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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 I 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 with 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 A600TT 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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I . The structural integrity of the primary-to-secondary pressure boundary is unaffected by tube
degradation of any magnitude below a specific depth of 11.2 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 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 that the contact pressure between
the tubes and tubesheet is always greater at accident conditions than at normal operating conditions.

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 51F 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 F 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.

" An Excel®g1) (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.

" 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.

* 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.

Microsoft, MSN, and Windows Vista are trademarks of the Microsoft group of companies.
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1.2.2 Leakage Integrity Approach

As discussed in Section 9.0 of this report, the expression 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.,

Ap
121-Kl

where

/ = the viscosity of the fluid

Ap the driving pressure differential

l the physical dimension in the direction of the flow (effective crevice length)

K the leakage "loss 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 ip 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 expand 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 hi and h2 was defined in
Equation (1-1):

a,c,e

where:

ýFH = Resistance per length to pull out due to the installation hydraulic expansion,

d Expanded tube outer diameter,

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

I = 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 hi and h2:

a,c,e

- 1 
(1-2)

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

] 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:

Z a,c,e(-)

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, Pc, 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 /K, the resistance per unit length,
multiplied by L, or by integrating the incremental resistance, dR =/2K dL over the length L, i.e.,

R =/pK(L2 -Li)=/2 KdL (1-4)

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

inK-ao +alp, (1-5)

where the coefficients, ao and a, od 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 = e a°+aP•, (1-6)

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

The B* distance (LB) 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 RSLB = RNOP and solving for LB). 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 plot exhibits a higher slope than the case
for the Model D5 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 I -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 reference 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 1413), 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
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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-17071-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 F 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 to 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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Table 1-1 List of Conservatisms in the H* Structural and Leakage Analysis

Assumption/Approach Why Conservative?
The NEI 97-06 performance Tube burst cannot occur within the tubesheet (see Section 4.1), thus application of the same criteria designed to prevent
criteria, Which address tube burst, tube burst in an area where tube burst cannot occur is inherently conservative. Prevention of tube burst is a necessity for
are applied by equating failure to preventing excessive leakage, and accident-induced leakage in the tubesheet expansion region is shown to be limited,
meet the H* distance with tube independent of the H* distance. Therefore, equating failure to meet H* with tube burst, and application of the same
burst. criteria to prevent tube burst to H*, is inherently conservative.
H* distances are based on The distribution of the contact pressure between the tube and the tubesheet varies as a function of radial position in the
analysis of the worst tube 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
bundle. H* values.

Structural support from the The H* distances for a severely degraded divider plate (no connection between the tubesheet and the divider plate) bound
divider plate is ignored. the H* distances for a non-degraded divider plate (see Section 6.2.6).
Residual Contact Pressure All pull out tests to date have shown that there is residual contact pressure from the hydraulic expansion; any non-zero
Assumed to be 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 Use of ASME Code mean is conservative relative to test data for both tubesheet and tubing material (see Section 3.5 and
Expansion. Appendix B).
Coefficient of Friction. Lower bound value of[ ]a.. is used in the determination of the H* distance (see Section 6.2.2.3.3). Standard reference

values suggest a reasonable value of coefficient of friction is [ ]a c..

Darcy equation used to model The assumed linear relationship between leak rate and differential pressure is conservative relative to alternate models
leakage analysis. 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 Analysis (Continued)

Assumption/Approach Why Conservative?.
Use of different plant temperature The conditions that maximize H* are different from those that maximize leakage conditions. Separate maximizing
and pressure conditions for assumptions are made for structural and leakage analysis (see Section 6.4.5 for the structural analysis assumptions and
structural and leakage Section 9.4 for the leakage analysis assumptions).
calculations.

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.F SGs (see Section 5.0).

A combination of

]c,e are used for the structural evaluation (see Section

6.2.2.2.2 and Section 6.2.2.2.5).

]a.....conditions are used for evaluating the overall leakage factors (to maximize the pressure difference ratio

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

H* distances based on hot leg The results described in this report conservatively bound the requirements for both the hot leg and the cold leg in any
temperatures and pressure. Model F SG (see Section 6.2.2.2.3).
Stiffening effect of the presence Equivalent properties of the tubesheet are calculated without taking credit for the stiffening effect in the tubes, which
of tubes ignored in the structural results in a conservatism in the calculations regarding tubesheet deflection (see Section 6.2.1).
analysis.
Some local interactions between Additional pull out resistance due to tube bending within thetubesheet or Poisson expansion effects on the severed tube
the tube bore and the tube are end are ignored (see Section 1.3.1).
ignored.
Peak reactor coolant system Time varying, or transient pressures and temperatures would reduce the pressure and thermal loads on the tube and the
pressures and temperatures are tubesheet (see Section 6.2.2).
assumed to exist during the entire
design basis accidents.
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Table 1-1 List of Conservatisms in the H* Structural and Leakage Analysis (Continued)

Assumption/Approach Why Conservative?
A [ 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).

].a,c,e

Pressure is not applied to the Applying pressure to the

] (see Section 6.2.2.2.4).

The radius dependent stiffness Including these structures in the analysis would reduce the tubesheet displacement and limit the local deformation of the
analysis ignores the presence of tubesheet hole ID (see Section 6.2.4.4-). -------- -.....
the [

].a,c,e

The tubesheet bore dilation [ Thermal expansions under operating loads were [

]a.. (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 RAI 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.

WCAP-17071-NP April 2009
Revision 0



2-2
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Table 2-1 NRC Technical Issue Response Road Map

Report Section Addressing Technical
Technical Issue Description Issue
Issue No.
I Contact pressure between the tube and the tubesheet (Need to define method for computing Section 7.1(1)
2 residual contact pressure from pull out tests)
3 Allowed degree of slippage at tube pull out loads ..... Appendix A(2)

4 Dimensions and yield strength of test specimens Appendix A(2)
5
6
7 Pull out test database adequacy for uncertainties Section 7.2(3)
8
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
A** 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

(I) Residual contact pressure conservatively assumed to be zero in this report.
(2) 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

this report.
(3) Residual contact pressure uncertainities are addressed analytically on this report.
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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)

I 1 Enclosure I 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 strengths 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 F 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.

2 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:

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*

3 Enclosure I, 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

RAI No. 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 Sumnary:

This RAl 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 atthe 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 oit 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- 1707 1-NP April 2009
Revision 0



2-6

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)

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 RAI 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 perfonned 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)

10 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 D5. Discuss the differences between the Model F and D5 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-07-72ý "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 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.
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 tip 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 Sununary:

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.

17 Enclosure I, 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 firom 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 RAI 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
conresponding 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 to 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 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.

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 nonnal 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 Summnary:

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) Penranent 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 perforning condition monitoring and operational assessments for accident induced leakage stemming from locations below the specified.
tubesheet inspection depths.

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.

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 shall
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.

Issue Resolution Summary:

This RAI does not apply to the Model F 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 report are provided by the utility as part of the license amendment request.

25 Enclosure I, 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 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

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

I Reference 1, Enclosure I, Table 6-4 - Are the listed F/L, force peir length, values 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 (lb/inch) rather than 563 lb/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 vari-ability--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 decreasethe final value.of H*.

This RAI 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 (Reference 2-3)

2 Reference 2, Enclosure I, Response to RAI questions I 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 steamn 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.

3 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/IF for the 1018 steel tubesheet test collar. What is the impact of
considering an alternative TEC value of 7E-06 in/in/0 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 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)

4 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*.

5 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 function of elevation, and H* in Tables 7-6 through 7-
10 and 7-6a through 7-10a of Reference 2, Enclosure I?

Issue Resolution Sunmmary:

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)

6 Reference 2, Enclosure I, Response to RAI question 17 - The response states near the bottom of page 30 of 84 that Case I 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 I is that necessary to resist three times the normal operating pressure end cap load, not that
needed to resist 14 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 F H* plants obviates the need to address the
sub-parts of this RAI.

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 slightly 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 probabilistic, whole bundle H* depth calculation for eachof the Model F 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

Source Document for InitialResponse: LTR-CDME-077198 (Reference 2-3)
RAI No

8 Reference 1, Enclosure I, Table 6-4 - The listed F/L values are based on allowing 0.25 inch slippage. Reference I does not address the potential for limited, but
progressive incremental slippage under heatup/cooldown and other operational load cycles. Nor does Reference I 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 1,
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 operational 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 locations 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 Generating Station amendment
was withdrawn and as a result of indu~try activities after February 2008. The road map for the resolution of these issues is provided in Section 2.1 of this report.

II Figure 11 of Reference 2, Enclosure I contains loss coefficient data for Model F SG tubing thatwas not inchided 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 piessure 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 I, 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 havebeen performed to establish the significance of
correlation between loss coefficient and contact pressure. In addition, describe any statistical tests that have been performed to confinn 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

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

14 Reference 2, Enclosure 1, page 25 of 84 - For the case of assumed zero slope of loss coefficient versus contact pressure, two constant loss coefficient values were
compared. Does the first assumed value come from Figure 14? If not, provide Additional infornation onwhere this assumnption 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 Amendojent Request," still applies.

15 Reference 2, Enclosure I, Figure 15 - clarify the title of Figure 15 in tenrs 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.I,
Table Il-I and (2) why the contact pressures shown in Referetice 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 Sumnmary:

A new structural analysis which involves a fully probabilistic, whole bundle H* depth calculation for each of the Model F H* plants and a new leakage analysis
obviate the need to provide a detailed response to this RAI.

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 6-1 a. 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 Surmnary:

A new structural analysis which involves a fully probabilistic, whole bundleH* depth calculation for each of the Model F H* plants obviates the need to provide a
detailed response to 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)

17 Reference 2, Enclosure 1, Attachment I (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 experience. Discuss the available
options for inspecting the divider plates.

Issue Resolution Summary:

This RAI 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 RAI 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

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

19 Reference 2, Enclosure I, Attachment I - 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 "pre-treatments" of test specimens (hydraulic expansion pressure, heat relief, etc.).

c. Description of test setup, including sketches.

d. Description of test procedure.

e. What were the secondary side temperatures in Tables i 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(l) 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 perfonned as a
function of elevation?

Issue Resolution Summary:

The original response to this RAI in LTR-CDME-07-198, "Response to NRC Request forAdditional 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 I - The pressure tap locations in Figure 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 I - Figures 2 and 3 assume crevice pressure at the top of tubesheet is at the saturation pressure for the primary system. Discuss
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:

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-Attachmnent 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 I - Figure 3 refers to tests labeled SLB 9 and SLB 10 which are not listed in Table 2. Discuss and explain this, or provide a
revised Table 2 and Figure 3 showing all test results.

Issue Resolution Summary:

The original response to this RAI in LTR-CDME-07-198, "Response to NRC Request for AdditionalInformation 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

RAt 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* dpthcýalculation for each of the Model F H* plants which applies a depth-based
crevice pressure obviates the need to provide a detailed response to this RAI.

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, ordoes 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?

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, whynot? 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 F H* plants wvhich 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 Source Document f6r Initial Response: LTR-CDME-07-198 (Reference 2-3)
No

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

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
Additionial 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 F H* plants
which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAI.

26 Reference 2, Enclosure 1, Attachment I - 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 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 F H* plants
which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAI.

27 Reference 2, Enclosure 1, Attachment I - In Table 5 under the heading of outliers, rows I 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-Attachunent and LTR-CDME-05-209-P of the Wolf Creek Generating Station (WCGS) Permanen.t 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 F H* plants
which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAI.
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Table 2-2 (Continued) List of NRC RAI on H* and Resolution Status

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

28 Reference 2, Enclosure 1, Attachment I - 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 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-Attaclunent 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 F 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, Attaclunent I - Confirm that the "unaltered" case in Table 5 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 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 F H* plants
which applies a depth-based crevice pressure obviates the need to provide a detailed response to this RAI.
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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 and2009. 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

following.:

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 PMJC 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 changes 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.

3.1.1 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 SA508 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.

3.2.1 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
NX 1145, 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 mechanicalproperty certifications are contained in Tables 3-4 and 3-5,
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 was2 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.

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 1091TM unit according to

WCAP- 17071-NP April 2009
Revision 0



3-4.

ASTM E228-06 (Reference 3-8). The tests ran from room temperature to 700'F and were heated at a rate
of approximately 3.6°F/min. (26C/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
D5 steam generator tube (0.750 inch dia.), 4 specimens from Heat NX1002 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 specimens 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 NXI019, 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
NX 1002 and 3 specimens from each of Heat NX 1019 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 NX 1518 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 specimens 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 D5, Heat NX1019, Sample 2; and Model 44F, Heat NX9180, Sample 4. One
sample that initially exhibited "normal" behavior was Model D5, Heat NX 1145, Sample 3.
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3.3 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 I repeat test on A600
strain hardened material that initially exhibited "normal" behavior.

3.4 DISCUSSION

SA508 Material

The heat-up tests on A508 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 350T,
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 useId to measureCTE.

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
1000F, 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 A508 material, the ASME Code curves would predict that the tubesheet will expand more and the
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tube will expand less than the 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 repeat test data are slightly higher than their respective
original tests at I 00°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 hardened 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 D5 tube, Heat NXI019; and Model 44F tube, Heat NX9180), and one was chosen
because it initially exhibited "normal" behavior (Model D5 tube, .Heat NX 1145). 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.

3.5 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.

2. 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.

3. All samples show a general curve of increasing CTE with increasing temperature. All of the
A508 material show non-linear behavior, while some of the A600 material shows nearly linear
behavior.

4. 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).

•5. 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.. It is concluded that within the accuracy
of the test method, the CTE.values are repeatable and consistent.

6. 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 temperature 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 6000F provide enough thermal energy to induce
elastic recovery. In addition, the plastic strain introduced by the strain hardening was small.

7. 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.

3.6 REFERENCES

3-1 WCNOC Letter ET 08-0010, "Withdrawal of License Amendment Request for a
Permanent Alternate Repair Criteria in Technical Specification (TS) 5.5.9, Steam
Generator (SG) Program," February 14, 2008.

WCAP- 17071-NP April 2009
Revision 0



3-8

3-2 NRC Letter, "Wolf Creek Generating Station - Withdrawal of License Amendment
Request on Steam Generator Tube Inspections (TAC No. MD1097)," February 28,
2008."

3-3 Wolf Creek Letter ET 06-0004, "Revision to Technical Specification 5.5.9, Steam
Generator Tube Surveillance Program," February 21, 2006.

3-4 Wolf Creek Letter WO 07-0012, "Response to Request for Additional Information
Related to License Amendment Request to Revise the Steam Generator Program,"
May 3, 2007.

3-5 Wolf Creek Letter ET 07-0043, "Response to Request for Additional Information
Related to License Amendment Request to Revise the Steam Generator Program,"
September 27, 2007.

3-6 ASME Boiler and Pressure Vessel Code,- Section II, New York: ASME
International, 2007.

3-7 W. B. Middlebrooks, D. L. Harrod, and R. E. Gold, Nuclear Engineering and Design
143, 1993, pp. 159-169.

3-8 ASTM E228-06, "Standard Test Method for Linear Thermal Expansion of Solid
Materials with a Push-Pull Rod Dilatometer," West Conshohocken: ASTM
International, 2006.

3-9 J. Begley, private communication.

3-10 D. Gaal, Laboratory Director, ANTER Corporation, private communication.

3711 Westinghouse CN- SGMP-0972, "Analysis of the Coefficients of Thermal Expansion
of A600 and A508 Material."

WCAP- 17071-NP April 2009
Revision 0



3-9

Table 3-11 Chemical Certifications (in Weight Percent) for A508 Pressure Vessel Steel Used in the CTE Test Program

S Heat C I Si r, Mn . . S ] Ni Cr,, Mo V Cu A A

0.24 0.15/ 1.14/ 0.010 0.010 0.37/ 0.15/ 0.42/ 0.010 0.10 0.04003D95 8-1-6
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

97B80-111 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 3-22 Mechanical Certifications for A508 Pressure VesselSteel in the CTE Test Program

Heat I Yield Strength (ksi) I Tensile Strength••ssi) I Elongation,(%) I Reduction of Area ("o):

03D958-1-6 68.8 90.3 29.2 74.6

73.9 96 28 73
97D28-1-13 75.15 97.4 28.4 73.4

97B80-1-11 74 96.7, 28 . 71.7

70.3 92.0 29.2 71.7
9713258-1-1

71.4 93.8 .28 70.4

Chemical certifications provided courtesy of the Muroron Plant of The Japan Steel Works, Ltd.
2 Mechanical certifications provided courtesy of B&W Canada.
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Table 3-33 Summary of the A600 Tubes Used in the CTE Test Program

7 Steamt Generator [Nominal Outer
Mode[ Heat Condition Diameter in.)

F NX0419 Thermally-Treated 0.688

F NX9749 Thermally-Treated 0.688

F NX9821 Thermally-Treated 0.688

D5 NX1002 Thermal ly-Treated 0.750

D5 NX 1019 Thermally-Treated 0.750

D5 NX 1145 Thermally-Treated 0.750

44F NX9180 Thermally-Treated 0.875

44F NX9292 Thermally-Treated 0.875

44F NX1518 Thermally-Treated 0.875

Table 3-44 Chemical Certifications (in Weight Percent) of the A600 Tubes Used in the CTE Test Program

Heat 4 C ]Mn J FeL S ]kSi~ Cu 1Ni ICr 1Al~ Ti Co EP~ B
NX0419 0.029 0.13 9.16 0.001 0.20 0.28 74.26 15.94 0.30 0.26 0.03 0.012 0.004

NX9749 0.040 0.23 8.14 0.001 0.29 0.22 74.99 16.09 0.21 0.24 0.04 0.010 0.005

NX9821 0.028 0.16 7.47 0.001 0.22 0.42 75.76 15.94 0.31 0.22 0.02 0.008 0.005

NX1002 0.027 0.29 9.67 0.003 0.12 0.28 73.83 15.78 0.13 0.13 0.04 0.010 0.004

NX1019 0.047 0.26 9.00 0.001 0.18 0.28 74-49 15.74 0.24 0.23 0.04 0.008 0.005

NX1145 0.037 0.29 9.39 0.001 0.15 0.30 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 8.99 0.002 0.10 0.38 75.15 15.13 0.25 0.22 0.04 0.010 0.004

NX1518 0.030 0.34 8.82 0;001 0.28 0.20 74.46 15.87 0.19 0.23 0.05 0.008 0.004

3 Two values were reported for this heat of material.
4 All values provided courtest of Westinghouse STD.
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Table 3-54 Mechanical Certifications of the A600 Tubes Used in the CTE Test Program

H YiddStrength Tensile Strength I [ Hardness
Hea j~:(ksi) __________KEogtin()L(B

NX0419 51 106 37.5 84

NX9749 49 106 38.5 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 45.5 83

NX1518 51.5 107.4 38.5 87

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

Tube Heat-Up Strain Retest of Strain
Material Heat No. Dia. (in.) CTE Repeatability Hardened Hardened

03D958-1-6 na 100) na na na

97D28-1-1 na 100). na na na
97B80-1-11 na 100l na na na
97D258-1-1 na l0ol. 10 (sample 8)(2). na na

NX0419 3(1). na 3(1) 3(sample 3) (2)

NX9749 0.688 4(1) na 4(1) na
NX9821 3(") na 3(1) na
NX1002 4(1) na 4(1) na

A600 NX1019 0.750 3(1) 10 (sample 3)(2) 3(1) 3 (sample 2)(2)

NX1 145 3(1) na 3(P) 3 (sample 3) (2)

NX9180 4(1) na 4(1) 3 (sample 4) (2)

NX9292 0.875 3 (1) ---....... na 3(1) na

NX1518 3(1) na 3(1) 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 Deseriptonifý F igure No.

A508 Gr. 3 Cl. I 03D958-1-6 Heat-up 4

A508 Gr. 3 Cl. 2 97D28-1-1 Heat-up 5

A508 Gr. 3 Cl. 2 97B80-1-11 Heat-up 6
A508 Gr. 3 Cl. 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.) NXI019 Heat-up 15

A600 (0.750 inch dia.) NXI 145 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. 3 Cl. 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.) NXI019 Strain hardened,.heat-up 31

A600 (0.750 inch dia.) NX 1145 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.) NXI 145 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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a,c,e

Figure 3-2 Model D5 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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A508 Gr. 3:Cl. 2(2), Heat 97B80-1-11
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Coefficient of Thermal Expansion Summary
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A600, Model F Tube, Heat NX0419
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A600, Model F Tube, All Heats
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A600, Model D5 Tube, Heat NX1002
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A600, Model D5 Tube, Heat NX1145
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A600, D5 Tube, All Heats
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A600, Model 44F Tube, Heat NX9292
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A600, Model 44F Tube, All Heats
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A600, All Model Tubes, Mean Curves
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A600 Multiple Run, Heat Up Only
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A600, Model F Tube, Heat NX0419
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A600, Model D5 Tube, Heat NX1002
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A600, Model D5 Tube, Heat NX1145
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A600, Model 44F Tube, Heat NX9292
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A600, Model F Tube, Heat NX0419

Strain Hardened, Repeat Tests
Coefficient of Thermal Expansion Data

8.5

8CL

7.5

S7

S76.5

GD

(-
0

................ .... ............................ ... ............................... ............................................... ............................ . ..... 0%

............................................. L'.. . ............................ ...................... ........................

-4--Sample 3, Run 1

-.-- Sample 3,'Run 2

-,-Sample 3, Run 3

-Mean, Repeat Tests

-.m-Sample 3, Original Test

- Mean, Non Strain Hardened

0 100 200 300 400 500 600 700

Temperature, Degrees F

800
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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 throughouteach 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-sec ondary 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
of 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=O6 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 repair 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:

" PWR Steam Generator Examination Guidelines

" PWR Primary-to Secondary Leak Guidelines

" PWR Secondary Water Chemistry Guidelines

* PWR Primary Water Guidelines

* Steam Generator Integrity Assessment Guidelines

* 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 (CLIlP).
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 arid 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 prior and in-progress 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 hydizaulic 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
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be zero is a significant conservatism in this analysis; any positive value of residual 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 F SG, each bundle contains 5626 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) permit application of either a deterministic approach or a probabilistic
approach that satisfies the limit requirements for the accident-induced limiting performance criterion
(AILPC) of at least 0.95 at 50 percent confidence.

Upon implementation 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 (gNop) during normal
operating conditions to dynamic viscosity during accident conditions ([1DBA).

4. Multiply the result of Item 3 by the ratio of effective flow path length (1NOP) under normal operating

conditions to effective flow path length under steam line break conditions (IDBA).

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 F 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,

INOP/IDBA, 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.

WCAP- 17071 -NP April 2009
Revision 0



4-5
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5.0 PLANT OPERATING CONDITIONS AND LOADINGS (MODEL F)

5.1 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 F SGs. These 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 norial 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 power1 . The locked rotor can occur in any loop. Reactor trip occurs almost immediately, as a result
of low coolant flow in the affected loop. Following the trip, heat stored in the fuel rods continues to pass
into the core coolant causing the coolant to expand. The rapid expansion of the coolant in the reactor
core, combined with the reduced heat transfer to the secondary system, causes an in-surge into the
pressurizer and a pressure increase throughout the reactor coolant system. The in-surge into the
pressurizer compresses the steam volume, actuates the automatic spray system, opens the power-operated
relief valves (PORVs), and eventually opens the pressurizer safety valves in that sequence. The two

PORVs are designed for reliable operation and would be expected to function properly during the
accident. 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 pressurizer 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 designbasis 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 F SGs assume that a SG power operated relief valve (PORV) becomes stuck open

following a locked rotor event. For one plant, all the initial secondary side fluid, plus the feedwater flow and the
primary coolant leakage for the first 20 minutes, is assumed to be released to the atmosphere. The affected SG is
isolated, by operator action, to close the isolation valve upstream of the relief valve within 20 minutes. For both
plants, the flow area through the stuck-open PORV 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 2 (also called end cap loads) to be resisted during normal operating (NOP) and
faulted conditions for the bounding Model F plant (Millstone Unit 3) 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.

Operating Condition" AP (psi) Area (in2) EndoCap Factor of H*Designap
(Ppri-Psec) (Note 1) (lbs.) Safety Load (Lbs.)

a,c,e

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 faulted condition end cap loads will notvary from plant to plant among the Model F population for
the postulated FLB for 3- and 4-loop plants because the specified transient for both is the same. The
value for end cap load for a 3-loop plant is different than the value for a 4-loop plant for a postulated SLB
event and is also provided above. The values vary only slightly for the locked rotor event and control rod
ejection event from plant to plant (see Table 5-6).

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

2 The values for end cap loads in this subsection of the report are calculated using an outside diameter of the tube

equal to the mean diameter of the tubesheet bore plus 2 standard deviations.
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with stuck open PORV 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.

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. I (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.

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 F H* Plant

. . .. . ..... . ... P la n t

Parameter and Units Salem Millstone Seabrook Vogtle "
Unit I1(• Unit 3(2) Unit 1(3() Units 1 and 2 Wolf Creek (5) Vandellos 11(6)

a,c,e
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Table 5-2 Steam Line Break Conditions

Parameters and Units Salem Unit I Millstone Seabrook Vogtle Units Wolf Creek Vandellos 11
Para___ tersandUnits _ Sale[ Unit 1 Unit 3 Unit I I 1 _and 2 _

a,c,e
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Table 5-3 Feedwater Line Break Conditions3

a,c,e

Parameters and Units Salem Unit 1 Millstone Unit Seabrook Vogtle Units Wolf Creek Vandellos II
3 Unit 1 I and 2

4 4 F F

+ F

+ j F
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Table 5-4 Locked Rotor.Event Conditions

Parameters and Units Salem Unit 1 Millstone Seabrook Vogtle Units 1 Wolf Creek Vandellos II
Unit 3 Unit 1 and 2

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

Parameters and Units Salem Unit 1 Millstone Seabrook Vogtle Units Wolf Creek Vandellos IIParmeersan Uitssaem ni 1 Unit 3 Unit I I and 2 a,c,e

WCAP- 17071-NP April 2009
Revision 0



5-10

Table 5-6 Design End Cap Loads for Normal Operating Plant Conditions, Locked Rotor and Control Rod Ejection for Model F Plants

Low Tav9 High Tavg Control Rod

Plant End Cap Load End Cap Load Locked Rotor Ejection
w/SafetyFactor w/Safety Factor End Cap Load. End Cap Load

(lbf) (lbf) (Ibf) (lbf) a,c,e
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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 of 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.

Thestructural 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 F SG in the, fleet, show that a length of [ ]ace 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).
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a,ce.

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

6.1.1 Introduction

The H* analysis determines the required engagement length of an SG tube into the tubesheet necessary 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
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
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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*
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 F 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 [ ]"'I' 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 and 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.

WCAP- 17071-NP April 2009
Revision 0



6-4

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.
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

2. Bearing/Support Pads

I Divider Plate

4. 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 [ ]a .. ,divisions over the radius of the tubesheet and
[ ],,ce 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 [ ]a'e horizontal divisions over the radial dimension and it also has [ ]acC 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 [ ]ace in
tubesheet displacement for the perforated region. [

]axc. Figure 6-7 shows a

picture of a typical 3D finite element mesh of the lower SG complex with a tubesheet support ring.
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The 3D finite element mesh was also defined azimuthally, with the mesh seeding at the 450 and 900 planes
being equal to the mesh seeding and divisions at the 00 plane. See Figure 6-8 for a top plane view of the.
tubesheet mesh that shows the divisions at the 00, 450 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 [ ] s.c.e Solid higher order (10-node) tetrahedral and higher order quadrilateral
elements in a typical 3D finite element model of the Model F SG. There are [ ]a'ce nodes in the. 3D
model for a total of [ I ace degrees of freedom. Plant-specific finite element models may have more
or less nodes than a typical Model F, 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 axisymmetric 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.
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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.•

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 (ARPRI)

* 1000 psia pressure on all secondary faces at room temperature (ARsEc)

The unit load approach consisted' of the following temperature cases:

* 500'F temperature difference on the stub barrel (ARsB)

* 500'F temperature difference on the channelhead (ARCH)

* 500'F temperature difference on the tubesheet (ARTs)

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 a,c,e
equation:K. .
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The values for ATCH, ATSB and ATTS 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 F SG was approximately [ .]'' inch. The minimum radial tubesheet
deflection predicted using this method for a Model F SG was approximately [ ],', inch. In
comparison, the maximum tubesheet deflection for a Model F SG using the 3D finite element analysis, is
approximately [ ]a'Ce inch or less. The minimum tubesheet.deflection for a Model F SG using the 3D
finite element analysis is approximately [ ]ace inch.

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 is more than I 00'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) will give dramatically larger displacement results compared 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 includes the significant structures in an operating SG. The 3D finite
element analysis also responds to variations in input parameters in a more realistic fashion.
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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 6-40 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
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 F 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 that also
extends to a support ring structure outside of the internal SG structure. In the Model F SG without support
rings, the lower SG complex is supported by four bearing pad connections on the channel at roughly. 450
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 F 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 [ ]a,,e 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 [ ]a.c.. inch, or less. The original analysis for the Model F and Model 51-type
SGs noted that including the tube lane reduces the vertical displacements at the centerline of the tubesheet
by more than' [ ]a" ce% (Reference 6-6), relative to a tubesheet with no divider lane. The original analysis
for the Model F 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 [ ]a,,e% (Reference 6-28), relative to a tubesheet without a divider, plate. The divider plate
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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 reduction in displacement is still at
least [ ],,Ce% (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 F 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. If 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 F 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 [ ]O .... inch and the tubesheet hole
diameter is conservatively assumed to be [ inch, noting that the nominal bore diameter is

[ inch. The inside diameter (ID) of the tube after expansion into the tubesheet is taken to be
about [ ]O°C• inch based on an approximation of [ ]ae% 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, q7, is defined as:

hnominal

Pnominal

hnominal = Pnominal dmaximum (ligament thickness)
Pnominal = [ ]a'' inch, the pitch of the square hole pattern
dmaximum = [ ]a.c.. inch, the tube hole diameter
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Therefore, hnominai = [ ]cje inch (i.e., [ ]... and i= ]a,•,e when the tubes are not
included. From Slot (Reference 6-5) the in-plane mechanical properties for Poisson's ratio of 0.3 are:

r- -- I a,c,e

.4- -4-

+ 4-

where the subscripts p and d refer to the pitch and diagonal 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 F 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

V

Figure 6-3 Solid 3D Model of a Typical SG Without a TS Support Ring
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-I a,c,e

Figure 6-4 3D Model Mesh Screen Shot
a,c,e

Figure 6-5 Close-Up of Tubesheet Junction Mesh in a Model Without a TS Support Ring
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a,c,e

Figure 6-6 Typical Finite Element Mesh for. a Prior Axisymmetric Tubesheet-Channelhead-Stub
Barrel Model

(Note that this model does not have a tubesheet support ring.)
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a,c,e

4l

Figure 6-7 3D Tubesheet Mesh Close-Up Screen Shot
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a,c,e

Figure 6-8 Top Plane View of Perforated Tubesheet Mesh

Figure 6-9 Rear View of 3D Model Mesh
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6.2.2 Inputs to the Model and Their Variability

6.2.2.1 3D FEA Model Materials and Material Properties

The materials used in modeling the 3D Model F SG are the same as those noted in the engineering and
design specification of the Model F 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 properties 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 F 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 6-7). 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 F H* contact pressure analysis.
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Figure 6-10 Important Structures in the Lower SG Complex

Figure 6-11 Top View of Tubesheet Showing Different Tubesheet Structures

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 F 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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a,c,e

with the elasticity coefficients calculated as:
a,c,e

a,c,e

a,ce ac,e

K Zandi ]

a,c,e -- a~ce

where and E.

The variables in the equation are:

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

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

VP = Effective Poisson's ratio for in-plane loading in the thickness direction,

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

Gz = Effective shear modulus for transverse shear loading,

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

VPd = Effective Poisson's ratio for in-plane loading in the diagonal direction, and,

v = Poisson's ratio for the solid material,.

E = Elastic modulus of solid material,

yRz Transverse shear strain

r = 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 (OF)

Property 70 200 300 400 500 600 700

.Young's Modulus(psi 106)M 31.00 30.20 29.90 29.50 29.00 28.70 28.20

Thermal Expansion
(in/in/OF. 10-6) 6.90 7.20 7.40 7.57 7.70 7.82

Den s ity 7.94 7.92 7.90 7.89 7.87 7.85 *7.83Olb-secZ /in 4 .1074)

Thermal Conductivity 2.01 2.11 2.22 2.34 2.45 2.57 . 2.68
(Btu/sec-in-0 F• 10-4)

Specific Heat.
(BtuSin/lbpsecZOF) 41.2 42.6 43.9 44.9 45.6 47.0 47.9

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

Temperature (OF)

Property 70 200 300 400 500 600 700

Young's Modulus285
(psi M106 ) 29.20 8.50 28.00 27.40 27.00 26.40 25.30

Thermal Expansion 6.50 6.67 6.87 7.07 7.25 7.42 7.59
(in/in/OF • 10.6)

Density 7.32 7.30 7.29 7.27 7.26 7.24 7.22
(lb-secZ/ih 4 T 1 04)

Thermal Conductivity 5.49 5.56 5.53 5.46 5.35 5.19 5.02
(Btu/sec-in-F.1 0-4)

Seiic Heat 5. 28 5.Specific 2Heat 41.9 44.5 46.8 48.8 50.8 52.8 55.1(Btu-inilb-sec2 -F)
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Table 6-4 Summary of Material Properties for SA-533 Grade A Class.2 Shell Material

Temperature ("F)

Property 70 200 300 400 500 600 700

Young's Modulus(psi.u106) 29.20 28.50 28.00 27.40. 27.00 26.40 25.30

Thermal Expansion 7.06 7.25 7.43 7.58 7.70 7.83 7.94
(iniin/°F.!0-6)_____ _____ ____ ___ __ ____

Density 4 7.32 7.30 7.283 7.265 7.248 7.23 7.211(lb-sec2/in4 .10.4)

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

Temperature (IF)

Property 70 200 300 400 ,500 600, 700

Young's Modulus
(Ppsi.10 6) 29.50 28.80 28.30 27.70 2.7.30 26.70 25.50

iThermal Expansin 5.53 5.89 6.26 6.61 6.91 7.17 7.41
(in/in/0F• 10-6)____ _______

Density(lb-sec2/in 4.104) 7.32 7.30 7.29 7..27 7.26 7.24 7.22
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Table 6-6 Summary of H* Millstone Unit 3 Analysis Mean Input Properties

Plant'Name . f. Millstone Unit 3
S plafitAlphaia NEU
Plant Analysis-Type Hot Leg

- SG Tye F

nputalue, Unit Reference

Accident and Normal Temperature Inputs

:, " " : ' . • " 4 ": . ... .. . . . . .. .

4/I

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

** Model 44 F - These original SGs have been replaced.

* Model 51F - These original SGs have been replaced.
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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 applieddisplacement 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 arel 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

2. Secondary Surfaces.

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 F SG, this connection is achieved through the tubesheet support ring. The tubesheet support ring
acts to restrain the motion of the SG in the vertical and horizontal directions. See Figure 6-14 for an
illustration of how the boundary conditions for a non-support ring model are applied. The boundary
conditions in the structural model reflect these constraints. However, the SG is freely allowed to expand
in a stress free fashion during heat-up. The boundary conditions in the thermal model reflect the ability of
the SG to expand radially without restraint. *Figure 6-15 and Figure 6-16 are illustrations of the typical
applied load conditions in the structural model and the thermal model. Figure 6-17 and Figure 6-18 are
illustrations of the boundary conditions typically applied to the tubesheet to prevent rigid body
translation.
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Figure 6-15 Typical Structural Model Applied Loads

Figure 6-16 Typical Thermal Model Applied Loads
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Plane of Syniel, u. zO

Figure 6-17 Typical Thermal Model Tubesheet Boundary Conditions
Shown on Top View SG

Figure 6-18 Typical Structural Model Tubesheet Boundary Conditions
Shown on Top View of Model F

In Figure 6-15 and Figure 6-16, displacement in the Z-direction (perpendicular to the page) is fixed at the
half-symmetry plane that bisects the lower shell, tubesheet, channelhead and divider plate. The
displacements in the vertical (Y-axis) and horizontal (X-axis) directions are fixed at zero on the
outer-most, lower edge, of the support ring. The primary and secondary pressure loads are applied to the
primary and secondary surfaces. The vessel end cap pressure load is calculated using the thin shell
relationship (po-=psecrn/2t) and applied along the top surface of the lower shell. The lower shell
dimensions typically place it in the thin shell regime. The ratio of the lower shell radius to its wall
thickness does not exceed the criteria for a thin shell analysis. The primary pressure in the hot and cold
leg chambers in the channelhead are modeled separately based on the system curves and the appropriate
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transient analysis details. The height of the lower shell included in the model is equal to at least

4.6 Rt , perASME Code requirements, unless a drawing reference dimension specifies a lower height,

to attenuate any effects from the cut edge of the vessel and the applied end cap load so that loads are
transmitted to the tubesheet region in a correct fashion. A portion of the transition shell is included in the
model if the height of the lower shell is lessthan the ASME Code limit. No plants with Model F SGs
have a lower shell less than the ASME Code limit.

[

]•c~e The reference temperature for the structural model is also set to the hot leg primary fluid

temperature so that no temperature differential is considered in the structural pressure load model. This is
conservative because it uniformly reduces the stiffness of the solid and perforated regions of the tubesheet
to the lowest level for each operating condition. The reference temperature in the thermal load model is
set to 70 'F so that all displacements and strains are measured with respect to ambient room temperature.
The typical thermal analysis boundary conditions are shown in Figure 6-17. The typical structural
analysis boundary conditions are shown in Figure 6-18. Notice that the 'horizontal displacements are
fixed at the centerline of the tubesheet instead of at .the' support ring in the thermal analysis. The
temperature conditions are applied as surface loads and then the analysis determines what the final
steady-state temperature distribution is due to conduction. The surfaces of the model are considered to be
perfectly insulated and neither radiation nor convection losses are permitted. This is a conservative
assumption that is consistent with the steady-state, static, nature of the analysis that considers only the
maximum or minimum applied temperatures and pressures rather than the more realistic conditions taken
from the system operating curves or the transient definitions in the SG design specification.

The current operating parameters in the Model F H* fleet are listed in Table 5-1. The generic parameters
for a Model F 4-loop H* plant are listed in Table 6-8 through Table 6-13. The parameters in Table 6-8
and Table 6-13 are based on conservative assumptions drawn from Table 5-1. Please, refer to Table 6-8
through Table 6-13 for the pressures and temperatures in each operating condition. The details in the
operating condition tables come from the System Curve reference for a Model F operating plant
(SSDC-1.3F) and the latest, .approved and published PCWG conditions for Millstone Unit 3
(PCWG-06-9). The Millstone Unit 3 conditions were used as a comparison because they represent, the
highest operating temperatures in the Model F fleet. These selected conditions cannot actually occur in
an operating SG but are used in a comparative analysis described in Section 6.4.7 to determine the effect
on H* for postulated normal operating conditions. For example, it is not possible to have both a low
secondary side pressure and a high secondary side fluid temperature, but using the maximum and
minimum conditions from Table 5-1 assumes those conditions can exist simultaneously. The
determination of the limiting plant in the Model F fleet is made using the actual specified plant operating
conditions and not the generic conditions from Table 6-8 through Table 6-13.
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Table 6-8 Conservative Generic NOP Pressures and Temperatures for 4-Loop Model F

(These values do not exist in operating SG and are produced by examining worst-case
comparisons.) fl,c,e

Table 6-9 Generic NOP Low Tavg Pressures and Temperatures for 4-Loop Model F

- a,c,e

Table 6-10 Generic NOP High Tavg Pressures and Temperatures for 4-Loop Model F
a,c,e
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Table 6-11 Generic SLB. Pressures and Temperatures for 4-Loop Model F

a,c,e

i

Table 6-12 Generic FLB Pressures and Temperatures for 4-Loop Model F

a,c,e

+

Table 6-13 Conservative Generic SLB Pressures and Temperatures for 4-Loop Model F
(These values do not exist in operating SG and are produced by examining worst-case

comparisons.)
a,c,e

i
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6.2.2.2.3 Effect of Tubesheet Support Ring on Displacement Boundary Conditions

The tubesheet support ring is used to attach the lower SG complex to the containment building floor
through a system of structural supports. Not all SG models have a tubesheet support ring. If a SG does
not have a tubesheet support ring then bearing pads mounted on the exterior surface of the channelhead
are used to connect the SG to the containment building floor (see Figure 6-14). These two different
possibilities represent two different ways to apply displacement boundary conditions in the structural
analysis of the finite element model. One option is to fix the centerline of the tubesheet, through the
thickness of the divider lane, in the global X-direction so that the centerline of the tubesheet does not
change position during the analysis. Another option is to radially constrain the edge of the tubesheet
support ring (UR = 0) so that the tubesheet centerline does not change position during the analysis. A
study was performed to see if there was a significant difference between the displacement results due to
pressure loading for the centerline fixed and tubesheet ring fixed boundary condition options. The study
showed that there was a small difference between the two boundary conditions but that it had an
insignificant effect on the resulting contact pressure distribution.

The study used the boundary NOP temperatures, primary, and secondary pressure loads from Table 6-8
Using the values from Table 6-8 means that the highest operating temperatures in the H* fleet are used
which will result in the least stiff tubesheet material. Using the upper bound temperatures to obtain the
least stiff tubesheet structure is conservative because it highlights the contribution of the tubesheet
support ring to the analysis. See Figure 6-19 for a graph comparing the tubesheet deflection for the
centerline, fixed and. tubesheet support ring fixed boundary conditions for the bottom of the tubesheet
(BTS) surface and the top of the tubesheet .(TTS) surface for both the hot leg (HL) and the cold leg (CL)

of the SG.
a,c,e

Figure 6-19 Comparison of the Tubesheet Deflection for the Centerline Fixed and Tubesheet
Support Ring Fixed Boundary Conditions for the Bottom of the Tubesheet (BTS) Surface and the

Top of the Tubesheet (TTS) Surface for Both the HL and the CL of the SG
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The results in Figure 6-19 cannot be examined as if one condition is more conservative than the other or
that one condition predicts more displacement than the other. The question, is whether the act of
constraining the nodes along the centerline of the tubesheet to remain in the same location (which cannot
occur in a real SG) gives a markedly different result from constraining the tubesheet support ring in the
radial direction (whichis most similar to what occurs in a real SG). The results in Figure 6-19 show that
the difference between a realistic boundary condition and an unrealistic boundary condition is small. The
ring fixed boundary condition predicts larger displacements at the near radii while the centerline fixed
model predicts larger displacements at radii greater than 10 inches. The maximum difference between the
pressure deflection of the tubesheet for the model with the tubesheet support ring fixed condition and the
tubesheet centerlihe fixed condition was [ . ]a~c~e inch. This difference in deflection had, only a small
effect on contact pressure.. The decrease in contact pressure is less than, [ ]',e% when utilizing the fixed
center boundary condition; however, the centerline fixed, conditions does not realistically represent the
actual physical condition. Therefore, it is appropriate to use the tubesheet support ring fixed boundary
condition in the finite element analysis of the tubesheet deflections due to the pressure load.1

6.2.2.2.4 Applied Pressures

The primary fluid pressure is applied to the interior primary surface of the channelhead, the primary face
of the tubesheet, and the surface of the divider plate. The hot leg pressure is applied to the inlet chamber
of the channelhead plenum, the hot leg primary face of the tubesheet, and the hot leg surface of the
divider plate. The cold leg pressure is applied to the outlet chamber of the channelhead plenum, the cold
leg primary face of the tubesheet, and the cold leg surface of the divider plate. The secondary fluid
pressure is applied to the interior secondary face of the tubesheet and the lower shell. The loWer shell cut
face is the surface where the vessel end cap load is applied to. the model.. The vessel end cap load is
calculated using the thin shell pressure vessel calculations unless the 'ratio of the lower shell wall
thickness to the inner radius of the lower shell dictates that the thick shell end cap load equations should
be used instead (Reference 6-8). The exterior surface of the SG includes the exterior surface of the
channelhead, the exterior surface of the tubesheet, and the exterior surface of the: lower shell.. The
pressures applied to each of the surfaces is the absolute pressure, not the gauge pressure; therefore the
exterior surface of the SG can be pressurized to 15 psi (atmospheric pressure).,

]8C~e The effect of atmospheric pressure on

the exterior surfaces is conservatively ignored in the H* analysis and the finite element analysis.

6.2.2.2.5 Applied Temperatures

Each of the transient analysis conditions applied to the finite element model are considered to be static
and steady-state. In the context of the thermal analysis, the static assumption means that there is zero heat
transfer from radiation and convection mechanisms in the .SG. The static condition assumption also
means that there is no primary fluid flow through the SG tubes. The static assumption in the SG means
that the temperature profile through the tubesheet will develop based on the conduction properties of the
tubesheet material. Pure conduction through the tubesheet will result in a linear distribution of

The results in Section 6.2.2.2.3 do not apply in the case of an SG model without a tubesheet support ring.

Currently, there are no existing domestic Model F SG's without a tubesheet support ring. In the event that a SG
model does not have a tubesheet support ring the boundary conditions are moved lower on the SG complex structure
and the discussion in Section 6.2.2.2.3 becomes irrelevant.
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temperature ranging from the primary fluid temperature at the primary face of the tubesheet to the
secondary fluid temperature at the secondary face of the tubesheet. The linear temperature distribution is

reasonable during the feedwater line break (FLB) and the steam line break (SLB) conditions due to the
assumed static analysis conditions. The linear temperature distribution is also reasonable during the

faulted conditions because the tubesheet rapidly approaches equilibrium with the primary and secondary
fluids during the SLB and FLB transients due to the low thermal mass of the perforated tubesheet and the
large difference in primary and secondary fluid temperatures.

The normal operating conditions (NOP) are analyzed using different assumptions. During NOP, it is
reasonable to assume that primary fluid is flowing in the tubes. Therefore, heat transfer across.the tube

wall from the primary fluid is the main heat source within the tubesheet during NOP. Previous analysis
(Reference 6-9) suggests that the temperature throughout the thickness of the tubesheet during NOP is.
,nearly uniform at the primary side temperature until the upper 2 inches of the tubesheet. The tubesheet

displacements due to pressure already assume that the tubesheet is uniformly at the highest .primary fluid
temperature, so this assumption does not affect the pressure related displacement results. The effect of

the different temperature distribution during NOP was studied using two different sets of boundary
conditions and meshing schemes in the finite element analysis. All methods assumed a primary fluid
temperature equal to. the highest normal operating temperature (NOP Hi-Tavg) in the Model F fleet
(622.6 'F). The secondary fluid temperature in both methods assumed that the secondary fluid was at a

constant value equal to the average of the feedwater temperature and the steam outlet temperature for
Millstone Unit 3 (4901F). A higher secondary fluid temperature in this context is. conservative because it

means that both surfaces of the tubesheet are at high temperatures and will radially expand more. The
difference between the two methods lies in how the heat is !distributed through the thickness of the

tubesheet. The linear temperature distribution assumes that the, tubes contribute no heat to the tubesheet
and that the final thermal distribution is determined by pure conduction. [ .

]a,,e See Figure 6-20 for a graph comparing the linear temperature distribution to the
modified temperature distribution used in the study.
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a,c,e

Figure 6-20 Comparison of Different Temperature Distributions Through the Tubesheet due to
Varying Boundary Conditions

The tubesheet displacements for the modified and linear temperature distributions were thencompared to
determine what! the difference in H* was between the two assumptions using the two finite element
models with different meshes to accommodate the modified temperature distribution.'The comparison
showed that.the Imodified distribution predicted similar displacements to the linear distribution at TS radii
less than [ ]ac~e inches but that the modified temperature distribution predicted larger displacements at
TS radii greater than [ ]a,..e inches. The tubesheet displacement results from the linear temperature
distribution were then scaled to match the results from the modified temperature distribution-and used as
input to an H* analysis. See Figure .6-21 for a graph of the non-scaled linear and modified thermal
distribution radial tubesheet expansion and Figure 6-22 for a graph of the scaled linear and modified
thermal distribution tubesheet expansion.
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a,c,e

Figure 6-21 Radial Tubesheet Expansion due to Temperature

(The solid and dashed lines on the graph are from the linear temperature distribution. The points
on the graph are from the modified temperature distribution.)

a,c,e

Figure 6-22 Graph Comparing the Radial Tubesheet Expansion of the Modified Thermal
Distribution and the Scaled Linear Thermal Distribution Results

The results from the H* study showed that the maximum difference of the H* value between the linear
temperature distribution and the modified temperature distribution is [ ]a.... inches, assuming zero
residual contact pressure and. a coefficient of friction of [ ]a,c,. The maximum value of H* at the
limiting tubesheet radius was [ ]•'~ inches. See Figure 6-23 for a graph of the difference in H*
between the two different thermal distributions.
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a,c,e

Figure 6-23 Graph of Difference in H* Values at the Limiting TS Radius (Max H*) for the NOP
Hi-Tavg Condition Using the Linear and Modified Thermal Distributions

The difference between H* for the linear 'thermal distribution and the modified thermal distribution
decreases rapidly with increasing residual contact pressure. For instance, assuming that the residual
contact pressure contributes at least [ ]ac~e lbf/in, approximately [ ]•,~% of the residual contact
pressure value from prior test data' decreases the difference in H* at the limiting T;S radius by

]ac~e inch. If the average value of residual contact pressure from prior test 'data is used,

approximately [ ]ac,e lbf/in, the difference in H* at the limiting TS radius is decreased by roughly
]a,c,e inches. Similarly, decreasing the primary fluid temperature decreases the difference between

the linear and modified thermal distribution H* results at the limiting TS radius. The difference in the H*
results for the NOP Hi-Tavg case bound (i.e., predict larger H* due to the difference in thermal
distribution) the results for the NOP Low-Tavg case. Therefore, it is conservative to apply the modified

thermal distribution NOP Hi-Tavg results to both NOP conditions. The results for the hottest primary and

secondary fluid temperatures in the H* fleet are applied across the fleet to all plant-specific H* analyses.
The final analysis for H* adds a value of [ ]8.C.e inches to the H* value at a tubesheet radius if NOP is
determined to be the limiting.H* condition at that radius.

6.2.2.3 Variability in Material Properties and Input Conditions

6.2.2.3.1 Material Property Variability

The materials properties of the tube and the tubesheet affect the distribution of contact pressure between
the tube and the tubesheet. The material inputs and related inputs in the contact pressure analysis are:

1. Young's Modulus (E)

2. Coefficient of Thermal Expansion (a)

3. Poisson's Ratio (v)
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The effect of varying the material properties in either the tube or the tubesheet develops from the related
stiffness coefficients in finite element analysis of the tubesheet deflections and the theory of elasticity
analysis which determines how the tube and the representative tubesheet structure respond to the applied
loads and deformations.

The linear material and orthotropic material models used in the analysis follow from a direct application

of Hooke's Law; therefore, E and v are inter-related. Either E or v can vary with respect to temperature
or material effects, but not both. The values for E vary according.to temperature and material structure
and the values for vare held constant at 0.3 in the analysis. The mean values for E for each material, with
respect to temperature, in the contact pressure analysis are taken from the ASME Code. The one sigma

(la) variability of E at any given temperature is defined as I " ],,ce% (Reference 6-13). The mean
values of coefficient of thermal expansion (a) are taken from the ASME Code for each material in the
analysis. The one sigma (la) variability of a is defined for both the tube and the tubesheet material as
I ] c"% and [ ]ac~e%, respectively (Reference 6-14).

The yield strength of the tube material (Y) and the tangent modulus (ET) of the tube material are not
required in the contact pressure analysis. Instead, the effect of varying both parameters separately is,
included in the residual contact pressure analysis described in Section 7.0 of this report.

6.2.2.3.2 Design and Process Related Input Variability

The. geometric and design/process tolerances .for the SG tubes and tubesheet tube bore can influence the
contact pressure distribution. These variables include;

1. Tube Outer Diameter (OD)

2. Tube Wall Thickness

3. Tubesheet Tube Bore Inner Diameter (ID)

4. Tubesheet Collar OD

5. Hydraulic Expansion Pressure

The tube ID and tube OD, as well as the tubesheet ID, are varied according the reported tolerances
described in Section 7.0. Most of these sources of variability affect the calculation of residual contact
pressure (RCP) variability only. The variability in these parameters has negligible effect on H* if the
RCP is assumed to be zero. The variables that affect RCP variability are:

* Initial gap between the tube OD and the tubesheet tube bore ID

* Variability in the hydraulic expansion pressure

The RCP variability with respect to each parameter is discussed in Section 7.0. The current H* analysis
assumes zero (0 psi) residual contact pressure in the contact pressure analysis. The tube OD and tube ID
are explicitly used in the contact pressure analysis to determine the stiffness coefficients. The tubesheet
collar OD and tube bore ID are also explicitly used in the contact pressure analysis to determine the
stiffness coefficients of the representative tubesheet collar in the theory of elasticity analysis. A value of
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the mean tubesheet bore ID plus two standard deviations (+2G).is conservatively used to maximize the

tube end cap load.

6.2.2.3.3 Coefficient of Friction Variability

The coefficient of friction between two materials is a property of the surface characteristics and loading

method leading to different cases of friction (e.g.; static, sliding, stiction; etc.). A value of [ ] is the

lowest estimate from prior test data (Reference 6-12) and is more conservative than the published

coefficient for greased nickel sliding over a steel surface of 0.3 (Reference 6-11). Other test and analysis

data suggest that the coefficient of friction between the tube and the tubesheet could be as high as

[ ]a,., (Reference 6-12). A coefficient of friction of [ ]a,c,e is recommended for the H* contact

pressure analysis. For simplicity and conservatism, the coefficient of friction is conservatively assumed

to be [ ]a,c,e in the integration of contact pressure to determine the pull out resistance.

6.2.3 Bounding Sector Analysis

A 3D FEA model .was developed to determine the limiting region of the tubesheet to be considered for the

H* calculations. This model was originally intended to benchmark the earlier 2D axisymmetric model.

The perforated tubesheet region of the three-dimensional finite element model was partitioned into sectors

to study the asymmetric tubesheet displacements. Figure 6-24 is an illustration of the tubesheet sectors

used in the finite element study.

Figure 6-24 Top View of Model F Tubesheet Showing Sector Regions for Displacement Analysis

The finite element analysis used the Model F FLB, SLB and NOP conditions in Table 6-8, Table 6-12 and

Table 6-13. A summary of the condition-specific temperatures and pressures for those conditions is

provided in Section 5.0. The displacement results for the 00, 450 and 900 sector boundaries were obtained

using a macro code written in the native ANSYS Program Development Language (APDL). The

0' sector boundary is the edge of the tubesheet perpendicular to the face of the divider plate (i.e., along

the symmetry plane of the tubesheet). The 45' sector boundary is the edge 450 clockwise from the

symmetry plane of the SG tubesheet. The 900 sector boundary is the edge of the tubesheet perpendicular

to the tubesheet symmetry plane, parallel to the divider plate face, along the edge of the tube lane. The

results at each sector boundary face were obtained as a function of both elevation and radius for

comparison and use in contact pressure calculations.
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The results of the study showed that the maximum radial tubesheet displacement for the applied pressure
loading occurred perpendicular to the face of the divider plate.. The'radial displacement for the applied
thermal loading does not vary azimuthally during NOP or SLB because the thermal properties of the
tubesheet and the resulting thermal gradients do not vary as a function of sector angle. See Figure 6-25
for representative curves of the radial tubesheet displacements during NOP. It should be noted that the
azimuthal radial displacements due to pressure during NOP bound the azimuthal radial displacement due
to pressure during SLB and FLB.

a,c,e

Figure 6-25 Radial TS Displacement due to Pressure at TTS and BTS for
TS Radius = 60 in. During NOP

It is logical for the 00 sector boundary face to be the limiting face for radial displacement because it is
furthest away from the constraints of the divider plate and tube lane. The results of the azimuthally
varying radial tubesheet displacements in the analysis of the tube-to-tubesheet contact pressures show that
the lowest contact pressure occurs on the 00 face.

],C~e. The radial displacements due to the pressure

.differential were linearly scaled by the difference in the azimuthal radial displacement to study the, effect
of the change in contact pressure as a function of TS angle.

] c'e. See Figure 6-26 for a typicalgraph showing the effect of decreasing radial

tubesheet displacement as a function of sector angle and the related increase in tube pull out resistance
during NOP conditions.
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a,c,e

Figure 6-26 RelativeChange in Tubesheet Displacement as a Function of Sector Angle During
NOP

(The effect of the decreasing radial tubesheet displacements on tube pull out resistance is noted in
5% increments.)

Figure 6-26 shows that the pull out resistance of a tube increases the closer that tube is to the tube lane.
The pull out resistance of a tube increases by roughly [ ]"C~e% for every [ ]ac"e% decrease in the radial

tubesheet displacement. Therefore, the 0' sector face, normal to the tube lane, is the limiting sector in the
tube bundle and all of the tubes outside of the ],,ce degree sector can be shown to have.greater pull out
resistance to applied end cap loads. The azimuthal variation of the radial tubesheet displacement is
conservatively ignored during both NOP and SLB conditions in the contact pressure analysis in favor of
using the results for the limiting sector. Only the most limiting tubes in the bundle at the 0' face of the
tubesheet, for both the hot leg and cold leg sides of the tubesheet, are considered in the H* contact
pressure analysis.
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6.2.4 Radius Dependent Tubesheet Stiffness Analysis

6.2.4.1 Summary

The Goodier model (Reference 6-18) for calculating the tube-to-tubesheet contact pressure assumes that a
representative collar of tubesheet (TS) material can be removed from the tubesheet and still provide the
same constraint as if the tube and tubesheet structure were still in the tubesheet. The expansion of the
pressurized tube bore, local to a tube of interest, can change the predicted values of the tube bore dilation
due to internal pressure. In other words, the deflections of asingle tubesheet cell are not independent
from the deflections of other tubesheet cells. A combined planar, tube and tubesheet model is studied so
that this effect can be included in the effective tubesheet collar approach used in the Goodier model. Two
finite element models were used to examine the character of the local deformations of a tubesheet hole ID
surface for the case where the tube location in the bundle varies and the tubes in the vicinity of the tube of
interest may or may not be pressurized. Different values of primary pressure are used to envelope both
thehigh and low values of applied pressure in the problem and possible combinations of pressurized and
un-pressurized tubes surrounding a tube of interest. The end result of this study is a ratio that can be used
to modify the tubesheet collar thickness, as a function of position, to approximate the constraint that a
pressurized tubesheet would provide on a single tube.

6.2.4.2. Introduction

The radial expansion of the inner surface of an open thick shell, or collar, due to. internal pressure, is
given by the equation: aa,c,e

(6-1)

Where

Pcrev, the crevice pressure acting on the ID surface of the tubesheet collar and the OD
surface of the tube

ETs = the elastic modulus of the tubesheet material

C = the inner radius (IR) of the tubesheet collar

D = the outer radius (OR) of the tubesheet collar and

N = the Poisson's ratio of the collar material

The thickness of the representative tubesheet collar wall was determined by 2D finite element analysis in
1993 (Reference 6-23). The collar thickness was calculated so that the tubesheet cylinder wall thickness
would provide the same radial stiffness as the surrounding tubesheet material for the case of a single
pressurized tube in a bundle of non-pressurized tubes. The original analysis (Reference 6-23) considered
only the effective stiffness of a collar necessary to account for the material around a single pressurized
tube within a tubesheet. This was a conservative approach to approximate the behavior of a single TS
collar for most thermal and pressure related deformations because it maximized the tubesheet deflection.
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However, there is pressure .acting on all of the non-plugged TS cells simultaneously during operating
conditions. The effect of all of the tubes in a bundle acting to simultaneously pressurize the perforated
region of the tubesheet is, not captured when a single removed TS collar is analyzed. The compatibility
condition for the analysis of the tubesheet to tube friction interface does account for the tubesheet collar
expanding due to an applied pressure on the ID surface of the tubesheet, but the amount of expansion is
calculated assuming that the collar acts as a single thick walled cylinder, not a cellular unit Within a
tubesheet that has a number of ID surfaces that are also pressurized.

The approximate perforated plate material model accurately captures the total radial and axial
deformations of the perforated tubesheet. but the deformations and stresses at the local tube-to-tubesheet
surface level are not calculated in the analysis. Analysis of the deformations and stresses in the vicinity
of a single tube hole due to pressure and temperature requires a model detailed of a perforated tubesheet
with the correct operating conditions applied to each tube bore. The deformation of a single tubesheet
perforation will be affected. by the primary side pressure transmitted through the tube wall, the
temperature of the tubesheet, the distribution of any *crevice pressure due to a tube with a 100%
through-wall flaw, the presence of other structures that can limit local deformations in the tube hole and
the deformation of the tube holes nearest the tubesheet cell of interest. The possibility exists that tubes in
the vicinity may be plugged which would negate any effect due to the pressure deformation of that
specific hole. However, in the limit, for.a tube in the middle of the bundle with no other pressurized tubes
around it, the original analysis accurately describes the behavior of a tubesheet cell. For tubes in the near
radius (close to the divider lane) orthe periphery, the presence of other structures such as the tube lane.
and the tubesheet annulus act to reduce tubesheet deflections and radial expansions. A change in the
predicted amount .of tube bore dilation due to internal pressure directly affects the tube-to-tubesheet
contact pressure calculated by the Goodier model (Reference 6-18). The deformations of a tube
surrounded by pressurized tubes will be different from that of a lone pressurized tube in the center of a
.bundle. This study quantifies the difference in stiffness between the case of a single pressurized tube in a
tubesheet and the case of a pressurized tube in a tubesheet surrounded by other pressurized tubes.

6.2.4.3 Background

An important concern relating to the structural model was raised at the December 13 t, 2007 meeting with
the NRC Staff at Waltz Mill (Reference 6-25). The concern was that current thick shell equations that
model the contact pressure between the tube and the tubesheet do not include any restoring forces for the
tubesheet. These restoring forces are generated by the elastic resistance to deformation .of the tubesheet
material surrounding a tube and also by the simultaneous inflation of adjacent tubes in contact with the
tubesheet. The current tube-to-tubesheet contact model is based on the theory of elasticity and the work
of Goodier and Schoesshow (Reference 6-18). The model considers the relative elastic flexibility
between a single tube that has been expanded to contact with an equivalent collar that simulates the
constraint of the surrounding tubesheet material. The results are combined using the principle of linear
superposition to describe the resulting net effect on radial displacement in order to calculate the net
contact pressure between the tube and the tubesheet. No additional forces or stiffness are added to the
tubesheet model; therefore it is theoretically possible for the tubesheet material to expand proportionally
to the increase in crevice pressure without limit.

In prior submittals of H* (Reference 6-20), the pressure in the crevice between the tube and the tubesheet
was assumed to be at the secondary side saturation pressure. The crevice pressure acted on the ID of the
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tubesheet material and the OD of the tube material. The results of the crevice pressure testing that
disproved that fundamental model assumption were summarized in a White Paper provided to the NRC

Staff (Reference 6-28). The result of test data was to increase the crevice pressure for the purposes of
calculating the contact pressure between the tube and the tubesheet because the data showed that leakage
from the primary side remains in the liquid phase for most, of the length of the crevice. The crevice
prevents the fluid from rapidly expanding or moving through the crevice medium (thereby keeping the
static portion of the fluid energy large). Therefore, the component of radial displacement that is caused
by the tubesheet collar ID deflecting away from the OD of the tube increased. The amount that the tube
OD expanded into contact with the ID of.the tubesheet was reduced due to a reduction of the pressure
differential across the tube wall. The net effect of both of these changes on the tube-to-tubesheet contact

pressure model is to reduce the contact pressure and increase the required H* inspection distance.

The impact of the crevice pressure test data led to two additional important realizations regarding the
analysis model for.contact pressure:

1. The contact pressure analysis model did not properly apply the increased crevice pressure to the
ID of the tubesheet collar. Instead, the secondary side pressure was still being applied to the

tubesheet ID.

2. A built-in factor in the H* analysis model, known-as the beta, or13, 'factor, intended to correct for
the crevice pressure issue, was not being properly applied by the model.

The required changes to the spreadsheet model for the increased crevice pressure condition and the prior
reduced secondary side pressure in the crevice pressure model were compared. The detailsl of the
comparison revealed that the tube-to-tubesheet contact pressure reduction increased when the tubesheet
bore ID expansion was increased by the increased crevice pressure. When Items 1 and 2 above were
addressed, the applied crevice pressure was reduced on the tubesheet bore 'ID and the tube-to-tubesheet
contact pressure increased. Using the secondary side pressure as the crevice pressure reduced the crevice
pressure applied to the tubesheet tube bore ID by roughly [ ]a,,,e% compared to the. crevice pressure
model based on the test data.

The current H* modeling approach does not use a P3 factor, nor does it reduce the applied crevice pressure
when calculating the tube bore expansion due to. internal pressure. The test data is applied to the OD of
the tube wall and the ID of the tubesheet tube bore as a function of elevation for each operating condition.

During the continuing development of the H* methodology, the model was modified to exclude
application of the 3 factor, but to represent the same effect through a modification of the collar thickness
of the surrounding effective tubesheet material in the Goodier analysis to account for the difference in

stiffness due to a pressurized tubesheet. This approach was reviewed by a panel of industry experts in
structural analysis and is included in the current analysis for H*.

6.2.4.4 Finite Element Model Details and Results

The TS IDstudy used two different 2D plane stress models. The first model (Model 1) represents the
tubes along the plane of half symmetry in the SG. The second model (Model 2) represents the tubes
perpendicular to the plane of symmetry and parallel to the tube lane. The calculated tubesheet

WCAP-17071-NP April 2009
Revision 0



6-44

deformation changes as a function of tubesheet radius, elevation and azimuthal angle with respect to the
divider lane. See Section 6.2.3 for a discussion of the azimuthal change in the tubesheet displacements,
and the related azimuthal dependence of the tube pull out resistance. Both models neglect the tube lane
and solid rim material (tubesheet annulus) which includes the lower shell, divider plate and channelhead
connections. The presence of the tube lane is represented by the applied boundary conditions. Additional
material is modeled in each finite element analysis to prevent artificially induced deflections due to the

boundary conditions and reduce the effect of a stiff boundary by representing the additional tubesheet
material that would be present in, a real SG. In prior analyses (Reference 6-23) a radius equal to [ ]ac,e
tube pitches were determined to be adequate. A [ ]a pitch boundary of additional tubesheet material

was added in. Model I and Model 2 based on the prior analysis results. It is important to note that these
models do not represent symmetry planes or symmetric sections of the tubesheet but are instead isolated
sections of the perforated tubesheet region that are defined by the similarity in radial displacement among
the tubes represented in the model. Figure 6-27 shows the arrangement of the finite element models, used
to study the problem. See Figure 6-28 for an illustration of the Model 1 geometry and Figure 6-29 for an

illustration of the Model 2 geometry.

Figure 6-27 FEA Model Orientations as Shown From a Top View of a Typical Tubesheet
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Figure 6-28 Model I Geometry, Region of Tubesheet Perpendicular to Tube Lane

(The material to the left of the perforations is added.to soften the applied displacement boundary
-J;*.i.Inn

Figure 6-29 Model 2 Geometry, Region of Tubesheet Parallel to Tube Lane
(The material on the bottom of the model is added to soften the applied displacement boundary

conditions.)

The focus of the study was purely on the effect that the perforated portion of the tubesheet structure has

on the local displacement of the tubesheet hole ID surface. The lower shell, associated component welds
and junctions and the tubelane act as girdles which reduce the TS displacement and therefore also limit
the local deformation of the tubesheet hole ID. Including the structures attached to the tubesheet further
decreases the pressure expansion of the perforated region of the tubesheet, which would act to increase
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the restoring forces on the tube bore resisting the pressure expansion. Therefore, it is conservative to
ignore these structures in the model and they are not required in the planar analysis. See Figure 6-30 and
Figure 6-31 for pictures of the applied boundary conditions in each model.

Each individual TS hole was pressurized with either the NOP primary side pressure (2250 psig) or the
SLB primary side pressure (2560 psig) as the bounding upper limit for the internal pressure acting on the
face of the tubesheet tube bore. The TS holes were also pressurized with the primary, side condition
saturation pressures. The NOP saturation pressure was [ ]ace psia and the SLB saturation pressure
was [ ]a,c,e psia. The saturation pressures represent the lower bounding limits for the tubesheet tube
bore. The upper bounding limit on tube bore pressure occurs near the bottom of the tubesheet for the case
when the tubesheet surface is directly exposed to the primary fluid, such as in the case of a through-wall
crack. The lower bounding limit on the tube bore pressure occurs when the tubesheet surface is in contact
with pressurized crevice fluid that is near to, or has already, flashed to steam at the top of the tubesheet
crevice (Reference 6-24). Three holes were chosen in each model to illustrate the different effects that TS
constraint and tube pressurization have on the local deformation of a.tube hole surface. In addition to the
other pressurized conditions, several cases were run so that the three tubes of interest were the only tubes
in the bundle that were pressurized. The hole locations in Model 1 are shown in Figure 6-32 through
Figure 6-35. The tubes of interest correspond to a radius of roughly 2 inches ("inside" tube bore), 30
inches ("middle" tube bore) and 59 inches ("outside" tube bore).

Tube Bore Pressurzed
-o

oD

CX

Pinned in Y

Figure 6-30 Model 1 Applied Boundary Conditions - Perpendicular to Divider Lane

Pinned inX X P

0.. ~Tube Bore Pressurized

Figure 6-31 Model 2 Applied Boundary Conditions - Parallel to Divider Lane
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a,c,e

Figure 6-32 Relative Location of the Three Tube Holes of Interest in Model I and Model 2
(The tubes of interest correspond to a radius of roughly 2 inches ("inside" tube bore),30 inches

("middle" tube bore) and 59 inches ("outside" tube bore).)
a,c,e

Figure 6-33 Close-Up of Inside Hole Location

(Red circles added for clarity)

Figure 6-34 Close-Up of Middle Hole Location

(Red circles added for clarity)

a,c,e
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a,c,e

Figure 6-35 Close-Up of Outside Hole Location

(Red circles added for clarity)

The hole locations in Model 2 are achieved by rotating the holes in Model I through 900 counter
clockwise. The boundary conditions for each 2D model were compared to the displacements of the
perforated region of the tubesheet from the 3D finite element model in order to benchmark the 2D results.
The same temperature difference and primary side pressure load was applied from the 3D model. In both
Model 1 and Model .2, the difference in the radial displacement at the mid-plane of the tubesheet between
the 2D perforated region and the 3D perforated region with the approximate material properties was on
the order of [ ]ac% or less. The results of the 2D planar analysis are not dependent on tubesheet.
thickness and can be assumed to be constant throughout the thickness of the tubesheet. The final analysis
of the tube hole deformation at each location used only an.

