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ABSTRACT

The evaluation of the application of an increased inspection scope of the tubes in the Callaway SGs has
been reevaluated in light of a significant number of NRC RAIs on the justification documentation. There
were no significant concerns relative to the structural integrity of the joint, although the approach was
revised to develop H* values that explicitly addressed the 3-AP performance criterion for normal
operation in Zones A B, C and D. The analyses were also revised to account for and to alleviate RAI
implied concerns relative to the potential leak rate that could occur during a postulated accident.

The H* examination lengths are in accord with meeting both the 3-AP normal operation and 1.4-AP
postulated accident condition performance criteria. The actual inspection depths used by AmerenUE were
9 inches for Zones D and C, 7 inches for Zone B, and 5 inches for Zone A, which exceed the values
determined by the structural analysis by 1 to 1.5 inches. The H* values do not contain any margin for
measurement error in the elevation of crack features.

The initial approach to evaluating leak rate integrity involved some very conservative assumptions
relative to the behavior of the installed tube-to-tubesheet joints and resulted in an approach that relied on
using the normal operation administrative limit leak rate to demonstrate that the allowable leakage during
a postulated accident would remain below 1 gpm. In response to the implications posed by the RAIs the
analysis methodology was revised to accurately predict the expected leak rate during postulated accident
conditions. The results demonstrate that a significant number of tubes could be postulated to be severed
within the tubesheet and the accident condition leak rate would remain less than the 1 gpm performance
criterion. The leak rates predicted for 360° cracks at elevations of 8, 12, and 16 inches deep in the
tubesheet are 0.01, 0.004, and 0.002 gpm respectively during a postulated steam line break accident. This
leak translates into about 25, 100, or > 300 throughwall and leaking 360° cracks being necessary to
achieve leak rates needed to approach the performance criterion value. In addition, the evaluation of prior
test data in conjunction with the results from the in situ testing of the most severely cracked tubes in the
Callaway SGs strongly support the conclusion that a small amount of oxidation of the tubesheet in the
vicinity of a throughwall crack will significantly narrow the effective crevice area and could prevent
meaningful primary-to-secondary leakage during normal operation and postulated accident conditions.

When the projected leak rates are taken in combination with the potential number of cracks likely to be
present, the fact that the throughwall cracks tested did not leak at pressures greatly in excess of steam
line break conditions, and the distribution of lengths in the circumferential direction is biased toward
short cracks, it is quite unlikely that the leak rate during a postulated accident event would challenge the
1 gpm limiting value. A scoping check of the evaluation was performed which indicated that if all of the
indications in the Callaway SGs were assumed to be in one SG during a postulated accident, the resulting
primary-to-secondary leak rate is calculated to be 0.44 gpm.

In conclusion, there appears to be no technical reason that the plant should not enter power operation at
the discretion of the operators. All of the foregoing arguments support the contention that the plant SGs
will function as intended.
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NOMENCLATURE

AFT Away-From (Hydraulic Expansion) -Transition
ASME American Society of Mechanical Engineers
AVB Anti-Vibration Bars
BC Bobbin Coil
BET Bottom of (Hydraulic) Expansion Transition
CL Cold Leg
CP Contact Pressure
ECT Eddy Current Test
EDM Electro-Discharge Machined
FLB Feed Line Break
gpd Gallons per Day
gpm Gallons per minute
H* H-Star
HET Hydraulic Expansion Transition
HL HotLeg
D Inside Diameter
Callaway AmerenUE Callawa& Plant
N/A Not Applicable
NDD Non-Detectable Degradation
NDE Non-Destructive Examination
NOP Normal Operation
NRC Nuclear Regulatory Commission
oD Outside Diameter
pP* P-Star
PRJ Partial-Length RPC Justification
PLRPC Partial-Length RPC
PWR Pressurized Water Reactor
PWSCC Primary Water Stress Corrosion Cracking
Q ‘Water Flow
Ro Outboard Radius of a Zone Boundary
RAI Request for Additional Information
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RPC
SG
SLB
TS

TTS
UFSAR

w*
Ys
Yzcp

Yn.sLB

NOMENCLATURE (Continued)

Reactor Coolant System

Residual Heat Removal

Rotating Pancake Coil

Steam Generator

Steamline Break

Tubesheet

Thermally Treated

Top of Tubesheet

Updated Final Safety Analysis Report
Volts

Alternate Plugging Criteria for Wextex Tubesheet SGs

Inspection Depth Based on Structural Requirements (structural pull-out resistance)
Axial Extent of Joint with Zero Contact Pressure Between Tube and TS Hole Surface
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1.0 INTRODUCTION

Several discussions have been held between AmerenUE and NRC staff personnel during the time period
between mid-October 2002 and to the present aimed at resolving technical concerns for the RPC
inspection lengths proposed for the tube-to-tubesheet joints in the Callaway SGs. These discussions have
revolved around a series of 73 questions posed by the NRC staff to AmerenUE referred to as Requests for
Additional Information (RAIs). The RAIs concentrate on seeking additional information regarding the
implementation of the inspection scope increases, e.g., measurement distances, accounting for
uncertainties, etc, information regarding the testing and analyses performed to determine the structural
capability of the joint, and information regarding the testing and analyses performed to ascertain the leak
resistance of a joint during both normal and postulated accident conditions. This WCAP report has been
revised to address all identified issues arising from the review of the original WCAP report and the white
paper of the same subject (Reference 8.16).

NRC Information Notice 98-27 noted that steam generator (SG) tube repair criteria often require
licensees to consider the entire length of the tube in determining whether or not tubes are degraded or
defective. The widely used bobbin coil nondestructive examination (NDE) process is not qualified for
the detection and/or sizing of many types of degradation in the “full-depth” region of the tube-to-
tubesheet joint and in the tube end region. However, the bobbin coil probe is capable of detecting deep
axial indications within the tubesheet. Although the performance of an extensive rotating pancake coil
(RPC) inspection of the tube within the tubesheet can be demonstrated to remedy the circumstance, its
use is technically unnecessary. Performing RPC inspection over a significant extent of the full-depth of
the tube joint requires excessive time during the plant outage. Developing and implementing an
improved, rapid, reliable, non-RPC process is not practical with current inspection technology.
Therefore, in lieu of using rotating pancake coil (RPC)' probes in the vicinity of the tube weld and/or to
inspect for degradation at all elevations within the full-depth below the top of the tubesheet, it is
recommended that partial-length RPC (PLRPC) inspection be performed only for distances reckoned
down from the top of the tubesheet. Due to primary water stress corrosion cracking (PWSCC) already
having been documented in the region below the hydraulic expansion transition bottom and within the 3
inch depth in the Callaway SGs, it is recommended to use the PLRPC justification developed herein and
to inspect to the associated non-full-depth lengths determined in this evaluation.

The purpose of this report is to document the development of a technical justification for the application
of PLRPC inspection of the tube within the tubesheet. There are two components, designated H* and P*
(referred to as H-star and P-star respectively), of the technical rationale for application of PLRPC to
address potential cracking below the elevation of the RPC zone for the Callaway Model F SGs.

H* is the sound length of tube-to-tubesheet joint required to prevent pullout of the tube from the
tubesheet at the limiting SG condition for joint strength, 3 times the end cap load due to normal operating
pressure differential and H* is the length of tube-to-tubesheet joint required to limit primary-to-secondary
leakage to an acceptable level during a postulated steamline break condition. The implementation of H*
involves performing PLRPC of the tube within the tubesheet to specified depths. In the case of Callaway,

! The RPC probe referred to herein is the Zetec™ +Point (plus point) probe.
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PWSCC has been determined by NDE to exist below the bottom of the hydraulic expansion transition
and the standard 3 inch inspection depth.

The mechanical features of the existing tube-to-tubesheet joint have been analyzed and have been shown
able to perform the mechanical and hydraulic functions of the tube joint including and below the
elevation of H*, including the function of the weld. The hydraulically expanded joint coupled with
pressure and thermal tightening provides resistance to tube pullout and to primary-to-secondary leakage
at the limiting conditions.

In the case of leakage resistance, cracks at various depths below H* are hypothesized and conservative
leakage for types and numbers of cracks is projected. A similar approach has been demonstrated to be
acceptable for use in cases of tube weld damage due to loose parts. In those cases, the entire length of
the hydraulically expanded tube joint, above the weld (which is determined to be NDD along the entire
length of the tubesheet), was demonstrated to be adequate to replace the potentially ineffective weld. For
reasons to be discussed later, the numerical value of H* is a function of radial distance from the center of
the tubesheet. ‘

An examination of the inspection data for the Callaway SGs was used to determine the SG with the most
indications as a function of time and then to predict the number of indications that would exist below H*
at the end of the next cycle of operation. The morphology of the cracks is such that most of them would
not be expected to grow in circumferential extent more than they are right now. The cracks form because
of anomalies in the tubesheet holes resulting from the drilling process. The tube material flows into the
anomaty when the tube is expanded leaving a localized stress concentration.

P* is based on the consideration that an affected tube will be captured by the [

J"<. The P* length is less than the H* length.

The improved justification approach to address tube PWSCC in the tube joint, the limiting or most severe
case of which is circumferential in orientation, or tube weld failure, is a technical argument for inspecting
SG tubes with only the bobbin coil eddy current test (ECT) probe below the RPC probe area in the tube
joint. In the past, the RPC area typically extended downward approximately 3 inches from the top of the
tubesheet. (It depends on customer definition in the outage ECT contract.) In this case, the lower,
approximately 18 inches of the tube in the tubesheet is in what is referred to as the bobbin coil (BC)
zone.

The intent of the P* portion of the justification is to show the acceptability, on the basis of [

J**. P* and H* were developed as a contingency because tube PWSCC may be anticipated
due to the relatively high T-hot of the Model F SGs, which may cause the tubing to be subject to potential
degradation in the BC zone. Some of the logic and data used to develop H* were also used to clarify the
features of P*.
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2.0 PROGRAM OBJECTIVES
2.1 GENERAL

The purpose of this program is to define a tube inspection length in the SG tubesheet below which no
special nondestructive examination of the SG tubes needs to be performed and, ultimately, to provide the
basis for a Technical Specifications change to that effect should one be required. It is to be based on the
development of partial-length RPC justification criteria referred to as H*.

Based on the results of this evaluation, and the results of several inspections during refueling outages
wherein PWSCC (axial and circurnferential) was indicated in the region below the hydraulic expansion
transition bottom and within the 3 inch RPC inspection depth, it is recommended that the RPC inspection
length of the tube within the tubesheet be the H* lengths.

It is assumed that the transition axial extent is taken as approximately 0.30 inches. [

]l.c.e

Because primary side tube cracking has already been found in the tubesheet region of the Callaway SGs,
the inspection minimum axial extent should be the H* values (per Table 3-1) for the tubes to be

inspected.

The H* inspection depth varies by radius from the vertical centerline of the TS, delineated into several
separate zones. The number and boundaries of zones may vary, depending on the judgment of Callaway.
A larger number of zones reduces over-inspection, i.e., inspection to a greater depth than required for
roughly one-half of the tubes in a given zone. A smaller number of zones, such as one zone, set by the
greatest H* in the SG, would mean that roughly 95 percent of the tubes in the inspection program would
be inspected to a greater depth than required. The H* PLRPC is shown on Figures 2-1, 3-1 and 3-6 and
P* is shown on Figures 2-2, 3-2 through 3-5.

2.2 EVALUATION TO ESTABLISH INSPECTION REGIMEN FOR H*/P*
Assumptions used for establishing H* and P*:

e Bobbin coil ECT is capable of detecting axial indications within the tubesheet. Bobbin probe eddy
current from 2 50% EDM notch population assembled for W*? program (Westinghouse Explosive
Tube) have been examined to determine the detection performance for ID flaws in a straight
expanded section in the tubesheet. A 0.5 inch long 100% EDM notch is expected to give
approximately 74 volts signal amplitude (peak to peak) at the typical bobbin calibration settings (4 x
20% flat bottom holes set to give 4 volts in the prime frequency channel 1; the voltage of a crack of
similar dimensions is expected to be approximately 20% of the EDM notch voltage, i.e.,

% The W stands for Wextex which refers to the Westinghouse explosive tube expansion process. Combustion
Engineering used an explosive expansion process extensively and it is referred to as explansion.
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approximately 15 volts. The response of 50% EDM notches is expected to be less than half expected
for a 0.5 inch long crack. Therefore, it is concluded that, if the bobbin probe could reliably detect the
50% EDM notches, the detection of the limiting 100% crack would be assured.

The evaluations were conducted using typical bobbin probe analysis guidelines. A total of 9 tube
specimens that contained 21 notches were analyzed; all of the notches present were successfully
detected. The analysis team consisted of a primary analyst, a secondary analyst, and a resolution
analyst, each functioning in a role identical to his field analysis function.

The amplitudes observed for these notches of various lengths range from a minimum of 1.98 volts to
7.20 volts. This result, 100% detection, is equivalent to 80% detection at 98% confidence, and
provides confidence that ID cracks less severe than the 0.5 inch long 100% depth ID flaw will be
detected.

» Tube cracking within the tubesheet is PWSCC.

e The separated tube condition for H* and P* is a low probability event for hydraulic expanded Alloy
600 mill annealed and thermally treated tubing.

e H* distances will restrict tube movement for all of the hot leg (HL) tubes for the limiting condition
and will control leakage to within the UFSAR accident analysis assumptions.

s P* distances will prevent the probability of tube disengagement from the tubesheet hole in the case of
separation and translation, based on the three-inch RPC inspection depth.

*  The maximum allowable primary-to-secondary side leakage during the limiting accident condition,
i.e., Steamline Break (SLB), through the affected SG is 1.0 gpm in the affected SG

» The plant primary side makeup capacity is on the order of 100 gpm.
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3.0 ANALYSIS AND SUMMARY
31 ANALYSIS
3.1.1 Function of H* and P*

Because PWSCC has been indicated within the three-inch RPC inspection depth of the Callaway SGs, it
is recommended to implement inspection to the H* depths. (Refer to Figures 2-1 and 3-1 and Table 3-1
determined in this evaluation.) ’

The P* justification, included in Appendix A of this report, addresses the very small likelihood of tube
separation within the tubesheet for approximately 95% of the tubes on the HL. P* also applies to
approximately 95% of the cold leg tubes. P* applies to interior tubes, i.e., tubes with outboard

neighbors, to non-patchplate-area tubes and to non-stayrod-area tubes. It also applies to interior tubes
which have non-plugged tubes in the next-larger-radius location in the same column. P* is shown on
Figs. 2-2, 3-2 through 3-4 and the operating tube locations, with the exception of operating tubes adjacent
to plugged tubes, where P* is permitted are shown on Fig. 3-5.

3.1.2 Features of H*
3.1.2.1 Leakage Resistance

The fundamental issue associated with the leak rate integrity is concerned with the potential leakage that
could result from tube cracks located below the H* depths during a postulated accident condition event.
Reference 8.17 provided information aimed at demonstrating under a2 number of assumptions that
adopting a primary-to-secondary administrative leak rate limit of 75 gpd during normal operation would
conservatively assure that the leak rate would remain less than 1 gpm during a postulated steam line or
feed line break event. The reason this approach was taken stems from the anticipated performance of a
tube which is postulated to contain a 360° circumferential crack within the tubesheet and for which there
is no resistance to flow associated with the crack. Unlike hard rolled tube-to-tubesheet joints which are
expected to result in zero leakage, the hydraulic expanded joints used at Callaway are expected to permit
some leakage. This is similar to the situation with explosively expanded joints found at plants which have
implemented a technology referred to as W*. The as-fabricated explosively expanded joint is not as tight
as a hard rolled joint, but is somewhat tighter than a hydraulically expanded joint. The dominant interface
pressure in a hydraulically expanded joint comes from the differential thermal expansion and the internal
pressure in the tube. Multiple plants in the United States have already implemented inspection plans
based on the structural and leak rate integrity of explosively expanded joints. In all cases the basis is the
same, the installation process results in an interference fit between the tube and the tubesheet which has
an associated residual pressure preload between the tube and the tubesheet. Thermal expansion and
internal pressure both increase the magnitude of the interface pressure, and pressure induced deflection
of the tubesheet leads to dilation of the tubesheet holes which acts to reduce the interface pressure. The
hydraulic expansion process results in an as-fabricated interface pressure. The initial preload pressure is
not the dominant factor in determining the length of engagement for structural integrity and the H*
lengths are similar to the W* lengths in that respect. The evaluation of the leak rate resistance of the
tube-to-tubesheet joints in the Callaway SGs is provided in further detail in section 6.0 of this report.
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3.1.2.2 Tube Anchorage

Three determinations were made of the engagement lengths required to resist pullout during normal
operation and under postulated accident conditions, Reference 8.17. Two of these were for anticipated
normal operating conditions and the third was for the limiting accident condition. The area of the
tubesheet was divided into four radial zones to account for the variation of H* with radius from the
center of the tubesheet. These were designated as D, C, B, and A starting from the periphery of the
tubesheet and had H* depths of 7.98, 7.50, 5.75, and 2.38 inches for radii extending to [

J-%° respectively. Although the H* lengths calculated to meet the normal operation
performance criterion exceeded those for the limiting postulated accident criterion, the H* values
reported were based on the accident condition values. The rationale for this selection was based on
anticipated leakage during normal operation leading to a shutdown of the plant before the degradation
could progress to the state that the normal operation performance criterion would be violated.

During the course of preparing responses to the RAIs associated with the structural performance criteria,
H* values based on the explicit use of the most limiting differential pressure during normal operation
were reanalyzed. Although secondary side pressures of 908, the limiting value, and 970 psia were used
for the calculation of the Reference 8.17 normal operating condition H* determinations, they were
applied for the determination of the tube-to-tubesheet contact loads while the applied pullout load was
based on the design specification differential pressure of 1600 psi. To obtain true limiting H* values for
normal operation the analyses were repeated using the actual limiting normal operating differential
pressure of 1342 psi based on the lower of the two secondary side pressures. It was also confirmed that
the actual anticipated secondary side pressure during the current operating cycle is on the order of

950 psia, thus the analysis is conservative. The results of the evaluation were that H* lengths of 7.99,
7.43, 5.63, and 3.16 inches are required for Zones D, C, B, and A respectively (see Table 3-1). Alength
of 0.3 inches is added to the H* distances for Zones A and B as discussed below and included in Table
3.1. The H* lengths based on meeting the 3 times normal operation-AP performance criterion are
essentially the same as those from the limiting accident condition except for the Zone A value.

A small crevice is formed at the top of the tubesheet during the tube hydraulic expansion process. This is
because the top of the expansion tool is restricted to being slightly below the top of the tubesheet to
prevent bulging of the tube above the top of the tubesheet. A transition from the expanded portion of the
tube to the unexpanded portion of the tube exists which is referred to as the expansion transition. The
bottom of the expansion transition is located below the top of the tubesheet. The H* values correspond to
lengths of expansion engagement in the tubesheet while the measurement during the inspection is from
the top of the tubesheet. Hence, an allowance is made based on the expected distance from the top of the
tubesheet to the bottom of the expansion transition. This was estimated to be 0.15 inch from the analyses
performed for Reference 8.16 and was the subject of an RAI. An investigation of the information from
measurements of crevice depths from other hydraulically expanded units led to the finding that limiting
values of crevice depth could range from about 0.15 to 0.30 inches depending on when the SGs were
manufactured. The limiting value for the process used to make the Callaway SGs likely led to a limiting
value closer to the former, but it was decided to implement a value of 0.30 inch for the Callaway
inspections.

Whether or not the crevice depth value needs to be added to the H* value to determine the inspection
length is a function of the tubesheet hole dilation. The contact pressure from the initial installation,
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thermal expansion, and pressure is reduced when the hole dilates. If the hole dilates too much the contact
pressure becomes negligible and is referred to as loss of contact in Reference 8.17. However, the
magnitude decreases with depth into the tubesheet because the dilation results from bending of the
tubesheet in response to the application of the primary-to-secondary pressure difference. So, if loss of
contact occurs, it is restricted to a small length below the bottom of the expansion transition. For two of
the Zones, D and C, the no-contact length when reckoned from the top of the tubesheet is greater than the
maximum expected distance of 0.30 inch, therefore, the H* values for those zones do not need to be
increased to account for the depth of the hydraulic expansion crevice. But, the value for Zones A and B
was increased to 3.46 inches and 5.93 inches to be inclusive of the transition distance.

In summary, the existing values initially determined based on postulated accident conditions were the
same as those from the most limiting anticipated normal operating condition except for Zone A. The H*
inspection distance for Zone A was increased to 3.46 inches, bounding the limiting performance criterion
(end cap load from 3 times the normal operating pressure differential), as a result of the reanalysis. For
implementation, the inspection depths were specified to be 9 inches for Zones D and C, 7 inches for Zone
B, and 5 inches for Zone A, exceeding the values determined by the structural analysis.

3.1.2.3 Determination of H* for a Zone

- H* for each zone is calculated to provide a portion of the tube pullout resistance necessary to meet the 3
times normal operating condition performance criteria.

The inspection depth-versus-R relationship is |

1"¢. The H* information is summarized in Tables 3.1 and 3.2.
The bobbin probe would be used to look for large axial indications within the tubesheet and below the
RPC inspection depth. The signals identified by bobbin would be further interrogated by RPC in order to
characterize them and to separate them from potential false positives (e.g. expansion anomalies). The
bobbin probe capability of detecting cracks in the tubesheet is addressed in Section 2.2 of this report.
3.1.3 Features of P*

[

]LC.G
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[

. The details of the P*

analysis are shown in Appendix A of this report.

The application of the P* criterion to any one tube requires that the [

32

3.2.1

]a,c.e

SUMMARY

H* Summary

In this configuration, the following is assumed :

L

Consider multiple tubes in a given SG to be degraded (The incidence of ID cracking in the
AG600TT tube hydraulic expansion joints in Callaway SGs is very low and for the tubes in other
plants of any diameter, such as 11/16 inch, 3/4 inch or 7/8 inch appears to be very low.)

For normal operation, the plant will operate as long as the leak rate stays within the technical
specification allowable leakage limit and within the administrative limits of EPRI Report TR-
104788, “PWR Primary-to-Secondary I eakage Guidelines”.

For the accident condition (steamline break/feedline break — SLB):

Qs = 1.0 gpm for the affected SG

A significant number of tubes can be postulated to be severed within the tubesheet and the
accident condition leak rate will remain below the 1.0 gpm performance criterion.

The evaluation of prior test data in conjunction with the results from in-situ testing or the most
severely cracked tubes in the Callaway SGs strongly support the conclusion that a small amount
of corrosion of the tubesheet in the vicinity of a throughwall crack will significantly narrow the
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effective crevice area and could prevent meaningful primary-to-secondary leakage during normal
operation and postulated accident condition.

6. A scoping check has been performed which indicates that if all the indications in the Callaway
SGs were assumed to be in one SG during a postulated accident, the resulting leak rate would not
exceed 0.44 gpm .

Other assumptions include:

¢ The distribution of indications in H* was representative of each respective depth in the
tubesheet.

e All of the indications were throughwall at their reported lengths.
e All of the indications leaked.

Each leak rate was calculated using the 90® percentile lower bound loss coefficient and the total leak rate
from all of the indications were summed.

Justifications were developed to reduce the RPC inspection length of the Model F steam generator tubes
within the tubesheet from full-length to partial-length for the Callaway Plant. The criteria are referred to
as partial-length RPC justifications and show that PWSCC below the H* depths (in 2 given zone) into the
tubesheet from the tubesheet top will pose neither structural issues such as tube separation and pullout
nor excessive leakage during the limiting accident condition, SLB.

An evaluation has been performed to develop the certain RPC inspection depth , known as H*, below
which any type of PWSCC (axial and/or circumferential) can be accommodated. The determination of
H* consists of analyses and testing programs which quantified the tube-to-tubesheet hole surface radial
contact pressure of the Westinghouse Model F steam generator tubes for the bounding plant conditions.
The tube within the H* length must be no-detectable-degradation (NDD) and is verified as such in the
periodic RPC inspection programs. H* is reckoned downward from the TTS. The bottom of the
hydraulic expansion transition is typically lower in elevation than the TTS. A small distance of
approximately 0.30 inches may be added to account for the maximum distance between the bottom of the
hydraulic expansion transition and the TTS. The calculated H* values do not contain any margin for
measurement error in elevation of the crack features.

The tubes are grouped in four zones, based on distance from the bundle vertical centerline. Due to
tubesheet upward bending during normal operation and during the limiting accident condition, the tube-
to-tubesheet hole surface contact pressure varies through the thickness of the tubesheet. The resistance to
leakage through a crack and through the tube-to-tubesheet interface to the secondary side is a function of
fluid conditions and tube-to-tubesheet contact pressure. Therefore, leakage from a given crack in a given
tube is a function of a crack tip distance from the tubesheet top and tube distance from the bundle
(tubesheet) vertical centerline.
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3.2.2 P* Summary

The P* value of 3 inches, |

1. It also provides a contingency for any tube which was left out of the RPC inspection
program during a given outage as well as all of the tubes in the SGs which were unopened in a given
outage. The benefit it provides is a contingency against tube end disengagement from the TS hole in case
of separation.

