simulate the stiffness of
the tubesheet based on the results of Middlebrooks et al. (Reference 3-7). Specifically, the collars were
manufactured so that a ratio between the outer diameter of the tubesheet and the outer diameter of the
tube were kept to 2.42 as closely as possible. Drawings of the split collars for each of the SG models
used in the current test program are shown in Figures 3-1 through 3-3. The dimensions are such that the
ratio of 2.42 was maintained between the center hole and the upper/lower surface of the block, between
the center hole and the bolt hole (horizontally), and between the center hole and the counter bore of the
bolt hole. The resulting radial strain on the material was approximately 3%. These tubes were then cut in
the same manner as the non-strain hardened tube with the exception that care was taken to make sure that
all of the strips were removed from the expanded section only.

P

3.2.2 CTE Tests

Table 3-6 shows the complete test matrix for the CTE tests performed. A total of 132 individual CTE tests
were performed. All CTE testing was performed in air in a Unitherm 1091™ unit according to
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ASTM E228-06 (Reference 3-8). The tests ran from room temperature to 700°F and were heated at a fate
of approximately 3.6°F/min. (2°C/min. specified). All tests were performed by ANTER Laboratories.

Four types of tests were performed:

The first test was a determination of the CTE under heat-up conditions, consistent with the accepted test
practice. In addition, industry experts recommended that using heat-up only data would avoid hysteresis
effects upon cooling. Ten specimens from each of the four heats of A508 material were tested. Similarly,
all of the A600 heats were tested. The ten specimens were on a tube diameter basis instead of a heat .
basis. Thus, for the Model F steam generator tube (0.688 inch dia.), 4 specimens from Heat NX0419
were tested and 3’ specimens from each of Heat NX9749 and Heat NX9821 were tested. For the Model
DS steam generator tube (0.750 inch dia.), 4 specimens from Heat NX 1_()02 were tested and 3 specimens
from each of Heat NX1019 and Heat NX 1145 were tested. Likewise, for the Model 44F/51F steam
generator tube (0.875 inch dia.), 4 specimens from Heat NX9180 were tested and 3 spemmens from each
of Heat NX9292 and Heat NX1518 were tested.

The second test was the determination of repeatability of results. Ten heat-up tests of A508 material
(Heat 97D258-1-1, Sample #8) and ten heat-up tests of A600 material (Heat NX1019, Sample #3) were
performed. These two specific samples were chosen because they most closely exhibited the mean
behavior of their respective materials from Test 1.

The third test was the heat-up of the strain hardened A600 material. Just like the non-strain hardened
A600 CTE tests, the three heats of material for each SG model were tested in the ratio of 4:3:3. That is,
for the Model F SG tube, 4 specimens were tested from Heat NX0419 and 3 specimens from each of Heat
NX9749 and Heat NX9821 were tested. For the Model D5 SG tube, 4 specimens were tested from Heat
NX1002 and 3 specimens from each of Heat NX1019 and Heat NX 1145 were tested. Likewise, for the
Model 44F SG, 4 specimens were tested from Heat NX9180 and 3 specimens from each of Heat NX9292
and Heat NX1518 were tested.

Anomalous behavior in some of the individual specimens was observed in this test. Specifically, some
specimens exhibited decreasing CTE with increasing temperature, reaching a minimum CTE value at
approximately 200°F to 300°F, and then showing increasing CTE values with increasing temperature from
approximately 300°F to 700°F The anomalous behavior of some of the test spe01mens was addressed in
the subsequent test.

" The fourth test was a diagnostic test to explain some anomalous behavior observed in the prior (third) test.
It was postulated by Begley (Reference 3-9) that if strain hardened A600 was subjected to temperatures
above approximately 600°F, it should revert to its non-strain hardened behavior. Thus, three samples that
exhibited anomalous behavior were retested 3 times each, and 1 sample that initially exhibited “normal”
behavior was retested 3 times. The anomalous samples chosen for retest were from Model F, Heat
NX0419, Sample 3; Model DS, Heat NX1019, Sample 2; and Model 44F, Heat NX9180, Sample 4. One
4 sample that initially exhibited “normal” behavior was Model D5, Heat NX1145, Sample 3.
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33 CTE TEST RESULTS

The complete data package for the CTE tests is documented in Reference 3-11. Due to the extensive list
of figures to describe the results of the testing, a summary table, Table 3-7, lists the tests, materials, and
figure numbers. Briefly, Figures 3-4 through 3-24 show the results of the heat-up testing on the A508 and
non-strain hardened A600 material, Figures 3-25 and 3-26 show the results of the multiple tests on one
sample each of A508 material and A600 material, Figures 3-27 through 3-35 show the results of the tests
on strain hardened A600 material, and Figures 3-36 through 3-39 show the results of the 3 repeat tests on
A600 strain hardened material that initially exhibited anomalous behavior and the 1 repeat test on A600
- strain hardened material that initially exhibited “normal” behavior.

34 DISCUSSION
SAS508 Material

The heat-up tests on AS508 material all exhibit a trend of increasing CTE value with increasing
temperature, and the shape is consistently non-linear. The scatter is divided into two regions; the scatter
below approximately 350°F is more significant than the scatter in the region above approximately 350°F,
but still well within 10% of the individual mean curves. The data in the higher temperature region are
quite close to the individual mean curves. The scatter in the lower temperature region is believed to be
due to (1) thermal inertia and (2) measurement inaccuracy due to very small thermal expansions in that
temperature range (fractions of microns) (Reference 3-10). Expansions below 200°F were typically less
than 0.1%. This translates into less than 2 mils of growth, which is approximately the same as the
measurement tolerance of the dilatometer used to measure CTE.

A plot of the mean curves of the individual heats of A508 material versus the ASME Code data shows
that the current test data diverge from the mean ASME Code curve below approximately 350°F and align
very well with the ASME Code data above approximately 350°F (see Figure 3-8). A few CTE
measurements lie slightly outside the uncertainty associated with the ASME Code curve (+ 10%) at
100°F, but this is not a concern because of the reasons outlined above. Thus, use of the ASME Code
curve in steam generator tube-to-tubesheet joint thermal calculations is generally conservative as
discussed in Appendix B.

Non-Strain Hardened A600 Material

The curves of CTE versus temperature for the non-strain hardened A600 material also exhibit increasing
CTE values with increasing temperature, and most are non-linear. Unlike the A508 material, however, a
few of the CTE versus temperature curves for non-strain hardened A600 material show an almost linear
behavior. The data scatter is also more pronounced in the lower temperature region and small in the
upper temperature region.

Comparing these data to the ASME Code curve (see Figures 3-13, 3-18, 3-23, and 3-24), the mean curves
for the individual heats of material generally lie above the mean of the ASME Code curve. This would
imply that, in a SG tube-to-tubesheet joint thermal calculation, use of the ASME Code curve would be
conservative (the tube is predicted to expand less than the test data show). Taken together with the data
‘ for the AS08 material, the ASME Code curves would predict that the tubesheet will expand more and the
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tube will expand less than thé current data show. Thus, use of the ASME Code curves will predict less
contact pressure due to thermal growth and mismatch than the data indicate, and is therefore conservative.

Repeat Tests

One sample from the A508 material (Heat 97D258-1-1, Sample #8) and one sample from the A600
material (Heat NX1019, Sample #3) were tested multiple times in an effort to determine the repeatability
of the data. In both cases, the means of the f_epeat test data are slightly higher than their respective
original tests at 100°F, but otherwise, they are nearly identical to the original curves. The scatter on these
curves is again similar to the other plots, i.e., there is more scatter in the lower temperature regime than in
the upper temperature regime. Therefore, there is ample evidence that the tests are repeatable.

Strain Hardened A600 Material

The results of the CTE measurements made on strain hardened A600 material lend themselves to three
noteworthy observations: (1) there is more scatter in the lower temperature regime than in the upper
temperature regime, (2) some curves exhibit “normal” behavior defined as increasing CTE values with
increasing temperature while other curves contain data that initially show a decrease of CTE value with
increasing temperature followed by expected behavior, and (3) the mean curves of the strain hardened
data are rotated clockwise from their non-strain hardened counterparts, i.e., the mean CTE values are
higher in the low temperature regime and lower in the high temperature regime than CTE values of the
non-strain hardened data. One may expect a differing behavior in CTE measurements between the strain
hardened and non-strain hardéned material due to the increase in the number of vacancies as well as the
increasing number of, and entangling of, dislocations during plastic deformation. The tests performed
immediately after cold working show this. However, this effect is not present after cold working and
subsequent exposure of the specimens to temperatures above 600°F.

The hypothesis that this effect can be alleviated by thermal treatment above 600°F (Reference 3-9) led to
the decision to perform repeat tests on a number of previously tested strain hardened specimens. Three
samples were chosen because of the originally anomalous behavior of their data (Model F tube, Heat
NX0419; Model DS tube, Heat NX1019; and Model 44F tube, Heat NX9180), and one was chosen
because it initially exhibited.“normal” behavior (Model D5 tube, Heat NX1145). These are shown in
‘Figures 3-36 through 3-39, respectively. In all cases initially exhibiting anomalous -behavior, the effect
did not recur, and the mean of the retest data CTE curves align much more closely with the non-strain
hardened curves. Recall that the initial CTE tests on the strain hardened material were taken to 700°F.
This is beyond the postulated 600°F and indicates that the strain hardened material has experienced some
elastic recovery. Further, since the strain hardening only worked the material to approximately 3% strain,
there is little plastic deformation incurred. -

35 CONCLUSIONS

1. The data indicate that use of the ASME Code curves for A508 and ‘A600 material would be
conservative for a SG tube-to-tubesheet joint calculation. That is, the tubesheet is predicted by
the ASME Code curve to expand more than the data show, and the tubes are predicted by the
ASME Code curve to expand less than the data show. This would have the effect of lessening the
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thermal mismatch between the tube and the tubesheet, and it would then decrease the thermal
component of the contact pressure between them.