],ce. The body temperature for NOP and FLB was 620'F (-622.6'F at Millstone

Unit 3) and the bodytemperature for SLB was 450°F. Both temperatures are representative of the highest
operating primary fluid temperatures in the H*. fleet and result in the TS being evaluated when the
ligaments have the least resistance (i.e., lowest Young's Modulus) to expansion. This is a conservative
assumption *because [

ac,e

6.2.4.5 Calculation Method and Results

The displacements in. the X and Y directions around each, of the three tube bores of interest were
calculated as a function of angular position relative to the center of each hole. The coordinates of each
hole in the deformed configuration were shifted so that only tube hole deformation was considered and no
tube hole translation was retained. The deformation of the tube hole for NOP and SLB conditions is then
calculated as a function of circumferential angle for each tube location. The net deflection of a tube hole,
at a given point around the circumference, is defined as:

a,c,eK(6-2)
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where the values of U, and Uy represent the translation of the hole center, relative to the global finite
element model reference coordinate system from the initial undeformed configuration to the final
deformed state. In this analysis, only the deformation of the circumference of the tube hole (or the
deflection of the tube hole OD) is examined.2 The results for the Net FEA deflection are plotted as a
function of circumferential angle to compare against the unit deflection predicted by the thick shell
equations (see Figure 6-37 through Figure 6-42). The result from the TS hole ID expansion calculated
using thick shell equations is subtracted from the net total displacement so that equivalent measures are
compared to calculate the total difference between the thick shell equation result and the finite element
results (see Equation 3). A value greater than zero for the total difference indicates that the effective
stiffness of the tubesheet collar can be reduced, by changing the thickness of the collar, when calculating
the expansion of the tubesheet ID due to internal pressure. A value less than zero indicates that the
tubesheet collar thickness should be increased when calculating the.expansion of the tubesheet ID due to
internal pressure. a,c,e

K ] (6-3)
The average value of the FEA result is obtained by calculating the.area under the curve for the Net FEA
Deflection as'a function of tube hole angle and dividing that result by 360'. The end result of this
comparison 'is a relationship that estimates the limiting tubesheet collar thickness as a function of TS
radius.

The total radial deformation for each tube of interest in Model 4 is shown in Figure 6-37 through Figure
6-42. The results plotted include only the direct dilation or deformation of the tube hole and not the
translation of the tube hole due to expansion of the entire tubesheet. The tube hole deformation plotted in
Figure 6-37 through Figure 6-42 directly compares to the predicted displacement -from the thick shell
calculation (see Equation 6-1). In several cases during SLB conditions, the net displacement of the TS
hole ID surface around the circumference of the hole is negative, which.means that the deflection of the
other pressurized holes in the tubesheet acts to compressively deform the tube hole into greater contact
with the tube. This result means that regardless of the location of the tube in the bundle, in the presence
of other pressurized tubes the effective thickness of the TS collar is greater than the TS collar thickness
for a pressurized tube that is not surrounded by pressurized tubes. The results in Figure 6-37 through
Figure 6-42 show that the calculated tube bore dilation using the thick shell equations included in the H*
integration model is greater than the predicted tube bore dilation using the finite element analysis for
most, or all, of the tube bore circumference. The tube hole deformation results are referenced to the
convention shown in Figure 6-36.

2 The terms dilation, deformation and deflection are used throughout Section 6.0. In general, deformation is the

change in a material relative to an unloaded initial configuration. Dilation is the growth or expansion of a surface
due to some pressure. Deflection in the change in a surface relative to an unloaded initial configuration.
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Figure 6-36 Reference Configuration for Tube Bore Deflection Plots

Figure 6-37 Inside Hole Results for NOP Conditions, Ppri = 2250 psi, for Model 1

a,c,e
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a,c,e

Figure 6-38 Middle Hole Results for NOP Conditions, Ppri = 2250 psi, for Model I

a,c,e

Figure 6-39 Outside Hole Results for NOP Conditions, Ppri = 2250 psi, for Model I
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a,c,e

Figure 6-40 Inside Hole Results for SLB Conditions, epri = 2560 psi, for Model 1

a,c,e

Figure 6-41 Middle Hole Results for SLB Conditions, Ppri = 2560 psi, for Model 1
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a,c,e

Figure 6-42 Outside Hole Results for SLB Conditions, Ppri = 2560 psi, for Model 1

The results in Figure 6-37 through Figure 6-42 for Model 1 bound the results for tube hole deformation in
Model 2, with the exception of the inside hole, which is the same in both models and has the same
deformation in both orientations. The results of Equations (6-1) and (6-2) are shown in Figure 6-43.
These results do not significantly change when the tube material is introduced to the tubesheet. The tube
material conforms to the deformation of the tubesheet material with no gaps forming between the OD of

the .tube and the ID of the tubesheet tube bore in all cases. It is important to note that the results discussed
in Section 6.2.4 pertain to applied pressure loads acting on a material at .operating temperature, but

without any applied temperature differentials. Therefore, these results ignore [

]aCe. Refer to Section 6.2.5 for a

discussion of tube dilation within a tubesheet cell due to both temperature and pressure effects and
Section 6.4.5 for a discussion of the combined effect of pressure and temperature differentials on tube-to-
tubesheet contact pressure.
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a,c,e

Figure 6-43 Comparison of FEA Results and Thick Shell Equations for NOP and SLB Using
Equations (6-1) and (6-2)

a,c,e

Figure 6-44 Typical Result for Including the Tube Cross Section Within the Tube Borefor the
Outside Hole, When All of the Tube Bores are Pressurized

(The displacement results in the figure are magnified 500x)
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The effect of nearby plugged tubes, leaking tubes, and the practical bounds of variability on the radial
dilation of the tube bore due to changing crevice pressure was also examined. The study of the different
pressure combinations focused on the inside tube bore because the results in Figure 6-37 through Figure
6-43 show that the inside tube bore had the greatest magnitude of radial deflection.' The result of the
different pressurized tube, bore study showed that varying combinations of pressure in the tube bore at
different locations in the bundle do not result in a tube deformation that exceeds the case when all of the
tube bores are pressurized to the full primary side pressure. This result is true for the SLB case and the
NOP case. This result is also true for the case when the primary side saturation pressure is applied to the
inside tube bore at varying locations. The calculated thick shell tube bore dilation due to. internal pressure
exceeded the average total deflection for all cases and combinations of pressure loading.

The internal pressure in the combination' study was applied separately to four different regions: the
internal pressure in the tube bore of interest, the tube bore local to the inside tube bore (local), the tube
bore radii that bound the effective collar thickness determined by Reference 6-23 (mid-range), and the
tube bore morethan three times the effective collar thickness determined in Reference 6-23 (far field) (see
Figure 6-45). The results of comparing different combinations of pressure in the four. different tube bore
regions are given in Table 6-14. The SLB tube deflections are bounded by the NOP tube bore deflections
because the tubesheet Young's modulus during NOP (620'F) is less than the tubesheet Young's modulus
at SLB (450'F). The results in Table 6-14 show that the 'thick shell calculation for the dilation of the
inner surface of the tubesheet collar bound the deflection of all possible combinations of pressure, in and
around, the tube of interest. The average total deformation results (without subtracting the translation of
the tube hole)3 of the FEA solution when all of the tube bores are pressurized to the full NOP primary side
pressure for the interior dilation of the inside inner tube bore surface [ ],e is [ ]•o~%
less than the predicted thick shellU results [ ]ac'e If only 'the tube bore deflection is
considered, by subtracting the effect of tube bore translation, the FEA solution for the inside tube bore
dilation [ ],,c,e is [ ]',c,e% less than the predicted thick shell results [ ]a•c•.

Therefore, the thick shell calculations on an effective tubesheet collar for the assumed case of a tube
bundle pressurized to the full primary side pressure conservatively bound the results of any FEA result for
tube bore dilation due to any applied internal pressure or combination of pressurized tubes: It is important
to note that the results for the planar model assume that both the pressure and temperature remain at the
worst-case conditions throughout the tubesheet crevice without changing. Any reduction in temperature
or pressure, relative to the primary fluid pressure and temperature used in the model, would act to reduce
the predicted tube bore dilation.

The translation of the center of the tube hole of interest changes with each combination of applied pressure in
Table 6-14. Because the tube of interest in the cases shown in Table 6-14 is the inside hole, and the magnitude of the
tube bore translation is small for the inside hole, it is acceptable to consider all of the results in Table 6-14 as
comparable.
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a,c,e

Figure 6-45 Graphic of Applied Pressure Regions in Separate Pressure Combination Study

The results in the Table 6-14 Cases 5 through 12 are provided to illustrate.possible combinations of
pressures in the vicinity of .the tube of interest. These cases are not intended to reflect actual plant
operating conditions. They are provided as evidence that regardless what combination of plugged,
leaking, or fully pressurized tube bore surround a given tube, the greatest deflection of the tube bore is
obtained when the entire perforated region is fully pressurized to the primary fluid pressure. This result
makes intuitive sense because reducing the number of pressurized tube bores in the tubesheet directly
reduces the strain in the tubesheet, which will directly decrease the deflections of the tube bore.
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Table 6-14 Analysis Results of Model 1 Inside Hole Deflection for Multiple Pressure Load Combinations
a,c,e

I + 4 4 I

F + 4 4 F
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The FEA results pose a difficulty in modeling the predicted dilation of the tube bore ID. All of the FEA
results predict non-uniform dilation which at some points in a tube bore becomes negative. It is not
logical, or feasible, to use Equation (6-1) to predict a negative dilation from a positive pressure applied to
the tube bore ID. Further, the range of deformations predicted by the FEA results cannot be calculated
using Equation (6-1). 'The tubesheet expansion equation is asymptotic with respect to d for values much
greater than the initial d. See Figure 6-46 for a graph of the calculated TS deflection during NOP as a
function of d.

Figure 6-46 Tube Bore ID Deflection due to a Constant Applied Internal Pressure as aFunction of
Outer Collar Radius

The relationship between d and the tubesheet collar inside radius (IR) deflection in Figure 6-46 shows that
the effect of d on the stiffness of a [ ],c,e inch (or greater) collar wall is the same as that of a [ ]8'C'e inch
thick collar wall. This is because the tubesheet material, from the perspective of Poisson effects due to
axial loads on the tube and the corresponding deformations of the tubesheet collar, only "sees" a limited
radius of the effective tubesheet collar. ' Beyond a certain radius, the interaction of the additional
tubesheet material collar stiffness to the tube deflections, or the tube bore dilation, is irrelevant.

The relationship between d and the TS ID surface expansion means that calculating the equivalent
tubesheet expansion based upon the exact FEA results could yield a tubesheet collar thickness much
larger than the original d. Very large values of d, more than [ ]ac*e. times the original thickness, begin to
call into question the basis for the Goodier model and the compatibility relationship used to solve for the
tube bore dilation. Very large values of d are also not conservative because the parameter d appears in
both the numerator and denominator of the equation used to evaluate the contact pressure between the
tube and the tubesheet in the Goodier model (Reference 6-18). Therefore, it is appropriate to consider the

a,c,e
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results from the FEA as a general trend that describes the effective behavior of the tubesheet collar at

different locations in a tubesheet.

The following approach accommodates the Goodier model framework in a conservative and appropriate
manner while also taking into consideration the FEA results:

The FEA-results are compared to results of the thick shell equations in Table 6-15. The calculation of the
adjusted d values is shown in Table 6-16. The comparison of the tube bore ID dilation for the initial .d
value and the adjusted d value is given in Table 6-17. The calculated tube bore ID dilation results using
this procedure are slightly reduced from the initial results and also accommodate the trend from the finite

element analysis (see Figure 6-37 through Figure 6-42). The original goal of this process was to
approximate the trend from the FEA because the actual values from the FEA cannot be obtained using the
thick shell relationships. The trend from the FEA results is that there is a marked difference between the
FEA and the thick cylinder results as the position in the TS changes. In order to capture that trend, it is
necessary to define the difference between the two analyses. The inner diameter (c) cannot change in
either analysis. Further, it is required that the internal pressure, Young's modulus (E) and Poisson's ratio
(v) are the same in both analyses. Therefore, the only parameter that can reasonably be changed to
accommodate this trend, is the d value.

a,c,e
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The limiting case for both the NOP and SLB operating conditions occurs when all tubes are pressurized at
the full primary side pressure. The limiting case is defined as the greatest positive net deflection of the
tube bore ID in the finite element analysis for the three tubes of interest. This result bounds the case
when no tubes are pressurized in the vicinity of the tube of interest and when select tube bores are either.
pressurized or unpressurized based, on the assumption of locally. plugged tube holes adjacent to the tube
bore of interest. The calculated deflection using the thick shell results is always greater than the average
predicted deflection of the tubesheet hole ID surface using FEA.

Using the inside collar deflection as the reference case means that the middle and outside collar locations
should have a thickness between [ _]ac.e times the initial d value that would be calculated
assuming no other tubes in the bundle are pressurized (see Table 6-16), The ratio approach is used in
order to maintain compatibility in the H* calculation method. The use of the limiting pressure and
temperature results for the Model F SG means that these results may be considered, generally applicable
regardless of the plant-specific operating conditions. This approach also considers the results in
Reference 6-12 and Reference 6-24 which show that the lower tubesheet radius tubes (i.e., TS radius less
than 30 inches) have the limiting (i.e., lowest value) tube-to-tubesheet contact pressures. Therefore,
maximizing the tube bore dilation due to internal pressure and minimizing the tubesheet collar stiffness in
the lower tubesheet radius tubes When calculating contact pressures is conservative. The relationship
*between TS radius and the d parameter for SLB and NOP conditions is shown in Figure 6-47.

Table,6-15 Comparison of FEA Results and Thick Shell Results

(1) (2) (3) (4) (3)-(4)
FEA Deflection Results Thick Shell Total

Location Condition Max Min Avg Results Difference
- 1in in in in in

Table 6-16 Calculation of Adjusted d
•_ _ (1.(2) (3) (2) x (3)

Location Condition Total Deflection Initial d Adjusted d
Difference Difference Ratio

in in/in in in

a,c,e

a~c~e
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LI
Table 6-17 Comparison of Thick Shell Results for Initial d and Adjusted d Values

Thick Shell Results

Location ConditionFEA Initial Adjusted
in in/in in

a,c,e

I
a2c e

Figure 6-47 Linear Relationships Between Applied Effective Outer Radius (d) and TS Radius for
the NOP and SLB Conditions

The results in Figure 6-47 are conservative because they are based on the calculated deflections from the
case of the entire tubesheet being fully pressurized to the primary side pressure throughout the entire
tubesheet depth. The amount of the dilation in the contact pressure analysis will use the depth based
crevice pressure distribution based on Specimen 8 data (Reference 6-28) to determine the applied crevice
pressure in the probabilistic analysis of the contact pressure distribution. The relationship for the d
parameter as a function of tubesheet radius is based on the adjusted d values in Table 6-16 using the
Case I and Case 3 results in Table 6-14.

The final effect on the tube-to-tubesheet contact pressure, and therefore, the value of H*, calculated by
using the Goodier analysis approach with the tubesheet radius dependent collar stiffness applied to the
result of a three-dimensional finite element analysis of tubesheet displacements is small,
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increasing by [ ]a.Ce%. The final effect on the tube-to-tubesheet contact pressure calculated by reducing
the interior dilation of the tube bore to the values predicted by the finite* element study is an increase of
approximately [ ]a....% Therefore, using the calculated thick shell results for the tube bore dilation of an
effective tubesheet collar due to internal pressure is conservative.

A significant result is that the varying collar stiffness reduces the sensitivity of the H* model to material
data input variations. Constant tubesheet collar stiffness for each operating condition produces an
unrealistic profile in the contact pressure distribution as a function of tubesheet radius that exaggerates the
effect of tubesheet deflection when the coefficient of thermal expansion or the Young's modulus of the
tubesheet are varied in the worst-case direction. Adjusting the tubesheet collar stiffness as afunction of
the tubesheet radius for each operating condition produces a smooth contact pressure relationship. The
FEA results reinforce the conservatism used in the representative TS collar thickness analysis approach
and in the pull out study tests.

6.2.4.6 Conclusions and Discussion

A series of finite element models explored the interaction between tubes and tubesheet bore in a fully
pressurized bundle. Several combinations of internal pressure were applied so that the possibility of a
tube surrounded by cracked tubes, or a cracked tube surrounded by uncracked tubes, or a cracked/un-
cracked tube surrounded by plugged tubes, are all accounted for in the analysis. The results of the
analyses are two equations that can be used to modify the tubesheet collar thickness as a function of

Itubesheet radius. The most limiting relationship comes from a linear fit of the model results during.NOP
and SLB, for the case of all tubes in the bundle being cracked and fully pressurized. See Figure 6-47 for a
graph of the two linear relationships.

The relationship for the NOP case is: a,c,e

The relationship for the SLB case is: a,c,e

The NOP relationship is applied to the FLB operating condition, but the FLB pressures are used to
calculate the tube bore dilation. This is conservative because a hotter tubesheet, with reduced elastic
modulus, is used to calculate the adjusted d values, and because the NOP relationship predicts a smaller
value of d as a function of tubesheet radius than the SLB relationship.

6.2.5 Tubesheet Tube Bore Dilation

6.2.5.1 Background

Section 6.2.4 discussed the results of the radius dependent tubesheet stiffness analysis. The results of that
analysis showed that tubesheet bore ovalization caused a variable deflection profile around the tubes (see
Figure 6-37 through Figure 6-42). The variable profiles led to questions regarding the tube conformity to
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the tubesheet bore holes. The analysis discussed in this section addresses this issue to show that the tubes
conform to the shape of the tubesheet bore in all cases.

The purpose of this analysis is to determine the effect of local tubesheet distortion on the contact pressure
distribution between the surface of the outer tube diameter and the inner surface of the tubesheet tube
bore. This analysis also provides an alternative way to verify the range of contact pressure calculated by
the H* analysis due to pressure effects.

6.2.5.2 Analysis

The source of local tubesheet bore distortion is the deflection of the tubesheet due to pressure and thermal
loads. The pressure loads acting on the tubesheet and the tubesheet bore distorts the tube bore material in
two different ways. The pressure difference between the primary and secondary'faces of the tubesheet
acts to deflect, or "bow", the tubesheet in the direction of the greatest pressure differential. The primary.
fluid pressure acting on the internal surface of the tubes in the. bundle also acts on the pressurized tube
bore. The internal pressure distorts the tube bore differently depending on the location of the tube bore
relative to other pressurized tubes and the non-perforated regions of the tubesheet. structure such as the
divider lane and the solid peripheral rim (Reference 6-29).

The contact pressure studied in this .analysis is generated, in general, by the residual installation effects
from hydraulic tube expansion and the applied pressure differential acting on the inner surface of the tube.
The contact pressure generated by the installation and expansion process is referred to as the residual
contact pressure. The starting point for this analysis is the mean residual contact pressure calculated in
Reference 6-30. Although Reference 6-30 includes calculations of residual contact pressure for Model F,
Model D5 and Model. 44F SGs under various conditions of dimensional tolerances and material
properties, this analysis will only use the nominal dimensions and material properties for the Model F.
The Model F has the lowest residual contact stress for nominal conditions in Reference 6-30; therefore,
this analysis conservatively bounds the conditions for the Model D5 and Model 44F. The analysis
described in this section is contained in Reference 6-40.

A 2D plane strain ANSYS finite element model (FEA) is used to explore the effects of tube bore
distortion. The model is shown in 'Figure 6-48. This model is similar to the models in Reference 6-30
except that the model in this analysis is square and represents a single tube/tubesheet unit cell of the
Model F SG. The X-Y coordinate system for this model is shown on Figure 6-36. The dimensions of the
model are:.

* Outside dimension of tubesheet square = [ ]•,c'e inch (equal to the tube center to center distance
of the Model F SG)

I inside diameter of tubesheet hole = [ ] inch

* Unexpanded tube outside diameter P]"... inch

* Tube wall thickness - [ ]'ce inch

This model simulates the tube expansion during the manufacturing process, distortion of the tubesheet
during operation, and tube pressurization during operation. The model is run in seven loading steps.
These are, in order of application in the model:
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1. Initialize the Model: No loads, zero stress.

2. Initial Expansion Pressure Step (Pressurize the tube to [ ]ac~e psi). The tube expansion
pressure is broken into two steps so that the FEA does not overcompensate for the stiffening
effect of the tube and predict a greater residual contact pressure than would actually develop

during tube installation.

3. Increase pressure on the tube to [ ]e psi. This is a conservatively low estimate of the
actual manufacturing expansion pressure range of [ ] ksi to [ ]... ksi.

4. Release pressure on tube. This step locks in the tube with strain hardening effects and initializes
the model forthe application of operating pressure loads.

5. Displace the tubesheet cell. The applied range of displacement includes both the thermal loads
and the.:pressure loads acting to deflect the tubesheet, but both the tube and the tubesheet are
considered to be at ambient conditions (70'F).

6.. Pressurize tube to [ ]ace psi (equal to primary side pressure minus secondary side pressure at
no load; [ ]ac'e psi). The presence of secondary fluid (at the top of the
tubesheet) or primary fluid (from a leak within the tubesheet portion of the tube) in the crevice
between the tube and the tubesheet would reduce the pressure differential across the tube wall.
Reducing the pressure differential across the tube wall means that less contact pressure will
develop between the tube and the tubesheet.

7. Increase internal pressure on the tube to 2250 (equal to primary side pressure under no load and
.operating conditions). Note that this pressure is conservatively lower than the operating primary
pressure during feedwater line break (FLB) and steam line break (SLB) conditions.

Thermal expansions under operating conditions were not included in this model.

Steps I through 4 simulate the tube expansion process during manufacturing. During this process, the
tube will exceed the yield stress and will act in a plastic manner. When the expansion pressure is released
in Step 4, there will be'a residual stress between the tube and tubesheet and the tube will be strain
hardened. The maximum expansion pressure in this analysis was selected to give the same residual
contact pressure at the end of Step 4 as the Model F nominal condition in Reference 6-30 [ ,e psi).
(Although the H* analysis assumes zero residual contact pressure for conservatism of the pull out
calculations, the value of residual contact pressure used for this study is a reasonable estimate of the
actual expected residual contact pressure.) The application of the full expansion pressure would result in
a greater magnitude of residual contact pressure and strain hardening. Therefore, the results presented in
this analysis should be considered conservative lower estimates of the contact pressure between the tube
and the tubesheet. Step 5 applies tubesheet distortion under operating conditions to determine the effects
on contact stresses between the tube and tubesheet. The source of the distortion is a combination of the
tubesheet bow due to pressure loads, thermal expansion distortions and the potential for distortion of the
tube bore and ligaments due to local effects from neighboring tubes. There are several different
postulated types and amounts of tubesheet distortion. Steps 6 and 7 add in the pressure that the tube
would see under operating conditions.
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During Steps 1 through 4, the boundary conditions are the same for all of the computer runs. The outside
edges of the tubesheet are constrained from moving. The tube is constrained to stay centered in the hole
in the tubesheet to prevent free body movement of the tube. This is shown in Figure 6-49. The outside of

the tube and the inside of the hole in the tubesheet have contact elements to allow separation between~the
tube and tubesheet but allow transfer of load when contact is made.

Several different configurations of tubesheet distortion were analyzed. Each 'represents the bounding
assumptions on the potential cause of the tubesheet bore distortion and the possible location of the unit
tube/tubesheet bore cell in the tube bundle.

The first type of tubesheet distortion simulated is stretching of the tubesheet in the direction parallel to the
Y axis (called square displacement) of the model with the model fixed to allow no movement at the edges
in the X direction. This type of idealized distortion is similar to the deflection in the tube bore directly
perpendicular to the face of the divider plate in the middle of the bundle. The distortion generated by
these boundary conditions represents a worst-case condition with respect to contact pressure because the

tube bore material can only distend and is not allowed to redistribute the strain around the tube bore.
Redistributing the strain around the tube bore due to Poisson effects would act to pinch the tube and
increase contact pressure. These boundary, conditions are applied by displacing the "top" edge of the
model by half the stretching amount in the +Y direction, displacing the "bottom" edge of the model by
half the stretching amount in the -Y. direction and fixing the "sides" of the model in the X direction. Note
that the use of the terms "top", "bottom" and "sides" refer only to the orientation as shown in Figure 6-49
and other figures in this analysis and not to the orientation of the actual SG tubesheet. Figure 6-50 shows
the displaced -shape in solid lines and shaded elements (with displacements exaggerated) 'and the
undisplaced shape in dashed lines without shaded elements. Note theltop and bottom edges of the model
are displaced but the sides are not displaced. Six different displacements are investigated and these
computer runs are labeled as follows.

a,c,e

The maximum value of the predicted tubesheet tube bore distortion from the H* calculation is typically
on the order of [ 1],c,e inch or less (see Section 6.3 for a discussion of the equations used to calculate
those distortions and dilations due to pressure and thermal effects). The maximum value of the tubesheet
tube bore distortion predicted by FEA is [ ] inch or less. Therefore, these applied displacements
are conservative and bound the predicted range of distortion from both FEA and classical thick shell
equations.

The second type of tubesheet distortion simulated allows the tubesheet cell material to redistribute the
strain according to Poisson effects. The distortion is same as the first type in the Y direction but with the
sides of the tubesheet portion of the model free to move in the X direction but constrained to stay in a
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straight line. This is achieved by node coupling in the X direction on the side edges of the model.. The
displaced and undisplaced shapes for this condition are shown in Figure 6-51. Note here that the .top and
bottom edges of the model are displaced similar to Figure 6-50, but the sides of the model have displaced
inward from the undisplaced sides. The computer run labels are as follows.

a,c,e

The next type of tubesheet distortion simulated is displacement in a tube pattern diagonal direction. This
type of distortion is similar to the tube bore deflections experienced by the tube bore at some angle to the
face of the divider plate.in the bundle. The upper right corner of the model is displaced in the upper right
diagonal direction by half the total displacement and the lower left corner is displaced in the lower left
diagonal direction by half the total displacement. The other, two corners are fixed and the edges of the
tubesheet portion of the model are constrained to be straight lines between the corners using linear
constraint equations. The node constraints for this model are shown in Figure 6:52. The expansion.
pressure in Step 3 was changed to[ ]3,C, psi in order to achieve a residual contact pressure of

p ]ac,, psi at the end! of Step 5 due to the diagonal model orientation to make the initial conditions from
the RCP variability study as similar as possible to the initial conditions in the tubesheetdilation study.
The displaced and undisplaced shapes for this model are shown in Figure 6-53. Note that the upper right
and lower left comers of the model are displaced, but the other two corners are not displaced. Again, six.
different displacements were investigated and the computer run labels are as follows:

a,c,e

The total displacement is the vector sum of the X and Y displacement. Note that these displacements are
*the S.1.X model displacements from above times the square root of two. Since the square model
displacements are measured from one side to the opposite side of the model, and the diagonal model
displacements are measured for one comer to the opposite comer, the diagonal model displacements have
the same displacement per inch as the square model displacements.

The last type: of tubesheet distortion simulated is same as the previous type in displacement in the
diagonal direction of the upper right and lower left corners but the other two comers are free to move.
The displaced and undisplaced shapes for this condition are shown in Figure 6-54. Note that the upper
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right and lower left comers are displaced similar to Figure 6-53, but the other two comers are allowed to
displace inward from the undisplaced corners. The computer run labels are as follows.

a,c,e

Tables I and 2 show .the contact pressure results between the tube and the tubesheet for all the steps for all
the computer runs.

Figure 6-55 through Figure 6-67 show the stress intensity and contact pres sure for each step in a typical
computer run - in this case Run S.1.5. The S.x.5 cases are the most representative of the tube bore
dilations that result from the applied. pressures and temperatures acting on the tubesheet. The figures are
shown to assist in visualizing what is happening during a run. On all of these figures the stress intensity
and contact pressures are in psi. Displacements shown are in true scale; with no magnification of the,
results (i.e., 1 to 1).

Figure 6-55 shows the stress intensity for Step 1. Since there is no displacement or pressure in Step 1, the
stress intensity is zero everywhere. Figure 6-55 shows that there is an initial gap between the tube and the.
tubesheet. Since there is no contact between the tube and the tubesheet there is no contact pressure
between the tube and the tubesheet.

In Step 2 of the computer run, the inside of the tube is pressurized to[ ]c,e psi. The resulting stress
*intensity is shown in Figure 6-56. Note.that the stress intensity in the tube is in the range of [ I ,ce

to [ ]ace psi which is above the yield stress of [ Ia~c,e psi. The tube has plastically deformed
and the gap between the tube and tubesheet has closed. The maximum stress in the tubesheet is less than

[ ac,e psi. Figure 6-57 shows the contact pressure at the end of Step 2. The contact pressure is very
close to uniform at about [ ]a~ce psi. Note that the tube expansion during manufacturing is done in a
single step to maximum pressure. Step 2 is in the analysis to make it easier to see the stresses,
displacement and contact stresses about half way through the expansion process.

In Step 3 of the computer run, the inside of the tube is pressurized to about [ ]ac,, psi. The resulting
stress intensity is shown in Figure 6-58. Note that the maximum stress in the tube has only increased
from about [ ]a.c.. psi in Step 2 to [ ]" in Step 3 even though the tube internal pressure has
almost doubled. This is because the tube is in the plastic region of the stress strain curve where the
tangent modulus is much less than the elastic modulus of the tubesheet. The stress in the tubesheet has
increased significantly, but is still below about [ ]a,c,e psi. The contact pressure at the end of Step 3
is shown in Figure 6-59. This contact pressure is close to [ ]c,e psi and is very uniform around the
circumference of the tube.
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In Step 4 of the computer run, the pressure inside the tube is reduced to zero. This corresponds to the end
of the tube expansion manufacturing process. Figure 6-60 shows the stress intensity at the end of Step 4.
The residual stress in the tube is less than [ ]a"ce psi and the residual stress in the tubesheet is less than

]a,c,e psi. The loading at the end of Step 4 is the same as in Step I, that is, no displacement or
pressure load applied to the model. The reason that the tube does not return to the condition of Step I
(Figure 6-55) is that the tube has been plastically deformed during Steps 2 and 3. Figure 6-61 shows the
residual contact, pressure between the tube and tubesheet. The residual contact pressure varies between
316 and 421 psi with an average of 372 psi.

In Step 5 the tubesheet is stretched, the upper edge by [ ] inch in the upper direction and the
lower edge by [ ]8'C'e in .the lower direction. The side edges of the tubesheet are fixed in the X
direction, Figure 3 shows the displacement greatly magnified. Figure 6-62 shows the stress intensity in
the tube and tubesheet at the end of Step 5. The maximum stress in the tube has decreased slightly, and
the maximum stress in the tubesheet is less than [ ],,e psi. The maximum stress in the tubesheet
occurs at the side edges of the tube hole which is to be expected given the tubesheet stretching in the
vertical direction. Figure 6-63 shows the contact pressure between the tube and tubesheet at the end of
Step 5. This contact stress is less than in Step 4 but it is always positive, and no gaps have opened
between the tube and tubesheet.

Steps 6. and 7 pressurize the inside of the tube with pressure seen at the hot standby condition in
operation. At hot standby, the primary pressure is 2250 psi and the secondary pressure is 1020 psi.
Step 6 uses a tube pressure of 1230 psi which is equal to the difference between the primary side pressure
and the secondary side pressure. This would be the net pressure on the tube if there was a gap between
the tube and tubesheet. Step 7 uses a tube pressure of 2250 psi. This is the pressure on the tube if there is
no gap between the tube and the tubesheet. Figure 6-64 shows the stress intensity and, Figure 18 shows
the contact pressure at the end of Step 6. Figure 6-66 shows the stress intensity and Figure 6-67 shows
the contact pressure at the end of Step 7. Since there are no gaps at the end of Step 6 (the contact pressure

is positive all the way around in Figure 6-65), then Step 7 is valid for this tubesheet displacement
condition. The final contact pressure varies from [ ]a,,e to [ ]ac,e psi. The magnitude of the final
contact pressure would be different if a smaller or zero value of residual contact pressure were assumed.
The value of contact pressure assumed in this analysis is solely for the purposes of matching the initial
conditions from the RCP variability study and it is impossible to obtain the same 'level of strain hardening
in a tube approximately [ ]'• % and not have some calculated value of residual contact pressure.
However, the trend in the results would be the same and the final effect (i.e., the variation of the contact
pressure around the circumference of the tube is small) is also expected to be the same.

The idealized distortion cases from the S.l.x runs had the limiting contact pressure distributions and
values for all conditions. The contact pressure was always greater than zero for the entire circumference
of the tube at the expected level of distortion during operating conditions. The variation in the contact
pressure distributions for the expected maximum distortion was on the order of [ ]a'",• psi for Step 6 and
Step 7. A variation of 50 psi in the contact pressure represents a [ ],,C,% difference, or less, compared
to the average contact pressure value around the circumference of the tube. Refer to Section 7.0 for a
discussion on the average contact pressure for the mean Model F material and geometric properties.
Therefore, it can be concluded that the contact pressure does not significantly vary around the
circumference of the tube during operating conditions and that no gaps between the outer tube surface and
the inner tubesheet tube bore surface develop due to pressure effects or tubesheet. distortion.
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6.2.5.3 Summary of Results

The tubesheet tube bore dilation study results show that tubesheet deformations in the range predicted for
the plants in the H* fleet does not create a gap between the tube OD and the tubesheet tube bore ID. Two
models were used to study this effect: a square unit cell model and a diagonal, or "diamond", unit cell
model. Each model represented the potential direction of the applied loads on a tube within a tubesheet
tube bore. The~square unit cell model predicted more uniform contact pressure results due to the applied
dilation and the diamond model tended to predict contact pressures that were skewed to the maximum
value in the distribution. The absolute maximum tube bore dilation predicted in Reference 6-29 is less

than [ ]ace inch. The average predicted tube bore dilation in the H* contact pressure analysis is
approximately [ ]ac~e inch. The average predicted'tube bore dilation from the tubesheet stiffness
study is on the order of [ ]ac~e inch (see Section 6.2.4). The variation in the residual contact
pressure around the circumference of the tube, due to a tube bore dilation of [ ]ace inch an
unpressurized tube at room temperature, for the square tubesheet cell boundary conditions in Table 6-18
is less than [ ]a.. psi. The variation in the residual contact pressure around the circumference of the
tube, due to a tube bore dilation of [ ] inch in an unpressurized tube at room temperature, for

the diagonal tubesheet cell boundary conditions in Table 6-19 is less than [ ] psi. There was residual
contact pressure present for all applied boundary conditions, regardless of the tubesheet cell model used
in the analysis, for the bounding tube bore dilation of[ ],'• inch. In the case of a pressurized tube
in the square tubesheet cell, the variation around the circumference of the tube was also less than [ ].c'e

psi. In the case of a pressurized tube in the diagonal tubesheet cell, the variation around. the
circumference of the tube was less than [ ],'c' psi. A variation of less than [ ] psi for a tube at room
temperature with an internal primary fluid pressure of 2250 psi and an applied tube bore dilation of

]a°c• inch is equal to a [ ]•'•% variation, or less, in the -contact pressure around the circumference of
the tube. The variation in the contact pressure around the circumference of the tube decreases to

[ ]ac•e %, or less, for the maximum calculated tube bore dilation from Reference 6-29. Therefore, it is
not necessary to consider the circumferential variation in the contact pressure distribution between a tube
and the tubesheet. It is also concluded that the tube OD and tubesheet tube bore ID always maintain
contact in the predicted range of tubesheet displacements.
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Table 6-18 Contact Pressure forSquare Displacement Model "I
a,c,e

+ I ±

i i

(1) All contact pressures in psi.
(2) Each displaced side of square displaced to half this distance.
(3) For run names S. .X, the non-displaced sides of the square are fixed in .the X direction. For run names S.2.X, the non-displaced sides

of the square are free to move in the X direction but constrained to be a straight line.
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Table 6-19 Contact Pressure for Diagonal Displacement Model.(')
a,c,e

t *1

f t I

I t I

t I

(1) All contact pressures in psi.
(2) Each displaced corner of square displaced to half this distance.
(3) For Run Names D. l.X, non-displaced comers are fixed. For Run Names D.2.X, non-displaced corners are free
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a,c,e

a,c,e
Figure 6-48 .Finite Element Model

Figure 6-49 Boundary Conditions for Square Displacement Model
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ace

Figure 6-50 Displaced Shape for S.I.1 Through S.1.6 Computer Runs

a,c,e

Figure 6-51 Displaced Shape for S.2.1 Through S.2.6 Computer Runs
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a,c,e

Figure 6-52 Boundary Conditions for Diagonal Displacement Model

Figure 6-53 Displaced Shape for D.I.1 Through D.1.6 Computer Runs

a,c,e

WCAP- 17071-NP April 2009
Revision 0



6-75

a.c,e

Figure 6-54 Displaced Shape for D.2.1 Through D.2.6 Computer Runs

a,c,e

Figure 6-55 Computer Run S.1.5, Step 1, Stress Intensity
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a,c,e

Figure 6-56 Computer Run S.1.5, Step 2, Stress Intensity

Figure 6-57 Computer Run S.1.5, Step 2, Contact Pressure

a,c,e
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a,c,e

Figure 6-58 Computer Run S.1.5, Step 3, Stress Intensity

a,c,e

.7

Figure 6-59 Computer Run S.1.5, Step 3, Contact Pressure
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ac,e

Figure 6-60 Computer Run S.1.5, Step 4, Stress Intensity

Figure 6-61 Computer Run S.1.5, Step-4, Contact Pressure

a,c,e
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a,c,e

Figure 6-62 Computer Run S.1.5, Step 5, Stress Intensity

Figure 6-63 Computer Run S.1.5, Step 5, Contact Pressure

.a,c,e
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ac,e

Figure 6-64 Computer Run S.1.5, Step 6, Stress Intensity

a.c,e

Figure 6-65 Computer Run S.1.5, Step 6, Contact Pressure
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a,c,e

Figure 6-66 Computer Run S.1.5, Step 7, Stress Intensity

d,U,te

Figure 6-67 Computer Run S.1.5, Step 7, Contact Pressure
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6.2.6 Divider. Plate Modeling

The effect of the divider plate is modeled in the H* Integration model (Excel® spreadsheet model)
through an adjustment factor to account for the presence or absence of the divider plate. The divider plate
factor is normalized to the condition represented in the ASME Code Stress Report that assumes a
non-functional, (or missing) divider plate to maximize the design stresses on the tubesheet. The tubesheet
deflection corresponding to the ASME Code stress analysis of the tubesheet without the divider plate,
therefore, results in a divider plate factor of [ , ]apce. Based on the use of the original structural model
for the divider plate, the divider plate factor for the case of a fully functional divider plate is [ ]ac.e

because the tubesheet deflection would be decreased relative to the reference case.

During the development, the structural model of the tubesheet complex was significantly improved by
including structural features such as the solid tubesheet rim and solid, non-perforated section in the
tubelane, divider plate structural support of the channelhead, as well as other features that more correctly

represented the tubesheet complex structure. Analysis of the tubesheet deflection using the improved
model results in reduced predicted tubesheet deflection. For the case of a fully functional divider plate,

the predicted deflection normalized to the original tubesheet deflection yields a divider plate factor of
[ ]ac~e For the case of a non-functional divider plate, represented by eliminating the upper [ ]a,c,e

inches of the divider plate where it attached to the tubesheet, but. retaining the divider plate in the
channelhead, results in a divider plate factorof [ ]

Cracking has been observed in the heat affected zone of the stub runner to divider plate welds in foreign
SGs (Reference 6-7). The cracks appear to be the result of combined primary water stress corrosion
cracking (PWSCC) and mechanical fatigue. Degradation of the divider plate to stub runner connections'
can affect the deflection of the tubesheet due to pressure loads. This degradation could affect an analysis
that depends upon the divider plate to limit the vertical displacement of the tubesheet as well as analyses
that take credit for a divider plate factor (DPF).

As noted above, the H* analysis bounds the effect of a severely degraded divider plate by increasing the
tubesheet deflections by the ratio of the DPF for a degraded divider plate [ ]aC'e to the DPF for an
intact divider plate [ ]a'c'e or [ ] In the context of the lower SG complex model and the H*
contact pressure analysis, a degraded divider plate is considered a divider plate with the upper

[a]c'e inches of the weld, stub runner, and heat affected zone of the divider plate removed. This level of
degradation has never been observed in any foreign SG and is extremely conservative compared to the
reported levels of degradation over the prior 15 years of inspections in the foreign fleet (References 6-33,
6-34, and 6-35). See Reference 6-7 for a description of the divider plate factor for different levels of weld
degradation and how the divider plate factor is calculated. Refer to Section 6.2.1 for a description of how

the divider plate is included in the lower SG complex model.

Degradation of the divider plate does not significantly affect the pressures or temperatures of the primary
fluid during any operating condition (Reference 6-36). The limiting sector of the tubesheet is,
perpendicular to the face of the divider plate. Refer to Section 6.2.3 for a discussion of the tubesheet
displacements as a function of azimuthal position. The combined radial tubesheet displacements at the
900 plane of the perforated tubesheet region (parallel to the face of the divider plate along the edge of the
divider lane) are typically [ ] less than the tubesheet displacements perpendicular to the face of the
divider plate. Reducing the tubesheet displacements increases the contact pressure between the tube and
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the tubesheet. See Figure 6-26 for a graph showing the increase in pull out resistance as a function of
azimuthal angle in the tubesheet. Increasing the contact pressure between the tube and the.tubesheet
reduces the calculated H* value. See Figure 6-68 for a comparison of the mean H* values for a degraded
divider plate and an intact divider plate.. Note that the tubesheet displacements with a degraded divider
plate predict a larger value of H* than the tubesheet displacements with an intact divider plate.

a,c,e

Figure 6-68 Comparison Between H* Values for a Degraded Divider Plate.(DPF = [
Intact Divider Plate (DPF =[ ]a~ce).

Iac'e) and an

6.3 TUBESHEET ROTATION EFFECTS

The .H' integrator model includes a calculation for tubesheet hole dilation due to tubesheet rotations. A
study was performed to evaluate if the tube bore dilation model from the reference case (Reference 6-15)
in the H* integration is appropriate when the 3D FEA displacements are used. The study compared the
results for tubesheet bore dilation from the original 2D axisymmetric model and those from the 3D FEA
model. This section summarizes the results of this study.

Loads are imposed on the tube OD as a result of tubesheet deflections. The interaction between the
tubesheet and the other structures in the lower SG complex results in the tubesheet rotating due to the
deflections under the applied pressure and temperature conditions. The radial displacements produced by
the thermal loads are unaffected by the divider plate. The analysis results in this report conservatively
assume (see Section 6.2.6) that the stub-runner-to divider plate weld is non-functional (i.e., there is no
restraint provided to the vertical displacement of the tubesheet by the divider plate). The radial
deflection, UR, at any point within the tubesheet is found by combining the radial tubesheet deflections at
that location according to:
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where

DPF = the divider plate factor,

UA,= the radial tubesheet deflections at the 00 face of the tubesheet (see Section 6.2.3) due to the
applied pressure loads on the lower SG complex for the specific operating condition and

UAT = the radial tubesheet deflections due to the applied temperature loads on the lower'SG
complex for the specific operating condition.

This expression is used to determine the radial deflections along a line of nodes at a constant axial
elevation (e.g., top of the tubesheet, mid-plane, etc.) within the perforated area of the tubesheet. The
expansion of a hole of diameter D in the tubesheet at a radius R is given by:

Radial: AD = D {dUR(R)/dR}
Circumferential: AD = D {UR(R)/R}

UR is available directly from the finite element results. The value for dUR/dR is obtained by numerical
differentiation of the combined displacement field. The maximum expansion of a hole in the tubesheet is
in either the iadial or circumferential direction. Typically, these two values are within [ ]aCe% of each
other. Since the analysis for calculating contact pressures is based on the assumption of axisymmetric
deformations! with respect to the centerline of the hole, a representative value 'for the hole expansion must
be used that, is consistent with the assumption of axisymmetric behavior.. A two-dimensional finite
element study (Reference 6-15) was performed to determine the effect of hole "out-of-roundness" on the
contact pressures between a sleeve and a tube, and between the tube and tubesheet. The equation used for
the hole AD, Dmax - Dmin, is: .. a,c,e

where SF is a scale factor between [ ]a.c.. and[ ]ac.e For the eccentricities typically
encountered during tubesheet rotations, SF varies between approximately [ ]r c,e and [ ]T.c'. The
eccentricities on the tube bore are due to combined pressure and temperature effects (e.g., tubesheet bow,
thermal expansion, etc.). Eccentricity in this context is taken to mean the difference between the
maximum hole diameter and the minimum hole diameter (AD). These values are listed in the following
table:
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Table 6-20 Scale Factor as a Function of Initial Eccentricity

-- a,c,e

4

The data for initial eccentricities were fit to the following polynomial equation (Reference 6-15):

a,c,e

LI I
The hole expansion calculation as determined from the 3D finite element results includes the effects of
tubesheet rotations and deformations caused by the system pressures and temperatures. It does not
include the local effects produced by the interactions between the tube and tubesheet hole. The hole
expansion equation was compared against the range of calculated displacements from the 3D finite
element analysis. Both the previously calculated scale factors and AD factors were applicable when the

displacements from the 3D finite element analysis were used. The results of the 2D hole expansion
calculation were shown to be conservative and both increased hole growth and reduced contact pressure
compared to the 3D results. Refer to Section 6.2.5 for a discussion of contact pressure variation due to
tubesheet tube bore dilation. Therefore, the 2D hole expansion calculation is reasonable when the 3D
FEA displacement results are used and the AD and SF'equations can be used in the H* contact pressure
analysis.

6.4 CALCULATION OF TUBE-TO-TUBESHEET CONTACT PRESSURE

Calculation of Local Effects Due to Interaction of the Tube and Tubesheet Hole6.4.1

Standard thick shell equations, •including accountability for the end cap axial loads in the tube
(Reference 6-17), in combination with the hole expansions results from Section 6.3, are used to calculate
the contact pressures between the tube and the tubesheet. The thick shell equations are assembled using
the model provided by Goodier (Reference 6-18). The unrestrained radial expansion of the tube OD due
to thermal expansion is calculated as:

a,c,e

I I
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and, from pressure acting on the inside and outside of the tube as,

a,c,e

LI I
where:

Pi = Internal primary side pressure, Ppri psi

P,0 Crevice pressure, Pqp psi

b = Inside radius of tube =

c = Outside radius of tube =

I",' inch
]a,ce inch

a, = Coefficient of thermal expansion of tube, in/in/OF

E, = Modulus of Elasticity of tube, psi

T, = Temperature of tube, 'F, and,

v = Poisson's Ratio of the material

The thermal expansion of the hole ID is included .in the finite element results and does not have to be

expressly considered in the algebra-, however, the expansion of the hole IDproduced by pressure is given
by: . - a,c,e

K j
Where:

ETs = Modulus of Elasticity of tubesheet, psi

d = Outside radius of cylinder which provides the same radial stiffness as the tubesheet

Note that the outside radius of the representative tubesheet cylinder, d, is modified using the results
described in Section 6.2.4. If the unrestrained expansion of the tube OD is greater than the expansion of
the tubesheet hole, then the tube and the tubesheet are in contact. The inward radial displacement of the

outside surface of the tube produced by the contact pressure is given by (Note: the use of the term 8 in
this section is unrelated to its potential use elsewhere in this report):

a,c,e

I I
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The radial displacement of the inside surface of the tubesheet hole produced by the contact pressure
between the tube and hole is given by: E~a,c,e
The equation for the contact pressure (P2) is obtained from:

[ 1 a,c,e.

where ARRoT is the hole expansion produced by tubesheet rotations obtained from finite element results.
The AR's are:

a,c,e

L ] a,c,e

Theresulting equation is:
a,c,e

where:

Pi = Internal primary side pressure, Ppri psi

CPc -Crevice pressure, psi

b =Inside radius of tube, in

c = Outside radius of tube, in

a, Coefficient of thermal expansion of tube, in/in/0 F

E, =Modulus of Elasticity of tube, psi

T = Temperature of tube, 'F, and,

v = Poisson's Ratio of the material.

P2  Contact Pressure

For a given set of primary and secondary side pressures and temperatures, the above equation is solved

for selected elevations in the tubesheet to obtain the contact pressures between the tube and tubesheet as a
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function of radius. The elevations selected ranged from the top to the bottom of the tubesheet. The
contact pressure calculation results are limited to a minimum value of zero (0 psi) because it is not
possible to have less than zero contact pressure between two objects. The OD of the tubesheet cylinder in
the analysis is initially equal to that of the cylindrical (simulate) collars ([ . ]fCC inches) designed to
provide the same radial stiffness as the tubesheet, which was determined from a finite element analysis of
a section of the tubesheet (References 6-19 and 6-20). See Section 6.2.4 for a discussion of how the
tubesheet cylinder OD is modified in the contact pressure analysis as a function of tubesheet radius. The
tube inside and outside radii within the tubesheet are obtained .by assuming a nominal plus 2 sigma
diameter for the hole in the tubesheet ([ ]a c.. inch) and wall thinning in the tube equal to.the average
of that measured during hydraulic expansion tests. That thickness is [ ]ace inch. for the tube
(Model F tube wall thickness after hydraulic expansion).

6.4.1.1 Changes in the Contact Pressure Calculation and H* Calculation Methodology

The contact pressure analysis methodology has not changed since 2007 (Reference 6-21). However, the
inputs -to the contact pressure analysis and how H* is calculated have changed in that period of time. For
example, the effective stiffness of the simulated tubesheet collar can now vary as a function of tubesheet
radius in the contact pressure analysis (see Section 6.2.4). 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. 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 h, and h2 .was defined in Equation (6-4):

a,c,eK 1 (6-4)

where:

FHE = Resistance per length to pull out due to the installation hydraulic expansion,

d = Expanded tube outer diameter (not related to the tubesheet collar outer diameter),

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

ýt = Coefficient of friction between the tube and tubesheet, conservatively assumed to be
I I"" for the pull out analysis to determine H*.
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The current H* analysis generally uses the following equation to determine the axial pull out resistance of
a tube between any two elevations h, and h2:

a,c,e

I I (6-5)

Where the other parameters in Equation (6-5) are the same as in Equation (6-4) and /-I and Fý'L are new

parameters that account for the differences in modeling the effect of the installation hydraulic expansion.
The •E parameter is the effective coefficient of friction evaluated for the final length of the tube portion
within the tubesheet. The effective coefficient of friction can be calculated using Soler's method
(Reference 6-37) or it can be an assumed value. The FAP is the applied effective resistance per length

to pull out due to the installation hydraulic expansion, based on the work of Goodier (Reference 6-18).
The combination of Soler's method with Goodier's analysis provides two equations to solve for the two
*unknowns in the residual contact pressure analysis: the distribution of the residual contact pressure for a
given tube length, and the coefficient of friction between the tube and the tubesheet (Reference 6-38).
The H* analysis has the option of calculating the residual resistance to pull out for any given tube length
based on test data alone, calculations involving the test data, or some other user-defined distribution of
residual effects. This means that if an H* analysis uses any value of residual. contact pressure, the

distribution of residual contact pressure is also adjusted in the final calculation of the H* value during the
adjustment for the crevice pressure distribution. Refer to the H* analysis process diagram, Figure 2-1, for
an illustration of the analysis sequence. However, the reference basis for the H* analysis is the
assumption that residual installation pressure contributes zero (0) additional resistance to tube pull out.
Therefore, the equation to calculate the pull out resistance in the H* analysis is:

L I a,ce

(6-6)

The contact pressure is assumed to vary linearly between adjacent elevations in the top part of Table 6-25,
Table 6-26 and Table 6-27. Substitution of a linear distribution of contact pressure into Equation (6-6)
gives the following result between any two elevations in the tubesheet (L1 and L2)

or,

I
K

I a,c,e

a,c,e

I
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so that, a,c,e

• • (6-7)

Equation (6-7) is used to calculate the accumulated force resisting pull out from the top of the tubesheet to
each of the elevations listed in the lower parts of Table 6-25 through Table 6-27. The initial estimate for

H* is the point at which the result of Equation (6-7) is equal to, or greater than, the applied-pull out loads
given in-Section 5.0. The available pull out resistance in the tube, (F,), is linearly interpolated between

the top of the tubesheet and any given elevation below the topof the tubesheet so.that the equality in
Equation (6-8) is true atthe H* depth. a,c,e

[ ] (6-8)

Where the F in Equation (6-8) is equal to the applied end cap load for a specific operating condition as
calculated in Section 5.0. The H* spreadsheet model does not allow any pull out resistance to accumulate

below[ ]ac~ e inch from the top of the tubesheet. The' practical significance of that limit is that H*
cannot be less than [ ]".ce inch, because the rate of pull out resistance accumulation cannot exceed the

applied pull out load until [ ]ac'e.inch. However, if an H* depth of less than [ ]a-c€ inch is calculated
using this process, for any operating condition at any tubesheet radius, the resulting H* value is increased
to a value of at least [ ]ace inch. Any further modifications to H*, such as increases for uncertainty in the
location of the bottom of the expansion transition, are added to the minimum value off ]a.c.e inch:

6.4.2 General Description of 3D FEA ModelResults

The three-dimensional finite element model calculates all normal and shear displacements for the

tubesheet with respect to the undeformed. condition in the global coordinate system. Results are available

for all regions of the model, but, only the results for the perforated region of the tubesheet at the 0' hot leg
face (symmetry plane) are required for, the contact pressure analysis. This is because the displacements
on the 0° face of the tubesheet generate the least contact pressure and produce the largest H* values.
Each SG in the Model F fleet has a slightly different set of displacements because of the small variations
in the as-built design and plant-specific operating condition. However, the results from a plant-specific
contact pressure analysis of the Model F fleet show that the radial displacements for the region of interest
in the tubesheet are very similar. The NOP conditions generate the largest combined thermal and
pressure displacements. The resulting contact pressure distributions throughout the Model F fleet are also
very similar in the region of interest at the limiting tubesheet radius. The major component of tubesheet
displacement in the finite element model is the deflection due to thermal growth. See Figure 6-69 and

Figure 6-70 for graphs of the combined tubesheet deformations in the 3D finite element model for
Millstone Unit 3. The results for Millstone Unit 3 are bounding for a 4-loop Model F SG plant. In

general, the displacement and contact pressure results for a 3-loop Model F plant are bounded by the
results for a 4-loop Model F plant. See Figure 6-71 through Figure 6-73 for graphs of the combined
radial tubesheet displacement for Millstone Unit 3. The results shown in Figure 6-71, Figure 6-72 and
Figure 6-73 are the sum of the scaled pressure displacements (i.e., multiplied by the divider plate factor
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ratio of 1.60) and the thermal displacements for different. tubesheet elevations. As expected, the bottom

of the tubesheet is "tighter" than the top of the tubesheet and there isno bending at the neutral axis of the
tubesheet. The resulting contact pressure distribution for Millstone Unit 3, at the limiting tubesheet radius

*of 20.5 in, is shown in Figure 6-74. The mean H* distribution for Millstone Unit 3, as a function of
tubesheet radius is shown in Figure 6-1.
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Figure 6-69 Typical Combined Displacement for 3D Model During NOP
(Plotted on deflected mode shape, with a displacement magnification of 10Ox)

Figure 6-70 Typical Combined Displacement for 3D Model During SLB
(Plotted on deflected mode shape, with a displacement magnification of 100x)

WCAP- 17071 -NP April 2009
Revision 0



6-93

a,c,e

Figure 6-71 Combined Thermal and Pressure Tubesheet Radial Displacement for Millstone Unit 3
at the Bottom of the Tubesheet, DPF = ace

a,c,e

Figure 6-72 Combined Thermal and Pressure Tubesheet Radial Displacement for Millstone Unit 3
at the Neutral Axis of the Tubesheet, DPF = I Ia'c'e
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a,ce

Figure 6-73 Combined Thermal and Pressure Tubesheet Radial Displacement for Millstone Unit 3
at the Top of the Tubesheet, DPF = [ ]a....

a,c,e

Figure 6-74 Comparison of Tube-to-Tubesheet Contact Pressure for Millstone Unit 3 at the
Limiting Tubesheet Radius of [ ] inches

(Results include all crevice pressure specimen data.)
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6.4.3 General Description of 3D FEA Post-Processing

The structural analysis of the tubesheet complex provides the input displacement to the H* Integrator
Excel® model (see Figure.2-1). In prior analyses for H*, the nodal arrangement in the 2D axisymmetric
model was matched to the axial and radial nodes in the Excel® model so that the output matrix of
tubesheet deflections could be used directly in the H* integration model. The 3D FEA model has a
slightly different arrangement of nodes in the perforated tubesheet region due to the different plant-
specific geometries and the higher order nodes. Therefore, it was necessary to "post-process" the
deflection outputs from the 3D FEA model for use in the H* Integrator.

The result of the finite element analysis in ANSYS WorkBench is a binary data file that contains
information about all of the requested displacements in the model at every node in the model. An
ANSYS APDL macro routine is used to post-process the binary data file to obtain thenecessary tubesheet
displacement data. The output of the APDL macro is a 4 column by 1171 row vector that contains the
ANSYS node number, radial coordinate, vertical elevation coordinate and the radial tubesheet
displacement for each node on the 00 face of the tubesheet. The output from the APDL macro is the input
for a spreadsheet that interpolates the tubesheet displacement data. *The output from thespreadsheet is the
input for the H* contact pressure analysis. This-process is repeated for the thermal and pressure related
displacements for each of the limiting operating conditions. The APDL macro and interpolation
spreadsheet are capable of obtaining data from any azimuthalslice in the tubesheet. Only the results on
the 00 tubesheet face are specified in this analysis because it has been shown to be the limiting region in
the tubesheet (see Section 6.2.3).

6.4.4 Determination of Limiting Model F SG Plant in. the H* Fleet

The limiting Model F H* plant was determined by a contact pressure analysis of each specific plant in the
Model F fleet. The choice of the limiting Model F plant was based on three criteria:

1. The lowest calculated contact pressure at the bottom of the tubesheet.

2. The smallest rate of increase of the contact pressure from the top of the tubesheet to the mid-
plane.

3. The greatest degree of sensitivity to variations in material properties due to plant operating
conditions.

The comparison of the tube-to-tubesheet contact pressures was done on the zero degree (00) face of the
tubesheet at all tubesheet radii. See Figure 6-75 for a comparison of the mean tube-to-tubesheet contact
pressure results at the limiting TS radius [ ],c~e inch) for all plants in the Model F fleet.

Criterion I is important because it describes how much potential margin is available for the contact
pressure results. For example, if an analysis predicts lower contact pressures at the top of the tubesheet
but greater contact pressures in the identified region of interest in a SG tube (due to potential 'flaws) that
tube is at a lower risk of pull out.
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Criterion 2 is also important because a greater rate of contact pressure increase indicates that less axial.
tube length is required to meet the pull out load..

Criterion 3 is the most significant because the final H* and contact pressure analysis is a full bundle
analysis that primarily depends upon a statistical variation in the (E) Young's Modulus and Coefficient of
Thermal Expansion ((c) of the tube and tubesheet.
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a,c,e

Figure 6-75 Comparison of Contact Pressures for Model F Fleet Including All Crevice Pressure Data
At Limiting TS Radius [

a,c,e

Figure 6-76 Tube-to-Tubesheet Contact Pressure for the Limiting Model F Plant (Millstone Unit 3)
at the Limiting TS Radius Using Only the Specimen 8 Crevice Pressure Data

€
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The Model F plant that satisfies all three criteria is Millstone Unit 3, for the post-uprating condition. All
of the Model F plants are similar with respect to Criteria I and 2, although the Millstone results indicate
lower contact pressures at the bottom of the tubesheet and a smaller contact pressure gradient at the
limiting radius. However, Millstone has the highest specified operating temperature (see Table 5-1). This
is important because the difference inthe coefficient of thermal expansion for the tube and the tubesheet
decreases with increasing temperature. The hotter that a plant operates, the more sensitive it is, to
variations in the thermal expansion coefficient. The difference in the coefficient of thermal expansion for
the.tube and the tubesheet between 600'F and 700°F is 4.00E-7 or less. Because Millstone Unit 3 operates
at the highest fluid temperatures, it is more likely that the differential thermal component of the contact
pressure calculation will be minimized and, at the other extreme, that the thermal growth of the tubesheet
will be maximized. Therefore, .the results from a Model F contact pressure analysis using the geometry
and operating conditions from Millstone Unit 3 are the conservative bounding results for the Model F
fleet.

6.4.5 Sample Mean H* and Contact Pressure Calculation

The calculation of H* relies upon the input for the finite element models discussed in Section 6.2, the
operating parameters for a specific plant, and material properties. The initial value of H*, and the contact
pressure, are modified by allowances for inspection uncertainty, temperature distribution and crevice
pressure. The initial H* results come from a comparison of the pull out' resistance at a given radius to the
uniformly applied pull out loads. The calculated tube engagement length required to equilibrate the loads
*on the tube for each operating condition in the analysis is calculated and the maximum engagement length
at any given radius ils used as the initial H* value for that radius. It is typical for one operating condition
to produce the lowest tube-to-tubesheet contact pressures at all radii which generates the largest
(bounding) H* values for the plant. If a value of less than one inch is predicted at any given radius the
final H* value at that radius is adjusted to a minimum value of one inch. See Table 6-21 for a summary
of the initial mean H* values using the mean material inputs and operating parameters for Millstone Unit
3 based on the tubesheet displacements at the zero (00) degree face of the tubesheet.

Table 6-21 Initial Mean H* Values a,ce

The maximum H* values occur during the NOP Low-Tavg condition and those values bound the H*
results at all other tube radii.- The limiting H* result, or the worst-case tube, is at the [ . ],,,e inch
radius. The maximum H* values occur during the NOP condition. Therefore, the H* results must be
adjusted to account for the difference in the thermal distributions at NOP and accident conditions
([ ], c inch). See Section 6.2.2.2.5 for the effect of assuming different tubesheet displacements due to
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different thermal distributions. See Table 6-22 for a summary of the mean H* values with the thermal
distribution' adjustment.

Table 6-22 Mean H* Values Adjusted for Thermal Distribution Effect
a,c,e

_ _ _ _ I _ _ _ _ _ _ _ _ _

______________ ______ ____ ____i___ ____ ___

The mean H* values are further adjusted, to include the offset for the uncertainty in the location of the
bottom of the expansion transition (BET). The BET offset for a Model F SG is 0.3 inch. This offset was
developed from an uncertainty analysis' of the location of~the BET documented in Reference 6-22 Table
6-23 provides a summary of the adjusted mean H* values including'the BET offset. The results in Table
6-23 are shown in Figure 6-1.

Table 6-23 Mean H* Values Including BET Offset a,c,e

The adjusted H* values with the BET offset represent the first estimate of the final tube engagement
length based on the assumption that the tube is severed at the bottom of the tubesheet. The definition of.
H* is that the tube below the specified H* depth is assumed to be nonexistent. Therefore, the initial
estimate for H4* must 'be adjusted. so that the final tube length accommodates the crevice pressure
distribution referenced to the calculated H*,value. Changing the length in the analysis of the tube portion
within the tubesheet redistributes the crevice pressure and changes the resulting contact pressure
distribution. The result of shortening the tube length within the tubesheet (i.e., the difference between the
initial assumption of the location of the severance and the initial prediction of H*) is to increase the
calculated H* distance, typically increasing H* between [ ]a,c,e inch and [ '],c'e inches depending on
the initial predicted value of H*. The adjustment required is proportional to the predicted initial H*. The
result of including the thermal distribution adjustment, the BET offset and the crevice pressure adjustment
is the final H* value. Table 6-24 summarizes the 'final mean H* values. The contact pressures related to
the results in Table 6-21 are given in Table 6-25, Table 6-26 and Table 6-27.
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Table 6-24 Final Mean H* Values a,c,e

The variations in H* for a probabilistic study do not include the BET offset or the crevice pressure
adjustment. The recommended input deck from a Monte Carlo analysis is used to determine the final H*
values at a probabilistic confidence level and the resulting tube length that gives the crevice pressure
adjustment. A final H* value calculated, using the square root sum of the squares (SRSS) approach
includes the thermal distribution effect and the BET and a conservative estimate of the crevice pressure
adjustment. See Figure 1-1 for a graphical representation of the multiple passes required to generate the
Final H* value with the crevice pressure adjustment.

6.4.6 Validation of Calculated Contact Pressures and Supporting Models

The results of the contact ýpressure and lower SG complex models were verified using tw'o different
means:

* Independent peer review Using alternate models

" Alternate calculation method using Finite Element Analysis

Comparing the H* analysis results to these alternate analyses showed that the H* contact pressure
analysis, and the related analysis models, are reasonable.

A comparison of the tubesheet -complex structural model with a similar structural model prepared by
Argonne National Laboratory (ANL) was performed during the development of the H* analysis, thus
providing an independent assessment of the model ANL created a similar finite element model, with some
geometry differences, of the lower SG complex using ABAQUS. The tubesheet model included a single
tube bore with a contact law to approximate the contact pressure distribution between a tube and the
tubesheet at the limiting radius.

The comparison with the ANL model included a comparison of the maximum vertical (transverse)
displacement of the tubesheet during NOP and SLB conditions for essentially the same input conditions.
The ANL review also included a comparison of the calculated contact pressure at the limiting tubesheet
radius as a function of the elevation within the tubesheet. The maximum vertical tubesheet deflections
calculated in the H* lower SG complex model and the ANL.finite element model were within [ ]a...e% of
each other when the same material properties, pressure loads and temperatures were used. Therefore, the
deflections in the H* lower SG model are reasonable and agree with the results from a different and
independent finite element analysis.
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The contact pressure results of the ANL model closely agreed with the contact pressure results from the
H* analysis. The characteristic, of the contact pressure distributions in the H* analysis and the ANL
analysis were within [ ]a.Coe% of each other when the same material properties and boundary conditions
were used. The same trend in the contact pressure distributions (minimum tube-to-tubesheet contact
pressure at the top of the tubesheet, maximum tubesheet contact pressure at the bottom) was also
observed. Both the ANL model and the H* model showed that the SLB contact pressure increased
relative to the NOP contact pressure when the model boundary conditions changed from NOP to SLB. It
is significant to note that the ANL model relied on a contact law with a different meshing scheme to
achieve these results. Based on this comparison, it is concludedthat the H* contact pressure analysis is
reasonable and validated by a completely different model and analysis approach.

Because the H* contact pressure analysis is a complex process, a separate analysis was performed to
-verify the contact pressure analysis. The tubesheet deformations, tube bore deformations due to pressure

and temperature, tube deformations due to pressure and temperature, strain* hardening effects from
installation, effects due to thermal lock-up between the tube and the tubesheet, etc., are all combined to
calculate the contact pressure distribution between the tube OD and the tube bore ID. To verify the
accuracy of the H* contact pressure analysis, a separate 2D planar finite element model of a tube within a
single tubesheet cell was created. The tube and tubesheet cell model boundary conditions allowed the
model to simulate separately each effect that the H* contact pressure model used in the calculation. The
boundary conditions on the 2D planar tubesheet/tube cell model included:

1. Tube Expansion

2. Permanent Strain Hardening of the Tube

3. Installation Pressure Release

4. Tube Bore Dilation due to Pressure and Temperature loads on the Tubesheet

5. Heat-Up of the Tube and Tubesheet,

6. Pressurizationof the Tube to an Internal Pressure of 1220 psi

.7. Pressurization of the Tube to an Internal Pressure of 2250 psi'

Items 6 and 7 in the applied boundary conditions allow the 2D planar model to compare contact pressure
results at different tubesheet elevations. The case of the reduced pressure (1220 psi) in Item 6 represents
the upper 6 inches of the tube bore (close to the top of the tubesheet) when the crevice pressure acting on
the tube is reduced but still affecting the total pressure differential across the tube wall. The case of the
increased internal pressure (2250 psi) in Item 7 models the condition of no crevice pressure acting on the
tube. The mean material properties were used for both the tube and the tubesheet in the 2D planar model
and the H* contact pressure analysis. The maximum tube bore dilation for the NOP case, as calculated
using the results from Section 6.2.4, were used for the 2D planar model, were applied so that the
tubesheet bore could only extend along a major axis without acting to "pinch" the tube in the orthogonal
axis (i.e., zero Poisson contraction). The tube bore dilations in the H* contact pressure analysis were
calculated using the tubesheet deflections and the eccentricity relationship described in Section 6.3. The
contact pressure result at an elevation that had approximately the same tube bore dilation as the input to
the 2D planar model was used to compare the two different methods. Both the tube and the tubesheet
were heated to 600'F in the 2D planar model. The H* contact pressure analysis used the boundary
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conditions for atypical Model F SG in the domestic fleet. The 2D finite element analysis showed that the
tube and the tubesheet always maintain contact throughout Steps I through 7. Further, the 2D planar
analysis showed that the variation in contact pressure around the circumference of a tube and tubesheet
cell with applied deformations, pressures and temperatures was minimal and remained close to the
average value around the entire tube OD. The H* contact pressure analysis predicted less contact pressure
between the tube OD and the tube bore ID than the 2D FEA model predicted .for every case. For
example, in the case of feedwater line break, AP across the tubesheet equalto 2650 psi, both the tube and
the tubesheet at the temperature of 622.6' F, at a tubesheet radius of[ • ]ac~e inches, at an elevation of
approximately 2 inches above the tube end weld, with a tube bore eccentricity of [ la,c,e inch, and
zero residual contact pressure (0 psi) the 2D finite 'element model predicts an average tube-to-tubesheet
(T-TS) contact pressure around the circumference of the tube of [ ]a'e psi. The H* contact pressure

analysis predicts a tube-to-tubesheet (T-TS) contact pressure of [ ]ac,e psi for the same conditions,
tube bore eccentricity, radius and elevation. Similarly for the case of NOP, with a AP across the tubesheet
equal to 1453 psi (Ppr = 2250 psia, Pse. = 797 psia), with both the tube and the tubesheet at 622.60 F, at a
tubesheet radius of [ ]•'C inches, at a elevation approximately [ ]5•'• inches above the tube end weld,
with a tube bore eccentricity of [ ]a*c° inch, and zero residual contact pressure (0 psi) the 2D finite
element model predicts a maximum T-TS contact pressure of [ ]`'6 psi. The H*. contact pressure.
analysis predicts' a maximum T-TS contact pressure of [I ]i•'psi for the same conditions, tube bore
eccentricity, radius and elevation. Therefore, the results of the H* contact pressure analysis included in
the .H* Integrator model. are a reasonable estimate of calculated contact pressure available between the
tube and the tubesheet during operating conditions based on conservative FEA results.