P* Evaluation Features - Summary
s  Addresses case of separated tube at approximately three-inch depth.

»  P* obviates the likelihood of developing a leak rate greater than the primary side makeup capacity of
about 100 gpm.
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Table 3-1
Depth into Tubesheet to Meet Structural Limits for Limiting Condition

RPC Inspection Depth for Particular Zone,
Inches (Outboard Boundary Distance of Zone
from TS Vertical Centerline)
A B C D
(58.3in.) | (48.61in.) | (30.2in.) | (12.0in.)
Axial Extent Req’d for Pullout Resistance 346 593 7.43 7.99
includes a bounding distance for the location
of the bottom of the hydraulic expansion
transition within the tubesheet of 0.30 inch. A
"no contact length” has been calculated for
Zones C and D during normal operating
conditions that exceeds the 0.30 inch
distance, therefore, the 0.3 inch length is not
added to the H* distance for Zones C and D.
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Table 3-2
Callaway Leakage Limits (Per Steam Generator)

Operating Leakage Limits Maximum Per SG
Condition
Tech. Spec. FSAR Administrative
Normal Operation 150 gpd N/A 75 gpd
(0.35 gpm) (0.104 gpm)
SLB/FLB N/A 11440 gpd N/A
(1.00 gpm)
Notes:
1)  The 1.0 gpm UFSAR léakage applies only to the faulted loop.
2) Negligible secondary-to-primary side leakage is acceptable during LOCA.
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Figure 3-1
H* Concept Tube Constraint in Tubesheet Only
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Figure 3-2
P* Concept for SG — As Built (Tube Constraint in U-Bend)
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» Figure 3-3
P* Concept Tube Constraint in U-Bend - Translated
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Figure 3-4
P* Translated Tube Constraint in U-Bend at AVBs
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Figure 3-5
Model F Tubesheet —P* Areas for Addressing Tube Separation Probability for Postulated
Circumferential Cracking at Slightly More Than the RPC Depth of 3 In.
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Figure 3-6 H* Zones
A:H*=346In; B: H*=543In.; C: H*=7.43 In.; D: H*=7.99 In.
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4.0 OPERATING CONDITIONS
Callaway Unit 1 is a four-loop plant with Model F steam generators.
41 NORMAL OPERATION CONDITIONS

Values of the plant thermal and hydraulic parameters during normal operation at 10 percent tube plugging
conditions applicable to this study are tabulated below:

Parameter ‘Units | Normal Operation Conditions® -
| T | G2 | Cme3®
Power — NSSS MWt 3579 - 3579
Reactor Vessel Outlet °F 6153 620.0
Temperature
Reactor Coolant System . psia 2250 2250
Pressure
SG Steam Temperature °F 533.0 540.8
SG Steam Pressure psia 908 970

(1) Reference 8.10
(2) Minimum Steam Temperature and Pressure in Reference 8.10°

(3) Maximum Steam Temperature and Pressure in Reference 8.10

42 FAULTED CONDITIONS

In addition to the RG 1.121 criteria, it is necessary to satisfy the updated final safety analysis report
(UFSAR) accident condition assumptions for primary-to-secondary leak rates. Calculated primary-to-
secondary side leak rate during postulated events should: 1) not exceed the total charging pump capacity
of the primary coolant system, and 2) be such that the off-site radiological dose consequences do not
exceed title 10 of the Code of Federal Regulations (10 CFR) Part 100 guidelines.

The accident condition primary-to-secondary leakage must be limited to acceptable values established by
plant specific UFSAR evaluations. The appropriate value for the Callaway SGs is 1.0 gpm for the
affected SG Pressure differentials associated with a postulated accident condition event can result in
leakage from a throughwall crack through the interface between a hydraulically expanded tube in the
tubesheet and the tube hole surface. Therefore, a steam generator leakage evaluation for faulted
conditions is provided in this report. The accidents that are affected by primary-to-secondary leakage are
those that include, in the activity release and off-site dose calculation, modeling of leakage and secondary
steam release to the environment. Steamline break (SLB) is the limiting condition; the reasons that the
SLB is limiting are: 1) the SLB primary-to-secondary leak rate in the faulted loop is assumed to be
greater than the operating leak rate because of the sustained increase in differential pressure, and 2)
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leakage in the faulted steam generator is assumed to be released directly to the environment. For
evaluating the radiological consequences due to a postulated SLB, the activity released from the affected
SG (which is connected to the broken steam line) is released directly to the environment. The unaffected
steam generators are assumed to continually discharge steam and entrained activity via the safety and
relief valves up to the time when initiation of the RHR system can be accomplished. A 1.0 gpm (1440
gpd) primary-to-secondary leakage is assumed for the affected SG, which is significantly greater than
that anticipated during normal operation. Furthermore, the radiological consequences evaluated, based
on meteorological conditions, assumed that all of this flow goes to the affected steam generator. With
this level of leakage, the resultant doses are well within the guideline values of 10 CFR 100.
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5.0 TEST PROGRAM

The test program, see Reference 8.1, had two purposes:

1.  To determine the [

]a.c.e

Pullout test data were also obtained from a factory test program which was performed to investigate the
various manufacturing steps for the tube joint. That test is described in Section 7.2.

Atotal of [

}a.c.e

The lower bound leakage resistance distribution for the collars with the nominal tubesheet hole diameter
was used in the present leakage evaluation. This lower bound leakage resistance was made using data for
the test conditions shown in the table below.
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Table 5.1
. Leak Test Program Matrix

ace

5.1 TEST SAMPLE CONFIGURATION

The intent of the test samples was to model key features of the Model F tube-to-tubesheet joint for [
1<, The following hardware was used:

5.1.1 Tubesheet Simulant (Collar)

The collar simulates the circumferential stiffness of a Model F tubesheet unit cell, utilizing an
appropriate outside diameter of approximately |

]I.C.e |
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5.1.2 Tubing

The yield strength for the SG Alloy 600 tubing ranges between [

1*“*. The Alloy 600 tubing used for these tests was from a certified heat and lot
conforming to ASME SB163, Section IlI Class 1. It was obtained from a Quality Systems-controlled
Storeroom. This material had a yield strength of [ ] ksi, making yield strength-sensitive test results

appropriate.

5.1.3 Test Sample Design Configuration

The intent of the leakage portion of the test program was to determine the leakage resistance of simulated
Model F tube-to-tubesheet joints, disregarding the effect of the tube-to-tubesheet weld and the |

J-*°. (These welds were an artifact of the test design and did not affect
the test condition because they made no contribution to hydraulic resistance from the tube-to-tubesheet
weld or the tube tacking operation.)

5.1.4 Test Sample Assembly
5.1.4.1 Tube Tack Rolling Operation
The steam generator factory tubing drawing specifies a [

1%, to facilitate the weld to the cladding on the tubesheet
face.

The assembly of the test samples required an appropriate roll expansion torque to bring the tube into light
contact with the collar. Wall thinning calculations performed on the tacked region of the tube show
values of no more than | J-¢. This indicates a lack of significant
contact with the collar, and conformance with the intent of the factory tacking operation.
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5.1.4.2 Tube Hydraulic Expansion

The hydraulic expansion pressure range for the Callaway steam generators was approximately [

J-°°. This value conservatively bounds the lower expansion pressure limit used for the
Callaway steam generators.

The tube expansion tool used in the factory consisted of a pair of seals, spaced by a tie rod between them.
The hydraulically expanded zone was positioned relative to the lower surface of the tubesheet,
overlapping the upper end of the tack expanded region. It extended to within a short distance of the
upper surface of the tubesheet. This produced a hydraulically expanded length of approximately [

J*“¢ inch nominal tubesheet depth.

The majority of the test samples were fabricated using [

]a.c.e

. These samples are
described as “Segmented Expansion” types. A tube expansion schematic is shown in Figure 5-2.

A small group of the test samples were fabricated using a [ 1*““ tool which was
fabricated expressly for these tests. These samples were described as “Full Depth Expansion™ types.
The expansion method with regard to the segmented or full length aspect does not have a bearing on the
test results.

5.2 TEST PROCEDURE

The testing reported herein was performed according to a test procedure which outlined two types of leak
tests and one mechanical loading test. The tests performed are described below.

5.2.1 Room Temperature Primary-to-Secondary Leak Tests

Room temperature primary-to-secondary leak tests were performed on all test samples, using deionized
water as a pressurizing medium. [

14, to simulate the

lack of a tube weld.
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5.2.2 Elevated Temperature Primary-to-Secondary Side Leak Tests

Elevated temperature primary-to-secondary side leak tests were performed using an [

]l.t.e.

These tests were performed following the room temperature primary-to-secondary side leak tests on the
chosen samples. The test results showed a [

]l.C.e

5.23 Mechanical Loading Tests

Mechanical loading, [

]l.c.e R

53 TEST SUMMARY
53.1 Leak Tests
The room temperature leak tests on nominal diameter segmented expansion collars averaged [
J**°. (As a point of
reference, there are approximately 75,000 drops in one gallon.)

53.2 Tube Pullout Tests

{

]l&t.
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Figure 5-1
Leakage Test Schematic
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Figure 5-2
Tube Hydraulic Expansion Process Schematic
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6.0 LEAK RATE EVALUATION

The leak rate from a crack located within the tubesheet is governed by the crack opening area, the
resistance to flow through the crack, and the resistance to flow provided by the tube-to-tubesheet joint.
The path through the tube-to-tubesheet joint is also frequently referred to as a crevice, but is not to be
confused with the crevice left at the top of the tubesheet from the expansion process. The presence of the
joint makes the flow from cracks within the tubesheet much different from the flow to be expected from
cracks outside of the tubesheet. The tubesheet prevents outward deflection of the flanks of cracks, a more
significant effect for axial than for circumferential cracks, which is a contributor to the opening area
presented to the flow. In addition, the restriction provided by the tubesheet greatly restrains crack
opening in the direction perpendicular to the flanks regardless of the orientation of the cracks. The net
effect is a large, almost complete reduction of the leak rate when the tube cracks are within the tubesheet.

The leak path through the crack and the crevice is very tortuous. The flow must go through several turns
within the crack in order to pass through the tube wall, even though the tube wall thickness is relatively
small. The flow within the crevice must constantly change direction in order to follow a path that is
formed between the points of hard contact between the tube and the tubesheet as a result of the
differential thermal expansion and the internal pressure in the tube. There is both mechanical dispersion
and molecular diffusion taking place. The net result is that the flow is best described as primary-to-
secondary weepage. At its base, the expression used to predict the leak rate from tube cracks through the
tube-to-tubesheet crevice is the D’ Arcy expression for flow rate, O, through porous media, i.e.,

Q=—-——, o)

where p is the viscosity of the fluid, P is the driving pressure, z is the physical dimension in the direction
of the flow, and X is the “loss coefficient” which can also be termed the flow resistance if the other terms
are taken together as the driving potential. The loss coefficient is found from a series of experimental
tests involving the geometry of the particular tube-to-tubesheet crevice being analyzed, including factors
such as surface finish, and then applied to the cracked tube situation. The flow through the crack is
modeled separately and considered in series with the flow through the crevice. The loss coefficient is
significantly affected by the contact pressure between the tube and the tubesheet because this affects the
net contact area that is formed by the mating of asperities on both the tube and tubesheet surfaces at a
microscopic level. The deflection of the tubesheet causes the contact pressure during normal or accident
conditions to be an essentially linear function of the depth into the tubesheet. Thus, the estimation of the
Ieak rate in service involves integrating the loss coefficient as a function of depth to calculate an effective
loss coefficient for the joint. As noted earlier, the major factors affecting the contact pressure loss
coefficient are differential thermal expansion and internal pressure in the tube. Although the fabrication
preload does offer some contribution, it is important to note that all of the test specimens exhibited
leakage at both room and elevated temperature conditions, with higher leak rates being measured at room
temperature. These results strongly support the contention that throughwall cracks in the tubesheet of an
operating SG should exhibit some leakage during an in situ test.

If a throughwall crack developed during operation, the loss coefficient would likely increase significantly
with the initial introduction of primary water into the crevice between the tube and the tubesheet. A very
small amount of primary water would be involved and any oxidant present would be quickly consumed
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by surface reactions with the tubesheet material wetted by the flow. This means the exposed microscopic
crevices between mating asperities would be expected to narrow due to the expansion of the oxides
formed; the oxides associated with corrosion in a SG occupy more space than the parent metals. There
would be no meaningful further corrosion because of the lack of a mechanism for oxidant replenishment.
In addition, any microscopic particulates that were transported through the crack would likely not be able
to be transported through the crevice because of the torturous path involved. Although potentially not a
big effect, they would nonetheless further narrow the crevice and retard the flow. An observation from
the leak rate testing program was that subsequent tests on the same specimen at the same test pressures at
elevated temperature with few exceptions demonstrated an increase in the loss coefficient with test
number. The same effect was not observed on specimens for which repeated tests were run at room
temperature using the same pressurizing medium, deionized water. Thus, supporting the argument that a
small amount of oxidation takes place at elevated temperatures and leads to a closing or narrowing of the
microscopic pathways between the tube and the tubesheet. The argument also explains why none of the
in situ tests of tubes with likely throughwall cracks at Callaway resulted in detectable leakage and
implies that there would have been no leakage in the event of a postulated accident.

In laboratory testing, at-temperature exposures of test units were very short (typically < 1 day) while at
Callaway the at-temperature leakage may have occurred for hundreds of days before decreasing to less
than detectable. Additionally, the pressure of boric acid in the reactor coolant would result in slightly
higher low-alloy steel corrosion rates that would further accelerate blocking of the crevice to the point
that flow would be limited. The impact of boric acid in the tubesheet due to the presence of a through-
wall flaw in an SG tube is provided in previous F* reports like Reference 8.18 that have been submitted
to the NRC staff.

The normal operation primary-to-secondary leak rate history measured at Callaway through the end of
Cycle 11 is illustrated on Figure 6.1. The measured leak rate at the end of operating Cycle 12 was
reported to be about 0.31 gpd. Although there were several tubes detected during the inspection that had
circumferential cracks within the tubesheet that were very likely 100% throughwall, including one that
was reported as being 360° in circumferential extent in situ tests performed during the outage of the
cracks within the tubesheet found that they exhibited no leakage at pressures up to 4350 psi at room

temperature.

6.1  IN SITU TESTED INDICATIONS

As noted in the introduction to this section, Callaway has performed a number of in situ tests of
circumferential tube crack indications located within the tubesheet and has found none that exhibited any
leakage (Reference 8.16). The in situ testing equipment is capable of measuring leak rates as small as
0.001 gpm or about 75 drops per minute. The detection capability is significantly improved if the
pressure is monitored. Water is for all practical purposes an incompressible medium at the pressures of
interest for in situ testing. Thus, if there is no detected drop in the pressure during a hold period, there has
been zero leakage. For most of the tests performed at Callaway, especially those at refueling outage 12,
there has been no decay in the pressure observed during the hold times. Examination of the ECT
measured profiles implies that several were certainly 100% throughwall although there was no measured
leak rate during the in situ testing.

A number of measured profiles are illustrated on Figures 6.2 through Figure 6.10. The cracks range in
circumferential extent from about 30° to 360°. Regardless of the reported depths, they are all likely to be
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100% throughwall or have most of their length at 100% throughwall. Examination of profiles from
indications that were not in situ tested were used to glean information about the growth and progression
of the cracks. A profile representative of the early stages of growth is shown on Figure 6.11. Likewise, a
profile representative of, say, median stages of growth is illustrated on Figure 6.12, and finally, a profile
indicative of the latter stage of growth is illustrated on Figure 6.13. What is apparent from the presented
scenario is that the tendency is for the cracks to grow deeper without getting appreciably longer, in spite
of the exception posed by the tube at RI8C77 in SG C. The aspect ratio of depth over length reduces with
time as the cracks get deeper. This means that future occurrences of 100% deep by 360° circumference is
not likely, although the probability is not negligible. -

The distribution of the locations of the cracks below the top of the tubesheet is illustrated on Figure 6.14,
and the distribution of total angles is illustrated on Figure 6.15. A normal curve has been superposed on
the distribution of locations below the top of the tubesheet, but it is apparent that the cumulative function
for a uniform distribution would agree with the data as well. This means that projections of the number of
cracks outside of the H* regions should be made using a uniform distribution.

The distribution of angles is approximately linear between 30 and 150°, however there was one crack
with an angular extent of about 220° and one with an angular extent of 360°. The distribution is in
keeping with expectations if the cause of the cracking is postulated to be residual stresses from local
expansions of tube material into manufacturing depressions within the drilled holes in the tubesheet. It is
also to be expected that the cracking would progress to a significant depth without necessarily extending
360° circumferentially. In other words, the large crack angles appear to be exceptions and most cracks
would be expected to be in the range of less than 150°.

A further discussion of in situ testing of tube indications is located in Appendix D of this report.
6.2 PREDICTION OF ACTUAL LEAK RATES

The leak rate from a single circumferential indication is calculated using the Westinghouse computer
code DENTFLO. The code was written to model the flow associated with cracks in series with the tube-
to-tubesheet crevice based on maintaining continuity between the two physical elements through which
the fluid must pass. To better respond to the concerns of the NRC staff relative to the potential leak rate
from large indications, revisions of the previous analyses were developed and implemented. These are
discussed in the following paragraphs.

The database for the curve fitting of the crevice loss coefficient as a function of the contact pressure was
reviewed in detail. The examination of the test data revealed a bias to lower loss coefficients from the
tests performed at room temperature relative to the tests performed at 600°F. In addition, it was found
that crevice resistance increased with time at elevated temperature, i.e., the resistance consistently
increased for subsequent tests using the same specimens. An examination of the data from the tests
performed at room temperature revealed that the leak rate was constant with time, even though the
repeated tests were performed using the same test equipment and the same test specimens. The consistent
explanation for the behavior of the elevated temperature test results is that slight corrosion of the
tubesheet simulant at elevated temperature resulted in a narrowing of the flow paths within the tube-to-
tubesheet interface. The same effect as would be expected to occur in the tubesheet of an operating plant
and supports the observation of no leakage from any of the in situ tests of cracks that surely were
throughwall in the Callaway SGs. The regression analysis of the loss coefficient as a function of contact

Leak Rate Evaluation 6-3 May 2003
4969.doc-060403 Revision 1



pressure was repeated using data more appropriate to the prediction of leak rate from an operating SG
Two modifications to the data base were made to effect the analysis. Firstly, most of the data obtained
from room temperature tests was removed from analysis consideration. The inclusion of the data in prior
analyses resulted in an artificial reduction of the loss coefficient regression curve and an artificial
increase in the standard deviation of the regression residuals. Low contact pressure (1000 psi pressure
differential equates to 790 psi contact pressure) room temperature data were retained in the database
because there were no low contact pressure data obtained at elevated temperature. This is a conservative
approach and has the effect of reducing predicted crevice resistance values. Although the data strongly
indicated an increase in the crevice resistance with time, when multiple tests of the same specimen were
available all of the data from the tests were included in the data base instead of retaining only the data
from the last test. This has the effect of reducing the loss coefficient at higher contact pressures and
increasing the standard deviation of the regression residuals, thus lowering the 95% simultaneous
confidence curve. The final database and regression line are illustrated on Figure 6.18. There are 29 data
points in the correlation and the coefficient of regression is 75%. Therefore, the loss coefficients used in
the leakage calculations are based on a sound database, and no additional tests are deemed necessary.

In keeping with the analyses performed for other evaluations involving tube-to-tubesheet crevice
resistance, a lower 95™ percentile simultaneous confidence bound was fitted to the data for use in
evaluating predicted leak rates. Monte Carlo simulations performed in support of the application of W*
as an alternate repair criteria support the use of the confidence bound for making multiple predictions of
the leak rate. Previously reported predictions of leak rate were done at a 95% prediction bound, normally
2 95% confidence bound is used if multiple predictions are being made.

The crack opening area model was revised to properly account for the fact that the pressure acting on the
flanks of the cracks is compressive relative to the material adjacent to the crack plane. Previous analyses
considered a far-field tensile stress, which leads to an underestimate of the shear force resistance from
the contact pressure between the tube and the tubesheet. The change resulted in a reduction of the
predicted crack opening area on the order of 50% for cracks that are less than 360° in azimuthal extent.
The theory of the crack opening model is provided in Appendix C.

An analysis procedure was also developed for dealing with the occurrence of a 360° throughwall crack.
Prior discussions were based on postulating that the tube material below the crack ceased to exist and
that only the tube-to-tubesheet crevice resisted the flow. In reality the crack faces will part slightly and
the crack will continue to provide a resistance to primary-to-secondary leakage. The approach is based on
considering the maximum area from an analysis which considers the primary pressure acting on the crack
flanks and only the tube material acting as a spring to resist parting of the crack faces. The model predicts
leak rate from a 360° crack at elevations of 8, 12, and 16 inches deep in the tubesheet during a postulated
steam line break accident of 0.01, 0.004 and 0.002 gpm, respectively. These leak rates are predicted at
the worst radial location for the elevations considered. Results from some of the calculations using the
revised model and the model for a 360° crack are illustrated on Figure 6.19 for depths of 8,12, and 16
inches into the tubesheet for the most severe locations in the SG
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6.3 MODELING OF FUTURE SG LEAK RATES

Modeling of future leak rates is a function of the number of cracks that are in the SGs at elevations below
H* and their radial location from the centerline of the tubesheet. An examination of the inspection data
for the Callaway SGs was used to determine the SG with the most indications as a function of time, and
then to predict the number of indications below H* and the number of indications that would exist below
H* at the end of the next cycle of operation. The morphology of the cracks is such that most of them
would not be expected to grow in circumferential extent more than they are right now. The cracks form
because of anomalies in the tubesheet holes resulting from the drilling process. The tube material flows
into the anomaly when the tube is expanded leaving a localized stress concentration. This is somewhat
akin to the denting process in carbon steel tube support plates which is azimuthally limited in extent and
when cracks form within the dents they do not extend significantly outside of the dents. The situation is
likely to be better within the tubesheet because the stress field associated with the internal pressure in the
tube that is present outside of the tubesheet is not present within the tubesheet owing to the constraint
afforded by the tubesheet.

64 POTENTIAL FOR NORMAL OR ACCIDENT CONDITION LEAKAGE

The total number of potentially significant indications within the tubesheet can be calculated from the
number found during this outage. Here, significant is taken to be large enough to be tested in situ. It is
apparent that most of the cracks are actually not significant from a structural standpoint nor from a leak
rate standpoint given their tendency toward a small circurnferential extent. The distribution of indications
with depth was indicated to be uniform, thus the number of indications outside of the H* regions can be
estimated by scaling the number by the relative depths into the tubesheet. The tubesheet is 21 inches
thick and the inspection depths in Zones B and C were 7 inches and 9 inches respectively. This means
that the number of cracks expected to be found outside of the H* depths in Zones B and C are 2.0 and 1.3
times the number found within H*. In Zone B the depth of the tubesheet below H* is 14 inches and the
respective number in Zone C is 12 inches. Below H* and above 16 inches into the tubesheet the fractions
for Zones B and C are 9/7 and 7/9 respectively, that is the expected number of indications is found by
multiplying the found number of significant indications by the respective fractions. A summary of the
number of indications expected outside of the H* region in the tubesheet is provided in Table 6.1 by SG.

The depth of 16 inches was chosen for the above comparison although the bowing of the tubesheet
results in contraction of the tubesheet holes at a depth of 10.5 inches, the leak rate during a postulated
steam line break is predicted to be less than the leak rate during normal operation for indications below
16 inches. The most severe indications were found in Zones B and C where the inspection depths were 7
and 9 inches respectively. There were no severe circumferential indications in Zones A and D. The
pumber of severe indications are significantly less than the number of 360° throughwall cracks that
would be necessary to cause excessive leakage during a postulated SLB event.

The projection of the future number of cracks to be present can be made by considering the cumulative
number to follow either a lognormal or Weibull distribution function. These are the standard distributions
assumed for SG cracking and Westinghouse is of the opinion that the lognormal distribution performs
slightly better. The first cracks below the top of the tubesheet were observed in 1995 at Callaway after
8.6 years of effective operation. Projections were made for the total number of indications in all of the
SGs and the number in the most seriously affected SG i.e., SG A based on the number of indications.
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The data from previous years during refueling outages (RFO) 7 through 11(identified in Tables 6.1, 6.2
and 6.3) involved an inspection depth of 3 inches. Using the numbers found from those inspections an
estimate of the number of indications between 3 inches and 7 inches was made, i.e., an effective average
H* depth. The number predicted for all of the SGs was 28 between 3 and 7 inches. Since the 3 to 7 inches
depth was not being inspected by RPC during refueling outages RF07 through 11 this number represents
the number likely to be found in active tubes during the current inspection outage. The actual number
was found to be 18, or 64% of the predicted number.