The mean curves of CTE versus temperature for the A508 material all lay within the uncertainty
associated with the ASME Code curves. Some individual data lay outside the lower bound on the
curve at 100°F, but this is of no concern since the expansion of the material at these temperatures
is well within the measurement tolerance of the instrumentation. The mean curves of CTE versus
temperature for the A600 material and all of the individual data lay within the uncertainty
associated with the ASME Code curves.

All samples show a general curve of increasing CTE with increasing temperature. All of the
AS08 material show non-linear lbehavior, while some of the A600 material shows nearly linear
behavior.

The data scatter is more pronounced in the temperature regime below approximately 350°F than
in the regime above approximately 350°F. This is due to thermal inertia and measurement
uncertainty due to very small thermal expansions in that temperature range (fractions of microns).

Performing multiple tests on a single specimen results in a similar data scatter pattern as that on
data from individual heats of material. This suggests that the variability is inherent to the test
apparatus and does not reflect actual variability of CTE. Tt is concluded that within the accuracy
of the test method, the CTE values are repeatable and consistent. '

Strain hardening does not affect the: CTE of A600 material after exposure of the strain hardened
material to temperatures of 600 degrees or greater. While initial tests of strain hardened samples
of A600 material show a mean CTE versus temperature curve that has been rotated relative to the
original, non-strain hardened mean CTE versus temperature curve, re-testing of these specimens
returns the CTE behavior to its original, non-strain hardened behavior. Some individual curves
exhibit anomalous behavior at low temiperature increase, i.e., an initially decreasing CTE value
with increasing temperature. The tests showed that this behavior is eliminated upon retesting, due
to the fact that temperatures above approximately 600°F provide enough thermal energy to induce
elastic recovery. In addition, the plastic strain introduced by the strain hardening was small.

A detailed analysis of the CTE data was performed to determine the mean value and variability of
the CTE of SA508 and A600 material. This analysis is included in Appendix B of this report and
shows that the use of the ASME Code CTE mean properties is conservative for H* calculations.
Statistical variability parameters are also provided for both materials.
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Table 3-1' Chemical Certifications (in Weight Percent) for A508 Pressure Vessel Steel Used in the CTE Test Prbgram

Heat C Si Mn P S Ni Cr. Mo V. Cu | Al -
0.24 0.15/ 1.14/ 0.010 0.010 0.37/ 0.15/ 0.42/ 0.010 0.10 0.040
03D958-1-6 ,
max. 0.40 1.56 max. max. 1.03 0.25 0.53 max. max. max.
97D28-1-1 0.22 0.23 1.41 0.005 0.001 0.94 0.20 0.52 <0.003 0.03 0.018
97B80-1-11 0.21 0.23 1.49 0.007 0.001 0.93 0.19 0.51 <0.003 0.05 0.019
97D258-1-1 0.20 0.23 1.47 0.005 0.001 0.93 0.18 0.51 <0.003 0.03 0.022
Table 3-2° Mechanical Certifications for A508 Pressure Vessel Steel in the CTE Test Program
Heat Yield Strength (ksi) Tensile Strength (ksi) Elongation (%) Reduction of Area (%)
03D958-1-6 68.8 90.3 29.2 74.6
73.9 96 28
97D28-1-1° 73
75.5 97.4 28.4 73.4
97B80-1-11 74 96.7 28 71.7
' 70.3 92.0 29.2 71.7
97D258-1-1
- 71.4 93.8 28 70.4
' Chemical certifications provided courtesy of the Muroron Plan of the Japan Steel Works, Ltd.
? Mechanical certifications provided courtesy of B&W Canada.
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Table 3-3’ Summary of the A600 Tubes Used in the CTE Test Program

Steam Generator

Nominal Outer

Model Heat : Cpndition Diameter (in.)- .
"F NX0419 Thermally-Treated 0.688

F NX9749 Thermally-Treated 0.688

F NX9821 Thermally-Treated 0.688

D5 NX1002 Thermally-Treated 0.750

D5 NX1019 ‘Thermally-Treated - 0.750

D5 NX1145 Thermally-Treated 0.750

44F NX9180 Thermally-Treated - 0.875

44F NX9292 Thermally-Treated 0.875

44F NX1518 Thermally-Treated 0.875

Table 3-4* Chemical Certifications (in Weight Percent) of the A600 Tubes Used in the CTE Test Program

Heat C Mn Fe S Si Cu Ni | Cr Al Ti Co - | =P B

NX0419 0.029 | 0.13 9.16 | 0.001 | 0.20 028 | 74.26 | 1594 |. 0.30 0.26 0.03 | 0.012 | 0.004
NX9749 0.040 | 0.23 8.14 | 0.001 | 0.29 022 | 7499 | 16.09 | 0.21 0.24 0.04 | 0.010 | 0.005
NX9821 0.028 | 0.16 747 | 0001 | 0.22 042 | 75.76 | 1594 | 0.31 0.22 0.02 | 0.008 | 0.005
NX1002 0.027 | 0.29 9.67 | 0.003 | 0.12 028 | 73.83 | 15.78 | 0.13 0.13 0.04 | 0.010 | 0.004
NX1019 0.047 | 026 9.00 | 0.001 | 0.18 028 | 7449 | 1574 | 0.24 0.23 0.04 | 0.008 | 0.005
NX1145 0.037 | 0.29 9.39 | 0.001 | 0.15 030 | 73.64 | 16.19 [ 0.30 0.23 0.05 | 0.009 | 0.004
NX9180 0.030 | 0.19 9.77 | 0.003 | 0.12 -| 0.41 | 73.48 | 16.00 | 0.33 0.25 0.02 | 0.009 | 0.005
NX9292 0.020 { 0.23 899 | 0.002 | 0.10 038 | 75.15 | 1513 | 0.25 0.22 0.04 | 0.010 | 0.004
NX1518 0.030 | 0.34 8.82 | 0.001 | 0.28 020 | 7446 | 1587 | 0.19 0.23 0.05 | 0.008 | 0.004

3 Two values were reported for this heat of material.

~ * All values provided courtesy of Westinghouse STD.
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Table 3-5° Mechanical Certifications of the A600 Tubes Used in the CTE Test Program

Yield Strength

Tensile Strength

Heat (ksi) (ksi) Elopggﬁ_qn (%) Hardness (R,;)' .
NX0419 51 106 375 84
NX9749 49 106 385 85
NX9821 53 106 38.0 84
NX1002 44 100 40.5 79
NX1019 52 111 36.5 85
NX1145 55 111 35.5 86
NX9180 51 101 41.5 85
NX9292 47 98 455 83
NX1518 51.5 107.4 38.5 87

* All values provided courtesy of Westinghouse STD.
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Table 3-6 Matrix for Coefficient of Thermal Expansion Tests

. Tube Heat-U . Strain Retest of Strain
Material | HeatNo. | |\, o) CTE P | Repeatability Hardened Hardened
03D958-1-6 na 100 na na na
A508 97D28-1-1 na 100 na na na
97B80-1-11 na 10 na na na
97D258-1-1 na 100 10 (sample 8)? na na
NX0419 30 na 30 3(sample 3)®
NX9749 0.688 4" na 4" na
NX9821 30 na 31 na
NX1002 4" na 4" na
A600 NX1019 0.750 30 10 (sample 3)? 30 3 (sample 2)@
NX1145 30 na 30 3 (sample 3)®
NX9180 40 na 40 3 (sample 4) @
NX9292 0.875 30 na 31 na
NX1518 3 na 3 na
. Total Tests 70 20 30 12
Notes:
1. Different specimens
2. Same specimen; retested
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Table 3-7 Listing of the Test Results and Their Corresponding Figure Numbers

..~ Material = . Heat . Test Description - Figure No.
A508 Gr.3Cl. 1 03D958-1-6 Heat-up 4
A508 Gr.3CL. 2 97D28-1-1 Heat-up 5
A508 Gr.3Cl. 2 97B80-1-11 Heat-up 6
A508 Gr.3CL 2 97D258-1-1 Heat-up 7

A508 All Mean curves versus ASME Code 8
A600 (0.688 inch dia.) NX9749 Heat-up 9
A600 (0.688 inch dia.) NX0419 Heat-up 10
A600 (0.688 inch dia.) NX9821 Heat-up 11
A600 (0.688 inch dia.) All " Heat-up 12
A600 (0.688 inch dia.) All Mean curves versus ASME Code 13
A600 (0.750 inch dia.) NX1002 Heat-up 14
A600 (0.750 inch dia.) NX1019 Heat-up 15
A600 (0.750 inch dia.) NX1145 Heat-up 16
A600 (0.750 inch dia.) All Heat-up 17
A600 (0.750 inch dia.) All Mean curves versus ASME Code 18
A600 (0.875 inch dia.) NX9180 Heat-up 19
A600 (0.875 inch dia.) NX9292 Heat-up 20
* A600 (0.875 inch dia.) NX1518 Heat-up 21
A600 (0.875 inch dia.) All Heat-up 22
A600 (0.875 inch dia.) All Mean curves versus ASME Code 23
A600 All Mean curves versus' ASME Code 24
A508 Gr.3CL 2 97D258-1-1 Multiple tests on Sample 8 25
A600 (0.750 inch dia.) NX1019 Multiple tests on Sample 3 26
A600 (0.688 inch dia.) NX9749 Strain hardened, heat-up 27
A600 (0.688 inch dia.) NX0419 Strain hardened, heat-up 28
A600 (0.688 inch dia.) NX9821 Strain hardened, heat-up 29
A600 (0.750 inch dia.) NX1002 Strain hardened, heat-up 30
A600 (0.750 inch dia.) NX1019 Strain hardened, heat-up 31
A600 (0.750 inch dia.) NX1145 Strain hardened, heat-up 32
A600 (0.875 inch dia.) NX9180 Strain hardened, heat-up 33
A600 (0.875 inch dia.) NX9292 Strain hardened, heat-up 34
A600 (0.875 inch dia.) NX1518 Strain hardened, heat-up 35
A600 (0.688 inch dia.) NX0419 Strain hardened, repeat testing on Sample 3- 36
A600 (0.750 inch dia.) NX1019 Strain hardened, repeat testing on Sample 2 37
A600 (0.875 inch dia.) NX9180 Strain hardened, repeat testing on Sample 4 38
A600 (0.750 inch dia.) NX1145 Strain hardened, repeat testing on Sample 3 39
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a,c,e