6.4.7 Distribution'of Tube-to-Tubesheet Contact Pressure as a Function of Tubesheet
Elevation

Previous H* submittals include data that showed a contact pressure profile that is similar to a typical,
bending stress profile through the thickness of the tubesheet. in that case, for a positive pressure
difference between the primary and secondary faces of the tubesheet, the tubesheet will "bow" upward
away from the channelhead. This deflection "pinches" the tubesheet boresat the primary surface of the
tubesheet and acts.to "open" the crevice at the top of the tubesheet. The change from the ALSP model to
the 3D model also demonstrates this kind of behavior in the tubesheet deflection. See Figure 6-77 and
Figure 6-78 for graphs of the deflection through the tubesheet at three tubesheet radii using the operating

conditions in Table 6-8 for NOP and Table 6-8 for SLB.

The FEA results from the 3D models were obtained using the boundary conditions described in

Section 6.2.2.2 and the procedure described in Section 6.4.3 to post-process the 3D FEA results into the
required H* analysis input format.
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a,c,e

Figure 6-77 TS Radial Displacement Under.Combined Thermal and Pressure Loads During SLB
TTS = TS Elevation 21.0.in, BTS = TS Elevation 0.0 in.

-a,c,e

Figure 6-78 TS Radial Displacement Under Combined Thermal and Pressure Loads for NOP
TTS = TS Elevation 21.0 in, BTS = TS Elevation 0.0 in.
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The tubesheet displacements in Figure 6-77 and Figure 6-78 show that the combined displacements for
the NOP cases are larger than the combined displacement for the SLB case at each of the radii. The rates
of increase of the combined tubesheet displacements for the SLB case are also greater than the rate of

slope increase of the combined tubesheet displacements during NOP. The FEA results in Figure 6-77 and
Figure 6-78 show that the tubesheet is "tighter" at the bottom of the tubesheet than at the top of the

tubesheet and that the tubesheet is tighter at the SLB conditions than at NOP conditions. If actual SLB
and NOP conditions are used to model the radial displacements in the tubesheet, the trend of the results in
Figure 6-77 and Figure 6-78 remain but the magnitude of the displacements are different. Figure 6-79
and Figure 6-80 use the input data from Table 6-9 and Table 6-10 for NOP conditions and the input data
from Table 6-11 for SLB. This data represents the bounding operating conditions from a single plant
instead of the generic operating conditions from a postulated Model F plant.

Figure 6-79 Combined Thermal And Pressure Load Tubesheet Radial Displacements for NOP
TTS = TS Elevation 21.0 in, BTS = TS Elevation 0.0 in.

The tubesheet displacements shown in Figure 6-79 and Figure 6-80 show that both the gradient of the
tubesheet displacements as a function of tubesheet elevation and the magnitude of the radial tubesheet
displacements in Figure 6-77 and Figure 6-78 are conservative relkitive to actual plant operating
conditions.

L,c,e
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a,c,e

Figure 6-80 Combined Thermal and Pressure Load Tubesheet Radial Displacements for SLB
TTS = TS Elevation 21.0 in, BTS = TS Elevation 0.0 in.

The deflection profiles !shown in Figure 6-77 through Figure 6-80 show that the contact pressure
distribution between the tube. and the tubesheet approximately follows the assumed bending stress profile
(tight at the bottom of the tubesheet, looser at the top of the tubesheet). They also indicate that the, contact
pressure distribution for SLB conditions exceeds the contact pressure distribution for NOP conditions at
some depth within the tubesheet for expected input operating conditions. See Figure 6-81 for a graph of
the tube-to-tubesheet contact pressures during SLB and NOP conditions when the generic input for NOP
conditions (Table 6-9 and Table 6-10) are used and the generic input conditions for SLB (Table 6-11) are
used. It is concluded from Figure 6-79 that the contact pressure at SLB conditions exceeds that for NOP
conditions. Although Figure 6-79 shows the axially distributed contact pressure at the limiting radial
location, the same conclusions also apply for all other radial location in the tubesheet.
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a,c,e

Figure 6-81 Mean Contact Pressure Distribution Case for Millstone Unit 3 Conditions at a TS.
Radius of I ]a~c~ e inches TTS =TS Elevation 0.0 in, BTS = TS Elevation 21.03 in.

6.4:8 Effect of Excluding Specimen 7 Crevice Pressure Data on Contact Pressure
Results

The crevice between the tube and the tubesheet is an important component of the H* contact pressure
analysis. Reference 6-28 documents data from a test whose purpose it was to determine the crevice
pressure distribution assuming a primary-to-secondary leak in the expanded region of the tubesheet. The
data from Reference 6-28 was included with a prior analysis of H* (Reference 6-24) together with a basis
for applying the test data. Subsequently, a recommendation was received from the NRC to apply the test
data in a different fashion termed a "distributed," or, "depth-based" pressure distribution. The
depth-based crevice pressure distribution has been adopted as the reference analysis case for H*. See
Reference 28 for a description of how the crevice pressure data is applied in the H* analysis.

Crevice pressure and leakage tests are extremely difficult to perform, especially at elevated temperature,
because the leakage is very small and difficult to measure even over an extended period of time. Some of
the data, identified as Specimen 7, inReference 6-28 appears counter-intuitive, suggesting a reversal of

flow near the exit from the crevice. During a review of this data with the NRC Staff and ANL, it was
concluded that the counter-intuitive data(from Specimen 7) in the crevice pressure experiment should be
excluded from the final H* contact pressure distribution analysis. In general, exclusion of the data from

Specimen 7 results in less conservative results for H*. The final analysis for H* excludes the data from
Specimen 7; however, the analysis to determine the limiting plant was based on the use of the entire data
set, including Specimen 7. This was done to make sure that all of the collected test data was used in a
conservative fashion when determining the limiting plant in the Model F fleet and any contact pressure
related sensitivities (e.g., see Sections 6.2.4, 6.2.3, 6.2.5, 6.3, 6.4, 6.4.1 and 6.4A4). It was determined that
the reduction in the mean H* value as a function of tubesheet radius when the Specimen 7 data is
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excluded is small. The effect of excluding the Specimen 7 data on the associated contact pressure and
sensitivity studies can also be assumed to be small. Therefore, the conclusion from this analysis is that

Model F H* population is not affected by excluding the Specimen 7 crevice pressure data from the
contact pressure analysis. Figure 6-82 compares the crevice pressure as a function of tubesheet elevation
with the test data from Specimen 7 and Specimen 8 included and the crevice pressure distribution using

only the Specimen 8 data. The resulting H* distributions for the different crevice pressure distributions
are shown in Figure 6-83.

Figure 6-82 Comparison of the Average Crevice Pressure Data as a Function of Depth Ratio for
the Entire Crevice Pressure Data Set and the Data Set When Only Specimen 8 is Considered

Figure 6-83 Comparison of H* for Different Crevice Pressure Data Input

a~c,e

a,c,e
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6.5 CONCLUSIONS

The results of the H* contact pressure analysis demonstrates that there is sufficient contact pressure
between the tube and the tubesheet due to thermal effects, pressure effects, tubesheet deflections and tube
deflections to justify moving the primary pressure boundary and load path from the tube end weld to the
tube-to-tubesheet expansion joint. The NOP contact pressure distribution is bounded by the SLB and
FLB contact pressures throughout the tubesheet for the mean input case. The H* contact pressure
analysis results also show that the contact pressure, increases from the top of the tubesheet to the bottom
of the tubesheet: See Figure 6-81. for a graph of the contact pressure at the limiting tubesheet radius in the
limiting Model F plant. See Table 6-25, Table 6-26 and Table 6-27 for summaries of the mean contact
pressure distributions in the limiting plant with Specimen 8 crevice pressure data input only. The limiting

* case, in the limiting sector, and throughout the tubesheet, is NOP Low-Tavg. This case bounds all other
load combinations and tubesheet displacement to produce the limiting H* in the tube bundle. See Figure

* 6-1 for a graph of the mean value of H* as a function of tubesheet radius. The significant conclusions in
.Section 6.0 are summarized in the list below:

1. The calculated mean value of H*, [ ]a Ce inches, is based on the limiting tube location at a
radius of[ ]P"C~e inches in the limiting sector of the tubesheet. All other tubes will have a
lower (i.e., better) value of H*.

2. The reference structural model for the H* analysis is a 3D FEA model that replaces the 2D ALSP
model utilizedin priorH* evaluations. The 3D model shows that the results from the 2D model
were conservative.

3. The 3D FEA model has been validated by comparing it to another model of the same structure, as
well as a model by an independent organization, and achieving the same results.

4. The limiting tubesheet displacements in the bundle occur. on the line that is perpendicular to the
divider plate (referenced to the 0' face of the half symmetry tubesheet in the 3D FEA model).
Tubesheet displacements at all other azimuthal positions in the bundle are less than the
displacements on the zero (0) degree face.

5.. A greater value of H* results. when the divider plate is assumed to provide no support to the
tubesheet. This conclusion applies for all radii on the tubesheet.

6. The effect of excluding Specimen 7from the crevice pressure data is to slightly decrease the
value of H*.

7. Leakage channels in the crevice do not develop as a result of tubesheet bore dilation. The tube
has been shown to remain in contact with the tubesheet bore for all predicted deformations of the
tubesheet bore. The variation in contact pressure around the circumference of the tube is very
small for the expected range of deformations.

8. The contact pressure between the tube and the tubesheet is greater during SLB/FLB conditions
than at NOP conditions at all locations in the tubesheet, for all plants in the Model F fleet..

9. The bounding plant among the Model F population is Millstone Unit 3. Millstone Unit 3 meets
all of the criteria established to define the bounding plant. In-particular, Millstone Unit 3 has the
highest specified operating temperature among the candidate Model F plants.
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Table 6-25 Mean Contact P'ressure Distributions for NOU', Low Tl,,9 Condition a,c,e
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Table 6-26 Mean Contact Pressure Distributions for SLB Condition a,c,e
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Table 6-27 Mean Contact Pressure Distributions for FLB Condition acle
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7.0 RESIDUAL CONTACT PRESSURE

Residual Contact Pressure (RCP) is defined as the pressure between the tube and the tubesheet at room

temperature resulting from the hydraulic expansion of the tubes into the tubesheet. Pull out tests have

been performed to support prior submittals of the H* justifications (Reference 7-1) and in conjunction
with leakage tests to support return to power reports for plants that have experienced tube end damage
due to failure of a split pin (Reference 7-3 and 7-4). These tests have been performed at both room

temperature and at elevated temperatures. The tests utilized steel collars that simulated the stiffness and
strength of unit cells of tubesheets with different dimensions of the square pitch and tube bore diameter.

Residual contact pressure derived from the measured pull out forces from tests that simulate the
as-manufactured condition of the steam generators (SGs). All of the tests that have been performed to
date have demonstrated that a positive value of RCP exists after the hydraulic expansions. However, the
results from pull out test depend on a number of factors, including dimensional variations of the tubes and
the tubesheet collars, surface finish variations, potential manufacturing artifacts in the tubesheet' (collar)

bore, process variables such as expansion pressures, etc. For elevated temperature pull out testing, the
derivation of the RCP from the test data depends on the specific values of the coefficient of thermal

expansion for the materials used for the test specimens that are generally not specifically known but fall
within a small range (see Appendix B). As a result, elevated temperature pull out test data are not used
for this evaluation. Nevertheless, data scatter is anticipated in the pull out tests and reduction of the test
data to determine RCP due to the factors noted above. Uncertainty in the RCP Value used was the source
of staff concerns in prior submittal of H* (Reference 771).

Another area of concern identified by the NRC staff vWas that only limited pull out data exists from which
the residual contact pressures are estimated. The NRC staff stated in Reference 7-2 that insufficient
information had been provided to establish whether the pull out test, specimens used to determine residual
contact pressure adequately envelop the range of values of these parameters which might be encountered
for the expected range of the H* value. Note that the prior analysis for H* was very conservative and that
larger values'of H* than provided in Section 6.0 were conservatively predicted. In prior submittals of H*,
the predicted H* value was conservatively estimated using a 2-dimensional axisymmetric structural
model, andtemporary applications of H* at 17 inches were approved (Reference 7-5). However, the pull

out test specimen lengths were significantly shorter than the approved value of H*, leading to questions if
the force per unit length (F/L) calculations were reliable for the longer specified value of H*.

To address these issues, a new pull out test program was initiated to support the development of H* as
described in this report. In addition, an analysis was performed to evaluate the uncertainties applicable to
*RCP (see Table 7-1). The purpose of the test program was to provide additional pull out data for longer
test specimens than tested previously, which would be used to establish a conservative value of the

expected mean RCP. The parallel analysis program provided the uncertainties that should be applied to
the mean RCP determined from the, pull out test program and prior pull out test data.

This section provides the results of the pull out test program and the results of the analytical uncertainty
study the parameters that affect the RCP2.
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7.1 PULL OUT TEST PROGRAM

The objective of the pull out test program was to define a conservative mean value of residual contact
pressure for use in the H* analysis. Pull out tests provide load vs. displacement data for specimens of
different lengths that represent both the range of potential values of H* and the different tube diameters
among the population of H* candidates (11/16 inch, 3/4 inch and'7/8 inch). The RCP is calculated from
the recorded pull out forces from these tests assuming the same coefficient of friction (0.2) that was
assumed in Section 6.0 for the H* structural analysis. This section, which summarizes the pull out test
results and analysis for mean residual contact pressure, is currently in preparation. When completed, this
section will provide the mean value of RCP that can be applied in the.H* justification, together with the
uncertainty analysis provided in Section 7.2.

Thereference value for RCP assumed in this report for H* is assumed to be zero;. The mean value of H*
provided in Section 6.0 and the probabilistic assessment in Section 8.0 are based on the assumption of
zero residual contact pressure. Any positive value of RCP will reduce the mean value of H* provided in
section 6.0 and the probabilistic value of H* discussed in Section 8.0.

7.2 ANALYSIS FOR UNCERTAINTIES IN RCP

7.2.1 Variables that Affect the Value of RCP

Table 7.1 summarizes the variables that impact the uncertainty of the RCP and that were considered in the
calculations for RCP uncertainty.

For the component dimension variables, the mean values were determined from the applicable
manufacturing drawings. The limits of the drawing tolerance were interpreted as [ ]a.. values and the

]a.....values were determined from this definition. This is conservative because component dimensions

exceeding the drawing tolerances would be rejected. Since all components will meet the drawing
dimensions unless documented by a manufacturing deviation notice as isolated cases, the limits of the
drawing tolerances represent the total distribution of the variables.

For material properties, Sy, ET and ETS, the limits of the material specification were conservatively
interpreted as [ ],ce values and the ]ajce values were determined from this definition. This is
conservative because materials exhibiting property values outside the specification would be rejected for
use.

The Young's moduli, ET and ETs, are also parameters that directly affect the structural calculation for H*
in Section 6.0 and, consequently, the probabilistic evaluation for H* in Section 8.0. The influence of the
Young's moduli on both the structural analysis and on the RCP analysis is very small. Therefore, the
Young's moduli of the tube and tubesheet materials are considered independently in the structural
analysis and RCP analysis. No effort was made to coordinate the specific values of Young's modulus
between the structural analysis and the analysis for RCP.

For the uncertainty analysis, the mean tube expansion pressure was conservatively assumed to be the
minimum acceptable expansion pressure from the manufacturing specification for the Model F SGs. A

[ c,e standard deviation of the minimum acceptable expansion pressure was assumed to account for
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expansion equipment instrumentation error. The manufacturing procedures prevent the as-built expansion
pressure to be less than the lower tolerance of the specification. Tubes that initially did not meet the
minimum expansion pressure were re-expanded at a higher pressure to assure compliance with the
process specification. Therefore, the expansion pressure assumed for this study is a conservative, lower
bound value when considering the absolute values of calculated residual contact pressuresý Any
expansion pressure greater than the assumed minimum value will result in an increase in the predicted
residual contact pressure.

7.2.2 Structural Analysis Model

The analysis model to evaluate the contact stresses was a 2 dimensional plane strain finite element model
using the ANSYS computer code (Reference 7-9). Both the tube and tubesheet are represented using the
ANSYS [ ] finite element, which is a 2-dimensional plane structural element. The model is
a full 3600 representation of the tube and tubesheet. The finite element mesh consists of [ ]ac:e nodes
about the circumference of both the tube and tubesheet. [ ] a,c,e elements are used radially
through the tube wall and [ ]a,' elements are used radially through the tubesheet collar.

The contact interaction between the tube and tubesheet during hydraulic expansion is represented
analytically as a

]a~c,e

Figure 7-1 shows an overall view of the finite element model. This view shows the Model F model. The

finite element models for Model D5 and 44F are similar; only the dimensions differ slightly. Figure 7-2
shows a close up of the tube region of the model.

7.2.2.1 Dimensions, Boundary Conditions and Loads

The model simulates the unit cell representation of the tubesheet, using the same approach used in
Section 6.0 to calculate contact pressure. The external dimensions of the collar that simulates the stiffness
of the tubesheet unit cell is the same as that utilized in the pull out tests (Reference 7-9) for the different
models of SG represented. The collar bore and tube dimensions are initially the mean values specified on
Table 7-1.

Because there are no physical boundary conditions for the tube-to-tubesheet interaction, the boundary
conditions in the finite element model are used to prevent singularity errors due to unimpeded rigid body
motion during the analysis. As such, the boundary conditions were chosen to minimize the impact on the
analysis results. On the outer circumference of the tubesheet collar, the four principal directions are set
on [

],Cx. This is shown in Figure 7-2. The pressure load is

applied to the inside surface of the tube in [ ] ac,e. The pressure load
is ]a 'c.
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7.2.2.2 Solution Process

The hydraulic expansion process was simulated in ANSYS via a

]a,c,e.

Residual contact pressure is the desired output for this parametric sensitivity study. Because of the
symmetry of the geometry, boundary conditions and -loading, the residual contact pressure is expected to

• be uniform around the circumference of the tube/tubesheet., However, the results show a slight variation
in residual contact pressure distribution, which is a result of mathematical computations within ANSYS.

The average residual contact pressure reported was determined by averaging the minimum and maximum
value calculated. Because the variation of the distribution around the circumference is small and is due to
mathematical computations rather than a physical phenomenon, this averaging technique is judged to be a
valid representation of the residual contact pressure.

7.2.3 Structural Analysis Results

The results of the contact stress parametric study are contained in Tables 7-2, 7-3, and 7-4 for the Model
F, Model D5 and Model 44F, respectively. The parameter that most affects the residual contact pressure
is the [

a,c,e.

7.2.4 RCP Uncertainty Evaluation

The combined uncertainty of residual contact pressure, when all input variables are considered, is
developed using an influence factor approach. In Tables 7-2, 7-3 and 7-4, the mean and two standard
deviation values of contact stress (pressure) are provided for each input variable. Therefore, the
necessary parameters are available. to define a distribution of residual contact stress (residual contact
pressure) for each variable. Tables 7-2, 7-3 and 7-4 show that the effect on RCP is different for positive
or negative variations of individual parameters. Because it is of primary interest to determine the
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minimum RCP, the individual distributions of RCP in each variable were based on only the parameter

that would reduce the RCP. For example, on Table 7-2, the variation of RCP for a +2(7 variation in tube
OD is [ ]a~c~e psi, whereas the variation of RCP for a -2a variation of tube OD is [ ]a'c'e psi. To

establish the distribution of RCP for variation of tube OD, only the [ ]ace psi variation is considered.
The result of this approach is that the reduction of RCP is properly modeled, but that the potential

increase in RCP may be over-estimated. Overestimating the RCP does not affect the conclusions for H*
because, while higher RCP reduces the value of H*, only the lower tail of the H* distribution is of interest
in the probabilistic analysis of H*.

Residual contact pressure cannot be less than zero. For this reason, the individual distributions of RCP

for the eight significant variables were modeled as Weibull distributions. The Weibull distribution
parameters, cx and 03, were iterated until the distribution yielded the correct mean value of RCP and the

correct value of standard deviation. Table 7-5 summarizes the Weibull distribution parameters along with
the resulting mean and variance for each input variable. These values define the distribution of each
influence function, which, if expressed.as a cumulative distribution function (CDF) as shown in Figure 7-

3, can be directly sampled using a Monte Carlo technique. The CDF for each variable is normalized by
the predicted mean residual contact stress. The distribution of the final RCP variability is determined by

the following equation:

a]c,e

Where FRCPi is the multiplier for the .applicable mean RCP determined in Section 7.1, and vii, v2i, v8i
are the influence factor values for the ith pick.

One hundred thousand simulations for the RCP variability multiplier were performed. The resulting
distribution of the variability multiplier is shown in Figure 7-4.

7.2.5 Application to H* Calculation

To apply the RCP distribution in Figure 7-4 to the H* calculation, it is necessary to represent the RCP
factor distribution in terms of H*. This is readily accomplished by calculating H* as a function of'the
RCP multiplier assuming that the mean value of RCP is known. As noted in Section 7.1, the mean value
of RCP has not been finally determined from the test data. However, to illustrate the application to the

H* analysis, the estimate of mean RCP derived analytically in the RCP variability study is used. Based
on this calculated value of mean RCP, [ ]a.c. psi, an influence factor for H* was calculated that can be
sampled along with the influence factors for the variables that directly affect the calculation of H* (see
Section 8.0).

Figure 7-5 shows the influence of a mean value of RCP = [ ] ..... psi on the value of H*. The
cumulative distribution function from Figure 7-4 expressed in terms of the value of H*is shown on
Figure 7-5. If the multiplier on RCP from Figure 7-4 is zero, the value of H* is the value calculated for
zero RCP. A value of CDF equal to [ I"" (see Figure 7-4) represents the effect of the mean value of
RCP on the value of H*. As is seen from figure 7-5, the effective multiplier on H* is approximately
1 ]C, for a mean value of RCP of [ ] ace psi. This represents a reduction in the H* value for zero

RCP of approximately [ ]a..ce inches. Smaller values of mean RCP will result in smaller reduction in
the value of H* and larger values of mean RCP will result in larger reduction.
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It is concluded from this evaluation that the assumption of zero RCP for the reference value of A* is
extremely conservative. Depending on the value of mean RCP finally determined for the test data, the
zero RCP value of H* is estimated, to include at least 1-2 inches of margin, compared to a more realistic

value of H* that includes a real value of RCP.
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Table 7-1 Variables That Affect Residual Contact Pressure a~c~e

Table 7-2 Residual Contact Stress Model F Steam Generator .a,c,e

______ ___ I __ I __ I ___
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Table 7-3 Residual Contact Stress Model D5 Steam Generator a,c,e
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a,c;e
Table 7-4 Residual Contact Mode 44F Steam Generator

9 9

I 1 -I- -I-
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Table 7-5 Weibull Parameters for Residual Contact Pressure Variation a,c,e

4 4 + 4 4
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a,c.e

Figure 7-1 Finite Element Model - Overall View
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ace

Figure 7-2 Finite Element Model - Node Constraints
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a,c,e

Figure 7-3 Cumulative Distribution Functions of RCP Variables Factors
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a,c,e

Figure 7-4 Compositive Variabilty of Residual Contact Pressure

ac,e

Figure 7-5 Illustration of Adjustment to H* for Positive RCP
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8.0 DETERMINATION OF H*AT THE REQUIRED PROBABILITY
AND CONFIDENCE

The applicable probabilistic criteria for H* were provided in Section 4.0 of this report. Each tube in the
tube bundle must meet the H* value with a probability of 95% at a confidence level of 50%. This
definition is also known as a whole bundle analysis at 95/50.

Several approaches to meeting the probabilistic requirement are available. The EPRI Tube Integrity
Guidelines (Reference 8-1) provide a simplified statistical approach under which the uncertainties on the
mean prediction of H* are combined as the square root of the sum of the squares (SRSS).. The guidelines
also provide for a fully probabilistic analysis utilizing a Monte Carlo sampling technique. While both
methods are used in this report for developing the whole bundle H* value at 95/50, the more simple and
conservative method, SRSS, is the reference basis for determining the probabilistic value of H*.

Section 6.0 of this report provides the structural basis for the limiting mean value of H*,[ ]a,c,e inches,
which includes the adjustment for the location of the bottom of the expansion transition (BET) and the
adjustment for tubesheet NOP thermal distribution. Figure 6-1 provides the mean H* value as a function
of tubesheet radius within the limiting tubesheet sector for the bounding Model F steam generator (SG)
plant. It was noted in Section 6.0 that the limiting mean value of H* applies for the tube located at the
limiting radius in the limiting sector of the tube bundle. Every other tube in the bundle would be expected
to have a lower value of H*. The H* value for this limiting tube is utilized as the basis for the
probabilistic evaluation included in this section. I

8.1 PROCESS

8.1.1 Effect of Crevice Pressure on H*

Section 6.4.5 discusses the analysis iteration performed during the H* calculation process to define the
final H* distance for a distributed crevice pressure (P,,ev) model referenced to the location of the predicted
H*. Referring to Figure 1-1, the H* process diagram, the first prediction of H* assumes that the
postulated flaw exists at the bottom of the tubesheet. Thus, the crevice pressure distribution is initially
applied assuming that it is distributed over the entire thickness of the tubesheet. The resulting prediction
of H* implies that the postulated flaw exists just below the predicted H* distance. The final calculation
of H* assumes that the flaw is located at the initial predicted value of H* and applies the crevice pressure
distribution accordingly. This process adds a nominal length to the first H* prediction because changing
the crevice pressure axial location reference changes the contact pressure distribution above H*.

The incremental value of H* due to the application of the crevice pressure profile (see Figure 6-82) varies
with the initial prediction of H* but has a unique value for each H* value. Multiple cases were evaluated
in which the applicable input parameters identified in Section 8.1.2 were varied singly or in combination,
an initial value of H* was calculated and the necessary adjustment due to the re-application of the crevice
pressure distribution was determined. Figure 8-1 shows the resulting adjustment for crevice pressure for
the range of initially predicted values of H* for the Model F SG. The characteristic of the Pcrev
adjustment curve is as expected. An initially predicted small value of H* depends principally on contact
pressure derived from thermally and pressure-induced contact forces between the tube and the tubesheet
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with very little influence from the crevice pressure. Thus, the crevice pressure has little impact on the
result and a small crevice pressure adjustment would be expected. As the initially predicted H* length
increases, the effect of the crevice pressure adjustment also increases because the thermal and
pressure-induced contact pressures are proportionately less compared to the crevice pressure. Therefore,
a larger impact of crevice pressure on the predicted value of H* would be expected. At some value of
initially predicted H*, the slope of the crevice pressure adjustment begins to approach the initial crevice
pressure distributionslope, based on the entire thickness of the tubesheet, and the relative adjustment due
to the crevice pressure decreases to zero at the originally assumed distribution as the initial prediction of
H* approaches the full thickness of the tubesheet.

Because the P.rev adjustment is shown to be a unique function of the value of the first prediction of H*,
independent of parameter variations that result in the first predicted value of H*, the adjustment for Pcrev

can be applied after the determination of the probabilistic value of H* and is not a parameter in the
probabilistic analysis.

8.1.2 Definition of Variables and Their Variability

The complete calculation for H*, shown in the process diagram on Figure 1-1, depends on a number of

input parameters whose value can vary. Not all of the variables affect. every part of the calculation.
Table 8-1 summarizes the input variables and their applicability to the separate models that are utilized in
the H* calculation process. Four input parameters directly affect the results of the contact pressure
calculations: Youni's modulus of the tubesheet and tube material (ET, ETS) and coefficient of thermal
expansion (GTE) ofithe tube and tubesheet materials (XT, cTs). Variations in the tubesheet bore and the
tube outer diameter and tube wall thickness do not directly affect the contact pressure calculations
because the initial condition for the contact pressure calculations assume line-on-line contactbetween the
tube and the tubesheet. However, geometric variability of the components is introduced into the
calculations through the residual contact pressure (RCP) variability discussed in Section 7.0. The
reference basis for the H* calculations in this report is the assumption of zero residual contact pressure.
All prior tube pull out testing has shown that there is a positive value for RCP. If a positive value of RCP
is included in the H'calculation, the value of H* will decrease; thus, the assumption of zero residual
contact pressure is conservative.

Table 8-2 summarizes the variables that affect the H* calculations. The table includes the mean value of
the variables, the predicted mean value of H* and the resulting variability of H* for perturbations of
individual variables around their means. All of the material properties that are used as input variables in
the H* analysis are natural variables. An analysis parameter is considered to be a natural variable if the
range of values that it is assumed to have is not affected by a process related to the analysis or is an
intrinsic characteristic. For example, the CTE of Alloy 600 is. not affected by the application of end cap
loads on the tube and remains the same regardless of the volume of Alloy 600 that is present. Therefore,
the CTE of Alloy 600 is considered an intrinsic material property and can be assumed to vary within a
natural distribution of values. It is reasonable to assume that natural variables have normal (Gaussian)
distributions because variations in material structures and properties (e.g., crystal structures, grain
boundaries, etc.) are likely to be concentrated around some average value with an equal chance of being
either below the average or above it. For example, the distributions of the two most significant variables,
aT and aXTS were shown to be reasonably approximated by a normal distribution in the analysis of the
coefficient of thermal expansion tests, Appendix B of this report.
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The variation of H* with respect to a known change of a single parameter over a defined range is called
an influence factor. The concept of influence factors is well known in structural analysis and the
application of the concept for the H* analysis is the same. An influence factor was calculated for each of
the relevant input parameters (i.e., UT, (XTs, ET, ETs) about a mean value determined from the ASME Code
and a 1, or more, standard deviation variance based on established test data or reference literature [e.g.,

Appendix B, Reference 8-4]. The influence factors were calculated by repeating the entire calculation
process shown in Figure 1-1, except the RCP calculations, by varying only one input variable at a time
while holding all other inputs at their mean value. These calculations were repeated at different input.

parameter variances to account for* possible non-normality of the resulting H* influence factor
distributions for each variable. It is seen from Table 8-2 that among the four variables affecting the value
of H*, the variation due to Young's Modulus, E, for both the tubesheet and tubing materials is verysmall
compared to the variability of the coefficient of thermal expansion for both materials. Nevertheless, the
variability in H* due to all four properties was included in the probabilistic assessment.

8.1.3 Interaction Among the Applicable Variables

Application of the SRSS method of combining uncertainties assumes that each input parameter and the
effect on H*of varying that parameter, is independent of the other input parameters. The Monte Carlo
influence factor approach also assumes that variables are independent. A variable is considered to be

independent with respect to another variable if a change in that variable does not affect the variability of
the other. With respect to H*, a variable is independent if the characteristic of the change in H* due to a
variation of that parameter is not affected by a simultaneous change in another parameter. The
characteristic variation of H* in the four individual random variables affecting, its value is shown in
Figure 8-2. Each variable was changed from its mean value by a number of standard deviations while all
other variables were held at their mean and the value of H* was determined' Figure 8-3 shows the
percent change in the"raw" mean H* prediction plotted on the same scale to provide perspective on the
significance of each variable. The raw mean H* prediction is the predicted value of H* before any
adjustments are made for location of the BET, normal operating NOP thermal distribution (see
Section 6.4.5) and crevice pressure adjustment.

Figure 8-3 shows that the most significant variables for H* are the CTE of the tubesheet (aTs) and of the

tube materials (XT). The tube CTE clearly dominates, resulting in approximately a [ ]'.ce% increase in
H* 'from the mean if its value is approximately at the mean minus 3a. While the tubesheet material CTE
is also significant, a mean plus 3c value for it results in approximately a [ ]a,c.,% increase in the value of
H* over its mean value. The remaining variables, the Young's Moduli of the tubesheet and tubing
material are very weak variables, resulting in less than 2% increase in the H* value at their means minus
3y values. [

a,c,e

If the input variables are independent, their combined effect on H* is expected to be a cumulative effect
rather than a multiplicative effect. Figure 8-4 illustrates the expected effect of simultaneous variation of
the CTE of the tube and the CTE of the TS, assuming true independence. From Figure 8-3, a -ICY
variation of the CTE of the tubesheet results in a [ ]a.Ce% decrease in the value of H*. Similarly, a +2a
variation of the CTE of the tubesheet results in approximately a [ ]"Nce% increase in the value of H*.
Based on this logic, assuming the CTE of the tube and tubesheet to be independent, a family of curves
was constructed to show the expected change in H* when both the CTE of the tubes and the tubesheet are
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varied simultaneously, Figure 8-4. The difference between the individual curves is the constant offset
from the mean H* value for each different variation of both the tube and tubesheet CTE.

To determine if each of the variables affecting H* are independent, a large number of influence factor
calculations was performed in which two or more input parameters were varied over a wide range of their
uncertainties. The result of these calculations is reflected .in the variation of H*. A matrix of interactions
was considered for the four applicable variables for the determination of H* as shown on Table 8-3.

Figure 8-5 shows the results of the interaction study for the coefficient of thermal expansion of the
tubesheet and the coefficient of thermal expansion of the tube. The figure shows the percent variation
from the calculated mean value of H* when the coefficient of thermal expansion for the tube varies from
+5cr to.-5cr and when the coefficient of thermal expansion for the tubesheet is also varied from -lcr to

+5cy. The shape of the curves is similar, suggesting that .there are no discontinuities at which a value, of

H* cannot be defined; however, the curves are rotated about the mean value of the tube CTE resulting in a
convergence of the net effect on H* when the CTE of the tubesheet is positively varied, and a divergence
when the CTE of the tubesheet is negatively varied. If the variables were independent, a point-by-point
difference "of approximately [ ],ce% change in 1H* would be expected (see Figure 8-3) when the
tubesheet CTE is at a value of mean +2cy. Over a 3ca variation of the tube CTE, the point-by-point change
in H* is shown to vary (see Figure 8-4) from [ ]ace% at mean tube CTE to [ ],Ce% at the mean minus
3cY value of tube CTE. Therefore it is concluded that the tube CTE and tubesheet CTE have some
interaction effect over a wide range of tube CTE variation.

Figures 8-2 and 8-3 show that the influence of Young's Modulus for both the tube (ET) and tubesheet
(ETs) materials is essentially negligible. For a 4a variation of ETS, the effect on H* is less than [ ]a...%

Similarly, for a 4cr variation of ET, the effect on H* is less than [ ]a,,,,%. The effect of ETs is greater than
that of ET because the structural response of the tubesheet and the tube to tubesheet contact pressure both
involve this variable, whereas ET is reflected in only the contact pressurecalculation.

Figures 8-6 through 8-10 show the degree of interaction among the applicable variables:

Figure 8-6: Interaction between ctTS and ETS. The slope of the curve for variation of ETs alone
(Figure 8-2c) is unchanged by a simultaneous. I1a positive variation of XTS. The absolute
difference between the.two curves reflects only the effect of ctTS on H*. A negative variation of
UTS would decrease the value of H1* and is of no consequence here.

* Figure 8-7: Interaction between axTS and ET. The figure shows that there is no interaction
between these variables. The curves are parallel and reflect only the impact of varying ctTS on the
value Of H*.

* Figure 8-8: Interaction between cxT and ET. The figure shows that there is no interaction between
these variables. The curves are parallel and reflect only the impact of varying aT on 'the value of
H*.

" Figure 8-9. Interaction between aT and ETS. The figure shows that there is no interaction between
these variables.
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Figure 8-10: Interaction between ET and ETS. The figure shows that there is no interaction
between these variables. The figure also shows that Young's Modulus is an extremely weak
variable in regard to their effect on H*.

It is concluded that aT and cLTs are somewhat interdependent, but insufficiently so to suggest that a
discontinuity exists where the value of H* is not defined within the degree of variability of interest for the
probabilistic H* value. Each of the other variables is independent and is not significantly affected by
variation of any other variable as reflected by the predicted value of H*.

The interdependence of cXT and 0TS requires special consideration to assure that a value of H* exists, and
is not excessively large, when an extremely unlikely combination of values of cXT and a4s is considered..
To address this issue, all of the input variables were set at their [ ]"ce value in the direction of increasing
H*, and a new H* was calculated. The mean value of H* for this very unlikely case increased by
approximately [ ]PC"e inch, indicating that H* is not significantly sensitive to the input parameters.

8.1.4 Influence Factor Distributions

As noted in Figure 1-1 of this report, the calculation process for H* is complex, involving 4 different
models (only 3 if RCP is assumed to be zero). For this reason, it is not practicable to perform a classical
Monte Carlo simulation in which multiple simulations are performed by randomly choosing values from
the distributions of the input variables, performing a calculation for the dependent variable.(in this case,
H*) and rank ordering the solutions to determine the value at the desired probability and confidence level.
To implement a classical Monte Carlo appro Ich for H* would require 'completing the entire structural
calculation for the number of simulations desired (10K - IM), including the 3D FEA analysis for
tubesheet deflections and the H* integration process, which is an extremely time and cost-intensive effort.
However, the process can be made more practicable by developing distributions of H* in each variable
and then sampling these distributions using a Monte Carlo technique to determine the combined
probability of H* in all variables. This is termed the "Influence Factor Approach".

To implement the influence factor approach, a best estimate (mean) value of H* is calculated, assuming
that all input variables are at their mean values (see Section 6.4.5): Subsequently, one variable .at a time is.
perturbed by ±1a (standard deviation) or greater and the corresponding values of H* are determined. In
this manner, individual distributions of H* as a function of each variable are developed. It is assumed
that the influence factor distributions are reasonably normally distributed; therefore, each H* influence
distribution is defined by the known mean value of H* and the calculated variance of H* from the
perturbation of the input parameter. Thus, if an input parameter is varied by one standard deviation, the
resulting H* influence factor value would also be considered a la deviation. In this manner, because
there are four parameters that affect the H* calculation, four influence factor distributions are developed
from which to sample to determine the final combined distribution of H*.

The influence factor approach assumes that the individual influence distributions are essentially normally
distributed. This appeared to be a reasonable assumption because the variables that affect the H*
calculation are all "natural" variables, which tend to be normally distributed (see Table 8-1).
Examination of Table 8-2 shows that the H* influence factors are not truly normally distributed,
particularly for the variables that have the most significant influence on H* because the variations at
multiple standard deviations are greater than the 1 a variation multiplied by the number of standard
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deviations considered. For example, the variation of H* for a 5cr variation of ccTS is greater than five
times the H* variation for a I1a variation ofoTS. To address this, the distributions from which to sample
were conservatively biased by basing them on only the influence function distribution that increased the
value of H* (see Figure 8-11). For example, for the variation of H* for tubesheet coefficient of thermal
expansion in Table 8-2, the H* influence function was constructed using the positive variation result for
H*, 0.25 inch, to most accurately represent the influence function. This process biases the determination
of the final H* distribution to the conservative side (increased H* length) since the lower tail of the
distribution is not relevant. Influence factors were calculated in this manner for

] c,e parameter variations as shown in Table 8-2.-
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Table 8-1 H* Input Variables and Their Applications

Application

Tubesheet Contact Pressure Mean Residual Residual Contact
Variable Displacement Calculation Contact Pressure Pressure

Variability a,c,e

I. t t

Note: "X" indicates that the variable is used.
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Table 8-2 H* Variables and Influence Factors a~c~e

____ 4 4 -4- 4 + + 4 4

____ 4 4 -4- 4 - + + 4 4

____ 4 4 4 4- 4 4- 4 4 4

Table 8-3 Matrix of Variable Interaction Study for H*

--- ,c,e
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a,c,e

Figure 8-1 Adjustment to H* for Distributed Crevice Pressure'Referenced to Initial Prediction of H*
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a,c,e

Figure 8-2 H* Variation of H* with Individual Input Variables
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a,c,e

Figure 8-3 Variability of H*with All Relevant Parameters

WCAP- 17071 -NP April 2009
Revision 0



8-12

a,c,e

Figure 8-4 Expected Variation of H* When Both OT and OCTS are Varied and are Independent
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a,c,e

Figure 8-5 Interaction Between aTS and OCT
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a,c,e

Figure 8-6 Interaction Between cLTS and ETS

a,c,e

Figure 8-7 Interaction Between aTS and ET
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ac,e

Figure 8-8 Interaction Between OLT and ET

a.c.e

Figure 8-9 Interaction Between aT and ETS
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a,c,e

Figure 8-10 Interaction Between ETS and ET
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8.2 CALCULATION OF PROBABILISTIC H*

.8.2.1 Square Root of the Sum of the Squares (SRSS) Approach

The Square Root of the Sum of the Squares (SRSS) approach is the reference approach for calculating the

whole bundle value of H* at 95% probability and 50% confidence.

The simplified statistical approach provided in Reference 8-1 permits combining the variability of
multiple parameters by the square root of the sum of the squares (SRSS). This approach assumes that the

variability of each parameter is reasonably approximated by a normal distribution. For the H'calculation,

this approach requires calculating the variation of the H* influence factors for each input variable. An
influence factor is defined as the variation in H* from its mean value when each separate variable is
perturbed while holding all other variables attheir mean values. In other words, it is necessary to develop
influence factors for each variable on H* for the ±no values of the variables where o is the standard
deviation and n is a multiplier chosen torepresent the desired probability of occurrence of the variation.
The choice of the value of n provides a basis for examining the assumption of normality of the

distribution and investigating highly improbable occurrences of specific parameter variation, such as the
assumption of specific tubesheet properties in recognition that the population of tubesheets is relatively

small compared to the population of tubes. The results of varying one input, at a time to determine the
effect of such a variation on H* are included in Table 8-2 and Figure 8-2.

As shown on Table 8-2, the H* influence factors are reasonably represented by a normal distribution,
except for ctT which exhibits significant non-linearity with increased variation from the mean. For
example, the H* value for a 5y variation divided by 5 is [ ]"c",% greater than the lo variation in the
direction of increasing H*. For this analysis, the H* influence factor distributions were based on only the

parameter variations that increased the value of H*. These are called "biased influence factors" as
discussed in Section 8.1.3 and illustrated on Figure 8-11. For example, on table 8.2, a negative 1ca
variation of the coefficient of thermal expansion of the tube (cxT) results'in a .positive variation of H* of

0.46 inch, whereas a positive I a variation of cxT results in a reduction of the value of H* of -0.34 inch.
To address the apparent non-normal distributions of the significant H* influence factor, influence factors
were calculated for a range of parameter Variation up to 5y as shown on table 8-2. No discontinuities of

H* in any of the input parameters were identified. For the H* evaluation, only. the variation in the

direction of increasing H* was considered for the influence factors for both the l and 4.285a parameter
variation. The use of the 4.285a influence factors reasonably addresses the concern regarding the
non-normality of the H* influence factor distributions by examining the far tail of the distribution. Recall
that only the biased influence factors were used.

Calculations for determining the required single tube reliability were performed using standard functions
in Excel® (Reference 8-3). Since the requirement for H* is to achieve a whole bundle reliability of 95%,
it is first necessary to calculate the required single tube reliability based on a bundle population of tubes
equal to 5626. For this, the Excel® function BINOMDIST(s, T, Pb, L) is used, where

s is the number of allowed failures = 0

T is the number of trials = 5626
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Pb is the desired probability = 95%

L is a logical argument that directs the function to return the value of the cumulative distribution
function, which is the probability that there are no more than s failures.

For the required whole bundle reliability (probability of success) of 95%, the function returns a value for
the required single tube probability of failure (known as the individual term binomial distribution
probability). For the required whole bundle reliability of 95%, the permitted single tube probability of
failure (Pf) is 9.15E-06 for a bundle of 5626 tubes assuming no tubes are plugged.

The required single tube reliability (Ps) is the complement of the permitted single tube probability of
failure:

Ps I -Pf (1-9.15E-06) = 0.99999085

The Excel® function NORMSINV® returns the number of standard deviations required to achieve a
desired reliability, R, of a single tube. When considering a single tube, the necessary multiplier on the
combined variance is 1.645 to achieve a 95% probability at 50% confidence (Reference 8-2). For the
single tube reliability required to achieve a whole bundle reliability of 95% probability at 50%
confidence, the function returns a value of 4.285 as the multiplier on the standard deviation.

Figure 8-12 shows the variation of the required single tube reliability, expressed in numbers of standard
deviations from the mean as a function of number of tubes in the bundle to meet the 95% whole bundle
reliability criterion. Hypothetically, if the bundle consisted of only a single tube, the multiplier required
to meet 95% reliability is 1.645. For a full complement of 5626 tubes, the multiplier is 4.285.

Two different evaluations were made to develop the 95/50 value for the full bundle using the SRSS
approach and to develop the sensitivity of H* to the input variables.

1. The SRSS combined result based on the Icy variation of H* in all four input variables was
multiplied by 4.285 to determine the full bundle 95/50 H* value.

'2. The SRSS combined result based on the 4.285o- variation of H* in all four input variables was
calculated directly. This approach takes into account that the H* influence factors are not true
normal distributions as noted above.

Table 8-4 summarizes the H! probabilistic predictions including the adjustment for applying the crevice
pressure to the depth of the initially predicted H* value. Cases S-l, S-2 and S-3 are the results for the
different evaluations.

Case S-0: For this evaluation, the influence factors for H* were determined for Icy variation of each
variable affecting the H* calculation as summarized in Table 8-2. Because it was noted that the variations
of H* were not true normal distributions in each variable, the deviation of each variable was chosen in the
direction that -maximized the value of H*, i.e., using the biased influence factors. For example,
considering the two most influential variables, the coefficients of thermal expansion (a) of the tubesheet
and tubing material, the positive variation of the tubesheet ca and the negative variation of the tube ox were
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chosen. Although much less significant, the same process was applied for the variation of Young's
Modulus for both materials. The resulting combined H* variance, [ ]," inch by the SRSS method,
was determined. When multiplied by the factor 1.645, the resulting increase from the mean of the
predicted H* value is [ ]ac,e inch. When the adjustment is made, for the crevice pressure referenced to
the initially predicted value of H* (see Figure 8-1), the final value of H* is [ ]'' inches. This value
is the 95% probability, 50% confidence value of H* for a single tube.

Case S-I: For this evaluation, the biased influence factors from Case S-0 were utilized. To extend the
evaluation to include the full tube bundle complement of 5626. tubes, the applicable multiplier for the
single tube analysis is 4.285. The resulting increase from the predicted mean H*value is[ ]ace inches.
When the adjustment is made for the crevice pressure distribution referenced to the predicted H*, the final
value of H* for the entire bundle at 95% probability and 50% confidence is [ ]•'e inches.

Case S-2: As noted above, influence factors for H* were calculated based on parameter variances of
4.285(y. Only the variations that would increase the value of H* were considered. It is seen from
Figure 8-2 and Table 8-3 that the most significant influencing variable is the tube a. The predicted result
for H* for a variation of aT of 4.285a is greater than 4..285 multiplied by the lcr variability of H*.
However, the variation of H* at a 4.285ca variation of the tubesheet aTs is only slightly greater than 4.285
times the Ica variation of H* in the tubesheet a. When the adjustment is made for the crevice pressure
distribution referenced to the predicted H*, the final value of H* for the entire bundle at 95% probability
and 50% confidence is 11.2 inches. This case is the recommended value of H*at 95% probability and
50% confi~dence for the entire bundle of 5626 tubes.

Case S-3:1 This case replicates Case S-2 except that the biased influence factors are based on 5cr
variations of each of the input parameters. The predicted value of H* for this case is [ ' ],e inches.
The H* probability for this case is far in excess of 95/50 for a tube population of 5626 tubes. Application
of 5cr parameter variations' is well in excess of the required parameter variation, 4.285cr, to satisfy the
95% whole bundle probability requirement. This case shows that H* is not highly sensitive to extreme
parameter variations and validates the recommended H* value of 11.2 inches from Case S-2 above..

Case S-4: Because there is interaction'between aTS and atT, this case assumes that both aTS and axT are
at their 2cr values in the direction of increasing H* to define a very conservative biased mean value of H*.
The influence factors at 4.285cy were combined by SRSS. The resulting value of H*, [ ]a,,,e inches,
significantly exceeds the whole bundle probability requirements of 95% at 50% confidence. This case
further demonstrates that highly improbable input parameter combinations do not significantly increase
the value of H*.

8.2.2 Monte Carlo Sampling Approach to Calculating the Probabilistic Value of H*

The process described in this section, based on a Monte Carlo sampling technique, was utilized to provide
a check of the method described in Section 8.2.1.

A Monte Carlo sampling process was utilized, using the commercially available program "@RISK," to
develop the final H* distribution for all parameters combined (Reference 8-5). The biased influence
factors developed for each variable are randomly sampled to develop the final H* distribution. The
combined distribution is defined by the following equation:
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[ ],c,e (8-1)

where vi is the randomly sampled value of H* from each individual influence factor distribution.

Table 8-4 summarizes the results of various Monte Carlo cases considered.

Case M-0: Because the -Icy variation of each variable results in a different variation in H* than the•4lo
variation (see Table 8-2), effectively thereare 2 possible influence distributions for each variable. Hence,
a total of 8 influence distributions can be constructed. For this case, the distributions that were

constructed from the +1c variable variation were sampled; 10,000 simulations were performed and the
final H* distribution was constructed. The results of this simulation are presented in Table 8-4. The final

H* value, less than [ ]a c.. inches, represents the 95% probability at 50% confidence value of H* for
this particular set of inputs after the adjustments for BET and crevice pressure have been made. Because
the input variations chosen are arbitrary, there is no physical significance to this result, except to provide
information on the sensitivity of H* to variations of the input parameters.

Case M-1: This case is the same approach as Case MO0 except that the influence distributions from all of
the -iY variations of the input variables were utilized. The results of this simulation are presented in
Table 8-4. The final H* value, less than [ ]•c,e inches, represents the 95% probability value of H* for
this particular set of inputs. Because the inputs chosen are arbitrary, there is no physical significance to
this result, except to provide information on the sensitivity of H* to variations of the input parameters.

The case demonstrates the greater influence of the negative variation of oT on H*.

Cases M-0 and M-1 were initial analyses to scope the sensitivity of .H* to variations in the input
parameters. Comparing the H* results for-these influence factor variations leads to two observations:

1. The change in the predicted H* value is-not significantly sensitive to the variations of the input
parameters in either the positive or negative direction, and,

2. The variation of H* is principally driven by the value of oT. The results of these initial analyses
suggested the conservative path for evaluating the probabilistic value of H*, which was to bias all
of the influence function in the direction of increasing H*.

Case M-2: The 8 possible influence distributions from Cases I and 2 were reduced to 4 by selecting only
those that resulted in an increased value of H* as suggested by Cases M-0 and M-1. For example from
Table 8-2 for the ±1 a variations of the variables, the influence distributions were based on the following
parameter variations:

ETS: -I a variation Results in 0.02 inch increase in H*

OLTs: +1 a variation Results in 0.25 inch increase in H*

ET: -1 cy variation Results in 0.01 inch increase in H*

OCT: -Icr variation Results in 0.46 inch increase in H*
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This set of influence parameters are referred to as the "biased influence factors" because all of the
variable variations were chosen to maximize the H* value.

Using the influence distributions determined from the mean H* [ . ]a inches, including the BET and
NOP temperature distribution adjustments and the standard deviations noted above, lOOK simulations
were performed to determine the combined H* distribution. The 95% probability value was chosen from
the resulting combined distribution. This case represents a conservatively biased estimate of a single .tube
H* value at 95% probability and 50% confidence. The final calculated value of H* for this case is no
greater than [ ]ace inches.

.Case M-3: As an extension of Case M-2, the. final H* distribution from case M-2 was sampled 5626
times, and the resulting H* values were rank ordered from high to low. The maximum value of H* from
this sampling was determined to be less than I ]a~c~e inches as shown on Table 8-4. This case is not a
complete extreme value evaluation but it provides insight into the combined distribution of H*,
particularly when compared to Cases M-2 and M-4.

Case M-4: This case is a further extension of Case M- 2 and Case M-3. The distribution from Case M-2
is sampled similarly to Case M-3, except that the sampling of the Case M-2 results is repeated 1000
times. The maximum values from each of the 1000 repeats of the 5626 sample from the distributions are
recorded and rank ordered. From this ranking, the 9 5 0th value is chosen, which is the 95% probability at
50% confidence of the distribution of extreme values. This case represents a, true extreme value
evaluation for the case when all the influence factors are conservatively biased i'n the direction of a
greater H*. The resulting extreme value of H* is [ ]ac"e inches. Comparing this ivalue with that from
Case M-3 'shows that there is very little change in the value of H* when 1000 samples of the maximum
values are taken compared to only a single sample..

Case M-5: This case considers the biased influence factors for the 4.285(y variation from Table 8-2
divided by 4.285 to give equivalent I a factors that take into account the non-normality of the influence
factor distributions. Monte Carlo sampling from each influence distribution was performed' 100,000
times to determine the resulting distribution of H*, and the 95% probability, 50% confidence value is
reported from this distribution.. It is noted that each of the 100K simulations assumes a new value for the
tubesheet properties: Interaction effects are included because the 4.285cy variations were used that
already include the effective interactions among the variables. The predicted whole bundle H* value at
95/50 is [ .]•'c'• inches. When compared to Case M-2, this case illustrates the effect of the
non-normality of the influence factors.

This case is the Monte Carlo analogy to Case S-2, representing a whole bundle analysis at the desired
probabilistic criteria. It is expected that Monte Carlo sampling of the variances would result in a smaller
value of H* than that obtained from the SRSS combination of uncertainties.

Case M-6: This case is highly conservative for three reasons noted below and is provided only as a
benchmark analysis:

" The H* influence factors are based on parameter variations at 4.285a from Table 8-2.

* The influence factors are biased toward maximizing the value of H*
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* It is an extreme value evaluation.

Recognizing that there is a limited population of tubesheets among the H* candidate plants, this case
provides an extreme value H* assuming a limited population of tubesheets. An iterative sampling scheme
was applied in which the tubesheet properties were sampled once and, while holding the tubesheet
properties at that chosen value, the tube properties were sampled 5626 times and the maximum value of
the resulting H* was recorded. This process was repeated for 1000 random picks of tubesheet properties.
The recorded 1000 maximum H* values were rank ordered and the 950th value was selected. This value,

[ a,] inches, represents the extreme value of H* at a probability exceeding 95% at 50% confidence
for the entire bundle of 5626 tubes.

This case demonstrates that H* is not significantly sensitive to extremely conservative assumptions and it
validates the SSRS-based recommended value of H* of 11.2 inches.

Case M-7: The extreme conservatism of this case defines it as a bounding case which cannot reasonably
occur. The influence factors for this case are based on 2(y variation of all variables, biased in the direction
of a greater value of H*. The influence factor distributions are sampled 100K times to develop the H*
distribution. The H* distribution was sampled 5626 times, and that sampling was repeated 1000 times.
The maximum values from each of the 1000 replicates of 5626 samples were retained and rank ordered.
The 950h rank value, [ ]aC1e inches (before the Pcrev correction), represents the 95% probability at

50% confidence of the extreme value of this biased.case. It is noted that the 2cr influence factors are not
simply double the Icr influence factbrs, but are the true H* calculation process response to the inputs.
Therefore, this case includes an interaction effect between the two principal variables, caT and dTS.

After the correction for the effect of crevice pressure referenced to the location of the predicted H* is

added, the final value of H* for this extremely conservative case is [ P inches. This case exceeds
the requirement of 95% probability at 50% confidence for the whole bundle by a Significant margin;

8.3 SUMMARY AND CONCLUSIONS

The input variables that affect the calculations for tubesheet displacement, tube-to-tubesheet contact
pressures and residual contact pressure were defined. The variation of these parameters was previously
defined in Section 6.0. Only four parameters, the coefficient of thermal expansion for the tubesheet and
the tube material and the Young's Modulus of thetubesheet and the tube material, affect the calculation
of H* if is assumed that the residual contact pressure is zero. The impact of variability of each of these
parameters on H* was determined. Two approaches were utilized to determine the probabilistic value of
H* that meets the requirement of 95% probability at 50% confidence for all of the 5626 tubes in the
Model F tube bundle, combination of uncertainties by the square root of the sum of the squares (SRSS),
and a Monte Carlo sampling method.

The following conclusions were reached:

1. The recommended 95/50 whole bundle value of H* is 11.2 inches (Case S-2). This value meets
the requirements of whole-bundle based 95% probability at 50% confidence, and is the most
conservative of all of the results obtained from various different assessments of H* that did not
intentionally bias the results. It is based on the use of the SRSS method of combining
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uncertainties. The uncertainties are based on variation of the individual parameters of 4.285
standard deviations from their respective mean values.

2. An assessment of the extreme value of H*for all of the tubes (5626 for a Model F SG) in a SG
tube bundle shows that the extreme value of H* based on the use of variances biased to
maximizing the value of H*(Case M-4) is enveloped by the recommended value of H*.

3. Four input parameters affect the value of H*: The coefficients of thermal expansion of the
tubesheet and tubing materials and the Young's moduli for the tube and tubesheet materials. The
parameter that most influences the H* value is the coefficient of thermal expansion of the tubing
material (A600) and the second most important variable is the coefficient of thermal expansion of
the tubesheet material (SA508). Variations of Young's Modulus of both materials have only
minor influence on the value of H*.

4. The input variables are generally not interdependent. Some interdependence between the
coefficients of thermal expansion of the tube material and of the tubesheet material exists, but
without any discontinuities at which the value of H* becomes undefined. An analysis showed
that the other input parameters independently affect the value of H* without regard to the
variation of any other parameter.

5. The 95/50 value of H* is not significantly sensitive to extreme variations of the input parameters
as shown by the relatively narrow distribution of results for all of the cases considered.

* 6. If the number of tubesheet samples is reduced to account for the limited population of tubesheets
among the H* candidate plants, the extreme value of H* of [ ]ac~e inches (Case M-6) validates
the recommended value of 11.2 inches.

7. The recommended value of H* is based on the mean value of H* for the single worst tube in the
bundle at [ ],,c,e inches radius in the sector of tubes shown to have the limiting H* values. All
other tubes will have a lesser value of H*.
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Table 8-4 Summary of Probabilistic Analysis

Description Condition Mean H* Probabilistic Pcr Adjust- Final H*
Case () (in.) AH* (in.) H*at 95/50 ment (4) (in.)

(see Sections 8.2.1 and 8.2.2 for complete descriptions) (in.)

a,c,e

_ I ____________ Jill __ J __ I __
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9.0 LEAK RATE ANALYSIS OF CRACKED TUBE-TO-TUBESHEET
JOINTS

Leakage considerations were addressed in prior H*/B* technical justifications (e.g., Reference 9-10) by
B*. B* was defined as the length of undegraded tubesheet expansion region at which the resistance to
leakage under postulated accident conditions was the same as the leak resistance during normal operating
conditions (NOP). This permitted the accident condition leakage rate to be bounded by a factor.of 2 on
the normal operation leak rate from degradation at or below the B* distance from the top of the tubesheet.
The B* justification was based on a correlation of loss coefficient with contact pressure between the tube.
and the tubesheet.

A test-by-test analysis of the data has been completed to address the -data scatter (see Figure 9-2) in

relating the loss coefficient to tube joint contact pressure (References 9-1 and 9-2). The test-by-test
analysis of the availablee.leakage data has shown that there is no correlation between loss coefficient and*
contact pressure for the conditions tested (see Section 9.3.3). Therefore, the analysis basis of this report is
that there is no correlation between loss coefficient and contact pressure for the conditions of interest for
the SG expansion region. The original leakage. analysis approach called B* and the approach utilized in
the justification of the interim alternate repair criteria (IARC) (Reference 9-3) have been revised. The

current approach to the leakage analysis is described in Section 9.1.

To address NRC RIS-2007-20 (Reference 9-4) regarding the definition and treatment of the limiting
accident condition, the current analysis proyides detailed evaluation of the pressure-time histories of the
postulated accident conditions and develops an overall leakage factor (ratio) for accident leakage to
normal operating leakage for each H*-candidate plant (Section 9.1).. This section also provides a
rationale for calculating the time-integrated leak rate, based on the time histories of the postulated
accident conditions, that effectively reduces the leak rate factors for two of the four-applicable transients
to account for the time at temperature and pressure.

The applicable leak rate factor for the limiting transient, defined as the transient that results in the highest
leakage factor, is determined to be equal to, or less than, 2.03 for all of the H* candidate plants.

9.1 LEAKAGE ANALYSIS METHODOLOGY

9.1.1 Development of Overall Leakage Factor

The underlying theoretical basis for the leakage analysis is the Darcy formulation of leakage through a
porous medium (Reference 9-8). There has been general concurrence among the industry and the NRC
and its consultants that the Darcy model is the correct and conservative model for potential leakage in the
tubesheet expansion region for hydraulically expanded tubing. The Darcy model for leakage is discussed
in detail below.

In Reference 9-5, the NRC Staff provided their evaluation of the potential for the normal operating leak

rate to increase under steam line break (SLB) conditions. Making the conservative assumption that loss
coefficient and fluid viscosity are constant under both normal operating .and steam line break conditions,
the NRC Staff concluded that the ratio of steam line break leakage rate to normal operating leakage rate is
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equal to the ratio of steam line break pressure differential to normal operating pressure differential times
the ratio of the effective, crevice length under normal operating conditions (1NOP) to effective crevice
length under steam line break conditions (lsLB). Effective crevice length is defined as the crevice length
above the H* distance for which there is positive contact pressure between the tube and the tubesheet.
Using various values of ratio (1NOP:lsLB) determined from previous H*/B* analyses, the NRC Staff
concluded that a factor of 2.5 conservatively bounds the potential increase in leakage from the lower-most
4 inches of tubing that would be realized in going from normal operating to steam line break conditions
(Reference 9-5).

A ratio of the Darcy equation for flow through a porous medium, is used to calculate the estimated
increase in leakage during design basis accidents that model primary-to-secondary leakage for each of the
H* plants. The Darcy model for describing axial flow in a porous medium is:

_ Ap, (9-1)

12,uK/

Where:

Q is the flow rate of the fluid through the porous medium,

Ap is difference in pressure (or driving head) acting to force the fluid through the porous medium,

P is the viscosity of the fluid,

K is the loss coefficient for the flow through the porous medium and

1 is the axial length of the medium.

In lieu of the B* approach, which requires a value of the leak loss coefficient, the expected increase in
leakage during an accident event relative to normal operating conditions can be defined using a ratio of

Equation (9-1) for the different operating conditions. The resultant Darcy flow .equation ratio can be
separated into four "subfactors" as follows:

QDBA UApDBA PNOP KNOP I NOP-- (9 -2)
QNOP APNQP PDBA K 1B

Making the assumption that the loss coefficient is constant under normal operating and design basis
accident conditions reduces the ratio of design basis accident leakage rate to normal operating leakage
rate to three subfactors. The assumption of constant loss coefficient is supported by test-by-test
regression analysis results for loss coefficient as a function of contact pressure for both Model D5 and
Model F leakage test specimens (see Figures 9-15 and 9-16). The overall leakage factor is equal to the
ratio of design basis accident pressure differential to normal operating pressure differential multiplied by

the ratio of dynamic viscosity at normal operating conditions to dynamic viscosity at design basis
accident conditions multiplied by the ratio of effective crevice length under normal operating conditions
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(INop) to effective crevice length under design basis accident conditions (loBA). The ratio of the leak rates
is shown in Equation (9-3):

Q DBA - Ap.B pNop INOP (3

Q _O ApNO, PDBA lDo9A

Recall that "effective crevice length" is defined as the length of positive contact between the tube and the
tubesheet (above H*). It is shown in Section 6 that there will always be positive contact pressure between
the tubes and the tubesheet during all plant conditions for each tube over the entire length of the tubesheet
thickness. Therefore, the effective crevice length ratio, lNopl"D1A, is 1.0 above the previously calculated H*
length .for each transient condition that models primary-to-secondary leakage. Consequently, during a
postulated design basis accident, the expected increase in leakage is only a function of the increase in
pressure differential that occurs across the tubesheet and the ratio of the dynamic viscosity between
normal operating and the design basis accident conditions during the -plant transient and Equation (9-3)
further simplifies to Equation (9-4).

I)_ -ADBA kNOP (4
Qo,; _ A B. uop(9-4)

QNP Ap NOP YDBA

9.1.2 Viscosity Subfactor

The viscosity ratio subfactor in Equation (9-4) is determined from the applicable temperatures and
pressures for the conditions of interest. Figure 941 shows the relationship between dynamic viscosity as a
function of temperature and pressure. To facilitate determining the viscosity factor ratio analysis, a third
order polynomial fit to dynamic.viscosity data (Figure 9-1) was used to develop the appropriate leakage
factors for each of the plant conditions. The fit accurately represents the variability of dynamic viscosity
with temperature. The .viscosity ratio subfactor is utilized for determining the final leakage factor
discussed, below. It can be seen from Figure 9-1 that dynamic viscosity decreases with increasing
temperature. An increase in temperature relative to normal operating plant conditions or no load plant
conditions would result in an increase in leakage during a postulated design basis accident (DBA).

9.1.3 Discussion on Porous Medium

For the tube-to-tubesheet joint, the porous medium is defined as the interaction between the asperities of
the surface finishes of the tubesheet bore and the tube outside surface. The as-manufactured tube outside
diameter (OD) has a relatively smooth finish (10 rms finish), and the as-manufactured finish of the
tubesheet bore is controlled to a 250 rms surface finish. During the tube expansion process, the peaks of
the surface asperities of the respective components are deformed, creating a randomly distributed porous
interface over the length of the tube expansion.

For this analysis, the resistance of the porous medium to leakage is assumed to be uniform around the
circumference of the tube. Confirmatory testing (STD-MC-06-1 1, page 33, Reference 9-6) and results
published in the Journal of Pressure Vessel Technology, August 2006, Volume 128, Issue 3, pp. 408-413
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(Reference 9-7) both show that 'circumferential bands' of leakage are principally the leakage mode for
tubes expanded into tubesheets. This suggests that the actual leakage mechanism is a tortuous path of
relatively high flow resistance rather than the assumed circumferentially, evenly distributed porous
medium flow resistance. Additionally, three-dimensional finite element analysis (3D FEA) results in
Section 6.0 show that the degree of tubesheet bore ovalization that occurs due to tubesheet bow is
negligible compared to the asperity height of the original 250 rms surface finish of the tubesheet bore
during all plant conditions. The analysis also shows that there is no loss of contact around the perimeter
of the tube. The tube follows the ovalization of the tubesheet bore due to internal pressure, temperature
and bending effects (see Section 6.2.5). Therefore, it is concluded that the. assumption of
circumferentially uniformly distributed porous medium is appropriate and conservative for application to
the leakage evaluation and that channeling of flow due to tubesheet hole ovalization does not occur.

9.2 DETERMINATION OF LIMITING CONDITIONS FOR H* LEAKAGE
CALCULATION

9.2.1 Background

Primary-to-secondary leakage is assumed to occur in several design basis accidents (e.g., feedwater line

break (FLB), steam line break (SLB); locked rotor, and control rod ejection). The radiological dose
consequences associated with this assumed leakage are evaluated to ensure that they remain within
regulatory limits (e.g., 10 CFR Part 100, 10 CFR 50.67, GDC 19). The accident-induced leakage
performance criteria are intended to ensure !the primary-to-secondary leak rate during any accident does
not exceed the primary-to-secondary leak irate assumed in the accident analysis. Radiological dose.
consequences define the limiting accident condition for the H* justification.

9.2.2 Pressure-Time Histories for Accidents that Model Primary-to-Secondary
Leakage

As noted in Reference 9-4 (NRC RIS-2007-20, "Implementation of Primary-to-Secondary Leakage
Performance Criteria"), implementing the accident-induced leakage performance criteria requires an
analysis of the condition of the SG tubing during a SG inspection to calculate the magnitude of the
primary-to-secondary leakage which could potentially occur for each of the design basis accidents.. The

calculated leak rates for each *design basis accident should not exceed the value assumed in the
corresponding accident analyses.

To make such a comparison for the H* plants, a study was completed to define the loading conditions on
the tubes for each of the design basis accidents that model primary-to-secondary leakage for each SG type
involved in the H* program (Reference 14). In addition to the SLB/FLB accidents, the transients that
were evaluated include:

* Reactor Coolant Pump Locked Rotor - Dead Loop

* Reactor Coolant Pump Locked Rotor -Active Loop(s)

* Reactor Coolant Pump Locked Rotor -w/Stuck-Open power operated relief valve (PORV)
(Byron 2/Braidwood 2/Millstone 3/Salem Unit 1)

* Control Rod Ejection
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Transient response data was considered for all of the IH* plants as follows:

Model F Model D5 Model 44F and 51F
Wolf Creek Byron/ Braidwood 2 Turkey Point 3 and 4

Vogtle Unit I and 2 Catawba Unit 2 Point Beach I

Millstone 3 Comanche Peak 2 H.B. Robinson 2

Seabrook Indian Point 2

Salem1 . Surry l and 2

Vandellos 2

Examples of the transients input data from Reference 9-12, the SLB/FLB transient pressure histories for
the Model F SGs are shown in Figures 9-3 and 9-5, taken from Reference 9-12. Similar transient.input
data for the other DBA events noted above are also available in Reference 9712. Table 9-2 provides a
summary of the corresponding peak RCS pressures achieved during the transients (References 9-12 and
9-13). As the locked rotor with stuck-open SG PORV event is not defined in the SG design
specifications, it is conservatively assumed in this leakage analysis that the pressure-time history for this
transient is enveloped by the postulated SLB/FLB event. This is an appropriate assumption because the
peak pressure during a locked rotor event is bounded by the postulated SLB/FLB event.

Plant-specific operating conditions are used to generate the overall leakage factor ratios that are to be used
in the condition monitoring/operational assessments as discussed in Section 9.4. The plant-specific data
provide the initial conditions for application of the transient input data. The results of the analyses of the
plant-specific inputs, to determine the bounding plant for each model of SG, are contained in Section 6 of
this report.