Referring to Table 6.2, the number of indications within the H* distance is calculated as follows. For the
10/96 outage, 17 circumferential indications were found in the region from 0 to 3 inches below the top of
the tubesheet. Therefore, it is conservatively projected that 4/3 x 13 = 17 indications would have been
present in the tubesheet in the region ranging from 3 to 7 inches below the top of the tubesheet.

However, referring to the October 2002 data discussed in the preceding paragraph, only 18 indications
were found in that range out of the total of 28 indications in the tubesheet in the range of 3 to 7 inches
predicted for RFO 7-11 for a ratio of 0.64. Therefore, 0.64 x 28 = 18 would be the real number of
indications expected in this region for a total of 24 within the 0 to 7 inch length (i.e., 13 + 4/3 x 13 x 0.64
=24).

Using the same approach, the anticipated number of circumferential indications in SG A at elevations
from 3 to 7 inches below the top of the tubesheet would be 24, but only 6, or 25% of the predicted
number, were present. The fractions from these two comparisons are greater than would have been
obtained had an estimate of new indications been included in the analysis. These factors were then used
to adjust the number of indications predicted to be in the H* length at prior outages which were then used
for estimating the cumulative distributions of indications. The cumulative distributions of circumferential
cracks within the tubesheet are illustrated on Figure 6.16 for all of the SGs and on Figure 6.17 for SG A.
Both lognormal and Weibull distribution curves were fitted to the data and both fits are similar. A 90%
confidence bound on the number of circumferential cracks is also illustrated for a lognormal distribution.
The values used to develop the curves are listed in Table 6.2 for the cumulative of all the SGs and in
Table 6.3 for SG A.

A summation of the leak rates to be expected from each indication projected within Table 6.3 could be
made using the distribution of total angles as listed on Figure 6.15 and likely depths from the distribution
of all indications found during the outage in combination with the prediction curves of Figure 6.19.
However, the need to proceed with such an analysis is not seen as essential based on the actual number of
cracks under consideration and the leak rate prediction information presented on Figure 6.19. A check of
this assertion is provided following this discussion. The predicted leak rates were used to develop the
number of allowable throughwall cracks as a function of depth in the tubesheet and crack extent. For
example, at an 8 inch depth approximately 96 360° throughwall cracks would be needed to achieve a leak
rate of 1 gpm. At 12 inches the number rises to 271 and at 16 inches depth the number is 465. Nearly
half of the cracks are about 125° or less in azimuthal extent and the respective number needed to be
throughwall and leaking, (which is not likely based on the results of the in situ tests) would be about 449,
1052, and 1095 respectively. The results for SG A show an expectation of about 77 cracks total in the
range of 7 to 16 inches and 43 in the range of 16 to 21 inches at the end of the next cycle. Overall, it is
seen to be unlikely that the combination of a large number of throughwall indications that would be
capable of leaking in combination with the circumferential lengths necessary to provide meaningful
leakage would be present.
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However, to provide a check of the above assertion, the number of indications found between 3 inches
and the average H* depth of 7 inches was taken as representative of the density of the total number of
indications throughout the remaining depth of the tubesheet, i.e., 14 inches. This means that 3.5 times the
number of cracks found between depths of 3 and 7 inches would be expected to be present between 7 and
21 inches, i.e., the region outside of H*. The leak rate from a crack of given size (angular extent) varies
depending on the radial location of the tube containing the crack and the elevation of the crack within the
tubesheet. For the purpose of calculating total leakage from a steam generator, the region outside H* was
divided into three layers: 7" to 12", 12" to 16" and 16" to 21". In each layer, all cracks were placed at
the top of the layer to maximize leakage. However, since the top of the first layer (7") is above the H*
distances for Zones C and D, leakage was calculated at 8" depth. The DENTFLO code was used to
examine the variation of the leakage with the radial location in the tubesheet. Figure 6.19 shows the
results for a crack with 180° angular extent, and it is representative of other crack angles. It is evident
that the leakage trend varies with elevation. At 8" elevation, leakage is highest close to the tubesheet
center, and at the 16" elevation, highest leakage occurs at the outer end. To calculate total leakage from a
stearn generator, leakage at the worst radial location was used for each of the three layers: 5" radius at 8"
depth, 48.6" radius at 12" depth and 58.3" radius at 16" depth. The variation of leakage at SLB
conditions with angular extent is shown in Figure 6.20. The solid lines in Figure 6.20 represent
polynominal fits to the discrete points from DENTFLO calculations. Second order log-log curves fit the
data well. Using the polynomial relations shown in Figure 6.20, 2 very conservative prediction of the
potential total leak rate for the Callaway SGs was made assuming:

1)  all of the indications were in one SG,

2) the distribution of indications in H* was representative of each respective depth in the tubesheet,

3) the distribution of crack angles for all indications at each elevation interval was consistent with
Figure 6.14, "Distribution of Severe Indication Total Angles"

4)  all of the indications were throughwall at their reported lengths, and

5)  all of the indications leaked.

Each leak rate was calculated using the 95™ percentile lower confidence bound loss coefficient and the
total leak rate from all of the indications summed. The result of the calculation was a total predicted leak
rate of 0.44 gpm during a postulated accident condition.

6.5 LIGAMENT TEARING

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 this is accounted for in the strength evaluations that
demonstrate a resistance to pullout in excess of 3-AP for normal operation and 1.4-AP for postulated
accident conditions, the potential for ligament tearing to significantly affect the leak rate predictions
needs to be accounted for.

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
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transmitted below about 2/3 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 opening of the crack. The contact pressure between
the tube and tubesheet results in a friction induced shear stress acting opposite to the direction of crack
opening, and the pressure on the flanks is compressive on the material adjacent to the plane of the crack,
hence a Poisson’s ratio radial expansion of the tube material in the immediate vicinity of the crack plane
is induced which also acts to restrain the 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 [

]lC.G

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 8% 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 not necessary.
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Table 6.1

Distribution of Severe Circumferential Indications

in Callaway SGs by SG and H* Zone

SG Depth <H* H* <Depth H* <Depth<16”
Zone B Zone C Zone B Zone C Zone B Zone C
A 3 0 6 0 4 0
B 0 0 0 0 0 0
C 4 3 8 4 6 3
D 2 0 4 0 5 0
Totals 9 3 18 4 15 3
Table 6.2
Potential Number of Circumferential Indications Within
_ the Tubesheet RPC Inspection Region, All SGs
Date EFPY I;I:q. of Avg. No. In Cum No. Outside | Middle Bo:tom
irc. Insp. H* in H* of H* 9" of TS 5” of
Depth =7) TS
Apr 95 8.6 2 3 4 4 8 5 3
Oct-96 10.0 13 3 24 28 56 36 20
Apr-98 11.2 3 3 6 34 68 44 24
Oct-99 12.5 3 3 6 40 80 51 29
Apr-0] 13.9 0 3 0 40 - 80 51 29
Oct-02 15.2 29 7 29 69 138 89 49
=16.5 11 80 160 103 57
Apr-04 90% Confidence 36 105 210 135 75
Table 6.3
Number of Circumferential Indications Within
the Tubesheet RPC Inspection Region, SG A
Avg. No.In . . Bottom
pue | mry | OO | g | E O | Qe | Mo | oo
i Depth =T) TS
Apr95 86 2 3 3 3 6 4 2
Oct-96 10.0 11 3 15 18 36 23 13
Apr-98 11.2 2 3 3 21 42 27 15
Oct-99 125 2 3 3 24 48 3 17
Apr-01 13.9 0 3 0 24 48 31 17
Oct-02 15.2 15 7 15 39 78 50 28
: =16.5 7 7 46 92 59 33
Apr-04 90% Confidence 21 60 120 77 e
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Circumferential Crack Profile Depth versus Circumferential Extent (11,98,A)
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Cumulative Distribution of Elevation
of Severe Tubesheet Circumferential Cracks
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Cumulative Occurrence of Circumferential
Cracks in H* (Average of 7" Depth Used), SG A Only
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SLB Leak Rate Variation with Radial Location within Tubesheet
180 Degree Circumferential Crack
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7.0 STRUCTURAL ANALYSIS

An evaluation was performed to determine the contact pressures between the tubes and tubesheet in the
Callaway steam generators as part of the H* analysis. The evaluation utilized [

>, were determined.

The same contact pressure results were used [

1~ were also included.

Because the P* analysis postulates that a |
J-¢ for determination
of P*.

71 EVALUATION OF TUBESHEET DEFLECTION EFFECTS FOR H* AND H*
LEAKAGE :

A finite element model developed previously for the Model F channelhead/tubesheet/shell region was
used to determine the tubesheet hole dilations in the Callaway steam generators. |

15 loads in the tube.
7.1.1 Material Properties and Tubesheet Equivalent Properties

The material of construction for the tubing in the steam generators is a nickel base alloy, Alloy 600, most
of the tubes are in 2 mill annealed condition and the remainder in the thermally treated (TT) condition.
Summaries of the applicable mechanical and thermal properties for the tube material are provided in
Table 7.1-1. The tubesheet material is SA-508, Class 2a, and its properties are in Table 7.1-2. The shell
material is SA-533 Grade A Class 2, and its properties are in Table 7.1-3. The channelhead material is
SA-216 Grade WCC, and its properties are in Table 7.14. The material properties are from Reference
84.
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The perforated tubesheet in the Model F channelhead complex is treated [

-

17+ in the
perforated region of the tubesheet for the finite element model. The material properties of the tubes are
not utilized in the finite element model, but are listed in Table 7.1-1 for use in the calculations of the
tube/tubesheet contact pressures.
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7.1.2 Tubesheet Rotation Effects

-

Loads are imposed on the tube as a result of tubesheet rotations under pressure and temperature
conditions. [

]n_.c,e

Previous calculations performed [

]&C,G-

The radial deflection at any point within the tubesheet is found by scaling and combining the unit load

radial deflections at that location according to:
ace

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) 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:

I

UR is available directly from the finite element results. dUR/dR may be obtained by numerical
differentiation.

3,C,6

The maximum expansion of a hole in the tubesheet is in either the radial or circumferential direction.

[

]8.5,5

Where SF is a scale factor between zero and one. For the eccentricities typically encountered during
tubesheet rotations, [ 1*°°. These values are listed in the table below:
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These data were fit to the polynomial below:

|

ace

[
]a.c,c
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[ | el
The radial expansion of the hole ID is given by:

[

]S.C.C
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The resulting equation is:
agc,e

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 function of radius. The elevations selected ranged from the top to the bottom of the tubesheet.
Negative “contact pressure” indicates a gap condition, which is calculated for the secondary face of the
tubesheet (i.e., top of the tubesheet) as follows:

AR, =0.5[AD —2AR" ~24R"]

The OD of the tubesheet cylinder is equal to that of the cylindrical (simulate) collars (1.632 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 (Reference 8.7).

The tube inside and outside radii within the tubesheet are obtained by assuming a nominal diameter for
the hole in the tubesheet (0.7035 inch, selected as 0.703 inch in this case) and wall thinning in the tube
equal to the average of that measured during hydraulic expansion tests. That thickness is 0.0366 inch for
the tube. The table below lists the values used in the equations above, with the material properties
evaluated at 600°F. (Note that the properties in the following sections are evaluated at the primary fluid
temperature).

Parameter Value
b, inside tube radius, in. 0.3149
¢, outside tube radius, in. 0.3515
d, outside radius of cylinder w/ same radial stiffness as tubesheet, in. [ | e
o, coefficient of thermal expansion of tube, in/in °F 7.83x10°
E,, modulus of elasticity of tube, psi 28.7 x 10°
as, coefficient of thermal expansion of tubesheet, in/in °F 742x10°
Ers, modulus of elasticity of tubesheet, psi 26.4 x 10°
Structural Analysis 7-6 May 2003
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7.1.3 Callaway Contact Pressures
7.1.3.1 Normal Operating Conditions
The loadings considered in the analysis are based on an umbrella set of conditions as defined in

References 8.8, 8.9 and 8.10. The current operating parameters from Reference 8.10 are used. The
temperatures and pressures for normal operating conditions at Callaway are therefore:

Case 2™ Case3®
Primary Pressure = 2235 psig 2235 psig
Secondary Pressure = 893 psig 955 psig
Primary Fluid Temperature (Tiy) =615.3°F 620.0 °F
Primary Fluid Temperature (Tco) =5513°F 556.6 °F
Secondary Fluid Temperature =533.0°F 540.8°F

(1) Minimum Steam Temperature and Pressure in Reference 8.10
{2) Maximum Steam Temperature and Pressure in Reference 8.10

The primary pressure [

]"C,C.

7.1.3.2 Faulted Conditions

Of the faulted conditions, Feedline Break (FLB) and Steamline Break (SLB) are the most limiting. FLB
has a higher AP across the tubesheet, and requires a slightly longer length of engagement to resist pull
out, while the lower temperature of SLB results in 2 higher leak rate. Both cases are considered in this
section. The impact of a postulated loss of coolant accident is also considered below.
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7.1.3.2.1 Feedline Break

The temperatures and pressures for Feedline Break, using the guidelines from Reference 8.9, are:

Case2V
Primary Pressure = 2650 psig
Secondary Pressure ‘ = Opsig
Primary Fluid Temperature (Thot) =591.3°F
Secondary Fluid Temperature =533.0°F

(1) Minimum Steam Temperature and Pressure in Reference 8.9

(2) Maximum Steam Temperature and Pressure in Reference 8.9

The Feedline Break condition [

]l&,ﬂ.

7.1.3.2.2 Steam Line Break

Case 3

2650 psig

0 psig
596.0 °F
540.8 °F

As a result of SLB, the faulted SG will rapidly blow down to atmospheric pressure, resulting in a large
AP across the tubes and tubesheet. The entire flow capacity of the auxiliary feedwater system would be
delivered to the dry, hot shell side of the faulted SG. The primary side re-pressurizes to the pressurizer
safety valve set pressure. The pertinent parameters are listed below. The combination of parameters

yielding the most limiting results is used.

Primary Pressure

Secondary Pressure
Primary Fluid Temperature (Thot)

Secondary Fluid Temperature

2560 psig
0 psig
420°F

260°F
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For this set of primary and secondary side pressures and temperatures, the equations derived in Section
7.1.2 are solved for the selected elevations in the tubesheet to obtain the contact pressures between the
tube and tubesheet as a function of tubesheet radius for both the hot leg and cold leg.

7.1.3.2.3 LOCA Condition

Following rupture of a reactor coolant pipe resulting in a large loss of coolant, the primary system
pressure decreases rapidly causing the primary system temperature to decrease. Because of the rapid
blowdown of coolant from the system and the comparatively large heat capacity of the metal sections of
the components, it is likely that the metal will remain at or near the operating temperature during the
blowdown. This event may initiate from either 100% power or hot standby (0% power) conditions. Zero
percent power conditions are more conservative with respect to contact pressures in that the primary
temperature is lower, the secondary temperature is higher, and the pressure drop across the tubesheet is
higher than for 100% power conditions.

Although the maximum secondary to primary AP during the LOCA condition is 793 psi (Reference 8.8)
the temperatures and pressure for the LOCA condition are conservatively:

Primary Pressure = (psig
Secondary Pressure = 1092 psig
Primary Fluid Temperature (Thot) = 557°F
Secondary Fluid Temperature = 557°F

For this set of primary and secondary side pressures and temperatures, the equations derived in Section
7.1.2 are solved for the selected elevations in the tubesheet to obtain the contact pressures between the
tube and tubesheet as a fimction of tubesheet radius for both the hot leg and cold leg.

7.1.4 Summary of Results

For Callaway, the contact pressures between the tube and tubesheet for various plant accident conditions
are plotted versus radius in Figures 7.2-2a through 7.2-3b.

7.2 DETERMINATION OF TUBE-TO-TUBESHEET CONTACT PRESSURE FOR
Hi:

The H* partial-length RPC justification relies on knowledge of the tube-to-tubesheet interfacial

mechanical interference fit contact pressure at all elevations in the in the tube joint especially in the

upper half of the tube joint. The contact pressure is used for both anchorage of the tube in the tubesheet

in the H* evaluation and for determining the leakage effects for H*.

For the tube anchorage effect, it is necessary to demonstrate that the [

]ﬂ.csc
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]a,c,e

The end cap loads for Normal and Faulted conditions are:

Normal: 7 * 1600 * (0.71)* /4 = 633.47 Ibs.
Faulted (FLB): T * 2650 * (0.71)% /4 = 1049.19 Ibs.
Faulted (SLB): T * 2560 * (0.71)? /4 = 1013.55 Ibs.

Thus, based on the guidelines of RG 1.121, the critical end cap load is 1900 Ibs., which is three times the
normal load and is greater than 1.43 times the accident operation loads of 1500 Ibs. (FLB) and 1449 Ibs.
(SLBY).

[

]a,c.e
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]a,c,e

The force resisting pullout acting on a length of a tube between elevations h, and h; is given by:
h
F, =(h, - h,)Fye + pnd [Pdh
by

Where:
Fue = Resistance to pull out due to the initial hydraulic expansion = 118.85 Ib/in
P = Contact pressure acting over segment dh

B = Coefficient of friction between the tube and tubesheet, conservatively assumed to be
02

The contact pressure is assumed to vary linearly between adjacent elevations in the top part of Tables
7.2-2a,7.2-2band 7.2-3, so that between elevations L, and L,
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=P (Pz'Px)

(L2 —-Ll)(h_Ll)

or,

so that,

This equation is used to accumulate the force resisting pullout from the TTS to each of the elevations
listed in the lower parts of Tables 7-2a through 7-2b. The above equation is also used to find the
minimum contact lengths needed to meet the pullout force requirements. This length is 7.99 inches for
the limiting 3 times normai operating pressure performance criterion which corresponds to a pullout
force of 1900 Ibs in the Hot Leg (Case 1).

The top part of Table 7.2-3 lists the contact pressures through the thickness at each of the radial sections
for Faulted (SLB) condition. The lastrow [ ] of this table lists the maximum tubesheet elevation at
which the contact pressure is greater than or equal to zero. The above equation is used to accumulate the
force resisting pull out from the top of the tubesheet to each of the elevations listed in the lower part of
Table 7.2-3. The above eguation is also used to find the minimum contact lengths needed to meet the pull
out force requirements. This length is 7.83 inches for Faulted (SLB) condition. The minimum contact
length needed to meet the pullout force requirement for Faulted (FLB) condition is less.

Therefore, the bounding condition for the determination of the H* length is the NOP performance
criterion. The minimum contact length for this normal operating condition is 7.99 inches in Zone D.
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Figure 7-1
Finite Element Model of Model F Tubesheet Region
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Figure 7.2-2a
Contact Pressures for Normal Condition at Callaway, Psec = 893 psig
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Figure 7.2-2b
Contact Pressures for Normal Condition at Callaway, Psec = 955 psig

ac.e
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Figure 7.2-3a

ac.e

_—

Contact Pressures for FLB and SLB Conditions at Callaway, Tsec = 533.0 °F
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Figure 7.2-3b
Contact Pressures for FLB and SLB Conditions at Callaway,
Tsec = 540.8 °F
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Table 7.1-1
Summary of Material Properties

Alloy 600 Tube Material
" PROPERTY TEMPERATURE (°F)
70 " 200 300 400 500 600 © 700
Young’s Modulus 31.00 30.20 29.90 29.50 29.00 28.70 28.20
psi x 1.0 E06
Coefficient of Thermal 6.90 7.20 7.40 7.57 7.70 7.82 7.94
Expansion
in/in/°F x 1.0 E-06
Density 7.94 7.92 7.90 7.89 7.87 7.85 7.83
Ib-sec?/in* x 1.0E-04
Thermal Conductivity 2.01 2.11 2.22 2.34 245 2.57 2.68
Btuw/sec-in-°F x 1.0E-04
Specific Heat 41.2 426 439 449 45.6 47.0 47.9
Btu-in/lb-sec’-"F
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Table 7.1-2
Summary of Material Properties
SA-508 Class 2a Tubesheet Material

Young’s Modulus 29.20 28.50 28.00 27.40 27.00 26.40 25.30
psi x 1.0 E06
Coefficient of Thermal 6.50 6.67 6.87 7.07 7.25 7.42 7.59
Expansion
in/in/°F x 1.0 E-06
Density 732 | 730 7.29 7.27 7.26 7.24 7.22
1b-sec¥in’ x 1.0E-04
Thermal Conductivity 549 5.56 5.53 5.46 5.35 5.19 5.02
Btw/sec-in-°F x 1.0E-04
Specific Heat 419 445 46.8 48.8 50.8 52.8 55.1
Btu-in/1b-sec’-°F
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Table 7.1-3
Summary of Material Properties
SA-533 Grade A Class 2 Shell Material

PROPERTY TEMPERATURE (°F)
70 200 300 400 500 600 | 700
Young’s Modulus 29.20 28.50 28.00 27.40 27.00 | 26.40 25.30
psix 1.0 E06
Coefficient of Thermal 7.06 7.25 7.43 7.58 7.70 7.83 7.94
Expansion
in/in/°F x 1.0 E-06
Density 7.32 7.30 7.283 | 7.265 7.248 7.23 7.211
Ib-sec’/in® x 1.0E-04
Table 7.1-4
Summary of Material Properties
SA-216 Grade WCC Channelhead Material
PROPERTY TEMPERATURE (°F)
70 200 300 400 so0 | 600 | 700
Young's Modulus 29.50 28.80 28.30 27.70 27.30 | 26.70 25.50
psi x 1.0 E06
Coefficient of Thermal 5.53 5.89 6.26 6.61 6.91 7.17 7.41
Expansion
in/in/°F x 1.0 E-06
Density 7.32 7.30 7.29 727 7.26 7.24 7.22
Ib-sec¥in’ x 1.0E-04
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Table 7.2-2a
Cumulative Forces Resisting Pull Out from the Top of the Tubesheet
Callaway — Hot Leg Normal Conditions — Axial Load Included, Psec = 893 psig

a,ce
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Table 7.2-2b
Cumulative Forces Resisting Pull Out from the Top of the Tubesheet
Callaway — Hot Leg Normal Conditions — Axial Load Included, Psec = 955 psig

agc,e
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Table 7.2-3
Cumulative Forces Resisting Pull Out from the Top of the Tubesheet
* Callaway-Faulted (SLB) Conditions, Axial Load Included, P,.. = 0 psig

a,c,e
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Table 7.2-4a: Large Displacement, = 0.2 to 0.3 in., Pullout Test Data

{Assume p of 0.3 for contact pressure determination.)
ace
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Table 7.2-4b: Initial Slip Data

ace
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APPENDIX A
) RESISTANCE TO PULLOUT - P*

P* theory assumes that a tube, which is postulated to become fully separated below the secondary face of the
tubesheet, will be retained within the tubesheet, because the resulting primary to secondary pressure
differential (AP) vertical thrust from the separated tube leg will be reacted and supported by the next row
(outboard) adjacent tube. The maximum upward displacement of the separated tube end plus at least % inch (to
retain the separated tube end in the tubesheet hole) is required to determine P*. This upward displacement is
calculated using various finite element (FE) models of the separated tubes and row adjacent supporting tubes as
described in this section for the overall maximum AP load. Based on these calculations, P* is less than [ ]*°
inches for all locations in the tube bundle that have an outer next row, both hot leg and cold leg. In addition,
the calculated stresses in the supporting tubes are shown to satisfy the structural criteria of the ASME Code,
Reference 8.4 for the AP loads specified in References 8.8 and 8.9.

A.3.1 Major Assumptions

The major assumptions made in the P* analysis concern U-bend out-of-plane effects, dynamic effects and the
selection of representative locations in the Model F tube bundle for evaluation.

U-bend Out-of-Plane Effects

The extrados of the separated tube will initially strike the intrados of the row-adjacent intact tube. [

]a,c,c

Figure A.3-3 is a typical cross-section, [

]a,c,e.

The elastic strain energy required to establish the snap through mode shapes may be calculated using the 3D FE
pipe models of the tubes discussed in Section A.3.5. The minimum strain energy occurs for the largest (most-
flexible) U-bend radii, Rows 57, 58 and 59. The initial contact for Row 58 is calculated to occur at node 84
near node 85 (see Section A.3.6 and Table A.3-7). Thus, it is conservative to assume snap through occurs only
at nodes 85, 77 and 68. Figures 7.3-4A and 4B show the resulting FE deformed geometry plots for this case.
The resulting FE calculated elastic strain energy is over [ 1*°° Actually, the total strain energy would
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be significantly higher than | J*°° since the bending stresses in the separated tube greatly exceed yield
resulting in plastic flow-work, which is unaccounted for in the elastic solution. Also unaccounted for are the
torsion strain energy and the energy lost to sliding friction at the tube-TSP, tube-AVB and tube-tube contacts.