Figure 3-1 -Model F Steam Generator Split Collar Used'to Strain Harden A600 Tubing
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Figure 3-2 Model DS Steam Generator Split Collar Used to Strain Harden A600 Tubing
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a,c.e

Figure 3-3 Model 44F Steam Generator Split Collar Used to Strain Harden A600 Tubing
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A508 Gr. 3 Cl. 1, Heat 03D958-1-6
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Figure 3-4 Heat-Up Test on AS508 Gr. 3 Cl. 1 Material
A508 Gr. 3 Cl. 2(1), Heat 97D28-1-1
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Figure 3-5 Heat-Up Test on A508 Gr. 3 Cl. 2 Material
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A508 Gr. 3 Cl. 2(2), Heat 97B80-1-11
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Figure 3-6 Heat-Up Test on A508 Gr. 3 CI. 2 Material

A508 Gr. 3 Cl. 2(3), Heat 97D258-1-1
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Figure 3-7 Heat-Up Test on A508 Gr. 3 Cl. 2 Material
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Coefficient of Thermal Expansion Summary
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Figure 3-8 A508 Mean Curves Versus the ASME Code Curves

A600, Model F Tube, Heat NX9749
Coefficient of Thermal Expansion Data

o0
(93]
1
|
1

W
o
-l
x
g 8-
]
2
a === Specimen 1
t
| Tu: 7.5 + — B i~ Specimen 2
| g === Specimen 3
£
| ..'g 7 - e =3é=Specimen 4
& Mean
2
2
‘!"-', 6.5 - ; T -
‘2 0 100 200 300 400 500 600 700 800
(1]
g Temperature, Degrees F
Figure 3-9 Heat-Up Test on A600, Model F Tube, Heat NX9749
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A600, Model F Tube, Heat NX0419
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Figure 3-10 Heat-Up Test on A600, Model F Tube, Heat NX0419
A600, Model F Tube, Heat NX9821
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Figure 3-11 Heat-Up Test on A600, Model F Tube, Heat NX9821
WCAP-17072-NP May 2009

Revision 0




3-21

A600, Model F Tube, All Heats
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Figure 3-12 Summary of Heat-Up Testing of All Heats of A600 Model F Tube
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Figure 3-13 Mean Curves of Heats of A600 Model F Tube Versus the ASME Code Curve
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A600, Model D5 Tube, Heat NX1002
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Figure 3-14 Heat-Up Test of A600, Model D5 Tube, Heat NX1002
A600, Model D5 Tube, Heat NX1019
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Figure 3-15 Heat-Up Test of A600, Model DS Tube, Heat NX1019
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A600, Model D5 Tube, Heat NX1145
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Figure 3-16 Heat-Up Test of A600, Model D5 Tube, Heat NX1145
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Figure 3-17 Summary of Heat-Up Testing of All Heats of A600 Model D5 Tube
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L A600, D5 Tube, All Heats
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Figure 3-18 Mean Curves of Heats of A600 Model DS Tube Versus the ASME Code Curve

A600, Model 44F Tube, Heat NX9180
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Figure 3-19 Heat-Up Tests of A600, Model 44F Tube, Heat NX9180
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A600, Model 44F Tube, Heat NX9292
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Figure 3-20 Heat-Up Tests of A600, Model 44F Tube, Heat NX9292
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Figure 3-21 Heat-Up Tests of A600, Model 44F Tube, Heat NX1518
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A600, Model 44F Tube, All Heats
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Figure 3-22 Summary of Heat-Up Testing of All Heats of A600 Model 44F Tube
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Figure 3-23 Mean Curves of Heats of A600 Model 44F Tube Versus the ASME Code Curve
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A600, All Model Tubes, Mean Curves
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Figure 3-24 Mean Curves of All A600 Steam Generator Model Data Versus the ASME Code Curve

A508 Multiple Run, Heat Up Only
Heat 97D258-1-1, Sample #8
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Figure 3-25 A508, Heat 97D258-1-1, Sample 8 Multiple Testing
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A600 Multiple Run, Heat Up Only
Heat NX1019, Sample #3
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Figure 3-26 A600, Heat NX1019, Sample 3 Multiple Testing

A600, Model F Tube, Heat NX9749
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Figure 3-27 Heat-Up Tests of Strain Hardened A600 Model F Tubing, Heat NX9749
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; | A600, Model F Tube, Heat NX0419
| | Strain Hardened

Figure 3-28 Heat-Up Tests of Strain Hardened A600 Model F Tubing, Heat NX0419
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Figure 3-30 Heat-Up Tests of Strain Hardened A600 Model D5 Tubing, Heat NX1002
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Figure 3-31 Heat-Up Tests of Strain Hardened A600 Model D5 Tubing, Heat NX1019
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A600, Model D5 Tube, Heat NX1145
Strain Hardened
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Figure 3-32 Heat-Up Tests of Strain Hardened A600 Model D5 Tubing, Heat NX1145
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A600, Model 44F Tube, Heat NX9292
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Figure 3-34 Heat-Up Tests of Strain Hardened A600 Model 44F Tubing, Heat NX9292

A600, Model 44F Tube, Heat NX1518
Strain Hardened
Coefficient of Thermal Expansion Data

o

& 85 .

-

x

c

.2

g 8 -

©

g

w =g=—Sample 1
1]

E 75 1773 =i Sample 2
(7]

= ~f-Sample 3
k]

E T+ s [\ @3N
2 |
:.;:_‘ - Mean Non Strain Hardened |
8 65 - «

o

s 0 200 400 600 800

Q

2

Temperature, Degrees F

Figure 3-35 Heat-Up Tests of Strain Hardened A600 Model 44F Tubing, Heat NX1518
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Figure 3-36 A600 Model F Tube, Heat NX0419, Repeat Test

A600, Model D5 Tube, Heat NX1019
Strain Hardened, Repeat Tests
Coefficient of Thermal Expansion Data

©
wn

~===Sample 2, Run 1
~fi—Sample 2, Run 2
~de=Sample 2, Run 3

- Mean, Repeat Tests

6= Sample 2, Original Test

~=Mean, Non Strain Hardenend

Mean Coefficient of Thermal Expansion, x106 F*

6.5 = -
0 200 400 600 800
Temperature, Degrees F
Figure 3-37 A600 Model D5 Tube, Heat NX1019, Repeat Test
WCAP-17072-NP May 2009

Revision 0




3-34

A600, Model 44F Tube, Heat NX9180
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4.0 STRUCTURAL AND LEAKAGE INTEGRITY ACCEPTANCE
CRITERIA

As noted in NEI 97-06, Rev. 2 (Reference 4-1), the steam generator (SG) performance criteria identify the
standards against which tube integrity is to be measured. Meeting the three performance criteria —
structural integrity, accident-induced leakage and operational leakage — provides reasonable assurance
that the SG tubing will remain capable of fulfilling the specific function of maintaining reactor coolant
pressure boundary integrity throughout each operating cycle.

The structural integrity performance criterion from Reference 4-1 is:

“All in-service steam generator tubes shall retain structural integrity over the full range of normal
operating conditions (including startup, operation in the power range, hot standby, and cooldown and all
anticipated transients included in the design specification) and design basis accidents. This includes
retaining a safety factor of 3.0 against burst under normal steady-state full power operation primary-to-
secondary pressure differential and a safety factor of 1.4 against burst applied to the design basis
accident primary-to-secondary pressure differentials. Apart from the above requirements, additional
loading conditions associated with the design basis accidents, or combination of accidents in accordance
with the design and licensing basis, shall be evaluated to determine if the associated loads contribute
significantly to burst or collapse. In the assessment of tube integrity, those loads that do significantly
affect burst or collapse shall be determined and assessed in combination with the loads due to pressure
with a safety factor of 1.2 on combined primary loads and 1.0 on axial secondary loads.”

The accident-induced leakage performance criterion from Reference 4-1 is:

“The primary-to-secondary accident-induced leakage rate for all design basis accidents, other than the
steam generator tube rupture, shall not exceed the leakage rate assumed in the accident analysis in terms
bf total leakage rate for all steam generators and leakage rate for the individual steam generator.
Leakage is not to exceed 1.0 gpm per SG, except for specific types of degradation at specific locations as
documented in the Steam Generator Program technical specifications.”

The operational leakage performance criterion from Reference 4-1 is:

“The reactor coolant system (RCS) operational primary-to-secondary leakage through any one steam
generator shall be limited to 150 gallons per day.”

Reference 4-2 provides guidance for implementing NEI 97-06 and, thus, meeting the integrity assessment
performance criteria described in NEI 97-06. This document reflects current industry practices and
represents an acceptable method for integrity assessment.

Since 2003, an alternate rep)air criterion (ARC) titled H* has been under development and Nuclear
Regulatory Commission (NRC) review. The key technical issues have been: 1) the acceptance criterion
for H*, 2) the methodology for demonstrating an acceptable probability of meeting the acceptance
criterion, and 3) the methodology for addressing primary-to-secondary leakage during postulated design -
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basis accident (DBA) conditions. The acceptance criteria for the alternate repair criteria for hydraulically
expanded tube joints are based on current industry SG guidelines and are discussed in detail below.

The program elements described -in Reference 4-1 provide guidance on structuring steam generator
programs to meet the challenges posed by SG tube degradation. The EPRI Guidelines that form the basis
of the SG program requirements are: '

o PWR Steam Generator Examination Guidelines.
e PWR Primary-to Secondary Leak Guidelines

* PWR Secondary Water Chemistry Guidelines

e PWR Primary Water Guidelines _

¢ Steam Generator Integrity Assessment Guidelines

e Steam Generator In-situ Pressure Testing Guidelines

The Steam Generator Integrity Assessment Guideline document is used to develop the requirements and
methodology used to meet the performance criteria defined in NEI 97-06, Rev. 2.