9.2.3 Limiting Temperature Conditions

For both the postulated SLB and FLB event, it is judged that a plant cooldown event would occur and the
subsequent temperatures in the reactor coolant system would not be expected to exceed the temperatures
at plant no load conditions (discussed further in Section 9.2.3.1 below). Therefore, an increase in leakage
due to the viscosity subfactor in the Darcy equation discussed above would not be expected to occur.

The other design basis accidents, such as a postulated locked rotor event and a control rod ejection event,
are conservatively modeled using the design specification transients to result in increased temperatures in
the SG hot and cold legs for a period of time. Dynamic viscosity decreases with increasing temperature.
Therefore, referring to the Darcy model, and holding the other parameters constant, leakage would be
expected to increase, due to decreasing viscosity, for the duration of time that there is a rise in reactor
coolant system (RCS) temperature during these transients (see Section 9.5 for a discussion on the impact
of time integration of leak rate on acceptable leakage). Table 9-I provides a summary of the transient
temperature increase above normal operating conditions that is considered in this leakage analysis in the
hot and cold legs of the SGs for each model SG [(References 9-12 (Model F, 44F, 51F) and 9-13 (Model
D5)].
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9.2.3.1 Steam Line Break and Feedwater Line Break Temperature Transient Considerations

The plant transient response following a full power double-ended main feedwater line rupture
corresponding to "best estimate" initial conditions and operating characteristics indicate that the transient
exhibits a cooldown characteristic instead of a heat-up transient as is generally presented (Reference 9-19)
in the SG design transients and in the Chapter .15 safety analyses. The use of either the component design
specification transient or the Chapter 15 safety analysis transient for the leakage analysis for FLB is
overly conservative because:

The assumptions on which'the FLB design transient'is based are specifically intended to
establish a conservative structural (fatigue) design basis for reactor system components;
however, since H* does not involve component structural and fatigue issues, the best estimate
transient is considered more appropriate for use in the H* leakage calculations.

For the Model F, 44F, and 51F SGs, the FLB transient curves (Figures 9-5, 9-6, and 9-7)
represent a double-ended rupture of the main feedwater line concurrent with both Station
Blackout (loss of main feedwater & RCP coastdown) and Turbine Trip.

For the Model D5 FLB SG design transient, using the FLB design transient curve, the
maximum RCS temperature can exceed the saturation temperature which is predicted to
occur by the worst-case FLB heat-up Chapter 15 Safety Analysis Transient response.

The assumptions on which the FLB safety analysis is based are specifically intended to

establish a conservative basis for minimumrauxiliary feedwater (AFW) capacity requirements
and combines worst-case assumptions which are. exceptionally more severe when the FLB
occurs inside containment. For example, environmental errors that are applied to reactor trip
.and emergency safety feature (ESF) actuations would no longer be applicable. This would
result in a much earlier reactor trip and greatly increase the SG liquid mass available to
provide cooling to the RCS.,

A SLB event would have similarities to a FLB except that the break flow path would include the
* secondary separators which could only result in an 'increased, initial cooldown (because of retained liquid
inventory available for cooling)' when compared, to the FLB transient. A SLB could not result in more
limiting temperature conditions than a FLB.

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 RCS 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 (steam dump or 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 RCS which would
continue to be well bounded by the selected conditions for the H* leakage calculations.
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Precedent exists to credit operator action. The SG tube rupture event in the Updated Final Safety
Analysis Reports (UFSARs) permits operator action to mitigate the expected leakage. The UFSAR
Chapter 15 calculation of the dose consequences for the SLB will continue to be extremely bounding
since the release rate calculation continues to use the Technical Specification limit value without crediting
the operator actions that will be performed to reduce the leakage through the SGs prior to the time the
leakage is terminated.

Since the best estimate FLB transient temperature would not be expected to exceed the NOP temperature,
the viscosity ratio for the FLB transient is set to 1.0.

It is again worth noting that, as a conservative basis for calculating the leakage for the FLB transient, the
maximum FLB design basis transient pressure is used in the calculation of H* FLB leakage.

9.2.3.2 Locked Rotor and Control Rod Ejection Transients

Conservatively, the design specification curves for locked rotor and control rod ejection (see
References 9-12 and 9-13) will continue to be used to determine the leakage factors for these design basis

accidents. These transients areof very short duration, for which the H* leakage calculations employ a
time integrated leakage approach (see Section 9.5 below).

9.3 LEAK RATE TESTING

9.3.1 Description of Testing I

A test program was conducted with the primary objective to characterize leakage across simulated
tube-to-tubesheet hydraulically expanded SG tube samples and to establish a crevice loss coefficient as
discussed above (References 9-8 and 9-9). The testing applied representative primary-to-secondary side
pressure differential conditions to determine the leak rates across the simulated SG tube expansionm Two

types of testing were conducted on the SG tube samples (Reference 9-10):

1) To determine leak rates at normal operating conditions, and

2) To determine leak rates under simulated accident conditions.

The tests on the Model F samples and on the Model D5 samples were completed at different times and
using different test set-ups. The Model F specimen tests (in CY 1997) were performed using a stand-
alone system whereas the tests for the Model D5 samples were completed in an autoclave (CY 2003).

Schematics of the two test systems are provided in Figure 9-8 for the Model F samples and Figure 9-9 for
the Model D5 samples.
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9.3.1.1 Model F Testing Configuration

The design of the test samples modeled key features of the Model F tube-to-tubesheet joint for leakage
tests as follows:

,A steel collar, with an outside diameter of approximately. [ ]a,,,e inches, was utilized to simulate the
radial stiffness of a Model F tubesheet unit cell. -The length of the test collars was

I ac,e longer than the thickness of the SG tubesheet. The length of the hydraulic expansion was

16.5 inches. This allowed for the introduction and collection of leakage in unexpanded sections of the
tube, while retaining the desired expansion lengths. The collars were drilled to the nominal design inside
diameters with the surface finish based on SG manufacturing drawing tolerances.

a~c,e.

Model F A600TT tubing with a yield strength within the range of that of the tubes in the operating plants,
which ranges from [a]e was used. The tubing used was from a
certified heat and lot conforming to ASME SB 163, Section III NB Class 1.

The intent of the leakage 'portion of the test program was to determine the leakage resistance of simulated
Model F tube-to-tubesheet joints, Without the tube-to-tubesheet weld or the effect of the [

]a,c,e (see Figure 9-8). The welds were a feature of the test specimen design and
made no contribution to the hydraulic resistance. All of the leak tests conducted for the Model F test
specimens discharged to atmospheric pressure, 15 psia.

WCAP-17071-P Revision 0
April 2009



WESTINGHOUSE PROPRIETARY CLASS 2 9-9

The testing was performed according to a test procedure which outlined two types of leak tests as follows:

1. Room temperature primary-to-secondary side leak tests were performed on all test samples,

a~c,e

2. Elevated temperature primary-to-secondary leak tests were performed using an
ac,e

These tests were performed following the room temperature primary-to-secondary side leak tests

on the chosen samples.

9.3.1.2 Model D5 Testing Configuration

The test samples modeled key features of.the Model D5 tube-to-tubesheet joint for leakage tests. The

following hardware was used:

Model D5 tubesheet simulating collars, matching the radial stiffness of a Model D5 tubesheet unit cell,
with an outside diameter of approximately [ ]a..e inches were used. The length of the test collars

allowed the introduction of fluid in an unexpanded section ofthe tube. The surface finish and run-out
tolerances of the tubesheet unit cell simulants were based on factory tolerances specified for the tubesheet
drilling operation. The length of hydraulic expansions ranged from 3 to 12 inches.

]a,c,e.

The average yield strength for -the SG Alloy 600TT tubing in the Model D5 plants is [ ],,~ ksi. The
Alloy 600 tubing used for these tests was from certified heats conforming to ASME SB 163, Section III

Class 1. The intent of the leakage portion of the test program was to determine the leakage resistance of
simulated Model D5 tube-to-tubesheet joints, disregarding the effect of the

a,c,e.

The design hydraulic expansion pressure range for the Model D5 steam generators is
]c. This value is conservatively in the lower

end of the range of expansion pressures used for the Model D5 SGs. Figure 9-10 shows the details of the
configuration for the leak test. The test equipment consisted of a make-up tank (MUT), primary water
autoclave (AC1) and a secondary autoclave (AC2) connected by insulated pressure tubing. Two
specimens were installed into the secondary autoclave to minimize set-up time and variability across test
runs. The primary water autoclave was run with deoxygenated primary water containing specified

amounts of boron, lithium, and dissolved hydrogen to simulate the reactor primary coolant. The primary
chemistry conditions were controlled in the make-up tank and a pump and backpressure system allowed
the primary water to re-circulate from the make-up tank to the primary water autoclave. The primary
autoclave had the normal controls for heating, monitoring pressure and safety systems including rupture
discs. Figure 9-9 shows the entire test system with key valves and pressure transducers identified. In
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addition to the normal controls for heating, monitoring pressure, and maintaining safety, the secondary
autoclave was outfitted with water cooled condensers that converted any steam escaping from the

specimens into room temperature water. The pressure in the secondary side in the main body of the
secondary autoclave, was monitored by pressure transducers. For most tests, the leakage was collected in
a graduated cylinder on a digital balance connected to a computer so that the amount .of water could be
recorded as a function of time. For some normal operating condition tests, the leakage was calculated
based on changes in the secondary side pressure. All relevant autoclave temperatures and pressures were
recorded at regular time intervals with an automatic data acquisition system.

Primary-to-secondary leak tests were performed on all test samples, using simulated primary water
chemistry as the pressurizing medium. Test pressure differences of 2850-to-15 psid, 2250-to-800 psid,
and 1900-to-15 psid conditions were used, at.6000 F.

The room temperature primary-to-secondary side leak tests were performed using the autoclave simply as
a test sample holding device, again with simulated primary water as the pressurizing/leakage medium.

'Test pressures of 2835-to-0, 1900-to-0 and 1450-to-O psid, (all values nominal) at room temperature, were
used.

For all tests, the fluid pressure was applied to the tube inside diameter (ID) and. concurrently to the
tube-to-collar interface, to simulate a perforation of the tube wall due to corrosion cracking. All of the
elevated temperature primary-to-secondary side leak tests were performed using. an autoclave, with
simulated primary water as the pressurizing/leakage medium. In the case of the 800 psid back pressure
tests, the leakage was collected in the autoclave as it issued from the tube-to-collar crevice. In the
remainder of the autoclave tests, the leakage was collected in the autoclave as it issued from the tube-to-
collar crevice but it was piped to a condenser/cooler and weighed on an instrumented scale.

9.3.2 Leak Test Results

The room temperature and elevated leak test results for the Model F samples are provided in Tables 9-3
and 9-4.

The Model F test results considered different expansion pressures for the test specimens as well as
different initial inner diameters for the collars. As noted above, the hydraulic expansion length in the
samples was 16.5 inches.. The magnitude of leakage can best be described as primary-to-secondary
weepage, ranging from 16.6 drops per minutes (dpm) to 240 dpm at room temperature to 0 drops per
minute to 53 dpm at elevated temperatures, using data with hydraulic expansion pressures within the
range of the as-built expansion pressures. The average leak rates at room temperature and elevated
temperatures were 118.2 dpm and 13.25 dpm, respectively, using data with hydraulic expansion pressures
within the range of the as-built expansion pressures. The Model F leak rate results are provided .in the
form of pressure differential and leak rate ratios in Table 9-3 (room temperature) and Table 9-4 (elevated
temperature). The same data are shown graphically in Figures 9-11 through 9-14. These figures
demonstrate that the use of the Darcy equation for flow is appropriate as it is shown that it is conservative
to assume that primary-to-secondary leakage increases linearly with pressure differential at both room
temperature and elevated temperature (see Figures 9-11 and 9-12). The dotted line in Figures 9-13 and
9-14 represents a linear increase in leakage ratio as a function of pressure differential ratio. The room
temperature test data falls below the dotted line in Figure 9-13. For the most part, the elevated
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temperature data also falls below the dotted line in Figure 9-14. Those data points that do not fall below
the dotted line can be attributed to leak rate measurement error associated with test specimens that
resulted in very low levels of leakage (i.e., leakage on the order of 6 to 20 drops per minute). Test
specimens that resulted in greater amounts of leakage (i.e., leakage upwards of 1420 dpm) always resulted
in increased leakage within that predicted by the Darcy flow equation.

Similar results were obtained for the Model D5 test specimens.

9.3.3 Loss Coefficient Evaluation

A theoretical model (see Reference 20) developed at Argonne National Laboratory suggests that leakage
loss coefficient is correlated with the contact pressure between the tube and the tubesheet. The data
shown in Figure 9:2 display significant scatter and, collectively, do not lend themselves to a. strong
argument that a correlation exists between loss coefficient and contact pressure for the conditions tested
(representative of SG operating and transient conditions). It was recommended that the test specimens.
that included sufficient pressure differential data points be individually analyzed to determine if there is a
correlation between loss coefficient and contact pressure and thedegree of correlation.

The results of this study are presented in Figure 9-15 for the Model D5 test specimens and Figure 9-16 for
the Model F test specimens. For both sets of data, it is seen from these figures that no significant
correlation can be established between loss coefficient and contact pressure. The contact pressures for the
tests were calculated using the equation used to !calculate the local effects due to the interaction of the
tube and the tubesheet hole for the determination of H* that is discussed in Section 6.41 of this
document. The crevice pressure profiles were maitched to test conditions with Psec assumed at the exit of
theexpansion length. The Model D5 test conditions used to calculate the contact pressures were: Normal
Operation (2250 psi) and FLB (2800 psi). The Model F test conditions used to calculate the test sample
contact pressures were: SLB (2650 psi) and "Other (Tested at Hydrostatic Test Pressure)" (3100 psi).
Average crevice pressures were used resulting from the crevice pressure profile for both the Model D5
and Model F test specimens. The average crevice pressures used for the Model D5 specimens were

[ ]b,c psi for NOP and [ ],b,c psi for the FLB condition (2800 psi). The average crevice pressures
used for the Model F specimens for the SLB profile were [ ]a,b,, psi and [ ]abc psi for the higher
pressure profile (3800 psi). .

As noted above, the leakage data from the Model F and Model D5 leakage tests show significant scatter.
The most difficult parameter to measure in these tests is the leakage. In the high temperature tests,
leakage is collected after condensation. Further, for all the tests, the leakage is extremely small, measured
in drops per minute over an extended period of time. Consequently, test data scatter is expected even for
tests on the same specimen at differential pressure conditions. As a result, no significance is attached to
an apparent minor decrease in loss coefficient with increasing contact pressure noted in Figures 9-15 and
9-16.

The results of this study confirmed the assumption in the H* leakage analysis that the loss coefficient is
not strongly correlated to contact pressure for the conditions of interest applicable to the SGs.
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9.4 DEVELOPMENT OF FINAL LEAKAGE FACTORS

Plant-specific leakage factors are provided for each H* candidate plant to establish the expected leakage

during each of the accident condition loadings that model primary-to-secondary leakage. The limiting
(largest) leakage factor can be established based on the calculated results and will vary from plant to

plant. The normal operating conditions for each plant are defined in Reference 9-21.

Equation (9-4) is used to calculate both the steam line break and feedwater line break leak rate factor for
each H* plant. The pressure differentials used to calculate the steam line break/feedwater line break

leakage subfactors for substitution in Equation (9-4) are contained in Table 9-6. Conservatively, the
maximum feedwater line break pressure differential is used to calculate the SLB/FLB leakage factor
(Reference 9-14). Additionally, the pressure differential ratio associated with the High Tavg condition is
used to calculate the leakage factor (which results in a higher leakage factor than if the low Tavg pressure
differential was used). As discussed in Section 9.2.3.1 above, a viscosity ratio of 1.0 is used for the

SLB/FLB transient as the SG hot or cold leg temperatures Would not be predicted to exceed the normal
operating temperature condition.

The pressure differentials and temperatures used to calculate the leakage factors for the H* plants for the
locked rotor and the control rod ejection can be determined using Tables 9-1, 9-2, 9-5 *and 9-6.
Conservatively, the maximum SG tube hot leg temperature conditions from the active loops and the
maximum pressure differential from the dead loop (Models F, 51F, 44F) or active loop (Model D5)
(w~hichever is the greatest) as defined by the SG design specification transients are used to calculate the
leakage factor for the locked rotor event. The SG hot leg temperature (also defined by the design

specification design transient) is combined with the maximum pressure differential to calculate the
control rod ejection leakage factor for each of the H* plants.

Table 9-7 identifies the individual components of the calculation process utilized to develop the final
applicable leakage :factors for the candidate plants by providing a listing of the pressure differential and
viscosity subfactors that are used in the development of the- plant-specific overall leakage factors for each

of the faulted events that model primary-to-secondary leakage (Reference 9-14). The limiting locked
rotor leakage factor for Model F SGs occurs in the SG hot leg. Therefore, only the hot leg overall leakage
factor is included in Table 9-7 for each H* plant.. The same is true for the control rod ejection event
leakage factor.

The process utilizes Equation (9-7), applying the appropriate assumptions and adjustment factors as

follows:

* Loss coefficient is assumed to be constant

* Dynamic viscosity appropriate for the condition is used (set to 1 for SLB and FLB)

* Maximum DBA pressure differentials are used

* Effective crevice length ratio is 1.0 (contact between the tube and tubesheet is assured for
NOP and DBA conditions)

Circumferential separation of the tube is assumed at H*

WCAP- 17071-P Revision 0
April 2009



WESTINGHOUSE PROPRIETARY CLASS 2 9-13

Adjustments of the leak rate factors in Table 9-7 have been made to account for the time duration of the
Locked Rotor and Control Rod Ejection transients (see Section 9.5). As discussed in Section 9.5, the
Locked Rotor leakage factors are divided by 2 and the Control Rod Ejection transient leakage factors are
divided by 6 to account for the brief duration of the transient (e.g., see Figure 9-17 for the Locked Rotor
and Control Rod Ejection transient).

The effective leakage factors for:H* leakage analysis for all H* candidate plants are less than or equal to
2.03 (factor bounds both hot leg and cold leg leakage). Table 9-7 summarizes the leak rate factors for all
of the H* candidate plants for all of the relevant transients. With one exception, no leakage factor'is
required for the locked rotor or control rod ejection event as all of the adjusted leakage factors included'in
Table 9-7 are less than 1.0. The one exception is if a plant has a locked rotor with stuck-open SG PORV
event as part of its licensing basis. It is judged that the leakage factor for this event is bounded by the
leakage factor of 2.03 for a postulated FLB/SLB event. This is the case because the maximum pressure
differential across the tubesheet during the locked rotor event is bounded by the postulated SLB/FLB
event.

9.5 CONDITION MONITORING/OPERATIONAL ASSESSMENT IMPACT

This section discusses the use of the leakage factors in the Condition Monitoring (CM) and Operational
Assessment (OA). For example, for Seabrook 1, for a postulated SLB/FLB, a factor of[ ]a.. (see
Table 9-7) will be applied to the normal operating leakage associated with the tubesheet expansion region
in the condition monitoring (CM) and operational assessment (OA). Specifically, for the CM assessment,
the component of leakage from the prior cycle from below the H* distance will be multiplied by a factor
of [ ],c,,e and added to the total leakage from any other source and compared to the allowable
accident-induced leakage limit. For the OA, the difference in the leakage between the allowable leakage
limit and the accident leakage from sources other than the tubesheet expansion region will be divided by

S ]ac,e and compared to the observed operational leakage, If necessary, an administrative limit (for
operational leakage) will be established to ensure the allowable accident leakage limit is not exceeded.

For transients other than a postulated steam line break and feedwater line break, most plants on a case
basis can take advantage of the fact that the length of time that the differential pressure across the
tubesheet exceeds the normal operating pressure differential is less than [ ]ace seconds. Figure 9-17 is a
typical locked rotor and control rod ejection transient AP response for a Model F plant. Referring to
Figure 9-17, the typical Model F plant exceeds the normal operating pressure differential for less than
I ]ac,e seconds. As the accident-induced leakage performance criteria (AILPC) is defined in gallons per
minute, the leak rate for a control rod ejection event can be integrated over a minute to compare to the
limit. Time integration permits an increase in acceptable leakage during the time of the peak pressure
differential by approximately a factor of [ ]a,c,e because of the short duration of the elevated pressure
differential. This translates into an effective reduction in leakage factor by that same factor of [ ]ac"' for
the Locked Rotor event (i.e., the amount of leakage associated with a factor of [ ]ace increase in leakage
rate for [ ]" seconds is equal to the amount of leakage associated with a leakage factor of I for one
minute). Therefore, for the Locked Rotor event, the leakage factor identified in Table 9-7 of [
(for Seabrook) is adjusted downward to a factor of[ ]a'•.

The same process can be applied to the leakage factor for a postulated Control Rod Ejection event. In that
case, the length of time that the pressure differential is greater than the normal operating pressure
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differential is less than [ ] seconds. Therefore, for the Control Rod Ejection event, the leakage factor
identified in Table 9-7 of[ ]ace (for Seabrook) is adjusted downward by a factor of 6 to [ ]

9.6 FINAL LEAKAGE FACTOR DETERMINATION

Based on a review of Table 9-7 and implementation of the time integrated approach 'discussed above, it is
concluded that the limiting leakage factor for all design basis accident conditions is bounded by a factor
of 2.03 (factor bounds both hot' leg and cold leg leakage). This factor, although determined for a
Model F, bounds the plant-specific leakage factor for all plants. It is recommended that all H* plants
adopt this factor for consistency of application of H*. With one exception, no leakage factor is required
for the locked rotor or control rod ejection event as all of the adjusted leakage factors included in
Table 9-7 are less than 1.0. The one exception is if a plant has a locked rotor with stuck-open SG PORV
event as part of its licensing basis. . It is judged that the leakage factor for this event is bounded by the
leakage factor, of 2.03 for a postulated FLB/SLB event.

9.7 LIGAMENT TEARING DISCUSSION

The fundamental assumption for calculating H* is that there is.a circumferential sever at the H* distance.
While the structural analysis (pull out) is based on this assumption, an additional concern may apply for
the leakage evaluation. Since the. leakage factors discussed above apply to "observed" leakage, which
.may be in part determined by an axial or circumferential crack, it is necessary to consider the effect of a
postulated -accident on the sources of the observed leakage. Tearing of circumferential and axial cracks
below H* was addressed previously in Reference 9-20. The same discussion provided previously 'is
repeated here for completeness.

9.7.1 Circumferential Cracks

One of the concerns that must be addressed in dealing with cracks in SG tubes is the potential for
ligament tearing to occur during a postulated accident when the differential pressure is significantly
greater than during normal operation. While the strength evaluations demonstrate a resistance to pull out
in excess of 3AP for normal operation and 1.4AP for postulated accident conditions, the potential for
ligament tearing to significantly affect .the leak rate predictions needs to be addressed.

Ligament tearing considerations for circumferential tube cracks that are' located below the H* depths
within the tubesheet are significantly different from those for potential cracks at other locations. The
reason for this is that H* has been determined using a factor of safety of three relative to the normal
operating pressure differential and 1.4 relative to the most severe accident condition pressure differential.
Therefore, the internal pressure end cap loads which normally lead to an axial stress in the tube are not
transmitted below about 1/3 of the H* depth. This means that the only source of stress acting to extend
the crack is the primary pressure acting on the flanks of the crack. Since the tube is captured within the
tubesheet, there are additional forces acting to resist the opening of the crack. The contact pressure
between the tube and the tubesheet results in friction-induced shear stress acting opposite to the direction
of the crack opening. Moreover, the pressure on the flanks is compressive on the tube material adjacent
to the plane of the crack, hence a Poisson's ratio radial expansion of the tube wall in the immediate
vicinity of the crack plane is induced, increasing the contact pressure and also acting to restrain the
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opening of the crack. In addition, the differential thermal expansion of the tube is greater than that of the
carbon steel tubesheet, thereby inducing a compressive stress in the tube below the H* length.

A scoping evaluation of the above effects was performed by ignoring the forces that resist the crack
opening, and simply looking at the effect of the pressure acting to open the crack. If a 3600 through-wall
crack is considered, the stress from the pressure on the flanks is 0.213 (this is the ratio of the material area
of the tube to the OD section area) of the stress that would result from an end cap pressure load for the
same pressure. The primary pressure during normal operation and during a postulated FLB accident is
2250 and 2665 psia, respectively. The actual pressure difference is 415 psi or 18% of that applied during
normal operation.

The magnitude of the effect can also be used to conservatively estimate the ligament thickness of tube
material affected. Using the ASMEý Code specified minimum yield[

al] c,o.

In summary,- considering the worst-case scenario, the likelihood of ligament tearing from radial
circumferential cracks resulting from an accident pressure increase is small since at most, only 9% of the
cross-sectional area is needed to maintain tube integrity. Also, since the crack face area will be less than
the total cross-sectional area used above, the difference in the force applied as a result of normal operating
and accident condition pressures will be less than the 35 lbs associated with the above numbers.
Therefore, the potential for ligament tearing is *considered to be a secondary effect of essentially
negligible probability and should not affect the results and conclusions reported for the H* evaluation.
The leak rate model does not include provisions for predicting ligament tearing and subsequent leakage,
and increasing the complexity of the model to attempt to account for ligament tearing has been
demonstrated to be unnecessary (Reference 9-15).

9.7.2 Axial Cracks

Axial ligament tearing may occur during a postulated accident when the differential pressure across the
tube wall is significantly greater than during normal operation. Ligament tearing is accounted for in the
strength evaluations that demonstrate a resistance to pull out in excess of 3 AP for normal operation and
1.4 AP for postulated accident conditions.

The tube area required to resist tearing due to an axially oriented crack can be calculated using traditional
.mechanics. It is conservative, in this case, to neglect the forces that would act to keep a crack closed and
compress the flanks in the ligament so that tensile tearing would become unlikely. This includes the far
field axial stress on the tube cross section generated by internal pressure end cap loads which would act to
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close the ligament and any cracks above the H* depth. The axial orientation of the damage in the tube
means that the required area of the tube cross section to resist tearing and damage should be based on the

local strength of the material around the crack. This is in contrast'to the typical method used to compare
what percent of the area is required to resist ligament tearing in circumferentially damaged tubes based on
the amount of force applied to the damaged tube cross section.

The allowable ratio of the applied stress on a tube cross section to the limiting stress the tube cross section
can support may be defined as:

**,n OAPPLIEO/

OLIMIT (9-5)

where tAPPLIED is the stress applied to the cross sectionunder either the normal operating condition or a
steam line break and ULUMIT is either the ASME Code minimum tensile yield stress of the tube material
(used to predict yield in the ligament) or the ASME Code minimum ultimate tensile strength of the tube
(used to predict rupture and tearing of the ligament). The significant properties of the tube cross section
are defined as:

AINITIAL (r2 - ri2) (9-6)

AM'N = 7r(r2. -ri'i) (9-7)

t=ro -r (9-8)

RM -r. + ri
2 (9-9)

where AINITIAL is the cross-sectional area of the tube in the undamaged state, AMIN is the minimum
cross-sectional area required to resist ligament tearing, t is the thickness of the tube wall, RM is the mean
radius of the tube, ro is the outer radius, r, is the initial inner tube radius and rin., is the minimum inner
radius of the tube in the damaged configuration that can still resist ligament tearing.

In the case of an axial crack, the largest local stress contributing to the damage in the tube is the hoop

stress acting on the tube due to the internal pressure. The hoop stress acting on the tube cross section is
calculated using the following relationship:

Pr PRM SPuMIT RM
CTHOOP =-- = - LII

t t t (9-10)

Where S is the given safety factor used in the analysis for conservatism and PLIMIT is the limiting internal
pressure that will initiate tearing in the tube. The limiting state in the tube material where the ligament

WCAP- 17071-P Revision 0
April 2009



WESTINGHOUSE PROPRIETARY CLASS 2 9-17

will still hold occurs when the applied loading is equal to the allowable loading that the damaged cross

section can bear, or when n = 1, asshown below.

n =1 c-APPLIED + c-LIMIT I T CAPPLIED
C-LIMIT (9-11)

The applied stress can be written as:

L FLIMIT
-APPLIED -AMIN (9-12)

FLIMIT = C-HOOP A/NIT/AL (9-13)

where FLIMIT is the force applied to the cross section by the limiting internal pressure. Substitution of
Equations (9-11) and (9-13) into Equation (9-12), and rearranging to solve for AMIN, gives:

c-LIMIT -- HOOP A /INITIAL
AMIN

c-LIMIT AMIN = c-HOOP AINITIAL --ý AMIN = c-HOOPAIITIAL
c-LIMIT (9-14)

Substitution of the definitions for t, RM, aHoop and AINITIAL into the equation for AMIN yields

AMN r. + ri 1 SPLIMIT 7 r 2-r 2)
r. (9-15)

Substitution of Equation (9-7) into (9-15) and using the difference of squares identity to rearrange and
solve for the minimum inside radius in the damaged tube gives the final result.

a,c,e

(9-16)

The results shown in the table below were obtained using the ASME Code minimum material properties
(Reference 9-15) and the physical parameters of the Model F SG tubes as stated in the "Thick Cylinder
Equations Parameters" table provided in Section 5.1.2.1 of Reference 9-20. The results from
Equation (9-16).were compared to the method used to calculate the required thickness to resist ligament
tearing due to circumferential cracking (Reference 9-15) and the method described in the EPRI Tube
Integrity Theory Manual (Reference 9-16) and Reference 9-17. [

a~c,e
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[ _ _ _ _ _ I _ _ _ _ _

a,c,e

The results of the axial ligament tearing calculations detailed above are

ac,e

Considering the worst-case scenario, the likelihood of ligament tearing from axial cracks resulting from
an accident pressure increase is

],,c~e. Therefore, the potential for axial ligament tearing is considered to be a secondary
effect of essentially negligible probability and should 'not affect the results and conclusions reported fori

the H* evaluation. The leak rate model does not include provisions for predicting ligament tearing and
subsequent leakage. Increasing the complexity of tthe model to attempt to' account for axial or
circumferential ligament tearing is not considered necessary.
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9.8 REVIEW OF LEAK RATE SUSCEPTIBILITY TO TUBE SLIPPAGE

9.8.1 Background

As noted in Section 2.1, the potential for incremental slippage under temperature and pressure. cycles was
one of the remaining technical issues at the end of 2007. Incremental slippage is not considered a
credible event because among the possible operating conditions• of the steam generators, it is not
*considered possible to develop a credible argument that slippage has a significant potential to occur. The
following summarizes the justification that tube slippage is extremely unlikely.

9.8.2 Assessment of the Potential for Tube Slippage

The justification for H* shows that tube pull out will not occur under the greater of 3 times the normal

operating pressure differential or 1.4 times the steam line break pressure differential. The principal
mechanism.- although not the only one - that retains the tube in the tubesheet is differential thermal
expansion between the tube and tubesheet that causes radial contact forces between the tube and
tubesheet, resulting in axial friction forces. The assumed coefficient of friction is conservatively chosen
as a lower bound of values that the literature provides, (section 6.2.23.3). The H* analyses are steady
state analyses that assume the limiting forces and temperatures occur simultaneously, and are, therefore a
conservative representation of the actual operating conditions in the SG.

The postulated mechanisms for tube slippage,: pressure and temperature cycles, do not realistically
represent the actual operating characteristics of the steam generator. Implicitly, it is postulated that a

significant pressure cycle can occur while the contact forces between the tube and tubesheet are at a
minimum. In fact, the pressure cycles that can occur are principally dependent on the temperature

conditions of the system*. It is not possible to incur a significant pressure cycle without the SGs.being at a
temperature greater than room temperature. The pull out loads considered in the H* structural

justification cannot occur without the system temperatures for the conditions considered also occurring.
The pull out loads for H* also include significant safety factors of 3 at NOP and 1.4 at DBA conditions
and margin against these already conservative loads is demonstrated by. the H* analysis. Thus, it is
concluded that a pressure cycle cannot occur without a concurrent temperature increase.

Temperature cycles by themselves cannot result in a mechanism that would apply axial loads and thus,
tend to move the tube out of the tubesheet. The classical thermal ratcheting mechanism requires
unrestrained axial differential thermal expansion between two components and a mechanism that prevents
restoration of the axial motion upon cooldown to its initial starting position. If such conditions existed,
repeat of this cycle could result in incremental motion between the two components.

In the SG, since the heat source for the tube is the primary coolant, it could be assumed that the tube
expands axially more than the tubesheet for a give temperature increase. This would require a further
assumption that there is not friction between the tube and the tubesheet, because the greater growth of the
tube occurs radially as well as axially, resulting in much higher contact forces and axial friction forces. It
could also be assumed that a tube, once moved axially, is restrained from returning to its initial position
upon cooldown by an interaction with the tube support plates. However, this assumption would apply to
many tubes, not only an isolated .tube among many, because it is based on accumulation of deposits,
which is a generalized bulk condition for larger areas of the tube bundle. Therefore, either there is no
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mechanism that prevents restoration of the tube to its initial condition, or the axial growth cannot occur
because the tube is restrained by the bulk of the tube bundle.

Therefore, the following conclusions are reached:

1. Pressure cycles without concurrent temperature increases, which result in significant restraining
forces, are not a credible event.

2. Temperature cycles do not have a credible potential to result in "ratcheting" of the tube out of the
tubesheet, because there is no credible mechanism to prevent axial thermal growth from
restoration or, alternatively, differential axial ratcheting is prevented by the condition of the tube
bundle.

. 3. The analysis provided in this report provides a conservative assessment that the tubes cannot
move in the tubesheet under the worst case loading conditions, assuming a very large degree of
conservatism in the inputs to the analysis.

4. Incremental motion of the tubes due to pressure or temperature cycles is not considered a credible
assumption.

9.8.3 Assessment of of Leakage Potential Under Postulated Tube Slippage

Addressing the four subfactors discussed in Section 9.1.1, above, used to determine the overall leakage
factor, there is no change in the pressure and temperature of the fluid due to postulated tube slippage;
therefore, the pressure differential and the viscosity ratios do not change. Additionally, the assumption
that loss coefficient is constant during all plant conditions remains unchanged; therefore, the length ratio
above H* remains equal to one. It is judged that there would be an insignificant reduction in radial
contact pressure due to an end effect at the point of separation of the tube. The same local end effect
would be present during both NOP and accident conditions so that the net effect would not require a
change to the conservative assumption of a constant loss coefficient. Concerning effective crevice length
(i.e., tube hydraulic expansion length with positive contact pressure), if incremental slippage were to
occur, the location of the separation in the tube relative to the top of the tubesheet after slippage would be
the same during both NOP and at postulated accident conditions. The length of hydraulic expansion with
positive contact pressure above the separation is the same during both plant conditions and no change in
the ratio.of effective crevice length during normal operating and postulated accident condition is required.
Therefore, no increase in leakage would occur due to incremental slippage.

Concerning the potential for the occurrence of sudden slippage during accident conditions, this
circumstance is not considered to be a credible event for the same reasons that ligament tearing is not
considered to be a credible event, and is, in fact, a substantial part of the entire justification of H*. As
.discussed in Section 9.7.1 above, H* has been determined using a factor of safety of three relative to the
normal operating pressure differential .and 1.4 relative to the most severe accident condition pressure
differential. Therefore, the internal pressure end cap loads which normally lead 'to an axial stress in the
tube'are not transmitted below about 1/3 of the H* depth. The only source of load acting to push the
separated tube out of the tubesheet is the primary pressure acting on the flanks of the separated tube.
Since the tube is captured within the tubesheet, there are additional forces acting to resist the upward
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movement of the separated tube. The contact pressure between the tube and the tubesheet results in
friction-induced shear stress acting opposite to the direction of travel of a tube. Moreover, the pressure on
the flanks is compressive on the tube material adjacent to the plane of the separation, hence a Poisson's
ratio radial expansion of the tube wall in the immediate vicinity of the crack plane is induced, acting to.
restrain the upward movement .of the tube. No sudden upward motion of a separated tube is anticipated.
As is the case with postulated incremental slippage during normal operating conditions, none of the four
subfactors discussed in Section 9.1. l.used to define the overall leakage factor change.

Based on the above, no change in the leakage factors for the design basis accident conditions will occur as
a result of slippage of a tube.

9.8.4 Conclusions Regarding Tube Slippage

It is not considered necessary to monitor for tube slippage for the following reasons:

1. The assumption required to result in the conditions required to apply axial loads to the tubes
without also causing constraint against axial motion are not credible.

2. No credible mechanism exists that would restrain a tube from returning to its initial axial position
after postulated differential ýaxial motion. Indeed, the conditions necessary for this, (i.e., locked

TSPs) wouldprevent differential axial motion of a single, or several tubes.

3. The value of H* is based on the limiting loads and operating conditions, either normal operating
conditions or design basis accident conditions. Therefore; if normal operating conditions define
the most conservative value of H*, by definition, the limiting design basis accident condition
cannot cause tube slippage. Conversely, if the design basis accident conditions define the most
conservative value of H*, there cannot be a worse condition that would cause tube slippage.

4. Incremental slippage does not affect the calculated leakage factors; sudden slippage is not
considered to be a credible event.
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Table 9-1 Reactor Coolant System Temperature Increase Above Normal Operating Temperature Associated With Design Basis Accidents
(References .9-12 and 9-13)

Steam Locked Rotor Locked Rotor Control Rod
Line/Feedwater (Dead Loop) (Active Loop) Ejection

SG Type Line Break

SG Hot SG Cold SG Hot SG Cold. SG Hot SG Cold SG Hot SG Cold
Leg (°F) Leg (OF) Leg (OF) Leg (°F). Leg (OF) Leg (OF) Leg (OF) Leg (OF)

a,c,e

4 -1- + ______ . ______

* Best estimate values for temperature during FLB/SLB are used as discussed in Section 9.2.3.1.
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Table 9-2 Reactor Coolant Systems Peak Pressures During Design Basis Accidents
(References 9-12 and 9-13)

SG Type Steam Line Feedwater Line Locked Rotor. Control Rod
Break (psia) Break (psia) (psia) Ejection (psia)

a,c,e
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Table.,9-3 Model F Room Temperature Leak Rate Test Data

a,c,e

Test No. EP-31080 EP-30860 EP-30860 EP-29799 EP-31330 I EP-31320 EP-31300
4 r t

I -L ___________________ ± ___________________ - I ___________________

11
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Table 9-4 Model F Elevated Temperature Leak Rate Test Data

0 
0 

0 0

0 

0 
0

Test No.

CD00CD
0
00

0

100
00•,O1

00

ON
ON
N
ON

00 00
0 Cl

~1-)

ON
ON
N
ON
Cl

CD
CD
("4
r-€

00
004

a,c,e

-1
I _ _ _ _ I _ I _ _ _ I _ I _ _ _ I _
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Table 9-5 H* Plants Operating Conditions Summary ()

Pressure Pressure

Number Temperature Temperature Temperature Temperature Differential Differential

Plant Name SG Type of Hot Leg (F) Cold Leg (F) Hot Leg (F) Cold Leg (F) Tubesheet Tubesheet

Loops High Tavg High Tavg Low Tawg (psi) (psi)

"_High Tavg Low Tavg

a,c,e

4 J L 4 4- 4 +

4 4 1 4- 1 1-

4 4 L 4 - -4- 4 4-

4 4 I- 4 - + - t 4 4-

.4- 4 4 + 4 4-

+ 4 F I - 4- t 4- 4-
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Table 9-6 H* Plant Maximum Pressure Differentials During Transients that Model Primary-to-Secondary Leakage (1)

FLB/SLB Pressure Locked Rotor Pressure Control Rod Ejection Normal Operating Pressure
Plant Name Differential (psi) Differential (psi) Pressure Differential (psi). Differential High Tavg (psi)

a,c,e

____________ I .lj. [ . I. ___________
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Table 9-7 Final H* Leakage Analysis Leak Rate Factors

Transient SLB/FLB Locked Rotor Control Rod Ejection

PL/FLBLB/ VR3  Leak VR' Leak Adjusted
PSLBNOP VR' SLeaFRt LRINOP _ Rate Adjusted CRE/NOP. @ Rate CRE LRF1

AP Ratio 2672 psia. Leak Rate AP Ratio @ Factor LR LRF' AP Ratio . 3030 Factor
(High T•,,) 2 Factor(LRF) 2711 pia (LRF) psia (LRF)

a,c,e

______ I ____ I ___ I ____ I *I~ I ____ I ____ I ____ I ___ I ___ I ____

4- -I- -I- ~. 4 . 4 4 + 4 1
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Dynamic Viscosity at 2250 psi and 3030 psi

UUUUZo

go~ooo2.
0.0002

t-l0001 5

E

-0.000

0 onno~ri__________

* 2250 psi

- 3030 psi
-Poly. (2250 psi)
-Poly. (3030 psi)

0 100 200 300 400

Temperature (F)

500 600 700 800

Figure 9-1 Dynamic Viscosity as a Function of Temperature

Note: Dynamic viscosity data from Isothermal Properties of Water, National Institute of Standards and

Technology, Online Database, webbook.nist.gov.
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a,cse

Figure 9-2 Plot of Model D and Model F Total Data Set for 70°F and 600'F

(Reproduced from Reference 9-10)
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a,c,e

Figure 9-3 Generic Model F SLB RCS Pressure-Time History Plot (4-Loop Plant)
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a,c,e

Figure 9-4 Model F SLB RCS Temperature-Time History Plot (4-Loop Plant)
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a,c,e

Figure 9-5 Model F FLB RCS Pressure-Time History Plot
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a,c,e

Figure 9-6 Model F/44F/51F FLB SG HL Temperature-Time History Plot
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a,c,e

Figure 9-7 Model F/44F/51F FLB SG CL Temperature-Time History
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a,c,e

Figure 9-8 Example Leakage Test Schematic (Model F Testing Only)
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a,c,e

Figure 9-9 Schematic for the Test Autoclave Systems for Leak Rate Testing (Model D5 Testing Only)
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a,c,e

Figure 9-10 Example Tube Joint Leakage Test Configuration
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a,c,e

Figure 911 Model F RoomlTemperature Leak Rate Test Results.

(Curves shown correlate with expansion pressures noted in the legend)
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-- a,c,e

Figure 9-12 Model F Elevated Temperature Leak Rate Test Results

(Curves correlate to expansion pressures shown in the legend)
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a,c,e

Figure 9-13 Model F Room Temperature Leak Rate Ratio Versus Differential Pressure Ratio
Comparison

(Curves correlate with expansion pressures in legend)
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a,c,e

Figure 9-14 Model F Elevated Temperature Leak Rate Ratio Versus AP Ratio Comparison (600'F)
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a,c,e

Figure 9-15 Results of Test-by-Test Loss Coefficient (K) Regression on Contact Pressure. for
Model D5 Test Specimens.
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a,c,e

Figure 9-16 Results of Test-by-Test Loss Coefficient (K) Regression on Contact Pressure for
Model F Test Specimens
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a,c,e

Figure 9-17 Typical Reactor Coolant Pump Locked Rotor and Control Rod Ejection Delta P for
Model F SGs
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10.0 SUMMARY AND CONCLUSIONS

This report provides a technical justification for re-defining the primary pressure boundary in the Steam
Generators (SG). The original design methods that are reflected in the applicable American Society of
Mechanical Engineers (ASME) Code Stress Reports for the Model F, Model D5, Model 44F and Model
51F SGs rely on the tube end welds as the pressure boundary without taking credit for.the hydraulic
expansion joint between the tubes and the tubesheet. The technical justification provided in.this report
provides a conservative analysis that shows that the hydraulic expansion joint is capable of functioning as
the primary pressure boundary without. relying on any aspect of the tube end weld, either as a structural
restraint for retaining the tubes in the tubesheet or as a barrier against unacceptable leakage. The title of
the technical justification is H* (H-star).

Since 2004, when stress corrosion cracking (SCC) in the tubesheet expansion region was first reported
among SGs with hydraulically expanded thermally treated Alloy 600 (A600TT) tubing, multiple plants
have inspected throughout the full thickness of the tubesheet with rotating pancake'coils (RPC). Since the
first report of SCC in the tubesheet expansion region,.only one other plant.identified SCC in the tubesheet
expansion region above the tube-end welds as an isolated incident. However, although not great in
number, additional indications of SCC.have been reported since the Spring 2008 outages at or within I
inch of the ends. Unless an Alternate Repair Criterion (ARC) is approved, industry guidelines require
that tubes with crack-like indications be plugged and that the inspection scope be expanded, potentially
including all SGs in the plants. H* provides a conservative technical justification that a length. of
undegraded tube, measured from the top of the tubesheet, provides' structural and leakage integrity in
accordance with the industry requirements without relying on the tube end welds or the lower .several
inches of the tubes to provide these functions. The value of H* defines the necessary length. of
undegraded tubing.. Application of H* permits keeping acceptable tubes in service, reduces the inspection
requirements and requirements for inspection expansions without any impact on public safety.

10.1 RECOMMENDED VALUE OF H*

The recommended value of H* for application to the Model F SGs is 11.2 inches. The interpretation of
this recommendation is that inspection with a qualified probe to detect stress corrosion cracking in the
tubesheet region is required only from the top of the tubesheet (TTS) to 11.2 inches below the TTS. For
practical purposes, it is assumed that the tube below the H* value does not exist, or that any degradation
below 11.2 inches from the TTS is acceptable, provided that there is no degradation observed in the span
from the TTS to 11.2 inches below the TTS.

10.2 H* CONCEPT AND EVOLUTION

In concept, H* is similar to other technical justifications that have been licensed for implementation, such
as F* (for hard rolled tubesheet joints), W* (for explosively expanded tubesheet joints using the
WEXTEX process), and C* (for explosively expanded tubesheet joints using the Combustion Engineering
"Explansion" process). The technical bases for all of these alternate repair criteria (ARC) is similar in
that the interaction forces between the tube and tubesheet resulting from the initial expansion process and
from the thermal and pressure-induced forces under normal operating conditions (NOP) and design basis
accident (DBA) conditions are relied upon to prevent tube pull out and to limit leakage from the primary
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to the secondary side of the SG to acceptable limits. The difference among the H*, F*, W* and C* ARC
lies in the relative tightness of the tubesheet joints achieved by the original manufacturing processes.

This technical justification was preceded by other analyses which had the same objective of replacing the
tube end weld as the primary pressure boundary with the hydraulic expansion joint. The prior analyses
have undergone extensive reviews, and the lessons learned from these reviews are incorporated into the
current analysis. A summary of prior technical review issues is provided in this report to capture the
lessons learned and to provide comprehensive documentation of the evolution of H* to its current
embodiment.

10.3 DESIGN REQUIREMENTS

The'applicable design requirements are those specified in industry performance criteria contained in
NEI 97-06, Revision 2 and its sub-tier mandatory and recommended guidelines. The specific design
requirements applicable to the H* analyses are:

1. The applicable loads shall be the greater of 3 times the normal operating pressure differential or
1.4 times the accident-induced pressure differential across the tube.

2. DBA (other than a tube rupture) induced primary-to-secondary leakage shall not exceed -the
leakage assumed in the accident analysis applicable to the specific plants that implement H*in
terms of total leakage rate and leakage rate for" an individual SG.

3. It is required that the recommended value of H* for every tube in the bundle meets a statistical
probability. of 95% at 50% confidence. This is knownas the "whole bundle" probability.

Because the industry guidelines are designed to address prevention of tube burst, they do not directly
apply to the tubesheet expansion region where burst is not possible due to the constraint provided by the
tubesheet. Nevertheless, the criteria to prevent burst are conservatively applied by treating "failure to
meet H*" as a burst.

10.4 DESIGN CONDITIONS

Several different models of SGs are among the H* candidate population. These include the Model F,
Model D5; Model 44F and Model 51F SGs. Except for the Model 51F SGs, multiple plants are
represented among each sub-population. The approach utilized in this justification is to consider the
design and operating conditions for each plant and to define the plant with the most limiting conditions
for H* among each sub-population. Consequently, three additional reports will be provided that have
large overlap of contents for methodology, but specific content for each model of SG. This report is
specific to the Model F SG.

For all models of SGs, the design and operating conditions for normal operation and all design basis
accidents that include leakage are evaluated. These include Steam Line Break (SLB), Feedwater Line
Break (FLB), Control Rod Ejection (CRE) and Locked Rotor (LR). The limiting conditions among these
are the basis for the applied loads to the tubes and for the end cap loads.
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10.5 MATERIAL PROPERTIES

The principal factor that enables H* is differential thermal expansion between the tube and the tubesheet.
It is assumed that, as a minimum, the as-manufactured condition of the tubes in the tubesheet have zero
clearance contact with the tubesheet after the hydraulic expansion process. As the temperature increases
to operating conditions, the tube material, thermally treated Alloy 600 (A600TT), expands more than the
tubesheet material (SA508), resulting in a significant increase in the contact forces between the tubes and
the tubesheet.

Extensive testing summarized in Section 3 and Appendix B show that differential thermal expansion
between the tube and the tubesheet will always occur, even at significant levels. of uncertainty for both
materials simultaneously. The tests performed under the H* program significantly increased the available
database for coefficient of thermal expansion (CTE) for A600 and SA508 materials. The data also show
that the use of the mean values of CTE from the ASME Code (2007 edition) to determine the limiting H*
value is conservative. The standard deviations of CTE for A600 and SA508 are 2.33% and 1.44%,
respectively, of the at-temperature mean value. (A standard deviation of 1.62% is conservatively used for
the CTE of SA508 in the structural analysis of the tubesheet.) The data also imply that.the bulk of this
uncertainty is the result of measurement error, and. that the true variance of these properties is actually
much smaller than the values noted above. Reductions of the variance of CTE to represent the true values
would result in a significant decrease in the recommended value of H*.

10.6 RESIDUAL CONTACT PRESSURE

Prior, and current, test data show that the hydraulic expansion process results in a positive value of
contact pressure between the tubes and the tubesheet. However, the technical justification in this report
conservatively assumes that the contact pressure due to only the hydraulic expansion process, known as
residual contact pressure (RCP), is zero. (Test data provided in Section 7.0 show that positive RCP exists
for hydraulic expansions. Negative values of RCP are not possible.) The assumption of zero RCP is
conservative because any value of RCP will reduce the recommended value of H*.

10.7 STRUCTURAL ANALYSIS

The structural analysis included in this report is a significant evolution from the prior analyses. The
current analysis is based on a three-dimensional (3D) finite element analysis (FEA) of the tubesheet
complex, which includes the tubesheet, stub barrel, channelhead and divider plate. Prior analyses utilized
a two-dimensional axisymmetric model to calculate the tubesheet radial and axial deflections. The
current 3D FEA approach shows that H* results prior to 2008 were significantly conservative. The 3D
FEA analysis results were compared against an independently created model of the same geometry and
shown to provide essentially the same results when the same inputs were utilized.

The mean value of H* is calculated to be 5.23 inches for the limiting operating condition, NOP. This
value applies to the limiting radius in the worst sector of the tubesheet, which is the sector of tubes in
approximately a 5 degree arc from the perpendicular to the tube divider plate. All tubes at other locations
in the tubesheet have a smaller value of H*. This is a significant conservatism because the probabilistic
evaluation is based on this worst-case mean value of H*.
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*There is much conservatism included. in the structural analysis as summarized in Section 1.0. The

following are the most significant conservatisms:

1. The mean value of H* is based on the location of the limiting radius of the tubesheet in the
limiting sector of the tubesheet for the limiting SG operating condition. All other locations on the
tubesheet have a lower value of H*.

2. The analysis assumes that the divider plate has no connection to the tubesheet. It is shown that
this assumption results in the largest values of H*.

3. The value of the coefficient of friction utilized is 0.2. A significantly greater coefficient of
friction could be justified based on the available literature. A greater coefficient of friction would
results in a smaller value of H*.

4. Boundary conditions are applied to yield the most conservative (largest) values of H*.

5. The conditions of the bounding plant in the population of Model F SGs are used for all Model F
plants.

10.8. LEAKAGE ANALYSIS

The leakage analysis is based on application of the Darcy model for flow through a porous medium. The
approach used is to determine the ratio of accident-induced leakage to the observed leakage under normal
operating conditions. These ratios are termed "Leakage Factors". The applicable maximum leakage ratio
for all plants is 2.03 and is based on the peak pressure differential from a postulated FLB event, which is
shown to be a plant cooldown event when taking credit for operator action.

The leakage factor is applied to the normal operating leakage that is associated with the tubesheet

expansion region in the condition monitoring and operational assessments. No increase in the accident-
induced leakage assumed in the safety analysis results with the implementation of the leakage factor
approach; however, an adjustment to the administrative shutdown leakage limit may be required

depending on the NOP leakage observed and the possible sources of leakage in the SG. The leakage
factor for a postulated FLB bounds the leakage factor required for a postulated SLB event because the
pressure differential across the tubesheet is greater during a postulated FLB versus a SLB event; both
events result in. a plant cooldown event. For most plants, due to the short duration of the transients, no
leakage factors are required for a postulated locked rotor or control rod ejection events. The leakage
factor for a postulated FLB is conservatively used for those plants with a locked rotor with a stuck open
SG power operated relief valve (PORV) as part of the licensing basis.

It is important to note that the implementation of H* does not require that the maximum leakage factor be
used by plants that have a lower leakage factor; however, the maximum factor provides a conservative
basis for performing the condition monitoring and operational assessments.
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10.9 PROBABILISTIC ANALYSIS

Four input parameters directly affect the calculation of H* if it is.assumed that RCP is equal to zero.
Other variable parameters are introduced if a non-zero value of RCP would be included in the analysis.
The applicable variables are the CTE of the tube and tubesheet materials (A600 and SA508) and Young's

Moduli of the tube and tubesheet materials. Sensitivity analyses have shown that the variation of
Young's Modulus of both the tube and tubesheet materials has insignificant effect on H*. The principal
variable affecting H* is the CTE of the tube material, A600.

Sensitivityanalyses also indicate that there is an interaction between the CTE of the tube and tubesheet
materials when expressed as a variation of H*. The effect of the interaction is that the value of H*
increases more when both parameters are varied than the cumulative effect on H* when each parameter is.
varied separately. However, even for extreme variations of these parameters (3 to 4 standard deviations
from the mean in the direction of increasing H*), a value of H* exists; thus, there is no credible event that

would invalidate the H* concept. No other interactions among the four effective parameters were
identified.

Standard binomial statistical analysis shows a 4.285 standard deviation (ay) variance is required to achieve
95% probability at 50% confidence for a population of 5626 tubes, i.e., the full tube complement of a
Model F SG. The variations of H* were calculated for a number of assumptions of parameter variations

up to and, including 5 standard deviations and also specifically including 4.285 standard deviations.
These sensitivity analyses showed that the variation of H* was not linear for the parameter input
assumptions made.

Both a simplified statistical approach and a fully probabilistic approach using a1Monte Carlo simulation
technique were applied for the H* analysis as permitted by the industry Integrity Assessment Guidelines
for meeting the probabilistic criteria of 95% probability at 50% confidence for every tube in the tube
bundle. In the simplified statistical approach, the uncertainties are combined by the square root of the

sum of the squares (SRSS) method. In the fully probabilistic approach, simulations are performed by
randomly sampling from influence functions of H* for each of the four variables that directly impact the
H* calculations, assuming that RCP is equal to zero.

The change in H* due to positive, variation of a parameter may be different than the change in H* due to a
negative variation of the same parameter. In the probabilistic analysis of H*, only the parameter
variations that adversely affect the value of H* (i.e., increase the value of H*) were conservatively used.

The SRSS is the preferred approach to determining the 95/50 whole bundle value of H* because of its
simplicity. Using the 4.285 (a) parameter input variation of H* directly, the 95% probability at 50%
confidence value of H* for the whole bundle is 11.2 inches.

A Monte Carlosimulation that mirrors the SRSS approach using the 4.285ca influence factors predicts a

final H* value of 8.42 inches. The difference between the SRSS approach and the Monte Carlo approach
is expected because the SRSS approach is known to be more conservative than the Monte Carlo approach.

Different extreme value analyses were performed based on the Monte Carlo simulation approach under
various assumptions of parameter variability and sampling schemes that recognized that the number of
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tubesheets in the population of H* candidate plants is limited. All of the extreme value cases considered
exceed the probabilistic requirement of 95/50 for the entire bundle. Therefore, although some of these
extreme value cases yielded H* values slightly greater than the recommended value of H* of 11.2 inches
as expected, the results from all of the extreme value cases support the recommended value of 11.2
inches.

10.10 TUBE SLIPPAGE

The technical justification for H* concludes that at a high level of confidence at the value of H* specified,
11.2 inches for the top of the tubesheet, the tubes are fully restrained against motion under very

conservative design conditions and very conservative analysis assumptions. Therefore, tube slippage is
not a credible event for any tube in the bundle. It is concluded, based on the analyses in this report, that
no significant technical case can be made that monitoring for tube slippage is necessary.
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APPENDIX A
TUBE PULL OUT TESTING DATA

In reviewing Wolf Creek Nuclear Operating Corporation's request for a license amendment for H*/B*,
the NRC staff determined that the utility had not provided information which was necessary to support a
conclusion that the tubes would have adequate integrity if flaws were to occur in the region of.the tube
not inspected. One area of concern identified by the NRC staff was that only limited pull out data exists
upon which the residual contact pressures are estimated. The NRC staff stated in Reference A-1 that

WCNOC had not provided information to establish whether the pull out test. specimens used to determine
residual contact pressure adequately envelop the range of values of these parameters which .might be

encountered in the Wolf Creek Generating Station steam generators; In particular, in item numbers 4 and
5 identified in Reference A-l, the NRC staff requested test specimen dimensions for R12C08, R 11C08,
R12C07, R 11C07, RIOC08, and RI0C07 similar to what has been provided for, tube pull out- specimens
33625-09 through 33625-15 in response to RAI numbers 1 and 2 in LTR-CDME-07-72. Additionally, the
NRC staff requested the yield strength for each of the eight test specimens.

The objective of this appendix is to provide all available information (References A-2, A-3, A-4, and A-5)
for each of the fourteen room temperature test specimens previously used to establish residual contact
pressure in the development of the H* criterion. Information on wall thicknesses and yield strength is
provided for the test specimens for 11/16, 3/4 and 7/8 inch outer diameter tubes .in Tables A-I, Model F
Test Specimens, Table A-2, Model 44F and 51F Test Specimens and Table A-3, Model D5,Test
Specimens.

References:

A-1 NRC Letter, "Wolf Creek Generating Station - Withdrawal of License Amendment
Request on Steam Generator Tube Inspections (TAC No. MD1097), United States
Nuclear Regulatory Commission, Washington D.C.,February 28, 2008.

A-2 NCE-88-271, "Assessment of Tube-to-Tubesheet Joint Manufacturing Processes for
Sizewell B Steam Generators Using Alloy 690 Tubing," November 1988.

A-3 STD-DP-1997-8015, Rev. 0, "Data Package for Leak Testing of Vogtle Unit I
Steam Generator Tube-to-Tubesheet Joint for STD-TP-1997-7951 Rev. 1," June 18,
1997.

A-4 DP-SGDA-05-2, "Data Package for HStar Pull Test of 7/8 Inch Tubing from
Simulated Tubesheet PA-MSC-0199 WOG Program for SGs 44F and 5 IF,"
November 30, 2005.

A-5 DP-SGDA-03-1, "Model D5 Tube-to-Tubesheet Joint Determination of Pull out
Resistance for H-Star Program for Comanche Peak 2, Catawba Unit 2, Byron 2 and
Braidwood 2," August 11, 2003.
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Table A-1 Model F Test Specimen Pull Out Data (11/16 Inch Diameter Tubes)

Ts PTube Hydraulic
Specimen Test Ri (a) Ro (b) R0 (c) Expansion Pullout F/L Yield Expansion

Temperature Force
Number (F) (in) (in) (in). Length (in). - (lbf/in) Strength Pressure

(ksi) (psi)
a,b,c

WCAP-17071-NP Revision 0
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Table A-2 Model 44F and 51F Test Specimen Pull Out Data (7/8 Inch Diameter Table)

. Test Pull out Tube Hydraulic
Specim Temperature Ri (a) Ro (b) Ro (c) Expansion Force F/L Yield Expansion
Number (F) (in)* (in)* (in) Length (in) Forc (lbf/in)** Strength Pressure

(F) (lb__**_(ksi) (psi)

a,b,c
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Table A-3 Model D5 Test Specimen Pull Out Data (3/4 Inch Diameter Tubes)

Tube HydraulicTest Pull out F/L Tb yrui

Specimen R1 (a) R, (b) R_(pc) .Expansion

Number Temperature (in) (in) (in) Length (in) Force ( n Strength Pressure
(F) (lbf)* * (ksi) (psi)

a,b,c

I t t I f
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L.0 INTRODUCTION

The ASME B&PV Code (Section II) [1] provides material properties for use in design and

analysis of pressure vessels andcother components, including'thermo-physical properties such as

thermal expansion, thermal conductivity and thermal diffusivity. Variability in these properties

is recognized, and the Code states that these properties are considered typical, and should be

considered to have an associated: uncertainty of +10% [1, 2]. However, the meaning of this

uncertainty range is not defined in statistical terms.

The purpose of this report is to document a statistical evaluation of Coefficient of Thermal

Expansion (CTE) data for SA-508 Grade 2 and thermally treated Alloy-600 tube material. Data

obtained from a number of sources are included in the evaluation, including literature sources as

well as. extensive new laboratory CTE data developed specifically for this purpose. The.

evaluation results in recommended statistical distributions of this property for the two materials.

This study was performed to support the technical justification for re-defining the primary

pressure boundary from the tube-end weld to the hydraulic expansion jointinWestinghouse

designed steam generators with hydraulically expanded tubing. Because this technical

justification relies significantly on differential thdrmnal expansion between the tube and the

tubesheet, and regulatory acceptance criteria are stated in terms of probabilities, it is necessaryto

establish the mean and' probabilistic variability of the CTE.

2.0 CTE DATA AND DATA SOURCES

Figures 2-1 and 2-2 present compilations of CTE data.for the two materials comparedto the

current ASMIE Section II curve with ±10% error bands. Data are reported.from various sources

listed in the figure. legends and represent .mean CTE between 701F and the plotted temperature.

A summary of the various data sources is provided in Table 1.

Data were obtained from several literature sources, as identified in Table 1. The current ASME

Section Ildesign curves are assumed to represent a single data set, even though.they likely

represent means of several data sets. In addition to the literature data, the analyses considered
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extensive new CTE testing performed specifically for this program under contract to

Westinghouse by ANTER laboratories [5]. These tests included multiple samplesfrom nine

heats of Alloy-600 steam generator tubing plus four heats of A-508 low alloy steel. The Alloy-

600 heats were tested in both the as-received form as well as in a strain hardened condition

performed to simulate that produced by hydraulic tube expansion. In all, over 100 new CTE

tests were performed at ANTER on thirteen heats of material.

Typical plots of the new ANTER data for A-508 and Alloy 600 materials are contained in

Figures 2-3 and .2-4.

Table 1-1 Sources:of CTE Data Used in the Evaluation

Alloy-600: SA-508 Grade 2:
-Ltrtr aaSucs Literatuire Data Sources:

ASME Section.11, 2007 Edition [I] ASME Section It, 2007 Edition [1]
Specialty Metals Datasheet [3]' ANL ANTER [7]

Aero SM Handbook [3]
Mil Handbook5 [3]

NSM-H Values[3]
Miscellaneous Datasheets [3]

•ANLANTER[71

ANL PMIC [6]

Newi ANTER Da 'ta [15]; ?Ne~vANTER Data [5]1:
9 heats (3 to4 samples each) 4 heats (10 samples each)

Multiple Tests (single sample) Multiple Tests (single sample)
Strain Hardened Specimens

(Same 9 heats, 3 to 4 samples each)

An additional dataset for SA-508, provided by ANL and tested at Precision Measurements and,

instruments Corporation (PM1C) in both air and vacuum [6], was found to be highly inconsistent

with the balance of the-data for this material. An assessment of these data was performed,

starting with the raw data, and is documented in Appendix A, This assessment concluded that

there are anomalies in the data that make it virtually unusable, andthat dataset was therefore

excluded from this analysis.
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3.0 ANALYSES

3.1 Statistical Analysis of Uncertainties

The data in Figures.2-1 and 2-2 were evaluated using a standard probability plotting technique

[4], which is a graphical technique for assessing whether or not a data set follows a given

distribution such as normal or lognormal. The CTE data were assessed in terms of their

deviations (or residuals) from the overall means of the data for each material at the applicable

temperature. Data points were selected at approximately 50'F intervals for each curve, in the

temperature range of interest (70 "F to 700°F).

The: residuals between each individual data point and the applicable overall mean of the data

were computed, sbrted and plotted as a probability plot in which:

o Vertical axis: Ordered residual values

o Horizontal axis: Order statistic medians for the distribution

[e.g. Norm Inverse ofF; wheie F =(i -.n 3)1 (N + 0.4); N is the total [number of data

points, and n. is the nth data point in the ordered set]

* Analyzed each material individually (A-600: 227 points; SA-508: 82 points)

Probability plots were developed in this manner for normal and log normal distribution

types for each material.

The normal probability plot, generated from the SA-508 dataset of Figure 2-1 (82 data points) is

illustrated at the top of Figure 3-1. The.correlation coefficient associated with a linear fit to the

data is 0.8958, and the mean of the data is very close to zero (0.00044), indicating a good fit to a

normal distribution. A lognormal probability plot of the same data is also illustrated at.the

bottom of Figure 3-1. Review-of the two.plots indicates that the lognormal distribution gives

essentially the same correlation coefficient (0.8964). The normal distribution is recommended

because physical data such as CTE are expected to be normally distributed and because the log

normal fit introduces the added complexity of having to adjust the original data setto eliminate

logarithms of negative numbers (approximately.half of the residuals are negative).
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The resulting normal distribution for SA-508 is illustrated, along with the residual data, in Figure

3-2. The standard deviation of the residuals is 0.099 x. 10-6 inlin/0 F, or 1.44% of the mean CTE

value for the material at the midpoint temperature (Mean C'E at 400F = 7.035 x 10-6 in/in/tjl.

A similar normal probability plot, generated from the Alloy 600 dataset of Figure 2-2.(227 data

points) is illustrated at the top of Figure 3-3, The correlation coefficient associated with the

linear fit to the data is 0.9325, and the mean of the data is again close to zero (0ý014), indicating

a good fit to a normal distribution. A lognormal probability plot of the same data is also

illustrated at the bottom of Figure 3-3. In this case the lognormal distribution is a worse fit

(correlation coefficient- 0.8909). The normal distribution is again recommended.

The resultiig normal distribution for Alloy 600 is illustrated, along with the residual data, in.

Figure 3-4. The standard deviation of the residuals is 0.175 X 10-6 intin/iF, or233% of the

mean CTE value for the:material at the midpoint temperature (Mean CTE at 400'F =73525 x 10-

6 in/intF).

3.2 Evaluation of Within-Heat Variability

Examination of the detailed ANTER test data in Figures 2-3 and 2-4 indicates that there was

considerable variability in the test results from different Samples from the same heats of material,

especially at low temperatures (below -300'F). This "within-heat" variability was not included

in the foregoing statistical analyses, because it was judged to be the-result of measurement

inaccuracy, and not a true material variability, especially at the lower temperatures, in which the

amount of physical growth of the samples from 70'F to the indicated temperature challenged the

measurement accuracy of the test equipment. Based on this judgment; the data plots in Figures

2-1 and 2-2 and the statistical analyses of Section 3.1 utilized the mean curves of the new

ANTER data for each heat of material.

In order to confirm this judgment, a series of additional tests was run, in which a single sample

from one heat each of the two materials was tested multiple times to obtain an estimate of testing

uncertainty. The results of these "multiple"' tests are compared to the prior "multi-sample"

results for the same heats in Figures 3-5 and3-6. It is seen from these figures that the variability

*in the multiple tests was essentially equivalent to that of the multi-sample tests. Standard
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deviations of the data at two temperatures (100T and 6001F) are indicated in the figures and are

comparable for the two cases. Also apparent in the figures. is significantly greater variability in

the lower temperature regime due to the aforementioned highermeasurement uncertainty there.

(e.g. Figure 3-7, the standard deviations at I100OF are more than threetimes those at 600TF).

Based on these additional tests, and the data comparisons presented in Figure 3-7, is concluded

that the within-heat variability observed in the multi-specimen test data is solely attributable to

testing uncertainty, and that utilizing the heat means in the statistical analyses of Section 3.1 is an

appropriate approach.

3.3 Effect of Strain Hardening on Alloy-600 CTE

A second set of Alloy 600 specimens were machined from the same nine heats of tubing

rhaterial, but these were hydraulically expanded into split collars, sized to be typical of the

tubeshect bore diameter, before CTE testing, to simulate the strain hardening that occurs in

tubesheet ends of steam generaior tubes hydraulically expanded into the tubesheet as applied in

Westinghouse steam generators.. The apparent strain hardening effect on CTE from this initial

set of tests is illustrated in Figure 3-7. It is seen from this figure that the variability is about the

same in the strain hardened versus non-strain hardened data, but that the means of the strain

hardened data tended to be somewhat lower than those in the non-strain hardened~results,

especially in the higher temperature regime, (open data points versus solid points connected by

dashed lines in Figure 3-7).

Cold working during.hydraulic expansion, however, creates a large increase in dislocation

density. Dislocation interactions during deformation create interstitial atoms and vacancies in

the atomic lattice. At 600TF, dislocations, interstitials and vacancies tend to rearrange

themselves via diffusion. Vacancies and interstitials mostly disappear and dislocations form

relatively stable networks. It was ihus'hypothesized that this effect caused the downward shift in

CTE values at temperatures above 350TF in the initial thermal expansion tests of cold worked

tubing, and that retesting might yield results more closely resembling the non-strain hardened

results, since the specimens will have been heated to >600F (simulating to the-first cycle of
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steam generator operation after hydraulic expansion). Under this scenario reheating to 600'F

would not lead to further changes in CTE.