The maximum kinetic energy of the Row 58 separated tube (at impact with Row 59) is about

[ ]*°*, as calculated in Section A.3.6 and listed in Table A.3-9. Actually, the kinetic energy available
at impact would be less (than [ 1*°°) since the effects of sliding friction and strain energy of the
separated tube in bending have been neglected. It is unlikely that sufficient energy is available to cause out-of-
plane snap through, even at Row 58, the most flexible separated tube location. Therefore, it is assumed that the
separated and intact tubes remain essentially in-plane after contact, and that out-of-plane effects are limited to
considering the stresses in the supporting intact tube due to the out-of-plane contact forces, shown in Figure
A3-1.

Dynamic Effects

The separated tube has kinetic energy when it strikes the intact tube, and it is necessary to consider dynamic
amplification of the separated tube displacement for the P* calculation. Because of the complex nonlinear
nature of the surface-to-surface contact, such effects are best simulated assuming [

J+°¢, as shown in Figure A.3-6 and as discussed in Section A_3.5.

Thermal Effects

It is reasonable to assume that the average temperatures of two active row adjacent tubes (i.e., in the same
column) are essentially [

J*°¢. Further, it is conservative to assume the material properties and structural strengths are
evaluated at the [ 1%%¢. Thus, P* analysis
results apply to either the hot leg or cold leg.

Tube Rows Selected for P* Evaluation

In order to cover the tube bundle, Rows 4/5, Rows 30/31 and Rows 58/59 are selected for the P* evaluation.

The small radius rows (4/5) have [ 1%, but are relatively stiff in both in-plane and
out-of-plane bending. The largest P* radius combination is Rows 58/59, which are very flexible in bending and
have [ %€, as shown in Figure A.3-2. Rows 30/31 are assumed
to have [ 1°° and represent the middle of the tube bundle. In addition, Row 57, which
[ 1%, is considered in the out-of-plane energy analysis, as discussed above.
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A3.2 Loads

P* requires that the next row-adjacent tube provide support for a postulated fully separated tube inside the
tubesheet. P* is the maximum lift-distance of the postulated separated tube at the secondary face of the
tubesheet plus at least % inch to assure the separated tube end remains in the tubesheet. Therefore, the
maximum separated tube lifi-distance should be calculated for the specified overall maximum primary-to-
secondary pressure differential (AP) and should include dynamic amplification effects for a suddenly applied
load. :

The overall maximum pressure differential occurs for the [

1> for a Model F plant, which is over [ 1%¢ for
Callaway. In addition, a dynamic amplification factor, which is as highas[  J*° (Table A.3-10), is used
giving a combined safety factor on the order of 3 with respect to the normal operation AP. This approach
compares well to the static pullout load used for determination of H* based on 3 x normal operating AP, as
required by RG 1.121. Finally, the next row-adjacent supporting tube must meet the rules in Section III,
Subsection NB of the ASME Code, for all specified loading conditions, design, normal, upset, test, emergency
and faulted.

The load conditions, used in the P* analysis, are listed in Table A.3-1. P* is determined by [

1*°*. Again, the
intact tube must meet the ASME Code structural criteria for all of the loading conditions specified in Table
A3-1.

A.3.3 Material Properties

Table A.3-2 lists the material properties used for the SB-163 TT Alloy 600 tube material in the P* analysis. All
properties are conservatively taken at | ) il

A3.4 Acceptance Criteria

The ASME Code stress intensity limits, used in the P* analysis, are listed in Table A.3-3. These limits apply to
the intact tube supporting the separated tube.

The maximum kinetic energy of the Row 58 separated tube (at impact with Row 59) is about [ 1%, as
calculated in Section A.3.6 and listed in Table A.3-9. Again, the actual kinetic energy available at impact
would be less (than [ 1%°° since the effects of sliding friction and strain energy of the separated tube
in bending have been neglected. The local dynamic effects at impact may be evaluated by comparison with the
kinetic energy of the [

1. From page 2-48 of Reference 8.12, the
puncture kinetic energy was estimated to exceed [ 1“°. Therefore, based on both the energy level
required for local fracture and the more favorable geometries of the impacting surfaces, no deleterious local
effects are expected due to the impact of the postulated separated tube’s extrados with the intact tube’s intrados

in the P* model.

Since the tubes are ductile, the limits in Table A.3-3 are applied to stresses calculated statically for the load
conditions listed in Table A.3-1. Thus, no shock factors are required in the stress evaluation since the peak
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dynamic loads act for a very small time period. However, dynamic amplification factors are employed to
calculate the displacements for P* as discussed in Section A.3.6. .

The fatigue usage factor due to P*, when added to the maximum fatigue usage factor calculated for a Model F
tube in Reference 8.14, must not cause the combined overall usage factor to exceed the ASME Code limit of
one. At most, the P* stress range for cycling loading is assumned to occur {

. 1>“*. Since the limit on the upset range is 3S,,, the maximum
amplitude would be 1.5S,, or 39.9 ksi. Conservatively assuming a maximum stress riser of 2, returns the peak
stress to 79.8, say 80 ksi. From the fatigue design curve in Reference 8.4 for Alloy 600, the allowable cycles
are over 4000, giving at most an additional usage factor of | 1*“°. From Table 1-1 of
Reference 8.14, the maximum cumulative usage factor in the Model F U-bend region is only about [
Thus, any additional fatigue usage due to P* is negligible.

}a,c,e

A.3.5 Finite Element Models

The displacements of the separated tubes and row adjacent supporting tubes are calculated using the FE models
described below.

Static Models
The separated and intact tubes are modeled using [

]a,c,e

Dynamic effects are considered using amplification factors obtained with the dynamic models, as discussed
below.

Figures A.3-5A, 5B and 5C show details of the [

]I.C.E-

Dynamic Models

The separated tube has kinetic energy when it strikes the intact tube, and it is necessary to consider dynamic
amplification of the separated tube displacement for the P* calculation. |

]I».C.C
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]l.c.e-

A.3.6 Displacement Results

The maximum displacement results at the selected tube row combination locations in the bundle are required to
calculate P*. In turn, this requires simulation of the |

]LC&.
Initial Surface-to-Surface Contact

Figure A.3-7 shows schematically the geometric logic employed to calculate the upward displacement of the
tangent point A due to initial surface-to-surface contact. [

]a,c,e
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1. The resulting tangent point lift from A to A’ is also the vertical upward displacement of
the separated tube straight leg at top of the tubesheet due to the initial surface-to-surface contact.

Subsequent Point-to-Point Contact

The subsequent displacements due to point-to-point contact are [

J°°. These are added to the initial surface-to-surface results (from Table A.3-7) to give the combined

statically calculated displacements of the separated tube at the top of the tubesheet, also listed in Table A.3-8.

These combined static results are increased for dynamic effects as discussed next.

Dynamic Amplification

Prior to performing FE time-history solutions using the [

|
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1°°. At impact, the maximum kinetic energy
for Row 58 is about | J*¢* for an impact velocity of [ 1**°. (Note: The use of
the term d in this section is unrelated to the use of it in another section of this report.)

The dynamic displacement amplification factor (A) is defined as [

]a,c,e.

A3.7 Structural Evaluation Results

Primary Membrane Stress Evaluation

The P* primary stress evaluation of the intact tube conservatively neglects the remaining intact leg of the
separated tube and assumes that all of the resulting pressure differential thrust from the separated tube leg is
carried equally by each leg of the row adjacent intact tube. Table A.3-11 lists the resulting calculated axial
primary stresses in the intact tube straight legs for the specified Model F load conditions. Table A.3-12 shows
the P* primary stress evaluation, which considers the combined total axial stress from Table A.3-11, the hoop
stress due to the primary to secondary AP, the radial stress, and the resulting primary membrane stress intensity
P,,. Minimum tube cross section properties are employed to calculate the primary stresses. [

J%“. As seen in Table A.3-12, the ratio of P,, to the allowable stress intensity is
less than one for all specified load conditions indicating that the ASME Code primary stress limits are satisfied
for the intact tube.

Out-of-Plane Load Cases

It is assumed that out-of-plane effects are limited to considering the stress (mostly bending) in the supporting
intact tubes due to the out-of-plane contact forces, i.e., the H component of the contact force N, shown in
Figure A.3-1. The vertical component (V) of the contact force N is the compression force in the contact
elements obtained from the FE models considering in-plane loading only. The resulting out-of-plane horizontal
force (H), acting in opposite directions on the separated and intact tubes, is obtaining using the geometric

relationship shown in Figure A.3-1. This relationship depends on |
]a,c,e:
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]a,c,e

Using the above conservative misalignment assumptions and the in-plane 1st pass results that calculate the
vertical contact forces (V) it is possible to determine the resulting out of plane forces (H) at each contact point
between the separated and intact tubes. These H reactions are applied as equal and opposite FZ forces on the
end nodes defining the contact elements shown in Figure A.3-5B. Note that some of the gaps are open, and
there is no contact (V = 0) and there is no out-of-plane force (H = 0). In each in-plane (pass 1) and out-of-plane
(pass 2) 3D pipe element models, four load steps are used corresponding to the design (or test), upset,
emergency and faulted loads listed in Table A.3-5. The resulting 2™ pass stresses in the intact tube are used to
evaluate the bending stresses as discussed below.

Primary Membrane plus Bending Stress Evaluation

In most bundle locations, the P* bending stresses, due to both in-plane and out-of-plane loads, occur in the

(

1*%°. The overall maximum in-plane plus out-of-plane
stresses result from the [ 1. Assuming the
overall worst case minimum cross-sectional properties for primary loading (see Tables A.3-11 and 12), {
1*%*. The resulting primary plus

secondary stress intensity for the FLB load is P, + P, =

1*“¢ all primary plus bending stress limits for the Row 59 intact tube, due to out-of-plane loads,
are satisfied with positive structural margins. Since the margins are substantial,
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significantly larger tube misalignments at contact (than the assumed [ 1€ could be
tolerated.

Secondary Stress Evaluation

The P* bending stresses in the intact tube are [
J*°*. There are no secondary stress limits for the emergency and faulted load conditions.

The overall maximum bending stresses occur in the |

1%*. The resulting
maximum primary plus secondary stress intensity range is 35 ksi, which is less than the 3S,, allowable of 79.8
ksi, indicating that the ASME Code secondary stress limits are satisfied.
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. Table A.3-1
Model F Primary to Secondary AP Loads Used in P* Analysis

AP=P,-P,
P, P, Primary to
Primary | Secondary Secondary
Side Side Pressure
ASME Code Pressure Pressure Differential
Classification (psia) (psia) (psi) Reference
Design [ J*%¢ | Reference 8.8
Max-Upset [ 1%%¢ | Table K-30 of Reference 8.15
Test [ 1"*¢ | Limited to Design AP by Section
X1 (TWA 4700, IWA 500, TWB
5000), Reference 8.11.
Emergency i ) et Small Steam Line Break, Systems
Standard 1.3F, Reference 8.9
Faulted [ ) et Feed Line Break, Systems
Standard 1.3F, Reference 8.9
Table A.3-2
Materijal Properties Used in P* Analysis
Value
Property [ el Reference
Elastic Modulus 28.45x10° psi Table I-6.0 of Reference 8.4
Thermal Expansion Coefficient 7.9x10°°F" Table 1-5.0 of Reference 8.4
Poisson’s Ratio : 0.3 Assumed
Metal Weight Density 0.307 Ibf/in’ Page 4-9 of Reference 8.14
Effective Mass Density* 0.001076 Ibf-sec/in* | Page 4-10 of Reference 8.14
Sp Primary Membrane Limit 26.6 ksi Table 6-1 of Reference 8.14
S, Yield Strength 35.2 ksi Table 6-1 of Reference 8.14
S, Ultimate Tensile Strength 80.0 kst Table 6-1 of Reference 8.14

* Used in dynamic analysis and includes metal, internal water and external hydrodynamic masses based on the
nominal cross section area of a Model F tube.
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Table A.3-3

Stress Intensity Limits Used in P* Analysis

Basis for
Stress P. P,+P, PotP,+Q
ASME Code Intensity Limit Limit* Limit
Classification Limit (ksi) (ksi) (ksi)
Design S 26.6 35.6 N/A
Upset 3Sm N/A N/A 79.8
Test 0.9S, 31.7 42.5 N/A
Emergency S, 35.2 472 N/A
Faulted 0.7S, 56.0 75.0 N/A

Table A3-4

* Using a shape factor of 1.34 for the Model F tube.

U-bend | Straight [AVB Out-of-Plane Support Location Angles
Tube | Radius | Leg* (°) Measured from U-bend Tangent of Separated Leg]***
Row (inch) (inch)
#1 #2 #3 #4 #5 #6
4 [ e
5 [ ]a,c,e
30 [ 7o
31 [ ) el
57 [
58 [ el
59 [ 1€
* Straight leg length is from the top of the tubesheet to U-bend tangent.
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Table A3-5

Vertical Forces Acting on Separated‘Tube Leg
Applied in P* FE Models (See Figures 7.3-5A, 5B and 5C)

Fy=Force | Fg=Force | Total Vertical
o | s SR
(1bf) (Tof)
Design or Test [ e
Upset [ e
Emergency [ )
Faulted [ e
Unit e
Table A.3-6
L | Il
Lump Effective 4% Damping Gap Initial
Tube Masses* Spring Rates Coefficient Stiffness Gap®
Rows (Ibf-sec2/in) (Ibfin) (Ibfsec/in) (ffin) | Gnch)
M, M, K, K, G C; Koar dcap
4/5 [ |
3031 |[ s
58/59 |( )
A. Mass 1 is the separated tube, mass 2 is the next outer row-adjacent intact tube.
B. Initial gap is assumed to be UY} vertical displacement at 1% contact from Table A.3-7.
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Table A.3-7
Results of Initial Surface-to-Surface Contact Displacement Analysis

6 APc ¥ Tangent UYg
1"Nodein| Polar | Min AP o ¢ Polar Lift Vertical
Tube | FEModel | Angleto | For1* | Arc A'-B’ | Solution | Angleto | (AtoA") Disp at
Rows | to Contact B Contact Angle Angle A’ L+Yo 1* Contact
B) (&) (psi) () ©) © (inch) (inch)
4/5 [ |
30/31 [ Jroe
58/59 [ )
Table A.3-8
Total Combined Static Surface-to-Surface and Point-to-Point
Contact Displacement Analysis Results for the Separated Tube
Straight Leg at the Top of the Tubesheet
Point-to-Point
FE Calculated Vertical Surface-to-Surface Total Combined
Tube | Displacement at the Top of | Tangent Lift (Ato A’) | Static Displacement
Rows | Tubesheet Due to FLB L + Yo from at Top of Tubesheet
Load Applied Statically Table A.3-7 (inch)
(inch) (inch)
4 /5 [ ]l.c.e
13031 [ |
58/59 1 |
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Table A.3-9
Calculation of Maximum Kinetic Energy of Separated Tube at

Impact With Adjacent Intact Tube for | )=
Soar KE
Separated Initial Vertical Kinetic T,
Tube Acceleration Disp V. Energy Time to
Mass A= At1* | Contact | At1® Initial
Tube M, Fsis/ M, Contact | Velocity | Contact Contact
Rows | (Ibf-sec’in) (in/sec?) (inch) | (in/sec) | (in-Ibf) (sec)
4/5 [ i
30/31 [
5 8/59 [ ]l.c.e
Table A.3-10
Dynamic Displacement Amplification Factors for |
]*““ of Figure A.3-6
UY)
Total
Combined UY))p=
UYp UYs Static A (UY))s
Maximum Maximum A= Displacement Maximum
Dynamic Time of Static UYp/UYs at Top of Dynamic
Displacement Maximum Displacement Dynamic Tubesheet Displacement.
Of Separated Dynamic Of Separated Displacement from at Top of
Tube ~ Tube Displacement Tube Amplification Table A.3-8 Tubesheet
Rows (inch) (second) (inch) Factor (inch) (inch)
4/5 [
]I.ﬂ#
30131 {
e
58/59 [
]I.C-C
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Table A3-11
Total Axial Primary Stress in Intact Tube Straight Legs
Model F Steam Generators

[

Jac.e

Po Axial | Axial
Separated | Stress | Stress Total
= Tube Dueto | Dueto Axial
Load Pp Ps Pp-Ps| Thrust Po AP Stress
Condition (psia) | (psia) | (psi) (Ibf) (ksi) (ksi) (ksi)
Design [ ]a.c.e
Upset [ |
Test [ ) et
Emergency | [ |
Faulted [ | el
Table A.3-12
P* Primary Stress Evaluation of Intact Tube
Model F Steam Generators
{
]&C,e
Hoop
Total | Stress Allowable
Axial | Dueto | Radial Stress Intensity Ratio
Load AP Stress AP Stress | Intensity Stress P, To
Condition (psi) | (ksi) (ksi) (ksi) (ksi) (ks1) Allowable
Design [
Upset [ e
Test [ P
Emergency || e
Faulted I e
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Figure A.3-1
Schematic Showing Misalignment Between
Separated and Intact Tubes at Contact.
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a.c¢

Figure A.3-2
U-bend Region Showing AVBs and
Postulated Spap Through Mode Shape
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Figure A.3-3
Minimum Required Out-of-Plane Motion Between AVB
Support Points for Postulated Snap Through
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Figure A34A
In-Plane View FE Deformed Geometry Plot of Postulated
Snap Through at Nodes 68, 77 and 85 Used to Obtain
Minimum Strain Energy Required to Establish Snap Through
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Figure A.34B
Out-of Plane View FE Deformed Geometry Plot of Postulated
Partial Snap Through at Nodes 68, 77 and 85 Used to Obtain
Minimum Strain Energy Required to Establish Snap Through

ace
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Figure A.3-SA
FE Medel - |

]t&e
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Figure A.3-5B
FE Model - |

]&C.e
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FE Model - [

Figure A.3-5C

]&C&
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ac.e
Figure A.3-6
"
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Figure A.3-7
Geometry of Initial (1*) Surface-to-Surface Contact
Between Separated and Intact Tubes

]I.C.t

a.c.¢
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Figure A3-8
Static Pont-to-Point In-plane Displacement Vectors
of Rows 4/5 U-bend Region Separated and
Intact Tubes For |

II.C.C
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Figure A3-9
Static Pont-to-Point In-plane Displacement Vectors
of Rows 30/31 U-bend Region Separated and
Intact Tubes For |

]I.C.C
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Figure A.3-10
Static Pont-to-Point In-plane Displacement Vectors
of Rows 58/59 U-bend Region Separated and
Intact Tubes For |

ll.&e
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Figure A.3-11
Time History Displacement Response of Rows 4/5
Separated and Intact Tubes |

]l.C.e
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Figure A.3-12
Time History Displacement Response of Rows 30/31
Separated and Intact Tubes For |

]&C.G
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Figure A.3-13
Time History Displacement Response of Rows 58/59
Separated and Intact Tubes for |

]n.t.e
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Appendix A
4969.doc-060403

A3l

May 2003
Revision 1



APPENDIX B
TUBE-TO-TUBESHEET JOINT STRENGTH ANALYSIS

B.1 INTRODUCTION
The geometry of a tube with a circurnferential crack located within the tubesheet is illustrated on Figure

B.1. Specimens made for pull testing are severed at various locations within a tubesheet simulating collar
as illustrated on Figure B.2.

B.2 ANALYSIS

The analysis follows the method published [

]l.c.e

The analysis presented herein considers two cases, the first for a constant residual contact pressure as
would be the case for pullout testing of a tube element in a collar and the second for a linearly increasing
contact pressure as would be the case for a tube in a tubesheet bowed by the primary-to-secondary pressure.
The problem is solved by considering the equations of [

]I.C.e

B.2.1 FORCE EQUILIBRIUM

The load carrying capability of the joint, F, is calculated by considering force equilibrium for a [

]B.G.e
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The axial force equilibrium for an element of the tube with a length of dz and a cross-section area of 4,
illustrated on Figure 4, is given by,

ace

I: :’ ¢))

where b is the outside radius of the tube, p is the coefficient of friction between the tube and the tubesheet,
and p, is the contact pressure between the tube and tubesheet. So,

ace

l: ‘I Force Equilibrium (2)

is the differential equation of equilibrium. Note that the contact pressure is not known at this point. The
contact pressure is the net value from the initial installation of the tube, thermal expansion and intemnal
pressure associated with operation, and relaxation associated with dilation of the tubesheet holes as the
result of bowing from the primary-to-secondary pressure differential.

B.2.2 COMPATIBILITY

The compatibility condition is that the reduction in the radius of the tubesheet due to the decrease in
contact pressure must be equal to the expansion of the tube as a result of the decrease in contact pressure
minus the Poisson contraction of the tube due to the application of the axial load. The magnitudes of the
terms to be considered for compatibility come from the force-deformation relations.

B.2.3 FORCE-DEFORMATION

The force-deformation relations will be used next to develop expressions for the respective deformations of
the tube and tubesheet radii. If p, is the initial contact pressure, the decrease in TS radius from the decrease
in the contact pressure can be found from,

ac.e

:} TS Radius Decrease (3)

where the subscript on the radius indicates it is for the tubesheet collar. Absolute relations are considered
since the accounting of the directions of movement can be accounted later. The flexibility of the inside
radius of the collar relative to an internal pressure is given by,

ace

:I Collar Flexibility  (4)

where v is Poisson’s ratio for the tubesheet and £ is the modulus of elasticity. This is obtained from the
application of the theory of elasticity to a thick-walled, open ended cylinder, see Reference B.2 for
example. For a first analysis it is assumed that both Poisson’s ratio and the modulus of elasticity of the tube
and the tubesheet can be considered to be equal without a significant effect on the results of the analysis.
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The corresponding relation for the effect of the change in pressure on the outside radius of the tube is given
by,

ac.e

[ :l Tube Radius Increase (5)

Because of the appﬁcation of the axial tensile stress, there is a radial contraction (Poisson effect) of the
tube given by the following expression,

ac.e

l: :l Tube Radius Decrease (6)

If the axial stress is compressive, the radius of the tube increases due to the Poisson effect.
B.24 SOLUTION

Applying the compatibility condition that the tube must remain in contact with the tubesheet leads to the
following solution for the average axial stress acting on the tube element, i.e.,

ac.e

_ | o

B.2.4.1 Constant Contact Pressure

If the initial contact pressure, p,, is a constant, then,

ace

[: J ®)
and the differential equation for the contact pressure between the tube and tubesheet becomes,

ac.e

-

The solution is straightforward. The boundary conditions (BC) are: [

]I.C.C
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For constant p, (11)

For pullout testing programs the axial force is measured and the equation is rearranged as,

ace

[ ] Contact Pressure (12)

to solve for the unknown contact pressure. Note that the |

]I.C.E

B.2.4.2 Linear Contact Pressure

The differential equation for equilibrium is different when the contact pressure is not constant with depth,
e.g., when the tubesheet is bowed from the primary-to-secondary pressure. From Reference B.3 it is known
that the interface pressure or load is approximately linear, especially in the range of interest at the top of
the tubesheet. In addition, there may be a loss of contact between the tube and the tubesheet at the top of
the tubesheet. Hence, the discussions in this section consider the loss of contact point to be the origin for
the Z axis as opposed to the top of the tubesheet per se. If the contact pressure is linear, then the magnitude
of the initial contact pressure as a function of distance below the loss of contact point is,

ac.e

g— —

Linear Contact Pressure (14)

where L is any point within the tubesheet at which the initial contact load, p,, can be calculated, that is, it is
simply a slope and the dimensions chosen do not have any special meaning. Since the origin is taken at the
point of loss of contact, where the interface pressure is zero, there is no intercept needed in the equation.
The compatibility and force-deformation relations yield the following for the axial stress,
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Axial Stress (15)

The equilibrium equation is unchanged from Equation 2. The derivative of the stress with respect to depth
into the tubesheet is now given by,

ace

(16)

a7

(18)

19)

(20)

(e2))
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* Linear P. (22)

Linear P, (23)

]a.c,e

B.2.4.3 Adjustments for Test or Operating Conditions
B2.4.3.1 Difference in Material Properties

If the modulus of elasticity of the tube and the tubesheet, or collar, are not the same, the expression for the
pullout force becomes,

ace

2%
Here Af is the difference in radial flexibilities between the tubesheet and the tube relative to the application

of the interface pressure, i.e., Af'= f,—f; where the respective flexibility expressions are,

ace

25

Note that f; [

]LC'B

Appendix B B-6 May 2003
4969.d0¢-060403 Revision 1



B.2.4.3.2 Application of a Pushout Load

As previously note, the strength of the joint is different depending on whether or not the applied load is
tensile of compressive. In the case of a compressive load, the required force to push the tube out of the
tubesheet or collar when the preload pressure is constant with depth is given by,

ace

Pushout Force [ :I For constantp, (26)

For a prescribed force the length required to resist being pushed out is,

ac.e

Pushout Length [ ' :, . For constantp, (27)

It is noted that if pal is small, the pullout and pushout loads and lengths are nearly equal in magnitude.
This is demonstrated by performing a series expansion of the terms.