The availability of TSTF-449, Rev. 4, “Steam Generator Tube Integrity,” was announced in the Federal
Register on May 6, 2005 as part of the NRC Staff consolidated line item improvement process (CLIIP).
By letter dated September 3, 2005, the NRC Staff agreed with the observation that NEI 97-06, Rev. 2,
“Steam Generator Program Guidelines,” is consistent with Technical Specification Task Force Traveler
(TSTF 449, Rev. 4) and that the adoption of TSTF-449 by all pressurized water reactors (PWRs) will
‘result in an improved regulatory framework.

Based on the above, it is concluded that compliance with the requirements and methodologies described
in NEI 97-06, Rev. 2 and the EPRI guideline documents represents the best path for regulatory approval
of the proposed alternate repair criterion, H*.

4.1 STRUCTURAL INTEGRITY ACCEPTANCE CRITERIA

* The primary justification of H* is the completion of a semiprobabilistic, whole bundle H* depth
_calculation using a three-dimensional finite element analysis (3D FEA) structural model for calculating
tubesheet displacement. A mean H* value is calculated for selected radii throughout the tube bundle to
represent the tube structural limit along with the consideration of appropriate uncertainties in the input
parameters and material properties that affect tubesheet displacements and, therefore, the H* pull out
length. The uncertainties considered in the analysis include residual contact pressure and material
properties such as Young’s Modulus and the coefficient of thermal expansion of the tube and the
tubesheet. Residual contact pressure (the contact pressure resulting from only the hydraulic expansion
process) is assumed to be zero for this analysis, although tests show that there is a positive value of
residual contact pressure. An uncertainty assessment for residual contact pressure is provided that
includes the effects of variation in material yield strength, initial gap between the tube and the tubesheet
before hydraulic expansion, hydraulic expansion pressure variation, and strain hardening (see Section 7.0
of this report for more detail). It is noted that assuming the residual contact pressure to be zero is a
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significant conservatism in this analysis; any positive value of remdual contact pressure will reduce the
value of H*.

All tubes in the SG tube bundle are shown to have an H* value from the top of the tubesheet with a 0.95
probability with 50 percent confidence (see Section 8.0) of meeting the structural integrity performance
criteria (SIPC) margin requirements as defined in NEI 97-06, Rev. 2. H* values are calculated for normal
operating, postulated steam line break and feedwater line break conditions. Section 5.0 of this report
provides the rationale for not considering the locked rotor and control rod ejection events in the
calculation of the H* value. '

Tube burst cannot occur within the thickness of the tubesheet. Therefore, tube pull out is the structural
failure mode of interest in the development of the H* criterion since the tubes are radially constrained
against axial fish-mouth rupture by the presence of the tubesheet. Because burst cannot occur in the
tubesheet region, the structural criteria from Reference 4-2 do not directly address tube degradation in the
tubesheet expansion region. However, absent other directly applicable criteria, the NRC Staff has, in
prior reviews of H* justification submittals, treated failure to meet H* equivalent to burst.

The axial force that could produce pull out derives from the tube end cap loads due to
primary-to-secondary pressure differentials associated with normal operating and design basis accident
conditions. The NRC Staff, in its approval of a 17 inch non-permanent H* (Reference 4-4), has accepted
that it is adequate to determine the required engagement distance on the basis of maintaining a factor of
three (3) against tube pull out under normal operating conditions and a factor of 1.4 against pull out under
accident conditions. Given that the H* distance of each individual tube has a certain probability of not
meeting the performance criteria, it must be verified that the probability of any tube in the bundle in the
faulted loop failing to meet the performance criteria is less than 0.05 with 50 percent confidence.

Because failure to meet H* is interpreted as'being equivalent to burst, the criteria applied for H*:
justification are extremely conservative. The probability of a single tube failing to meet the H* distance
is extremely small because, for a Model D5 SG, each bundle contains 4570 tubes and the entire bundle is
" shown to meet H* at the 0.95 probability. Failure to meet H* (pull out) is defined as small incremental
motion, such that a postulated tube severance may be slightly above the defined H* distance, and not
complete separation of the tube from the tubesheet. Because there is no possibility of burst of the tube
within the tubesheet, and because the factors of safety of three (3) on the normal operating loads and 1.4
on design basis accident loads are already included in the justification of H*, failure to meet H* has
negligible impact on the primary pressure boundary. Indeed, the H* justification is based on meeting the’
probabilistic criteria above without any slippage. . ‘

4.2 PRIMARY-TO-SECONDARY LEAKAGE ACCEPTANCE CRITERIA

Industry guidelines (Reference 4-2) permitv application of either a deterministic approach or a probabilistic
approach that satisfies 'the limit requirements for the accident-induced 11m1tmg performance criterion
(AILPC) of at least 0.95 at 50 percent.confidence. '

Upon implerﬁentation of the H* criterion, the existence of 100 percent through-wall cracks will be
assumed below the H* depth because no inspections of the tube below H* will be required. Therefore,
the potential for leakage of primary coolant through the crack and through the hydraulically expanded
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joint between the tubes and tubesheet to the secondary system must be evaluated. A detailed leakage
prediction model has been developed in support of the H* criterion that considers the resistance to
leakage within the thickness of the tubesheet. The model is based on the Darcy flow equation, which is
described in detail in Section 9.0 of this report. The NRC Staff has noted that the use of the Darcy
equation, which states that leakage is proportional to the applied pressure differential, is conservative
relative to other alternative models such as the Bernoulli or orifice models, which assume leak rate to be
proportional to the square root of the differential pressure.

The original manifestation of the leakage analysis (Reference 4-3) was known as B*. In lieu of the
original B* approach, which required the definition of a leak loss coefficient, the margin against leakage
during an accident event is now defined by developing the ratio of accident-induced leakage to normal
operating leakage by the following process (see Section 9.0 for a detailed discussion):

1. Based on test data, show that the loss coefficient is constant under normal operating and design basis
accident conditions.

2. Determine the ratio of design basis accident pressure differential to normal operating pressure
differential.

3. Multiply the pressure differential ratio by the ratio of the dynamic viscosity (unop) during normal
operating conditions to dynamic viscosity during accident conditions (ippa).

4. Multiply the result of Item 3 by the ratio of effective flow path length (Ixop) under normal operating
~ conditions to effective flow path length under steam line break conditions (Ipga). A

The effective flow path length is the crevice length, above the H* distance, over which there is contact
between the tube and the tubesheet. It has been shown by the 3D FEA for the Model D5 SGs (Section
6.0) that contact between the tubes and the tubesheet is assured during all plant conditions for each tube
through the entire length of the tubesheet thickness. Therefore, the effective flow path length ratio,
Inor/lIpsa, above the H* length for each transient condition that models primary-to-secondary leakage is
1.0. '

For a postulated design basis accident, the expected increase in leakage is a function of only the increase
in pressure differential that occurs across the tubesheet during the plant transient and the change in
dynamic viscosity. Plant-specific leak rate factors have been developed for each of the H* plants and are
included within this report in Section 9.0. '

For the condition monitoring assessment, the component of leakage from below the H* distance observed
during the prior cycle will be added to that from all other sources and compared to the allowable leakage
limit for each design basis accident that models primary-to-secondary leakage. For the operational
assessment, the difference in leakage from each design basis accident analysis assumption used in the
plant’s Final Safety Analysis Report (FSAR) and the accident leakage from all other sources will be
divided by the leakage factor for the appropriate design basis accident and compared to the observed
operational leakage and, if the result is less than the observed leakage, an administrative limit (for
operational leakage) will be established not to exceed the calculated value.
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5.0 PLANT OPERATING CONDITIONS AND LOADINGS (MODEL DS)»
51 NORMAL OPERATING CONDITIONS AND LOADINGS

Table 5-1 provides values for the current steam generator (SG) thermal-hydraulic parameters during
normal operating conditions for each of the H* plants with Model D5 SGs. Thesé¢ conditions are used to
establish the H* distances and to determine overall leakage factors identified in this report for each plant.

5.2 FAULTED CONDITIONS

Each of the faulted events are considered in this section and are described below. These include: steam
line break (SLB), feedwater line break (FLB), locked rotor (LR) and control rod ejection (CRE). The
transient response curves for these events are included in Section 9.0 of this report.

Previous analyses have shown that FLB and SLB are the limiting faulted conditions, with tube lengths
required to resist push out during a postulated loss-of-coolant accident (LOCA) typically less than
one-fourth of the tube lengths required to resist pull out during FLB and SLB (References 5-1 and 5-2),
Therefore, LOCA was not considered in the H* analysis.

5.2.1 'Feedwater Line Break and Steam Line Break

In accordance with plant emergency operating procedures, it is expected that the operator would take
action following a high energy secondary line break to stabilize the reactor coolant system conditions.
The expectation for a SLB or FLB with credited operator action is to stop the system cooldown through
isolation of the faulted SG and control temperature by the auxiliary feedwater system. Steam pressure
control would be established by either the SG safety valves or control systems via steam dump or the
atmospheric relief valves. For any of the steam pressure control options, the maximum temperature
would be approximately the no-load temperature and would be well below the normal operating
temperature for the plant. Subsequently, the operator would initiate a cooldown and depressurization of
the reactor coolant. The peak pressure differential and asymptotic temperatures from the design
specification transients .are used in the structural analysis. The pertinent parameters. for these transients
are described in Tables 5-2 and 5-3. '
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5.2.2 Locked Rotor

This accident is based on the instantaneous seizure of the reactor coolant pump with the plant operating at
full power'. The locked rotor can occur in any loop. Reactor trip occurs almost immediately, as a result
of low coolant flow in the affected loop. Conservatively, the transient is based on a locked rotor pump for
a two-loop plant. - Because of the short duration of the transient, the temperatures in the hot and cold leg
of the SG and secondary side that correspond to the maximum pressure differential during the locked
rotor event design basis accident are used in the structural and leakage analysis. The pertinent parameters
of this transient are listed in Table 5-4.

5.2.3 Control Rod Ejection

This accident is based on the single-most reactive control rod being instantaneously ejected from the core.
This reactivity insertion in a particular region of the core causes a severe pressure increase in the reactor
coolant system such that the pressurizér safety valves will lift and also causes a more severe temperature
transient in the loop associated with the affected region than in the other loops. For conservatism, the
analysis is based on the reactivity insertion and does not include the mitigating effects (on the pressure
transient) of coolant lowdown through the hole in the vessel head vacated by the ejected rod. Like the
locked rotor transient, because of the short duration of the transient, the temperatures in the hot and cold
legs of the SG and secondary side that correspond to the maximum pressure differential during the design
basis accident are used in the structural and leakage analysis. The pertinent parameters of this transient
are listed in Table 5-5.