To test this hypothesis, thesamples from three of the strain hardened heats of Alloy 600 tubing

were retested using identical equipment and procedure as the initial strain hardened tests. The

results are illustrated in Figure 3ý8, which contains.three. CTE plots:for each of the retested Alloy

600 heats. Examination of this figure indicates that the repeat strain hardened test results, in all

cases, lie on or very close to the original, non-strain hardened data, thus confirming the above

hypothesis. In the cases where there is a small deviation in the test results, the repeat strain

hardened tests fell above rather than below the original non-strain hardened results, and were

much closer to the non-strain hardened results at the higher temperatures which are of primary

interest.

The direction of cold working has no effect on the density of dislocations, interstitials and

vacancies that are produced by the cold work. Since the repeat tests demonstrated essentially no

effect of cold work on CTE, the results are also independent of cold work direction.

Figure 3-9 is a re-plot of all of the Alloy :600 data, with the non-strain hardened results replaced

by the strain hardened results for the three heats that were retested in the:strain hardened state.

The.figure is indistinguishable from Figure 2-2. The statistical analysis discussed in Section 3.1

above was re-performed for Alloy 600 using the data in Figure 3-9 rather than Figure 2-2. The

revised statistical distribution, about anew overall mean curve, is virtually identical to that

developed based on the non-strain hardened data. (Standaid Deviation = 0.476 or 2.34%,

Correlation Coefficient of Fit to Normal Distribution =0.9268).

3.4 Overall Mean versus ASME Code Curves

Review of Figures 2-1 and 2-2 indicates that the ASME Code CTE curves are a reasonable

representation of the overall mean curves of the data. For SA 508, the overall mean is

consistently.about 1% lower than the Code curve for the entire temperature regime, except for at.

lower temperatures (<300"F), at which it is -4% lower. :Since a higher tubesheet CTE is

conservative with respect. to steam generator tube to tubesheet interface pressure (results in lower
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interface pressure), it is deemed reasonably accurate and conservative to continue to use the

ASME Code values.

A similar observation may be drawn for Alloy 600%, based on both the non-strain hardened data

(Figure 2-2) and the strain hardened repeat tests (Figure 3-9). The overall means of the data are

consistently higher than or equal to the ASME Code curve except for one small region at 650'F.

In this region the Code curve exhibits a discontinuity which is believed to be due to truncating

the data to two significant figures, which was done in later Code editions, whilethe overall mean

of the data is a smooth curve. Nonetheless, the difference between the Code curve and the

overall mean in this region is very small... Use of a lower tube CTE for the Alloy 600 tubes is

'conservative with respect to steam generator tube to tubesheet interface pressure (results in lower

interface pressure).and thus it is deemed reasonably accurate and conservative to continue to use

the ASME Code values.
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Normal Distribut~on of GTE for SA-508
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Normal Distribution of CTE for Alloy 600
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(upper plot) with Multiple Tests of a Single Sample from the Same Heat (lower plot)
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4.0 CONCLUSIONS

The analyses presented in this report result in recommended statistical distributions of CTE for

use in Monte Carlo analyses of steam generator tube pullout depths (H*). The recommendation

is a normal distribution about the ASME Section 11 (2007 Edition) curves for SA-508 Grade 2,

with a standard deviation of 0.099x 10 in/in/PF, or.1.44% of the Code C-TE values. For Alloy

600, the recommendation is a normal disfribution with a standard deviation of .0.175 x 10.(

inlinI°F, or 2.33%. In the case of Alloy 600, an evaluation was also performed of the effect of

strain hardening due tohydraulic expansion of the tubes into the tubesheet. Strain hardening was

foundto havea negligible effect on CTE as it was demonstrated that the CTE of the strain

hardened specimens returned to its non-strain-hardened value after a single exposure to the

typical normal operating temperature, 600°F.

The study also found that, compared to the overall means of the CTE data, it is reasonably

accurate and conservative to usethe ASME Code CTE curves (1I for these two materials as the

mean values about which the above statistical variations occur, The following table summarizes

therecommended value- of CTE for use in the probabilistic analysis for H*:

Material Mean CTE Standard Deviation.

SA-508 2007 Edition of ASME Code, t.44% of mean. value at

Section II, at desired temperature desired temperature

A600 2007 Edition of ASME Code, 2.33% of mean value at

Section I, at desired temperature desired temperatuire
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APPEN DIX A

RATIONALE FOR EXCLUDING PMIC SA-508 DATA.

FROM CTE STATISTICAL EVALUATION

One of the data sets originally used in the CTE statistical evaluation was data obtained from

ANL based on testing performed at Precision Measurements and Instruments Corporation [Al.].

These data were not consistent with the balance of the data collected for SA-508 low alloy steel.

To ascertain the source of the inconsistency, an assessment of these data was performed, starting

with the raw data tabulated in Reference [A2]. Two sets of CTE data are presented for SA-508

material in [A2], one for a sample'testedin a vacuum and asecond fora sample tested in air.

The raw data from these tests are plotted in Figure A-I, in terms of measured expansion (in

micro-strain) versus temperature in *F. Also shown on the plot are data for the same SA-508

material performed for ANL by ANTER Laboratories Inc [A3], as well as a sampling of more

recent CTE tests performed by ANTER for Westinghouse [A4-A6] .

Figure A-l indicates that the data sets tested by ANTER, including'both the original tests for

ANL as well as the more recent tests .for Westinghouse, all lie in a fairly tight band. The PMIC

air data deviates from that band at the low tempeiature end, while the,PMIC vacuum data shows

an even more significant deviation. Figure A-2 presents an expanded view the low temperature

range (0 to 200F) of the data in Figure A.I. It is seen from this figure that the two sets of PMIC

data both exhibit offsets (or dead-bands). at the start of the tests, in which essentially no

expansion was measured. The offset in the air data is -1.5F while the offset in the'vacuum data

is greater than 40%F. Since CTE is generally computed relative to an unexpanded room

temperature state (70'F), these offsets have a significant impact on the CTE values computed•

from the data, especially at the low temperature end, Figur A-3 illustrates this effect, in temis

of average CTE between room temperature and the indicated temperature computed from the

raw data. It is seen from this plot that the PMIC vacuum data deviates over the entire

temperature range, due to the large offset at the start of the test. Based on these observations, it

is concluded thatthe PMIC data vacuum could not be used in the statistical analyses of this

report without adjustingifor the observed offsets in the raw data.
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It was determined in discussions with Argonne National -Laboratories, the sponsor of the PMIC

CTE tests on the SA-508 material, that the sequence of testing was performed first in vacuum

(increasing the temperature then decreasing temperature), then in air. In the initial vacuum test,

the material was exposed to a temperature of approximately 700C. Exposure of the material to

this tempei'aturt changes the microstructure of the material and invalidates.subsequent tests on

the same specimen'. Therefore, the data for the sample in vacuum taken in the temperature,

decreasing mode and the air environment data are excluded a prion. The PMIC vacuum data

from the increasing temperature tests remains suspect in that the raw data exhibits the large

offset at the start of the tests, observed in Figures A-I and A-2. The resulting CTE computed for

this sample thus deviates from the remaining available data for SA-508 by a large degree.

Because of this, and because the new testing performed in support of this effort produced

sufficient of data for the statistical analysis, it was decided to exclude the PMIC SA-508 data

from the study..
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Thermal Expansion of SA508 Steel
Comparison of Raw Data from Several Sources
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Figure A-d - Raw Test Data (in Micro-strain) from several SA-508 CTE Tests
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Comparison of Raw Data from Saveral Sources
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Thermal Expansion of SA508 Steel
CTE Computed from Raw Data
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LAR S09-04

Westinghouse affidavit letter CAW-09-2567, conforming to the provisions of
10CFR2.390 for withholding the proprietary WCAP Report



* Westinghouse
Westinghouse Electric Company
Nuclear Services
P.O. Box 355
Pittsburgh, Pennsylvania 15230-0355
USA

Direct tel: (412) 374-4643
Direct fax: (412) 374-3846

e-mail: greshaja@westinghouse.com

U.S. Nuclear Regulatory Commission
Document Control Desk
Washington, DC 20555-0001

Our ref: CAW-09-2567

May 4, 2009

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: WCAP-17071-P, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in Steam
Generators with Hydraulically Expanded Tubes (Model F)," dated April 2009 (Proprietary)

The proprietary information for which withholding is being requested in the above-referenced report is
further identified in Affidavit CAW-09-2567 signed by the owner of the proprietary information,
Westinghouse Electric Company LLC. The affidavit, which accompanies this letter, sets forth the basis
on which the information may be withheld from public disclosure by the Commission and addresses with
specificity the considerations listed in paragraph (b)(4) of 10 CFR Section 2.390 of the Commission's
regulations.

Accordingly, this letter authorizes the utilization of the accompanying affidavit by PSEG Nuclear, LLC.

Correspondence with respect to the proprietary aspects of the application for withholding or the
Westinghouse affidavit should reference this letter, CAW-09-2567, and should be addressed to
J. A. Gresham, Manager, Regulatory Compliance and Plant Licensing, Westinghouse Electric Company
LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Very truly yours,

J.A. Gresham, Manager
Regulatory Compliance and Plant Licensing

Enclosures

cc: G. Bacuta, (NRC OWFN 12E-l)



CAW-09-2567

bcc: J. A. Gresham (ECE 4-7A) IL
R. Bastien, IL (Nivelles, Belgium)
C. Brinkman, IL (Westinghouse Electric Co., 12300 Twinbrook Parkway, Suite 330, Rockville, MD 20852)

RCPL Administrative Aide (ECE 4-7A) IL (letter and affidavit only)

G. W. Whiteman, Waltz Mill
H. 0. Lagally, Waltz Mill
D. H. Warren, Windsor, CT



CAW-09-2567

AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

ss

COUNTY OF ALLEGHENY:

Before me, the undersigned authority, personally appeared J. A. Gresham, who, being by me duly

sworn according to law, deposes and says that he is authorized to execute this Affidavit on behalf of

Westinghouse Electric Company LLC (Westinghouse), and that the.averments of fact set forth in this

Affidavit are true and correct to the best- of his knowledge, information, and belief:

J. A. Gresham, Manager

Regulatory Compliance and Plant Licensing

Sworn to and subscribed before me

this 4 th day of May, 2009

Notary. Public

COMMONWEALTH OF PENNSYLVANIA

Sharon L Markle, Notary Public
Monroeville Born, Allegheny County

My Commission Expires Jan. 29,2011
Member, Pennsylvania Association of Notaries
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(1) 1 am Manager, Regulatory Compliance and Plant Licensing, in Nuclear Services, Westinghouse

Electric Company LLC (Westinghouse), and as such, I have been specifically delegated the

function of reviewing the proprietary information sought to be withheld from public disclosure in

connection with nuclear power plant licensing and rule making proceedings, and am authorized to

apply for its withholding on behalf of Westinghouse.

(2) 1 am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the

Commission's regulations and in conjunction with the Westinghouse "Application for

Withholding" accompanying this Affidavit.

(3) I have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

(4) Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission's regulations,

the following is furnished for consideration by the Commission in determining whether the

information sought to be withheld from public disclosure should be withheld.

(i) The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

(ii) The information is ofa type customarily held in confidence by Westinghouse and not

customarily disclosed to the public. Westinghouse has a rational basis for determining

the types of information customarily held in confidence by it and, in that connection,

utilizes a system to determine when and whether to hold certain types of information in

confidence. The application of that system and the substance of that system constitute

Westinghouse policy and provide the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several

types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of

Westinghouse's competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.



3 CAW-09-2567

(b) It consists of supporting data, including test data, relative to a process (or

component, structure, tool, method, etc.), the application of which data secures a

competitive economic advantage, e.g., by optimization or improved

marketability.

(c) Its use by a competitor would reduce his expenditure of resources or improve his

competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

(d) It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

(e) It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

(f) It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons bel~ind the Westinghouse system which include the

following:

(a) The use of such information by Westinghouse gives Westinghouse a competitive

advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

(b) It is information that is marketable in many ways. The extent to which such

information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

(c) Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.

(d) Each component of proprietary information pertinent to a particular competitive

advantage is potentially as valuable as the total competitive advantage. If

competitors acquire components of proprietary information, any one component

may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.
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(e) Unrestricted disclosure would jeopardize the position of prominence of

Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

(f) The Westinghouse capacity to invest corporate assets.in research and

development depends upon the success in obtaining and maintaining a

competitive advantage.

(iii) The information is being transmitted to the Commission in confidence and, under the

provisions of 10 CFR Section 2.390, it is to be received in confidence by the

Commission.

(iv) The information sought to be protected is not available in public sources or available

information has not been previously employed in the same original manner or method to

the best of our knowledge and belief.

(v) The proprietary information sought to be withheld in this submittal is that which is

appropriately marked in WCAP-1707 l-P, "H*: Alternate Repair Criteria for the

Tubesheet Expansion Region in Steam Generators with Hydraulically Expanded Tubes

(Model F)," dated April 2009 (Proprietary), for submittal to the Commission, being

transmitted by PSEG Nuclear, LLC Application for WithholdingProprietary Information

from Public Disclosure to the Document Control Desk. The proprietary information as

submitted for use by Westinghouse for Salem Unit 1 is expected to be applicable to other

licensee submittals in support of implementing an alternate repair criterion, called H*,

that does not require an eddy current inspection and plugging of the tubes below a

distance of 11.2 inches from the top of the tubesheet.

This information is part of that which will enable Westinghouse to:

(a) Provide documentation of the analyses, methods, and testing which support the

implementation of an alternate repair criterion, designated as H*, for a portion of the

tubes within the tubesheet of the Salem Unit 1 steam generators.

(b) Assist the customer in obtaining NRC approval of the Technical Specification

changes associated with the alternate repair criterion.
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Further this information has substantial commercialvalue as follows:

(a) Westinghouse plans to sell the use of similar information to its customers for the

purposes of meeting NRC requirements for licensing documentation.

(b) Westinghouse can sell support and defense of the technology to its customers in

the licensing process.

Public disclosure of this proprietary information is likely to cause substantial harm to the

competitive position of Westinghouse because it would enhance the ability of

competitors to provide similar calculation, evaluation and licensing defense services for

commercial power reactors without commensurate expenses. Also, public disclosure of

the information would enable others to use the information to meet NRC requirements for

licensing documentation without purchasing the right to use the information.

The development of the technology described in part by the information is the result of

applying the. results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.

In. order for competitors of Westinghouse to duplicate this information, similar technical

programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

Further the deponent sayeth not.



PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or non-proprietary versions of documents furnished to the NRC
in connection with requests for generic and/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.390 of the Commission's regulations concerning the
protection of proprietary information so submitted to the NRC, the information which is proprietary in the
proprietary versions is contained within brackets, and where the proprietary information has been deleted
in the non-proprietary versions, only the brackets remain (the infonnation that was contained within the
brackets in the proprietary versions having been deleted). The justification for claiming the information
so designated as proprietary is indicated in both versions by means of lower case letters (a) through (f)
located as a superscript immediately following the brackets enclosing each item of information being
identified as proprietary or in the margin opposite such information. These lower case letters refer to the
types of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the affidavit accompanying this transmittal pursuant to 10 CFR 2.3 90(b)(l).

COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to
make the number of copies of the information contained in these reports which are necessary for its
internal use in connection with generic and plant-specific reviews and approvals as well as the issuance,
denial, amendment, transfer, renewal, modification, suspension, revocation, or violation of a license,
permit, order, or regulation subject to the requirements of 10 CFR 2.390 regarding restrictions on public
disclosure to the extent such information has been identified as proprietary by Westinghouse, copyright
protection notwithstanding. With respect to the non-proprietary versions of these reports, the NRC is
permitted to make the number of copies beyond those necessary for its internal use which are necessary in
order to have one copy available for public viewing in the appropriate docket files in the public document
room in Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must include
the copyright notice in all instances and the proprietary notice if the original was identified as proprietary.



PSEG Nuclear, LLC
Letter for Transmittal to the NRC

The following paragraphs should be included in your letter to the NRC:

Enclosed are:

1. 1 copy of WCAP-17071 -P, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in
Steam Generators with Hydraulically Expanded Tubes (Model F)," dated April 2009 (Proprietary)

2. 1 copy of WCAP-17071-NP, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in
Steam Generators with Hydraulically Expanded Tubes (Model F)," dated April 2009 (Non-
Proprietary).

Also enclosed is Westinghouse authorization letter CAW-09-2567 with accompanying affidavit,
Proprietary Information Notice, and Copyright Notice.

As Item I contains information proprietary to Westinghouse Electric Company LLC, it is supported by
an affidavit signed by Westinghouse, the owner of the information. The affidavit sets forth the basis on
which the information may be withheld from public disclosure by the Commission and addresses with
specificity the considerations ýlisted in paragraph (b) (4) of Section 2.390 of the Commission's
regulations.

Accordingly, it is respectfully' requested that the information which is proprietary to Westinghouse be
withheld from public disclosure in accordance with 10 CFR Section 2.390 of the Commission's
regulations.

Correspondence with respect to the copyright or proprietary aspects of the items listed above or the
supporting Westinghouse affidavit should reference CAW-09-2567 and should be addressed to
J. A. Gresham, Manager, Regulatory Compliance and PlantiLicensing, Westinghouse Electric Company
LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.
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Westinghouse letter LTR-SGMP-09-100 NP-Attachment, Response to NRC Request
for Additional Information on H*; Model F and Model D5 Steam Generator (RAI

Questions 1 through 20 and 24) (Non-Proprietary)

Reference 9 (Attachment 1) provided a request for additional information to Southern
Nuclear Operating Company related to their application for a permanent alternate repair
criterion based on WCAP-17071-P, Revision 0. Since Reference 9 is applicable to the
PSEG application, a response is being provided by PSEG. This attachment provides
non-proprietary responses to questions 1 through 20 and 24.



WESTINGHOUSE NON-PROPRIETARY CLASS 3

LTR-SGMP-09-100 NP-Attachment

Westinghouse Electric Company

Response to
NRC Request for Additional Information on H*;

Model F and Model D5 Steam Generators

August 12, 2009

Westinghouse Electric Company LLC
P.O. Box 158

Madison, PA 15663

© 2009 Westinghouse Electric Company LLC
All Rights Reserved



LTR-SGMP-09-100 NP-Attachment

Response to
NRC Request for Additional Information on H*;

Model F and Model D5 Steam Generators

References:
1. NL-09-0547, Vogtle Electric Generating Plant License Amendment Request to Revise

Technical Specification(TS) Sections 5.5.9, "Steam Generator (SG) Program" and TS
5.6.10, "Steam Generator Tube Inspection Report for Permanent Alternate Repair
Criteria," Southern Company, May 19, 2009.

2. RS-09-071, " License Amendment Request to Revise Technical Specifications (TS) for
Permanent Alternate Repair Criteria," Exelon Nuclear; June 24, 2009.

3. CP-200900748, Log # TXX-09075, "Comanche Peak Steam Electric Station (CPSES)ý
Docket Nos. 50-445 and 50-446, License Amendment Request 09-007, Model D5 Steam
Generator Alternate Repair Criteria," Luminant, June 8,2009.

4. SBK-L-09118, "Seabrook Station: License Amendment Request 09-03; Revision to
Technical Specification 6.7.6.k, "Steam Generator (SG) Program," for Permanent
Alternate Repair Criteria (H*)," May 28, 2009.

5. Vogtle Electric Generating Plant, Units 1 and .2, Request for Additional Information
Regarding Steam Generator Program (TAC Nos. ME1339 and ME1340)," United States
Nuclear Regulatory Commission, July 10, 2009.

6. Braidwood Station, Units 1 and 2, and Byron Station, Unit Nos. 1 and 2 - Request for
Additional Information Related to Steam Generator Permanent Alternate Repair Criteria
(TAC Nos. ME1613, ME1614, ME1615, and ME1616)," United States Nuclear
Regulatory Commission, July 20, 2009.

7. Comanche Peak Steam Electric Station, Units 1 and 2 - Request for Additional
Information Regarding the Permanent Alternate Repair Criteria License Amendment
Request (TAC Nos. ME1446 and ME1447)," United States Nuclear Regulatory
Commission, July 23, 2009.

8. WCAP-17071-P, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in
Steam Generators with Hydraulically Expanded Tubes (Model F)," Westinghouse
Electric LLC, April 2009.

9. WCAP-17072-P, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in
Steam Generators with Hydraulically Expanded Tubes (Model D5)," Westinghouse
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Introduction

In response to formal requests for technical specification amendments, References 1, 2, 3 and
4, the USNRC formally requested additional information in References 5, 6 and 7. A preliminary
request was received in response to Reference 4. This document provides responses to NRC
RAI on the Vogtle, Byron/Braidwood and Comanche Peak requests for a permanent license
amendment to implement H*. These plants represent the Model F and Model D5 steam
generators for which the H* technical justification is provided in Reference 8 and 9. It is
anticipated that similar RAIs may be issued as other LARs are submitted that include other
models of SG, specifically Models 44F and 51 F. The intent of these responses is to provide a
generic response for all applicable models of SGs to the extent possible, recognizing that there
may be specific numerical differences for the models of SG not yet addressed (Model 44F and
Model 51 F). If necessary, a second issue of these responses will be provided to specifically
address the Model 44F and Model 51 RAI when they are received.

The NRC questions are repeated verbatim for each of the plants who received formal or draft
RAI in the tables preceding the response to each question. The current NRC RAIs are
specifically in regard to WCAP-17071-P (Model F H*) and WCAP-17072-P (Model D5 H*);
responses are provided primarily for these reports, but additional information .is provided as
appropriate for the H* reports for the other models of SGs , WCAP-1 7091-P for the Model 44F
and WCAP-1 7092-P for the Model 51 F. Because the reports all utilize the same methodology,
model-specific information provided will generally be different in only the numerical information.

Subsequent to the initial issue of the RAI (References 5, 6 and 7), the NRC issued follow-up
questions (Reference 10)- to question numbers 4, 20 and 24 and an additional question
regarding a TS commitment for applying the leakage factors. The responses to the follow-up

questions to original question numbers 20 and 24 are included directly in the response to these
questions below. The response to RAI#4 and the follow-up question to RAI#4 will be provided
under separate cover.

Where references are made in a response to other responses included in this document, the
basis for the reference is the RAI received by Vogtle. For example, the Vogtle RAI#20 response
applies to the Byron/Braidwood RAI#21 as noted in the tabularization of the questions preceding
each response.
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Vogtle 1. Reference 1, page 6-21; Table 6-6: This table contains a
RAI number of undefined parameters and some apparent

inconsistencies with Table 5-2 on page 5-6. Please define the
inout oarameters in Table 6-6.

WCGS 1. Reference 1, page 6-21, Table 6-6: This table contains a
number of undefined parameters and some apparent
inconsistencies with Table 5-2 on page 5-6. Please define
the input parameters in Table 6-6.

B/B 1. Reference 1, Page 6-21, Table 6-6: This table contains a
number of undefined parameters and some apparent
inconsistencies with Table 5-2 on page 5-6. Please define the
input parameters in Table 6-6.

CPSES 1. Reference 1, page 6-21, Table 6-6: This table contains a
number of undefined parameters and some apparent
inconsistencies with. Table 5-2 on page 5-6. Please define the
input parameters in Table 6-6.

Seabrook 1. Reference 1, Page 6-21, Table 6-6: This table contains a
number of undefined parameters and some apparent
inconsistencies with Table 5-2 on page 5-6. Please define
the input parameters in Table 6-6.

Response:

Table 6-6 in WCAP-17071-P and WCAP-17072-P is provideda principally as a reference to
provide a bridge to the source of basic design data maintained by Westinghouse and as a
historical reference from prior H* reports. Although many of the entries in Table 6-6 are not
used in the H* analysis, the table was provided to show traceability to the principal sources .of
the design data, the Westinghouse Power Capability Working Group (PCWG) sheets and the
Systems Standards 1.3F and 1.3, which provide transient response data for component design.
The references to Millstone Unit 3 in WCAP-17071-P and to Byron Unit 2 in WCAP-17072-P
reflect that these plants are the limiting plants for the Model F and Model D5 SGs that are
candidates for application of H*.

Updated Tables 6-6 for the Model F and Model D5 are provided as Tables RAII-2 and RAI1-3.
The references in the tables have been updated from those contained in Revision 0 of
WCAP-17071-P and WCAP-17072-P.
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Table RAIl-1
Updated Table 6-6 of WCAP-17071-P: Summary of H* Millstone Unit 3 Analysis

Mean Input Properties

PIant Name Millstone Unit 3
PlantiAlpha NEU

Plant Analysis Type Hot Leg
SGType F

:Input Va1ue Unit Reference

Accident and Normal Temperature Inputs
a,c,e

NOP Th-t OF PICWG-•06-9
.NOP Tl0,_____ OF, PCWG-06-9

SLB.TS. AT '- ...OF 1.3F
SLB CH AT -F 1.3F
Shell AT OF 1.3F
FLB Primar AT HiF 1.3F

FBPrimary AT Low OF 1.3F
SLPrimary AT F13

:SLB Secondary AT OF 1.3F
,.Secondary Shell AT Hi OF PCWG-06-9!
"Secondary Shell AT Low OF PCWG-06-9
I;Coid Leg AT O______ F PCWG-06-9
Hot Standby Temperature O___ F, PCWG- 6`9

Operating Pressure Input

Faudlted SLB PrimaryPressure 2 256000-i jp s.1 1.3F
:Faulted:FLB.BPriman rysPressure 2642ý0( ý: i 1. 3F

•Normal Priary Pressure <2235L. 0 Ppsig PCWG-06-9

Cold Leg AP......... a'..e.".. NSD-RMW-90-
psig 070

,NOP Secondary Pressure - Low ,. :psig PCWG-06-9
NOR teoda Pressure - Hi : jp.ig0 PCWG-06-9
'FaUltedSFLB Secondary Pressure :o0.; 1psig 1.3F
LFaulted SLB .Secondary ýPressure 0,ýlý.0"",ý~ ' 1 .3F

Notes. 1. The value for Faulted FLB Primary Pressure used in the H* analysis is 2650 psi which
conservatively bounds the limiting value of 2642 psi as identified in SSDC 1.3F for the Model F SGs. The
value of 2642 psig for peak primary-secondary pressure differential differs from the value provided in Table
5-3 (2657 psig) reported in WCAP-1 7071-P.
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Table RAIl-2
Updated Table 6-6 of WCAP-17072-P: Summary of H* Byron Unit 2 Analysis

Mean Input Properties

.yPlantName-Byron 2
Plant Alpha CBE

Pla6t Analysis Type Hot Leg
SG;T e D5

Input Value ,Unit Reference.

Accident and.Normal Temperature Inputs

a,c,e

_NOP 1.Thot O__ Fr PCWGV-2741
NOP To,. .... F_ "F PCWVG-2741
SLB TS AT ____O.F 1.3, Rev. 2

SLB CH AT O___~ F 1.3, Rev. 2
.Shell AT OF_ __ 1.3, Rev. 2
FLB Primary -AT OF_ 1.3, Rev. 2
SLB Primary AT OF_ 1 .3, Rev. 2
SLB..Secondary AT OF 1.3, Rev. 2
.Secondary Shell AT Hi OF PCWG-2741
SeCond6ýr Shell AT Low OF PCWG-2741
Co:ld Leg AT OF PCWG-2741 .
Hot.Standby Temperature* . . F I PCWG-2741

Operating Pressure Input
F•Saulted SLBPrimar Pressure 2560'0 :psi 1.3, Rev. 2,

F:.aulted ,FLB ;Primary Pressure - 2560.0f psig!< . 1-.3, Rev.2L
Normal Primary Pressure 2235.0• DSl PCWG-2741
Cold Leg AP I NSD-RMW-90-tpsig 070

NPSecondary Pressure - Low Psig PCWG-2741
Fale L eodr rsue 001.,RvNOP .Secondary:Pressure -Hi psi PCWG-2741
Faulted SFLB -Seco~ndary!.Pressure 00O p!Eig' 1.3, Rev. 2

_•:Fault• . S L13-, !:¢•:: . S e.•#•:::•#•!.or•!;:id ;:::`y;:]'R ress:: ure::•i:•: 0~:• . 0: ..... x••,• os . mig .. ... 3•:•: ;:.0 0 :'•:•, e . ...

Much of the data provided in Table 6-6 is not utilized in the final H* analysis. Table RAI1-3
provides a summary of whether the data is utilized in the reference analysis of H* and in which
analysis model it is used (See Figure 1-1 in the. respective reports). It is emphasized that
changes made in Tables RAIl-1 and RAI1-2 do not affect the H* results provided in References
7 and 8 of this document.
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Table RAIl-3
Utilization of Data from Table 6-6

Input Where .Used
Accident and Normal Temperature Inputs

NOP Thot H* Integrator Spreadsheet
NOP T0ow H* Integrator Spreadsheet

SLB TS AT Not Used
SLB CH AT Not Used

Shell AT Not Used
FLB Primary AT Hi Not Used

FLB Primary AT Low Not Used
SLB Primary AT Not Used

SLB Secondary AT Not Used
Secondary Shell AT Hi H* Integrator Spreadsheet; same as

Secondary Fluid Temperature at
NOP High TavQ Conditions

Secondary Shell AT Low H*Integrator Spreadsheet; same as
Secondary Fluid Temperature at

NOP Low Tava Conditions

Cold Leg AT Not Used
Hot Standby Temperature H* Integrator Spreadsheet

Operating Pressure Input
Faulted SLB Primary Pressure H* Integrator Spreadsheet
Faulted FLB Primary Pressure H* Integrator Spreadsheet

Normal Primary Pressure H* Integrator Spreadsheet
Cold Leg AP Not Used

NOP Secondary Pressure - Low H* Integrator Spreadsheet
NOP Secondary Pressure - Hi H* Integrator Spreadsheet

Faulted FLB Secondary Pressure Not Used
Faulted SLB Secondary Pressure Not Used
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The definitions of the entries in the Table 6-6 of WCAP-17071-P and WCAP17072-P are
presented below. Also, discussion is provided regarding the consistency of the values in Table
6-6 of the respective reports with Tables 5-1 through 5-6 of the reports.

NOP Thot

The steam generator hot leg temperature at high Ta,9 normal operating conditions at 100%
power (considered to be the same as the reactor vessel outlet temperature).

Model F: [ ]ace OF at the inlet of the tubes at high Tavg normal operating conditions at 100%
power for Millstone Unit 3 is consistent with the value provided in Table 5-1 (WCAP-1 7071 -P).

Model D5: [ ],c,e oF at the inlet of the tubes at high Tavg normal operating conditions at
100% power Byron Unit 2 is consistent with the value provided in Table 5-1 (WCAP-1 7072-P).

NOP T1ow

The steam generator hot leg temperature at the inlet of the tubes at low Tavg normal operating
conditions at 100% power (considered to be the same as the reactor vessel outlet temperature).

Model F: [ ]ace°F is consistent with the value provided in Table 5-1.

Model D5: [ ]ae OF is consistent with the value provided in Table 5-1.

SLB TS AT

Model.F: [ ]a,,e F ([ ]ac,e OF - 70'F )= [ ]aceoF: The steam generator hot and cold leg
temperature difference that occurs during a postulated steam line break event during the
maximum pressure difference. across the tubesheet of 2560 psi between the steady-state
tubesheet metal temperature and the ambient temperature surrounding the steam generator
(assumed to be 70 0F). The value of [ ]a,c,eoF is not used in the analysis.

Model D5: [ ,ace OF , ([ ]a,c,e OF - 70 0F)=.[ ]a,c,e OF: The steam generator hot and cold leg
temperature difference that occurs during a postulated steam line break event during the
maximum pressure difference across the tubesheet of 2560 psi between the steady-state
tubesheet metal temperature and the ambient temperature surrounding the steam generator
(assumed to be 70 0F). The value of[ a,c,e oF is not used in the H* analysis.

SLB CH AT-

Model F: 348°F, [ ]a,ce OF: The steam generator hot and cold leg
temperature difference that occurs during a postulated steam line break event during the
maximum pressure difference across the tubesheet of 2560 psi between the steady-state
channelhead metal temperature and the ambient temperature surrounding the steam generator
(assumed to be 70'F). The value of [ ]a,c,e OF is not used in the H* analysis.
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Model D5: 227OF, ([ ]a,c,e OF: The steam generator hot and cold leg
temperature difference that occurs during a postulated steam line break event during the
maximum pressure difference across the tubesheet of 2560 psi between the steady-state
channelhead metal temperature and the ambient temperature surrounding the steam generator
(assumed to be 700F). The value of []a,c,e OF is not used in the H* analysis.

Shell AT

Model F: ([ ]a,c,e OF -701F) = [ O oF: The steam generator secondary side temperature
difference that occurs during a postulated steam line break event during the maximum pressure
difference across the tubesheet of 2560 psi between the steady-state secondary side shell
metal temperature and the ambient temperature surrounding the steam generator (assumed to
be 70 0F). The [ ]ae OF value is not used in the H* analysis.

Model D5: [ ]ace OF. The steam generator secondary side temperature
difference that. occurs during a postulated steam line break event during the maximum pressure
difference across the tubesheet of 2560 psi between the steady-state secondary side shell
metal. temperature and the ambient temperature surrounding the steam generator (assumed to
be 70°F). The [ ]a.C.e OF value is not used in the H* analysis.

The secondary side temperature during a postulated SLB is used in the H* analysis for both the

Model F ([ ]a,,e OF) and Model D5 ([ ]a,c,e OF) SGs.

FLB Primary ATHi

The reduction in NOP Thot temperature that occurs during a postulated feedwater line break
during the maximum pressure difference across the tubesheet of 2642 psi (Model F), 2560 psi
(Model D5) corresponding to the high Tavg plant condition.

Model F: [ ]a'c'e OF is consistent with the value provided in Table 5-3 ([ ]ac'e °F- 54°F =
]ace OF). The - 54 0F value is not used in the H* analysis.

Model D5: [ ]a,,,e OF is consistent with the value provided in Table 5-3 ([ ]a,c,e OF)-
[ I ac,e OF = [ ] e F). The [ ]a,c,e oF value is not used in the H* analysis.

The primary side temperature that occurs during a postulated FLB initiating from the high Tavg

plant condition, [ ]ace OF is used in the H* analysis for the Model F SG. The no load
temperature of [ ]a,c,e OF is used for the Model D5 SGs.

FLB Primary ATLow

The reduction in NOP T1ow temperature that occurs during a postulated feedwater line break
during the maximum pressure difference across the tubesheet of 2642 psi.

9
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Model F: [ ]a,c,e oF is consistent with the value provided in Table 5-3 ([ ]a,c,e OF [ ]a,c,e OF
[ ]a'ceOF). The -54 0F value is not used in the H* analysis.

Model D5: ],c,e OF is not included in WCAP-17072-P. The[ ]a,c,e OF value is not used in the
H* analysis.

The primary side temperature that occurs during a postulated FLB initiating from the low Tavg

plant condition, [ ]a,,ce OF, is used in the H* analysis for the Model F. The no load
temperature of [ ]a,,e OF is used for the Model D5 SGs.

SLB Primary AT

Model F: The reduction in no load temperature of [ ]]ace F [ ]ac•e OF) to []a,c,e OF that
occurs in the reactor coolant system during a postulated SLB during the maximum pressure
difference across the tubesheet of 2560 psi. The value in Table 6-6 should be [ ]a,ce F to be

consistent with SSDC 1.3F and Table 5-2. The [ ]a'C'eOF value is not used in the H* analysis.

Model D5: The reduction in no load temperature of[ ]ace OF ([ ]ace OF) to [ ]a,c,e OF that
occurs in the reactor coolant system during a postulated SLB during the maximum pressure
difference across the tubesheet of 2560 psi. The value in Table 6-6 is consistent with SSDC
1.3, Rev 2 and Table 5-2. The [ ]a,,ce OF value is not used in the H* analysis.

The primary side temperature that occurs during a postulated SLB, [ ]a,c,e OF, is used in the H*

analysis for the Model F. The primary side temperature,-[ ]a,c,e OF, is used for the Model D5
SGs.

SLB Secondary AT

Model F: The reduction in no load temperature of [ ]a•,e OF ([ ]ae OF) to [ ]a,c,e oF that

occurs on the secondary side of the steam. generator during a postulated SLB during the
maximum pressure difference across the tubesheet of 2560 psi. The value in Table 6-6 should
be [ ]a•ce F to be consistent with Table 5-2.

Model D5: The reduction in no load temperature of [ ]a,c,e oF ([ ]a,c,e OF) to [ ]a,c,e OF that

occurs on the secondary side of the steam generator during a postulated SLB during the
maximum pressure difference across the tubesheet of 2560 psi. The value in Table 6-6 should
be [ ]a,,e oF to be consistent with SSDC 1.3, Rev. 2 and Table 5-2.

As noted above, the secondary side temperature during a postulated SLB is used in the H*

analysis for both the Model F ([ ]ac'e OF) and Model D5 ([ ]ace OF) SGs.
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Secondary Shell ATHi

For the Model F SG, [ ]a.,c,e oF (should be [ 1ac,e OE) is the average temperature between
the secondary side steam temperature and the feedwater temperature during NOP Hi Tavg
operation ([ ]a,c,e OF + [ ]a,c,e OF). This value is the same as the secondary
fluid temperature during high Tavg normal operating conditions. The same value calculated for
the Model D5 SGs is [ ]a,c,e OF.

Secondary Shell ATLow

For the Model F SGs, [ ]a,c,e OF is the average temperature between the secondary side
steam temperature and the feedwater temperature during NOP Low Tavg operation ([ ]a,c,e OF

+ [ ]a,c,e °F)/2= [ ]a'c'e OF). This value is the same as the secondary fluid temperature

during low Tavg normal operating conditions. The same value calculated for the Model D5 SGs
is [ ]a,c,e OF.

Cold Leg AT

Model F: The temperature difference between the hot and cold leg of the Millstone 3 SGs during
NOP Low Tavg is 66.61F. This value is not used in the H* analysis.

Model D5: The temperature difference between the hot and cold leg of!the Byron 2/Braidwood 2
SGs during NOP Low Tavg is 631F. This value isnot used in the H* analysis.

Hot Standby Temperature

The zero load temperature, [ ]a'' e°F.

This value is used in the H* analysis for both the Model F and Model D5 SGs.

Faulted SLB Primary. Pressure

The maximum pressure difference that occurs across the tubesheet during a postulated SLB.

Model F: 2560 psig is consistent with the value reported in Table 5-2.

Model D5: 2560 psig is consistent with the value reported in Table 5-2.

Faulted FLB Primary Pressure

The maximum pressure difference that occurs across the tubesheet during a postulated FLB.

Model F: The value (2650 psig) used for the Model F SG in the H* analysis bounds the actual
FLB pressure differential, 2642 psi identified in SSDC 1.3F. As noted above, Table 5-3 of
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WCAP-1 7071-P should be corrected to 2642 psig for the entries for peak primary-to-secondary
pressure.

Model D5: The maximum FLB pressure differential for the Model D5 SGs is 2560 psi.

Normal Primary Pressure

The primary side pressure during normal operation.

Model F: 2235 psig is consistent with the absolute primary pressure reported in Table 5-1 of
2250 psia.

Model D5: 2235 psig is consistent with the absolute primary pressure reported in Table 5-1 of
2250 psia.

Cold Leg AP

The overall pressure drop that occurs in a steam generator tube as fluid flows through the tube
from hot leg to cold leg.

Model F: [ a,c,e psig (Millstone 3). This value is not used in the H* analysis.

Model D5: [ ]a.c,e psig (Byron 2/Braidwood 2). This value is not used in the H* analysis.

NOP Secondary Pressure Low

The steam pressure on the secondary side of the steam generators for NOP Low Tavg.

Model F: [ ]a,c,e psig is consistent with the value reported in Table 5-1 as[ ]a,c,e psia.

Model D5: [ ]ace psig is consistent with the value reported in Table 5-1 as [ ]a,c,e psia.

NOP Secondary Pressure Hi

The steam pressure on the secondary side of the steam generators for NOP Hi Tavg.

Model F: [ ]a,c,e psig is consistent with the value reported in Table 5-1 as [ ]ace psia.

Model D5: [ ]a,c,e psig is consistent with the value reported in Table 5-1 as [ ]a,c,e psia.

Faulted FLB Secondary Pressure

0 psig, for the Model F and Model D5 SGs, the steam pressure on the secondary side of a
steam generator during a postulated FLB. This value is not used in the H* analysis.
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Vogtle 2. Reference 1, page 6-23, Section 6.2.2.2: Why was the finite
RAI element analysis not run directly with the modified

temperature distribution rather than running with the linear
distribution and scaling the results?

WCGS 2. Reference 1, Section 6.2.2.2: Please explain why the finite
element analysis not run directly with the modified
temperature distribution rather than running with the linear
distribution and scaling the results?

B/B 2. Reference 1, Section 6.2.2.2: Why was the finite element
analysis not run directly with the modified temperature
distribution rather than running with the linear distribution and
scaling the results?

CPSES 2. Reference 1, Section 6.2.2.2: Please explain why the finite
element analysis was not run directly with the modified
temperature distribution rather than running, with the linear
distribution and scaling the results?

Seabrook 2. Reference 1, Section 6.2.2.2: Why was the FEA analysis not
run directly with the modified temperature distribution rather
than running with the linear distribution and scaling the
results?

t

Response:

The finite element analysis was run with the modified temperature distribution as
described in section 6.2.2.2.5 of WCAP 17071-P (Model F) and WCAP-17072-P (Model
D5). However, since the modified temperature distribution required a different meshing
scheme, the displacement results could not initially be used as inputs to the H* contact
pressure analysis. The difficulty in applying the. results for the modified temperature
distribution is what led to the development of Figures 6721 through Figure 6-23.
Additional tools were developed to accommodate the displacement results from the
modified temperature distribution during the course of refining the analysis procedures to
accommodate other steam generator designs. When the actual tubesheet
displacements from the modified thermal distribution are used, instead of the results
from the linear temperature distribution being scaled, -the actual change in H* distance is
much less than the [ ]a,c,e inches reported in Section 6.2.2.2.5. The value of the
adjustment for the thermal distribution effect in H* for the different models of SG in the
H* fleet is given in Table RAI2-1. All of the values in Table RAI2-1 assume zero residual
contact pressure from tube installation effects. The results in column (3) come from
using the scaled linear tubesheet displacements in the H* contact pressure analysis.
The results in column (4) come from using the tubesheet displacements from the
modified thermal distribution.
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Table RAI2-1

Updated NOP Thermal Offset Factors

Thermal Offset Thermal Offset
SG Model Report (Scaled Result) (Applied)

(1) (2) (3) (4)
Model F WCAP 17071-P [ ]a,c,e in. [ ]a,c,e in.

Model D5 WCAP 17072-P a,c,e in. [ ]a,c,e in.
Model 44F WCAP 17091-P 0.00 in. 0.00 in.
Model 51F WCAP 17092-P 0.00 in. 0.00 in.

Vogtle 3. Reference 1, page 6-38, Section 6.2.3: Why is radial
RAI displacement. the "figure of merit" for determining the

bounding segment? Does circumferential displacement not
enter into this? Why is the change in the tube hole diameter
not the "figure of merit?"

WCGS 3. Reference 1, Section 6.2.3: Please explain why radial
displacement is the "figure of merit" for determining the
bounding segment? Does circumferential displacement not
enter into this? Why is the change in tube hole diameter not
the "figure of merit?"

B/B 3. Reference 1, Section 6.2.3: Why is radial displacement the
"figure of merit" for determining the bounding segment? Does
circumferential displacement not enter into this? Why is the
change in tube hole diameter not the "figure of merit?"

CPSES 3. Reference 1, Section 6.2.3: Please explain why radial
displacement is the "figure of merit" for determining the
bounding segment. Does circumferential displacement not
enter into this? Why is. the change in tube hole diameter not
the "figure of merit?"

Seabrook 3. Reference 1, Section 6.2.3: Why is radial displacement the
"figure of merit" for determining the bounding segment?
Does circumferential displacement not enter into this? Why
is the change in tube hole diameter not the "figure of merit?"

Response:

Radial displacement is calculated in two different ways in the H* analysis: the global
scale and the local scale.

On the scale of the steam generator itself, otherwise referred to as the global scale, the
radial displacement of the entire tubesheet is calculated. At this level, the tubes are not
included in the structural model and there is no direct way to calculate the change in the
tube hole diameter. It is not possible to calculate the change in the tube hole diameter at
the global scale because the tube holes physically do not exist but are represented by
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the effective anisotropic material properties of the tubesheet. Therefore, from the global
perspective, it is not possibleto use the change in hole diameter as a "figure of merit."

On the local scale, the displacements of the tube and tubesheet collar are calculated in
the radial and circumferential directions. As described in Section 6.3 of WCAP-1 7071-P

(Model F) and WCAP -17072-P (Model D5), the expansion of a hole of diameter D in the
tubesheet at a radius-R is given by:

Radial: AD = D {dUR(R)/dR}

Circumferential: AD = D {UR(R)/R}

UR is available directly from the finite element results as the global radial displacement
for a given point in the tubesheet. The value for dUR(R)/dR is obtained by numerical
differentiation of the combined displacement field. The maximum expansion of a hole in
the tubesheet is in either the radial or circumferential direction. Typically, these two
values are within [ ]a,c.e% of each other. However, it is clear from the relationship
described in Section 6.3 that maximizing the radial displacement at the global scale (i.e.,
increasing UR) results in maximizing the circumferential and radial displacement of the
tubesheet material at the local scale.

The connection between-the local and global scales is the global radial displacement of

the tubesheet. This is because the applied boundary conditions and the structures
attached to the tubesheet have the greatest effect on the displacement in the radial

direction. The tubesheet displacement in the circumferential direction due to the applied
pressure loading is typically constant at a small negative value on the order of [ a,c,e

inch or less. Therefore, the radial displacement is the best indicator, or "figure of merit,"
of the effect of different operating conditions on tubesheet displacement due to pressure
loading. Radial displacement is also a good "figure of merit" for the change in tube hole

diameter because maximizing the global radial displacement leads to the maximum
calculated circumferential and radial tubesheet displacements at the local level.
Therefore, theglobal radial displacement of the tubesheet as described in Section 6.2.3

is the appropriate choice for determining the bounding segment of the tubesheet with
respect to the contact pressure analysis.
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Vogtle 4. Reference. 1, page 6-69: In Section 6.2.5.3, it is concluded
RAI that the tube outside diameter and the tubesheet tube bore

inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in Section 6.2.5.3 valid for the entire H* distance,
given the possibility that the tubes may contain through-wall
cracks at that location?

WCGS 4. Reference 1, page 6-69: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given
the possibility that the tubes may contain through-wall cracks
at that location?

B/B 4. Reference 1, Page 6-7: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given "
the possibility that the tubes may contain through-wall cracks
at that location.
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CPSES 4. Reference 1, page 6-70: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in Section 6.2.5.3 valid for the entire H* distance,
given the possibility that the tubes may contain through-wall
cracks at that location?

Seabrook 4. Reference 1, Page 6-69: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given
the possibility that the tubes may contain through-wall cracks
at that location?

Reference 10 provided follow-up questions to RAI#4. In Reference 10, the follow questions to

Reference 10 provided follow-up questions to RAI#4. In Reference 10, the follow questions to
RAI#4 were titled RAI#1. The follow-up questions from Reference 10 are reproduced below:

RAI#1 (Reference 10)

1. Address following questions as part of response to RAI 4 (Vogtle):

a. Clarify the nature of the finite element model ("slice" model versus axisymmetric SG
assembly model) used to .generate the specific information in Tables 6-1, 2, and 3
(and accompanying graph entitled "Elliptical Hole Factors') of Reference 6-15. What
loads were applied? How was the eccentricity produced in the model? (By modeling
the eccentricity as part of the geometry? By applying an axisymmetric pressure the
inside of the bore?) Explain why this model is not scalable to lower temperatures.

b. Provide table showing maximum delta diameters (total diameter distortion) and
maximum eccentricities (maximum diameter minus minimum diameter) from the 3

dimensional (3-D) finite .element analysis for normal operating and steam line break
(SLB), for model F and D5.

c. In Figure 2 of the White Paper, add plot for original relationship between reductions
in contact pressure and eccentricity as given in Reference 6-15 in the graph
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accompanying Table 6-3. Explain why this original relationship remains conservative
in light of the new relationship. Explain the reasons for the differences between the
curves.

d. When establishing whether contact pressure increases when going from normal
operating to steam line break conditions, how can a valid and conservative
comparison be made if the normal operating case is based on the original delta
contact pressure versus eccentricity curve and the SLB case is based on the new
curve?

Response:

The responses to RAI#4 of References 5, 6 and 7 and to the follow-up question, RAI#1 of
Reference 10, will be provided under separate cover.
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RAI Vogtle
5. Reference 1, Page 6-87: -Are the previously calculated scale

factors and delta D factors in Section 6.3 conservative for
steam line break and feedwater line break? Are they
conservative for an intact divider plate assumption? Are they
conservative for all values of primary pressure minus crevice
pressure that may exist along the H*'distance for intact tubes
and tubes with through-wall cracks at the H* distance? How
is tube temperature (TT) on page 6-87 determined? For
normal operating conditions, how is the TT assumed to vary
as function of elevation?

WCGS 5. Reference 1, Section 6.3: Please verify if the previously
calculated scale factors and delta D factors in Section 6.3
conservative for (1) steam line break (SLB) and a feedwater
line break (FLB); (2) an intact divider plate assumption; and
(3) all values of primary pressure minus crevice pressure
that may exist along the H* distance for intact tubes and
tubes with through-wall cracks at the H* distance.

B/B 5. Reference 1, Page 6-86, Section 6: Are the previously
calculated scale factors and delta D factors in Section 6.3
conservative for steam line break and feedwater line break
(FLB) ? Are they conservative for an intact divider plate
assumption? Are they conservative for all values of primary
pressure minus crevice pressure that may exist along the H*
distance for intact tubes and tubes with through-wall cracks
at the H*'distance?

CPSES 5. Reference 1, Section 6.3, Page 6-86: Please verify if the
previously calculated scale factors and delta D factors in
Section 6.3 are conservative for (1) a steam line break (SLB)
and a feedwater line break (FLB); (2) an intact divider plate
assumption; and (3) all values of primary pressure minus
crevice pressure that may exist along the H* distance for
intact tubes and tubes with through-wall cracks at the H*
distance.

Seabrook 5. Reference 1, Section 6.3: Are the previously calculated scale
factors and delta D factors in Section 6.3 conservative for
steam line break (SLB) and feed line break (FLB)? Are they
conservative for an intact divider plate assumption? Are they
conservative for all values of primary pressure minus crevice
pressure that may exist along the H* distance for intact tubes
and tubes with throuqh-wall cracks at the H* distance?
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Response:

Note: The page reference, 6-87 (Model F) appear to be incorrect in the question. Section
6.3 begins on page 6-83 (Model F). The page reference for the Model D5 is correct as
stated in the Byron/Braidwood RAI.

1) The -previously calculated scale factors and delta D factors in Section 6.3 are
conservative for all of the analyzed Model F and Model D5 conditions, including
normal operating, steam line break and feedwater line break, as appropriate. Use of
the contact pressure data described in Reference RAI5-1 would increase the tube-to-
tubesheet contact pressure in the Model F H* analysis.

2) The previously calculated scale factors and delta D factors in Section 6.3 are
conservative for an intact divider plate assumption. The results on page 6-87
assume that a greater level of weld and divider plate degradation exists in the SG
(DPF = [ ]a,ce) than in the rest of the H* structural analysis (DPF = [ ]a,c,e

(DPF = Divider Plate Factor).

3) The previously calculated scale factors and delta D factors in Section 6.3 are
conservative for all values of primary pressure minus crevice pressure regardless of
their location within the tubesheet. This is because the calculated scale factors and
delta D factors applied unit pressure loads to either side of the tube and weld
structure in the model such that either the primary side of the tube and tubesheet
were pressurized or the secondary side of the tube and tubesheet (including the
crevice) were pressurized. In the reference elliptical hole study, the gap elements
that were selected for use in the two dimensional study also penalized the tube-
tubesheet contact pressure by preventing line on line contact between the tube
outside diameter (OD) and the tubesheet/sleeve inside diameter (ID) which results in
a lower estimate of the tube-to-tubesheet contact pressure.

4) The tube temperature (TT) is assumed to be equal to the primary fluid temperature
for the operating condition of interest. The tube temperature is assumed to not vary
as a function of elevation within the tubesheet.

RAI5 References:

RAI5-1. LTR-NRC-09-26, "LTR-SGMP-09-66 P-Attachment, "White Paper: Low
Temperature Steam Line Break Contact Pressure and Local Tube Bore Deformation
Analysis for H*"(Proprietary)," May 13, 2009
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WCGS
RAI

6. Reference 1, page 6-87: Please provide information on how
the tube temperature (TT) on page 6-87 was determined?
For normal operating conditions, how is the TT assumed to
vary as function of elevation?

B/B 6. Reference 1, Page 6-9: How is tube temperature (TT) on page 6-
96 determined? For normal operating conditions, how is the TT

assumed to vary as a function of elevation?
CPSES 6. Reference 1, page 6-96: Please provide information on how

the tube temperature (TT) on page 6-96 was determined. For
normal operating conditions, please explain how the TT is
assumed to vary as function of elevation.

Seabrook 6. Reference 1, Page 6-8: How is tube temperature (TT) on
page 6-87 determined? For normal operating conditions,
how is the T1 assumed to vary as function of elevation?

Response:

The tube temperature (TT) is assumed to be equal to the primary fluid temperature for
the operating condition of interest. The tube temperature is assumed to not vary as a
function ofelevation within the tubesheet.
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Vogtle 6. Reference 1, page 6-9 7, Figure 6-75:-Contact pressures for
RAI nuclear plants with Model F SGs are plotted in Figure 6-75,

but it is not clear what operating conditions are represented
in the plotted data, please clarify.

WCGS 7. Reference 1, page 6-9 7, Figure 6-75: Contact pressures for
nuclear plants with Model F SGs are plotted in Figure 6-75,
but it is not clear what operating conditions are represented
in the plotted data. Please clarify.

B/B 7. Reference 1, Page 6-104, Figure 6-77: Contact pressures for
nuclear plants with Model D5 steam generators are plotted in
Figure 6-77, but it is not clear what operating conditions are
represented for the plants shown in the plotted data; please
clarify.

CPSES 7. Reference 1, page 6-104, Figure 6-77: Contact pressures for
nuclear plants with Model D5 SGs are plotted in Figure 6-77,
but it is not clear what operating conditions are represented
for the plants shown in the plotted data. Please clarify.

Seabrook 7.. Reference 1, Page 6-9 7, Figure 6-75: Contact pressures for
nuclear plants with Model F steam generators are plotted in
Figure 6-75, but it is not clear what operating conditions are
represented in the plotted data, please clarify.

Response:

Figure 6-75 (WCAP-17071-P) shows the contactp ressure results for the fleet of Model F

steam generators for the main feedwater line break (FLB), main steam line break (SLB)
and normal operating low average temperature (NOP Low Tavg) conditions. Figure
RAI6-1 provides an update of Figure 6-75 in WCAP-17071-P with an expanded legend
that describes each curve in the figure.

Figure 6-77 (WCAP-17072-P) shows the contact pressure results for the fleet of Model
D5 steam generators for the main feed line break (FLB), main steam line break (SLB)
and normal operating low average temperature (NOP Low Tavg) conditions. Figure RAI6-
2 provides an update of Figure 6-77 in WCAP-17072-P with an expanded legend that
describes each curve in the figure.
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Figure RAI-6-1
Revised Figure 6-75 (WCAP-17071-P) a,c,e

Figure RAI6-2
Revised Figure 6-77 (WCAP-17072-P)

a,c,e

•°•
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Vogtle 7. Reference 1, page 6-113, Reference 6-5: This reference
RAI seems to be incomplete; please provide a complete

reference.
WCGS 8. Reference 1, page 6-112, Reference 6-5: This reference

seems to be incomplete. Please provide a complete
reference.

B/B 8. Reference 1, -Page 6-120, Reference 6-5: This reference
seems to -be incomplete; please provide a complete
reference.

CPSES 8. Reference 1, page 6-120, Reference 6-5: This reference
appears to be incomplete. Please provide a complete
reference.

Seabrook 8. Reference 1, Page 6-112, Reference 6-5: This reference
seems to be incomplete; please provide a complete
reference.

Response:
The complete reference is:

Slot, Thomas, "Stress Analysis of Thick Perforated Plates," TECHNOMIC Publishing
Company, Inc., Westport, Connecticut, 1972.

Vogtle 8. Reference 1, page 6-113, Reference 6-15: Table 6-3,in
RAI Reference 6-15 (SM-94-58, Rev 1) appears inconsistent with

Table 6-2 in the same reference. Explain how the analysis
progresses from Table 6-2 to Table 6-3.

WCGS 9. Reference 1, page 6-113, Reference 6-15: Table 6-3 in
Reference 6-15 (SM-94-58, Revision 1) appears inconsistent
with Table 6-2. in the same reference. Please explain how
the analysis progresses from Table 6-2 to Table 6-3.

B/B 9. Reference 1, Page 6-121, Reference 6-15: Table 6-3 in
Reference 6-15 (SM-94-58, Rev. 1) appears inconsistent with
Table 6-2 in the same reference. Explain how the analysis
progresses from Table 6-2 to Table 6-3.

CPSES 9. Reference 1, Page 6-121, Reference 6-15: Table 6-3 in
Reference 6-15 (SM-94-58, Revision 1) appears to be
inconsistent with Table 6-2 in the same reference. Please
explain how the analysis progresses from Table 6-2 to Table
6-3.

Seabrook 9. Reference 1, Page 6-113, Reference 6-15: Table 6-3 in
Reference 6-15 (SM-94-58, Rev 1) appears inconsistent with
Table 6-2 in the same reference. Explain how the analysis
progresses from Table 6-2 to Table 6-3
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Response:

The values for initial and final eccentricity for the contact pressure ratio of 0.91 listed in
Table 6-3 of Reference 6-15 (SM-94-58, Rev. 1) are calculated as follows using the
values from Table 6-2:

Initial Eccentricity = (Dmax-Dmin)/
Ia,c,e

]a,,,e inch Tube Hole ID = [

Final Eccentricity= ((Hole Delta D (900) - Hole Delta D (00))/
ID) =[]ac,e

]ace inch. Tube Hole

The values for eccentricity in Table 6-2 of the reference should have been divided by the
nominal diameter of the tubesheet.hole [ ]a,c,e inch) to be consistent with Table 6-3.

Vogtle 9. Reference 1, page 8-9, Figure 8: -There is an apparent
RAI discontinuity in the plotted data of the adjustment to H* for

distributed crevice pressure, please provide any insight you
may have as to why this apparent discontinuity exists.

WCGS 10. Reference 1, page 8-9, Figure 8-1: There is an apparent
discontinuity in the plotted data of the adjustment to H* for
distributed crevice pressure. Please provide any insight you
may have as to why this apparent discontinuity exists. 1

B/B 10. Reference 1, page 8-9, Figure 8-1: There is an apparent
discontinuity in the plotted data of the adjustment to H* for
distributed crevice pressure. Please provide any insight you
may have as to why this apparent discontinuity exists.

CPSES 10. Reference 1, page 8-9, Figure 8-1: There is an apparent
discontinuity in. the plotted data of the adjustment to H* for
distributed crevice pressure. Please provide any insight you
may have as to why this apparent discontinuity exists.

Seabrook 10. Reference 1, Page 8-9, Figure 8-1: There is an apparent
discontinuity in the plotted data of the adjustment to H* for
distributed crevice pressure, please provide any insight you
may have as to why this apparent discontinuity exists.

Response:

Figure 8-1 (WCAP-17071-P, WCAP-17072-P) summarizes the variability cases run to
determine the H* value response to variation of the input parameters (cIT, CaTS, ET, ETS)

individually or in combination. The values of the variables were chosen to provide
sufficient data to define the potential surface of interactions between the variables. No
attempt was made to bias the variables in a manner that would yield H* values in the
range between 3.8 inches and 4.2 inches; therefore this gap is coincidental.

25



LTR-SGMP-09-100 NP-Attachment

Figure RAI9-1 shows a composite of the Pcrev corrections for all of the models of SGs
considered, Models F, D5, 44F and 51F SGs under H*. (Ref: WCAP-17071-P,
WCAP-1 7072-P, WCAP-17091-P and WCAP-17092-P). Figure RAI9-1 shows the same
characteristic shape of the Pcrev correction but also shows that the H* responses are
different for the different structures. The "apparent discontinuity" in the curve for the
Model F is much less pronounced for the Model D5 and other models of SG and, in the
case of the Model 44F, is populated by calculated data points. Because the same
analysis methods are employed for all of the Model-specific structures, it is concluded
that the apparent discontinuity in Figure 8-1 of WCAP-17071-P and WCAP-17072-P is
related principally to the structural response of the specific SG model being addressed,
and does not imply a potential calculation error.

Figure RAI9-1 also shows that in each of the structures considered, there are steps in
the Pcrev correction curves (e.g., between 3.8 and 4.2 inches in the Model F, at about 6.6
inches in the Model D5, at about 3.5 inches and 4.5 inches for the Model 44F and 51 F).
To investigate the step in the curve between initial predictions of H* and the Pcrev

correction, several cases were considered for the Model F SGs for H* values between
3.8 inches and 4.2 inches as a typical case to evaluate the issue generically. These
cases were synthesized by adjusting the values of the four influencing parameters ((XT,

cLTS, ET and ETS), based on interpolation among existing variabilities, in an attempt to
yield H* values in this range. Each of the four parameters was adjusted in at least one
case to meet this objective.

The following are the additional cases that were examined:

Input Parameters H*(raw) Pcrev Comment
a~c,e

aTS ETS aT ET r-_-I___~

1 -1 -2 -2 Original Case
5 4 0 0_ _ _ _

-1 0 -3.25 0 ___ __

-1 0 -3 -5 ___ __

4.5 0 0 0 -

5 4 0 -1
4.5 0 0 -1
5 0 0 0 ____Original Case

Figure RAI9-2 shows the results of this study. The Pcrev correction values are essentially
constant within the narrow range of initial H* predictions that define the step in the
overall curve, Figure RAI9-1, except for a single point at approximately [ ]a"ce inches.
As discussed below, the interpolation between the limited number of points representing
the crevice pressure distribution and the fixed number of points representing the
thickness of the tubesheet leads to isolated conditions at which the integration scheme
cannot converge to a single value. A minor departure (less than about 0.005 inch) in
either direction results in convergence of the integration. The point at [ ]a,c,e inches is
at such a condition. It does not suggest that the crevice pressure correction is undefined
at that location.
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As described in each of the H* WCAP reports, . the correction for Pcrev is an iterative
process. Following the initial prediction of H*, which assumes that a tube separation is
located at the primary face of the tubesheet and, therefore, assumes the crevice
pressure .is distributed over the entire thickness of the tubesheet, the calculation, process

depicted in Figure 1-1 of the report is repeated but with the crevice pressure distributed
over the length of the initial prediction of H*. The resulting prediction of H* will exceed
the initial prediction. This process is iterated until the input values and output values of
H* converge to the same number. The convergence criteria are set to 2 decimals
because the H* distance cannot practically be measured to the second decimal. In
some. instances, depending on the specific combination of input parameters that lead to
the initial prediction of H*, the variation of H* is less than the convergence criteria. In
that case, .the default is at the larger value of the Pcrev.

The H* integrator model utilizes discrete, dimensionally fixed points through the
thickness of the tubesheet to represent the tube to tubesheet contact pressure. The
representation of the distributed crevice pressure as discussed in Section 6 of the report
utilizes a discrete number of points whose axial dimensions vary according to the
assumed position of the flaw. Thus, the same number of points describes the crevice
pressure profile regardless if the flaw is assumed at the bottom of the tubesheet or at
some other location within the tubesheet. Only the slope of the distribution between the
points changes.. Because of a mismatch between the crevice pressure axial .definition
and the tubesheet contact pressure axial definition, the -integration model cannot
converge to a single value at certain discrete points, depending on the model of SG
under consideration. For the Model F SG, this point occurs at approximately 4 inches
from the top of the tubesheet. The axial range within which this occurs is extremely
narrow, less.than [ ]a,c,e inch (see Figure RAI9-2), and the non-convergence results in
a very limited range of the axial crevice pressure correction factor, less than [ ]ace

inch. For the Model F SG, a variation of initial H* prediction of approximately 0.005 inch
from the critical axial length results in the model converging again at the lower value of
Pcrev correction as also shown on Figure RAI9-2. This result applies generically to the
Model D5, 44F and 51 F SGs as well.

For practical application in determining the final value of H*, -it is noted that when the
adjustments for BET and NOP thermal distribution are included, the predicted values of
H* are far removed from the points in the Pcrev correction curves where the model does
not converge for all models of SGs. The recommended values of H*, prior to the
correction for Pcrev, for the different models of SG are:

Model F: 9.81. inches (Ref: WCAP-17071-P)
Model D5 12.11 inches (Ref: WCAP-17072-P)
Model 44F 11.06 inches (Ref: WCAP-17091-P)
Model 51F 11.14 inches (Ref: WCAP-17092-P)

In all cases, the point of non-convergence of the model does not affect the final
recommended value of H*.
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Figure RAI9-1
Pcrev Correction Profiles for Models F, D5, 44F and 51F SGs

-- a, c,e
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Figure RAI9-2
a,c,e
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Vogtle 10. Reference 1, Page 8-6, Section 8.1.4: Clarify whether the
RAI "biased" H* distributions for each of the four input variables

are sampled from both sides of the mean H* value during the
Monte Carlo process, or only on the side of the mean H*
value yielding an increased value of H*.

WCGS 11. Reference 1, Page 8-6, Section 8.1.4: Please clarify whether
the "biased" H* distributions for each of the four input
variables are sampled from both sides of the mean H* value
during the Monte Carlo process, or only on the side of the
mean H* value yielding an increased value of H*.

B/B 11. Reference 1, Page 8-6, Section 8.1.4: Clarify whether the
"biased" H* distributions for each of the four input variables
are sampled from both sides of the mean H* value during the
Monte Carlo process, or only on the side of the mean H*
value yielding an increased value of H*.

CPSES 11. Reference 1,Page 8-6, Section 8.1.4: Please clarify whether
the "biased" H* distributions for each of the four input
variables are sampled from both sides of the mean H* value
during the Monte Carlo process, or only on the side of the
mean H*_value yielding an increased value of H*.

Seabrook 11. Reference 1, Page 8-6, Section 8.1.4: Clarify whether the
"biased" H* distributions for each of the four input variables
are sampled from both sides of the mean H* value during the
Monte Carlo process, or only on the side of the mean H*
value yielding an.increased value of H*

Response:

As shown in Figure 8-11 of the report (WCAP-17071-P, WCAP-17072-P, WCAP-17091-
P and WCAP-17092-P), the variation of the parameters that resulted in the greatest
increase in the value of H* were chosen as the "biased" influence factors from which to
sample in the Monte Carlo (MC) process. These distributions were normal distributions
determined from the mean H* and greatest H* variation resulting from equal valued
positive and negative variations of the respective parameters. Note that for the case of
coefficient of thermal expansion of the tube, a decrease in the coefficient results in an
increase in the H* value and also reflects the broadest distribution. For the coefficient of
thermal expansion of the tubesheet, an increase in the coefficient results in increasing
H* and also results in the broadest distribution.

Both sides of the biased influence factors were sampled during the Monte Carlo
analysis. Sampling from the broadest distributions results in the broadest H* distribution
and the largest values of H* corresponding to the desired probabilistic goal, in this case,
95/50.

Figure RAIl0-1 shows the results of the Monte Carlo sampling from the interaction
surface (see RAI#20) for the resulting values of H* between the upper 93% and 98% of
the simulations. (The 98% upper limit was chosen for convenience). The highest values
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of H* are concentrated in a well defined region bounded approximately by the tube
coefficient of thermal expansion (aT) between [ ]a.'€e and tubesheet
coefficient of thermal expansion (aXTS) between [ ]ac,e The conclusion that
the maximum values of H* are produced from samples in approximately the center of the
interaction surface defined by Figure 8-5 in the. report applies to both the Model F and
Model D5 SGs. Consequently, the use of the broadest distributions that increase the
value of H* will tend to focus on the region in question because the broadest H*
distributions are defined by negative variations of UT and by positive variations of cLTS.

Selections from the negative sides of the broadest distributions will not result in
maximum values of H*. If picks are made from both distributions on the negative side of

the biased influence distributions, the result will be an over-prediction of the lower tail of

the H* distribution. This is noted in WCAP-17071-P, WCAP-17072-P, WCAP-1 7091-P
and WCAP17092-P and is of no consequence because only the maximum value of H* is
of concern.
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Figure RA110-1 a,c,e
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Figure RAIIO-2 a,c,e
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Vogtle 11. Reference 1, page 8-14, Figure 8-6: The legend for one of the
RAI interactions shown between aTs and ETs appears to have a typo

in it, please review and verify that all values shown in the legend
are correct.

WCGS 12. Reference 1, page 8-14, Figure 8-6: The legend for one of
the interactions shown between the coefficient of thermal
expansion of the tube (aTs) and tubesheet (ETs) appears to
contain typographical error. Please review and verify that all
values shown in the legend are correct.

B/B 12. Reference 1, Page 8-14, Figure 8-6: The legend for one of
the interactions shown between aCTs and ETs appears to have
a typo in it. Please review and verify that all values shown in
the legend are correct.

CPSES 12. Reference 1, page 8-14, Figure 8-6: The legend for one of the
interactions shown between the coefficient of thermal expansion
of the tubesheet (aTS) and Young's modulus of the tubesheet
(ETS) appears to contain a typographical error. Please review
and verify that all values shown in the legend are correct.

Seabrook 12. Reference 1, Page 8-14, Figure 8-6: The legend for one of the
interactions shown between aTs and ETS appears to have a typo
in it, please review and verify that all values shown in the legend
are correct.

Response:

The uppermost curve, defined by the star point, which is currently labeled as aTs=- 3

should be labeled as aTS=+ 3 . All other values in the legend are correct.
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Vogtle
RAI

12. Reference 1, page 8-20, Case .S-4: Why does the
assumption of a 2-sigma value for the coefficient of thermal
-expansion of the tube (aT) and the tubesheet (aTS) to
determine a "very conservative biased mean value of H*"
.conservatively bound the interaction effects between aT and
aTS?.Describe the specifics of how the "very conservative
biased mean value of H*"" as shown in Table 8-4, was
determined.