B.3 ANALYSIS RESULTS

Data from two series of tests performed at two different locations by two different Westinghouse
organizations and separated by almost 10 years in time, see References 4 and 5, were analyzed to determine
the effective residual contact pressure from the hydraulic installation process. [

]a.c.e

Appendix B ‘ B-7 May 2003
4969.d0c-060403 Revision ]



B4 REFERENCES

B.1 Goodier, J., and Schoessow, G., “The Hqlding Power and Hydraulic Tightness of Expanded Tube
Joints: Analysis of Stress and Deformation,” Transactions of the ASME, New York, New York,
USA (July, 1943).

B.2  Formulas for Stress and Strain, Fifth Edition, Roark, R., and Young, W., McGraw-Hill Book
Company, New York, New York, USA (1975).

B.3 CN-SGDA-02-127, Westinghouse Electric Company, Madison, PA, USA (September, 2002).

B4  NCE-88-271, Westinghouse Electric Company, Pensacola, FL, USA (November, 1988).

B.5 STD-DP-1997-8015, Westinghouse Electric Company, Pittsburgh, PA, USA (1997).

Appendix B B-8 May 2003

4969.d0¢c-060403 Revision 1



I Axial Force
Potential
Leak Path

-&

Tube

P

Engagement Length 7] L Shear Stress
. .
Crack or Sever Tubesheet
Location :
7 !

Figure B.1: Tube with Circumferential Crack or Sever Within the Tubesheet.
] Applied Axial

Force
Tube
o —
: 5 Shea
L | /
dsatsipune R BE ;Tubesheet
E . Collar
i 2 »

Figure B.2: Tube-to-Tubesheet Pullout Testing

Appendix B B-S May 2003
4969.doc-060403 Revision 1



Tube and
Collar
Centerline
:

!

Figure B.3: Tube & Collar Radii Designations

Figure B.4: Tube Wall Element for Elastic Analysis.

ace

Appendix B
4969.doc-060403

B-10

May 2003
Revision 1



APPENDIX C
CRACK OPENING AREA ANALYSIS

C.1 INTRODUCTION

The potential leak rate through circumferential cracks located in steam generator tubes is of interest when
the cracks are located in the portion of the tube within in the tubesheet (TS). This is of special interest
when the tubes have been expanded over the full thickness of the TS and it is desired to limit the length of
rotating pancake coil (RPC) eddy current test (ECT) inspections to less than the full depth of the tubesheet.
The geometry of a tube with a circumferential crack located within the tubesheet is illustrated on Figure
C.1. The potential leak rate would be expected to be small if the distance from the top of the tubesheet, or
bottom of the expansion transition, to the crack is significant. The purpose of this evaluation is to
document the development of crack opening area (COA) expressions to be used for the calculation of leak
rates from circumferential cracks in the expanded region of steam generator (SGs) tubes.

Expressions exist in the literature for calculating the COA of a circumferentially cracked pipe, for example
see Volume 1 of the EPRI Ductile Fracture Handbook, Reference C.1, or Section 33.1 of The Stress
Analysis of Cracks Handbook, Reference C.2. The given expressions do not account for |

]Lc.e

There are two sources for the loads that are to be considered for the evaluation of the COA, the end cap
load from the differential pressure across the tube at the U-bend, and the internal pressure acting on the
flanks of the crack. No further transmission of the pullout force from the pressure end cap load would be
expected below a certain distance within the tubesheet because the tubes are expanded into a radial
interference fit with the tubesheet, and because differential thermal expansion of the tube and tubesheet
materials and internal pressure in the tube will increase the interface pressure in the tube-to-tubesheet joint.
This is clearly demonstrated to be the case for the tube analysis for Westinghouse Model F SGs in
Reference C.4. The only forces acting to open the crack below the critical distance would be due to
internal pressure acting on the crack flanks. The radial interference force between the tube and the
tubesheet will be acting to retard the crack opening area in that case through friction of the joint. An
expression is developed herein for use that accounts for the contact pressure resisting load.

C.2 EVALUATION & ANALYSIS

There are a few assumptions associated with the performance of the evaluation, i.e., [

]l.c.e

The situation to be analyzed is illustrated on Figure C.1. Here a circumferential crack is located
effectively deep within the tubesheet. There are two sources of loading on the crack, the end cap load due
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to the primary-to-secondary pressure differential at the U-bend of the tube and the load due to the
application of the primary pressure on the flanks of the crack. Near the top of the tubesheet the primary
axial stress acting to open the crack will be the end cap load. Because of the interface pressure between the
tube and the tubesheet, the magnitude of the axial stress acting on the tube cross section will diminish with
elevation into the tubesheet. At some elevation no further axial stress will be transmitted. In what follows
this location is referred to as the nil transmittal elevation or may be identified by the variable designation
T" (T-star). Note that T is not a criterion like H” because there is no safety factor considered. It is simply
the elevation below which there is no axial stress due to the application of the end cap load on the tube.

Handbook solutions for cracked pipes (tubes) are available for the application of internal pressure,
application of an axial load and application of a2 bending moment. The internal pressure solution includes
consideration of the bending moment induced by the geometry, that is, the centroid of the cracked section
is not coincident with the far-field axis of the pressure load. Another factor to consider relative to
published solutions is that the presence of the tubesheet prevents local out-of-plane or surface deformation
that leads to an increase in the COA. The aim of this analysis is to provide expressions for the calculation
of the crack opening area of a circumferential crack located at various elevations within the tubesheet.
There were two approaches considered for the solution of the engineering problem, the first being more
conservative than the second. The final approach to the solution is to |

]l.C.Q

The expressions contained in the EPRI Ductile Fracture Handbook, Reference C.1, form the basis for all of
the COA expressions developed. These are in Section 7 of Chapter 1 of that reference. The expressions are
identical to those contained in the Stress Analysis of Cracks Handbook, Reference C.2, Cases 33.1 and
33.2 for an applied axial load and 2n applied bending moment respectively. The equations are the same as
those presented in Reference C.3 for the analysis of circumferential cracks in reactor piping systems. A
solution for the crack opening area of a circumferential crack in a guided tube must be developed because
there was no solution found in the public literature. There are however, solutions for the combined axial
and bending load case. Finally, a check of the solution is performed by assuming that the restriction of
deformation effected by the presence of the tubesheet means that the tube can be treated as a flat plate.

C.2.1 FAR-FIELD BENDING STRESS

The cross-section centroid of a circumferentially cracked tube section with a crack half-angle of 0 is
located at a distance of

Rsin @

Centroid Location (1)
n-0

f=-

from the axis of the tube (an easy derivation using the mensuration formulae in Reference C.5) where R is
the mean radius of the tube. The application of an internal pressure in the SG tube results in a far-field
axial force, F, because of the end cap pressure at the U-bend. This load acts along the axis of the tube and
its line of action is thus displaced relative to the centroid. This creates a far-field bending moment, M,
applied to the cracked section of the tube given by the following expression,

_FRsin®_=R’APsin 8

M
-0 -0

End Cap Moment (2)
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where AP is the pressure differential acting across the tube wall. The application of the bending moment
results in a far-field bending stress given by the following,

MR APRsin9 2sin O

= = =0. R B ding Stre 3
C, R t(n—e) o, " ending Stress (3)

where o is the far-field axial stress in the tube due to the pressure difference given by,

_APR
1

. Axial Stress (4)
Note that the moment of inertia for the far-field bending stress equation is calculated as,
I1=2tR’ Icosz édo=nRt. Moment of Inertia (5)
0

C.2.2 CRACK OPENING AREA FOR APPLIED AXIAL AND BENDING LOADS

Per Section 7.1 of Chapter 1 of Reference C.1, the crack opening area, 4., of a circumferential crack in a
tube with far-field axial load induced stress of o, and a far-field bending moment induced stress of o, is
given by,

2
e = %"Be["; +0, (§+—:("'s'9‘)], _ Axial + Bending (6)
where,
372 2
B, =26’ {l +(9) [8.6 ~13.3 (9-)+24 [9) },
' b1 11 r
e 3 9 e 2 e 3 e 4 (7)
(&) [ (£)205.7() -20.5(&) +202(8) ]}
T iy / T s T
[
]&C.E
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(10)

(1)

]I.C.e

C.23 INTERNAL PRESSURE SOLUTION

Sections 7.3 and 7.4 of Chapter 1 of Reference C.1 provide crack opening area solutions for
circumferential cracks with internal pressure in the tube. These solutions are more in line with the problem
being solved, but were not initially selected for use because of the apparent ease with which the bending
load could be accounted for in the Section 7.1 (all references are to the same chapter) solution. Since this
accounting was not put into practice, equations based on the intemal pressure solution were derived.

Section 7.3 presents the linear elastic fracture mechanics solution and Section 7.4 presents a solution for
small scale yielding. The only difference between the two sections is that Section 7.4 adds the use of a
crack half-angle that has been adjusted for the plastic zone at the tips of the crack based on the standard
Irwin plastic zone adjustment approach. The crack opening area is given by,

ace

|: ' ,:I Internal Pressure COA (12)
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where,

. =

{,12 (1+01622) 0sAsl .

0.02 + 22[0.81+ 4(0.30 + 0.031)] 1< <5

and the normalized crack length is determined as a function of the crack ﬁalf-ang]e as,

Here, R is the mean radius of the tube. The solution for small scale yielding is identical except that an
effective half-angle (to account for the effect of the plastic zone at each of the crack tips) is calculated as,

2
0, =061 +l LA , Effective Crack Angle (15)
Bl o,
where,
15
F, = 140.15012 OS/'LSZ’ 16)
0.8875+0.26254 2<A<S

where A is calculated here using the initial crack half-length and in the previous equation using the
effective crack half-length.

Using the above expressions, and Mo&el F tube dimensions, an internal pressure of 2560 psi expansion in

the tubesheet and a yield stress of 80 ksi (judged to be reasonable for an expended tube), crack opening
areas for the elastic and small scale yielding cases were calculated. [

]I.C.C

ac.e

l: j Adjustment Factor (17)

Also, the two solutions are illustrated on Figure C.6, along with an adjusted value which accounts for the
guidance provided by the tubesheet. The adjustment factor is derived in the following section.

C.24 THE EFFECT OF THE GUIDANCE PROVIDED BY THE TUBESHEET

The internal pressure solution does not provide a means by which the effect of the guidance provided by
the tubesheet has on the crack opening area can be directly calculated. However, [

]B.C.G
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(19)
(20)
]‘-C-C
C.2.5 MOMENT DUE TO PRESSURE ON THE CRACK FLANKS
The adjustment [
@n
(22)
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C.2.6 FLAT PLATE SOLUTION

The flat plate equivalent configuration to the circumferentially crack tube configuration is illustrated on
Figure C.3. The total width of the plate is equal to the circumference of the tube, 25, and the half length of
the crack, a, is calculated from the half-crack angle, 6. The solution for the crack opening area is taken
from the Stress Analysis of Cracks Handbook, Reference 2, Case 2.1, the Center Crack Test Specimen. The
crack opening area for a flat plate, 4,, is calculated as,

A,=8.2b (24)

where &, is the displacement associated with the presence of the crack, given by,

_4ac

8. =—", © @5)

where { = a/b, and the function of the crack length, V>, is given by,

V, =-1.071 +0.250{-0.357* +0.121 &

1.071

-0.047 &* +0.008 &’ -—E—m(l -g). @6)

A comparison of the areas calculated using Equation 24 shows them to be comparable to the areas obtained
from Equations 20 and 23. This solution also does not include any consideration of [

]I.C.e

C.3 AXIAL STRESS IN THE TUBE

The analysis of the axial stress in the tube as a function of distance into the tubesheet in response to an
applied axial load, e.g., the end cap load, is provided in Appendix B of this report. Resistance to the axial
force is provided by the frictional contact pressure between the tube and the tubesheet. The pullout
resistance incrementally decreases with depth because Poisson contraction of the tube radius diminishes
the tube-to-tubesheet contact pressure. Not all of the axial load is transmitted downward into the tubesheet
because of the resistance provided by the joint, hence, the Poisson contraction is progressively less with
distance into the tubesheet. At a calculated depth, L, no further axial load is transmitted to lower tube
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material. The axial stress as a function of depth into the tubesheet when the initial contact pressure linearly
increases with depth is calculated as,

27

A is the cross section area of the tube, p is the coefficient of friction, v is Poisson’s ratio. The distance to
the nil stress transmission point, L, is roughly one-third of criterion length . The derivation of the above
equation assumes that the moduli of elasticity for the tube and tubesheet are similar. A discussion of the
effect of different moduli is presented in Appendix B. '

C.4 CRACK OPENING AREA BELOW H* (PRESSURE ON THE CRACK
FLANKS)

If a circumferential crack occurs below H*, the above equations would indicate that there is no crack
opening area because H* is defined as the length below which no load is transmitted further down the tube.
H* is calculated for two operating conditions, normal plant operation and postulated main steam line or
feed line break. In addition, a factor of safety of three is imposed on the load for the determination made
for normal operation and a factor of 1.4 is imposed on the load for the determination of the required length
during postulated accident conditions. The final value of H* is the greater of the two. The elevation below
which no load is transmitted is higher than the specified value of H* because each of these conditions
include consideration of a multiplying factor on the load. The configuration illustrated on Figure 1 for a
circumferential crack still applies, but without a far-field loading from the end cap pressure imbalance. The
principle of superposition can be used to demonstrate that the solution to the fracture mechanics problem
of imposing of a pressure on the flanks of the crack is the same as the solution based on applying the
pressure as a far-field stress. So, a solution is available for the crack opening area, the same equation as
before, in which the far-field stress, o, is simply the pressure acting on the flanks of the crack. However,
the direct application of the solution associated with far-field loading would ignore the resisting force from
the tube to tubesheet interface pressure. The resisting force from the tube-to-tubesheet joint acts like a stiff
spring in parallel with and in addition to the resisting force associated with deformation of the tube
material itself. The stiffness of the joint can be determined and added to the stiffness of the tube material to
determine the opening area for a circumferential crack located below the H* elevation.

[

(28)

]I&G
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The resistance to movement of the t;nbe material provided by the tube-to-tubesheet joint significantly
reduces the crack opening area and is expected to greatly retard the potential for leakage from the joints.
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Figure C.2: Circumferential crack in a tube

Appendix C C-11 May 2003
4969.doc-060403 Revision 1



Figure C.3: Flat plate equivalent to a guided tube.
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- Figure C4: Various Crack Opening Area Solutions —
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Figure C.5: Ratio of Plastic to Elastic Area for Internal Pressure
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Figure C.6: Effect of Guiding on the Crack Opening Area for Internal Pressure
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APPENDIX D
IN SITU TESTING OF TUBE INDICATIONS LOCATED IN THE
. TUBESHEET

D.1 INTRODUCTION

There have been a number of concems raised by the NRC staff regarding in situ leak and pressure testing
of tube indications located within the tubesheet of nuclear power plant steam generators (SGs). There are
three primary requirements for degraded SG tubes. The burst pressure must be greater than three times the
normal operating pressure difference, the burst pressure must be greater than 1.4 times the accident
condition with the largest primary-to-secondary differential pressure, and the plant leak rate during
postulated accident conditions, e.g., steam line break (SLB), must be met. In most cases the limiting
structural requirement is that associated with the differential pressure during normal operation. A number
of analyses have been performed which support the contention that the structural requirements are met by
specific engagement lengths of the tube-to-tubesheet joint. For example, a hard rolled joint engagement
length of less than one inch is required to achieve structural adequacy. Other such engagement lengths

~ have been determined for tube-to-tubesheet joints effected by explosive expansion and by hydraulic
expansion. Testing performed on hard rolled joints also demonstrated that the joints do not leak, thus the
leak rate requirement is also met. Explosive and hydraulic expansion joints are not as tight as hard rolled
joints and some leakage through 100% throughwall cracks may be expected during postulated accident
conditions. Testing programs have been performed to demonstrate that such leakage would be expected to
be small. In addition, analysis models have been developed with which potential leak rates can be
predicted.

The first such model was developed for explosively expanded joints and consisted of integrating test
results from tubes with freespan cracks and from tubes with 360° by 100% throughwall volumnetric
degradation within the tubesheet. Because the integrated model was analytic instead of testing cracked
tubes in simulated tubesheets, the NRC staff required that in situ testing of cracks found within the
tubesheet of one operating plant be performed with the intent of obtaining data with which to verify the
model. The engineering expectation is that the model would be demonstrated to be conservative simply
because the presence of the tubesheet restricts bulging of the tube, and it is that bulging that leads to the
dominant portion of the crack opening area. Moreover, the presence of the tubesheet prevents any
significant opening of the cracks in the hoop direction because that would necessitate an increase in the
diameter of the tube. Hence. it is not surprising that none of the tests have ever resulted in any measurable
leakage. In situ tests performed at a plant with hydraulic tube-to-tubesheet joints led to similar results.
There was very strong nondestructive examination (NDE) evidence that most of the indications tested were
throughwall. Although no tube sections removed for physical examination, one of the indications was
judged to be severed within the tubesheet. The NDE result for that tube provides compelling evidence that
the tube is indeed severed. There was also no primary-to-secondary operating leakage at that plant prior to
the refueling outage in which the degradation was discovered and tested. '

The NRC staff responded to the in situ test information by noting that the indication may not have leaked
because:

(a) it was not as severe as eddy current data indicated,

(b) the in situ pressure test may be limited in its ability to provide results representative of 2 SLB,
and/or . A

(c) itdoes not represent the worst-case scenario.
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The staff further opined that while a full-length tube pressure test performed at a pressure of three times
the normal operating pressure may result in simulating three times the axial pressure load, it also increases
the interface pressure between the tube and the tubesheet by a factor 3. It was also noted that the in situ
pressure test does not include the effect of the tubesheet bow that is present during normal operating or
postulated accident conditions. The comment was made that an ideal test would result in the more limiting
of the following conditions:

(a) imparting 3 times the axial load on the tube at normal operating pressure and temperature with
a hole dilation consistent with that observed during normal operation; or

(b) imparting 1.4 times the axial loads on the tube at the SLB differential pressure and temperature
with a hole dilation consistent with that observed during a SLB.

These postulated ideal test conditions correspond to the expected conditions during normal operation of
the plant or during a postulated SLB event. Such conditions cannot be duplicated for testing in situ. The
temperature of operaticn is on the order of 600°F and the tubesheet bow occurs because of the pressure
difference that exists from the primary to secondary faces of the tubesheet. The differential pressure during
normal operation is on the order of 1300 psid and about 2560 psid during a postulated SLB event.

There are two reasons for performing in situ tests; to ascertain whether or not condition monitoring
structural requirements were met by degraded tubes and whether or not condition monitoring leak rate
requirements were met by those same degraded tubes. For degradation within the tubesheet the structural
requirements are inherently satisfied and the only purpose of such testing is with regard to leak rate
requirements. For circumferential degradation the in situ tests may be performed with the intent of
demonstrating compliance with structural and/or leak rate requirements. If the degradation is located below
the specified H* distance there is no rationale for performing in situ tests aimed at demonstrating structural
adequacy because the such has already been demonstrated in determining the value to be used for H*.

For circumferential degradation located above the H* elevation within the tubesheet the demonstration of
structural adequacy can be best effected by determining the circumferential extent of the degradation and
calculating the strength of any remaining ligaments. Structural in situ tests should only be considered in the
unlikely event that the analysis fails to confirm that the structural requirement was met. An appropriate test
in that circumstance would need to be performed with a part-tube testing tool capable of imparting a tensile
axial load in the tube without pressurizing the inside of the tube to the extent that the test would be
invalidated for reasons cited in the NRC staff query. It is not known whether or not a test tool capable of
apply an axial load to the tube corresponding to three times the end cap load associated with from normal
operation without also applying a radial pressure load to the inside of the tube currently exists. However,
because the tube material within the H* region is to be inspected frequently with rotating pancake coil
technology the occurrence of such indications may be expected to be extremely rare.

Regardless, the dilaticn of the tubesheet holes during a postulated SLB event is a function of location on
the tubesheet and elevation below the top of the tubesheet. The holes experiencing the most dilation tend to
be towards the center of the tubesheet. The holes at tube locations farther than about 46” from the center of
the tubesheet contract during a SLB event as a result of tubesheet bow. To quantify the magnitude of the
concern expressed by the NRC staff, the results from the finite element model (FEM) analysis of the
tubesheet were interrogated. The primary-to-secondary pressure acting on the tubesheet causes it to deflect
upwards in the center. This results in tensile hoop and radial stresses above the mid-plane of the tubesheet
and compressive stresses below the mid-plane. The effect of the tensile stresses is to dilate or increase the
diameter of the tubesheet holes above the mid-plane, reducing the interface pressure between the tube and
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the tubesheet. A summary of the maximum dilation values as a function of tubesheet elevation is provided
in Table D.4. The most appropriate numbers to consider are those for an elevation of 15” or about 6”
below the top of the tubesheet (TTS). The dilation during normal operation is about 0.29 mil. The
corresponding value during a postulated SLB event is 0.42 mil, or an increase of 0.13 mil.

D.2 INTERFERENCE LOADS

There are four source terms that must be considered relative to the determination of the interface pressure
between the tube and the tubesheet. These are,

1. the initial preload from the installation of the tube,

2. internal pressure in the tube that is transmitted from the ID to the OD,
3. thermal expansion of the tube relative to the tubesheet, and

4. bowing of the tubesheet that results in dilation of the tubesheet holes.

The initial preload results from the plastic deformation of the tube material relative to that of the tubesheet.
The material on the inside diameter experiences more plastic deformation than the material on the outside
and thus has a deformed diameter which is incrementally greater. Equilibrium of the hoop forces and
moments in the tube means that the OD is maintained in a state of hoop tension at a diameter greater than a
stress free state. The model for the determination of the initial contact pressure between the tube and the
tubesheet, P,, is illustrated on Figure D.2. Both the tube and the tubesheet behave as elastic springs after
the expansion process is applied. The normal stress on the tube must be equal in magnitude to the normal
stress on the tubesheet and the sum of the elastic springback values experienced by each must sum to the
total interference.

As long as the tube and the tubesheet remain in contact the radial normal stresses must be in equilibrium.
Thus, the problem of solving for the location of the interface and the contact pressure is determinate. The
elements considered in the analysis are illustrated on Figure D.3 for all operating and postulated accident
conditions; the centerline of the tube and tubesheet hole are to the left in the figure. Each source of
deformation of the tube outside surface starting from the installed equilibrium condition can be visualized
starting from the top left side of the figure. The sources of deformation of the tubesheet inside surface can
be visualized starting from the lower left side of the figure. As illustrated, although not to scale, the tube
material has a coefficient of thermal expansion that is greater than that of the tubesheet. The radial
flexibility’, £; of the tube relative to that of the tubesheet determines how much of the pressure is actually
transmitted to the interface between the tube and the tubesheet. Positive radial deformation of the tube in
response to an internal pressure is found as the product of the pressure, P,, and the tube flexibility
associated with an internal pressure, discussed in the next section. Thus, the tube gets tighter in the
tubesheet hole as the temperature of the tube and tubesheet increase. The deformation of the tube in
response to an external pressure, P, is the product of the pressure times the flexibility associated with an
external pressure. The normal operation contact pressure, Py, is found from compatibility and equilibrium
considerations. The deformation of the tubesheet hole in response to an internal pressure, P,, is found as
the product of the pressure and the flexibility of the tubesheet associated with an internal pressure. The
opening or closing of the tubesheet hole, dr;, resulting from bow induced by the primary-to-secondary
pressure difference is in addition to the deformations associated with temperature and internal pressure.

? Flexibility is the ratio of deformation to load and is the inverse of the stiffness.
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Once the tube has been installed, the deformations of the tube and tubesheet associated thermal expansion,
internal pressure, and tubesheet bow remain linearly elastic.

Because of the potential for a crack to be present and the potential for the j.oint to be leaking, the pressure
in the crevice is assumed to vary linearly from the primary pressure at the crack elevation to the secondary
pressure at the top of the tubesheet. If the joint is not leaking, it would be expected that there was no
significant fluid pressure in the crevice. The pressure assumption is considered to be conservative because
it ignores the pressure drop through the crack, and the leak path is through the crevice will not normally be
around the entire circumference of the tube. In addition, the leak path is believed to be between contacting
microscopic asperities between the tube and the tubesheet, thus the pressure in the crevice would not be
acting over the entire surface area of the tube and tubesheet. In any event, pressure in the crevice is always
assumed to be present for the analysis.

There is no bow induced increase in the diameter of the holes during normal operation or postulated
accident conditions above the mid span elevation within the tubesheet, hence most analyses concentrate on
locations near the top of the tubesheet. The tubesheet bow deformation under postulated accident
conditions will increase because of the larger pressure difference between the bottom and top of the
tubesheet. The components remain elastic and the compatibility and equilibrium equations from the theory
of elasticity remain applicable. Below the mid span elevation within the tubesheet the tubesheet holes will
contract. The edges of the tubesheet are not totally free to rotate and there is some suppression of the
contraction near the outside radius. This also means that the dilation at the top of the tubesheet is also
suppressed near the outside radius of the tubesheet. The maximum hole dilations occur near the center of
the tubesheet.