' Two of the plants with Model D5 SGs assume that a SG power operated relief valve (PORV) becomes stuck open
following a locked rotor event. For both plants, the flow area through the stuck-open PORYV is less than the flow
area from a doubled-ended steam line break. From a primary-to-secondary leakage perspective, it is judged that the
SLB/FLB leakage factor would bound the leakage factor for a locked rotor with a stuck-open SG PORV because the
pressure differential across the tubesheet during a postulated SLB/FLB is larger than a locked rotor event. An
engineering judgment is made on the outcome of the locked rotor transient with a stuck open PORV because it is not
modeled in the design specification of the affected plants.
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5.3 CALCULATION OF APPLIED END CAP LOADS

The tube pull out loads® (also called end cap loads) to be resisted during normal operating (NOP) and
faulted conditions for the bounding Model D5 plant (Byron Unit 2 , Braidwood Unit 2) for the hot leg are
shown below. End cap load is calculated by multiplying the required factor of safety times the cross-
sectional area of the tubesheet bore hole times the primary side to secondary side pressure difference
across the tube for each plant condition. ’

. . 2 End Cap " | H* Design
Operating Condition (%PEESI)) A(‘Ir\?gtgrll)) : Load F;Ztgt of End Cap
_ pri = see (Ibs.) Y Load (Lbs.)

The above calculation of end cap loads is consistent with-the calculations of end cap loads in prior H*
justifications and in accordance with the applicable industry guidelines (Reference 5-3). This approach
results in conservatively high end cap loads to be resisted during NOP and faulted conditions because a
cross-sectional area larger than that defined by the tubesheet bore mean diameter is assumed.

The end cap loads noted above include a safety factor of 3 applied to the normal operating end cap load
and a safety factor of 1.4 applied to the faulted condition end. cap loads to meet the associated structural
performance criteria consistent with NEI 97-06, Rev. 2 (Reference 5-3).

Seismic loads have also been considered, but they are not significant in the tube joint region of the tubes
(Reference 5-1).

H* values are not calculated for the locked rotor and control rod ejection transients because the pressure
differential across the tubesheet is bounded by the FLB/SLB transient. For plants that have a locked rotor
with stuck open PORYV transient included as part of the licensing basis, this event is bounded by the
FLB/SLB event because the peak pressure during this transient is significantly less than that of the
SLB/FLB transient. :

~ 2 The values for end cap loads in this subsection of the report are calculated using an cutside diameter of the tube
equal to the mean diameter of the tubesheet bore plus 2 standard deviations.
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In support of the leakage analysis provided in Section 9.0, the parameters included in Tables 5-1 through
5-5 are used to compare contact pressures during normal operating plant conditions and all design basis
accident conditions for all radial locations throughout the thickness of the tubesheet.

5.4 REFERENCES

5-1 CN-SGDA-02-152, Rev. 1 (Proprietary), “Evaluation of the Tube-to-Tubesheet
Contact Pressures for Callaway Model F Steam Generators,” Westinghouse Electric,
Pittsburgh, PA, March 2003. -

5-2 CN-SGDA-03-133 (Proprietary), Rev. 0, “Evaluation of the H* Zone Boundaries for
Specific Model D5 and Model- F Steam Generators,” Westinghouse Electric,
Pittsburgh, PA, October 2003. o

5-3 NEI 97-06, Rev. 2, “Steam Generator Program Guidelines,” Nuclear Energy Institute,
Washington, DC, May 2005.
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Table 5-1 Operating Conditions - Model DS H* Plant

Parameter and Units - Plant
Byron Unit 2 and
Braidwood Unit 2"

Catawba Unit 2 Comanche Peak Unit 2
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Table 5-2 Steam Line Break Conditions

Parameters and Units

(1)

Byron Unit 2 and
Braidwood Unit 2

Catawba Unit 2

Comanche Peak
Unit 2

a,C,C
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Table 5-3 Feedwater Line Break Conditions

Parameters and Units

Byron Unit 2 and
Braidwood Unit 2

Catawba Unif 2

Comanche Peak
Unit 2

ac,e
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Table 5-4 Locked Rotor Event Conditions

Parameters and Units

Byron Unit 2 and
Braidwood Unit 2"

Catawba Unit 2

Comanche Peak
Unit 20

a,c,e
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Table 5-5 Control Rod Ejection

Parameters and Units

Byron Unit 2 and
Braidwood Unit2 .

Catawba Unit 2

Comanche Peak -

Unit 2

a,c.e
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Table 5-6 Design End Cap Loads for Normal Operating Plant Conditions, Locked Rotor and Control Rod Ejection for Model D5 Plants

Low T, High Ty, Control Rod
Plant End Cap Load End Cap Load Locked Rotor Ejection
' w/Safety Factor w/Safety Factor End Cap Load End Cap Load ‘
(1bf) (1bf) (Ibf) (Ib)
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6.0 STRUCTURAL ANALYSIS OF THE TUBE-TO-TUBESHEET JOINT

The H* structural analysis consists of four separate models as shown in the process description in
Section 1.0. Tubesheet deflections are calculated using a three-dimensional finite element analysis (3D
FEA) model. The tubesheet . displacements are input to an MS Excel® spreadsheet model (Figure 1-1, H*
Analysis Process for H*). The spreadsheet model calculates the contact pressure between the tubes and
the tubesheet as a function of radial and axial’ position in the tubesheet. The contact pressure is
transformed into an axial pull out resistance through friction and shear between the tube outside diameter
(OD) surface and the tubesheet tube bore inside diameter (ID) surface. The pull out resistance is
integrated as a function ef axial position and compared to the applied end cap loads'and axial forces. The
axial distance below the top of the tubesheet (TTS) where the axial pull out resistance is equal to or
greater than applied pull out forces is the calculated H* depth. In the following discussions, the structural
analysis will commonly be referred to as the contact pressure analysis.

The third model is an Microsoft Excel® spreadsheet model that calculates the residual contact pressures
(RCP) from the available pull out test data and provides the RCP as input to the H* Integrator model. In
the current application, RCP is assumed to be zero (0 psi) and the RCP model is not utilized. A fourth
finite element model is utilized to calculate the variability influence factors for residual contact pressure.
Additional finite element models and results are used to support the H* analysis. Supporting analyses
were performed to address specific issues such as definition of the “worst tube” in the bundle, tubesheet
bore dilation effects on contact pressure, etc., that validate the use of the 3D FEA model.

The structural analysis for H* has evolved since the Wolf Creek License Amendment request in 2006 (see
References 6-16 and 6-20). This evolution resulted from a number of studies that utilized the
state-of-the-art structural analysis methods to benchmark the methods utilized in the Wolf Creek request.

" This report section describes the technical basis of these models and the benchmarking analyses
performed to test and validate the model results.

6.1 RESULTS SUMMARY .

The H* structural analysis conservatively calculates the tubesheet deflections as input to the analysis of
the contact pressure distribution between the tube and the tubesheet for an assumed length of tube in the
limiting region of the steam generator (SG) bundle to resist the applied pull out forces. The limiting
region of the tubesheet is defined as that region of the tubesheet in which the deflections are calculated to
be maximized, resulting in the largest value of H*. The length of tubing considered is the predicted
length required to equilibrate the design basis pull out forces. The results of the structural analysis, for
the bounding Model D5 SG in the fleet, show that a length of [ 1> inches provides sufficient
engagement length into the tubesheet to resist the applied pull out loads during normal operations and
limiting faulted conditions, assuming that all input variables are at their mean value and the crevice
pressure adjustment to the final tube length is excluded. Figure 6-1 shows the distribution of the mean H*
values as a function of tubesheet radius in the limiting sector of the tubesheet. The applied pull out loads
include the required safety margins prescribed in NEI-97-06, Rev. 2 (Reference 6-2) and the analysis of
the operating conditions and design transients meets the requirements defined -in the ASME Code
(Reference 6-3). The mean analysis results for H* are referenced in Reference (6-39).

WCAP-17072-NP May 2009
Revision 0



6-2

Figure 6-1 Mean H* Values for the Limiting Model DS Plant

6.1.1 Introduction
\

The H* analysis determines the required engagement length of an SG tube into the tubesheet necesséry to
resist pull out forces. Pull out forces develop from the temperatures and pressures that occur during
normal, upset and accident operating conditions in the SG (see Section 5.3 for the calculation of the
applicable pull out forces). The pull out load on a tube is resisted by local tube thermal and pressure-
induced deformations and contact that transfer the load on a tube to the surrounding tubesheet material in
shear via friction forces. The ability of a tube to transfer the pull .out loads to the tubesheet through
friction is directly related to the magnitude of the contact pressure between the inner diameter of the
tubesheet bore and the outer diameter surface of the tube.

The temperatures and pressures that develop the pull out forces on the tube also act to deform the SG
tubesheet such that it will both expand in the radial direction and deflect in the transverse (thickness)
direction. The deformations in the perforated region of the tubesheet affect the resistance of the SG tubes
to the applied pull out loads because a deformation that acts to increase the tube-hole size relative to the

a,c,e

initial undeformed tube hole configuration will decrease the contact pressure between the tube and the -

tubesheet. The reverse is also true; a decrease in the tube-hole size relative to the initial undeformed tube
hole configuration will increase the contact pressure between the tube and the tubesheet. Other factors,
such as Poisson contraction of the tube cross section and the potential for fluid to be present between the
tube outer diameter and the tubesheet inner diameter, also affect the contact pressure. The distribution of
the contact pressure between the tube and the tubesheet varies as a function of radial position in the
tubesheet and elevation within the tubesheet.