WCGS 13. Reference 1, page 8-20, Case S-4: Why does the
assumption of a 2-sigma value for the coefficient of thermal
expansion of the tube (aT) and the tubesheet (caTS) to
determine a "very conservative biased mean value of H`"
conservatively bound the interaction effects between cxT and
aTS? Please describe the specifics of how the "very
conservative biased mean value of H*"" as shown in
Table 8-4; was determined.

B/B 13. Reference 1, Page 8-20, Case S-4: Why does the
assumption of a 2-sigma value for the coefficient of thermal
expansion of the tube (aT) and the tubesheet (aTs) to
determine a "very conservative biased mean value of H`"
conservatively bound the interaction effects between aT and
aTs? Describe the specifics.of how the "very conservative
biased mean value of H*," as shown in Table. 8-4, was
determined.

CPSES 13. Reference .1, page 8-20, Case S-4: Why does the
assumption of a 2-sigma value for the coefficient of thermal
*expansion of the tube (aT) and tubesheet (aTS) to determine
a "very conservative biased mean value of H*" conservatively
bound the interaction effects between aT and aTS? Please
describe how. the "very conservative biased mean value of
H*," as shown in Table 8-4, was determined.

Seabrook 13. Reference 1, Page 8-20, Case S-4: Why does .the
assumption of a 2-sigma value for the coefficient of thermal
expansion of the tube (aT) and the tubesheet (aTS) to
determine a "very conservative biased mean value of H`"
conservatively bound the interaction effects between. aT and
aTS? Describe the specifics of how the "very conservative
biased mean value of H*," as shown in Table 8-4, was
determined.

Response:

The very conservative mean value of H*, [ ]a,c,e inches (Model F), [ ]a~c~e inches,
(Model D5), is determined by arbitrarily assuming that the 2-sigma values of all variables
defines the mean value of H*. To determine these values, it was assumed that the input
variables to the structural evaluation (i.e, the entire H* calculation process as shown in
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Figure 1-1 of the report) were set at their 2-sigma values, and the resulting H* was
termed the "conservative mean." Table RAI12-1 illustrates the input values that define
the mean value of H* and the "very conservative mean" value of H*. The SRSS
approach was then applied using the influence factors from Table 8-2.in the report for
the 95/50 whole-bundle value appropriate to the model SG being considered. The result
is essentially equivalent to the 5-sigma variation case, Case S4 on Table 8-3 of the
report. Note that because the 2-sigma input parameter value of H* was determined by
the entire calculation process shown in Figure 1-1 of WCAP, the interaction effects of the
variables at the 2-sigma level are included in this calculation.

Table RAI12-1
Definition of "Conservative Mean" H*

Definition Analysis Input Parameters and their Values.

_ _,T aTS ET ETS

Mean H* mean mean mean mean
Conservative Mean-2(7(1) Mean+2a( 1 ) Mean-2o(l), Mean-2cy(')

Mean H*
(1) Values chosen in direction of increasing H*
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Vogtle 13. Reference 1, page 8-22, Case M-5: The description for this
RAI case seems to correspond to a single tube H* estimate rather

than a whole bundle H* estimate. How is the analysis
oerformed for a whole bundle H* estimate?

WCGS 14. Reference 1, page 8-22, Case M-5: The description for this
case seems to correspond to a single tube H* estimate rather.
than a whole bundle H* estimate. Please explain how is the
analysis performed for a whole bundle H* estimate?

B/B 14. Reference 1, Page 8-22, Case M-5: The description for this
case seems to correspond to a single tube H* estimate rather
than a whole bundle H* estimate. How is the analysis
performed for a whole bundle H* estimate?

CPSES 14. Reference 1, page 8-22, Case M-5: The description for this
case seems to correspond to a single tube H* estimate rather
than a whole bundle H* estimate. Please explain how the
analysis is performed for a whole bundle H* estimate?

Seabrook 14. Reference 1, Page 8-22, Case M-5: The description for this
case seems to correspond to a single tube H* estimate rather
than a whole bundle H* estimate. How is the analysis
performed a whole bundle H* estimate?

Response:

Case M-5 is the Monte Carlo (MC) sampling analogy to Case S-2. A single tube
analysis would sample from the la influence distributions to determine the overall
distribution of H *,I and from the resulting H* distribution, choose the 95% probability
value of the upper tail. Case M-5 pre-biases the influence factor distributions by
choosing the influence factor distributions at the 4.285a (Model F) (4.237a Model D5)
values divided by 4.285 (Model F) (4.237, Model D5). Thus, the input distributions are
pseudo-l adistributions that are already biased by the number of standard deviations
required to represent a whole bundle analysis as was done in Case S72. The use of the
greater value influence functions results in a broader final H* distribution from which the
95/50 value represents the whole bundle. The basis for the 4.285a (Model F)(4.237a,
Model D5) value to represent the whole bundle case is discussed in the report.

It was recognized that the assumption of normality of the influence factor distribution
could influence the results from the MC approach included in the report. Nevertheless,
the MC cases were included in the report to provide a basis for evaluating multiple
variability cases that could not be considered using the SRSS approach. The response
to RAI#20 provides a comprehensive analysis based on the interaction surface of Figure
8-5 and utilization of the Monte Carlo technique.
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Vogtle
RAI

14. Reference 1, page 8-2: Case M-5 states, "Interaction effects
are included because the 4.285 sigma variations were used
that already include the effective interactions among the
variables." Case M-5 also states that the 4.285 sigma
variations come from Table 8-2. However, Table 8-2 does not
appear to include interactions among the variables. Explain
how the 4.285 sigma variations include the effect of
interactions among the variables.

WCGS 15. Reference 1, page 8-22: Case M-5 states, "Interaction effects
are included because the 4.285 sigma variations were used
that already include the effective interactions among the
variables." Case M-5 also states that the 4.285 sigma
variations come from Table 8-2; however, Table 8-2 does not
appear to include interactions among the variables. Please
explain how the 4.285 sigma variations include the effect of
interactions among the variables.

B/B 15. Reference 1, Page 8-22: Case M-5 states, "Interaction effects
are included because the 4.237 sigma variations were used
that already include the effective interactions among the
variables." Case M-5 also states that the 4.237 sigma
variations come from Table 8-2. However, Table 8-2 does not
appear to include interactions among the variables. Explain
how the 4.237 sigma variations include the effect of
interactions among the variables.

CPSES 15. Reference 1, page 8-22: Case M-5 states, "Interaction effects
are included because the 4.237 sigma variations were used
that already include the effective interactions among the
variables." Case M-5 also states that the 4.237 sigma
variations come from Table 8-2; however, Table 8-2 does not
appear to include interactions among the variables. Please
explain how the 4.237 sigma variations include the effect of
interactions among the variables.

Seabrook 15. Reference 1, Page 8-22: Case M-5 state,: "Interaction effects
are included because the 4.285.sigma variations were used
that already include the effective interactions among the
variables." Case M-5 also states that the 4.285 sigma
variations come from Table 8-2. However, Table 8-2 does
not appear to include interactions among the variables.
Explain how the 4.285 sigma variations include the effect of
interactions amona the variables

A A

Response:

Because the 4.285a (Model F), 4.237a (Model D5) variations were calculated using the
complete calculation process depicted in Figure 1-1 of the report (WCAP-17071-P,
WCAP-17072-P), the variations include the structural interaction effects for each variable
assuming that all other variables are at their mean value. If multiple variables were

38



LTR-SGMP-09-100 NP-Attachment

perturbed simultaneously, a greater effect on H* would be expected. The Monte Carlo
sampling scheme used did not support the use of compound parameter variations.

The response to RAI#20 provides an in-depth analysis of the interaction effects among
the significant variables using the Monte Carlo method and sampling from the interaction
surface of Figure 8-5.

Vogtle 15. Reference 1, page 8-22, Case M-6, first bullet: Should the
RAI words "divided by 4.285" appear at the end of the sentence?

WCGS 16. Reference. 1, page 8-22, Case M-6, first bullet: Please verify
if the words "divided by 4.285" appear at the end of the
sentence.

B/B 16. Reference 1, Page 8-22, Case M-6, first bullet: Should the
words "divided by 4.237" appear at the end of the sentence?

CPSES 16. Reference 1, page 8-22, Case M-6, first bullet: Please verify
if the words "divided by 4.237" should appear at the end of
the sentence?

Seabrook 16. Reference 1, Page 8-22, Case M-6, first bullet: Should the
words "divided by 4.285" appear at the end of the sentence?

Response:

The first bullet under Case M-6 on page 8-22 is clarified by adding the phrase "divided
by 4.285" (Model F) ("4.237"-Model D5) between "4.285c" (Model F) ("4.237&"-Model
D5)- and "from."
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Vogtle 16. Reference 1, page 8-23, Case M-7: Was the "2 sigma
RAI variation of all variables" divided by a factor of 2?

WCGS 17. Reference 1, page 8-23, Case M-7: Please verify if the "2
sigma variation of all variables" divided by a factor of 2.

B/B 17. Reference 1, Page 8-23, Case M-7: Was the "2 sigma
variation of all variables" divided by a factor of 2?

CPSES 17. Reference 1, page 8-23, Case M-7: Please verify if the "2
sigma variation of all variables" was divided by a factor of 2.

Seabrook 17. Reference 1, Page 8-23, Case M-7: Was the "2 sigma
•_variation of all variables" divided by a factor of 2?

Response:

For case M-7, the 2-sigma variation was treated as if it were 1-sigma variation. This
assumption is somewhat arbitrary and intended only as a hypothetical case to show the

effect on H* if it were assumed that the calculated standard deviation are much larger.
Therefore, the 2-sigma variation was NOT divided by 2.

This case is an arbitrary sensitivity study that addresses the H* result if the 1 a influence
factors were more than doubled. Starting from the ,basic mean structural prediction of
H*, [ ]a,ce for the Model F ([ f ace, for the Model D5).inches, it was assumed that
the 2a influence distributions applied instead of the la influence distributions, and the
MC sampling was from the 2a distributions. The principal objective of this case was to
show that very conservative assumptionsldo not lead to a major impact on the value of
H*.
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Vogtle 17. Reference 1, page 8-23, Case M-7: Explain how this case
RAI includes the interaction effects between the two principle

variables, aT and aTS.
WCGS 18. Reference 1, page 8-23, Case M-7: Please explain how this

case includes the interaction effects between the two
vprinciplevariables, aT and cTS.

B/B 18. Reference 1, Page 8-23, Case M-7: Explain how this case
includes the interaction effects between the two principle
variables, cIT and ciTS.

CPSES 18. Reference 1, page 8-23, Case M-7: Please explain how this
case includes the interaction effects between the two
principal variables, aT and aiTS.

Seabrook 18. Reference 1, Page 8-23, Case M-7: Explain how this case
includes the interaction effects between the two principle
variables. aT and cTS.

A

Response:

Case M-7 assumes that the 1a variability of H* in the parameters is based on the 2a
influence factors calculated for each parameters. Because the influence factors are
calculated using the entire calculation flow depicted in Figure 1-1 of the report, the
interactive effect of the key parameters at the 2a is reflected. The calculations were
performed by perturbing one parameter at a time; therefore, the combined interaction of
perturbing multiple parameters is not reflected. However, the assumption that the 27
variation in the direction of increasing H* represent one standard deviation of the H*
influence factors and the extreme value calculation process provide a very conservative
estimate of H*.

The response to RAI#20 provides an in-depth analysis of the interaction effects among
the-significant variables.
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Vogtle 18. Reference 1, page 8-25, Table 8-4: Explain why the mean H*
RAI calculated in the fifth case does not require the same

adjustments, as noted by the footnotes, that all other cases in
the table require.

WCGS 19. Reference 1, page 8-25, Table 8-4: Please explain why the
mean H* calculated in the fifth case does not require the
same adjustments, as noted by the footnotes, that all other
cases in the table require.

B/B 19. Reference 1, Page 8-25, Table 8-4: Explain why the mean H*
calculated in the fifth case does not require the same
adjustments, as noted by the footnotes, that all other cases in
the table require.

CPSES 19. Reference .1, page 8-25. Table 8-4: Please explain.why the
mean H* calculated in the fifth case does not require the
same adjustments, as noted by the footnotes, that all other
cases in the table require.

Seabrook 19. Reference 1, Page 8-25, Table 8-4: Explain why the. mean
H* calculated in the fifth case does not require the same
adjustments, as noted by the footnotes, that all other cases in
the table require.

Response:

The superscripts referring to the notes were inadvertently omitted from the mean H*
value for Case S-4 in Table 8-4. The mean value of H* shown, [ ]ace inches (Model
F) ([ ]ace inches, Model' D5), includes the adjustment for BET and for the NOP
thermal distribution.

This omission exists also in WCAP-17072-P for the Model D5 SGs, but has been
corrected on subsequent H* reports for the Model 44F and 51F SGs (WCAP-17091-P
and WCAP17092-P).
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Vogtle 19. Reference 1, page 8-25, Table 8-4: Verify the mean H*
RAI shown in the last case in the table.

WCGS 20. Reference 1, page 8-25, Table 8-4: Please verify the mean
H* shown in the last case in the table.

B/B 20. Reference 1, Page 8-25, Table 8-4: Verify the mean H*
shown in the last case in the table.

CPSES 20. Reference 1, page 8-25, Table 8-4: Please verify the mean
H* shown in the last case in the table.

Seabrook 20. Reference 1, Page 8-25, Table 8-4: Verify the mean H*
shown in the last case in the table

Response:

(Please also see the response to Question 16.)

The mean value of H* for Case M7 is correct as shown on Table 8-4.

The purpose of this case was to determine the whole bundle, extreme value of H* and to

show the effect on H* if the uncertainties were doubled at the same time as discussed in
the response to Question 16. Theprocess to achieve this was to calculate the mean H*
as'for all other cases, except case S4, on Table 8-4, but then to arbitrarily assume that
the 2a variations as the values for the 1 a influence distributions of H*. The intent of this
case was to show that extreme assumptions of variability do riot invalidate the H*
concept.
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Vogtle 20. Section 8 of Reference 1: The variability of H* with all relevant
RAI parameters is shown in Figure 8-3. The interaction between aT

and aTs are shown in Figure 8-5. Please explain why the direct
relationships shown in these two figures were not sampled
directly in the Monte Carlo analysis, instead of the sampling
method that was chosen. Also, please explain why the
sampling method chosen led to a more conservative analysis
than directly sampling the relationships in Figures 8-3 and 8-5.

WCGS 21. Section 8 of Reference 1: The variability of H* with all relevant
parameters is shown in Figure 8-3. The interaction between aT

and aTs are shown in Figure 8-5. Please explain why the direct
relationships shown in these two figures. were not sampled
directly in the Monte Carlo analysis, instead of the. sampling
method that was chosen. Also, please explain why the
sampling method chosen led to a more conservative analysis
than directly sampling the relationships in Figures 8-3 and 8-5.

B/B 21. Section 8 of Reference 1: The variability of H* with all relevant
parameters is shown in Figure 8-3. The interaction between aT

and aTs are shown in Figure 8-5. Please explain why the direct
relationships shown in these two figures were not sampled
directly in the Monte Carlo analysis, instead of the sampling
method that was chosen. Also, please explain why the
sampling method chosen led to a more conservative analysis

than directly sampling the relationships in Fiqures 8-3 and 8-5.
CPSES 21. Section 8 of Reference 1: The variability of H* with all relevant

parameters is shown in Figure 8-3. The interaction between aT

and aTS are shown in Figure 8-5. Please explain why the direct
relationships shown in these two figures were not sampled
directly in the Monte Carlo analysis, instead of the sampling
method that was chosen. Also, please explain why the
sampling method chosen led to a more conservative analysis
than directly sampling the relationships in Figures 8-3 and 8-5.

Seabrook 21. Section 8 of Reference 1: The variability of H* with all relevant
parameters is shown in Figure 8-3. The interaction between aT

and aTS are shown in Figure 8-5. Please explain why the direct
relationships shown in these two figures were not sampled
directly in the Monte Carlo analysis, instead of the sampling
method that was chosen. Also, please explain why the
sampling method chosen led to a more conservative analysis
than directly sampling the relationships in Figures 8-3 and 8-5.
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Response:

General

The recommended value of H* is based on the square root of the sum of the squares
(SRSS) approach to combining the uncertainties for H*. The Monte Carlo cases
included in the report were included as a vehicle to study different sensitivities to H*
parameters variations and were provided as support for the SRSS recommendation.
The peer review (Expert Panel's) conclusions were that the SRSS approach was a
suitably conservative approach given the many conservatisms built into the H* analysis.
The significant conservatisms included in the H* analysis are summarized in Section 1 of
the report(s) and again identified in Section 10 of the report(s).

Figures 8-3 and 8-5 were developed during, and immediately after, the peer review of
the H* project, which was followed in close order by publishing the report. The staffs
observation that Figures 8-3 and 8-5 reasonably define an interaction surface, which
could be utilized directly for a Monte Carlo sampling assessment, is correct. Therefore,
a Monte Carlo analysis based on the interaction surface defined by Figure 8-4 in the
respective WCAP reports for the different models of SGs was completed. This analysis
provided the opportunity to quantify some of the conservatisms that are included in the
technical justification of H*. The approach to this issue was to consider the most
significant conservatisms in the overall H* analysis and quantify their effects on the
recommended value of H* to show that the recommended value of H* is conservative.
The sequence of the analysis was as follows:

1. Application of the Monte Carlo methodology discussed in the H* reports, except for
case M-6, assumes that each simulation of H* includes a different value of the
properties of the tubesheet. Thus, if 100,000 simulations are performed, each
simulation includes a different random pick of tubesheet properties. Among the
population of H* candidate plants, there are 60 steam generators; therefore, the
actual population of tubesheets is limited to 60. To better address the limited
population of tubesheets, the reference MC sampling is a staged process
corresponding to the simulation of one steam generator tubesheet/tube bundle
combination. A set of tubesheet properties is selected, and for that set, the
corresponding tube properties are sampled 5626 times for the Model F SG tube
population (4570 times for the model D5 SG tube population), and as appropriate for
the other models of SGs. The above process is repeated 10,000 times. This
provides a more accurate simulation reflecting the limited number of tubesheets in the
population.

2. The probabilistic analysis in Section 8 of the report(s) assumes that the entire tube
bundle consists of tubes located at the worst case location in the tube bundle (e.g.,
the most limiting radius in the most limiting sector of the tube bundle as shown in
Section 6.2.3). As shown in Figure 6-1 of the report, the worst tube is defined by a
very narrow segment of tubes, while all other tubes are shown to have a lower value
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of H*. Therefore, the bundle was divided into a number of sectors as discussed
below, and the 0.95 probability at 50% confidence value of H* was defined on the
combined probability of the sector probability for all tubes. This analysis is still quite
conservative because all tubes are still assumed to be in the limiting azimuthal sector
of the tube bundle (the sector perpendicular to the divider plate including about 50
from the centerline of the tubesheet. See Section 6.2.3 of the report). Tubes more
than about 5 pitches removed from the centerline perpendicular to the divider plate
have been shown to have lower values of H*.

3. The current analysis for the Model F and Model D5 SGs includes a correction factor
for the NOP thermal distribution through the tubesheet. The factor was developed
very conservatively using a ratio technique (see report Section 6.2.2.2.5). This
correction factor was re-evaluated (see the response to RAI#2) and a more realistic
value of it is applied in this analysis. The correction factor does not apply equally to
all models of SG; therefore, the effect of the correction factor is SG model-specific
and has already been included in the reports for the Model 44F and Model 51 F SGs
(WCAP-17091-P and WCAP-17092-P). The analysis results below identify the SG
models where this improved analysis applies.

4. The H* analysis assumes no contribution from residual contact pressure (RCP). All
test data to date, including data from tests performed prior to 2008, has shown that a
positive value of RCP exists after hydraulic expansion of the tubes. Tests were
performed during the current H* program that confirmed a significant level of RCP,
and also showed that within a short distance of motion, the forces required to
continue to move the tube by far exceeded the maximum pull out forces that could be
generated under very conservative assumptions. The analysis quantifies the effect of
RCP on the calculated value of H* and benchmarks the RCP tothe tests that were
performed during the H* development.

A. Sector Analysis

Based on the profile of the predicted mean H*, the tube bundle is divided into 9 annular
sectors as shown in Figures RAI20-1, -2, -3 and -4 for the models of SG included in the
H* population (Reference RAI20-1). (In Figure RAI20-4, for the Model 51F SGs, the
appropriate sector division results in only 7 sectors; however, additional sectors with 1
tube, each, were added at both ends for convenience of the calculations.) The
normalized H* is determined from the raw H* calculation results, prior to adjustment of
the H* value by the addition of correction factors for the BET and NOP tubesheet

thermal profile. This is done to obtain a true normalization, unaffected by any constants.
However, the final value of H*, after the MC sampling for AH, is based on the adjusted
maximum mean value of H* as shown in the appropriate sector in Tables 1, 2, 3 and 4.
The adjustment for crevice pressure referenced to the predicted H* is made after the all
other factors have been accounted for. Thus, for each sector:
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z ]7 a,c,e

Where,

F is the sector normalization factor from Figures RAI20-1, -2, -3 and -4,

H*(BET+ Tnop)is the raw H* value adjusted for BET and NOP thermal distribution

AH*uncert is the adjustment for interaction effects from the MC analysis

AHpcrev is the adjustment for crevice pressure

The normalized value of H* in each sector is based on the maximum value of H* in that
sector, thus, the sector evaluation is inherently conservative.

The number of tubes in each sector is determined from the row and column numbers
and the model-specific pitch of the tubes. Tables RAI20-1, -2, -3, and -4 summarize the
sector populations for each of the models of SGs1•

B. Interaction Surface and Monte Carlo Samplinq

A simulation model was developed to evaluate limiting values of H* for specific classes
of steam generators. The Monte-Carlo based model evaluates extreme values of H* on
a single steam generator basis, repeating the process to construct a distribution of
maximum H* values. The final output of the model is the 95/50 estimate of extreme H*
within any one steam generator.

The components of variance included in the model are the coefficients of thermal
expansion (CTE's) for the tubesheet and the individual tubes. These have been shown
in the H* reports to be, by far, the most significant contributors to variations in H* for the
tubesheet/tube bundle combinations. The essential function describing H* variation for
specific value pairs of the thermal expansion coefficients has been developed and is
shown in Figure 8.5 of the H* reports. It should be noted that full interaction effects are
included.

The basic structure of the simulation is shown in Figure RAI20-5 and represents one
Monte Carlo trial. The process shown produces one realization of the extreme H* for a
given steam generator. Repetition, involving 10,000 trials produces a distribution from
which a 95/50 estimate of H*can be obtained by robust nonparametric means. As shown
in Figure RAI20-5, the core process involves a random selection of one value of
tubesheet CTE and N values of tube CTE, where N is the number of tubes in the steam
generator or specific region of interest. The resulting N pairs are propagated through the
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fitted surface to produce N values of H* which are then sorted to identify the maximum
(extreme) value of H* which is stored for further use.

The above process can be easily applied on a regional (SG sector) basis by running the
simulation for each region separately based on region-specific values on tube population

size and average H*. The composite H* for the entire steam generator can be obtained
by the following equation:

H*c = [ ]a,c,e for M Region model

It is most important that the H* values for the individual regions are not sorted prior to
application of the above post-processing because of the need to maintain tubesheet
identity between regions.

C. Sector Application of Interaction Effects

The interaction data shown in Figure 8-5 of the H* WCAPs were developed for the
limiting tube radius .(i.e., the tubesheet radius in Figures 1, 2, 3 and 4) where the
normalized value of H* is 1. Because of the complex nature of the H* analysis, it was
necessary to determine if the interaction effects at the limiting H* radius adequately
represented the interactions at other tubesheet radii. Two radii were selected to
repre6sent the most probable locations where significant effects, if they exist, might
materialize: 1) A tubesheet sector near the limiting radius, and 2) A tubesheet sector far
removed from the limiting radius.

It was shown in the reports that the influence of Young's modulus on the final values of
H* is negligible and that there was no significant interaction between the Young's moduli
of the materials and the coefficient of thermal expansion of the materials. The existing
interactions are limited to the coefficients of thermal expansion of the tube and tubesheet
materials. Therefore, the same matrix of sensitivity cases that defined Figure 8-5 in the
reports was run for each of the two tubesheet sector chosen as noted above.

In all cases it was determined that the interaction effects defined in .Figure 8-5 of the
report(s) for the location of the maximum mean H* value bounded the interaction effects
of the other sectors considered. Therefore, for conservatism and simplicity, the range of
interaction effects (i.e., AH* = f(CCT, CCTS)) for the maximum mean value of H* shown on

Figure 8-5 was applied for all sectors of the tubesheet.

Figures RAI20-6 and RAi20-7 show the results of this evaluation for the tubesheet
sectors selected for the Model F and Model D5 SGs. The interaction profile for the

mean, 3a and 5a variation of tubesheet coefficient of thermal expansion are shown to
cover the significant range of variability. In all cases, the variability of the location of the
maximum value of H* is greater than, or equal to, the variability at other radial locations
on the tubesheet. Therefore, the application of the variability for the radial location of the
maximum value of H* for all other radial locations is justified and conservative.
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D. Results from Sector Based Sampling from the Interaction Surfaces

Table RAI20-5 (a) summarizes the recommended values of H* from the H* reports for all
of the affected Model SGs together with the results of the Monte Carlo (MC) sampling
from the interaction surface defined in Figure 8-5 of each report. The MC sampling was
based on the sector approach described above and also the approach shown in Figure
RA120-5 to limit the number of tubesheet simulation. The result from this sampling must
be adjusted for the crevice pressure distribution referenced to the location of the initially
predicted value of H*. The correction for crevice pressure is taken from Figure 8-1 of the
respective reports. After the adjustments are made for the crevice pressure reference
location, the values of H* are slightly greater than the recommended values of H* from
the respective reports.

Table RAI20-5(b) extends the evaluation of the conservatism of the recommended
SRSS-based values of H* by adjusting the Monte Carlo sampling results for the updated
values of the adder for the NOP thermal distribution in the tubesheet for the Model F and
Model D5 SGs. The updated NOP thermal distribution factor for the Model 44F and
Model 51F SGs are already included in the respective reports (WCAP-17091-P and
WCAP-1 7092-P); consequently there is no adjustment made for these models of SG.

The original NOP thermal distribution adjustment factor was developed on a very
conservative basis, using the scaling method described in Section 6.2.2.2.5 of WCAP-
17071-P and WCAP-17072-P. As the analysis for H* evolved, a direct method of
applying the tubesheet NOP thermal distribution in the structural analysis was
developed; this method is describe in Section 6.2.2.2.5 of WCAP-17072-P (Model D5
report). For the Model D5 SG, the necessary correction based on the updated method
was [ ]a,c,e inch compared to [ ]a'c'e inch based on the scaling technique, A similar
analysis was subsequently performed for the Model F SG and it was determined that the
appropriate correction for the NOP thermal distribution is[ ]ac~e inch instead of the

]a~c~e inches included in the recommended value of H* in WCAP-1 7071-P.

When the updated correction for the NOP thermal distributions are applied, and the
necessary correction for crevice pressure reference location is applied, the final value of
H* for the Model F SG is [ ],,ce inches and, for the Model D5, is [ .a],,e inches (see
Table RAI20-5(b)). Both of these values are less than the recommended values of H*,
respectively, for the Model F and Model D5 SGs. Thus, it is concluded that the
recommended values of H*, based on the SRSS approach as shown in the respective
reports for the Model F and Model D5 SGs, are conservative.

It should be noted that the adjustment of the NOP thermal distribution correction factor
does not impact which operating condition, NOP or SLB, is the limiting condition. The
limiting value of H* is determined by three times normal operating pressure before and
after the adjustment for the NOP thermal distribution. Section 6.4.5 of the Model F
report, WCAP-17071-P, and the Model D5 report, WCAP-17072-P, discusses the
determination of the H* values. When the NOP thermal distribution is directly included in
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the structural analysis to determine tubesheet displacements, the NOP condition

remains the limiting condition for H*.

E. Determination of Residual Contact Loads from Pull Out Tests

In prior analyses for H*, pull out test data has been used to calculate a residual contact
pressure, which is distributed over. the length of the tubesheet and included in the
integration of pull out force over length to determine the length at which the pull out and
resisting forces are equal. However, the pull out resistance can also be used to offset
the pull out forces. Both methods were studied and it was determined that the same
result was achieved, regardless of which method was applied. Because offsetting the
applied loads requires fewer assumption (i.e., coefficient of friction) and results in more
conservative values of H*, this approach was selected to determine the -effect of the
hydraulic expansion only on the calculated value of H*.

Reference RA120-2, provided as Appendix A to this document, summarizes the pull out
test program performed in support of the H* development. The data from the pull out
tests and Monte Carlo simulation were used to determine a conservative value of end
cap load reduction. As in prior pull out tests, there was considerable scatter in the pull
test data. The highest pull force recorded at 0.25 inch cross head displacement was

]a,c,e !bf, and the lowest pull force recorded at 0.25 inch cross head displacement
was [ ]a,c,e Ibf. Monte Carlo simulation was then used to dete'rmine a 5/50 value (i.e.,
the lower 95% bound) of the pull test data.

The Monte Carlo simulations used the pull test data to establish means and standard,
deviations for the pull forces that were observed. Two sets of data for each of three tube.
diameters (0.688 inch, 0.750 inch, and 0.875 inch) were provided: One considered the
13 in. expansion lengths only and the other considered all expansion lengths (13, 15 and
17 inches) combined. Seven distributions were used: 1) A truncated (at 0) normal
distribution, 2) a lognormal distribution, 3) an Erlang distribution, 4) a Gamma
distribution, 5) an inverse Gaussian distribution, 6) a Pearson Type V distribution, and 7)
a. Weibull distribution. All except the truncated normal were chosen because their
domains range from 0 to + infinity, their domains are continuous, and their fitting
parameters for the means and standard deviations used were within their allowable
values. One hundred thousand iterations were run for each simulation, and the 5/50
values of pull force recorded for each distribution. The most conservative result,
lbf]c'e, came from the simulation that used the Weibull distribution, and this number is

very consistent with the lowest observed pull test datum. Note that the Weibull
distribution is widely recommended to model distributions in lieu of a truncated normal
distribution. The figure below illustrates the results of the Monte Carlo sampling based
on the Weibull distribution of the test data. Complete details of the above analysis can
be found in Reference RAI20-2.
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The recommended end cap load reduction is [ ]a,c,e Ibf.

a,c,e

(Figure corresponding to the Monte Carlo simulation using a Weibull
distribution for the Model F SG data, using the 13 inch expansion length only.
The 5/50 value of pull force is [ ]ace lbf.)

F. Application of Residual Contact Load

The H* results in Figure 8-5 of WCAP-17071-P, WCAP-17072-P, WCAP-17091-P and
WCAP-1 7092-P show that H* is sensitive to the variations in the coefficient of thermal
expansion (CTE) of the tube (cXT) and the tubesheet (caTS). The reports also show that H*
is not significantly sensitive to variations in the Young's modulus (E) of the tube or the
tubesheet. The results in Figure 8-5 in WCAP-17071-P, WCAP-17072-P,
WCAP-1 7091-P and WCAP-1 7092-P also demonstrate that the worst case trend in the
variation of the thermal expansion coefficients is when the (XT is decreasing and cLTS is
increasing. In other words, H* increases the most when the coefficients of thermal
expansion are varied to reduce the contact pressure between the tube and the tubesheet

due to thermal growth.

It is possible to reduce the order of the problem (i.e., reduce the number of dimensions
involved in the sensitivity study) given the knowledge of which values and directions of
variation in CTE are most important to the problem. Figures RAI10-1 and RAI10-2 show
the combinations of (XT and cLTS that are most likely to produce a worst case H* value. The
values of CTE standard deviations for both the tube and tubesheet are combined into an
effective variable using the following relationship:
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asrss a 'aTS)Y

The possible variation in sign of either CTE standard deviations is not included in this
equation because the only values of interest occur when the tube CTE variation is
negative relative to the mean and the tubesheet CTE variation is positive relative to the
mean. This reduced form of variation in CTE is then used to compare the change in H*
due to the application of residual pre-load between the tube and the tubesheet due to
the installation and hydraulic expansion of the tube.

There are multiple ways to achieve the same value of cxsrss. For example, a TS CTE
variation of +5ay about the mean and a tube CTE variation of -5a about the mean are
each equal to a combined (x of 5 (assuming only one is non-zero). Likewise, a
combination of tube and TS CTE variations of -3/+4 and -4/+3 will also yield an a of 5.
However, the net change in H* with respect to the material properties are very similar for
a single value of CXsrss regardless of values of its component parts. In cases where there
are multiple possibilities for a unique value of (Zsrs, the combination. of TS and tube CTE
that produced the smallest reduction in H* was used. Figure RAI20-8 shows the multiple
curves that were used to create the surface seen in RAI20-9.

Hydraulic expansion of the tube into contact with the tubesheet tube bore introduces a
pre-load that must be overcome before the tube can translate within the tubesheet tube
bore. This means that in addition to the pull out-resistance that a tube develops due to
internal pressure, thermal growth, etc., the pull out resistance of the tube due to the
hydraulic expansion must also be overcome in order for the tube to freely translate within
the tube bore. However, the hydraulic expansion process has only a small effect on the
development of contact pressure between the tube and the tubesheet compared to that
developed due to operating pressure and temperature. Therefore, the installation effect,
termed residual contact load (RCL), is included as a reduction of the applied end cap
load. Recall that the end cap loads are based on the mean +2a tubesheet bore diameter
and are thus very conservative.

The reduction in end cap load, for the jth value of-pull out resistance due, to installation
effects is:

P, = End Cap Load =nApmr2 - DL - RCL,

Where,

n is the applicable safety factor for the SG operating condition based on the SIPC,

zAp is the primary to secondary pressure differential,

r, is the outside tube radius,
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DL is the dead load of the tube straight leg above the top of the tubesheet and RCL is
the value of installation pre-load determined from testresults.

The minimum pull out force from section F above, [ ]alc~e Ibf, was used. The dead
weight of the straight leg portion of the tube above the tubesheet was also included
because it also provides a resistance to tube pull out. The dead weight of the straight
legs of the tubes varies between [ ]ace and [ ]a,c,e lbs depending on the length of the
tube straight leg; an average value of [ ]a,c,e lbs was used.

As an example, for the NOP Low Tavg condition at Millstone Unit 3, the end cap load due
to the pressure acting on the tube is [ ]a,c,e lbf. Assuming the minimum value of
pull out force from the test data and an average dead weight of the tube straight leg, the
applied end cap load that must be balanced by the distribution of contact pressure
between the tube and the tubesheet is equal to [ ]a,c,e lbf - [ ]a''e lbf - [ a,, lbf,
or [ ]a.c~e lbf.

Using the RCL to reduce the end cap load on the tube has been shown to be
conservative in a direct comparison with the alternative method, that is, converting the
pull out force to a residual contact pressure and including it in the integration for H*.
Further, reduction of the applied load does not affect the contact pressure distribution
between the tube and the tubesheet. For instance, if there was a combination of material
properties and operating conditions that resulted in a very small or zero value of contact
pressure for some portion of the tube below the top of the tubesheet, the application of
RCL as a reduction of applied load does not change the predicted contact pressure. The
first point of positive contact between the tube and the tubesheet is still determined
based on the structural analysis of the tubesheet. An additional benefit from applying
the RCL as a reduction to the applied end cap load is that there is no need to develop a
distribution of the residual effect of the tube installation as a function of elevation in the
tubesheet. The test results can be directly used to determine the pre-load on the tube.

A value of H* is determined for any value of RCL for the limiting SG operating condition
at the limiting TS radius and sector in the bundle. The process for determining the H*
value is shown in the following flow chart.
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ApphIed End Cap Load =P1
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The result of this process is a surface of the response in H* to changes in RCL and a srss

the square root of the sum of squares of the specific variations in CTE from one MC
simulation). If the values for RCL are normalized to an assumed value, say [ ]a,ce Ibf,
and the values of H* are taken as the change in H* relative to the value of H* with an
RCL of zero, the result is a non-dimensional surface that can be used in conjunction with
a Monte Carlo analysis to determine the reduction in H* due to the inclusion of RCL.
Figure RAI20-9 is a surface plot of the change in the Model F H* values as a function of
RCL and (X s. Figure RAI20-10 is a surface plot of the change in the Model D5 H*
values as a function of RCL and ctsrss.

Figure RAI20-9 and RAI20-10 illustrate that the effect of including the RCL as a
reduction in the applied tube end cap load is dependent on both the H* value and the
material parameters. This is a logical result because if H* is.small (correlated to a small
value of ctsrss) then the effect of RCL should also be small because there is enough
contact pressure to maintain equilibrium with the load on the tube regardless of the value
of RCL. However, if H* is large, because of some combination of material parameters or
operating conditions that produce less contact pressure between the tube and the
tubesheet, then the presence of any value of RCL has a much larger effect on H*. For
example, in Figure RAI20-8, assuming an RCL ratio of 1 (RCL -[ ] l,,, lbf) with an
Usrss of 0 results in a very small correction to the final H* distance on the order of

],,ce inch. However, if the RCL ratio is equal to 1 and c(Xrss is equal to 5, the change
in H* is 2 or more inches, or a factor of 4 greater.

The effects of residual contact pressure (RCP) are implemented in the extreme-value
simulation model using a functional representation of the developed steam generator-
specific data described above. The function describes the correction term ( AH* ) in
terms of two variables:
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AH* = G( RCL, Alpha)

Where:
RCL = Residual contact load
Alpha = Effective thermal expansion coefficient

A typical description of this surface is shown in Figure RAI20-8. As can be seen from the
figure, the behavior of the function is somewhat complex. The value of the function
generally increases with both independent variables which makes some simplification
possible based on a conservatively low estimate of.one of the variables.

A lower limit constant value of RCL was chosen, in part to assure a more robust
computational behavior in the implementation of the RCL effects modeling. The value
cited in the response to part F of this RAI corresponds to a RCL.ratio of approximately
1.0. Figure RAI20-11 shows the resulting AH* as a function only of Alpha. This and

corresponding functions for each steam generator class, were implemented in the full
simulation model.

The actual implementation into the simulation model was straightforward. Since the RCL
correction is subtractive, the computation of Alpha and AH* is performed directly after the

computation of H* within the simulation. The computation is performed for all
tube/tubesheet combinations in the entire simulation process. The reduction in the
cbmputed extreme values. of H* is typically on the order of 1-2 inches, and is steam
generator-specific.

It! is important to note that the change in H* due to the crevice pressure adjustment,
thermal offset and BET is already included in the analysis. The distribution of the crevice
pressure adjustment shown in Figure 8-1 of the H* reports is not required in this instance.
That is because the reduction of the end cap load changes how the H*. value will react to
a change in contact pressure distribution. So it is necessary to incorporate the change in
H* due to the RCL reduction of the end cap load with the crevice pressure adjustment to
produce a net change in H* using consistent methods. Therefore, the result of using the
RCL surface to determine the change in H* is the net effect of all adjustments- to H* and
no further corrections are required.

Table RAI2-05(c) summarizes the effects of the application of residual pull out load (RCL)
on the value of H*. When the 5/50 pull out force from the test data is applied using the
Monte Carlo approach that samples from Figure 8-5 in the reports and also from the RCL
correction surface discussed above, the values of H* are reduced approximately 1 to 2

inches for all affected models of SGs. The resulting values of H* for the Model F and
Model D5 SGs are further reduced by application of the updated NOP temperature
distribution correction factor. As can be seen from Table RAI20-5, the recommended
values of H* for the respective SGs in the applicable reports exceeds the values
determined when the conservative factors inherent in the recommended values are
considered in the analysis.

55



LTR-SGMP-09-100 NP-Attachment

G. Summary and Conclusions

The recommended values of H* for the different models of SGs as provided in the
respective reports (WCAP-17071-P [Model F], WCAP-17072-P [Model D5], WCAP-
17091-P [Model 44F] and WCAP-17092-P [Model 51F]) were based on very conservative
assumptions. Additional analysis, using Monte Carlo techniques and the variables
interaction surfaces defined in Figure 8.5 of the reports, was performed to quantify the
conservatism of these assumption with regard to the recommended values of H* for the
different models of SGs. Four principal conservatisms were evaluated:

1. The number of tubesheets was limited to a number less than the number of tubes in
the bundles of the respective SG models. The total population of SGs among the H*
candidate plants is 60 including 4 different models of SGs. The number of
tubesheets simulated for each SG was limited to 10,000.

2. Instead of assuming that all tubes in the bundle are located at the single worst case
position that defines the recommended value of H*, the bundles were divided into
sectors. This approach retains significant conservatism because the maximum value
of H* in each sector was used for the analysis and the limiting interaction variances
were applied to all sectors. It is noted that all sectors considered are located in the
limiting azimuthal sector of the tubesheet as discussed in Section 6.2.3 of the reports.

3. The conservative adder for NOP tubesheet thermal distribution was re-evaluated by
including the thermal distribution directly in the structural analysis. The resulting
adders to H* are realistic-values that reflect the actual response of the tubesheet
structure to the applied thermal distribution. This applies only for the Model F and
Model D5 SGs because the updated thermal correction factor is already included in
the recommended H* values for the Model 44F and 51F SG. Modification of the
thermal distribution factors does not change that the NOP conditions are the limiting
conditions that determine the value of H*.

4. Based on pull out tests performed during the H* development, the effect of the
minimum measured pull out forces at 0.25 inch of tube travel on the values of H*
were evaluated. The pull out force data was applied directly as a reduction of the
applied loading instead of utilizing an intermediate conversion of pull out force to
contact pressure. This approach is more direct, and its specific application is
conservative because the 5/50 value of pull out force was used. In reality, much
greater values of pull out force were demonstrated in the tests at 0.25 inch travel.

Still greater pull out forces were observed during the tests for greater values of tube
travel, even exceeding the limiting applied design loads for H*. Therefore, the
application of the 5/50 value of pull out force from the tests is conservative.

After addressing the above factors, the final values of H* are significantly less than the
values recommended for all affected models of SGs. Therefore, the recommended values of
H* for each of the models of SG are shown to be conservative.
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RAI#20 References:

RAI20-1 LTR-SGMP-09-92;"Tubesheet Sector Definition for H* Revised Probabilistic
Analysis," July 10, 2009.

RAI20-2 LTR-SGMP-09-98, "H* Pull Test Program Summary," July 27, 2009.
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Figure RAI20-1
Model F

a,c,e

Figure RAI20-2
Model D5

-- I. a,c,e
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Figure RAI20-3
Model 44F

Figure RAI20-4
Model 51F

a,c,e

a,c,e
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Figure RAI20-5
Monte Carlo Simulation Process

Repeat for number of
tubes in sector or bundle
as appropriate

I

*NOTE: M = #OF TUBES IN SG OR

Region
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Figure RAI20-6
Model F: Interaction Profiles for Sector-Base Sampling a,c,e
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Figure RAI20-7
Model D: Interaction Profiles for Sector-Base Sampling a,c,e
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Figure RAI20-8

.AH* for Various Values of ar,s and RCL Ratio
(a -cJsrss, RCLref = 8001bf)

a,c,e
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Figure RAI20-9
Model F Response Surface for the Change in H* as a Function of RCL and x, srss

a,c,e
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Figure RAI20-10
Model D5 Response Surface for the Change in H* as a Function of RCL and ,srss

a,c,e
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Figure RAI20-11
Change in H* as a Function of ass

a,c,e
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Table RAI20-1
Model F SG Sector Populations

Model F
TS Radius 0-11 11:17 17-23 23-29 29-35 35-41 41-47 47-53 53-60

Max Mean H* ]a,c,e

Max Mean
H*Factor

Number of
Tubes

Table RAI20-2
Model D5 SG Sector Populations

Model D5
TS Radius 0-6 6-12 12-18 18-24 24-30 30- 36-42 42-48 >48

36
Max Mean H* [ ]a...e

Max Mean
H*Factor

Number of
Tubes

Table RAI20-3
Model 44F SG Sector Populations

Model 44F
TS Radius <9 9-15 15-21 21-27 27-33 33-39 39-45 45-51 >51

Max Mean H* ]ace

Max Mean
H*Factor

Number of
Tubes

Table RAI20-4
Model 51F SG Sector Populations

TS Radius <9 9-17 17-24 24-32 32-41.85 41.85-52.52 >52.52
Max Mean H* [_]a,c,e

Max Mean
H*Factor

Number of
Tubes

a,c,e

ac,e

a,c,e

a,c,e
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Table RAI20-5
Results of Monte Carlo Samlincl and Valuation of Conservatism

SG Model Report Case S-2
Surface Sampling from Figure 8-5 of the Report(s) with

Limited Number of Tubesheets and Sector Based
ADDroach

95/50 (inch) Pcrev (inch) Final Hc(inch)
a~c,f

F 11.2
D5 13.8 •,

44F I1331
51F 13.i14

95/50 (inch) Pcrev Final H*
a,c,e

. a) Sampling from Inter iure 8-5 -J

Correction for NOP
Thermal Distribution

Surface Sampling, Limited Tubesheets Corrected for
NOP Thermal Offset

Original (inch) Revised
(inch) a

95/50 H*(inch) Pcrev (inch)
,c,e

Final H*(inch)
a,c,e

_t~'t _

SG
Model

F
D5

44F
51F

Surface Sampling
from Figure 8-5 of the
Report(s) with Limited

Number of
Tubesheets

[UH* for Minimum
Pull Out Force (inch)-

Final H* After
Including Minimum

Pull Out Force

Final H*
(inch)

Correction for NOP
Thermal Distribution

NA (95/50) (inch) (inch) (95/50) (inch_; ,c,e

(c) Adjustment for Residual Contact Pressure
Notes:

1. The value of H* before correction for Pcrev is used because the interaction surface is based on the H* value without the Pcrev adjustment.
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There are a number of utility specific RAts with numbers in the range of RAI 21 through
23, depending on the specific utility. The responses to utility-specific RAIs are provided
under separate cover by the utilities.

Vogtle 24. Reference 1, Page 9-6, Section 9.2.3.1: The feedwater line
RAI break heat-up transient is part of the plant design and

licensing basis. Thus, it is the NRC staffs position that H* and
the "leakage factors," as discussed in Section 9.4, should
include consideration of this transient. Explain why the
proposed H* and leakage factor values are conservative,
even with consideration of the feedwater line break.heat-up
transient.

WCGS 24. Reference 1, page 9-6, Section-9.2.3. 1: The FLB heat-up
transient is part of the plant design and licensing basis.
Thus, it is the staff's position that H* and the "leakage
factors," as discussed in Section 9.4, should include
consideration of this transient. Explain why the proposed H*
and leakage factor values are conservative, even with

• consideration of the FLB heat-up transient.
B/B 23. Reference 1, Page 9-6, Section 9.2.3.1: The FLB.heat-up

transient is part of the plant design and licensing basis. Thus,
it is the NRC staffs position that H* and the "leakage factors,"
as discussed in Section 9.4, should include consideration of
this transient, Explain why the proposed H* and leakage
factor values are conservative, even with consideration of the
FLB heat-up transient.

CPSES 24. Reference 1, page 9-6, Section 9.2.3.1: The FLB heat-up
transient is part of the plant design and licensing basis.
Thus, it is the NRC staff's position that H* and the "leakage
factors," as discussed in Section 9.4, should include
consideration of this transient. Please explain why the
proposed H* and leakage factor values are conservative,
even with consideration of the FLB heat-up transient.

Seabrook 24.Reference 1, Page 9-6, Section 9.2.3.1: The feedwater line
break heat-up transient is part of the plant design and
licensing basis. Thus, it is the staff's position. that H* and the
"leakage factors," as discussed in Section 9.4, should include
consideration of this transient. Explain why the proposed H*
and leakage factor values are conservative, even with
consideration of the feedwater line break heat-up transient.

Response:

Radiological consequences are a function of the source term and activity transport.

- Source term refers to the activity available for release. This is controlled bythe
Tech Specs on primary and secondary activity and the iodine spike
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considerations required by the NRC. Fuel damage is not expected for either the
SLB or the FLB. As a result, the source term would be the same. This is the
case for the H* plants under consideration.

- Activity transport is dependent upon initial locations of the activity and the
mechanism for transport that are applicable. For both the SLB and the FLB
events, the dose calculation would use the Tech Spec leakage rate for tube
leakage. For both the SLB and FLB events, the secondary break would be
assumed to occur outside containment such that the faulted SG releases would
occur directly to the atmosphere. As a result, the activity transport would be the
same.

Therefore, calculation of the dose consequences for the SLB event would be identical to
the calculations that would be made for a FLB event. In this subject, the item that is
addressed by the H* program is to define a criterion such that the Tech Spec tube
leakage is adequately bounding for both the FLB and SLB. The approach that is used is
to define- single values for a conservative, temperature and conservative pressure
differential for the determination of the leakage rate. For the purposes of the dose
calculation, these single values are effectively assumed both to be simultaneously
occurring and to be continuous for the duration of the calculation. In the dose
calculations, these leakage conditions are assumed to last anywhere from multiple hours
to multiple days. In some cases, the timeframe is based on allowing for plant cooldown
to 212°F which would also require depressurization of the RCS and, therefore reducing
the severity of conditions contributing to the tube leakage. However, as noted above,
the dose calculations do not consider a more realistic set of conditions for tube leakage.

With respect to temperature transients, a review of the steam generator design
transients and the FSAR safety analyses determined that they are not-appropriate for
defining a temperature basis for the leakage calculations. Those calculations are

focused on different criteria and include assumptions which would be overly
conservative and operationally limiting for the H* program. For secondary side breaks
occurring outside containment, reasonable assumptions would result in a much greater
cooling capability of the steam generator secondary side inventory in comparison to
FSAR safety analyses. Moreover, based on engineering judgment, a more realistic
time-dependent leakage for these events, would result in doseconsequences that are
less than those reported in the UFSAR under the current licensing basis for both a
postulated SLB and FLB event (including a FLB heatup event) due to the reduction in
pressure across the tubes and tubesheet that occurs over the long term duration of the
accident that is not currently accounted for in the dose analysis. This effect has not
been quantified nor does it need to be. It is simpler to define a reasonable peak
temperature to use as a basis for the duration of the dose calculation. As identified in

WCAP-17071-P and WCAP-17072-P, Westinghouse believes that, with assumptions
consistent with an outside containment break, and considering operator actions that are
consistent with current Emergency Operating Procedures (EOPs), the no-load condition
for a plant is a reasonable condition to use as the basis of the primary to secondary
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leakage. The EOPs, for an event which results in a Safety Injection, provide for
reduction/termination of safety injection flow and for initiation of cooldown and
depressurization of the reactor coolant system to the point that the RHR system can be
placed in operation for continued cooling of the RCS. These actions will significantly
reduce the pressure and temperature of the RCS to conditions less than the limiting
conditions proposed for use in the H* calculations. The cooldown is initiated by
releasing steam from the steam generators by using the systems that are available at
the time. The steaming of the steam generators provides the additional benefit of
increasing the available AFW flow injection due to a reduced pressure that the AFW
pumps have to overcome. Either by considering a reduction in dose consequences due
to a more realistic time dependent leakage for these events or by considering that the
FLB event is best represented as a cooldown event, it is concluded that no change is
required to the leakage factors for the Model F and D5 SGs as reported in WCAP-
17071-P and WCAP-1 7072-P.

However, the NRC staff has pointed out that the "figure of merit" in the technical
specification performance criterion is "the leakage rate assumed in the accident
analysis" and that a FLB heatup event is part of the current licensing basis for certain
plants in the H* fleet. Therefore, to ensure that there is sufficient margin between the
accident leakage and operational leakage during a postulated FLB as required by the
plant Technical Specifications and to ensure that the implementation of the H* criterion
remains within the current licensing basis, an adjustment to the leakage factors provided
in Table 9-7 of WCAP-17071-P and WCAP-17072-P has been made that
accommodates the design specification FLB heatup event. As noted above, the use of
temperatures from this transient is judged to be non-realistic and overly conseryative.
As described in WCAP-17071-P and WCAP-17072-P, for the Model F SGs, the FLB
design transient represents a double-ended rupture of the main feedwater line
concurrent with both a Station Blackout (loss of main feedwater and reactor coolant
pump coastdown) and Turbine Trip. For the Model D5 SGs, the maximum RCS
temperature of 670°F exceeds the saturation temperature which is not predicted to occur
by the worst case Chapter 15 Safety Analysis Transient response.

Because a FLB heat-up event would result in an increase in primary-to-secondary
leakage due to the reduction in viscosity of the reactor coolant, the extent of temperature
increase must be quantified to address the impact on radiological consequences for the
H* plants with Model F and Model D5 steam generators. Referring to references 9-12
and 9-13 of WCAP-17071-P and WCAP-17072-P, the maximum temperature rise for a
Model F SG is less than 6.50F above the normal operating hot leg temperature
(approximately 630'F). For the Model D5 steam generator, the maximum increase in
temperature is 50'F above the normal operating hot leg temperature (approximately
670'F). This would require a negligible increase in leakage factor for the Model. F SGs
reported in Table 9-7 (to a maximum of 2.05 from 2.03) and a slight increase in leakage
factors reported for the Model D5 steam generators (to a maximum of 2.31 from 2.03).
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The maximum temperature rise for a Model F SG is 66°F above the normal operating
cold leg temperature (to approximately 620'F). For the Model D5 steam generator, the
maximum increase in cold leg temperature is 120*F above the normal operating cold leg

temperature (to approximately 670°F). This would require a maximum increase in
leakage factor of 1 23 times the factors provided for the individual Model F SGs in Table
9-7 (to a maximum value of 2.50) and a maximum increase in leakage factor of 1.63
times the factors provided for the individual Model D5 steam generators to a maximum
value of 3.16. The leakage factor for the cold leg is limiting for a FLB heat-up event and
should be incorporated into the reporting requirements for the plant technical
specifications.

Revised versions of Tables 9-1 and 9-7 from WCAP-17071-P and WCAP-17072 -P are
provided in this RAI response to reflect the potential increase in temperature that may
occur during a postulated FLB event.

Finally, the feedwater line break heat-up transient definition is not a concern for the H*
structural analysis. The SIPC requirement for calculating the end cap load during the
faulted condition (1.4DP) during the feedwater line break condition does not exceed the
end cap load applied to the tubes during NOP (3.ODP). In fact, the applied end cap load
during feedwater line break, regardless of whether it is a heat-up or cool down feedwater

line break, is several hundred pounds less than the end cap load applied during normal
operating conditions. Therefore, n6rmal operating conditions are bounding for the
structural determination of H* in all cakes. Please refer to Section 5 and Section 6 in the
WCAP 17071-P and WCAP-17072-P for a discussion of the calculated end cap loads
and the contact pressure results for the feedwater line break condition..
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Table RAI24-1
Revised Table 9-1 Reactor Coolant System Temperature Increase Above Normal

Operating Temperature Associated With Design Basis Accidents

(References 9-12 and 9-13)

SG Type SteamL te r Locked Rotor Locked Rotor Control Rod
Line/Feedwater (Dead Loop) (Active Loop) EjectionLine Break(')

SG
SG SG SG SSG Hot SGHot SGHot So SG Hot Cold

SGootSGdot Cold Cold
L Leg Leg Leg Leg

Leg Leg (or) Leg)Leg Leg (OF) (OF)
(°FF) () (F) (°F) (0F) (0F) (°) °F

a,c,e

(1) The postulated SLB does not result in a temperature increase above normal
operating conditions as the SLB is a cooldown transient, only the postulated FLB can result
in a heatup event dependent upon accident analysis assumptions. The postulated FLB is
not part of the licensing basis for plants with Model 44F and Model 51 F SGs.
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Table RA124-2
Revised Table 9-7 Final H* Leakacie Analvsis Leak Rate Factors (Revised)

Transient SLB/FLB Locked Rotor Control Rod Ejection
FLB- VR(3,4) LR/NOPLeak VR3  Leak Adjusted

SLB/NOP SLB/FLB AP Ratio VR3 -Leak1 CRE LRF1
Plant Name AP Ratio @ Leak Rate @Rate Adjusted CREINOP @Rate

2642 L Factor LR LRF(1) AP Ratio 3030 Factor
(High Tavg) p Factor(LRF) 2711 psia ((2 sg(LRF) psia (LRF)

Byron Unit 2 and 1.93 1.61 3.11
Braidwood Unit 2

Salem Unit 1 1.79 1.21 2.16

Robinson Unit 2 1.82 1 1.82

Vogtle Unit 1 and 2 2.02 1.23 2.48

Millstone Unit 3 2.02 1.23 2.49

Catawba Unit 2 1.75 1.52 2.65

Comanche Peak 1.94 1.63 3.16

Unit 2

Vandellos Unit 2 1.97 1.22 2.41

Seabrook Unit 1 2.02 1.23 2.49

Turkey Point Units 1.82 1 1.82

3 and 4

Wolf Creek 2.03 1.23 2.50

Surry Units 1 and 2 1.80 1 1.80

Indian Point Unit 2 1.75 1 1.75

Point Beach Unit 1 1.73 1 1.73

1. Includes time integration leak rate adjustment discussed in Section 9.5.
2. The larger of the.AP's for SLB or FLB is used.
3. VR - Viscosity Ratio
4. VR - Viscosity Ratio in SG cold leg during a postulated FLB heatup event

a,c,e
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APPENDIX A
SUMMARY OF 2008-2009 PULL OUT TEST PROGRAM IN SUPPORT OF H*
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Abstract

Steam generator tubes made of Alloy 600 (A600) were hydraulically expanded in AISI 1018 cold
rolled, carbon steel, cylindrical collars, which simulate the steam generator tubesheet, and then
pulled by an MTS machine out of the collars in order that tube-to-tubesheet joint (hereafter
referred to as "joint" or "the joint") strength might be measured. Nine tubes from each of Model
F, Model D5, and Model 44F tubes were tested for pull out resistance, three at each expansion
length (13 inches, 15 inches, and 17 inches). The pull out test parameters were established so
that the results can be considered to be prototypic of the as-built condition of the steam
generators within the H* fleet (i.e., the test specimens were designed and manufactured to be
within the manufacturing tolerances for dimensional variations, material properties, and process
control parameters for the H* fleet steam generator tube joints).

The pull force capacity associated with 0.25 inch tube displacement relative to the tubesheet
ranged from approximately [ ]a,b,c lbf to approximately [. ]ab.c lbf. The values for the
maximum pull force ranged-from approximately [ ]a,b,c lbf to approximately [ ]abc lbf within
a maximum relative displacement of 2.02 inches, regardless of the tube outside diameter or
hydraulic expansion length[1 0].

Monte Carlo simulations were performed in order to better define a 5/50 value of pull force,
which is based on the presence of residual contact pressure, for use in the H* analysis. The
minimum 5/50 value of the pull force has been observed to be [ ]abc lbf, and this corresponds
very well to the lowest recorded pull force from the testing.

Introduction

H* (pronounced "H star") is the length of hydraulically expanded steam generator tube that must
remain intact within the tubesheet in order for the joint to resist pull out and leakage due to
normal operating or accident conditions. The basis of the H* program-is such that residual
contact pressure between the tube and the tubesheet is not considered in the structural or
leakage calculations. Hence, any indication of joint strength from test program data is a
measure of conservatism contained in the H* analysis.

Westinghouse commenced a test program in which steam generator tubes were hydraulically
expanded in cylindrical collars representing the tubesheet and pulled to measure joint strength.
There were no tack expansions, hard rolled expansions, or welds to consider. Initially, the H*
program applied to Model F steam generators, but it has been expanded to include Model D5,
Model 44F, and Model 51iF steam generators. The following sections of this document
summarize the results of this test program.
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Experimental

Materials

Alloy 600 tubes representing those from Model F, Model D5, and Model 44F steam generators
were cut to .seventeen, nineteen, and twenty-one inch lengths. The Model F steam generator
tube was taken from Heat NX7368 and is believed to be mill annealed. The Model D5 and
Model 44F steam generator tubes were taken from Heats 2645 and 752570, respectively, and
both are in the thermally treated condition. The chemical analyses for these materials are
contained in Table 1 and the mechanical properties are contained in Table 2. Note that the
mechanical properties listed in Table 2 are from the providers' certifications and from testing
done at Industrial Testing Laboratory Services (ITLS). The latter tests were done according to
ASTM E8-08 [1].

The cylindrical collars representing the tubesheet were cut to fifteen, seventeen, and nineteen
inch lengths from AISI 1018 cold-rolled, carbon steel. The chemical analysis and mechanical
properties of Heat 777553 are contained in Tables 3 and 4, respectively. It should be noted that
the outer diameters of the collars were chosen to be [ ]a'°'e times the outer diameter of the
tubes so that the stiffness of the actual tubesheet plate is correctly represented. This ratio is
based on the work of Middlebrooks et al. [2].

The list of tube and collar pairings is presented in Table 5. The indices are to be read as
follows: the first two indices refer to the overall length of the tube or collar, the second three
indices refer to the nominal OD of the tube or the nominal ID of the collar, and the last two
indices refer to the sample number. The "A" suffix refers to a second manufacture of the same
sample. It should be noted that two of the tests done were originally planned to be diagnostic in
nature. The collars were rebored so that they would contain an inner diameter surface finish of
250 micro-inch rms max. vice an engineered finish of 250 micro-inch rms. These collars were
from Heat 730492, and its properties are also contained in Tables 3 and 4.

Pre-Expansion Measurements

The inner diameters of the collars were measured by the vendor. (Tooling Specialists, Inc.,
Latrobe, PA) at distances corresponding to 25%, 50%, and 75% of the length of the collar,
relative to the serialized end. Two measurements, ninety degrees apart, were made with an
intramic at each location, and the two values at each location were then averaged. Surface
roughness measurements were also made by the vendor at the 25% and 75% distances using a
profilometer. Lack of an extension device for the profilometer did not permit roughness
measurements at the 50% distance.

After being cut, the inner and outer diameters of the A600 tubes were measured by an intramic

and the surface roughness of the outer diameters were measured with a profilometer at
Westinghouse RRAS (R. Fetter). The diameter measurements were made, relative to the non
serialized end, at distances that overlap those made in the collars. Thus, the 25%, 50%, and
75% distances correspond to those percents of the collar's length, not the tube's length. The
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inner and outer diameters were also measured at two points for each distance, ninety degrees
apart, and the two values were averaged.

Hydraulic Expansion

The tubes were inserted in the collars such that the non serialized end of the tube was flush with
the serialized end of the collar. Thus, the serialized end of the tubes protruded from the collars
by two inches. The tube/collar assemblies were then inserted on an O-ring mandrel, which was
connected to a screw drive pressurizing system. The tube/collar assemblies were pressurized
to a nominal pressure of [ a,c,e psi per Process Specification 81013RM, Revs. 4 through
10 applicable [ ]. The nominal expansion pressure was typically exceeded, but the excess was
less than [ ]ace psi, which is within the tolerance of the equipment ([ ]ace psi). This work
was performed at Westinghouse's Waltz Mill facility by M. Gallik and A: Stett. The details of the
tube expansion test plan are contained in [4],

Post-Expansion Measurements

After the hydraulic expansions were completed, measurements of the tubes' inner diameters
were again made with an intramic by Westinghouse RRAS (R, Fetter), and eddy current
measurements of individual tube/collar assemblies were performed by Westinghouse with the
3-coil +point and standard bobbin coil probes (R. Pocratsky). Once the measurements were
complete, the end caps were welded to the tubes at their serialized ends. The tube/collar
assemblies with the end caps welded on are shown in Figures 1 through 9.

Heat Treatment

Real tubesheet Z-channels are given a post-weld heat treatment (PWHT) with an electric "belt"
wrapped around the channel. In order to simulate that PWHT, the tube/collar assemblies were
heat treated in air at nominally [ ]a,c,e IF for nominally 3 hours in a Blue M furnace, Model
B-2730-Q. This was accomplished at Westinghouse's Churchill site (A. Neville). The actual
PWHT temperature applied to the Z-channel is 11501F. However, it was determined [5] that

c]ace F is higher than the vast majority of the tubes will experience by the PWHT.

Instrumentation

Prior to testing, the exposed ends of the tubes were fitted with two 350 ohm, quarter bridge
strain gauges. Additionally, two linear variable differential transformers (LVDTs) were used in
order to model the displacement of each end of the tube relative to the collar. All electronic
readouts (load cell, cross-head displacement, displacements of the LVDTs, and strains) were
recorded on a Strainbook data acquisition system.

Pull Tests

The pull tests were performed according to the test program described in [6] in air and at room
temperature. The mechanical operation of the MTS system was performed by M. Gallik and
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A. Stett, while the electronic recording of the data was done by A. Roslund, all of whom work at
Westinghouse's Waltz Mill facility. The sequence of the testing was activation of the Strainbook
and confirmation of its recording, initiation of the pull test, continuation of the pull test until
approximately two inches of cross-head displacement were achieved, and finally, the cessation
of pull testing and electronic recording of data.

Post-Test Evaluations

After the pull testing was complete, another set of eddy current measurements were made at
Westinghouse's Waltz Mill facility by R. Pocratsky. Again, both the .3-coil +point and standard
bobbin coil probes were used.

Monte Carlo Analysis

In support of the test program, Monte Carlo simulations were run,. based on means and
standard deviations from the test data, in order to determine a 5/50 bound on pull force. The
simulations were performed in two ways and on a tube OD basis: one simulation considered
the thirteen inch expansions only, and the other simulation considered all nine tests together,
ignoring expansion length difference. Seven distributions were chosen and the fitting
parameters set so that the resulting distribution has the mean and standard deviation of the test
data. The first was a truncated normal distribution. The other six were chosen so that their
domains span zero to positive infinity, their domains are continuous, and fitting parameters are
within their allowable ranges. They were lognormal, Erlang, Gamma, inverse Gaussian,
Pearson Type V, and Weibull. In each simulation,1100,000 iterations were run.

Discussion of Key Parameters

Tube pull out force capacity (based on residual contact pressure) can be derived from the
measured pull out forces from the test that simulate the as-manufactured condition of the steam
generators. All of the tests performed to date have demonstrated that a positive value of
residual contact pressure exists after the hydraulic expansion process. However, the results
from these tests depend on a number of factors including dimensional variations of the tubes
and tube collars, surface finish variations, potential manufacturing artifacts on the tubesheet
(collar) bore, tube joint process variables, and material properties of the test specimens. The
key items identified are addressed below.

The NRC staff has raised the concern that sufficient information must be provided to adequately
characterize the potential range in values of residual contact pressure between the tube and the
tubesheet (due to the hydraulic expansion process) which may be encountered within the whole
plant [7]. At that time, only limited pull out data existed upon which the residual contact
pressure was estimated. The staff pointed out [7] that the residual contact pressure, and thus
the residual load capacity, is highly sensitive to several parameters including hydraulic
expansion pressure, tube yield strength, tube material strain hardening properties, and initial
(pre-expansion) gap between the tube and the tubesheet. The NRC staff further pointed out in

[7] that additional information was necessary to establish whether the pull out test specimens
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adequately envelop the range of values of those parameters that may be encountered in the as-
built steam generators.

Consequently, two actions have been taken to address the NRC staff concerns. First, an
analysis was performed to identify the key parameters that affect the residual contact pressure

and to quantify the effects of uncertainties. Secondly, a new pull out test program was initiated
to provide test results that can be directly compared to the key parameters as identified by
analysis in support of the development of the H* criterion.

The analysis model used to evaluate the residual contact pressure was a two-dimensional,
plane strain, finite element model using the ANSYS computer code as described in Section 7 of
[8]. Based on a review of Table 7-3 of [8], the key parameters impacting pull out force capacity
are:

* Initial tube gap
0 Tube yield strength
* Tube joint expansion pressure
a Strain hardening.

Other parameters important to pull out force capacity not considered in the analytical model are
surface roughness and variations in the diameter of the tubesheet bore (waviness).

Table 6 provides a comparison of the as-built to as-tested parameters in the new test program.
Based "on a review of Table 6, several points can be made regarding the key parameters of the
pull out testing.

* It is expected that standard gun drilling practices used in the manufacture of steam

generators would typically result in nominal gaps between the tube and tubesheet. No
special controls were placed on the initial gap size as the test program was meant to be
as prototypic as possible.

* The yield strength of the tubes used for the test specimens simulating the as-built

configuration of the Model F and Model D5 steam generators was conservatively high
compared to the as-built mean values ([ ]a,b c ksi vs. [ ]a,bc ksi), because higher yield

strengths result in less tube deformation for a given expansion pressure. The yield
strength for the tubes used for the Model 44F steam generators was slightly less than
the as-built mean yield strength ([ ]a,b,o ksi vs. [ ]a,bc ksi).

* The expansion pressure used in the manufacture of the test specimen was consistent
with what is specified in [3] and is directly applicable to the as-built conditions of the
steam generators in the H* fleet.

* The surface roughness of the tubes outer diameters and the collars inner diameters was
well within the tolerances of the as-built conditions of the steam generators in the H*

fleet.
" The mechanical properties of the materials used for the test specimens are within ASME

Code specifications for the respective materials. Thus, use of the ASME Code values
for the key parameters of the H* study is valid.
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Other differences between the materials used for the test specimens for the pull out tests are
addressed below.

The use of mill annealed tube vice thermally treated tubing for the Model F specimens has been
evaluated and found to be acceptable. For room temperature testing, the key material property
affecting the residual contact pressure is yield strength. The difference between yield strength
of mill annealed material and thermally treated material is presented in Table 7 and further
discussed below. Based on the similarity of mechanical properties between the two materials, it
is concluded that there is no adverse effect on the test results. The yield strength value used for
the Model F test specimens was [ ]a,b,c ksi, which would result in a reduction of residual contact
pressure [9].

The test specimen collar is manufactured from AISI 1018 cold rolled, carbon steel. The material

used in the H* fleet is actually A508 Class 2a carbon steel. The use of the different material
does not adversely affect the pull test results since the primary property of the material in this
case is elastic flexural rigidity of the tubesheet (i.e., elastic modulus), and since the tube
expansion operation does not produce significant yielding of the tubesheet (the yield strength of
the. AISI 1018 cold. rolled, carbon steel at room temperature is -83 ksi), the use of higher
strength material for the collar is acceptable (see pp. 8-9 of [8]). Thus, it is concluded that the

pull out testing is representative of the as-built condition of the steam generators in the H* fleet.