The application of the theory of elasticity means that the individual elements of the analysis can be treated
as interchangeable if appropriate considerations are made. The thermal expansion of the tube can be
thought of as the result of some equivalent intemal pressure by ignoring Poisson effects, or that tubesheet
bow could be analytically treated as an increase in temperature of the tubesheet while ignoring associated
changes in material properties.

D.3 FLEXIBILITY

Flexibility, f, is defined as the ratio of deflection relative to applied force. It is the inverse of stiffness
which commonly used to relate force to deformation. There are four flexibility terms associated with the
radial deformation of a cylindrical member depending on the surface to which the loading is applied and
the surface for which the deformation is being calculated, e.g., for transmitted internal pressure one is
interested in the radial deformation of the OD of the tube and the ID of the tubesheet. The deformation of
the OD of the tube in response to external pressure is also of interest. The geometry of the tube-to-
tubesheet interface is illustrated on Figure 1. The flexibility of the tubesheet, designated herein by the
subscript ¢, in response to an internal pressure, P, is found as,

c.e

[ :I Tubesheet (1)
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where, re; = inside radius of the tubesheet and outside radius of the tube,

rco = outside radius of the tubesheet hole unit cell,
E. = the elastic modulus of the carbon steel tubesheet material, and *
v = Poisson’s ratio for the tubesheet material.

Here, the subscripts on the flexibility stand for the component, ¢ for tubesheet (and later ¢ of tube), the
surface being considered, i for inside or o for outside, and the surface being loaded, again, i for inside and
o for outside. The superscript designates whether the cylinder is open, o, or closed, ¢, of interest in dealing
with the tube. The former case is a state of plane stress and the latter is not since a closed cylinder has an
end cap load. The flexibility of the tube in response to the application of an external pressure, P, e.g., the
contact pressure within the tubesheet, is,

ace

l: :l Open Tube (2)

Poisson’s ratio is the same for the tube and the tubesheet. When the external pressure can act on the end of
the tube,

=

[ , :I Closed Tube (3)

where E, is the elastic modulus of the tube material. The flexibility of the tube in response to an external
pressure is different when the secondary side pressure is present because that pressure also acts to
compress the tube in the axial direction giving rise to a Poisson expansion effect, resisting the radial
compression due to the pressure.

Finally, the flexibility of the outside radius of the tube in response to an internal pressure, P, is,

ace

l: _ ' :] Closed Tube (4)

where r; is the internal radius of the tube and the tube is assumed to be closed. For an open tube the term
in parentheses in the numerator is simply 2. A closed tube expands less due to Poisson contraction
associated with the end cap load from the internal pressure. A summary of the applicable flexibilities is
provided in Table D.2. Note that during normal operation there is an end cap load on the tube from the
secondary pressure but not from that associated with the fluid in the crevice if the joint is leaking. Both
flexibilities would then be involved in calculating the radial deformation of the outside of the tube. Only
the open tube flexibility is used with the pressure in the crevice for postulated accident conditions.

When the inside of the tube is pressurized, P,;, some of the pressure is absorbed by the deformation of the
tube within the tubesheet and some of the pressure is transmitted to the OD of the tube, P,,, as a contact
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pressure with the ID of the tubesheet. The magnitude of the transmitted pressure is found by considering
the relative flexibilities of the tube and the tubesheet as,

ac.e

_ |

Note that the tube flexibility in response to the contact pressure is for an open tube because there is no end
cap load associated with the contact pressure. The denominator of the fraction is also referred to as the
interaction coefficient between the tube and the tubesheet. About 85 to 90% of the pressure internal to the
tube is transmitted through the tube in Westinghouse designed SGs. However, the contact pressure is not
increased by that amount because the TS acts as a spring and the interface moves radially outward in
response to the increase in pressure. The net increase in contact pressure is on the order of 56.4% of the
increase in the internal pressure. For example, the contact pressure between the tube and the tubesheet is
increased by about 1970 psi during normal operation relative to ambient conditions. Likewise, the increase
in contact pressure associated with SLB conditions is about 2250 psi relative to ambient conditions.

‘When the temperature increases from ambient conditions to operating conditions the differential thermal
expansion of the tube relative to the tubesheet increases the contact pressure between the tube and the
tubesheet. The mismatch in expansion between the tube and the tubesheet, §, is given by,

8 =(x, AT, - AT,)7, Thermal Mismatch  (6)

where: a, a. = thermal expansion coefficient for the tube and tubesheet respectively,
AT, AT, the change in temperature from ambient conditions for the tube and tubesheet
respectively.

During normal operation the temperature of the tube and tubesheet or effectively identical to within a very
short distance from the top of the tubesheet and the individual changes in temperature can usually be
replaced by AT, thus,

8=, — )AT,b. Q)
The change in contact pressure due to the increase in temperature relative to ambient conditions, Pr, is
given by,

ace

[ ]

Likewise, the same equation can be used to calculate the reduction in contact pressure resulting from a
postulated reduction the temperature of the tube during a postulated SLB event.

The net contact pressure, P, between the tube and the tubesheet during operation or accident conditions is
given by,

Net Contact Pressure P.=Py+P, +P, - P, €))
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where P; is the loss of contact pressure due to dilation of the tubesheet holes, P, is the installation preload,
P, is the pressure induced load, and Py is the thermal induced contact load. There is one additional term
that could be considered as increasing the contact pressure. When the temperature increases the tube
expands more in the axial direction than the tubesheet. This is resisted by the frictional interface between
the tube and the tubesheet and a compressive stress is induced in the tube. This in turn results in a Poisson
expansion of the tube radius, increasing the interface pressure. The effect is not considered to be
significant and is essentially ignored by the analysis.

D.4 ANALYSIS

From the preceding discussions it is apparent that the contact pressure during normal operation can be
found by equating the total deformation of the outside radius of the tube, ,, to the total deformation of the
inside radius of the tubesheet hole, r.;, where the net deformation of the outside of the tube, 3,,, is given by,

Tube Deformation 8, = o, AT 7, +P,fi, + P.f:, + Py fy, ) (10)

o
and the net deformation of the tubesheet hole, 3, is given by,

TS Deformation &, =a AT.r, +Pf; +0r, + P, f.. . 11)
The inclusion of the Py terms assures compatibility and the two net deformations must be equal. It can
usually be assumed that the secondary fluid pressure does not penetrate the tubesheet hole and the terms
involving P; may be ignored. All of the terms except for the final contact pressure, Py, are known and the
tubesheet bow term, dr;, is found from the finite element model analysis of the tubesheet. The total contact
pressure during operation is then found as Py plus P,, the installation contact pressure. For postulated SLB
conditions the solution is obtained from,

o, AT r,

1 10

+P,fo; + Pyfioy =0 AT,r, +8r,+ P, f; (12)

cii *
or, the total contact pressure during a postulated SLB event is given by,

o, ATy, —a ATy, + P f . —or,

¢ ¢f

S = oo

SLB ContactPres. P, =P, + , a13)

where r,,=r;. A similar expression with more terms is used to obtain the contact pressu're during normal
operation. The denominator of the above equation is referred to as the tube-to-tubesheet influence
coefficient because it related deformations associated with the interfacing components to the interface
pressure. The influence coefficient for Westinghouse Model F SG tubes is calculated using the information
tabulated in Table D.2 as 3.33-10°® psi/inch.

By taking partial derivatives with respect to the various terms on the right the rate of change of the contact
pressure as a function of changes in those parameters can be easily calculated. For example, the rate of
change of the contact pressure with the internal pressure in the tube is simply,

APy __fs 14
AP, [ =Je
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Thus, the rate of change of contact pressure with internal pressure in the tube is 0.564 psi/psi. Likewise,
the rate of change of the contact pressure with change in the tube temperature or tubesheet temperature is
given by,

AP,  ar, AP, _ o, as)

= an =
AT, [t AT,  fa S

respectively. Again using the values in Table D.2, the rate of change of contact pressure with tube
temperature is 18.3 psi/°F if there is no increase in tubesheet temperature. The corresponding change with
an increase in tubesheet temperature without an increase in tube temperature is —17.36 psi/°F leave a net
increase in contact pressure of 0.94 psi/°F with a uniform increase in temperature of the tube and the
tubesheet.

Finally, the rate of change of contact pressure with tubesheet bow is calculated as,

AP, 1
Aa’;' o _ g0

cii too

(16)

The effect of the dilation associated with the tubesheet bow can be calculated using the information
tabulated in Table 2. For each 0.1 mil of diameter dilation the interface pressure is reduced on the order of
380 psi. A summary of all of the contact pressure influence factors is provided in Table 3. A summary of
tubesheet bow induced hole dilation values is provided in Table 4.

D.5 1IN SITU TESTING

Eddy current information pertaining to the most severe indication in the Callaway SGs is provided as
Figure 4. The indication at 10.26” is so large that it almost appears to be background to the figure itself.
There is no question that the non-destructive examination information indicates that not only is the
indications throughwall, but it is throughwall for 360°. Considering that the image looks like that of a tube
end, there is no doubt that the indication is less severe than indicated.

D.5.1 IN SITU LEAK TESTING PRESSURE

The NRC staff has queried whether or not in situ leak rate testing at the maximum SLB differential
pressure would be conservative relative to testing at a lower pressure. The intuitive expectation would be
that increasing the pressure will always result in an increase in the leak rate. However, an evaluation was
performed using the information available from the leak rate testing program and the structural analysis of
the tube-to-tubesheet joint. The leak rate testing demonstrated that the leak rate could be correlated to the
primary-to-secondary pressure gradient as,

AP

0 TIET an

where the pressure gradient, AP, through the crevice is assumed to be approximately linear, L is the length
of the joint, p is the viscosity of the fluid, and X is a loss coefficient obtained from the analysis of the test
data. The results for the testing program were that the loss coefficient was related to the joint contact
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pressure, P, as,

K =a, e’ (18)

where apand a, are obtained from a regression analysis of the data. Noting that the contact pressure can be
expressed as a function of the internal pressure in the tube as P, = EP;, the derivative of the leak rate with
respect to the internal pressure becomes,

49 _ 9y -t _
P nL® @t -agP). (19)

Hence, the leak rate increases with pressure if the term in parentheses is positive and decreases if the term
is negative because the intercept coefficient is positive. The value of £ was calculated to be 0.564 psi/psi
for the Model F tube-to-tubesheet joint (see the previous discussion). The analysis for the loss coefficient
obtained a nominal value for the slope of the regression equation of 7.486:10* with a standard deviation of
8.139-10° for leak rate data at 600°F. The slope of the leak rate changes from positive to negative at an
internal pressure of 2370 psig using the nominal value for the slope. This result is counter to expectation
and is an artifact of the approach taken to add conservatism to the analysis. The loss coefficient equation
results from the regression analysis of test data obtained from specimens tested at 70 and 600°F. Because it
is impractical to try obtain high temperature, low contact pressure test data, and such data were not
available for the analysis, the low temperature, low contact pressure test data were used to anchor the left
end of the curve. This means that the slope of the curve was artificially increased in order to underestimate
the loss coefficient and overestimate the attendant calculated leak rate at lower contact pressures. The
pressure at which the slope of the leak rate in Equation 19 becomes negative increases to 3950 psi when
the 70°F data are removed from the regression analysis. The corresponding value for an upper 95%
confidence bound on the slope is 2780 psi. These latter results indicate that in situ leak rate testing at

2560 psi provides results in measured values that are greater than those at lower pressures. The loss
coefficient data that were obtained from room temperature testing exhibited little dependence on the
internal pressure in the tube and there was no indication that the leak rate could be higher at a lower
pressure, i.e., the driving pressure term in Equation 17 dominates the determination of the leak rate.

D.5.2 EFFECT OF TUBESHEET BOW ON LEAK RATE TESTING

In situ leak rate tests are conducted at ambient conditions and there is no differential pressure across the
tubesheet. Thus, there are two conditions that are atypical of normal operating and postulated accident
conditions. In summary, the increase in temperature tends to make the joint tighter, and the increase in
differential pressure across the tubesheet tends to make the joint looser. In addition, for structural integrity
testing the increase in pressure internal to the tube will act to tighten the joint and increase the strength of
the joint. Thus, the act of testing may bias the results in a nonconservative manner. However, it is likely
that structural in situ testing of tubesheet indications will be very infrequently indicated because of the
ease with which the strength of the joint can be demonstrated analytically. It is desired to obtain
information regarding the tendency of one condition to compensate for the other with regard to leak rate
testing. Because the bowing dilation decreases with depth, being effectively zero at the mid plane of the
tubesheet, ambient conditions are conservative at that elevation. A summary of pressure changes with
tubesheet bow between normal operation and postulated accident conditions is provided in Table 4.

For example, in situ testing at a differential pressure of 2560 psi results in an increase in the contact
pressure between the tube and the tubesheet of about 1640 psi. For a R18C77 tube, at about 24” from the
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center of the tubesheet, the contact pressure at the mid span of the tubesheet increases by about 2200 psi.
During normal operation the contact pressure increase is about 1700 psi. However, at the top of the
tubesheet the contact pressure during a postulated SLB event increases by only about 235 psi relative to
ambient conditions, i.e., the leak path is less resistant than during an in situ leak test. This observation
brings into question the validity of in situ leak testing for indications located within the tubesheet.

Although the actual measurements cannot be directly related to performance during operation, the results
from the tests performed to characterize the leak resistance of the joint do provide an indirect validation of
the results of in situ tests in which none of the joints leaked. The length of the joints for those tests was
greater than 16” and the tests were performed at elevated temperature. As noted, the eddy current depiction
of the R18C77 tube is provided on Figure D.4. There can be no doubt that the tube is severed at a depth of
10.3”. The contact pressure during the in situ leak test was about 2140 psi while the contact pressure
during the laboratory tests was about 2700 psi. Thus, the in situ leak test provided a similar pressure drop
in the presence of significantly less contact pressure. The test of the R18C77 tube resulted in no
measurable leak rate while all of the laboratory specimens, with longer engaged lengths, leaked.

D.6 CONCLUSIONS

The results of this evaluation indicate that in situ structural testing is not likely to be meaningful in
demonstrating compliance with performance criteria, i.e., demonstrating a resistance to pullout of greater
than three times the normal operating pressure difference. Moreover, the difference in contact pressure
during in situ testing means that the leak rate data cannot be used directly to quantify potential leak rates.
This does not mean that an analytic procedure could not be developed to deal with such quantification, that
is the basis for correlating the leak rate to the inverse of the loss coefficient and further correlating the loss
coefficient to the contact pressure between the tube and the tubesheet.

The results listed in Table D.4 indicate that the effect of bow can result in a significant average decrease in
the contact pressure during postulated accident conditions for Model F SG tubes. For the most severe
indication in the Callaway SGs, i.e., R18C77, in situ testing resulted in no measurable leakage. However,
the contact pressure during the performance of the in situ test was meaningfully less than the contact
pressure present when the laboratory leak rate tests were performed, all of which leaked. Thus, the leak
rate tests performed in situ are relevant to demonstrating whether or not an indication leaks. Although the
leak rate from a leaking indication may not lend itself to a precise quantified prediction of the leak rate
during operation, it can be used to estimate whether or not the leak rate would be significant during
operation or postulated accident conditions.
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Figure D.3: Determination of Contact Pressure, Normal or Accident Operation

V (As illustrated, the bow does not result in a loss of contact, however, there are situations where the bow
is sufficient to result in a loss of contact between the tube and the tubesheet at the top of the tubesheet.)

Appendix D D-14 . May 2003
4969.doc-060403 Revision 1



- covrer ¥ A -

Lﬂ!‘,ﬁ;&'m smmggg@: =

312V [ 4.6 3 ¢ 300 Khz S5 [ROTCIEI%NIS
6: 1 € 5 Diff s

Var 8.35 BEJ 9 31 ‘ Satcit,

TR~ R R piE

S0 s P B A oA AR YOS 4 7l AT T AT TR S5 BT Nt A -1 A

MY

Figure D.4: Severed Tube Eddy Current Image (at 10.26”)

Appendix D
4969.doc-060403

D-15 May 2003
Revision 1



ATTACHMENT 3¢

ULNRC 04861
CALLAWAY PLANT
west Inghouse Westinghouse Electric Company
Nuclear Services
P.0.Box 355
Pittsburgh, Pennsylvania 15230-0355
USA
U.S. Nuclear Regulatory Commission Direct tel: (412) 374-5282
Document Control Desk Direct fax: (412) 374-4011
Washington, DC 20555-0001 e-mail: Sepplha@westinghouse.com

Ourref: CAW-03-1650

June 3, 2003

APPLICATION FOR WITHHOLDING PROPRIETARY
INFORMATION FROM PUBLIC DISCLOSURE

Subject: WCAP-15932-P, Rev. 1, “Improved Justification of Partial Length RPC Inspection of
Tube Joints of Model F Steam Generators of AmerenUE Callaway Plant (Proprietary)

The proprietary information for which withholding is being requested in the above-referenced report is
further identified in Affidavit CAW-03-1650 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 2.790 of the Commission’s
regulations.

Accordingly, this letter authorizes the utilization of the accompanying affidavit by AmerenUE.
Correspondence with respect to the proprietary aspects of the application for withholding or the
Westinghouse affidavit should reference this letter, CAW-03-1650 and should be addressed to the
undersigned.

Very truly yours,

i,

H. A. Sepp, Manager
Regulatory Compliance and Plant Licensing

Enclosures
cc: S.J. Collins

D. Holland
B. Benney

A BNFL Group company
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Before me, the undersigned authority, personally appeared H. A. Sepp, 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:

@,

H. A. Sepp, Manager
Regulatory Compliance and Plant Licensing

Sworn to and subscribed
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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 the Westinghouse Electric Company LLC.

I am making this Affidavit in conformance with the provisions of 10 CFR Section 2.790 of the
Commission’s regulations and in conjunction with the Westinghouse application for withholding

accompanying this Affidavit.

I have personal knowledge of the criteria and procedures utilized by the Westinghouse Electric
Company LLC in designating information as a trade secret, privileged or as confidential

commercial or financial information.

Pursuant to the provisions of paragraph (b)(4) of Section 2.790 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 constitutes

Westinghouse policy and provides 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.

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.
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.

It reveals cost or price information, production capacities, budget levels, or

commercial strategies of Westinghouse, its customers or suppliers.

It reveals aspects of past, present, or future Westinghouse or customer funded

development plans and programs of potential commercial value to Westinghouse.

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)

(b)

©

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.

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.

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.

) The Westinghouse capacity to invest corporate assets in research and
development depends upon the success in obtaining and maintaining a

competitive advantage.

The information is being transmitted to the Commission in confidence and, under the
provisions of 10 CFR Section 2.790, it is to be received in confidence by the

Commission.

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.

The proprietary information sought to be withheld in this submittal is that which is
appropriately marked in WCAP-15932-P, Rev. 1, “Improved Justification of Partial
Length RPC Inspection of Tube Joints of Model F Steam Generators of AmerenUE
Callaway Plant” (Proprietary), dated May 2003. The information is provided in support
of a submittal to the Commission, being transmitted by the AmerenUE letter and
Application for Withholding Proprietary Information from Public Disclosure, to the
Document Control Desk. The proprietary information as submitted for use by
Westinghouse Electric Company LLC for the Callaway Plant is expected to be applicable
for other licensee submittals in response to certain NRC requirements for justification of
a reduction of rotating pancake coil (RPC) inspection length of Model F steam generator
tubes within the tubesheet from full-length to partial length.
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This information is part of that which will enable Westinghouse to:

(a) Justify the use of the H* criterion as a basis for limiting the length of eddy current
inspection of hydraulically expanded tubes in the tubesheet region of steam

generators.

(b) Discuss analysis and testing programs used in support of the development of the H*

criterion.
Further this information has substantial commercial value as follows:

(a) Westinghouse plans to sell the use of similar information to its customers for

purposes of meeting NRC requirements for licensing documentation.

(b) Westinghouse can sell support and defense of this information to its customers in

the licensing process.

(©) The information requested to be withheld reveals the distinguishing aspects of a

methodology which was developed by Westinghouse.

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 licensing support documentation 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.
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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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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 2.790 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 2.790(b)(1).
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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 2.790 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.



AmerenUE

Letter for Transmittal to the NRC

The following paragraphs should be included in your letter to the NRC:
Enclosed are:

1. 2 copies of WCAP-15932-P, Rev. 1, “Improved Justification of Partial Length RPC Inspection of
Tube Joints of Model F Steam Generators of AmerenUE Callaway Plant” (Proprietary)

2. 2 copies of WCAP-15932-NP, Rev. 1, “Improved Justification of Partial Length RPC Inspection of
Tube Joints of Model F Steam Generators of AmerenUE Callaway Plant” (Non-Proprietary)

Also enclosed are a Westinghouse authorization letter, CAW-03-1650, accompanying affidavit,
Proprietary Information Notice, and Copyright Notice.

As Item 1 contains information proprietary to Westinghouse Electric Company, 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 2.790 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 2.790 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-03-1650 and should be addressed to

H. A. Sepp, Manager of Regulatory Compliance and Plant Licensing, Westinghouse Electric Company,
P.O. Box 355, Pittsburgh, Pennsylvania 15230-0355.



ATTACHMENT 4
ULNRC-04861
CALLAWAY PLANT

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 2.790 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-proprictary 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)(iiXf) of the affidavit accompanying this transmitta} pursuant to 10 CFR 2.790(bX1).



ATTACHMENT 5
ULNRC-04861
CALLAWAY PLANT

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
inteal 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 2.790 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-proprictary 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 proprictary.



" Attachment 6 » ’
- ULNRC-04861 "~ Lo
+ Callaway Plant

CALLAWAY DATA

"A" S/G: Tube: 25 - 71

RPC: SG1AHCAL00069 and SG1AHCAL00073
Bobbin: SG1ACCAL00060 and SG1AHCAL00059

"C"S/G: _ Tube 18 - 77

RPC: SG1CHCAL00006 and SG1CHCALO00076
Bobbin: SG1CCCAL00040 (April 2001 Data)
"C" S/G: Tube 21 - 101

RPC: SG1CHCAL00044 and SG1CHCAL00076
Bobbin: SG1CCCAL00043 (April 2001 Data)

"C"S/G: _ Tube 29 - 69

RPC: SG1CHCAL00007 and SG1CHCAL00081
Bobbin: SG1CCCAL00051 (April 2001 Data)

D" S/G: Tube 42 - 57

RPC: SG1DHCAL.00049 and SG1DHCAL00055
Bobbin: SG1DCCAL00013

All primary, secondary, and resolution setups are provided for each
calibration group. Calibration standard drawings are provided.