The H* structural analysis that provides the tubesheet radial and axial deflections utilizes a 3D finite
element model that is described in Section 6.2. Section 6.2.2 discusses the analysis input. Section 6.2.3
discusses the determination of the limiting region of the tubesheet with respect to the tube pull out
resistance. Section 6.2.4 discusses the radius specific treatment of the local tubesheet stiffness in the H*
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structural model. Section 6.2.5 discusses the effects of tubesheet hole dilation on the leakage and
structural aspects of the H* analysis. Section 6.2.6 discusses the modeling of the SG divider plate and
how the potential for degradation of the divider welds is accounted for in the analysis. Section 6.3
discusses the effects of tubesheet rotation and deformation and Section 6.4 discusses how the previous
results are used to calculate the tube-to-tubesheet contact pressure. Section 6.4 also discusses the
benchmark models used to validate the 3D finite element model.

The contact pressure results presented in this section include detailed sensitivity studies on the effect of
material variability, SG design variability, variability in SG tube installation, operating condition
variability and the effect of SG structures, such as the divider plate, that can alter the deflection of the
tubesheet and tube bore. The finite element models that support the contact pressure analysis were
compared to an independent analysis created by Argonne National Laboratories (ANL) using a different
FEA code (ABAQUS). The ANL ABAQUS models produced essentially the same results when similar
input conditions were used. The results described in this report conservatively bound the requirements for
both the hot leg and the cold leg in any Model D5 SG.

The contact pressure results in this report are based on a proven theory of elasticity model
(Reference 6-18) that uses results from the supporting finite element analyses as input. The results of the
theory of elasticity model were benchmarked using alternative finite element models and shown to be
conservative (see Section 6.4.5). :

6.1.2 Evolution and Development of the H* Structural Model

Prior analyses for H* (Reference 6-24) utilized a two-dimensional (2D) axisymmetric structural model to
calculate tubesheet displacements. The 2D model results came from a linear superposition of unit loads.
In the linear superposition method, unit loads, both thermal and pressure, were applied to obtain
deflections that were then scaled with a ratio according to the applicable pressure and temperature
conditions to obtain the results for specific conditions such as normal operating conditions (NOP) or
accident loading conditions. Due to temperature differences between different structures in the lower SG
complex on the order of {  ]**°°F or more, different deflection results are obtained when the reference
case for the model is changed. For example, when the model is loaded with pressures and temperatures
similar to NOP conditions and those results are then scaled to represent steam line break (SLB)
conditions, the results are -different than when the model is directly loaded with pressures and
temperatures similar to SLB. The discovery of this difference between the scaled results and the results
of directly applying condition specific loads meant that new models were necessary to benchmark the 2D
structural modeling approach. Further, although the 2D model was an axisymmetric model, this use of
axisymmetry was questioned because of the presence of the uni-directional divider plate and tube lane.
Questions were also raised about the effectiveness of the divider plate as a structural member. A
three-dimensional (3D), non-axisymmetric, finite element analysis (FEA) model was created to
benchmark the 2D model results. The initial goal of the 3D finite element model was to provide a
comparison to the previously established 2D axisymmetric finite element model of the tubesheet,
channelhead énd stub barrel. The development of 3D FEA models to benchmark the 2D axisymmetric
model led to the decision to replace the 2D model with the 3D FEA model.

The 3D FEA model was not initially considered as the reference analysis basis for H* because of a
difficulty in obtaining the nodal outputs at the exact locations required by the H* integration routine.
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Therefore, the initial function of the 3D FEA model was to perform benchmark analyses to verify the
results of the 2D axisymmetric model. However, processes were developed to overcome the
node-matching issue with the H* integration routine during the continued evolution of the 3D FEA
model. Because of this, and because the 2D axisymmetric model utilized the code WECAN (a finite
element program that is no longer supported by Westinghouse or any other organization) a decision was
made to adopt the state-of-the-art 3D FEA analysis model as the reference model for H* calculations.

The 3D finite element model allows for more detailed modeling of the lower SG complex than an
axisymmetric finite element model. Some of the details that cannot be included in an axisymmetric finite
element model are: ’

1. Tubesheet Tube Lane
~ Bearing/Support Pads
Divider Plate

bl

Simultaneously Applied Hot Leg and Cold Leg Conditions

These non-axisymmetric features in the SG have a significant effect on the radial displacement of the
tubesheet during all modeled plant operating conditions.

: ' )

The force integration spreadsheet that is used to determined the H* distance was developed by assuming a
radially and axially fixed nodal map of the tubesheet to provide a structured force integration and H*
tubesheet mapping capability. The mesh for the perforated tubesheet region (the region of interest in the
. model) is seeded in a very specific fashion with [ ]*° divisions over the radius of the tubesheet and
[ J*°° nodes through the thickness of the tubesheet. For example, Figure 6-6 shows a plot of the
elements (also known as a screen shot) of a typical 2D axisymmetric finite element mesh of the lower SG
complex without a tubesheet (TS) support ring.

The 3D model also has [ ]**° horizontal divisions over the radial dimension and italsohas[ ]**°nodes
through the thickness of the tubesheet in the region of interest. The 3D mesh is seeded without a bias at
" the top of the tubesheet (TTS) and the bottom of the tubesheet (BTS) but additional nodes are included in
the model. The choice of higher order tetrahedral elements in the 3D perforated tubesheet region allows
for interpolation of the tubesheet displacements at any elevation or radial location required.

The mesh density in both the 3D and the axisymmetric model was selected to produce a spatially
converged result that gives a smooth radial displacement output in the perforated region of the tubesheet.
Further refinement in the 3D finite element mesh did not yield a significant difference [ 1€ in
tubesheet displacement for the perforated region. |

« : 1%“°. Figure 6-7 shows a
picture of a typical 3D finite element mesh of the lower SG complex without a tubesheet support ring.

‘The 3D finite element mesh was also defined azimuthally, with the mesh seeding at the 45° and 90° planes
being equal to the mesh seeding and divisions at the 0° plane. See Figure 6-8 for a top plane view of the
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tubesheet mesh that shows the divisions at the 0°, 45° and 90° planes. See Figure 6-8 and Figure 6-9 for
pictures of the rear of the 3D mesh.

There are a total of [ 1*“¢ solid higher order (10-node) tetrahedral and higher order quadrilateral
elements in a typical 3D finite element model of the Model D5 SG. There are [ 1 nodes in the
3D model for a total of [ 17°* degrees of freedom. Plant-specific finite element models may have

more or less nodes than a typical Model D5, but, that does not affect the final results of the analysis.
6.1.2.1 Comparison of 2D and 3D Model Boundary Conditions

It is expected that the results from a 3D finite element analysis of the lower SG complex and those from a
2D axisymmetric analysis will yield different results. The 3D analysis is capable of responding more
realistically to variations in the operating conditions and material properties. The tubesheet displacements
calculated from the 3D analysis accurately reflect the applied loading conditions for the material
properties used in the analysis.

The results in Sections 6.2.1 through 6.2.3 were not considered in the tube-to-tubesheet contact pressure
analyses prior to 2008. This is because the effect of the non-axisymmetric structures and boundary
conditions could not be included in the axisymmetric model used to analyze the tubesheet displacements
due to thermal and pressure load effects. Similarly, the effect of the non-axisymmetric structures on the
deformations of the tube bore could not be included in the analysis of the contact pressure. The prior
axisymmetric finite element analysis used displacement, pressure and temperature boundary conditions
that are different from the ones discussed in Sections 6.2.2.2.2 through 6.2.2.2.5. The following sections
summarize the boundary condition differences between a 3D analysis and a 2D axnsymmetrlc analysis of
the lower SG complex.

6.1.2.1.1 Displacement Boundary Conditions

An axisymmetric model is “pinned” with respect to the radial direction along the central axis of the
model. This means that all vertical and radial displacements are calculated with respect to a fixed central
axis that cannot translate or deflect in any direction. In the case of a SG with a tubesheet support ring,
this requirement will alter the displaced shape of the tubesheet due to thermal and pressure loads. This
condition also increases the tubesheet bow in the case of a tubesheet without a tubesheet support ring.
However, the contact pressure results generated from the 2D axisymmetric tubesheet model
displacements have been shown to be conservative when compared to the results of a contact pressure
analysis using 3D tubesheet model displacements.

6.1.2.1.2  Applied Pressure Loads
The axisymmetric model cannot calculate the azimuthal variation of the tubesheet displacement due to

pressure loads. The axisymmetric model also cannot calculate the deflection of the tubesheet for different
simultaneously applied hot leg and cold leg primary fluid pressures.
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6.1.2.1.3  Applied Thermal Loads

The axisymmetric model cannot calculate the deflection of the tubesheet for different simultaneously
applied hot leg and cold primary fluid temperatures. The axisymmetric model over-estimates the
tubesheet deflections due to thermal loads because the non-axisymmetric structures in the model
influence how the tubesheet can deflect and rotate. Eliminating the non-axisymmetric structures from the
analysis means that the stiffness of the tubesheet in those regions will be significantly reduced at
operating conditions and, therefore, the estimated thermal displacements will be greater.

6.1.2.1.4  Applied Boundary Conditions for the Linear Superposition Approach for Combining
Tubesheet Axisymmetric Displacements

The tubesheet displacement calculations for the tube-to-tubesheet contact pressure prior to 2008 were

based on unit load combinations, not the actual applied pressures and temperatures. The radial tubesheet
displacement was recorded during each unit load case as a function of tubesheet radius and elevation.
The unit load approach consisted of the following pressure cases:

¢ 1000 psia pressure on all primary faces at room temperature (ARpz))

e 1000 psia pressure on all secondary faces at room temperature (ARgzc)
*The unit load approach consisted of the following temperature cases:

®  500°F temperature difference on the stub barrel (ARs;z)

®  500°F temperature difference on the channelhead (AR¢y)

& 500°F temperature difference on the tubesheet (AR g}

with all other structures held at room temperature during each applied unit temperature load case. The
stress free reference, or ambient room temperature, is assumed to be 70°F for each material in the

analysis. The tubesheet displacement for a specific operating condition was then calculated using the

equation:

The values for AT¢y, ATsp and ATrs were taken from the change in the fluid temperatures during each
operating condition (relative to room temperature). The maximum radial tubesheet deflection predicted
using this method for a Model D5 SG was approximately [ 1 inch. The minimum radial tubesheet
deflection predicted using this method for a Model D5 SG was approximately [~ J**° inch. In
comparison, the maximum tubesheet deflection for a Model DS SG using the 3D finite element analysis is
approximately [ ]**° inch or less. The minimum tubesheet deflection for a Model D5 SG using the 3D
finite element analysis is approximately [ 1€ inch.
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6.1.2.1.5 Limits of the Linear Superposition Approach for Calculating Tubesheet Displacement

The purpose of the linear superposition method was to reduce the number of FEA models necessary to
calculate the contact pressure. In theory, it also allowed for the simple calculation of a number of
different effects on the contact pressure by simply changing the operating temperatures and pressures
when post-processing the displacement results. However, there are three fundamental rules of a linear
superposition analysis that must be considered when using the method for an analysis of the lower SG
complex. The three fundamental rules of the linear superposition analysis are: '

1. All connected structures should be at similar temperatures.
2. All connected structures should respond to changes in the environment in a linear fashion.