Results

Table 8 shows the results of the pull tests, while Table 9 through Table 15 shows the results of
the Monte Carlo simulations. The latter results are calculated for the pull out force at 0.25 inch
displacement.

Discussion

Discussion between Westinghouse and the NRC staff has led to the decision that the pull out
force of record should be the pull out force at 0.25 inch cross head displacement. The following
discussion and analysis will, therefore, be based on that quantity.

Figure 10 plots the pull out force as a function of the collar ID surface roughness. The graph

also provides information on the tube expansion lengths and the tube diameters that were
tested. Intuitively, it would be expected that tube pull out force would increase with increasing
tube diameter (which provides greater surface area in contact), increasing tube expansion
length (which does the same thing), and increasing surface roughness. However, the results in
Figure 10 do not necessarily support these assumptions. The highest pull out force for 0.25
inch cross head displacement (approximately [ ]a,b,c.kips) occurred for both a test specimen with
the largest tube OD, the largest collar ID surface roughness, and the smallest expansion length,
as well as for a test specimen having the largest tube OD, one of the lowest collar ID surface
roughness values, and the smallest expansion length. The next highest pull out force ([ ]a,b,c

kips) occurred for tubes with varying degrees of collar ID surface roughness, for all tube ODs,
and for all expansion lengths. The lowest pull out force ([ ]ab,, lbf) occurred for a test
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specimen with a 0.75 inch tube OD, a collar ID surface roughness of - 50 micro-inch (rms), and
an expansion length of 15 inches. The lowest pull out force for a Model F test specimen was
less than [ ]abc kips. This specimen had a collar ID surface roughness less than 40 micro-
inch (rms) and an expansion length of 13 inches. The lowest pull out force for a Model 44F
specimen was less than [ ]ab,c kips. This specimen had a collar ID surface roughness of less
than 40 micro-inch (rms) and a tube expansion length of 15 inches.

Similarly, the pull test results are shown as a function of tube expansion length in Figure 11.
These results also show the lack of correlation between pull out force and tube OD and
expansion length.

Thepull force necessary to move a tube in the collar is a consequence of three main factors:
the residual contact pressure due to the hydraulic expansion, the surface roughness of the tube
and the collar, and any geometric irregularities due to machining of the tube and collar, which
are then subject to hydraulic expansion. As shown by analysis, the initial gap between the outer
diameter of the unexpanded tube and the tubesheet bore hole can adversely affect the resulting
residual contact pressure. Small variations along the length of the collar ID (waviness) due to
the gun drilling process are significant contributors to the pull out resistance. Geometric
irregularities are present as initial gaps between the tube and the collar and as bulges in the
tubes. One possible explanation for the significant variation in the test results may be that the
waviness was not well profiled due to the difficultyof quantifying this variable. Nonetheless, the
pull out test results do appear to be consistent with the expected as-built condition.

Recall that nine pull out tests were performed for each tube OD. Analysis' of variance (ANOVA
in statistics) is a collection of statistical models and their associated procedures in which the
observed variance is partitioned into components due to different explanatory variables. In its
simplest form, ANOVA provides a statistical test of whether the means of several groups of data
are all equal. One such method is called the F-test. Therefore, the F-test was conducted on the
pull out test capabilities comparing the variance of each set of 9 samples for each tube diameter
using Microsoft EXCEL. The F-test was used to determine whether or -not there was any
statistical difference between tube OD and pull test results. The answer was that it cannot be
concluded that there is any difference in the variance between each sample set and that the
means for tube pull out force for each of the outer diameters may be equal. Therefore, it. is
judged that all of the data can be considered to be one data set.

However, the NRC staff stated in [7] that there is a need to adjust the pull out data so as to
produce an estimate of the residual contact pressure that is conservative for the range of H*
values that are being proposed. In order to address this concern for the new pull out test data
(i.e., the expansion length of some of the pull out test data exceed the calculated H* values), the
sample sets for the different tube ODs were not combined. They were separated by expansion
length, even though the F-test results suggest that the mean values of the tube pull out capacity
are the same for different tube ODs and considering variations in expansion length and surface
roughness.

To investigate this further, the Monte Carlo simulations were performed. Each tube OD was
broken up into two sets (13 inch expansion length only and all expansion lengths) and
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distributions were chosen based on the criteria previously defined. Using the calculated means
and standard deviations from each data set, the fitting parameters for the seven distributions
chosen were calculated. Note that the fitting parameters for the normal and lognormal
distributions are simply the mean and standard deviation. In each case the 5/50 value was
recorded, and the lowest of these corresponded to a pull force of [ ]a,c,e Ibf. This was
calculated for the Model F tube, 13 inch expansion length only, and using the Weibull
distribution (see Table 15). This value is very consistent with the lowest actual pull force from
the test data ([ ]a,b,c lbf).
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Conclusion

Based on the results of the pull tests and Monte Carlo analyses, it is concluded that the end cap
load used in the H*analysis can be conservatively reduced by [ ]ace Ibf. H* can then be
recalculated accordingly.
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Table I
Chemical Analyses of the A600 Materials Used in This Test Program

Steam Generator F 5 4
Model ::~~ <~5 4

Huntington Alloys,
ChemicalAnalysi" s Plymouth Tube Co. Inc. AB Sandvik Steel

Salisbury, MD Huntington, WV

SHeat NX7368 2645 752570
-Element (w/o)

C 0.04 0.033 0.025
Mn 0.41 0.34 0.79
P N/A 0.007 0.009
S 0.001 0.001 0.002
Si 0.30 0.09 0.33
Cr 14.87 15.44 16.60
Ni 76.21 75.45 72.45
Cu 0.15 0.23 0.010
Co 0.04 0.04 0.011
Fe 7.98 8.42 9.29
B N/A 0.003 N/A

Table 2
Mechanical Properties of the A600 Materials Used in This Test Program

Steam TM Me:h:rii: [ 2
GeneratorQ Heat~ Propery Uy ( c~psi) (71 1(psi) <Elongation (%Xo

Vendor 59,700 106,600 39
ITLS 58,000 108,000 32

Vendor 43,000 97,000 41.5
ITLS 54,000 110,000 35

Vendor 47,500 101,700 45.5
44 ITLS 46,000 101,000 40
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Table 3
Cold-Rolled, Carbon Steel Used inChemical Analyses of the 1018 This Test Program

ehemica I Em
~Steel !Analysis WHeat CMnS

,Source

Steel Bar
AISI Corp. 777553 0.17 0.84 0.27 0.030 0.005
1018 Greensboro,

NC
Steel Bar

AL11 Corp. 730492 0.18 0.79 0.22 0.030 0.010
1018 Greensboro,

NC

Table 4
Mechanical Properties of the 1018 Cold-Rolled, Carbon Steel Used in This Test Program

AISI 1018 777553

Lubose
National
Energy

Services, Inc.
Clinton, NC

83.0 90.0 18

DuBose
National

AISI 1018 730492 Energy 67.5 79.3 25
Services, Inc.
Clinton, NC
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Table 5
Steam Generator Tube and Collar Pairings Used in This Test Program

1-ube 8-01Heat N761 -Collar Heat
17-688-01A NX7368 15-699-01A 777553
17-688-02A NX7368 15-699-02A 777553
17-688-03 NX7368 15-699-03A 777553
19-688-01 NX7368 17-699-01A 777553
19-688-02 NX7368 17-699-02A 777553
19-688-03 NX7368 17-699-03A 777553
21-688-01 NX7368 19-699-01A 777553
21-688-02 NX7368 19-699-02A 777553
21-688-03 NX7368 19-7699-03A 777553

17-750-01A 2645 15-762-01A 777553
1 7-750-02A 2645 1 5-762-02A 777553
17-750-03 2645 15-699-03 730492
19-750-01 2645 17-762-01A 777553
19-750-02 2645 17-762-02A 777553
19-750-03 2645 17-762-03A 777553
21-750-01 2645 19-762-01A 777553
21-750-02 2645 19-762-02A 777553
21-750-03 2645 19-762-03A 777553

17-875L01A 752570 15-888-01A 777553
17-875702A 752570 15-888-02A 777553
17-875-03 752570 15-762-03 730492
19-875-01 752570 17-888-01A 777553
19-875-02 752570 17-888-02A 777553
19-875-03 752570 17-888-03A 777553
21-875-01 752570 19-888-01A 777553
21-875-02 752570 19-888-02A 777553
21-875-03 752570 19-888-03A 777553

87



LTR-SGMP-09-100 NP-Attachment

Table 6
Residual Contact Pressure Critical Parameter Comparison

Key Paramete'rs ~ Model F J~Model D5 Models 44F -51 F
As-BuiLf.. As-Tested,. YAsBu iltt As-Tested As-Built As-Tested

Average Initial ace

Gap (inches)

Tube Yield
Strength (ksi)

Expansion
Pressure (ksi)
Tube Outer

Diameter Surface
Roughness

p in. rms
Collar Inner

Diameter Surface
Roughness

p in. rms
Tube OD (in)
Collar ID (in)

Table 7
Comparison of Yield Strength Between Mill Annealed and Thermally Treated Alloy 600

Minimum K -n a,c,e
Mean
Maximum
Standard Deviation

Number of Tests 361 307
Tube Size (OD) 7/8 inch 7/8 inch
Data Reference [1] Reference [1]
Yield Strength values are in units of ksi.
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Table 8
Results of the Pull Testing

'~~> ~Load atO0.25" <Max. Displacements

Displacement4.;
TbID Hat ColarI D (kip) L~oad (Kip) at Max. Load(in)

17-688-01A NX7368 15-699-01A 777553

17-688-02A NX7368 15-699-02A 777553

17-688-03 NX7368 15-699-03A 777553

19-688-01 NX7368 17-699-01A 777553

19-688-02 NX7368 1.7-699-02A 777553

19-688-03 NX7368 17-699-03A 777553

21-688-01 NX7368 19-699-01A .777553

21-688-02 NX7368 19-699-02A 777553

21-688-03 NX7368 19-699-03A 777553.

17-750-01A 2645 15-762-01A 777553

17-750-02A 2645 15-762-02A 777553

17-750-03 2645 15-699-03 730492

.19-750-01 2645 17-762-01A 777553

19-750-02 2645 17-762-02A 777553

19-750-03 2645 17-762-03A 777553 _

21-750-01 2645 .19-762-01A 777553

21-750-02 2645 19-762-02A 77.7553

21-750-03 2645 19-762-03A 777553.

17-875-01A . 752570 15-888-01A 777553

17-875-02A 752570 15-888-02A 777553

17-875-03 752570 15-762-03 730492

19-875-01 752570 17-888-01A 777553

19-875-02 752570 17-888-02A 777553

.19-875-03 752570 17-888-03A 777553

21-875-01 752570 19-888-01A 777553

21-875-02 752570 19-888-02A 777553

21-875-03 752570 19-888-03A 777553

a,b,c
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Table 9
Monte Carlo Results for the Truncated Normal Distribution

Distribution Normal Distribution (truncated at 0)
5/50 Pull Out

Case 1 Parameters to Define the Distribution
Force (kip)

Model F Name Mean Stand. Dev.
13" Expansion Symbol " It ______ [ ]a~ce

Value [ c,e ac,e

5/50 Pull OutCase 2 Parameters to Define the Distribution Force (kip)

Name Mean Stand. Dev.
Model F S [ ac~e
All Expansions Value ]a,c,e I] a,c,e

5/50 Pull Out
Case 3 Parameters to Define the Distribution Forc P)

Force (kip)

Name Mean Stand. Dev.Model D5Sybl________ajce

13" Expansion Symbol 1 e 1a• ]ae
Value I j 5,c,e 5 Pl,c,O

Case 4 Parameters to Define the Distribution 5/50 Pull Out
Force (kip)

Model D5 Name Mean Stand. Dev.Symbol " _] ,•All Expansions a aceValue a,c,e
J: 5/50 Pull Out

Case 5 Parameters to Define the Distribution, Force (kip)

Model 44F Name Mean Stand. Dev.13" Expansion Symbol ax e__[_] a,c,eValue ]Ia~ce ]a

5/50 Pull Out
Case 6 Parameters to Define the Distribution

Force (ki)

ode 44F Name Mean Stand. Dev.

A ll E x p a n s io n s S y m b o l _ _ _ _ _ _ _ 
[ ]ac ,e

Value I 1 ae
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Table 10
Monte Carlo Results for the LogNormal Distribution

Distribution ] Lognormal Distribution

Case 1 Parameters to Define the Distribution 5/50 Pull Out
Force (kip)

Model F Name Mean Stand. Dev.
13' Expansion Symbol aace

Value [ ]ace ac,e

5/50 Pull Out
Case 2 Parameters to Define the Distribution~Force (kip)

Model F Name Mean Stand. Dev. ac~eAldl Exasin Symbol G "[ ] ~~
All Expansions Value a,c,e a,c,e

Case 3 Parameters to Define the Distribution 5/50 Pull Out

Force (kip)

Name Mean Stand. Dev.Model D5 ce

1 'Epnin Symbolj_________. [ ac
13" Expansion Value I a,c,e I j a,c,e

Case 4 Parameters to Define the Distribution 5/50 Pull Out
_ __ __ Force (kip)

Model D5 Name Mean Stand. Dev.l SymbolAll Expansions Value a,c,e . j a,c,e

5/50 Pull Out
Case 5 Parameters to Define the Distribution. Forc P)Force (kip)

Name Mean Stand. Dev.
Model 44F Symbol [ ]a,c,e
13" Expansion Value [ G

Case 6 Parameters to Define the Distribution 5/50 Pull Out
_Force (kip)

Model 44F Name Mean Stand. Dev.
All Expansions Symbol ___ ]_ace___" [ ]GacIe

Value ace I a,ce
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Table 11
Monte Carlo Results for the Erlang Distribution

Distribution I Erlang Distribution
5/50 Pull Out

Case 1 Parameters to Define the Distribution Forc Pu
--- .Force (kip)

Model F Name Cont. Shape Par. Cont. Scale Par.Model .F Nameo t. Shp ]Pace a,c,e

13" Expansion Value m a,c,e [ a

5/50 Pull Out
Case 2 Parameters to Define the Distribution Force (kip)

Name Cont; Shape Par. Cont. Scale Par.Model F Sy bllrace•]ace[ ]a,c,e

All Expansions Symbol m
Value 1 a~ce - a,c,e

5/50 Pull Out
Case 3 Parameters to Define the Distribution Force (kip)

Model D5 Name Cont. Shape Par. Cont. Scale Par.
13" Expansion Symbol m .llc.[ ].a~ce

Value [ ],ce

Case 4 Parameters to Define the Distribution 5/50Pull Out
Force (kip)

Model D5 Name Cont. Shape Par. Cont. Scale Par.
All Expansions Symbol m Pr [ ]ac~eValue [ ]ace a,c,e

5/50 Pull Out
Case 5 Parameters to Define the Distribution Forc P)Force 

(ki p)
Model 44F Name Cont. Shape Par. Cont. Scale Par.13" Expansion Symbol m [ ae [ ].a,c,e

13 xQIQwI Value ]a~ce a

Case 6 Parameters to Define the Distribution 5/50 Pull Out
. Force (kip)

Model 44F Name Cont. Shape Par. Cont. Scale Par:Symbol m [
All Expansions Value [ ]a,c,me [ ]ace
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Table 12
Monte Carlo Results for the Gamma Distribution

Distribution Gamma Distribution
5/50 Pull Out

Case 1 Parameters to Define the Distribution Forc Pu
Force (kip)

Model F Name Cont. Shape Par. Cont. Scale Par.Symbol (X 13 [ ]ace
13" Expansion Value [ ]a,c,e [ ]a,c,e

5/50 Pull Out
Case 2 Parameters to Define the Distribution Force (kip)

ModelF Name Cont. Shape Par. Cont. Scale Par.MdlFSymbol a• 13 [ ] a~c~e

All Expansions Value a,c,e [ a,ce

5/50 Pull Out

Case 3 Parameters to Define the Distribution Forc Pki Ou
Force (kip)

Model D5 Name Cont. Shape Par. Cont. Scale Par.Symbol P 13 [ ]a1c~e
13" Expansion Value [ ]e I cae

5/50 Pull Out
Case 4 Parameters to Define the Distribution_ Force (kip)

Name Cont. Shape Par. Cont. Scale Par.
Model D5 Symbol a i 13 [ ] a'c'e

All Expansions Value ]ace ],c,e

5/50 Pull Out
Case 5 Parameters to Define the Distribution._ ~Force (kip

Model 44F Name Cont. Shape Par. Cdnt. Scale Par.
13" 44F Symbol cc13 [ a,c,e

13" Expansion Value ] a,Ic,e [ ae

5/50 Pull OutCase 6 Parameters to Define the Distribution Force (kip)

Model 44F Name Cont. Shape Par. Cont. Scale Par.
Model 44F Symbol c 13 ] a,c,[All Expansions Value [______]__ a~ , [
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Table 13
Monte Carlo Results for the Inverse Gaussian Distribution

Distribution Inverse Gaussian Distribution
5/50 Pull Out

Case 1 Parameters to Define the Distribution 5Force (kip)

Name Cont. Par:. Cont. Par.
Model F Symbol X 2. [ ]a,c,e

13" Expansion Value [ ]a,ce ]ace

Case 2 Parameters to Define the Distribution 5/50 PullOut~Force (kip)

Model F Name Cont. Par. Cont. Par.

All Expansions Symbol I _ _ _ _ _ _e X a,c,e__ _

ValueI J[ ]ae
5/50 Pull Out

Case 3 Parameters to Define the Distribution Forc ki
Force (kip)

Model D5 Name Cont. Par. Cont. Par.
Symbol D5 ] a,c,e__._ac

13" Expansion Value [ . [ aac~e

5/50 Pull Out
Case 4 Parameters to Define the Distribution Forc Pu

Force (kip)

Model D5 Name Cont. Par. Cont. Par.
All Expansions Symbol __ ]_acee [ ]ac~e

Value [ . [ a,c,e
5/50 Pull Out

Case 5 Parameters to Define the Distribution Force (kip)

Name Cont. Par. Cont. Par..
Model 44F Symbol X a 2[ a'c'e

13" Expansion Value [.[. a,c,e

Force (kip)

Model 44F Name Cont. Par. C Cont. Par.
All Expansions Symbol ac,e. a,c,e

Value]ae [ ]ce
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Table 14
Monte Carlo Results for the Pearson Type V Distribution

Distribution Pearson Type V Distribution
5/50 Pull Out

Case 1 Parameters to Define the Distribution Forc P)
Force (kip)

Name Cont. Shape Par. Cont. Scale Par.Symbol U__ _3 [ ] a,c,e

13" Expansion Value a,c,e ]a,c,e

5/50 Pull Out
Case 2 Parameters to Define the Distribution Force (kip)

Model F Name Cont. Shape Par. Cont. Scale Par.

A ll Expansions S ym bol ___ _ c_ _ _3 _[ 
a~c~ e

Value ]a~c~e [ ae

Case 3 Parameters to Define the Distribution 5/50 Pull Out
Force (kip)

Name Cont. Shape Par. Cont. Scale Par.Model D5 Symbol a .3 [ ] a,c,e
13" Expansion Value ] a,c,e I a,c,e

Case 4 Parameters to Define the Distribution 5/50 Pull Out
_orce _ki

Name. Cont. Shape Par. Cont. Scale Par.Model D5 Smo 3[ ]~~

All Expansions Symbol -[ace a caeValue ]ace[ ]ace
5/50 Pull Out

Case 5 Parameters to Define the. Distribution
Force (kip)

Model 44F Name Cont. Shape Par. Cont. Scale Par.
13" Expansion Symbol t (X1 [ ]ac~ e

Value a,c,e a,c,e

5/50 Pull Out
Case 6 Parameters to Define the Distribution Force (kip)

Model 44F Name Cont. Shape Par. Cont. Scale Par.All 44F Symbol cc aa ]acIe
All Expansions Value ] ace ] ace
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Table 15
Monte Carlo Results for the Weibull Distribution

Distribution Weibull Distribution
5/50 Pull Out

Case 1 Parameters to Define the Distribution Forc Pu
Force (kip)

Model F Name Cont. Shape Par. Cont. Scale Par.
Symbol , 13 a,c,e

13" Expansion Value ] a c,e [ ] a,c,e

Case 2 Parameters to Define the Distribution
Force (kip)

Model F Name Cont. Shape Par. Cont. Scale Par.
Symbol _ _ _ _3 ac~e

All Expansions
Value a,c,e Pa,c,e

Case 3 Parameters to Define the Distribution 5/50 Pull Out
Force (kip

Name Cont. Shape Par. Cont. Scale Par.Model D5 Symbol ____]_ace [ ]a~c,e

13" Expansion Value [ ]a,c,e ace

Case 4 Parameters to Define the Distribution 5/50 Pull Out
Force (kip)

Name Cont. Shape Par. Cont. Scale Par.M odel D 5I ] ace
Symbol a •3 [ ]ac'e

All Expansions ]a,c,e a,c,e

5/50 Pull OutCase 5 Parameters to.Define the Distribution 5
CeForce (kip)

Model 44F Name Cont. Shape Par. Cont. Scale Par. a
13" Expansion Value [ ] a c,e [ a,c,e

Case 6 Parameters to Define the. Distribution 5/50 Pull Out
Force (kip)

Name Cont. Shape Par. Cont. Scale Par.
Model 44F Symbol______
All Expansions Value [ ace [ ] aacce

L -V lea,c,e _________________________
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Figure 1
The Model F 13 Inch Expansion Tube/Collar Assembly

a,c,e
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Figure 2
The Model F 15 Inch Expansion Tube/Collar Assembly

a,c,e
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Figure 3
The Model F 17 Inch Expansion Tube/Collar Assembly

a,c,e
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Figure 4
The Model D5 13 Inch Expansion Tube/Collar Assembly a,c,e
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Figure 5
The Model D5 15 Inch Expansion Tube/Collar Assembly• a,c,e
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.Figure 6
The Model D5 17 Inch Expansion Tube/Collar Assembly ace

1.02
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Figure 7
The Model 44F 13 Inch Expansion Tube/Collar Assembly

-, a,c,e
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Figure 8
The Model 44F 15 Inch Expansion Tube/Collar Assembly

a,c,e
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Figure 9
The Model 44F 17 Inch Expansion Tube/Collar Assembly

a,c,e

105



LTR-SGMP-09-100 NP-Attachment

Figure 10
A Plot of Pull Out Force vs. Surface Roughness

a,c,e
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Figure 11
The Pull Out Force vs. Expansion Length for a Given Tube OD

a,c,e
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Attachment 9
LR-N09-0232

LAR S09-04

Westinghouse affidavit letter CAW-09-2633, conforming to the provisions of
IOCFR2.390 for withholding the proprietary RAI Responses (LTR-SGMP-09-100 P-

Attachment)



Westinghous'e Westinghouse Electric Company
Nuclear Services
P.O. Box 355
Pittsburgh, Pennsylvania 15230-0355
USA

Direct tel: (412) 374-4643
Directfax: (412) 374-3846

e-mail: greshaja@westinghouse.com

U.S. Nuclear Regulatory Commission
Document Control Desk
Washington, DC 20555-0001

Our ref: CAW-09-2633

August 13, 2009

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: LTR-SGMP-09-100 P-Attachment, "Response to NRC Request for Additional Information on
H*; Model F and Model D5 Steam Generators," dated August 2009 (Proprietary)

The proprietary information for which withholding is being requested inthe above-referenced report is
further identified in Affidavit CAW-09-2633 signed by the owner of the proprietary information,
Westinghouse Electric Company LLC. The affidavit, which accompanies this letter, sets forth the basis
on which the information may be withheld from public disclosure by the Commission and addresses with
specificity the considerations listed in paragraph (b)(4) of 10 CFR Section 2.390 of the Commission's
regulations.

Accordingly, this letter authorizes the utilization of the accompanying affidavit by PSEG Nuclear, LLC.

Correspondence with respect to the proprietary aspects of the application for withholding or the
Westinghouse affidavit should reference this letter, CAW-09-2633, and should be addressed to
J. A. Gresham, Manager, Regulatory Compliance and Plant Licensing, Westinghouse Electric Company
LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.

Very tuyyour,

J.,A.GrshmManager

Regulatory Compliance and Plant Licensing

Enclosures

cc: G. Bacuta, (NRC OWFN 12E-1)
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bcc: J. A. Gresham (ECE 4-7A) IL
R. Bastien, IL (Nivelles, Belgium)
C. Brinkman, IL (Westinghouse Electric Co., 12300 Twinbrook Parkway, Suite 330, Rockville, MD .20852)
RCPL Administrative Aide (ECE 4-7A) IL (letter and affidavit only)
G. W. Whiteman, Waltz Mill
H. 0. Lagally, Waltz Mill
C. D. Cassino, Waltz Mill
J. T. Kandra, Waltz Mill
D. H. Warren, Windsor
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AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

ss

COUNTY OF ALLEGHENY:

Before me, the undersigned authority, personally appeared J. A. Gresham, who, being by me duly

sworn according to law, deposes and says that he is authorized to execute this Affidavit on behalf of

Westinghouse Electric Company LLC (Westinghouse), and that the averments of fact set forth in this

Affidavit are true and correct to the best of his knowledge, information, and belief:

J.A. Gresham, Manager

Regulatory Compliance and Plant Licensing

Sworn to and subscribed before me

this 13th day of August 2009

Notary Public

COMMONWEALTH OF PENNSYLVANIA
Notarial Seal

Joyce A. Szepessy, Notary Public
Monroevllle Boro, Allegheny County

My Commission Expires April 1, 2013
Member, Pennsylvania Association of Notaries
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(1) I am Manager, Regulatory Compliance and Plant Licensing, in Nuclear Services, Westinghouse

Electric Company LLC (Westinghouse), and as such, I have been specifically delegated the

function of reviewing the proprietary information sought to be withheld from public disclosure in

connection with nuclear power plant licensing and rule making proceedings, and am authorized to

apply for its Withholding on behalf of Westinghouse.

(2) I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the

Commission's regulations and in conjunction with the Westinghouse "Application for

Withholding" accompanying this Affidavit.

(3) I have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

(4) Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission's regulations,

the following is furnished for consideration by theCommission in determining whether the

information sought to be withheld from public disclosure should be withheld.

(i) The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

(ii) The information is of a type customarily held in confidence by Westinghouse and not

customarily disclosed to the public. Westinghouse has a rational basis for determining

the types of information customarily held in confidence by it and, in that connection,

utilizes a system to determine when and whether to hold certain types of information in

confidence. The application of that system and the substance of that system constitute

Westinghouse policy and provide the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several

types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of
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Westinghouse's competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.

(b) It consists of supporting data, including test data, relative to a process (or

component, structure, tool, method, etc.), the application of which data secures a

competitive economic advantage, e.g., by optimization or improved

marketability.

(c) Its use, by a competitor would reduce his expenditure of resources or improve his

competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

(d) It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

(e) It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

(f) It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons behind the Westinghouse system which include the

following:

(a) The use of such information by Westinghouse gives Westinghouse a competitive

advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

(b) It is information that is marketable in many ways. The extent to which such

information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

(c) Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.
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(d) Each component of proprietary information pertinent to a particular competitive

advantage is potentially as valuable as the total competitive advantage. If

competitors acquire components of proprietary information, any one component

may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.

(e) Unrestricted disclosure would jeopardize the position of prominence of

Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

(f) The Westinghouse capacity to invest corporate assets in research and

development depends upon the success in obtaining and maintaining a

competitive advantage.

(iii) The informationis being transmitted to the Commission in confidence and, under the

provisions of 10 CFR Section 2.390, it is to be received in confidende by the

Commission.

(iv) The information sought tobe protected is not available in public sources or available

information has not been previously employed in the same original manner or method to

the best of our knowledge and belief.

(v) The proprietary information sought to be withheld in this submittal is that which is

appropriately marked in LTR-SGMP-09- 100 P-Attachment, "Response to NRC Request

for Additional Information on H*; Model F and Model D5 Steam Generators," dated

August 2009 (Proprietary), for submittal to the Commission, being transmitted by PSEG

Nuclear, LLC letter and Application for Withholding Proprietary Information from

Public Disclosure to the Document Control Desk. The proprietary information as

submitted for use by Westinghouse for Salem Unit 1 is expected to be applicable to other

licensee submittals in support of implementing an alternate repair criterion, called H*,

that does not require an eddy current inspection and plugging of steam generator tubes

below a certain distance from the top of the tubesheet.

This information is part of that which will enable Westinghouse to:
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(a) Provide documentation of the analyses, methods, and testing which support the

implementation of an alternate repair criterion, designated as H*, for a portion of

the tubes within the tubesheet of the Salem Unit 1 steam generators.

(b) Assist the customer in obtaining NRC approval of the Technical Specification

changes associated with the alternate repair criterion.

Further this information has substantial commercial value as follows:

(a) Westinghouse plans to sell the use of similar information to its customers for the

purposes of meeting NRC requirements for licensing documentation.

(b) Westinghouse can sell support and defense of the technology to its customers in

the licensing process.

Public disclosure of ihis proprietary information is likely to cause substantial harm to the

competitive position of Westinghouse because it would enhance the ability of

competitors to provide similar calculation, evaluation and licensing defense services for

commercial power reactors without commensurate expenses. Also, public disclosure of

the information would enable others to use the information to meet NRC requirements for

licensing documentation without purchasing the right to use the information.

The development of the technology described in part by the information is the result of

applying the results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.

In order for competitors of Westinghouse to duplicate this information, similar technical

programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or non-proprietary versions of documents furnished to
the NRC in connection with requests for generic and/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.390 of the Commission's regulations
concerning the protection of proprietary information so submitted to the NRC, the information
which is proprietary in the proprietary versions is contained within brackets, and where the
proprietary information has been deleted in the non-proprietary versions, only the brackets remain
(the information that was contained within the brackets in the proprietary versions having been
deleted). The justification for claiming the information so designated as proprietary is indicated
in both versions by means of lower case letters (a) through (f) located as a superscript
immediately following the brackets enclosing each item of information being identified as
proprietary or in the margin opposite such information. These lower case letters refer to the types
of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the affidavit accompanying this transmittal pursuant to 10 CFR 2.390(b)(1).

COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is
permitted to make the number of copies of the information contained in these reports which are
necessary for its internal use in connection with generic and plant-specific reviews and approvals
as well as the issuance, denial, amendment, transfer, renewal, modification, suspension,
revocation, or violation of a license, permit, order, or regulation subject to the requirements of 10
CFR 2.390 regarding restrictions on public disclosure to the extent such information has been
identified as proprietary by Westinghouse, copyright protection notwithstanding. With respect to
the non-proprietary versions of these reports, the NRC is permitted to make the number of copies
beyond those necessary for its internal use which are necessary in order to have one copy
available for public viewing in the appropriate docket files in the public document room in
Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must
include the copyright notice in all instances and the proprietary notice if the original was
identified as proprietary.
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PSEG Nuclear, LLC
Letter for Transmittal to the NRC

The following paragraphs should be included in your letter to the NRC:

Enclosed are:

1. 1 copy of LTR-SGMP-09-100 P-Attachment, "Response to NRC Request for Additional
Information on H*; Model F and Model D5 Steam Generators," dated August 2009
(Proprietary).

2. 1 copy of LTR-SGMP-09-100 NP-Attachment, "Response to NRC Request for Additional
Information on H*; Model F and Model D5 Steam Generators," dated August 2009 (Non-
Proprietary).

Also enclosedis Westinghouse authorization letter CAW-09-2633 with accompanying Affidavit,
Proprietary Information Notice, and Copyright Notice.

As Item 1 contains information proprietary to Westinghouse Electric Company LLC, it is
supported by an affidavit signed by Westinghouse, the owner of the information. The affidavit
sets forth the basis on which the information may be withheld from public disclosure by the
Commission and addresses with specificity the considerations listed in paragraph (b) (4) of
Section 2.390 of the Commission's regulations.

Accordingly, it is respectfully requested that the information which is proprietary to
Westinghouse be withheld from public disclosure in accordance with 10 CFR Section 2.390 of
the Commission's regulations.

Correspondence with respect to the copyright or proprietary aspects of the items listed above or
the supporting Westinghouse affidavit should reference CAW-09-2633 and should be addressed
to J. A. Gresham, Manager, Regulatory Compliance and Plant Licensing, Westinghouse Electric
Company LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.
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Salem Unit I site specific response to (Industry) RAI questions 21, 22, and 23

Reference 1 (below) provided a request for additional information to Southern Nuclear
Operating Company related to their application for a permanent alternate repair criterion
based on WCAP-17071-P,'Revision 0. Since Reference 1 is applicable to the PSEG
application, a response is being provided by PSEG.

Provided below are response to questions 21, 22, and 23. Attachment 7 provides
response to questions 1 through 20 and 24. The specific NRC question is provided in
italics.

21. The limiting leakage factor, for VEGP is greater than 2.0 per Reference 2. The
reporting requirement proposed by VEGP only requires them to report if they use
a leakage factor of less than 2.0. The NRC staff understands that the licensee.
does not want to give a false impression that it can measure very small leak
rates; however, the NRC staff feels it is appropriate for the licensee to use a
number that bounds the plant-specific limiting leakage factor in Reference 2.
Please discuss your plans to incorporate a limiting leakage factor that bounds the
value in Reference .1.

Response: As discussed in Attachment 1, PSEG will use the plant specific leakage
factorof 2.16 based on Table 9-7 of WCAP-1 7017-P, as revised by the response to RAI
24 (Attachment 7)

22. In the May 19, 2009, letter, VEGP commits to monitor for tube slippage as part of
the SG tube inspection program. The "due date/event" is prior to the start of
Refueling Outage 1R15. It is not clear whether the planned monitoring will be
performed once and whether it only applies to Unit 1. The commitment should
be modified to. indicate that the tube slippage will be monitored at both units
during every SG tube inspection outage.

Response: Tube slippage monitoring is only applicable to Salem Unit 1. PSEG
commits to monitor for tube slippage as part of the Salem Unit 1 steam generator tube
inspection program.

23. In the May 19, 2009, letter, VEGP commits to determine the position of the
bottom of the expansion transition in relation to the top of the tubesheet and to
enter "any significant deviation" into their corrective action program. This is a
one-time verification prior to implementation of H*. The commitment should be
modified to also include a commitment to notify the NRC staff if significant
deviations in the location of the bottom of the expansion transition relative to the
top of the tubesheet are detected.

Response: PSEG commits to perform a one-time verification of the tube expansion to
locate any significant deviations in the distance from the top of the tubesheet to the
bottom of the expansion transition (BET). If any deviations are found, the condition will
be entered into the corrective action program and dispositioned. Additionally, PSEG
commits to notify the NRC of significant deviations.
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Response to
NRC Request for Additional Information on H*; RAI #4;

Model F and Model D5 Steam Generators

References:
1. NL-09-0547, Vogtle Electric Generating Plant License Amendment Request to Revise

Technical Specification(TS) Sections 5.5.9, "Steam Generator (SG) Program" and TS
5.6.10, "Steam Generator Tube Inspection Report for Permanent Alternate Repair Criteria,"
Southern Company, May.19, 2009.

2. RS-09-071, "License Amendment Request to Revise Technical Specifications (TS) for
Permanent Alternate Repair Criteria," Exelon Nuclear, June 24, 2009.

3. CP-200900748, Log # TXX-09075, "Comanche Peak Steam Electric Station (CPSES)
Docket Nos. 50-445 and 50-446, License Amendment Request 09-007, Model D5 Steam
Generator Alternate Repair Criteria," Luminant, June 8, 2009.

4. SBK-L-0911.8, "Seabrook Station: License Amendment Request 09-03; Revision to
Technical Specification 6.7.6.k, "Steam Generator (SG) Program," for Permanent Alternate
Repair Criteria (H*)," May 28, 2009.

5. Vogtle Electric Generating Plant, Units 1 and 2, Request for 'Additional Information
Regarding Steam Generator Program (TAC Nos. ME1339 and ME1340)," United States
Nuclear Regulatory Commission, July 10, 2009.

6. Braidwood Station, Units 1 and 2, and Byron Station, Unit Nos. 1 and 2 - Request for
Additional Information Related to Steam Generator Permanent Alternate Repair Criteria
(TAC Nos. ME1613, ME1614, ME1615; and ME1616)," United States Nuclear Regulatory
Commission, July 20, 2009.

7. Comanche Peak Steam Electric Station, Units 1 and 2 - Request for Additional Information
Regarding the Permanent Alternate Repair Criteria License Amendment Request (TAC Nos.
ME1446 and ME1447)," United States Nuclear Regulatory Commission, July 23, 2009.

8. WCAP-17071-P, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in
Steam Generators with Hydraulically Expanded Tubes (Model F)," Westinghouse Electric
LLC, April 2009.

9. WCAP-17072-P, "H*: Alternate Repair Criteria for the Tubesheet Expansion Region in
Steam Generators with Hydraulically Expanded Tubes (Model D5)," Westinghouse Electric
LLC, May 2009.

10. "Vogtle Electric Generating Plant, Units 1 and 2, Request for Additional Information

Regarding Steam Generator Program (TAC Nos. ME1339 and ME1340)," United States
Nuclear Regulatory Commission, August 5, 2009
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11. LTR-SGMP-09-100, "Response to NRC Request for Additionalinformation on H*; Model F
and Model D5 Steam Generators," August 2009

12. LTR-NRC-09-26, "LTR-SGMP-09-66 P-Attachment, "White Paper: Low Temperature Steam
Line Break Contact Pressure and Local Tube Bore Deformation Analysis for H*
(Proprietary)," Westinghouse Electric Company LLC, May 13, 2009.

13. Seabrook Station, Unit No. 1- Request for Additional Information Regarding Steam
Generator Program (TAC Nos. ME1386),I" United States Nuclear Regulatory Commission,
August 13, 2009

Introduction

In response to formal requests-for technical specification amendments, References 1, 2, 3 and
4, the USNRC formally requested additional information in References 5, 6, 7 and 13. The
Vogtle, Seabrook, Byron/Braidwood and Comanche Peak requests for a permanent license
amendment to implement H* represent the Model F and Model D5 steam generators for which
the H* technical justification is provided in References 8 and 9.

Subsequent to the initial issue' of the RAI (References 5, 6, 7 and 13), the NRC issued follow-up
questions (Reference 10) to! questions numbers 4, 20 and 24 and an additional request
regarding a technical specification (TS) commitment for applying the leakage factors. Except for
RAI#4, responses to all of the RAIs, including the follow-up questions in Reference .10, were
provided in Reference 11. The affected licensees provided separate responses in regard to the
commitment for applying leakage factors.

The response to RAI#4 required additional explanation as discussed with the NRC staff on
August 11, 2009 and was, therefore, not included in Reference 11. The additional questions
related to RAI#4 that were identified during the August 11, 2009 telephone conference were
summarized by Westinghouse and were the basis of the discussion at a meeting among the
NRC, several licensees and Westinghouse on August 17 and 18, 2009. These additional
questions are reproduced in the response to RAI#4, below. Specific discussion is included in
the response to address the additional questions.

To summarize, this document provides the response to the initial RAI#4 as included in
References 5, 6, 7 and 13, response to the follow-up question relating to RAI#4 in Reference 10

and response to the additional questions raised during the conference call on August 11, 2009.

Utilities, other than referenced in this document, have requested amendments to their licensees
in parallel with the response to these RAI's. The technical RAIs are generic in nature because
the analysis methods are the same for all affected plants. Therefore, this response to RAI#4 is
generic for all Models of SGs that are candidates for application of H*. However, this letter
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specifically augments Reference 11 to complete the responses to NRC RAIs for WCAP-1 7071-
P (Model F H*) and WCAP-1 7072-P (Model D5 H*).

Vogtle 4. Reference 1, page 6-69: In Section 6.2.5.3, it is concluded
RAI that the tube outside diameter and the tubesheet tube bore

Part A inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a.
portion of the circumference, for a distance above H*. Is the
conclusion in Section 6.2.5.3 valid for the entire H* distance,
given the possibility that the tubes may contain through-wall
cracks at that location?

WCGS 4. Reference 1, page 6-69: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or

no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given
the possibility that the tubes may contain through-wall cracks
at that location?

B/B 4. Reference 1, Page 6-7: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given
the possibility that the tubes may contain through-wall cracks
at that location.
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CPSES 4. Reference 1, page 6-70: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore
inside diameter always maintain contact in the predicted•
range of tubesheet displacements. However, for tubes with.
thrbugh-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in Section 6.2.5.3 valid for the entire H* distance,
given the possibility that the tubes. may contain through-wall
cracks at that location?

Seabrook 4. Reference 1, page 6-69: In Section 6.2.5.3, it is concluded
that the tube outside diameter and the tubesheet tube bore.
inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with
through-wall cracks at the H* distance, there may be little or
no net pressure acting on the tube for some distance above
H*. In Tables 6-18 and 6-19, the fourth increment in the step
that occurs two steps prior to the last step suggests that there
may be no contact between the tube and tubesheet, over a
portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given
the possibility that the tubes may contain through-wall cracks
at that location?I

Part:B: The additional questions relating to RAI#4 as provided in Reference 10 are:

Address following questions as part of response to RAI#4 (Vogtle):

a. Clarify the nature of the finite element model ("slice" model versus axisymmetric SG
assembly model) used to generate the .specific information in Tables 6-1, 2, and 3

(and accompanying graph entitled "Elliptical Hole Factors') of Reference 6-15. What
loads were applied? How was the. eccentricity produced in the model? (By modeling
the eccentricity as part of the geometry? By applying an axisymmetric pressure the
inside of the bore?) Explain why this model is not scalable to lower temperatures.

b. Provide table showing maximum delta diameters (total diameter distortion) and
maximum eccentricities (maximum diameter minus minimum diameter) from the 3

dimensional (3-D) finite element analysis for normal operating and steam line break
(SLB), for model F and D5.

c. In Figure 2 of.the White Paper, add plot for original relationship between reductions
in contact pressure and eccentricity as given in Reference 6-15 in the graph

accompanying Table 6-3. Explain why this original relationship remains conservative
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in light of the new relationship. Explain the reasons for the differences between the
curves.

d. When establishing whether contact pressure increases when going from normal

operating to steam line break conditions, how can a valid and conservative
comparison• be made if the normal operating case is based on the original delta
contact pressure versus eccentricity curve and the SLB case is based on the new
curve?

Part C: Additional Questions Provided in the August 11, 2009 telephone conference:

a. Overall High Level Question

1. Discuss if the eccentricity effect on contact pressure is occurring as described. It is the
opinion of the NRC staff that the eccentricity effect may not be as significant as being
reported by Westinghouse.

b. Other Key Questions

1. The eccentricities included in Table RAI 4-4 appear larger than anticipated. Need to
confirm that positive contact pressure exists around the entire circumference of the tube
and state this clearly in the response.

2. The difference between initial and final eccentricity included in Table RAI4-2 needs to be
explained. In particular, the exclusive use of the relationship between initial eccentricity
and scale factor in calculating contact pressure needs to be justified.

3. The basis for applying the correlation for scale factor outside an "eccentricity" range of
between IE-3 to IE-4 inch in the calculation of contact pressure needs to be further
explained. Values for displacements included in Table 6-18 (of WCAP-17071) suggest
that contact pressure may be lost at displacement ranging between IE-3 in to IE-4 inch.

4. Provide the calculation basis for the upper and lower curves provided in Figure RAI 4-2
5. Resolve .the apparent inconsistency between Item 4 on page 25 and the statement

below Figure RAI4-1 regarding how the model in Figure RAI4-1 is loaded.

c. Key Remaining Issues

1. Provide the basis for why the ADhoe adjustment for contact pressure made using the
old model remains conservative.

2. Provide an appropriate basis for demonstrating that joints tighten during a postulated
SLB event. Why is it acceptable to compare the contact pressures calculated using
the original model for NOP to the contact pressures calculated using the new model for
SLB for the Model D5 SGs?

3. If both old and new models are conservative, is there an appropriate basis to show the
relative conservatism of the methods?
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To facilitate a continuous response to the total RAI#4 questions, the questions received
originally (Part A), those received as follow-up questions (Part B) and those identified during the
8/11/09 telephone conference (Part C) are re-arranged as noted below. The location of
responses to specific questions is shown in bold type after the question. Also, in the responses,
the specific questions addressed by the responses are repeated in bold type in the boxat the
start of the response.

Part C: Sub a.

Discuss if the eccentricity effect on contact pressure is occurring as described. It is the

opinion of the NRC staff that the eccentricity effect may not be as significant as being
reported by Westinghouse. (See Section 1.0)

Part B

Address following questions as part of response to RAI#4 (Vogtle):

a. Clarify the nature of the finite element model ("slice" model versus axisymmetric SG

assembly model) used to generate the specific. information in Tables 6-1, 2, and 3 (and
accompanying graph entitled "Elliptical Hole Factors") of Reference 6-15. What loads
were applied? How was the eccentricity produced in the model? (By modeling the
eccentricity as part of the geometry? By applying an axisymmetric pressure the inside of

the bore?) Explain why this model is not scalable to lower temperatures. (See Section
1.2)•

b. Provide table showing maximum delta diameters (total diameter distortion) and
maximum eccentricities (maximum diameter minus minimum diameter) from the 3
dimensional (3-D) finite element analysis for normal operating and steam line break
(SLB); for model F and D5. (See Section 1.1)

c. In Figure 2 of the White Paper, add plot for original relationship between reductions in
contact pressure and eccentricity as given in Reference 6-15 in the graph accompanying
Table 6-3. Explain why this original relationship remains conservative in light of the new
relationship. Explain the reasons for the differences between the curves. (See Section
4.1)

d. When establishing whether contact pressure increases when going from normal
operating to steam line break conditions, how can a valid and conservative comparison
be made if the normal operating case is based on the original delta contact pressure
versus eccentricity curve and the SLB case is based on the new curve? (See Section

4.2)
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Part C: Sub b. Other Key Questions

1. The eccentricities included in Table RAI 4-4 appear larger than anticipated. Need to
confirm that positive contact pressure exists around the entire circumference of the tube
and state this clearly in the response. (See Section 3)

2. The difference between initial and final eccentricity included in Table RAI4-2 needs to be
explained. In particular, the exclusive use of the relationship between initial eccentricity
and scale factor in calculating contact pressure needs to be justified. (See Section 1.2)

3. The. basis for applying the correlation for scale factor outside an "eccentricity" range of
between IE-3 to 1E-4 inch in .the calculation of contact pressure needs to be further
explained. Values for displacements included:in Table 6-18 (of WCAP- 17071) suggest
that contact pressure may be lost at displacement ranging between IE-3 in to IE-4 inch.
(See Section 2.0)

4. Provide the calculation basis for the upper and lower curves provided in Figure RAI 4-2.
(See Section 2.1)

5. Resolve the apparent inconsistency between Item 4 on page 25 and the statement
below Figure RAI4-1 regarding how the model in Figure RAI4-1 is loaded. (See Section
1,2)

Part C: Sub c. Key Remaining Issues

1. Provide the basis for why the ADhole adjustment for contact pressure made using the
old model remains conservative. (See Section 2.2)

2. Provide an appropriate basis for demonstrating that joints tighten during a postulated
SLB event. Why is it acceptable to compare the contact pressures calculated using
the original model for NOP to the contact pressures calculated using the new model for
SLB for the Model D5 SGs? (See Section 2.3)

3. If both old and new models are conservative, is there an appropriate basis to show the

relative conservatism of the methods? (See Section 2.4)

Part A: (Original RAI#4 from Reference 5)

Reference 1, Page 6-69: In Section 6.2.5.3, it is concluded that the tube outside
diameter and the tubesheet tube bore inside diameter always maintain contact in the
predicted range of tubesheet displacements. However, for tubes with through-wall
cracks at the H* distance, there may be little or no net pressure acting on the tube for
some distance above H*. In Tables 6-18 and 6-19, the fourth increment in the step that
occurs two steps prior to the last step suggests that there may be no contact between
the tube and tubesheet, over a portion of the circumference, for a distance above H*. Is
the conclusion in 6.2.5.3 valid for the entire H* distance, given the possibility that the
tubes may contain through-wall cracks at that location? (See Section 5.0)
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1.0 General Background on Approach and Models

Discuss if the eccentricity effect on contact pressure is occurring as described. It is the
opinion of the NRC staff that the eccentricity effect may not be as significant as being

reported by Westinghouse.

Response:

The reference structural model for the H* calculation as described in References 8 and 9 is a 3D
FEA model that utilizes the equivalent properties approach for perforated plates in accordance
with Reference 6-15 of the H* WCAP reports. This model provides the tubesheet
displacements that are utilized in the calculation of H*. Included in the displacement output from
the 3D FEA model are the radius and depth dependent x- and y- axis displacements for the
tubesheet. These displacements are the input to the H* integrator model that uses the inputs to

calculate contact pressures based on thick-shell equations. The tubesheet displacements from
the FEA model indicate that the tubesheet bores become eccentric after application of all

thermal and pressure loads. The displacement results from the 3D FEA model are the
difference between the completely unloaded case and the fully loaded case forithe conditions of
interest (i.e., NOP, SLB).

The information from the 3D FEA model, that the tubesheet bores become eccentric, led to a
question regarding continued tube-to-tubesheet contact in the eccentric tubesheet bore. The
impact of tubesheet bore hole out-of-roundness (eccentricity) on the calculation of tube to-

tubesheet contact pressures was originally addressed using a scale factor approach as
described below and in Reference 6-15 of the H* WCAP reports. The fit developed in
Reference 6-15, a third order polynomial, was appropriate for the conditions for which it was

developed but it provided physically impossible results when extrapolated significantly outside
its data basis such as was the case for the SLB conditions for the Model D5 SGs.

To resolve this issue, a separate model, was developed as described in Section 6.2.5 and
shown in Figure 6-48 of Reference 8 and 9, to assess tube-to-tubesheet contact under the fully
loaded condition (e.g., AP and thermal loading) for the small eccentricities that were calculated
during -the much "colder" temperature postulated SLB conditions for the Model D5 SGs than for
the Model F SGs. To properly represent the tube in tubesheet condition, this model considered
a tubesheet equivalent cell (the local TS material around a tubesheet bore) and a tube. To
address the question if continued contact would exist between the tube and tubesheet after the

tubesheet bore becomes eccentric, the tube expansion was analytically simulated to provide a
condition of tube to tubesheet contact in a non-eccentric tubesheet bore. This condition was the
reference condition for the subsequent loading of the model by pressure loads (thermal loads
were not included) and by applying displacement boundary conditions (e-bar) to simulate the

expected range of tubesheet bore eccentricity. The unloaded, post-tube expansion simulation
conditions of the model was the reference condition for the displacements provided in
Tables 6-18 and 6-19 of the H* reports, References 8 and 9.
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While eccentricity was the specific focus of this study because of the question raised about

continued tube to tubesheet contact in an eccentric condition, the analytical model naturally also
provided information on tubesheet bore dilation, the diametral growth of the tubesheet bore
represented by the average of the maximum and minimum diameters of the eccentric tubesheet
bore. Examination of the results from this model, as is discussed further below, resulted in two
significant conclusions:

1. For the tubesheet bore eccentricities and dilation due to the applied loading in the
limiting plants in the models of SG considered, the tube remains in contact with the
tubesheet bore.

2. While tubesheet bore eccentricity contributes to the reduction in contact pressure
between the tube and the tubesheet, tubesheet bore dilation appears to be the
principal cause of reduction of contact pressure between the tube and the tubesheet.

1.1 Discussion of 3D FEA Model for H* Analysis

Provide table showing maximum delta diameters (total diameter distortion) and
maximum eccentricities (maximum diameter minus minimum diameter) from the 3
dimensional (3-D) finite element analysis for normal operating and steam line break
(SLB), for model F and D5. I

Response:

The 3D FEA Model and its application for determining the tubesheet displacements are
extensively described in Section 6 of the H* WCAP reports (References 8 and 9). It is important
to note that the 3D FEA model includes the entire tubesheet complex (i.e., tubesheet, stub
barrel, channelhead and divider plate) but excludes the tubes. The model utilizes an equivalent
material approach from Reference 6-5 in the WCAP reports to represent the deformation of the
tubesheet under the applied loading conditions (NOP, SLB/FLB). Displacements in Cartesian
coordinates are calculated for these conditions at any location on the tubesheet. The
displacements calculated are the changes from an unstressed, room temperature condition after

all thermal and pressure loads appropriate to the operating conditions are applied. Application of
a uniform temperature increase causes uniform dilation at each tubesheet bore. Application of
pressure loads causes distortions in the structure due to bending. The 3D FEA model provides
integrated total displacements of each tubesheet bore location.

Table RAI4-1 is a summary of the maximum eccentricities and ADs for the Model F and Model
D5 limiting plants as calculated based on the UR (tubesheet radial displacement) results from

the 3-D lower SG complex model.

10



LTR-SGMP-09-109 NP-Attachment

Table RAI4-1: Summary of Model D5 and Model F NOP and SLB Eccentricity Results
SG

Model Elev. Avg. Eccentricity Data Max. Eccentricity Data Avg. A D Max. A D

Above BTS"1 ' NOP SLB NOP SLB NOP SLB NOP SLB

, in in/in in/in in/in in/in in in in in

F

F

F

D5

D5

D5

F

D5

,c,e

Notes:
1. BTS is Bottom of the Tubesheet

I ] Eccentricity, e A D, 02S? A D, 902
Plant Condition Value inch/inch inch inch a,c,e

The original Table RAI4-4 is
provided here for convenience

Byron SLB MAXoi n

Byron SLB MIN

Byron SLB AVG

Millstone SLB MAX

Millstone SLB MIN

Millstone SLB AVG

Byron NOP. MAX

Byron NOP MIN

Byron NOP AVG

Millstone NOP MAX

Millstone NOP MIN

Millstone NOP AVG
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1.2 Discussion of the "Slice" Model

Clarify the nature of the finite element model ("slice" model versus axisymmetric SG
assembly model) used to generate the specific information in Tables 6-1, 2, and 3 (and
accompanying graph entitled "Elliptical Hole Factors") of Reference 6-15. What loads
were applied? How was the eccentricity produced in the model? (By modeling the
eccentricity as part of the geometry? By applying an axisymmetric pressure the inside of
the bore?) Explain why this model is not scalable to lower temperatures.

The difference between initial and final eccentricity included in Table RAI4-2 needs to be 1
explained. In particular, the exclusive use of the relationship between initial eccentricity
and scale factor in calculating contact pressure needs to be justified.

Resolve the apparent inconsistency between Item 4 on page 25 and the statement below
Figure RA14-1 regarding h'ow the model in Figure RA14-1 is loaded.I

Response:

The "slice model" is shown in Figure 6-9 of Reference 6-15 in WCAP-1 7071 -P, WCAP-1 7072-P,
WCAP-1 7091 -P, and WCAP-1 7092-P.

The data in Tables 6-1, 6-2, and 6-3 of Reference 6-15 of the H* WCAP reports, are derived
from this plane stress model ("slice model") developed in WECAN/PLUS and the .contact
pressure equation identified on page 6-87 of WCAP-17071-P, page 6-95 of WCAP-17072-P,
page 6-91 of WCAP-1 7091-P and page 6-84 of WCAP-1 7092-P as described below.

For convenience Tables 6-1, 6-2, and 6-3 of Reference 6-15 are replicated below and re-named

as follows:. Table 6-1 is renamed as Table RAI4-2, Table 6-2 is renamed as Table RAI 4-3, and
Table 6-3 is renamed as Table RAI4-4.

The "initial" eccentricities (defined as DMAX - DMIN) applied in the "slice" model in Table RAI4-3
and Table RAI4-4 are directly incorporated into the model geometry. That is, the initial
eccentricity is built into the model geometry. The eccentricity values in the model were assumed
values for tubesheet tube bore deformation based on engineering judgment and prior
experience.

In the "slice" model analysis, the tubesheet is assumed to have a thermal expansion coefficient.
of zero (0) in/in/*F and the tube material is assumed to have the appropriate ASME Code
thermal expansion coefficient values. (The TS coefficient of thermal expansion is set to zero to
provide a loading mechanism for the model. When a temperature is applied, the tube "grows"
into the tubesheet collar. The temperature difference applied to the tube in the "slice" model was
500°F, for a total tube temperature of 570'F. [Applied 500'F + 70°F assumed room
temperature]). The sole purpose of the development of the."slice" model was to provide a
sensitivity study to relate the effects of assumed eccentricity (DMAx - DMIN) conditions to contact
pressures from which the contact pressure ratios were developed. No attempt was made to
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reproduce the contact pressures that would be calculated by the 2-D axisymmetric model that
was previously used to develop the tubesheet displacements.

The "final" eccentricity (DMAx - DMIN) values in Table RAI4-3 and Table RAI4-4 were also
determined using the "slice model": The final eccentricity values are the (DMAx-- DMIN) results of
applying the loading conditions on the slice model: The loads applied to the "slice" model were
thermal loads only as follows:

0 psig - Primary Side Pressure
0 psig - Secondary Side Pressure
500 OF- Tubesheet AT
500 OF- Channel Head AT
500 'F- Shell AT

As discussed in Reference 6-15, Table RAI4-3 was constructed using the displacement results
from the plane stress model analysis for the elliptical holes along with the contact pressure
equations. The effective change in hole diameter was calculated as follows using a series of
assumed scale factors:

a,c,e

7 (RAI4-1)Ka I
The ADMAX and ADMIN were taken from the radial and circumferential change in tube bore

diameter in the "slice" model.

The corresponding contact pressure for each scale factor was then determined as follows:

a,c,e (RA14-2)

Equation RAI4-2 is a generic representation of how tube to tubesheet contact pressure is
calculated in the H* integrator spreadsheet analysis. The equation is equivalent to the equation
for P2 shown on page 6-87 in WCAP-17071-P, page 6-95 in WCAP-17072-P, page 6-91 in
WCAP-10791-P and page 6-84 in WCAP-17092-P.

The scale factors for a given input eccentricity in Table RAI 4-3 result in contact pressure ratios

using the thick shell equations that are equal to the contact pressure ratios calculated using the
"slice" model for initial eccentricities (defined as DMAX - DMIN) equivalent to 0.0002, 0.0004,
0.0006 and 0.0008 inches, respectively, compared to the contact pressures for a circular hole
(DMAx - DMIN =0). These scale factors are identified in bold print in Table RAI4-3. The data for
the scale factors as a function of "initial" eccentricity was fit by a third order polynomial equation
provided on page 6-85 of WCAP-17071 -P and page 6-86 of WCAP-1 7072-P.
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Based on a review of Table RAI4-3 and Table RAI4-4, the scale factor [ ]a'ce is the
appropriate scale factor for calculating a reduction factor for contact pressure.of [ a,c,e

associated with an initial eccentricity of [ a,,e ((DMAx - DMIN)/ [ ]a,c,e inch) from the
'slice" model. The scale factor of [ ]ace relates to a contact pressure reduction factor of

I a.c.e and corresponds to an initial eccentricity of [ ]a.ce inch, and so forth.

The "final eccentricity" values corresponding to the same scale factors highlighted in bold in
Table RAI 4-3 (and Table RAI4-4). are not used in determining the reduction in contact
pressure because: the resulting third order polynomial relationship between scale factor and
eccentricity is bounded by the relationship for "initial eccentricity", i.e., the resultant scale
factors, and hence the reduction in contact pressure due to eccentricity, would be less using the
third order fit resulting from the "final" eccentricity values from Table RAI 4-3. For example, for
an eccentricity of 1E-3 in/in, the scale factor is [ ae as compared to [ ]a,c,e for the trend
line associated with the "initial" eccentricity results. Figure RAI 4-1 illustrates this. This figure
shows a comparison of the trend line analysis for "initial" eccentricity and "final" eccentricity.
Referring to Equation RAI 4-1, larger scale factors result in a greater reduction in contact
pressuredue to eccentricity.

Table RAI4-2

Reproduced Table 6-1 of Reference 6-15

'Sleeve O.D. Tube O.D.
Eccentricity F pzqnPc3  f (3 1 (2) Delta 1' 12)

(inr~h) i v.a () R fi3) I •la1 (2)t Av•.rann.() R;Ifin(3) I a,c,e

Notes: This table-is developed from the model shown inFigure RAI4-1, below.
1. The units of these columns are stress in psi.
2. The "delta" in this table refers to the maximum deviation from a constant value of the mean linearized radial
stress around the tube bore.
3. The ratio is calculated by dividing the contact pressure between the tube and the tubesheet at a given
eccentricity by the contact pressure between the tube and the tubesheet in a round tube bore (e=0.0). For
example, the ratio of [ ] ]ce calculated in Table 6-1 is a ratio of the average contact pressure at an
eccentricity of 0.0002 in of [ ]o.Ce psi divided by the average contact pressure at an eccentricity of
I I ..... psi.
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Table RAI4-3

Reproduction of Table 6-2 of Reference 6-15

Primary Pressure 0 p
Secondary Pressure 0 p
Tubesheet Delta T 500 o

Shell Delta T 500 o

Channel Head Delta T 500 o

Sleeve OD Delta D [ ir
Tube ID Delta D. [,c: ir

Tube OD Delta D (Thermal) [ ir
Sleeve/Tube Interaction Coefficients [
Tube/Tubesheet Interaction Coefficients [ ] ac,.

sig
sig
F
F
F
n
n

n

* Eccentricity (1) (2) (3). (4) (5) -(6U
I Final Hole Delta Hole Delta S/T T/TS
Initial Max/Mn D (0 Deg) D (90 Contract Contact Ratio
(inch) Combination

_ac,e. Deg) Pressure Pressure
0.0000 Minimum

Average
Maximum

0.0002 Minimum
Avera e a,

Maximum

0.0004 Minimum
Avera e a, B

Maximum

a,c,e
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Table RAI4-3 (Cont'd.)

Eccentricity ac,e (1) (2) (3) (4) (5) (6)
O. 0006 IF Minimum '

Averagea'c'e _

________ aximum ____

0.0008 _____Minimum

______Avera e a~cj

SMaximum
Note: The values in Bol identify the source data for T able RA14-3

a,c,e

Table RA14-4

Reproduction of Table 6-3 of Reference 6-15

Nominal Hole Diameter
Eccentricitv0

1 )
I a,ce

Initial Initial Pressure
Delta (in/in) Ratio
Dia Final Max/Min
(in) (in/in) Factor

0.0000
0.0002
0.0004
0.0006
0.0008

a,c,e

I
k1) I nese values are me values for initial ana final
eccentricity from Table RAI4-2 are divided by the
nominal tubesheet hole diameter [ ]a,c,e

I
]a,c,e
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a,c,e

Figure RAI4-2: Scale Factor Comparison (Initial versus Final Eccentricity)

The method for calculating the contact pressure for using the "old" method for the Model F SGs
(all plant conditions) and the Model D5 SGs (NOP and FLB conditions) and the "new" method
for calculating the contact pressure the Model D5 SGs only (SLB conditions) are described
below:

Old Method (Reference 6-15):

1. The UR used in the calculation of the circumferential and radial AD is based on the linearly
scaled 2D axisymmetric FEA model (3-D model for the current H* analysis) of the lower SG
complex

2. The circumferential and radial AD's are used in the scale factor (SF) equation to determine
the ADhole (see equation RAI4-1) that is used to determine the reduction in contact pressure
as a function of eccentricity (e), equation RAI4-2.

3. The relationship between 11 D and e is based on the 2-D plane model shown in Figure 6-9
of SM-94-58, Rev.1.
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4. The model in Figure 6-9 of SM-94-58, Rev.1 includes the initial applied eccentricities (DMAx --

DMIN) geometry definition of the model.

5. The "slice" model provides the input for using the SF relationship (Eqn. RAI4-1). The SF is

determined by comparing the "slice" model results to the axisymmetric model results for a
TS collar and tube model at a given radius in the TS over the full thickness of the TS.

6. The result is then used to calculate the reduction in contact pressure as a function of TS
elevation and radius due to TS displacement and tube bore eccentricity. This is appropriate
because the conditions for the Model F SG and Model D5 SG (NOP and FLB conditions) are
within the range of data for which the scale factor relationship is applicable.

New Method (WCAP-17071-P, WCAP-17072-P):

1. The UR used in the calculation of the circumferential and radial AD comes from a 3-D
FEA model of the lower SG complex with condition-specific inputs applied.

2. The circumferential and radial AD's are compared to determine the maximum AD that
will give the maximum reduction in contact pressure as a function of eccentricity (e).

3. The relationship between AD and e is based on the 2-D[ rac,e model shown
in WCAP-1 7071-P and WCAP-17072-P, section 6.2.5. The model is shown in
Figure 6-49 of the WCAP reports. The range of eccentricity used in this study
conservatively exceeds the values of tube bore eccentricity calculated from the
perforated TS model in Section 6.2.4.

4. The model in Figure 6-49 of the H* WCAP reports applies boundary conditions to the
outer edge of the tube pitch material and does not directly affect the material that is
deforming in the tube and tubesheet cell.

5. The TS deformations and tube to tubesheet contact pressure results that produce the
maximum reduction in contact pressure at the minimum value of TS tube bore
eccentricity are then fit with a linear relationship.

6. The result of the linear relationship is used to determine the reduction in contact
pressure between the tube and the tubesheet directly. There are no intermediate
equations or results.

A correct prediction of contact pressure loss requires the knowledge of both the proper values of

DMAX and DMIN associated with the different pressure and temperature conditions at a given
tubesheet radius and elevation as well as the value of eccentricity. The values of DMAX and

DMIN are a function of the radial deflection of the tubesheet, UR, as determined by the finite
element analysis model (which previously was a 2-D axisymmetric model of the SG lower
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assembly and at present, is a 3-D model of the SG lower assembly). The results from the
slice" model cannot be linearly scaled to lower temperatures because the method of super-

position has been shown during the development of the current H* analysis to not apply to the
non-linear combination of materials and loading in the lower SG complex. This conclusion led to
the development of the 3D FEA model that is the reference model for the H* analysis. A
discussion of this is provided in Section 6.1.2 of WCAP-17071-P and WCAP-17072-P.

1.3 Discussion of the Unit Cell Model to Calculate Contact Pressures

The "Unit Cell" model is extensively discussed in Section 6.2.5 of the H* WCAPs (References 8
and 9), The specific goal of this model was to determine if tube to tube contact would remain
when the tubesheet .is deformed due to operating loads. An equivalent tubesheet cell is
modeled, that is, a tubesheet bore with surrounding tubesheet material, and a tube in the
tubesheet bore (see Figure 6-48 of the H* WCAPs). For the primary purpose of this model - to
study if tube-to-tubesheet contact is present during the limiting tubesheet deformations - the
model was initialized by simulating the tube expansion process. The expansion process was
conservatively simulated by applying a low value of expansion pressure [ ]ace inside
the tube, resulting in initial tube to tubesheet contact, and then removing the tube expansion
internal pressure. The calculated dilation of the tubesheet bore due to the simulation of the tube
expansion is [ a,c,e inch for all models of SG considered.

As discussed in Section .6.2.5 of the H* WCAP reports, the operating pressure loads, were
applied to the initialized model in a sequential manner, and the resulting contact pressures were
calculated when a range of displacements (termed "E-bar") were applied as boundary
conditions to the model. Figure RAI4-2 shows the updated sequential loading (includes
application of thermal loads) of the model and relates it to the steps discussed in Section 6.2.5
and Tables 6-18 and 6-19 of the H* WCAPs. The "E-bar" values shown as the displacement
inputs on Tables 6-18 and 6-19 in the H* WCAP reports are uni-directional displacements (in
inches) that are NOT the same as eccentricity and also not the same as AD. (Eccentricity is
defined as the difference between the maximum and minimum diameters of a bore divided by
the nominal diameter of the bore. The units of eccentricity are inch/inch.) The displacement
inputs applied to the unit cell model are assumed values that based on prior analyses that
envelope the expected tubesheet displacement for all of the applicable operating conditions. Itis
important to note that the unit cell model as described in Section 6.2.5 of the H* WCAP reports
utilizes boundary conditions chosen to minimize the tube-to-tubesheet contact pressures for the
applied relative displacements.

To interpret the results from the unit cell model properly, the following must be observed:

* To address if tube to tubesheet contact continues for all the assumed tubesheet
displacements, the appropriate reference condition is the initialized condition (after
Step 4) of the model that simulates a tube expanded in the tubesheet bore.
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To compare the results of the unit cell model with the 3D FEA model, the appropriate
reference condition of the unit cell model is the initial model (Step 0) without the tube
expansion simulated and thermal loads must be included.

Figures RAI4-3 and RAI4-4 show the average tubesheet bore dilation (AD) as a function of
tubesheet relative displacement (E-bar) for the Model F and Model D5. The average tube bore
dilation at zero E-bar input is the result of the temperature and pressure loading of the unit cell
model. Initially, application of the displacement input "E-bar" results in more significant hole
dilation, but rapidly takes on a shallower slope as the applied displacement increases. The
curves are characteristically the same for the Model F and Model D5 steam generators and also
for the different operating conditions, NOP and SLB, for the different models of SGs.

Similarly, Figures RAI4-5 and RAI4-6 show the tubesheet bore eccentricity "e" as a function of
tubesheet relative displacement (E-bar) for the Model F and Model D5. Eccentricity initially
increases with application of the displacement boundary condition (E-bar) simulating the load
due to pressure differential across the tubesheet, but the rate of increase decays with increasing
E-bar. A significant difference is noted between NOP and SLB conditions at'large values of
E-bar. This difference reflects the fact that the uniform growth of the tube bore hole due to
increased temperature overwhelms the effect of application of the displacement boundary
,condition (E-bar) on tubesheet bore eccentricity. During the SLB event, the temperature is
decreased and the differences in DMAX and DMIN remain more 'significant as the displacement
boundary condition is increased, although the rate of increase in the difference between DMAX

and DMIN is reduced at some point. . Eventually, at NOP conditions, the difference between DMAX

and DMIN tends to become decrease even though a greater d,isplacement (E-bar) is applied,
leading to a reduction of eccentricity "e."

Figures RAI4-7 and RAI4-8 show the contact pressure as a function of tubesheet relative
displacement (E-bar) for the Model F and Model D5 for both NOP and SLB conditions based on
the unit cell model. As expected, both NOP and SLB contact pressure decrease with increasing
displacement inputs, ultimately going to zero at a very large value of applied displacements. It
is to be notedthat the maximum displacement assumed is significantly greater than would be
predicted by the 3D FEA model. Over the entire range of assumed displacement conditions, the
SLB contact pressure exceeds that for NOP conditions.