All raw data was acquired during the November 2002 outage unless
otherwise noted.
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LABEL TYPr  |OF URIGIN| LOCATION | LOCATION |oo ‘b anthes| IN INCHES| IN %TW
A AVR N/A (2. 375°) 0 ¢1. 250) N/A N/A .
B AVB “EAR oD 4. 623° 0° 1. 250 . 009 22 ZTW |-
[ AVE VEAR oD 6. 875° 0 1. 250 . 0L a1 ZIW |~
D AVB WEAR op 9. 127° 0 1. 250 (. 026 €3 Z2TW |—
£l THRU HOLE oD 10, 753° 0° #. 026 THROUGH | 100 %7V NOTES:
E2 THRU HOLE oD 10. 753° 90° . 026 THROUGH | 100 %TW
L . MATERIAL HEAT NUMBER, HT 765502 AND THE AS T
E3 THRU HOLE 0D 10. 753° 180° #. 026 THROUGH | 100 %1V ! Toi'cmm, 12807858, ARE ETCHED AT T RAGHT TUBE END.
E4 THRU HOLE gD 10. 753° 270* 2. 026 THROUGH | 100 ZTwW 2. THIS STANDARD WAS MADE VIA PA 83-795885-00 AND FT1 WORK
3 DENT oD 12. 005° 0 . 086 <. 008) N/A ORDER 11505, FROM DESIGN DRAVING 1260476D-0, FOR FT1.
G1 FBH oD 13. 252 0* ¢, 186 .¢. 008) 20 ZTW | AVERAGE | 3. THE AS BUILT DIMENSIONS VERE OBTAINED FROM GCIR 99-01453.
G2 FBH ap 13. 252° 90° 9. 186 <. 009 22 #Tv DEPTH [ 4 gacH FLAV 1S CENTERED ABOUT THE SPECIFIED AXIAL AND AZIMUTHAL
G3 FBH 0D 13. 252° 180° @, 186 <. 008) 20 %W | .0083° LOCATIONS. .
G4 FBH oD 13. 252° 270° ¢. 186 <. 008) 20 ZTWw | 20.5 ZTW | s THE n[p'ms IN PERCENT THROUGH WALL ¢XTW) ARE BASED UPON THE
H FBH oD 14. 252° 0° ?. 186 <. 015 27 %7V ACTUAL HEAN VALL THICKNESS CMWT)> OF THE TUBING, .041°.
I TBH oD 15, 252° 0 . 110 C. 024) 59 %1W 6. WHEN PLACED IN HOLDER (1280802D-0), & TSP SINULATDR RING
5 n : I CENTERED KeAR AXIAL LOCATION O C22.000°). THEIR AZIMUTHAL
J FBH op 16. @52 0 ¢. 078 €032 | 78 %TW LCATION, IS 360°. _ALSO, VB BARS ARE CENTERED AT LOCATIONS <
K PW _HOLE [i]1] 17. 252° o 9, 052 THROUGH | 100 %1V ACRIITY B (L62S) " C (675 AND D (3. 125). THEY ARE
L PY_HOLE] 0D 18. 250° S0° 9.052 | THROUGH | 100 %1V ALIGER. ko PLACED OVER T EAR PLAVS AT 5. A B
M PV _HOLE oD 15. 250° 180° 8. 052 THROUGH | 100 %TW
N PW HOLE ap 20. 250° 270° 9. 052 THROUGH | 100 #TW
] TSP N/A (22.000°3] 360° < 1. 2009 N7A N/A
DIMENSIONS IN PARENTHESIS ARE REFERENCE DIMENSIONS. . _
8
[=] 8 3
. & see .
o T NOTE 1 4 W
| A B S D £ F 6 M1k LM N 0, —I | -
S (S 17 N S| S o — e
i ViTH VEAR JITH VEAR vrf“' VEAR —a O— - —o=-— STHULATER
@ 6875 BY 041 ASME CALIBRATION STANDARD
MAT'L: ALLOY 600, .6875" OD, .041° WALL.
FILENAME: 1280785.DWG
DISK No.. OPTICAL




8 98/08ZL  onomd] f
FRAMATOME
' REVISIONS "
ncv) DESCRIFTION [ parc] aerava
FLAV FLAV SURFACE | AXIAL |AZIMUTHAL| LENGTH/ | pepTH DEPTH
LABEL TYPE  |OF DRIGIN| LOCATION | LOCATION | Hiontiee] IN INCHES [ IN 7Tv
A AVB N/A (2. 375°) 0° (1. 250) N/A N/A
B AVE WEAR GD 4. 625° 0° 1. 250 ¢.008) | 20 #1v |—
C AVB WEAR 0D 6. 875° 0° 1. 250 <.016) | 39 ZTW |—
D AVB WEAR [i]i) 9. 125" 0° 1. 250 (. 024) | 59 Z1W | —
tl THRU HOLE (i1} 10. 752° 0° 9. 026 THROUGH | 100 #Tv ums-
£2 THRU HOLE 0D 10. 752" 90° 9,026 | THROUGH | 100 X7V
—C 4 THE MATERI NUMBER, HT A
E3 THRU HOLE 0D 10. 752° 180° ®.026 | THROUGH | 100 %7V LBk, 12007aen, M YOHD AT e Rl U BT
E4 THRU HOLE] = 0OD 10. 752° 270° #. 026 THROUGH | 100 %TW 2 THIS STANDARD VAS MADE VIA PA 83-799895-00 AND FTI WORK
F DENT [u) 1] 12. 000* [0 . 084 ¢, 008) N/A ORDER 11505, FROM DESIGN DRAWING 1260476D-0, FOR FTI.
Gl FBH oD 13. 252° 0 8. 186 (. 008 20 4TW | AVERAGE | 3 THE AS BUILT DIMENSIONS VERE OBTAINED FROM GCIR 93-0145S.
Ge FBH oD 13. 252° 90° ?. 186 C.009 | 22 41w DEPTH
- 4. EACH FLAV
G3 FBH @D 13.252° | 180° 9.186 | (. 008> | 20 7T | .0083" EOCAT Gy, |5 CENTERED ABDUT THE SPECIFIED AXIAL AND AZIMUTHAL
G4 FBH apD 13. 252* 270° $. 186 (. 008) 20 %7V 20,5 ZIw S. THE DEPTHS IN PERCENT THROUGH VALL ¢XTW) ARE BASED UPON THE
H FBH oD 14, 249° 0° 9. 187 . 016 | 36 71w ACTUAL MEAN VALL THICKNESS (WWT) OF THE TUBING, . 041°.
Tt T st o Tt Towen [  POLICEE LIS R L 3 S
J FBH oD 16, 248° 0° . 078 ¢.032) | 78 71w .
OCATION IS 360°.
K PV _HOLE 0D 17. 250° 0° 9. 052 THROUGH | 100 2TV hce 1950 oo, 2o € 06 grs s aNg D €5 t2ar. ‘“%t‘é&“'xéc <+
L PW HOLE op 18. 250° 20° 0. 052 THROUGH | 100 #TW ALIGNED, AND PLACED DVER THE WEAR FLAWS AT B.C AND D.
M PV HOLE 0D 19. 250° 1680° 9. 052 | THROUGH | 100 ZTV
N PW HOLE 0D 20. 250° 270° 9. 052 | THROUGH | 100 #TVW
1] TSP N/A__ | (22, 000°3| 360° (1. 200) N/A N/A
DIMENSIONS IN PARENTHESIS ARE REFERENCE DIMENSIONS.
]
[=] o
o <
§ m‘ N
g : v NOTE 1 — ®
| A B oD, E F G W 1 J XK L W N B QI |
S DY V' S o AB_ S § -1 N S
vlfﬁ!%" EAR \Tl‘%i VEAR ~ —VITH VEAR —9 O—-O6—-—o STl AR —

@ 6875 BY 041 ASME CALIBRATION STANDARD

MAT'L: ALLOY 600, .66875" OD, .041° WALL.

FILENAME:  1280786.0WG
DISK No.. OPTICAL

e e

F O B % 27 i O Ay




8 L8081 o ona) f
TRAMATOME
REVISIONS .
I"‘"l DESCRIPTION Imm:l APPROVAL
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LABEL TYPE  |OF ORIGIN| LOCATION | LOCATION |oo ionrer| IN INCHES| IN TV
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A AVB N/A (2. 375°) 0 (1. 2507 N/7A N/A
B AVE VWEAR oD 4. 627° 0 1. 251 . 009) 22 4TV
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El THRU HOLE oD 10. 754° 0* . 026 THROUGH | 100 %W NOTES:
E2 THRU HOLE (i} 10. 754° 90° #. 026 THROUGH | 100 4TW
1. THE MATER AT NUMBER, HT 763502 AND THE A 1
E3 THRU HOLE oD 10. 754° 180° ¥, 026 THROUGH | 100 4TV NUMBER, x'a%o%ten. ARE ETCHED ATSSTO;E m'c’;mucmasc B:‘fu'n"
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G4 __FBH ap 13. 2477 270 ¢. 186 . 009 | 22 #TV | 22 %TW [s5 yHE DEPTHS IN PERCENT THROUGH VALL CXTV) ARE BASED UPON THE
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. SEE -
o ? NOTE 1 — N
| A B 0. E F G H 1 _J K L M N @ —l |
I O | T I S 2 N S
WiTH WEAR \TIT?-I H_WEAR ___VITH WEAR —_ O—-—o—-— -~ STHULATOR
@ 6875 BY 041 ASME CALIBRATION STANDARD
MAT'L: ALLOY 600G, .8878" OD, .041" WALL.
FILENAME: 1280788.DWG
DISK No.: OPTICAL
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8 680821 o one}
elﬂﬂl.l.. IE
REVISIONS r
iu:vl DESCRIPTION lun:l APPROVAL
FLAV FLAW SURFACE | AXIAL |AZIMUTHAL| LENGTH/ | pepTH DEPTH
LABEL TYPE  |OF DRIGIN| LOCATION | LOCATION [go haniyer] IN INCHES| IN %TW
A AVB N/A (2. 375°) 0° (1, 250) N/A N/A
B AVB WEAR 0D 4, 626" [ 1. 252 (. 009 | 22 ZTv
C AVB_WEAR oD 6. 876° 0 1. 250 (. 017y | 41 7V
] AVB WEAR oD 9. 126° 0° 1. 250 (. 026) | 63 4TV
El THRU_HOLE oD 10. 751° 0° ©.026 | THROUGH [ 100 %1V NITES:
E2 THRU _HOLE oD 10. 751° 90° .026_ | THROUGH | 100 %1V
£3 THRU HOLE 0D 10, 751° 180° .06 | THROUGH | 100 %7 b BER, 12807595, ARE ETCHED AT Tie WLGHT TUBE END.
E4 THRUY HOLE 0D 10. 751° 270 8. 026 THROUGH | 100 ZTW 2 THIS STANDARD WAS MADE VIA PA 83-799885-00 AND FT1 VORK
F DENT OD 12. 000° 0 . 086 (. 009 N/A ORDER 11503, FROM DESIGN DRAVING 1260476D-0, FOR FTI.
G1 FBH 0D 13. 246° o $. 186 <. 009 22 TV | AVERAGE | 3. THE AS BUILT DIMENSIONS WERE OBTAINED FROM GCIR 99-01461.
G2 FBH D 13. 246° 50° ¢, 186 (. 009) | 22 %W DEPTH
G3 FBH oD 13.246° | 180° 0.186 | .00 | 22 21w | .009° |* EAChrione, | CENTERED ABOUT THE SPECIFIED AXIAL AND AZIWUTHAL
G4 FBH ap 13 246° | 270° 8. 186 (. 009) | a2 #1V | 22 XTW |5 714E DEPTHS IN PERCENT THROUGH VALL CXTV) ARE BASED UPON THE
H FBH ap 14, 246° 0° ®. 187 . 016> | 39 Z7W ACTUAL MEAN VALL THICKNESS CHWT) OF THE TUBING, .O041°.
1 FBH oD 15. 247° 0 ¢. 108 . 025 | 61 %W 6. WHEN cﬁ‘f&“:%g IN HOLER ¢ ﬂ%??ﬁﬂ'g’mg ISP SIMLATIR RING
J FBH 0D 16. 247° 0* . 079 (.032) | 78 %1V MUTHAL
L ,
K PV_HOLE 0D 17.251° 0* 9,052 | THROUGH | 100 #TW 0?3 T30S 300 68 £V ara s GND D B bzay. oIy MR
L PV_HOLE oD 18. 251° 90* 9. 052 THROUGH | 100 %TW ALIGNED, AND PLACED aviR THE WEAR FLAWS AT B,C ANB D.
M PW_HOLE oD 19. 251° 180° ®.052_ | THROUGH | 100 4TW
N PV_HOLE 0D | 20 251" 270° #.052__ | THROUGH | 100 %7V
] TSP N/A___|(22.000°)]  360° (1. 200) N7A N/A
DIMENSIONS IN PARENTHESIS ARE REFERENCE DIMENSIONS.
[=1 . [\]
[=] [\
o SEE -
S T MTE 1— N
| b B . Co D € F G W « oow v b 1]
A o —a P § . S
ViTH VEAR \TI'TAH VEAR — VI VEWR —a B—-6—-—o—-—- sms'n ATDR -

6875 BY 041 ASME CALIBRATION STANDARD

MAT'L: ALLOY 600, .6876" OD, .041" WALL.

FILENAME: 1280789.DWG
DISK No.: OPTICAL
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8 060821 o ond] - 7:
' {

RAMATOME
REVISIONS H
|ur.vl DESCRIPTION lutq APPRAVAL
FLAV FLAW SURFACE AXIAL |AZIMUTHAL| FLAV |VIDTH DR DEPTH | FLAW
LABEL| TYPE [OF ORIGIN} LOCATION | LDCATION |LENGTH |DIAMETER | DEPTH IN %TW| LABEL
A [AxIaL EpM 1D 1. 500” 0* . 380" | . 005 , 025" 614 V| A
B [ AXIAL EDM D 1, 500° 120° . 380° | . 005 . 0177 41Z V| B
| € |axiaL EDM| 1D . f. 500° 240° . 380°_| . 005’ . 005° 227 | €
'D- | AXTAL EDM [{[}] 2. 248° 0° . 379° | .00 .025" - 614 M| D NOTES:
el By D0 [ 29 Tt 1. THE MATERIAL HEAT NUMBER, HT NX0S88 , AND THE AS
Fr |- AXTAL—EDM]——0OD._ 2. 249° 240° . 379° | . 005 ., 010° =244 TM| ¥ . . .
G_ | AXIAL EDH]| 0D 3. 003" 0" 1.380" | . 065" | THROUGH | 100% TW| G 2 33:'&'32:5\2; 5§§°§3§§' vﬁEPingcggggszugamg:: ::Bif:g
H | CIRC EDM DD 3. 750° 160° .380° | . 005 THROUGH | 100% W] H . - ~0g, -
T CIRC EDN o o0 o° 380" | 005" 055 ez el AND FROM DESIGN DRAVING 1280475D-01, FOR FTL.
J—|"CIRC EDM oD |-.4. 501° 180° ., 380° | . 005" .025° |"61Z M| - J - 3. THE AS BUILT DIMENSIONS WERE DBTAINED FROM FTI SHOP DATA
L__| CIRC EDM 0D =5, 250° 160° .| .360° | .005 L017° A7 L 4. EACH FLAW 1S CENTERED ABOUT THE SPECIFIED AXIAL AND
M| CIRC EDM 1D 6. 000° 0 ~360° | . 005 . 609’ 224 TW| W AZIMUTHAL LOCATIDNS.
N CIRCEDM{——0D" 5. 999° 180° . 380° | .005° , 009" |_224J¥{- N S. THE DEPTHS IN PERCENT THROUGH VALL C¢4TW) ARE BASED UPON THE
P DENT 0D 7. 500° 0° N7A | €. 054°) . 006" 154 TW| P )
o 1
8 ™
! SEE NOTE 1 -
o o
I -
A ) G ' K " p | o
—— "_-_-—-—-__—-_-_-_-_-—-_-—-_-—-_"-"_-_"_T- o0 270
) ) H J L N 0
BC EF 160
RPC GT CALIBRATION STANDARD
MAT'L: ALLOY 800, .682" 0.D., .041" MEAN WALL
FILENAME:  1280790.DWG
) DISK No.: OPTICAL
S MAVIE/SKCION 15 D PRIFTRTY OF F13 Ab IS LOWKS UGN THE CRNSETIN THAT 11 13 T T8 B AGPGICED O COMER, IV WHELE DF BN PAAT, DN UACY FOR FUsue BMESEIWW?RIKZ;’ .684 BY .042 RPC GT CALIBRATION LL 9-15-99 §
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8 L6£08ZL owond) f
FRAMATOME
REVISIONS H
I:ﬂ DESCRIPTION l Mr:l APPROVAL
FLAW FLAV SURFACE AXIAL |AZIMUTHAL| FLAV |WIDTH DR DEPTH | FLAW g&}
LABEL TYPE  [OF ORIGIN| LOCATION | LOCATIDN |LENGTH |DIAMETER | DEPTH IN %TW| LABEL 0 7
A |AXIAL EDM 1D 1. 500° 0° . 380°_| . 005° .025° | =60/ Iv| A (du
B [aXIAL EDM 1D S00° 120°__|.380° | .005° .017° | 40% 19| B |+ V2
C_ | AXIAL EDM 1D 1. 500° 240° . 380° . 005° .009° | -~21% W ¢ 9,§
D | AXIAL EDM 0D 2. 256° 0* . 380°_| . 005° . 025" 60% TW| D NOTES: K
€ | AXIAL EDH]| 0D 3 255 120" | . 380" | 005" | 017 | 40% TW| E 1. THE MATERIAL HEAT NUMBER, MT NXOS8B , AND THE AS
. 252° v . 380° | . 005° 4 Z v . s .
2 :: ::: Eg:: gg %ggg. a;g .ggg. gz ,,“2336” 12010‘2 ™ 2 BUILT NUMBER, 1280791B, ARE ETCHED AT THE RIGHT TUBE END.
s 0 - FEs TV 2. THIS STANDARD WAS MADE VIA PA 83-799886-02, FTI W0 11482
P fCIRC B L 0D i . AND FROM DESIGN DRAVING 1280475D~01, FOR F1L.
J | CIRC.EDM~ oD 4, 500° 180° ., 380° | . 005" .025° | 60% TVl J 3. THE AS BUILT DIMENSIONS WERE OBTAINED FROM FTI SHOP DATA
L__[-CIRCTEDM aD S. 252° 180° , 380° | . 005 L017° | 40% W] L 4. EACH FLAW IS CENTERED ABOUT THE SPECIFIED AX1AL AND
M__|-CIRC EDN 1D 6. 000’ o’ .3680° | . 005" . 009° |- 214 TV |==H AZINUTHAL LOCATIDNS.
N -] CIRC EDM 0D 6. 000’ 80° . 380° | .005° . 009° 21X M| N S. THE DEPTHS IN PERCENT THROUGH WALL C(XTW) ARE BASED UPON THE
HOLE oD € 754° 80° N/ —052° THROUGH 1 1007 1v| O ACTUAL MEAN WALL THICKNESS CMUT) OF THE TUBING, . 042°.
DENT oD 7. 502° 0° N/A | <. 054°) . 005" 122 M| P
o 0
8 ¥ 3
SEE NOTE 1 -
7 #e? ¥ (D g
| A 0 Cing, o . T o
ak 0 . e :
- ---—-—.I—-L——-—-——~—-—-——-—-'—-—-‘———-—-—--——-———-—--——--—~- 80 270
== ey
B EF H J o "N 0 ,
*4 Cic 0> o
RPC GT CALIBRATION STANDARD
MAT'L: ALLOY 600, .883" 0.D., .042" MEAN WALL
; FILENAME: 1280791.DWG
, DISK No.: OPTICAL
NS BRAVING/IOCIMN (3 TG PIGPTATY O FTI A@ 13 LONES WO THE CINGETION TAT 17 IS ADT T8 S NOPWORALS G COPICE, 0 WELE OR TN PART, Bt USED Fist NseBid 'Yr .684 BY 042 RPC GT BRATION 9/13/99
DFUMATION T8 SNEAL, B0 FIR A0 OTHER AAMSIE IETADENEA. TD THE SORALTT OF FT1 A0 18 T8 M€ ACTUMED WG AUREST, 30 0OF SCALL - WL SMOMIDS BAY. 7 w STANQARQ AS mJIlT DRAWING 1 9 'ﬁ"'
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8 26L08ZL o onal f
[RAMATRNE
REVISIONS ‘f
wcv) DESCRIPTION Joare| amraova
FLAV FLAW SURFACE AXIAL |AZIMUTHAL| FLAV |WIDTH OR DEPTH | FLAW
LABEL TYPE OF ORIGIN{ LOCATION ] LOCATION {LENGTH |DIAMETER DEPTH IN %TW| LABEL
A _|AXIAL EDM| 1D 1. 500° o .380° | 005" | .025 | €Iz i¥| A
B AXIAL EDM 1D 1. 500* 120° . 380° . OOL . 017¢ 417 TV B
[ AXIAL EDM 1D 1. S00° 240° . 380° . 005’ . 009° 227 W C
D AXIAL EDM oD 2. 256* Q* . 379 . 005’ . 025° 617 TV D NOTES:
E AXIAL EDM 0D 2. 256 120* . 379° . 005° .17 417 TV 3 §. THE MATERIAL HEAT NUMBER, HT NX0S88 . AND TME A
F AXI1A| M D , N N . 378° , 006° . 009* 224 ™ [3 .
T axTar EE" o e B B T e o BUILT NOMBER, 1200792B. ARE ETCHED AT THE RIGHT TUBE END.
H -5 %0 1585 o051 7 m 7T 2. THIS STANDARD WAS MADE V1A PA 83-799886-02, FTI Vi 11482
T CIRCEW [ 0 | a70" | yeor [.300 |00 | THROUGH | 100% Tul S L e 1 e ST o0,
J CIRC EDM [1)4] 4. 503 180* , 380° . 005* . 0235 617 TV J 3. THE AS BUILY DIMENSIONS VERE OBTAINED FROM FT1 SHOP DATA
L CIRC EDM ‘0D 5. 295 180°* . 380° ' 00;; , 017 417 TV L 4. EACH FLAV IS CENTERED ABOUT THE SPECIFIED AXIAL AND
M__| CIRC EIM 1D 6. 000" . 0° . 380° | . 005 . 009" 204 M| M AZIMUTHAL LOCATIONS.
N CIRC £DM 0D 6. 002° 180 . 380° . 005° . 009° e/ T™ N S. THE DEPTHS IN PERCENT THROUGH WALL C%TW) ARE BASED UPON THE
—a HOLE oD 6. 7567 180° N7A T 052° THROUGH | 10074 v O ACTUAL MEAN WALL THICKNESS (MVT) OF THE TUBING, .Q41°.
P DENT gD 7. S01° 0° N7A (. 054°) . 008 124 TV P 4..
8 8
p SEE NDTE 1 -
=}
]
A 0 6 i " P | o
—- “—'——/—;—-ﬁ—‘—"—-—"—-'—-—*'—'—"“—‘—"—“—""“*—"‘ 80 270
¥ ) H J Y N )
BC EF 180°
RPC GT CALIBRATION STANDARD
MAT'L: ALLOY 600, .882" 0.D., .041" MEAN WALL
FILENAME: 1280792.DWG
i DISK No.: OPTICAL
NS DMAVIN/SUCUENT 1T WE PROPTATY OF 711 AND I8 LOMILD UPON DIE COWITION NWAT [T IS AOT T8 IC ACFROSTE WA COPIED. B0 VWERLE R I PWAT, Gt WELh PR TURMBON -68‘ BY 0042 PC GT CAL'B nON FULL _ 9/15/99 ‘
DITRARATION 13 SNERE, DR FTt AN BTIEA PUNFDIC SCRRIGNTAL 10 TIE BNTCACST OF 71 AND 13 18 BC JLTVACD UPCN MERESY, 59 IOV SEALL ~ LS INWIIDE DLY. M:.! STANDARD g§ BU'LLDRAW'NG 1 0 9 py 0
22159 Gz/eh




8 €6/09ZL ool . f
FRAMATOME
REVISIONS H
rev] DESCRIPTION [ nare| apeaavaL
FLAV| FLAW | SURFACE | AXIAL |[AZIMUTHAL| FLAW [WIDTH DR DEPTH | FLAW
LABEL| TYPE JOF ORIGIN| LDCATIDN |LOCATION |LENGTH |DIAMETER | DEPTH IN %TW| LABEL
A |AXIAL EDM iD 1. 500° 0 T380° | . 005 T025° | 60%Z TW| A
B | AXIAL EDH D 1. 500° 120° |.380° | .005° 017" 407 V| B
C | AXTAL EDH D . 500° 240° | .380° | .005 _ 009" 21% 1w C
D | AXIAL EDM| __OD 2. 25¢ 0 379" | . 005 085" 60Z TW| D NOTES
€ | AXIAL EDM| _ OD 2. 254° 120° | .379° | . 005 017° 407 v E e MATERIAL HEAT NUMBER. T NXOBBB . AND THE AS
T |AXIAL EDM| ___OD 2. 254" 240° | . 379" | . 005 . 009" 212 W F . . ,
G Taxtac el o0 a0 | o sl oos [ mwwon [tooe G |, T R T LTS sl M e
W | CIRC EDH oD 3. 750° 180° | .380° | . 005 | THROUGH | 100% TW| H : - -01,
T cire EDM T o0 o 8005 555 eor TVl T AND SI 39 5005364-00, FROM DESIGN DRAVING 1280475D-00,
J | CIRC EDM 0D 4. 502° 180° | .380° | .005" > 022" 527 TV J
. = - > . £ 3. THE AS BUILT DIMENSIONS WERE OBTAINED FROM FTI SHOP DATA.
£ g ';g Eg: (‘J‘; :.g;;’g. 120* -ggg, -ggg, 'g:z, ;g; :: s SHEETS, GCIR 99-00734 AND GCIR 99-01090.
W [ CIRC EDN | 1D 6. 000° o [.380° | 005 N AL 4 EACH FLAN IS CENTERED ABOUT THE SPECIFIED AXIAL AND
N_| CIRC EDH GD 6, 000° 180° | .380° | . 005 ~ 009" 212 ™ N
3 - . : S, THE DEPTHS IN PERCENT THROUGH WALL (XTW) ARE BASED UPON THE
0 HOLE oD 6. 754 180° N/A . 032 THROUGH | 1002 Tw 0O ACTUAL MEAN VALL THICKNESS (MWT) OF THE TUBING, .042°.
P DENT oD 7. 500° o N/A | ¢.055°) | . 005 12% V| P
8 8
o SEE NOTE 1 M
g S
I P
A ] (] [ K '] P o
T ey an g 270
; ; 4 +
BC EF H J N o