3. All connected structures should respond to changes in the applied load in a linear fashion.

The secondary face of the tubesheet and the stub barrel are at significantly different temperatures during
all operating conditions. The smallest temperature difference between the primary fluid and the
~ secondary fluid approximately 80°F. The thermal expansion coefficient and modulus of elasticity for the
tubesheet, stub barrel and channelhead change at different rates with respect to temperature. This means
that the way that each structure responds to changes in temperature is not necessarily linear with respect
to changes in another structure’s material property. Also, the stiffness of the connection between the
tubesheet and the channelhead, or the tubesheet and the stub barrel, is very different when the two
structures are at operating temperatures versus one or the other being at a room temperature. The
tubesheet displacements cannot be accurately predicted based on linear scaling of the unit load results for
the stub barrel and channelhead. This is especially true for different operating conditions with a large
difference in primary and secondary fluid temperatures. For example, calculating the tubesheet
displacements from a 500°F applied temperature difference and then scaling those results to represent a
SLB condition (AT = 350°F, or more) will give dramatically larger displacement results corpared to
calculating the tubesheet displacements from a 350°F temperature difference. This difference is
exacerbated when variations in material properties are considered because the material stiffness of the
connections between the tubesheet and the attached structures change at different rates with respect to
temperature. The end result is that the calculated tubesheet displacements from a linear superposition of
axisymmetric finite element results will have a very different distribution and magnitude compared to the
applied conditions on a 3D finite element model.

The 3D finite element analysis results are the preferred analysis basis for the tube-to-tubesheet contact
pressure analyses. This is because the 3D finite element analysis more correctly captures the SG
operating conditions and accurately inciudes the significant structures in an operating SG. The 3D finite
element analysis also responds to variations in input parameters in a more realistic fashion.

6.2 3D FINITE ELEMENT TUBESHEET DISPLACEMENT ANALYSIS
6.2.1 Description of the Tubesheet Complex Model
The channelhead, tubesheet, divider plate and lower shell (i.e., stub barrel) are typically referred to as the

lower steam generator (SG) complex. See Figure 6-10 for a picture of the important structures in the
lower SG complex model. The modeling of the tubesheet itself is broken up into two different material
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models in a non-axisymmetric fashion. There are four linear elastic material models in the analysis and
one orthotropic elastic material model in the finite element analysis.

The tubesheet in a typical Model D5 SG consists of a large perforated region where the tube bundle is
expanded into the tubesheet, a solid (non-perforated) lane of tubesheet material between the cold leg and
hot leg sides of the bundle, and a ring of solid material on the periphery of the interior of the SG. In one
domestic Model D5 SG, the ring of solid material on the periphery of the tubesheet also extends to a
support ring structure outside of the internal SG structure. The perforated region in a Model D5 SG
tubesheet is different from that of a Model F tubesheet because the high rows and lower columns are
truncated approaching the annulus because of the flow distribution baftles. In the Model D5 SG without
tubesheet support rings, the lower SG complex is supported by four bearing pad connections on the
channel at roughly 45° to either side of the tube lane. See Figure 6-11 for details of the different regions
of the tubesheet.

The displacement inputs to the H* integration model are generated by a 3D finite element model created
in ANSYS WorkBench, Versions 10 and 11. ANSYS WorkBench is a computer aided engineering
(CAE) and modeling tool designed as a front end and interactive graphic user interface for the finite
element code ANSYS. Although created initially to benchmark the 2D axisymmetric model
(Reference 6-20), the 3D FEA models were modified to represent plant-specific geometry and design
conditions to determine the limiting plant among the Model D5 population.

Each plant or SG design-specific model includes the appropriate solid representations for the stub barrel
(or lower shell), the perforated region of the tubesheet, the solid portion of the tubesheet and the support
ring (if it is present in the specific plant of interest), the divider lane, the divider plate, and the
channelhead. The combination of these structures is referred to as the lower SG complex. An
undegraded divider plate is included in the model. Tubesheet displacements are scaled to account for
potential divider plate degradation in post-processing. The perforated region of the tubesheet is modeled
using effective orthotropic properties to account for the square pitch tube bore perforations. All other
solid structures are modeled using linear, temperature dependent, material properties. The material input
properties are taken from the 1989 edition of the ASME Boiler and Pressure Vessel Code.

The perforated region of the tubesheet is modeled using effective orthotropic elastic material properties
according to Slot (Reference 6-5). The tube lane (also referred to as the divider lane) and the divider plate
(also referred to as the partition plate) represent significant structures in the tubesheet complex and both
affect the radial displacements of the tubesheet. The radial displacement of the tubesheet with a divider
lane and an intact divider plate during NOP is typically on the order of [ 1% inch, or less. The
vertical displacement of the tubesheet with a divider lane and an intact divider plate during NOP is
typically on the order of [ 1%“¢ inch, or less. The original analysis for the Model D5 and Model 51-
type SGs noted that including the tube lane reduces the vertical displacements at the centerline of the
tubesheet by more than [ ]%“°% (Reference 6-6), relative to a tubesheet with no divider lane. " The
original analysis for the Model D5 and Model 51-type SGs noted that including a divider plate without
fully considering the channelhead-to-divider plate welds reduces the vertical displacements at the
centerline of the tubesheet by at least [ ]*“°% (Reference 6-28), relative to a tubesheet without a divider
plate. The divider plate reduces both the radial and vertical displacements of the tubesheet because it
restricts the rotation of the tubesheet and vertical displacement of the tubesheet. In fact, if the vertical
connection of the divider plate to the primary face of the tubesheet is assumed to be severed, the net
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reduction in displacement is still at least [ ]**° % (Reference 6-7) due to the remaining welded
connections between the divider plate and the channelhead reducing the rotation of the tubesheet. If all of
the divider plate connections are considered ,intact, the tubesheet displacements are reduced by
approximately [ ]**° % (Reference 6-7). See Section 6.2.6 for a detailed discussion of divider plate
modeling. '

The tubesheet support ring is another significant structure to consider when estimating tubesheet
displacements. The tubesheet support ring acts to “girdle” the perforated region of the tubesheet and is
the structure where the Model D5 SG is typically supported and connected to the containment structure.

. All but one of the H* plants with a Model F SG have a support ring. [f a SG does not have a support ring,
the boundary conditions that apply to the SG change to reflect the required bearing support pad structures.
The bearing support pad structures reduce the displacement of the channelhead structure and have less of
an effect on the tubesheet displacements. See Table 6-7 for a list of the plants in the H* fleet with and
without tubesheet support rings. The operating parameters and conditions for all of the Model D5 plants
in the H* fleet are listed in Table 5-1. The applied operating pressures and temperatures for each analysis
condition, and for each operating SG in the H* fleet, are listed in Section 5.0 of this report.

The tubesheet is a thick plate and the application of the pressure load results in a generalized plane strain
condition. The pitch of the square, perforated hole pattern is [ J*“¢ inch and the tubesheet hole
diameter is conservatively assumed to be [ 1**¢ inch, noting that the nominal bore diameter is
approximately [, ]*“° inch. The inside diameter (ID) of the tube after expansion into the tubesheet is
taken to be about [ " 1%“° inch based on an approximation of [ ]**° % thinning during installation
associated with constant material volume. Equivalent properties of the tubesheet are calculated without
taking credit for the stiffening effect of the tubes, which results in a conservatively calculated- tubesheet
deflection.

The tubesheet ligament efficiency, 7, is defined as:

nominal

77:

F, nominal
Pnominal = Pominal - Anaximum (ligament thickness)
Prominal = [ 1“¢ inch, the pitch of the square hole pattern
Arnaximum = 1**%inch, the tube hole diameter
AN
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Therefore, Muominal = [ 1%“¢ inch (i.e., [ W and n = ]*“° when the tubes are not
included. From Slot (Reference 6-5), the in-plane mechanical properties for Poisson’s ratio of 0.3 are:
- et N

where the subscripts P, d and y refer to the pitch, diagonal and thickness directions, respectively. These
values are substituted into the expressions for the anisotropic elasticity coefficients given previously. The
coordinate system used in the analysis and derivation of the tubesheet equations is given in Reference 6-4.
Using the equivalent property ratios calculated above in the equations presented at the beginning of this
section yields the elasticity coefficients for the equivalent solid plate in the perforated region of the
tubesheet for the finite element model.