Table RAI4-5 summarizes the eccentricity, AD and predicted contact pressure using the unit cell
model for various values of applied displacement (E-bar) for both the model F and Model D5
SGs. The true eccentricity ([Dmax-Dmin]/Dnom) is shown for the applied displacement, E-bar.
Table RAI4-5 also provides a comparison of the AD predicted by the unit cell model for the two
reference conditions noted above, that is, for the total AD from the model without the simulated
tube expansion (reference step 0 in Table 6-18) and for the initialized case with the tube
expansion simulated (reference step 4 in Table 6-18).
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Further, Table RAI4-5 provides a summary of contact pressures between the tube and the
tubesheet for various applied values of E-bar for the Model F and Model D5 SGs. The "Modified
Contact Pressure" is the "Raw Contact Pressure" from the unit cell model adjusted for the actual
tube expansion process ([ ]ace psi compared to the simulation at [ I ac,e. psi) real
Model F and Model D5 geometry and more realistic operating conditions of pressures and
temperatures. For all cases of applied displacement, positive contact pressure remains between
the tube and tubesheet. It should be noted that the largest value of applied displacement (E-

bar) is well in excess of the displacement predicted by the 3D FEA' model.

Table RAI4-6 provides similar data to that in Table RAI4-5, except that the data is based on the
3D FEA model.

Comparison of Tables RAI4-5 and RAI4-6 leads to the following observations:

1.The ADs from the 3D FEA model are significantly less than the corresponding ADs from the
unit cell model from the unloaded to the fully loaded condition (i.e., from step 0 to step 9) for
both NOP and SLB conditions. This leads to the conclusion that the unit cell model

displacement results and contact pressure predictions conservatively represent the reference
3D FEA model results.

2. The eccentricities from the unit cell model are generally comparable to those from the 3Di
FEA model. A more exact comparison is difficult based on the available data; however, it is
clear that the actual range of eccentricities from the 3D FEA model was adequately addressed
by the unit cell model.

3. The method of Reference 6-15 of the H* WCAP report for adjusting contact pressure provides
acceptable results for all conditions except the SLB condition for the Model D5 SGs . The
method of Reference 6-15 significantly under-predicts contact pressure for the Model D5 SLB
conditions. Referring to Figure RAI4-6, the method for calculating the reduction in contact
pressure defined by the White Paper, when adjusted for temperature effects, shows that SLB

contact pressure is increased relative to normal operating conditions.
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Table RAI4-5
Eccentricity, Contact Pressure and AD Results from Unit Cell Model

Square Cell Results Square Cell Results Square Cell Results Square Cell - Average Delta D
Raw Contact
Pressure(

1 )
Modified Contact

Pressure(l)
Eccentricitv SteD 0(2) - Step 9(3)

Pressurecitv Sten) Of2 - Sten 9(3" Step 4 (4) _ Sten 9(
3)SG

Model "E bar' NOP SLB NOP SLB NOP SLB NOP SLB NOP SLB

in in/in in/in psi psi psi psi in in in in

F

F

F
F

D5
D5

D5 ' ,

D5

Notes:
1. Accounts for expansion pressure and geometry.
2. See Section 6.2.5 H* WCAP. Step 0 is the condition of the unit-cell model prior to any modifications for tube expansion, loading, etc.
3. See Section 6.2.5 H* WCAP. Step 9 is the condition, of the unit cell model after all loading conditions have been applied.
4. See Section 6.2.5 H* WCAP. Step 4 is the initialized condition of the Unit Cell model after tube expansion has been simulated.

a,c,e
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Table RAI4-6
Eccentricity, Bore Dilation and Contact Pressure from 3D FEA Model

Hstar Analysis Hstar Analysis Hstar Analysis - Avg. A D
I=•=nfrinitv I n~d tn C)n~rntinn

SG Model and Contact Pressure SLB NOP . SLB

Reduction Model in/in in/in psi psi in in

F - Ref. 6-15

Limiting Radius - F - Ref. 6-15

D5 - Ref. 6-15

D5 - White Paper
Limiting Radius_- D5 - Ref. 6-15

Limiting Radius - D5 - White Paper

F - Updated Model (1)

D5 - Updated Model (j

a,c,e

I& -- ,1• A ....... :----

(1): upaatea IVMoael Results basea on estimates Trom approximate values in finite element analysis ano ao not refiect me result of a regression
analysis.
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Figure RAI4-2
Unit Cell Model and Loading Sequence

(1) (2) (3)
Loading Steps:

0. Initial Model
1. Initial Tube to TS gap
2. Pressurize tube to 16ksi
3. Pressurize tube to 28ksi
4. Release Pressure on Tube
5. Apply AT(1)
6. Apply "E-bar"
7. Apply AP=[ ]a,c,e psi
8. Apply AP=[ ],,c,e psi
9. Apply AP=[ ]a,c,e psi

-Notes: (1) The application of the unit
cell model in support of Tables 6-18
and 6-19 does not include application
of AT.

Step 0
PP= 0

AT=0
Unexpanded Tube
e-=0
ebar=0

Step 5
AP= 0
AT=0
Expanded Tube
e=0ebar=O

Step 6-9
AP> 0
AT>0
Expanded Tube
e>O
ebar>0
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a,c,e

Figure RAI4-3
Relationship between "E-bar" and AD; Model F

a,c,e

Figure RAI4-4
Relationship between "E-bar" and AD; Model D5
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a,c,e

Figure RAI4-5
Relationship between "E-bar" and Eccentricity "e"; Model F

a,c,e

Figure RAI4-6
Relationship between "E-bar" and Eccentricity "e"; Model D5
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a,c,e

Figure RAI4-7
Relationship between "E-bar" and Contact Pressure; Model F

a,c,e

Figure RAI4-8
Relationship between "E-bar" and Contact Pressure; Model D5
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2.0 Comparison of Slice Model and Unit Cell Model Results

The basis for applying the correlation for scale factor outside an "eccentricity" range of
between IE-3 to IE-4 inch in the calculation of contact pressure needs to be further
explained. Values for displacements included in Table 6-18 (of WCAP-17071) suggest
that contact pressure may be lost at displacement ranging between IE-3 in to IE-4 in.

Response:

Interpretation of the displacements noted in Table 6-18 of the WCAP reports was clarified in the
prior response, Section 1.3. The values noted in the column titled "Displacement Total" refer to
the condition of the unit cell model after Step 4 of the loading sequence (See Figure RAI4-2).
When the true reference condition (Step 0) for total displacement is considered, the values of
total displacement are significantly larger as noted previously.

Westinghouse agrees that the derivation of the fit in Reference 6-15 is non-intuitive and limited
in its application. However, the results of applying the fit described in reference 6-15 are
acceptable relative to a best case finite element model (unit cell with thermal and AP loading) for
the reasons described below.

Westinghouse also agrees' that the fit that describes the reduction in contact pressure for the

steam line break conditionlin the Model D5 White Paper does not account for the reduction in
contact pressure due to tube bore dilation in the same manner as the fit described in Reference
6-15. The results of using the fit described in Reference 6-15 also match the expected trend
from a best case finite element model. See the response to b.4 below for more details.

A series of tubesheet tube bore eccentricities were applied to the tubesheet cell model and
combined with different pressure and temperature loads. The average, maximum and minimum
values of the tube-to-tubesheet (T/TS) contact pressures around the circumference of the tube
were reported. The values of tubesheet relative displacement, .pressure and temperature that
were used in the analysis are summarized in the table below.

Input Conditions for Unit Cell Model

(no correlation implied)

Internal Temperature
Pressure Difference

in AP, psi AT, °F ace

0.00

2.0E-04

4.0E-04
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Normal operating (NOP) conditions in the Model D5 and Model F steam generators are
represented by a AP of [ ]ace psi and a AT of [ ] a,c,e IF. Main steam line break (SLB)
conditions in the Model D5 are represented by a AP of [ ] a,c,e psi and a AT of [ ] a,c,e OF.
The value of AP in the tubesheet cell can change as a function of elevation in the tubesheet due
to the distribution of crevice pressure. The results of the study include the data for a depth ratio
of 0.9 which is an elevation roughly 2 inches below the top of the tubesheet. The values of AP
represented in this study account for the region of interest near the top of the tubesheet where
the maximum eccentricity in the tubesheet is -expected and where the crevice fluid is

transitioning from the crevice conditions to the secondary side fluid conditions. The region
roughly 2 inches below the top of the tubesheet is also where a significant portion of the T/TS
contact pressure develops so it is a good indicator of trends in the effect that different operating
conditions have on the contact pressure.

The original results insection 6.2.5 of WCAP-1 7071-P were used to verify that the reduction in
T/TS contact pressure as a function of tubesheet tube bore eccentricity was appropriate for the
Model F SG. The original relationship that is used to define the reduction in TITS contact
pressure as a function of eccentricity is described in section 6.3 of WCAP 17071-P and
WCAP 17072-P. However, the result of applying the fit described in section 6.3 to the Model D5
SG during SLB was shown to-be inconsistent with the expected trend from the more detailed
analysis described in section 6.2.5. The results of section 6.2.5 were then used to define a new
relationship between the reduction in T/TS contact pressure and tube bore eccentricity. This

new relationship is described in the Model D5 White Paper (Reference 12). Figure RAI4-8

shows the result of applying the new relationship to the Model D5 SLB conditions (i.e., White
Paper results, Reference 12) in comparison with the results from the old 3 rd order polynomial
relationship. Because the tubesheet temperature induced hole dilation, potentially the most
significant factor in contact pressure reduction, was not considered in the Model D5 condition
results, a third curve was added to the figure titled "Model D5 FEA trend." This curve represents
the most accurate calculation of the contact pressure ratio.

Figure RAI4-9 shows the contact pressure ratio (PCSLB/PCNOP) as a function of tubesheet
relative displacement, E-bar. It is clear from Figure RAI4-9 that the results of using the old fit for
the Model D5 SLB are inconsistent with the more detailed analysis. At SLB conditions, the
tubesheet bore dilation is relatively larger than at NOP conditions due to the increased bending

of the TS and decreased thermal expansion. Therefore, it is expected that the T/TS contact
pressure ratio should increase by a factor of at least [ ]a,c,e (see Figure RAI4-9) when going
from NOP to SLB. It is also expected that the tube to tubesheet contact pressure should

decrease with increasing tube bore eccentricity. The H* results using the old fit for the Model D5
clearly do not follow either expectation from the detailed analysis. However, when the new fit
results are applied to the H* calculation process the relationship between T/TS contact pressure
in the Model D5 is much more reasonable and follows the expected trend from the more
detailed analysis.

The Model F H* contact pressure results, using the old fit, are well within the range predicted by
the more detailed analysis in section 6.2.5 and the additional work described in this RAI
response. See Figure RAI 4-10 below. This means that the old fit is appropriate to use for the
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Model F NOP and SLB conditions and the NOP condition in the Model D5 SG. The results of

using the fit described in Reference 6-15 match the expected trend from a best case finite

element model for the NOP and SLB conditions for the Model F SGs and NOP conditions for the
Model D5 SG.

To further address the concern that contact pressure may be lost at displacements ranging

between 1 E-3 in and 1 E-4 in, the "Unit Cell" model is extensively discussed in Section 1.3 of this
response above.
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a,c,e

J

- a,c,e

Figure RAI 4-9

Figure RAI 4-10

31



LTR-SGMP-09-109 NP-Attachment

2.1 Calculation Basis for Contact Pressure Reduction Factors

Provide the calculation basis for the upper and lower curves provided in FiguRAI 4-2

Response:

The original figure RAI4-2, referred to in the question, is reproduced here as RAI4-10 to provide
the foundation for the question and the response. Note that the scale of the-y-axis has been

corrected as discussed in the meeting on August 17, 2009.

a,ce

Figure RAI4-10 (original Figure RAI4-2)

The upper curve in the figure above is based on the data from the following table:
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Eccentricity (ADmax- Reduction in Contact Normalization Contact Pressure
ADmin) (in) Pressure (psi)(1) Basis Reduction

(psi) Factor(psi/psi)
0 0 0

2E-4 [ ]a'ce psi 1200 [ ]a~ce

4E-4 a,c,e psi[ ]ace

5E-4 [ e psi [ ace

6 E -4 I ,I ,e [__ _,_, _

Notes: (1) Contact stress reductions are based on the values on Table RAI4-3

Referring to Table RAI 4-3, the contact pressure for a round tube bore hole is calculated to be
a[ce psi (Ratio = 1.0). The contact pressure for a tube bore hole that results in a

contact pressure ratio reduction of [ ]a,c,e (Ratio [ ]a,c,e), which corresponds to an
eccentricity of 2E-4 inch, is [ ]a,c,e psi. The absolute reduction in contact pressure is

ace psi.

The total reduction in contact pressure using the new model is approximately [ a,ce psi (see
Figure 6-69 of WCAP-17072-P). To plot the absolute reduction in contact pressure of
I I ace psi for an eccentricity of 2E-4 on Figure RAI4-1 0, the value is normalized by the total

reduction in contact pressure of [ a,ce psi from the new method. This value represents a
reduction in contact pressure of [ ]a,,c,e.

Again, referring to Table RAI 4-3, the contact pressure for a round tube hole is calculated to be

a,c,e psi. The contact. pressure for a tube bore hole that results in a contact pressure

ratio reduction of [ ]a.ce (Ratio = [ ] ae), which corresponds to be eccentricity of
4E-4 inch, is [ a,c,e psi. The absolute reduction in contact pressure is [ a,c,e psi.

Again, the total reduction in contact pressure using the new model is approximately [ ace

psi (see Figure 6-69 of WCAP-17072-P). To plot the absolute reduction in contact pressure of
I ] •a'ce psi for an eccentricity of 4E-4 on Figure RAI4-10, the value is normalized by the

total reduction in contact pressure of [ ] ,,e psi from the new method. This valuerepresents
a reduction in contact pressure of [ a•,e.

The same calculation was completed for an eccentricity of 6E-4 in. The value for 5E-4 in is an
interpolated value between 4 E-4 in and 6E-4 in.

The bottom curve in the figure above is generated using the 3 rd order polynomial fit. The results
are summarized in the following table:
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E, eccentricity (in) TITS Contact Normalized Contact
Pressure Reduction Pressure Reduction
(psi)

6.36E-07 ]a,c,e [ ]a,c,e

5.53E-05 ]a,c,e [ ]a,c,e

3.16E-04 ]a,c,e [ ]a,c,e

5.69E-04 ]a,ce ]a,c,e

9.07E-04 ]a,c,e [ ]ac, e

2.2 Conservatism of 3 rd Order Polynomial Fit from WCAP Reference 6-15

Provide the basis for why the ADhole adjustment for contact pressure made
model remains conservative.

using the old

Response:

The key conclusions from the comparison of the Reference 6-15 analysis, the WCAP results
and the results of the square cell tubesheet model are:

1.) The fit described in Reference 6-15 of the H* WCAP reports is conservative when applied
to the NOP condition in both the Model D5 and Model F SG. The fit tends to under-
estimate the contact pressure during NOP by as much as [ ]a,c,e psi to [ ]a,c,e

psi) for the Model F SG and as much as ]a.c.e % for the Model D5 SG ([ ]ace psi to
]ace psi) (see Table RAI4-6).

2.) The fit described in. Reference 6-15 of the H* WCAP reports is comparable when applied
to the SLB condition in the Model F SG. The fit described in the Model D5 White Paper
tends to over-estimate. the contact pressure, by as much as [ ]a,c,e %, during SLB
([ ]a,c,e psi to [ ]ace psi) because .the White Paper does not fully .account for the
change in tube bore diameter during the transient.

3.) The fit described in Reference 6-15 of the H* WCAP reports significantly under-estimates
the contact pressure, by as much as [ ]a,c,e %, during the D5 SLB condition (from

]a,ce psi to [ ]ac•e psi).

4.) The square cell tubesheet finite element model shows an increase in contact pressure
when going from NOP to SLB conditions in both-the D5 and F SGs.
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5.) Using the results from the square cell model to estimate the magnitude of the contact
pressure reduction from the change in tube bore diameter calculated using the 3D finite
element results from the lower SG tubesheet complex model show that the contact
pressure still increases when going from NOP to SLB conditions in both the Model F and
Model D5 SG.

The results of this analysis show that NOP contact pressures that define H* in the Model F and
Model D5 SG are conservative and that a more realistic model of contact pressure reduction as
a function of tube bore deformation (including both dilation and eccentricity) would predict an
increase in tube to tubesheet contact pressure at SLB conditions compared to NOP conditions.

(See also Section 2.3)

2.3 SLB vs. NOP Contact Pressures

Provide an appropriate basis for demonstrating that joints tighten during a postulated
SLB event. Why is it acceptable to compare the contact pressures calculated using the
original model for NOP to the contact pressures calculated using the new model for SLB
for the Model D5 SGs?

Response:

Table RAI4-5 provides a summary of contact pressures between the tube and the tubesheet for
various applied values of E-bar for the Model F and Model D5 SGs. Comparison of the
eccentricity values calculated using the unit cell model (see Table RAI4-5) with the eccentricity
values calculated from the 3D FEA model (see Table RAI4-1) shows that the eccentricities from
both models are comparable. It is not reasonable to expect exactmatches of numbers between
the two models, however, the order of magnitude of the calculated eccentricities is the same.
Given that the two structural models. provide similar eccentricities, the unit cell model shows that
for these eccentricities, positive contact pressure exists between the tubes and the tubesheet
for the entire range of displacements considered. Further, the results show that the contact
pressures at SLB conditions exceed those at NOP conditions (See Table RAI4-6). See also the

discussion in Section 2.4 below.
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2.4 Relative Conservatism of "Old" and "New" Fit

If both old and new models are conservative, is there an appropriate basis to show the
.relative conservatism of the methods?

Response:

As noted above in Section 1.3 of this response, tube bore dilation is a more significant factor in
determining tube-to-tubesheet contact pressure at higher temperatures. and the effect of
eccentricity on contact pressure is reduced at higher temperatures. The methodology for
addressing the effect of eccentricity on contact pressure discussed in Reference 6-15 and
utilized in WCAP-17071-P, WCAP-17072-P, WCAP-17091-P and WCAP-17092-P reflects this
fact and it, therefore, provides acceptably accurate contact pressure results at higher
temperatures (iLe., for all conditions except the "colder" SLB condition). This includes NOP, SLB
(higher temperature, > 4001F, and FLB,. where appropriate).

Also, as noted in Section 1.3 of this report, the effect of eccentricity on contact pressure loss is a
more significant factor at the lower SLB temperatures for the Model D5 SG, but tube bore
dilation due to temperature and pressure needs to .be considered (which was not addressed in
the "new" method, a.k.a.the White Paper method discussed in WCAP-17072-P or 17091-P).
Moreover, the original 3rd order polynomial fit significantly over-predicts contact pressure loss
during the "colder" Model D5 SLB transient (and Model 44F two loop plant SLB).

Therefore, a more detailed model for contact pressure during a postulated SLB was developed.
Referring to Table RAI4-6, it shows that contact pressure increases during a SLB event
q " ]a'c~epsi) relative to NOP ([ a,c,e psi) with primary and secondary side temperatures as

low as 2121F when comparing contact pressures for NOP conditions for the unit cell to contact
pressures for SLB for the unit cell.

Again, referring toTable RAI4-6, it has been shown when comparing contact pressures for NOP
conditions for the unit cell to contact pressures for SLB for the unit Cell for the Model F SG
(higher temperature SLB conditions), that contact pressure increases during a postulated SLB
(from [ a,c,e psi at NOP to [ . a,c,e psi at SLB).
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3.0 Comparison of 3D FEA and Unit Cell Model Results

The eccentricities included in Table RAI 4-4 appear larger than anticipated. Need to
confirm that positive contact pressure exists around the entire circumference of the tube
and state this clearly in the response.

Response:

Comparison of the eccentricity values calculated using the unit cell model (see Table RAI4-5)
with the eccentricity values calculated from the 3D FEA model .(see Table RAI4-1) shows that
the eccentricities from both, models are comparable. It is not reasonable to expect exact
matches of numbers between the two models, however, the order of magnitude of the
eccentricities calculated is the same. Given that the two structural models provide similar
eccentricities, the unit cell model shows that for these eccentricities, positive contact pressure
exists between the tubes and the tubesheet for the entire range of displacements considered.
Further, the results show that the contact pressures at SLB conditions exceed those at NOP
conditions.

4.0 Additional Background Information For Key Questions and Issues

RAI#4 evolved in several stages, each stage building on the prior'stage. Reference 10 provided
additional questions to augment those that were provided by Reference 5. Responses were
prepared and were discussed in a telephone conference on August 11, 2009. During this
telephone conference, additional questions were raised as identified in the introduction of this
document. The following are responses that were provided in response to Reference 10 that
were discussed in the August 11, 2009 telephone conference. They are historical in nature and
are provided to complete the record of information provided in response to the NRC request for
additional information.

4.1 Comparison of "Old and New" Relationship for Reduction in Contact Pressure and
Eccentricity

In Figure 2 of the White Paper, add a plot for original relationship between reductions in
contact pressure and-eccentricity as given in Reference 6-15 in the graph accompanying
Table 6-3. Explain why this original relationship remains conservative in light of the new
relationship. Explain the reasons for the differences between the curves.

In order to superimpose the results of the "old" and "new" analyses for reduction in contact
pressure related to eccentricity, the data for the "old" method must be normalized in the same
fashion that Figure 2 has been normalized. The plot of contact pressure reduction included in
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Figure 2 of the White Paper represents the total reduction in contact pressure associated with a

given eccentricity. The information from Table 6-3 represents the ratio of the contact pressure
calculated at a given eccentricity divided by the contact pressure calculated for a tubesheet bore
with no eccentricity. For the new analysis, the total reduction in contact pressure for the
eccentricities (DMAx - DMIN) for a range of up to [ ]a,c,e inch is determined to be [ ]a,c,e

psi. For the old analysis, the total reduction in contact pressure for eccentricities in the same
range is calculated to be [ ]ae psi. The normalization basis is the same for both curves on
the figure.

Figure RAI4-11, showing the normalized results as discussed during the August 17, 2009
meeting, is provided below. (Figure RAI4-11 is the same as Figure RAI4-10 in Section 2.1 of

this document, except that the values of the "Old Polynomial Results" have been corrected on

Figure RAI4-10 by a factor of .2 as discussed in the August 17, 2009 meeting.) The curve
labeled "Old" Model Results is based on the data from Table RAI4-3 (Table 6-2 of Reference 15

of the WCAP report). The curve labeled "New" Model reproduces Figure 2 in the White Paper
(Reference 12). The curve. labeled "D5 SLB Polynomial Fit" are the results when the

eccentricity data and ADhole for the Model D5 SLB condition are applied directly to the
-polynomial fit, equation 6-8 in WCAP-17072-P and similar equation on page 6-85 in
WCAP-17071-P. The latter curve is based on the maximum displacement conditions at the top
of the tubesheet for the Model D5.

The curve labeled "Old Model Results" (top curve on Figure RAI4-1 1) is misleading relative to

making an assessment of the conservatism of the newlanalysis method compared to the old
analysis method. Unlike the new analysis method, which, is only applied to the SLB case for the

Model D5 SGs, the old analysis method has not been applied as a linear function as
represented in the figure as the uppermost curve (solid squares). In reality, the old data fit (top

curve on Figure RAI4-1 1), which is a 3rd order polynomial fit, when extrapolated significantly
outside its supported data range (i.e., at temperatures either significantly above or below
5001F), provides physically unrealistic results as shown on Figure RAI4-1 1 (bottom curve,

A-symbols). The Model D5 SLB condition puts the tubesheet at a nearly uniform temperature of
less than 3001F, which is far outside of the range for which the eccentricity relationship was
developed in Reference 6-15 in the WCAP reports.

The original relationship remains conservative because it predicts greater reduction of tube to
tubesheet contact pressure than the new method for all operating conditions. However, the
original, relationship is only valid when ADmin and ADmax are within [ ]a,,,e % and eccentricity is
within [ ]a,c,e inch to [ ]a,c,e inch range, (i.e., the basis of the original fit).

The maximum tube bore distortions occur at the top of the tubesheet. The results from applying
the old fit for the relationship versus the new fit for the relationship for the Model D5 SLB

tubesheet displacements and contact pressures are shown in Table RAI4-7. The tube-to-
tubesheet (TITS) contact pressure result due to thermal expansion of the tube and the pressure
expansion of the tube including the effect of the crevice pressure distribution, is the same in the
both the "old" and "new" cases in the Table RAI4-7.
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Table RAI4-7
Summary of Model D5 SLB Contact Pressure Results for

Different Eccentricity Fit Relationships

Model D5 T/TS PCON Reduction T/TS .PCON

Condition Value Eccentricity Old New Old New
-- a,c,e

SLB Avg

SLB Max

SLB Min

The results in Section 6.2.4 of WCAP-17071-P and WCAP-17072-P show that the average
expected tubesheet-tube-bore eccentricity is on the order of [ ]ac'e inch. The results
in Table RAI4-7 show that the old method of calculating the reduction in contact pressure due
to tubesheet-tube-bore eccentricity and change in diameter is conservative for larger values of

eccentricity and AD (predicts greater decrease in contact pressure) than the new fit. However, it
is inappropriate to use the old method at smaller Values of eccentricity and AD because it
provides physically impossible results (see Table RAI4-7). For example, the "old" method
predicts a larger decrease in contact pressure for a smaller eccentricity on the order of 107 inch
than for a la 'ger eccentricity on the order of 10-3 inch. The "new" method, by comparison,
predicts a slightly positive increase in contact pressure for an eccentricity of .07 inch and a
large reduction in contact pressure for an eccentricity of 10-4 inch or greater, a physically
realistic result. The reason that the "old" method predicts such adifferent reduction in contact
pressure for small values of eccentricity is that these small eccentricity values are well outside
the range of the data upon which the "old" relationship was developed. However, when used
within its intended range of eccentricities and tubesheet bore displacement, the "old" method
provides valid and conservative results. The "new" method of calculating the reduction in T/TS
contact pressure is linear and directly accommodates small calculated values of eccentricity. It
is also clear from the results in Table RAI4-7 that the results from the old method when used in
its supported eccentricity range are highly conservative compared to the "new" method.
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a,c,e

Figure RAI4-11
Original Figure RAI4-2 Discussed at the August 17, 2009 Meeting
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4.2 Use of Both "Old" and "New" Fit

When establishing whether contact pressure increases when going from normal
operating to steam line break conditions, how can a valid and conservative comparison
be made if the normal operating case is based on the original delta contact pressure
versus eccentricity curve and the SLB case is based on the new curve?

Response:

It is important to note than the new analysis method is only used for the SLB condition for the
Model D5 steam generators. Comparison of contact pressures between the normal operating
condition and the SLB condition is made for the Model F steam generators in the H* fleet in
WCAP-1 7071-P on a consistent basis.

It is Westinghouse's engineering judgment that the old methodology provides an accurate
determination of contact pressures during normal operating conditions and postulated accident
conditions (FLB and SLB) when peak temperatures range between [ ]a,c,e OF and
eccentricities are between [ ]ac"e inch and [ ]aCe inch and Dmax and Dmin are within

]a,c,e % of each other.

Application of the new method to calculate eccentricities and values of -Dmax and' Dmin that fall
outside the above noted range provides conservative results because the plane strain model
upon which it based over-estimates the stiffness of the tube and tubesheet structure leading to
lower contact pressure results as a function of eccentricity. The new method also 'excluded the
effect of temperature and therefore, conservatively bounds the lower temperatures of the Model
D5 SLB transient. The T/TS. contact pressure results during SLB are still expected to bound the
T/TS contact pressure results during NOP because, even though the tube bore eccentricity
during SLB is generally greater than that during NOP, the overall growth of the tube bore during
NOP is greater than that during SLB. Larger magnitudes of tube bore growth are directly related
to decreasing tube-tubesheet contact pressure regardless of the value of calculated tube bore
eccentricity.

It is appropriate to compare the Model D5 SLB contact pressure results from the "new" method
to the Model D5 NOP results from the "old" method because each condition uses the
appropriate fit to conservatively determine the reduction in T/TS contact pressure due to tube
bore eccentricity and tube bore growth.

The sole purpose of the new methodology was to develop a more accurate way of calculating
contact pressures during a postulated SLB for the Model D5 steam generators. The
comparison provided in Figure 6-83 of WCAP-1 7072-P remains a valid comparison.

41



LTR-SGMP-09-109 NP-Attachment

5.0 Part A (Original RAI#4)

Reference 1, Page 6-69: In Section 6.2.5.3, it is concluded that the tube outside diameter
and the tubesheet tube bore inside diameter always maintain contact in the predicted
range of tubesheet displacements. However, for tubes with through-wall cracks at the H*
distance, there may be little or no net pressure acting on the tube for some distance
above H*., In Tables 6-18 and 6-19, the fourth increment in the step that occurs two steps
prior to the last step suggests that there may be no contact between the tube and
tubesheet, over a portion of the circumference, for a distance above H*. Is the
conclusion in 6.2.5.3 valid for the entire H* distance, given the possibility that the tubes
may contain through-wall cracks at that location?

The following response to RAI#4 was included in Reference 11. The same response is included
here to complete the record of information provided in regard to RAI#4 of References 5, 6
and 7.

Response:

The conclusions. reached in Section 6.2.5.3 of WCAP-17071-P are valid for the entire H*
distance because of the following considerations:

1. The primary source of contact pressure between the tube and the tubesheet is
differential thermal expansion between the tubes and the tubesheet. The analysis in
Section 6.2.5.3 specifically excludes the effect of thermal expansion of the tube from the
analysis. The tubesheet is assumed to deform due to the combination of pressure and
thermal loads which produces the tube bore ovalization and leads to the displacements
applied in this model. Only the residual effects from installation are considered for the
tube in steps 1 through 5. The tube internal pressure applied in these steps only
simulates the hydraulic expansion pressure to establish the initial conditions for the
following step. The conditions assumed for this study are not possible during any
operating condition in the steam generator but are conservative relative to actual SG
conditions. (Note: Residual contact pressure is not used in the calculation of H* values
in Section 6. The residual effects of installation are included, in the results of Section
6.2.5.3 so that the sensitivity of a strain hardened tube to tubesheet tube bore
deformation can be studied.)

2. Step 5 on Tables 6-18 and 6-19 is not representative of any condition in the steam
generator because it assumes that the tubesheet is at operating temperature with an
applied primary-to-secondary pressure differential while the tubes remain at room
temperature and are not pressurized. That is why Steps 1 through 5 are described as
"initializing" steps in the process. It is physically impossible for these conditions to occur
simultaneously in the same steam generator.
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3. Because no pressure loading is applied to the.tube in Step 5 of the analysis discussed in

section 6.2.5, the results presented in Tables 6-18 and 6-19 are applicable regardless of
whether, or not, a through-wall crack exists at the H* location. The more representative

case is Step 6 shown on Tables 6-18 and 6-19 in which tube internal, pressure is
included. For that case, the potential point of zero contact pressure is at an applied

displacement a factor of 5 greater than for Step 5, and far in excess of what is
reasonably predicted for the actual tubesheet deformation. The factor of 5 difference in
required displacement to cause the contact pressure to reduce to zero more than
adequately covers the postulated potential local reduction in crevice pressure due to a
circumferential separation at the location .of H*. Recall also, that no thermal expansion

of the tube is considered in this analysis.

It is also noted that tables 6-18 and 6-19 are the results of a sensitivity study that is notintended

to represent the integrated calculation for H*. The integrated H* analysis is a complex process
that combines the effects of several types of loading and deformation into an integrated
estimate of the tube-to-tubesheet contact pressure, Therefore, it is not appropriate to consider a
sensitivity study out of the context of the greater analysis. The integrated analysis presented in
the complete Section 6 shows that for the combined case of the thermal effects, pressure
effects, and tubesheet displacement there-is tube-to-tubesheet contact pressure throughout the
tubesheet.

It is acknowledged that the cut end of a tube is radially less stiff than a tube that is radially
loaded at a point away from the tube end, and that the presumption of a tube sever at the H*

distance may represent the case of a tube end. The decreased tube-end stiffness is referred to
as "compliance." In other words, a tube that is loaded at the cut end provides less resistance to

the load than a tube with equal load applied a distance removed from the tube-end. Thus,
conceptually, a local "end effect" could be expected to occur due to the increased compliance of
the tube-end,

The calculation process for H* shown in Figure 1-1 of the H* WCAP reports and discussed in
several places in the report notes that an adjustment is. made to the initial prediction of H* to

account for the distributed crevice pressure referenced to the predicted H* position. Thus, the
greatest crevice pressure is always located at the final value of H*. Increased tube compliance
cannot result in a higher local crevice pressure than is already included in the analysis because,
at the point of sever, the primary side pressure is the crevice pressure.

It may be postulated that the increased tube compliance results in reduced contact pressure
because the net differential pressure across the tube wall is zero. At the tube-end, the current
analysis already includes a zero differential pressure due to the adjustment process for
distributed crevice pressure. Therefore, the net reduction in contact pressure would be limited
to the axial length of the local effect and would further depend on the slope of the decrease in
crevice pressure.

For the Model F and Model D5 SGs, the bounding value of isolation distance above the tube

end is 0.6 inch based on classical solutions for the design of pressure vessels (Timoshenko).
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The isolation distance is the generically applicable minimum separation distance from an
applied load to a point of interest in order to safely assume that the load is in the far field relative

to the point of interest. Specific structures and load cases may have different isolation distances
but the classical result by Timoshenko for a pressure vessel will conservatively bound any
specific cases. For this length, the slope of the contact pressure curve would have to decrease
by a factor of at least [ ]a,ce before the value of H* is affected by more than [ ]ace inch. If
the tube is conservatively modeled as a center-loaded beam on an elastic foundation compared
to an end-loaded beam on an elastic foundation, the resulting worst case change in structural
compliance and the resulting contact pressure slope could be a factor of up to 2. Alternatively,
similar analyses for the cross sections of curved beams suggest that the change in compliance

of the structure could be as.high as a factor of 6. Neither case approaches the factor of[ ]a,c,e

required based on classical pressure vessel analysis to impact the value of H*; therefore, no

additional adjustments to H* are necessary to address the potential end effects.

6.0 Summary of the Response to RAI #4

A summary of the response to the original RAI# 4 and additional questions related to RAI 4 are
provided below:

1. No additional adjustment to the value for H* is necessary to address the potential
for end effects. This is because the greatest crevice pressure is always located
at the final value of H*. At the H* distance, the current analysis already includes
a zero pressure differential due to the adjustment process for the distributed

crevice pressure. Therefore, the net reduction in contact pressure would be
limited to the axial length of the local effect and would further depend on the
slope of the decrease in crevice pressure. It is judged that the slope of the
contact pressure curve would not decrease at a rate such that the value of H*
would be affected.

2. Tube bore dilation is a more significant factor in determining tube-to-tubesheet

contact pressure at higher temperatures and the effect of eccentricity on contact
pressure is reducedat higher temperatures. The methodology for addressing the

effect of eccentricity on contact pressure discussed in Reference 6-15 and
utilized in WCAP-17071-P, WCAP-17072-P, WCAP-17091-P and WCAP-
17092-P reflects this fact and, therefore, it provides acceptably accurate contact
pressure results at higher temperatures (i.e., for all .conditions except the "colder"
SLB condition). This includes NOP, SLB (higher temperature, > 4001F, and FLB,
where appropriate).

3. The results of using the fit described in Reference 6-15 match the expected trend
from a best case finite element model for the NOP and SLB conditions for the
Model F SGs and NOP conditions for the Model D5 SG.

4. The ADs from the 3D FEA model are significantly less than the corresponding
ADs from the unit cell model from the unloaded to the fully loaded condition (i.e.,
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from step 0 to step 9) for both NOP and SLB conditions. This leads to the

conclusion that the unit cell model displacement results and contact pressure
predictions conservatively represent the reference 3D FEA model results.

-5. The eccentricities from the unit cell model are generally comparable to those
from the 3D FEA model. A more exact comparison is difficult based on the
available data; however, it is clear that the actual range of eccentricities from the
3D FEA model was adequately addressed by the unit cell model.

6. Based on items 4) and 5) which demonstrate the acceptability of the use of the
unit cell model for benchmarking the 3-D FEA model, the method for calculating
the reduction in contact pressure defined by the unit cell model, when adjusted

for temperature effects, shows that SLB contact pressure is increased relative to
normal operating conditions for the Model D5 steam generators.

7. It has also been shown when comparing contact pressures for NOP conditions
for the unit cell to contact pressures for SLB for the unit cell for the Model F SG
(higher temperature SLB conditions), that contact pressure increases during a
postulated SLB.

8. Given that the two structural models provide simnilar eccentricities, the unit cell
model shows that for these eccentricities, positive contact pressure exists
between the tubes and the tubesheet for the entire range of displacements
considered..

Based on the above, it is concluded that the NOP contact pressures that define H* in the Model
F and Model D5 SG are conservative and that a more realistic model of contact pressure
reduction as a function of tube bore deformation (including both dilation and eccentricity) would
*predict positive contact pressure around the entire circumference of the tube and an increase in
tube to tubesheet contact pressure at SLB conditions compared to NOP conditions.

The conclusions reached in the response to RAi#4 apply equally for the Model 44F and Model
51F SGs.
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C. Brinkman, IL (Westinghouse Electric Co., 12300 Twinbrook Parkway, Suite 330, Rockville, MD 20852)
RCPL Administrative Aide (ECE 4-7A) IL (letter and affidavit only)
G. W. Whiteman, Waltz Mill
H. 0. Lagally, Waltz Mill
C. D. Cassino, Waltz Mill
J. T. Kandra, Waltz Mill
D. H. Warren, Windsor
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AFFIDAVIT

COMMONWEALTH OF PENNSYLVANIA:

ss

COUNTY OF ALLEGHENY:

Before me, the undersigned authority, personally appeared J. A. Gresham, who, being by me duly

sworn according to law, deposes and says that he is authorized to execute this Affidavit on behalf of
Westinghouse Electric CompanyLLC (Westinghouse), and that the averments of fact set forth in this

Affidavit are true and correct to the best of his knowledge, information, and belief:

Gresham, Manager

Regulatory Compliance and Plant Licensing

Sworn to and subscribed before me

this 2 7t' day of August, 2009

Notary Public
COMMONWEALTH OF PENNSYLVANIA

Notar Sew
Sharon L Made, Notary Public

Monroevile soro,Allegheny County
MyCommission Expires Jan. 29,2011

Member, Pennsylvania Association of Notares
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(1) I am Manager, Regulatory Compliance and Plant Licensing, in Nuclear Services, Westinghouse

Electric Company LLC (Westinghouse), and as such, I have been specifically delegated the

function of reviewing the proprietary information sought to be withheld from public disclosure in

connection with nuclear power plant licensing and rule making proceedings, and am authorized to

apply for its withholding on behalf of Westinghouse.

(2) I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.390 of the

Commission's regulations and in conjunction with the Westinghouse "Application .for

Withholding" accompanying this Affidavit.

(3) I have personal knowledge of the criteria and procedures utilized by Westinghouse in designating

information as a trade secret, privileged or as confidential commercial or financial information.

(4) Pursuant to the provisions of paragraph (b)(4) of Section 2.390 of the Commission's regulations,

the following is furnished for consideration by the Commission in determining whether the

information sought to be withheld from public disclosure should be withheld.

(i) The information sought to be withheld from public disclosure is owned and has been held

in confidence by Westinghouse.

(ii) The information is of a type customarily held in confidence by Westinghouse and not

customarily disclosed to the public. Westinghouse has a rational basis for determining

the types of information customarily held in confidence by it and, in that connection,

utilizes a system to determine when and whether to hold certain types of information in

confidence. The application of that system and the substance of that system constitute

Westinghouse policy and provide the rational basis required.

Under that system, information is held in confidence if it falls in one or more of several

types, the release of which might result in the loss of an existing or potential competitive

advantage, as follows:

(a) The information reveals the distinguishing aspects of a process (or component,

structure, tool, method, etc.) where prevention of its use by any of
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Westinghouse's competitors without license from Westinghouse constitutes a

competitive economic advantage over other companies.

(b) It consists of supporting data, including test data, relative to a process (or

component, structure, tool, method, etc.), the application of which data secures a

competitive economic advantage, e.g., by optimization or improved

marketability.

(c) Its use by a competitor would reduce his expenditure of resources or improve his

competitive position in the design, manufacture, shipment, installation, assurance

of quality, or licensing a similar product.

(d) It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

(e) It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

(f) It contains patentable ideas, for which patent protection may be desirable.

There are sound policy reasons behind the Westinghouse system which include the

following:

(a) The use of such information by Westinghouse gives Westinghouse a competitive

advantage over its competitors. It is, therefore, withheld from disclosure to

protect the Westinghouse competitive position.

(b) It is information that is marketable in many ways. The extent to which such

information is available to competitors diminishes the Westinghouse ability to

sell products and services involving the use of the information.

(c) Use by our competitor would put Westinghouse at a competitive disadvantage by

reducing his expenditure of resources at our expense.
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(d) Each component of proprietary information pertinent to a particular competitive

advantage is potentially as valuable as the total competitive advantage. If

competitors acquire components of proprietary information, any one component

may be the key to the entire puzzle, thereby depriving Westinghouse of a

competitive advantage.

(e) Unrestricted disclosure would jeopardize the position. of prominence of

Westinghouse in the world market, and thereby give a market advantage to the

competition of those countries.

(f) The Westinghouse capacity to invest corporate assets in research and

development depends upon the success in obtaining and maintaining a

competitive advantage.

(iii) The information is being transmitted to the Commission in confidence and, under the

provisions of 10 CFR Section 2.390, it is to be received in confidence by the

Commission. -

(iv) The information sought to be protected is not available in public sources or available

information has not been previously employed .in the same original manner or method to

the best of our knowledge and belief.

(v) The proprietary information sought to be withheld in this submittal is that which is

appropriately marked in LTR-SGMP-09-109 P-Attachment, "Response to NRC Request

for Additional Information on H*; RAI #4; Model F and Model D5 Steam Generators,"

dated August 2009 (Proprietary), for submittal to the Commission, being transmitted by

PSEG Nuclear, LLC letter and Application for Withholding Proprietary Information from

Public Disclosure to the Document Control Desk. The proprietary information as

submitted for use by Westinghouse for Salem Unit I is expected to be applicable to other

licensee submittals in support of implementing an alternate repair criterion, called H*,

that does not require an eddy current inspection and plugging of steam generator tubes

below a certain distance from the top of the tubesheet.

This information is part of that which will enable Westinghouse to:
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(a) Provide documentation of the analyses, methods, and testing which support the

implementation of an alternate repair criterion, designated as H*, for a portion of

the tubes within the tubesheet of the Salem Unit 1 steam generators.

(b) Assist the customer in obtaining NRC approval of the Technical Specification

changes associated with the alternate repair criterion.

Further this information has substantial commercial value as follows:

(a) Westinghouse plans to sell the use of similar information to its customers for the

purposes of meeting NRC requirements for licensing documentation.

(b) Westinghouse can sell support and defense of the technology to its customers in

the licensing process.

Public disclosure of this proprietary information is likely to cause substantial harm to the

competitive position of Westinghouse because it would enhance the ability of

competitors to provide similar calculation, evaluation and licensing defense services for

commercial power reactors without commensurate expenses. Also, public disclosure of

the information would enable others to use the information to meet NRC requirements for

licensing documentation without purchasing the right to use the information.

The development of the technology described in part by the information is the result of

applying the results of many years of experience in an intensive Westinghouse effort and

the expenditure of a considerable sum of money.

In order for competitors of Westinghouse to duplicate this information, similar technical

programs would have to be performed and a significant manpower effort, having the

requisite talent and experience, would have to be expended.

Further the deponent sayeth not.
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PROPRIETARY INFORMATION NOTICE

Transmitted herewith are proprietary and/or non-proprietary versions of documents furnished to
the NRC in connection with requests for genericand/or plant-specific review and approval.

In order to conform to the requirements of 10 CFR 2.390 of the Commission's regulations
concerning the protection of proprietary information so submitted to the NRC, the information
which is proprietary in the proprietary versions is contained within brackets, and where the
proprietary information has been deleted in the non-proprietary versions, only the brackets remain
(the information that was contained within the brackets in the proprietary versionshaving been
deleted). The justification for claiming the information so designatedas proprietary is indicated
in both versions by means of lower case letters (a) through (f) located as a superscript
immediately following the brackets enclosing each item of information being identified 'as
proprietary or in the margin opposite such information. These lower case letters refer to the types
of information Westinghouse customarily holds in confidence identified in Sections (4)(ii)(a)
through (4)(ii)(f) of the affidavit accompanying this transmittal pursuant to 10 CFR 2.390(b)(1).

COPYRIGHT NOTICE,

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is
permitted to make the number of copies of the information contained in these reports which are
necessary for its internal use in connection with generic and plant-specific reviews and approvals
as well as the issuance, denial, amendment, transfer, renewal, modification, suspension,
revocation, or violation of a license, permit, order, or regulationsubject to the requirements of 10
CFR 2.390 regarding restrictions on public disclosure to the extent such information has been
identified as proprietary by Westinghouse, copyright protection notwithstanding. With respect to
the non-proprietary versions of these reports, the NRC is permitted to make the number of copies
beyond those necessary for its internal use which are necessary in order to have one copy
available for public viewing in the appropriate docket files in the public document room in
Washington, DC and in local public document rooms as may be required by NRC regulations if
the number of copies submitted is insufficient for this purpose. Copies made by the NRC must
include the copyright notice in all instances and the proprietary notice if the original was
identified as proprietary.
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PSEG Nuclear, LLC
Letter for Transmittal to the NRC

The following paragraphs should be included in your letter to the NRC:

Enclosed are:

1. 1 copy of LTR-SGMP-09-109 P-Attachment, "Response to NRC Request for Additional
Information on H*; RAI # 4; Model F and Model D5 Steam Generators," dated August 2009
(proprietary).

2.' 1 copy of LTR-SGMP-09-109 NP-Attachment, "Response to NRC Request for Additional
Information on H*; RAI # 4; Model F and Model D5 Steam Generators," dated August 2009
(non-proprietary).

Also enclosed is Westinghouse authorization letter CAW-09-2660 with accompanying affidavit,
Proprietary Information Notice, and Copyright Notice.

As Item 1 contains information proprietary to Westinghouse Electric Company LLC, it is
supported by an affidavit signed by Westinghouse, the owner of the information. The affidavit
sets forth the basis on which the information may be withheld from public disclosure by the
Commission and addresses with specificity the considerations listed in paragraph (b)(4) of
Section 2.390 of the Commission's regulations.

Accordingly, it is respectfully requested that the information which is proprietary to
Westinghouse be withheld from public disclosure in accordance with 10 CFR Section 2.3 90 of
the Commission's regulations.

Correspondence with respect to the copyright or proprietary aspects of the items listed above or
the supporting Westinghouse affidavit should reference CAW-09-2660 and should be addressed
to J. A. Gresham, Manager, Regulatory Compliance and Plant Licensing, Westinghouse Electric
Company LLC, P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.
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Prior calculations assumed that contact pressure from the tube would expand 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 hi and h2 was defined in
Equation' (1 -1):

Fr (h-hý)FHE+[t7td 2Pdh 'P-1

where:

FHE = Resistance per length to pull out due to the installation hydraulic expansion,

d = Expanded tube outer diameter,

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

It = 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 hi and h2:

a,ceK 1 (1-2)

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

]ac~e A detailed explanation of the

WCAP-17071-NP April 2009
Revision 0
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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:

h2

F, /7rdJfPdh

(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 •K, the resistance per unit length,
multiplied by L, or by integrating the incremental resistance, dR = ,AKdL over the length L, i.e.,

R =aK(L2 -L , ) = KdL (1-4)

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

lnK==a +a1 Pc, (1-5)

where the coefficients, a0 and aj 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 = eaG+Ql'c, (1-6)

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

The B* distance (LB) 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 RSLB = RNop and solving for LB). 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:

WCAP- 17071-NP April 2009
Revision 0
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Table 1-1 List of Conservatisms in the H* Structural and Leakage Analysis (Continued)

Assumption/Approach Why Conservative?
A [ 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).

]a,c,e

Pressure is not applied to the Applying pressure to the

..... (see Section 6.212.2.4).

The radius dependent stiffness including these structures in the analysis would reduce the tubesheet displacement and limit the local deformation of the
analysis ignores the presence of tubesheet hole ID (see Section 6.2.4.4).
the [

la,c,e

The tubesheet bore dilation [ Thermal expansions under operating loads were

o].c (see Section 6.2.5).

2250 (NOP conditions).

WCAP- 17071-NP 
April 2009
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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 F plant (Millstone Unit 3) 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.

Operating Condition AP (psi) (Ppi- Area (in2 EnLoadCap Factor of H*nDesign
O Psec) (Note 1) Load Safety End .Cap

________________ 1(lbs.) __Loa Lb~s)

Normal Op. (maximum)

Faulted (FLB)

Faulted (SLB)

Faulted

(Locked Rotor)

Faulted (Control Rod
Ejection)

Notes:
1. , Tubesheet Bore Cross-Sectional Area = [

a,c,e

The above calculation of end cap Idads 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 faulted condition end cap loads will not vary from plant to plant among the Model F population for
the postulated FLB for 3- and 4-loop plants because the specified transient for both is the same. The
value for end cap load for a 3-loop plant is different than the value for a 4-loop plant for a postulated SLB
event and is also provided above. The values vary only slightly for the locked rotor event and control rod

ejection event from plant to plant (see Table 5-6).

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

The values for end cap loads in this subsection of the report are calculated using an outside diameter of the tube

equal to the mean diameter of the tubesheet bore plus 2 standard deviations.

WCAP- 17071 -NP April 2009
Revision 0
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with stuck open PORV 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.

WCAP- 17071-NP April 2009
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Table 5-7 Operating Conditions - Model F H* Plant

______________ Seabrook____ ___________ Plant (5) ________711_6) ]

Parameter and Units Salem Millstone Seabrook Vogtle " C Vand
Unit 1(l) Unit 3(2) Unit Ii3) Units I and 2() Wolf Creek (5) Vandellos (6)

Power -Nowe MWt 3471 3666 -3678 3653 3579 2954
NSSS
Primary psia 2250 2250 2250 2250 2250 2250Pressure

Secondary Psia (Low
Pressure Tavg/High

Tavg)

Reactor 'F (Low
Vessel Outlet Tavg/High
Temperature Tavg)

SG Primary-
to-Secondary Psid (Low
Pressure Tavg/High
Differential Tavg)

(psid)
() PCWG-2635, Revision 1, Salem Units I and 2 (PSE/PNJ): Approval of Category IV (for Implementation) and IVP (for Limited

Implementation) PCWG Parameters to Support 1.4% Uprate, 2/8/05.
(2) PCWG-06-9, Millstone Unit 3 (NEU): Approval of Category II (for Contract) PCWG Parameters to Support a 7% Stretch Power Uprate

(SPU) Program, 4/25/06.
(3) PCWG-08-68, Seabrook Unit 1 (NAH): Approval of Category IV PCWG Parameters to Support a 7.4% Uprate Program, 11/7/08.
(4) PCWG-05-49, Vogtle Units 1 and 2 (GAE/GBE): Approval of Category III (for Contract) PCWG Parameters to Support a 2%

Measurement Uncertainty Recapture (MUR) Uprate, 1 1/18/05.
(5) PCWG-2417, Wolf Creek Unit 1 (SAP): Approval of Category IVP Parameters to Support a Best Estimate Flow for Reactor Coolant Pump

(RCP) Replacement, 6/17/99.
(6) PCWG-06-15, Revision 1, Vandellos Unit II (EAS): Approval of Category IVP PCWG Parameters to Support a Tavg Range Program,

6/15/06.

WCAP- 17071 -NP April 2009
Revision 0
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Table 5-8 Steam Line Break Conditions

Parameters and Units Salem Unit I Millstone Seabrook Vogtle Units Wolf Creek Vandellos ll()
Iaea Utam i Unit 3 Unit 1 1 and 2

Peak Primary-Secondary Pressure (psig)

Primary Fluid Temperature ('F) (HL and CL)

Secondary Fluid Temperature ('F) (HL and CL)

) Three-loop plant, all other Model F H* plants are 4-loop plants.
14L - Hot Leg
CL - Cold Leg

a,c,e

I

WCAP- 17071-NP April 2009
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Table 5-9 Feedwater Line Break Conditions 3

Millstone Unit Seabrook Vogtle UnitsParameters and Units Salem Unit 1 Unit l 1 and 2 Wolf Creek Vandellos I1

Peak Primary-Secondary Pressure (psig) ace

Primary Fluid Temperature (°F)(1) (HL/CL)

Secondary Fluid Temperature ('F)(') (HL and

CL)

Primary Fluid Temperature (oF)(2
) (HL/CL)

Secondary Fluid Temperature (°F)( 2
) (HL and

CL)

(1) Low Tavg
(2) High Tavg

(3) The pressures and temperatures included in this table for a postulated FLB are used for the structural analysis and are based on the SG design
specification transient. The pressure and temperatures used for the leakage analysis for FLB are identified in Section 9.0 of this report.

HL - Hot Leg
CL - Cold Leg

WCAP- 17071-NP April 2009
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Table 5-10 Locked Rotor Event Conditions

Millstone Seabrook Vogtle Units I Wolf Creek Vandellos II
Parameters and Units Salem Unit I Unit 3 Unit I and 2

Peak Primary-Secondary Pressure (psig)

Primary Fluid Temperature (°F)(l) (HL/CL)

Secondary Fluid Temperature (°F)(1) (HL and

CL)

Primary Fluid Temperature (°F)( 2) (HL/CL)

Secondary Fluid Temperature (°F)( 2) .(HL and

CL)
(1) Low Tavg
(2) HighTavg

HL - Hot Leg
CL - Cold Leg

a~c~e

WCAP- 17071 -NP April 2009
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Table 5-11 Control Rod Ejection

Parameters and Units Salem Unit 1 UMillstone Seabrook Vogle Units Wolf Creek Vandellos 11

Peak Primary-Secondary Pressure (psig)

Primary Fluid Temperature (°F)(1) (HL/CL)

Secondary Fluid Temperature (°F)( 1) (HL and

CL)

Primary Fluid Temperature (°F)(2) (HL/CL)

Secondary Fluid Temperature (°F)(2) (HL and

CL)

(i) Low Tavg
(2) High Tavg

HL- Hot Leg
CL - Cold Leg

a,c,e
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Table 5-12 Design End Cap Loads for Normal Operating Plant Conditions, Locked Rotor and Control Rod Ejection for Model F Plants

Low Tavg High Tag Control Rod Ejection
Plant End Cap Load End Cap Load Locked Rotor End Cap Load

w/Safety Factor w/Safety Factor End Cap Load (Ibf)

(lbf) (lbf) (lbf)

Salem Unit 1 a,c,e

Millstone Unit 2

Seabrook

Vogtle Units I and 2

Wolf Creek

Vandellos I1

WCAP- 17071 -NP April 2009
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Therefore, hnominal = [ ]a,,,, inch (i.e., [ I,,c,e and rl = [ Iafce when the tubes are not
included. From Slot (Reference 6-5) the in-plane mechanical properties for Poisson's ratio of 0.3 are:

Property Value
Ep/E =

Vp -

Vd
E*/E =

VP

Elastic modulus of solid
material

a,c,e

where the subscripts p and d refer to the pitch and diagonal 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 F SG. Figure 6-4 shows the
entire 3D model mesh.
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with the 'elasticity coefficients calculatedas:I
IE

a,c,e

a,c,e

I
7ea,c,

] ac,e

ace a,c,e

Li Z and I I
K

a,c,e

and
I ] ,a,c,e

where

The variables in the equation are:

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

Effective elastic modulus for loading in the thickness direction,

v- = Effective Poisson's ratio for in-plane loading in the thickness direction,

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

= Effective shear modulus for transverse shear loading,

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

V-d = Effective Poisson's ratio for in-plane loading in the diagonal direction, and,

v = Poisson's ratio for the solid material,

E = Elastic modulus of solid material,

YRZ = Transverse shear strain

rRz -= Transverse shear stress,

[D] = Elasticity coefficient matrix required to define the anisotropy of the material.
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Table 6-6 Summary of H* Millstone Unit 3 Analysis Mean Input Properties

iýPlant Name Millstone Unit 3
Plant llpha NEU

Plant Analysis Type Hot Leg

SG Type F

Input Va IUnit Reference

Accident and Normal Temperature Inputs

NO.P T..... "•. . , PCWG-06-9

NOP Ti,: O : F PCWG-06-9.

.SLB TS AT O_____F 1.3F

SLB CH AT O~-'F 1.3F<

.Shell AT O~F PCWG-06-9
FL B Pri mary AT H~- i<~ OF 1.3F

~FLB Primarv AT Low OF~ 1.3F
SLB Primarv AT O F 1.3F<~

SLB Secondary AT OF F.3
Secondary Shell AT Hi O_______ F 1.31'

:Secondary Shell AT Low O , F 1.3 IF.

'Cold,- ...Leg AT oF PCWG069

Hot Standby Temhperature O KF PCWG-06-9

Operating Pressure Input

Faulted SLB Primary Pressure ac- psig 13
-Faulted FLB Primary Pressure 7 .-. psig .  .  1:.31'i ..

-Normal Primary Pressure 2235.0, - ps51 PCWG-O629,

Cold Leg AP - -ace psig PCWG-0.6-9
NOP Secondary Pressure -~pi CG0-
Low
NOP Secondary Pressure - Hi -. YJ'___ sgPCWG-06-9
-Faulted FLBiSecondary iiv

Pressure -- p
Faulted SLB Secondary
Pressure -psig. 

1.31'
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• Table 6-7 List of SG Models and H* Plants With Tubesheet Support Ring Structures

General
Plant Alpha SG Model TS SupportRing? Arrangement

Drawing

Braidwood -2 CDE D5 1103 J99 Sub3
Byron - 2 CBE D5 1103J99 Sub 3

SAP - Use
• Callaway (SCP)

Wolf Creek - 2 SG Drawings F 1104J54 Sub2
PSE - Use
Seabrook -2
(NCH) SG

Salem -1 Drawings F 1 104J86 Sub 9
Surry -1 VPA*** 51F 1105J29 Sub 3
Surry - 2 VIR*** 51F 1105J29 Sub 3

Turkey Point - 4 FLA*** 44F 1105J45 Sub 3
Millstone - 3 NEU F 1182J08 Sub 8
Comanche Peak- 2 TCX D5 1182J16 Sub I
Vandellos - 2 EAS F 1182J34 Sub 1
Seabrook - 1 NAH F 1182J39 Sub 3
Turkey Point- 3 .FPL** 44F 1183J01 Sub 2
Catawba- 2 DDP D5 1183J88 Sub 2

Vogtle -1 GAE F 1184J31 Sub 13
Vogtle - 2 GBE F 1184J32 Subi
Point Beach- I WEP**. 44F 1184J32 Sub 1
Robinson - 2 CPL** 44F 6129E52 Sub 3
Indian Point - 2 IPG 44F 6136E16 Sub 2

** Model 44 F - These original SGs have been replaced.

*** Model 51F - These original SGs have been replaced
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Table 6-8 Conservative Generic NOP Pressures and Temperatures for 4-Loop Model F

(These values do not exist in operating SG and are produced by examining worst-case
comparisons.)

Normal Operating, Bounding

Secondary Surface Temperature ac,e

Primary Surface Temperature
Cold Leg
Hot Leg

Primary Pressure
Cold Leg
Hot Leg

Secondary Pressure
End Cap Pressure
Structural Thermal Condition
Reference Temperature

Table 6-9 Generic NOP Low Tavg Pressures and Temperatures for 4-Loop Model F

Normal Operating, Low Tava
Secondary Surface Temperature a,c,e

Primary Surface Temperature
Cold Leg
Hot .Leg

Primary Pressure
Cold Leg
Hot Leg

Secondary Pressure
End Cap Pressure
Structural Thermal Condition
Reference Temperature

Table 6-10 Generic NOP High Tavg Pressures and Temperatures for 4-Loop Model F

Normal Operating, High Ta,,

Secondary Surface Temperature ac~e
Primary Surface Temperature

Cold Leg

Hot Leg
Primary Pressure

Cold Leg
Hot Leg

Secondary Pressure
End Cap Pressure
Structural Thermal Condition

Reference Temperature
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Table 6-11 Generic SLB Pressures and Temperatures for 4-Loop Model F

Main Steam Line Break
Secondary Surface Temperature ace

Primary Surface Temperature
Cold Leg
Hot Leg

Primary Pressure
Cold Leg
Hot Leg "

Secondary Pressure
End Cap Pressure
Structural Thermal Condition
Reference Temperature

Table 6-12 Generic FLB Pressures and Temperatures for 4-Loop Model F

Feedwater Line Break
Secondary Surface Temperature
Primary Surface Temperature

!Cold Leg
Hot Leg

Primary Pressure
Cold Leg
Hot Leg

Secondary Pressure
End Cap Pressure
Structural Thermal Condition

Reference Temperature •_ _

Table 6-13 Conservative Generic SLB Pressures and Temperatures for 4-Loop Model F
(These values do not exist in operating SG and are produced by examining worst-case

comparisons.)

Main Steam Line Break, High Tem p

Secondary Surface Temperature [___,e

Primary Surface Temperature
Cold Leg
Hot Leg

Primary Pressure
Cold Leg
Hot Leg

Secondary Pressure
End Cap Pressure
Structural Thermal Condition
Reference Temperature
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Table 9-1 Reactor Coolant System Temperature Increase Above Normal Operating Temperature Associated With Design Basis Accidents
(References 9-12 and 9-13)

Steam Line/Feedwater Locked Rotor (Dead Locked Rotor (Active Control Rod Ejection
Line Break Loop) Loop)

SG Type

SG Hot SG Cold SG Hot SG Cold SG Hot SG Cold SG Hot SG Cold Leg
Leg (OF) Leg (OF) Leg (OF) Leg (OF) Leg (OF) Leg (OF) Leg (OF) (OF)

Model F ace

Model D5

Model 44F

Model 51IF L

* Best estimate values for temperature during FLB/SLB are used as discussed in Section 9.2.3.1.

WCAP- 17071-NP April 2009
Revision 0



9-25

Table 9-2 Reactor Coolant Systems Peak Pressures During Design Basis Accidents
(References 9-12 and 9-13)

Steam Line Break Feedwater Line Locked Rotor Control Rod Ejection
SG Type (psia) Break (psia) (psia) (psia)

Model D5 a c.e

Model F

* Model 44F

Model 51FI I - ItI_
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Table 9-3 Model F Room Temperature Leak Rate Test Data

Test No. EP-31080I EP-30860 EP-30860 EP-29799 EP-31330 EP-31320 EP-31300

Collar Bore ]~~

Dia. (in.)

Test Pressure Leak Rate (drops per minute - dpm)
Differential (psi)

1000 r --_.....

1910

2650

3110

AP Ratio Leak Rate Ratio (normalized to initial AP) Average LR Ratio

a,c,e

1

1.91

2.65

3.11
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Table 9-4 Model F Elevated Temperature Leak Rate Test Data

0___________________________ ______ ______ _______ _______ F 9' 9' 9 I

Test No.
0
0.0

o
000o
oR

0
00
0O

0

0.000
C"q

m

o

C"4

w'

o

00

M

0

LL~

00

Collar Bore Dia. (in.) L I I_. I i

Test Pressure Differential (psi) Leak Rate (drops per minute -dpm)

1910 _ _

2650I _

a,c,e

a,c,e

3110

AP Ratio Leak Rate Ratio (normalized to initial AP) Average LR Ratio

a,c,e

1

1.39

1.63
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Table 9-5 H* Plants Operating Conditions Summary ()

Pressure Pressure
Differential "Differential Across

Number Temperature Temperature Temperature Temperature Dfrentia tia Across
Plant Name SG Type of Hot Leg (F) Cold Leg (F) Hot Leg (F) Cold Leg (F) Tubesheet (psi)

Loops High Tavg High Tavg Low Tavg Low Tavg (psi) Low Tavg

High Tavg

Byron Unit 2 and •
Braidwood Unit 2 D5 4

Salem Unit 1 F 4

Robinson Unit 2 44F 3

Vogtle Unit 1 and 2 F 4

Millstone Unit 3 F 4

Catawba Unit 2 D5 4

Comanche Peak
Ut2D5 4Unit 2

Vandellos Unit 2 F 3

Seabrook Unit 1 F 4

Turkey Point Units 44F 3
3 and 4

Wolf Creek F 4

Surry Units 1 and 2 51F 3
Indian Point Unit 2 44F 4

Point Beach Unit 1 44F 2

(1) The source of all temperatures and pressure differentials is Reference 9-21.
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Table 9-6 H* Plant Maximum Pressure Differentials During Transients that Model Primary-to-Secondary Leakage ()

FLB/SLB Pressure Locked Rotor Pressure Control Rod Ejection Normal Operating Pressure
Differential (psi) Differential (psi) Pressure Differential (psi) Differential High TaVg (psi)

a,c,e

Byron Unit 2 and
Braidwood Unit 2

Salem Unit 1

Robinson Unit 2

Vogtle Unit 1 and 2

Millstone Unit 3

Catawba Unit 2

Comanche Peak Unit 2

Vandellos Unit 2

Seabrook Unit 1

Turkey Point Units 3 and 4

Wolf Creek

Surry Units 1 and 2

Indian Point Unit 2

Point Beach Unit 1

(1) The source of all pressure differentials is Reference 21.
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Table 9-7 Final H* Leakage Analysis Leak Rate Factors

Transient SLB/FLB Locked Rotor Control Rod Ejection

FLB- SLB/FLB Leak VR- Leak Adjusted
Plan e SLB/NOP 3  Le LR/NOP YR' Rate Adjusted CRE/NOP @ Rate CRE LRF1Plant Name SBNP VR3 @ Leak Rate LRNP @ Fatr LLR ARti 300 ato
AP Ratio 2672 psia Factor(LRF) AP Ratio 2711 Factor LR LRF' AP Ratio 3030 Factor

(High Tav,) 2  (LRF) psia (LRF)
a,cxe

Byron Unit 2 and a 1.93

Braidwood Unit 2

Salem Unit 1 1.79

Robinson Unit 2 1.82

Vogtle Unit 1 and 2 2.02

Millstone Unit 3 2.02

Catawba Unit 2 1.75

Comanche Peak 1.94

Unit 2

Vandellos Unit 2 1.97

Seabrook Unit 1 2.02

Turkey Point Units 3 1.82

and 4

Wolf Creek 2.03

Surry Units I and 2 1.80

Indian Point Unit 2 1.75

Point Beach Unit 1 1.73

4. Includes time integration leak rate adjustment discussed in Section 9.5.

5. The larger of the AP's for SLB or FLB is used.

6. VR - Viscosity Ratio

Lcxe
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Attachment 16
LR-N09-0232

LAR S09-04

Westinghouse Letter LTR-SGMP-09-144, Correction to WCAP-17071-P, "H*:
Alternate Repair Criteria for the Tubesheet Expansion Region in Steam Generators

with Hydraulically Expanded Tubes (Model F)"



Westinghouse Non-Proprietary Class 3

Westinghouse

To: D.H. Warren, Windsor
D.A. Testa
C.D. Cassino
J.T. Kandra

Date: September 28, 2009

From:

Ext:

Fax:

Steam Generator Management Programs

724-722-5584

724-722-5889

Our ref: LTR-SGMP-09-144

Subject: Correction to WCAP-17071-P, "IH*: Alternate Repair Criteria for the Tubesheet Expansion Region in Steam
Generators with Hydraulically Expanded Tubes (Model F)"

The purpose of this correspondence is to acknowledge that Section 9.2.2 of WCAP-17071-P, "H*:
Alternate Repair Criteria for the Tubesheet Expansion Region in Steam Generators with Hydraulically

Expanded Tubes (Model F)," incorrectly states that the licensingbasis for Salem Unit 1 includes the
transient reactor coolant pump locked rotor with a stuck open steam generator power operated relief
valve. This has been confirmed not to be the case by conducting a review of Section 15.4.5, "Single
Reactor Coolant Pump Locked Rotor and Reactor Coolant Pump Shaft Break," of the Salem Unit 1

Updated Final Safety Analysis Report (Revision 23, October 17, 2007 Version). This correspondence is
written in lieu of issuing a revision to the subject WCAP report.

Please transmit this information to Patrick Fabian of Public Service Electric and Gas.

Author: Verified:

GWW* HOL*

Gary Whiteman
Principal Engineer
Regulatory Compliance and Plant Licensing

Hermann Lagally
FellowEngineer
Steam Generator Management Programs

*Electronically approved records are authenticated in the electronic document management system



Attachment 17
LR-N09-0232

LAR S09-04

LIST OF REGULATORY COMMITMENTS

The following table identifies those actions committed to by PSEG in this document. Any
other statements in this submittal are provided for information only purposes and are not
considered to be regulatory commitments.

Commitment Type
Regulatory Commitment Committed Date One-Time Programmatic

Action (Yes/No)

(Yes/No)
PSEG commits to monitor for tube Prior to entering Yes No
slippage as part of the steam generator Mode 4 during
tube inspection program (Salem Unit 1). startup

following refueling
outage 20 in the
Spring of 2010.

PSEG commits to perform a one-time Prior to entering Yes No

verification of the tube expansion to Mode 4 during

locate any significant deviations in the startup

distance from the top of the tubesheet to following refueling

the bottom of the expansion transition outage 20 in the

(BET). If any deviations are found, the Spring of 2010

condition will be entered into the
corrective action program and
dispositioned. Additionally, PSEG
commits to notify the NRC of significant
deviations (Salem Unit 1).

For the condition monitoring (CM) At each scheduled Yes No

assessment, the component of inspection

operational leakage from the prior cycle required by TS

from below the H* distance will be 6.8.4.i, "Steam

multiplied by a factor of 2.16 and added Generator (SG)

to the total accident leakage from any Program"

other source and compared to the beginning with

allowable accident induced leakage Refuel Outage

limit. For the operational assessment 1 R20

(OA), the difference in the leakage
between the allowable accident induced
leakage and the accident induced
leakage from sources other than the
tubesheet expansion region will be
divided by 2.16 and compared to the
observed operational leakage. An
administrative limit will be established to
not exceed the calculated value (Salem
Unit 1).