The three-dimensional structural model is used in two different analyses: 1) a static structural analysis
with applied pressure'loads at a uniform temperature and 2) a steady-state thermal analysis with applied

surface loads. The solid model and mesh is the same in the structural and thermal analyses but the
~ element types are changed to accommodate the required degrees of freedom (e.g., displacement for
structural, temperature for thermal) for each analysis. The tubesheet displacements for the perforated
region of the tubesheet in each analysis are recorded for further use in post-processing. Figure 6-2 and
Figure 6-3 are screen shots of the three-dimensional solid model of the Model D5 SG. Figure 6-4 shows
the entire 3D model mesh.
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Figure 6-2 Solid 3D Model of a Typical SG With a Tubesheet Support Ring

Figure 6-3 Solid 3D Model of a Typical SG Without a TS Support Ring
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Figure 6-4 3D Model Mesh Screen Shot

a,.ce

a,c,e

Figure 6-5 Close-Up of Tubesheet Junction Mesh in a Model Without a TS Support Ring
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Figure 6-6 Typical Finite Element Mesh for a Prior Axisymmetric Tubesheet-Channelhead-Stub
Barrel Model ‘
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Figure 6-7 3D Tubesheet Mesh Close-Up Screen Shot ace
— Figure 6-8 Top Plane View of Perforated Tubesheet Mesh R
WCAP-17072-NP o ‘ . May 2009

Revision 0



6-15

BN WRTR VA
R YAYAVAY e S g o § 2 vt
;2‘ .‘;'atﬂﬁf»"" '?‘" )“ PAUAR
b A N AN A
\-r‘ e ST AL AT AR AT
B AT TSN AVAVAVAYAYAY,"

§ )

. 5%&&'#{’&“} LY
A‘%’&'?)‘ FAYARS Y5031

4 Jix

1

WAVTLAVAYAANY

T W

Figure 6-9 Rear View of 3D Model Mesh
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6.2.2 Inputs to the Model and Their Variability A ;
6.2.2.1 3D FEA Model Materials and Material Properties

The materials used in modeling the 3D Model D5 SG are the same as those noted in the engineering and
design specification of the Model D5 SG.. See Reference 6-16 for a description of the typical material
properties used in a contact pressure analysis. See Reference 6-4 for a discussion of the reference design
specification data and material propertiés in the 3D finite element model. The material properties for
each material in the analysis are the mean material properties taken from the 1989 American Society of
Mechanical Engineers Boiler and Pressure Vessel (ASME B&PV) Code unless otherwise noted.

Table 6-1 List of Lower SG Complex Materials

Component’ ' ASME Code Specification
Tubesheet , SA-508 Class 2a

Lower Shell SA-533 Grade A Class 2
Channelhead SA-216 Grade WCC
Divider Plate Alloy 600

The tubes in the Model DS SGs are fabricated from Alloy 600 thermally-treated (A600TT) material.
Summaries of the applicable mechanical and thermal properties for the tube material are provided in
Table 6-2. Table 6-3 summarizes the material of fabrication for the tubesheet (SA-508, Class 2a). The
shell material is SA-533, Grade A, Class 2, and its properties are in Table 6-4. Finally, the channelhead
material is SA-216, Grade WCC, and its properties are in Table 6-5. The divider plates are fabricated
from A600 material (see Reference 6-7j. The material properties were all obtained from the ASME
B&PV Code, Reference 6-3. See Table 6-6 for a list of representative mean operating input properties
used in the Model D5 H* contact pressure analysis.
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Figure 6-11 Top View of Tubesheet Showing Different Tubesheet Structures.
(Note that most Model DS SGs do not have a tubesheet support ring.)

The effective orthotropic material properties of the tubesheet were calculated using the method described
by Slot (Reference 6-5).

The perforated tubesheet in the Model D5 channelhead assembly is treated as an equivalent solid plate in
the finite element analysis. An accurate model of the overall plate behavior was achieved by using the
concept of an equivalent elastic material with anisotropic properties. For square pitch tubesheet hole
patterns, the equivalent material properties depend on the orientation of loading with respect to the
symmetry axes of the pattern. The stress-strain relations for the axisymmetric perforated part of the
tubesheet are given by:
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with the elasticity coefficients calculated as:
a,c,© ,
— ' - — ace
[ . ] a,c,e
a,c,e a,c,e
a,.c,e a,c,e

where and. l: :l
The variables in the equation are:

‘p = Effective elastic modulus for in-plane loading in the pitch direction,

E, = Effective elastic modulus for loading in the thickness direction,

vV ; = Effective Poisson’s ratio for in-plane loading in the thickness direction,

G, ,: = Effective shear modulus for in-plane loading in the pitch direction,

5; = Effective shear modulus for transverse shear loading,

E ; = Effective shear modulus for in-plane loading in the diagonal direction,

17{; = Effective Poisson’s ratio for in-plane loading in the diagonal direcfion, and,

v = Poisson’s ratio for the solid material,

E = Elastic modulus of solid material,

ygz = Transverse shear strain

gz = Transverse shear stress,

[D] = Elasticity coefficient matrix required to define the anisotropy of the material.
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Table 6-2 Summary of Material Properties for Alloy 600 Tube and Divider Plate Material

Temperature (°F)

Property 70 200 . 300 400 . 500 600 700
Young's Modulus 31.00 30.20 29.90 29.50 29.00 28.70 28.20
(psi-109) ‘ )
Thermal Expansion ' ,
(in/in/°F~lO'6) 6.90 7.20 7.40 7.57 7.70: 7.82 7.94
Density . -
(lb-secz/in“-lO") 7.94 . 7.92 7.90 7:89 7.87 7.85 7.83
Thermal Conductivity . :
(Btu/sec-in-°F-lO'4) 2.01 2.11 2.22 ) 2.34: 2.45 2.57 2.68
Specific Heat _ ‘
(Bru-in/lb-sec’-°F) 412 426 439 | 449 45.6 47.0 47.9

Table 6-3 Summary of Material Properties for SA-508 Class 2a Tubesheet Materiél ‘

Temperature (°F)

Property 70 ' 200 300 400 500 600 700
Young's Modulus 29.20 2850 | 2800 | 2740 | 2700 | 2640 | 2530
(psi-10%)
Thermal Expansion ' v
(in/in/°F-10°) 6.50 6.67 6.87 7.07 7.25 7.42 7.59
Density .
(Ib-sec/in®10°) 7.32 7.30 7.29 7.27 7.26 7.24 | 7.22
Thermal Conductivity _
(Btu/sec-in-°F-10°), 5.49 5.56 5.53 5.46 5.35 ‘5.19 5.02
Specific Heat
(Buin/lb-sec-"F) 41.9 44.5 46.8 48.8 50.8 52.8 55.1

*
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Table 6-4 Summary of Material Properties for SA-533 Grade A Class 2 Shell Material

Temperature (°F)

(Ib-sec’/in*10™)

Property 70 200 300 400 500 600 700
Young's Modulus 2920 | 2850 | 28.00 | 2740 | 2700 | 2640 | 2530
(psi-10°)

Thermal Expansion
(infin/*F-10%) 7.06 7.25 7.43 7.58 7.70 7.83 7.94
Density 732 7.30 7283 | 7.265 | 7.248 7.23 7211

Table 6-5 Summary of Material Properties for SA-216 Grade WCC Channelhead Material

Temperature (°F)

Property 70 200 300 | . 400 500 \ 600 700
Young’s Modulus 29.50 2880 | 2830 | 2770 | 2730 | 2670 | 25.50
(psi-10”) :

Thermal Expansion '

(/i °F10) 5.53 5.89 6.26 6.61 6.91 7.17 7.41

Density

(b-secH/in®10%) 7.32 7.30 7.29 7.27 7.26 7.24 7.22
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Table 6-6 Summary of H* Byron Unit 2 Analysis Mean Input Properties

Plant Name Byron 2
Plant Alpha CBE
Plant Analysis Type Hot Leg
SG Type D5
Input Value Unit Reference

Accident and Normal T

emperature Inputs

a,c,e
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Table 6-7 List of SG Models and H* Plants With Tubesheet Support Ring Structures

TS Support General
Plant Alpha SG Model . Pl; Arrangement
Ring? ' .
Drawing
**  Model 44 F — These ofiginal SGs have been replaced.
*** Model S1F — These original SGs have been replaced.
5
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6.2.2.2 Applied 3D Boundary Conditions

The calculated radial tubesheet deflection is the starting point for determining the effect of tubesheet
bending and tube bore distortion on the contact pressure. The boundary conditions in the finite element
model reflect the applied loading conditions in an operating SG as well as conservatively calculating the
radial tubesheet deflection. The H* analysis is a static, steady-state, analysis by definition because the
maximum pressures and temperatures are applied as if they were constant during SG operation. Applying
the maximum temperatures and pressures in this fashion maximizes the radial deflection of the tubesheet
due to thermal growth and pressure differential and also maximizes the applied end cap load on the tubes.
Time varying, or transient, analyses of the operating pressures and temperatures reduce the thermal and
pressure loads on the tube and tubesheet.

There are three categories of applied boundary conditions in the 3D finite element model:
1. Displacements
2. Pressures

3. Temperatures

The applied displacement boundary conditions in the model are required to prevent rigid body translation
of the model. The displacement boundary conditions were also selected to conservatively account for
deflection modes of the tubesheet. The applied pressures represent the primary and secondary conditions
in the SG and are based on the most recent bounding plant operating conditions and parameters available.
"~ The applied temperatures are selected based on the secondary and primary fluid operating temperatures.
Each of the boundary conditions used in the finite element analysis and a comparison to the previous
axisymmetric model boundary conditions are provided in the following sections.

. 6.2.2.2.1 Applying Boundary Conditions in the 3D Finite Element Model

There are five possible surface groups to apply pressure and temperature loads in the 3D finite element
model of the lower SG complex. These surface groups are:

1. Hot Leg/Cold Leg Primary Surfaces

Secondary Surfaces

2
3. Lower Shell Cut Face
4. Exterior Surfaces

5

Lower SG Complex Symmetry Plane

See Figure 6-12 for an illustration of the surface‘groups in the model.
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Figure 6-12 Surface Groups for a Typical SG FEM

There are also three edges in the model that are used to apply displacement boundary conditions. These
edges are:

1. Lower edge of the tubesheet solid/tubesheet support ring
2. Centerline of the divider lane

3. Lower edge of the divider plate solid

Figure 6-13 and Figure 6-14 illustrate the edges in the model.

Figure 6-13 Important Edges in a Typical SG FEM With a Tubesheet Support Ring
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Figure 6-14 Important Edges in a Typical SG FEM Without a Tubesheet Support Ring
6.2.2.2.2 Discussion of Displacement and Pressure Boundary Conditions

The choice of boundary conditions is the most important factor in determining the tubesheet displacement
output. The support structures and bearing pads for an SG typically restrain the structure in the vertical
and horizontal directions and connect it to the floor of the containment building. In the case of the
Model D5 SG, this connection is achieved through the tubesheet support ring in only one plant in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>