RPC GT CALIBRATION STANDARD
MAT'L: ALLOY 600, .684" 0.D., .042" MEAN WALL

FILENAME: 1280793.DWG
f DISK No.: OPTICAL

.684 BY .042 RPC GT CALIBRATION |~
2 STANDARD AS BUILT DRAWING i
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FRAMATONE
REVISIONS 4
rev| DESCRIPTION [ oarc] aermava
FLAV| FLAV | SURFACE | ax1aL [aziMuTHAL| FLAW [WIDTH DR DEPTH | FLAV
LABEL| __TYPE |OF ORIGIN| LOCATION |LOCATION |LENGTH [DIAMETER | DEPTH | IN XTW| LABEL
A | AXIAL EDM]__7ID 7 | 1. 500° o T380° | .005 | .085 | ;60%-Tv| A
B |AXIAL EDM| 71D~ | _1.500° 120°|.380° | . 005 017" | 40%-Tv| B
C_ | AXIAL EDM]_ 71D | _1.500° 540° | .380° | . 005 009" | 7214°TW €
D | AXIAL EDM| __OD 2. 250° 0° .379°_| . 006 .025°_|_60% 1| D NOTES:
£l axiaL EOK a0 £. 255 80 1. 37 | -0 917 A M- 1. THE MATERIAL HEAT NUMBER, HT NX0888 , AND THE AS
F [ AXIAL EDH| 0D 2. 253" 340° _|. 379" | . 006° . 009 21% W F . , .
T [axtaL EDA[ o0 | 5-o0e | o' [ 00| ove [ Tweouon [foox TG 1, gl e T e oscas 01, FTI w0 11402
R | CIRC EDM oD 3. 752° 180° |.360° | . 005 | THROUGH | 100% TW| W : - -01,
T | CIRC-EDH | 71D % | 4. 500° o° . 380° | . 005 025 | 607 Tv| 1. AND 31 39-5005364-00, FROM DESIGN DRAVING 1280475D-00,
J_| CIRC EDM i 4. 505° 180° |.380° | . 005" 023" 557 Tv| J
e Ty T oo oo T ST > DI85 BUILT B e gurauen rron 711 svoe oaTa
L | CIRC EDM 0D 5. 256 180° |.380° | .005° 016" 387 W] L
W_| CIRC EDM| 1D | 6. 000° 0°_[.380° | . 005 | 005 | rer% TV W 4. EACH FLAV IS CENTERED ABOUT THE SPECIFIED AXIAL AND
N_| CIRC EDH oD 6. 004° 180° |.360° | . 005° T009° 217 TN ]
e R R I P e P T AR TR R S
DENT b 7. 500° o° N/A | (. 054°) ] .005° | tez W] P
8 8
e SEE NOTE 1 -
d o
-
A 0 G | K " P o
—— - % 270
feo=ops { So==c) ¢ : ; e
BC EF H 9 L N 0

180°
RPC GT CALIBRATION STANDARD
MAT'L: ALLOY 600, .684" 0.D., .042" MEAN WALL

FILENAME: 1280794.DWG
| DISK No.: OPTICAL




8 G6L08ZL o pne] f
FRAMATOME
REVISIONS .
nv] DESCRIPTION parc] arenave
FLAW| FLAV | SURFACE | AXIAL |AZIMUTHAL| FLAV |VIDTH OR DEPTH | FLAV
LABEL| TYPE |OF ORIGIN| LOCATION |LOCATION |LENGTH |DIAMETER | DEPTH | IN XTW| LABEL
A [AXIAL EDM| 1D 1. 500° o[ 380" | . 005 | .02 | &0%Z TV A
B[ AXIAL EDM D 1.500° | 120° |.380° | 005 | 017" | 40% TW| B
C | AXIAL EDH| 1D 1.500° | 240° |.360° | .005° | 009 | 21% 1w C
D [ AXIAL EDM| 0D 2. 246" 0°  [.378° | . 006" | .024 | 57% TW| D NOTES,
€ | AXIAL EDM]| 0D 2245 | 120° |.378° | .006° | 016" | 38% T E e WATERIAL HEAT NUMBER. T NXOBEB . AND THE AS
T | AXIAL EDM| 0D 2. 252" | 240 |.378° | .006° | 008" | 194 W F . ) .
S e e b i Tt ] RIS T A 12 1S e o
H | CIRC EDN | 0D 3 750° | 180° |.380° | .005° | VHROUGH ] 100% TW| H : | - -01,
J [ CIRC EDN | DD 4. 501 | 180° |.380° | .005° | .02 | 607 TV J , .
K | CIRC EDM | 1D 5. 250° o |.380° | .005° | L0177 | 40% TV K 3 S B N e [RDTRINED FRON FT1 SHOP DATA
L_1 CIRCEDM | DOD S 2s1° | 180r |.380° | 005 | .OI&° | 38u T L 4. EACH FLAW 1S CENTERED ABOUT THE SPECIFIED AXIAL AND
M| CIRC EDM | 1D 6. 000 0 380° | . 005 ~009 217 TV W ihuThAL Lae o
N ] CIRC EDM | OD 6. 000° | 180° |.380° | .005° | .005 | 2lx W N ,
R B e R T R e T o DT A R
P DENT 0D 7. 497° 0’ N7A__| <. 056°) | . 006 14% V] P ’ '
o o
8 SEE NOTE 1 3
o o
I -t
A ) G I K " P | o
- o 2700
) ¥ H N L N 0
BC EF J 180
MAT'L: ALLOY 600, .684" 0.D., .042" MEAN WALL
f . FILENAME: 1280795.DWG
) DISK No.: OPTICAL .
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8 96/08Z1 ool f
FRAMATQME
REVISIONS v
[u:vl DESCRIPTION I uvr.annvu.
FLAV| FLAV | SURFACE | AXIAL [AZIMUTHAL]| FLAW [VIDTH OR DEPTH | FLAW
taset] TYPE  [oF ORIGIN| LOCATION |LOCATION [LENGTH |[DIAMETER | DEPTH | IN %TW| LABEL
A | AXIAL EDN i 1. S00° o 360° | . 005" 025 | 604 W[ A
B | AXIAL EDM D 1, S00° Teor | .380° | . 005 S 017" 407 7| B
€| AXTAL EDN D 1. 500" 240° | .300° | .005° 009" 212 T ¢
~D— | AXIAL_EDN |~ 0D 2. 249° 0° .379°_| . 006’ 024|754 | D NOTES:
~E_[AXIAL EDR op 2247 leo 1.378° L 906 ATAN K. 0 Bl 1. THE MATERIAL HEAT NUMBER, HT NX0888 , AND THE AS
E i N 250" < [.378° | . 006 005 | =214~ F . ,
= :: zt%g: gg' g 325’,. a;g _g,g. T T 1gox WG BUILT NUMBER, 1280796B, ARE ETCHED AT THE RIGHT TUBE END.
H CIRC EDM 0D —3 7477 180° 3797 T005° THROUGH 100Z 1v H 2. THIS STANDARD VWAS;MADE VIA PA 83-799886-01, FTI WO 11482
; ﬁ{ﬁﬁégﬁ — %g‘ : 3823 1?;; : _ggg: .ggg: .ggg: - %0(;,;! % " 3 , AND SI 39-5005364-00, FROM DESIGN DRAVING 12804750-00,
o v e o I T b A
N | CIRC EDM | 1D % 000° 0 ~380° | . 005° 009" | 212 TV M 4. EACH FLAW IS CENTCRED ABOUT THE SPECIFIED AXIAL AND
—N—]-CIRC EDM | —0OD | _S.997" 180° |.379° | . 005 009 |21 W~ N
5 > =z =~ S. THE DEPTHS IN PERCENT THROUGH WALL (XTW) ARE BASED UPON THE
o HOLE 0D 6. 748 180 N/A . 052 THROUGH | 100% TW O ACTUAL MEAN VWALL THICKNESS (MWT) OF THE TUBING, .042°.
P DENT 0D 7. 496° 0 N/A | €. 056°) | .004 0% W] P
§ SEE NOTE 1 3
g -]
A ) G ) K M P (]
—_— e e e — - 8 270
fooop { Fr===) : 4 : ;
H N 0
BC EF J L .
RPC GT CALIBRATION STANDARD
MAT'L: ALLOY 600, .684" 0.D., .042” MEAN WALL
) FILENAME: 1280796.DWG
! DISK No.: OPTICAL .
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B L6/0821  onomal f
FRAMATOME
REVISIONS v
a:vl DESCRIPTION [ sare] sereava
FLAV| FLAW | SURFACE |- AXIAL [AZIMUTHAL{ FLAW [WIDTH DR DEPTH | FLAV
LABEL| TYPE [OF ORIGIN| LOCATION | LOCATION |LENGTH |DIAMETER { DEPTH IN %TW| LaBEL
A_ | AXIAL EDM 1D 1. 500" 0° ~360° | . 005 025 60% T4 A
B | AXIAL EDM 1D . 500° 120° | .380° | . 005 T017° %0% TV| B
€| AXIAL EDM 1D . 500° 240° | .380° | . 005 .009° | 214 1w _C
D | AXIAL EDM] 0D 2. 248° 0 .380° | . 006" .024°_| 572 | D NDTES:
[ AXIAL EDM Qb 2. 248’ 20° . 380° . 006° L017° 40Z TV E L. THE MATERIAL HEAT NUMBER, HT NX0S88 AND THE AS
F_ | AXIAL EDM| 0D 2. 249° 240° | . 380° | . 006 7009 | 21Z VW F . : ,
IS IR E e e o] T AR ek e TG T K6 e o
H_| CIRC EDM 0D 3, 748° T80 1. 380° | 005 | THROUGH | 100% TV T . - -01,
T €IRC EOM | 1D 4.500° 0 |-380° | 005 | o085 | eoz Tu| 1. Y15, 3 39-5003364-00, FROM DESIGN DRAVING 12804750-00,
J_ | CIRC EDM oD 4. 498" 180° | .300° | .005° 025" 60Z ™| J
- - 5 > - - 3. THE AS BUILT DIMENSIONS VERE OBTAINED FROM FTI SHOP DATA
’L‘ g’:g ED"' ég 5. 250° 0 'ggg, gg: 'g:;_ 404 T‘;’ l'f SHEETS, GCIR 99-00999 AND GCIR 99-01093.
LI - 5. 850" 180" | 3607 | 005" | .OL77 | 40% 4. EACH FLAW IS CENTERED ABOUT THE SPECIFIED AXIAL AND
M| CIRC EDH ID 6. 000 0 . 380°_| . 005 - 009 212 TV M AZIMUTRAL LDCATLOHS.
L4 » ] rl 3 .,
= :&Enu gg = . 3607 1 005 | 010 244 ™ __N S. THE DEPTHS IN PERCENT THROUGH VALL C(XTW) ARE BASED UPDN THE
i) . 750 180 N/A . 052 THROUGH | 1007 T} O ACTUAL MEAN VALL THICKNESS (MWT) OF THE TUBING, .042°.
P DENT oD 7. 499° 0 N/A | C.055°) | . 005 12%2 M| P
Q
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) SEE NOTE 1
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FLAY FLAV SURFACE AXIAL |AZIMUTHAL| FLAV |WIDTH OR DEPTH | FLAV
LABEL TYPE OF ORIGIN| LOCATION | LOCATION |[LENGTH |DIAMETER DEPTH IN ZTW| LABEL

A_|AXIAL EDM| 1D 1. 500" 0°__|.3680° | .005 | .05 | 0% W] A
B_[AXIAL EDH| 1D 1. 500° 150° |.380° | .005° | .017° | 407 1v] B
C_[AXTAL EDM]| 1D 1.500° | 240° |.380° | .005° | .009° | 2ix | _C
D_|AXIAL EDM] @D 2. 252’ 0° __|.379° | _.005" | 025 | 60% 14| D
€ | AXIAL EDM] 0D 2. 248’ 120° [.379° | .005° | .017° | 40z W E
F_|AXIAL EDM| 0D 2.250° | 240" |.379° | .005° | 009" | Ziz T F 1.
G_|AXIAL EDM| 0D 3. 003 0°___|.378° | .006° | THROUGH | 100% Tv| G
H_| CIRC EDM | 0D 3,752’ | 180° |.380° | 005 | THROUGH | 100% Tv| W 2
T_| CIRCEDH | 1D 4.500° 0° __[.380° | .005 | .05 | 60Z 1| 1
J_|[CIRCEDM [ mD 4.502° 160°__|.380° | .005° | .025 | 60z W] J 3
K_|[CIRCEDM | 1D 5. £50° 0 |.380° | .005 | .0617° | 40%2 ™M K :
L | CIRC EDM | @D 5. ese 180°__|.360° | .005° | .017° | 4oz i U .
MW_|CIRCEDM | 1D 6. 000" 0° _|.380° | 005" | .000° | eix 1v M :
N_| CIRC EOM | 0D 6. 000° 180°__].380° | .005° | .005° | 21% 1§ N .
a HOLE oD 6.754° | 180° | N/A | .0S2" | THROUGH | 100% TV D :
P DENT ] 7.500° 0° N/A_| €. 055y | . 006° | 14%Z W] P
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THE MATERJAL HEAT NUMBER, HT NX0888 , AND THE AS
BUILT NUMBER, 1280798B, ARE ETCHED AT THE RIGHT TUBE END.

THIS STANDARD WAS IMADE VIA PA 83-799886-01, FT1 WO 11482
?_le‘)2 %'!l' l39-5005364-(.'!0. FROM DESIGN DRAWING 1280475D-00,

THE AS BUILT DIMENSIONS VERE DBTAINED FROM FTI SHOP DATA
SHEETS, GCIR 99-00999 AND QCIR 99-01161.

EACH FLAW 1S CENTERED ABOUT THE SPECIFIED AXIAL AND
AZIMUTHAL LDCATIONS.

THE DEPTHS IN PERCENT THROUGH WALL ¢XTW) ARE BASED UPON THE
ACTUAL MEAN VALL THICKNESS (MWT) OF THE TUBING, . 042°.

NOTE 1
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Flav| Fraw | surrace | axiaL  |azimutaL| FLav [VIDTH OR DEPTH | FLAW
LABEL] TYPE |OF ORIGIN] LOCATION [LOCATION [LENGTH [DIAMETER | DEPTH | IN %TW| LABEL
A__| AXIAL EDH D - 5007 o T380° | . 005 7625 | 0% | A
B | AXIAL EDM D . 500° Teor  |.380° | .005° 017’ 407 ] B
C_| AXIAL EDH D 1. S00° 240°_|.380° | 005 009 2172 W C
D | AXIAL EDM] 0D 2. 554° o° T379° | . 006 025 60% TW| D NOTES:
£ [AXIAL EDM| DD 2. 254° 120° |, 380° | . 006" T017° 407 V] E L TN MATERIAL HEAT NUMBER. M NXDGBE . AND THE AS
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L O ——_—_— SHEETS, OCIR 99-00999 AND OCIR 99-Ol162.
W ] CIRC EDM D %. 600" o° ].380° | 005 505" | _2ix TV M 4. EACH FLAW 1S CENTCRED ABOUT THE SPECIFIED AXIAL AND
N | CIRC EDN GD 6. 003 160° | .360° | .005° 009" 217 W N
= Se5e s ; = S. THE DEPTHS IN PERCENT THROUGH VALL ¢XTVW) ARE BASED UPON THE
0 HOLE ap 6. 752 180 N/A_ 1 . 051 THROUGH | 100% Tv] U ACTUAL MEAN VALL THICKNESS (MWT) DF THE TUBING, .042°.
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STEAM GENERATOR EDDY CURRENT TESTING ACQUISTION AND ANALYSIS

1
1.1

12

1.3

14

2

22

GUIDELINES

PURPOSE AND SCOPE

The purpose of this guideline is to provide instructions for the
acquisition and analysis of steam generator eddy current data at
AmerenUE’s Callaway Nuclear Power Plant, and to define the
technique and specific requirements applicable to that analysis.

This guideline is to be followed for any eddy current testing of any
of the four steam generators. Deviation from this guideline is only
allowed at the discretion of the Callaway Steam Generator Activity
Coordinator.

This procedure satisfies the surveillance requirements set forth in
Technical Specifications. T/S SR 3.4.13.2 T/S AC 5.5.9

In general, it is AmerenUE’s intent to adhere to the guidance
provided in the EPRI PWR Steam Generator Examination
Guidelines, Revision 5, including inspection scope and expansion
criteria (COMN 5846) ). Specific examination criteria and points
of deviation from these guidelines are provided in the S/G Strategic
Plan for Callaway (Nuclear Division Policy UEND-STRATEGY-
02).

NOTES AND PRECAUTIONS

Callaway’s steam generators are Westinghouse Model F. They are
designated by the plant as E-BB-01A, B, C, and D (Westinghouse
serial numbers SAGT-2234, 2231, 2232, and 2233 respectively).
Specific details of the steam generator design are provided as
Attachment 1, Westinghouse Model F Steam Generator General
Information.

Callaway began commercial operation December 19, 1984 and has
operated through eleven fuel cycles. In addition to a 100% pre-
service inspection, there have been ten previous in-service
inspections. Results of these examinations are detailed in
Attachment 2, Previous Inspection History.
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All techniques used SHALL be qualified in accordance with
Appendix H of the EPRI PWR Steam Generator Examination
Guidelines, Revision 5. (COMN 43346) ) The primary vendor
SHALL supply documentation of Appendix H equivalency for all
anticipated techniques prior to the inspection.

There have been numerous industry events associated with leaking
tube plugs. Each time the primary channel head is opened, a
remote visual inspection of all installed tube plugs should be
performed to look for any indication of leakage. Results of this
inspection should be documented on Attachment 8, Installed Steam
Generator Tube Plug Inspection, and filed at E170.0110.

Personnel signing Attachment 8 for the plug visual inspection will
be knowledgeable in the area of tube plug leakage and be certified
in accordance with ANSI 45.2.6 Visual/Mechanical certification.

Foreign objects have damaged tubes at a number of plants,
including Callaway. For this reason, Foreign Object Search and
Retrieval (FOSAR) is generally performed for the secondary
tubesheet each outage. Results of these inspections should be
documented on Attachment 9, Steam Generator Secondary Side
Foreign Object Search and filed at E170.0110.

PERSONNEL QUALIFICATIONS

All personnel involved with the acquisition and interpretation of
steam generator eddy current data during this inspection SHALL
be qualified per ASME Section XI to the appropriate level of
ASNT Recommended Practice No. SNT-TC-1A-1984,
Nondestructive Testing Personnel Qualifications and Certification.
(COMN 5594)

In addition to the above, all personnel involved in data analyses
MUST have received specific training in the identification and
evaluation of steam generator damage mechanisms and be qualified
to Level IIA or higher.
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All analysts evaluating Callaway data MUST be currently qualified
as a Qualified Data Analyst (QDA), in accordance with Appendix
G of the EPRI PWR Steam Generator Examination Guidelines,
Revision 5. In addition, the analysts are required to successfully
complete a site specific performance demonstration and test to be
conducted in accordance with directions provided by the
AmerenUE Contract Administrator. Results of the analyst
performance demonstration are to be provided to the Contract
Administrator, who will forward them to the appropriate file
(E170.0110).

SSPD REQUIREMENTS

To be considered qualified to analyze data at Callaway the analyst
MUST pass a written, a bobbin practical and an RPC practical
exam. If the student fails the first test, then a second exam will be
available. If the student fails both written tests, they will not be
permitted to analyze data. If they fail two practical exams, they
will not be allowed to analyze data of this probe type. For instance,
if an analyst passes the written and bobbin practical exams, but
fails two RPC practical exams, they will be limited to only
performing bobbin analysis.

A grade of at least 80% is required to pass the written exam.

The following criteria are required to pass the bobbin practical
exam:

A POD of at least 80%, at a 90% confidence level for > 38%
throughwall indications

Detection of at least 80% of I-codes, PLP’s and <38% throughwall
indications

The number of overcalls can be no more than 10% of the total
number of intersections.

The following criteria are required to pass the RPC practical exam:

A POD of at least 80%, at a 90% confidence level for axial,
circumferential and volumetric indications
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The number of overcalls can be no more than 10% of the total
number of unflawed intersections. An overcall is defined as a call
or calls at an unflawed intersection. Multiple calls at a given
intersection will not be counted as additional overcalls.

The correct orientation must be reported on at least 80% of the
indications.

ACQUISITION GUIDELINES

All steam generator eddy current data is to be acquired per the
applicable Examination Technique Specification Sheet (ETSS). A
typical ETSS sheet can be found in Attachment 10. No technique
can be used without the prior approval of the Callaway Steam
Generator Activity Coordinator or his designee. Prior to
implementation, each technique MUST be reviewed by, and
receive the concurrence of, an independent QDA.

The calibration standards and setup parameters to be used for each
acquisition technique SHALL be specified on the ETSS.

BOBBIN COIL PROBES

Optimal probe size is 0.560 inch with 0.540 or 0.520 inch allowed
for tight U-bend tubes or where a 0.560 inch probe has difficulty
transversing. No probe smaller than 0.520 inch should be used
without the prior approval of the Callaway Steam Generator
Activity Coordinator or his designee.

Calibration runs should be made using specified standards.

Calibration standard runs are required every 4 hours. Calibration
standard runs should be made at the beginning and end of each data
set and anytime a piece of equipment (i.e. probe, cable, ten footer)
is replaced such that the signal path from the probe to the computer
is affected.

All tubes should be tested full length from tube end-hot to tube
end-cold. Those hot leg portions inaccessible from the cold leg
should be tested from 07H to tube end hot from the hot leg. Full
length testing from the hot leg may be performed with prior
approval of the Callaway Steam Generator Activity Coordinator.
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DATA QUALITY (NOISE)

The following systematic approach to evaluate probe related noise
is to ensure a degree of data quality which allows for the detection
of small amplitude signals.

Analysts, using their experience and system knowledge, can elect
to have a bobbin probe replaced if they determine the ability to
detect and/or size indications has been hindered due to signal

quality.

"Control tubes” within the steam generator should be used for
signal quality determinations. These tubes are to be identified for
each region of the inspection plan to facilitate ease of access
without major impact on robot manipulations. The Lead Analyst or
his designee will select the control tubes.

The following steps are repeated for each new bobbin probe.
These steps may be performed by either primary data analysis or
acquisition personnel, at the primary inspection vendor’s option.

Data from a control tube should be recorded to a minimum of two
support plate elevations at the nominal inspection speed.

Control tube entries are to be recorded at the start and end of each
data set with a new probe, and at the end of each subsequent data
set for that probe.

Set a location scale for the tube. This may be done manually or
with an auto-locate feature.

The area for measuring signal quality is defined by the Level III.

Verify that this section of tube is free from degradation, denting
and permeability variations. If not, designate an alternative portion
of the tube for measuring signal quality.

Record the location chosen for measurements on the Control Tube
Log Sheet, Attachment 11.

At the designated location perform a volts peak-to-peak, Vpp,
measurement using the prime differential channel.

Ensure the expanded strip chart window is completely open prior to
assigning the measurement dots.

-5-
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Record the measured value on the Control Tube Log Sheet.

Perform a volts vertical maximum, Vvm, measurement from the
prime frequency differential channel.

Again, ensure the expanded strip chart window is completely open
prior to assigning the measurement dots.

Record the measured value on the Control Tube Log Sheet.

Calculate the limit values for the two measurements using the
equations below. Record the values in the appropriate columns on
the control tube log sheet.

VPPiimit = (2.0) X VPPinitia
Vvmymi = 0.3 + Vvmygiiar

When subsequent checks of signal quality, for a given probe,
exceed the calculated limits, a bobbin probe change is required.

Should plant conditions, external to the eddy current system, exist
which negate the above equations, these equations may be
modified by the Lead Analyst, with written approval of the
Callaway Steam Generator Activity Coordinator or his designee.
Any such revision will be noted on the Control Tube Log Sheet.

Compare the end calibration standard responses to the initial
settings for each data set. Changes in phase shall be limited to +/-
5 degrees and changes in amplitude shall be limited to +/- 20%. (If
there is no end calibration, use support structures in tubes for
verification.)

The data should remain within the dynamic range of the tester, i.e.
no saturation.

Spiking SHALL be limited to < 1 spike per 12 inches and on <2
frequencies.



4.2
42.1

42.1.1

42.1.1.1
42.1.12
42.1.13
42.1.2

42.12.1
42.1.2.2
42123
42124
42.13

4.2.1.3.-1

42132

ETP-BB-01309
Rev. 014

ROTATING COIL (RPC) PROBES
ROTATING COIL CALIBRATION STANDARDS

The minimum rotating coil calibration standard requirements for
inspection of non-sleeved tube regions are defined below. The
inspection of sleeved tube regions require alternative calibration
standards, which are based on the anticipated mode(s) of
degradation.

Electro-discharge machining (EDM) notch standards are used to
establish setup conditions for rotating probe techniques. The
following notches SHALL be used as a minimum.

100% axial and circumferential notches with a minimum length of
0.375" and a width of 0.005" (+.001" -.002")

40% inside diameter (ID) axial and circumferential notches with a
minimum length of 0.375" and a width of 0.005" (+.001" -.002")

40% outside diameter (OD) axial and circumferential notches with
a minimum length of 0.375" and a width of 0.005" (+.001" -.002")

If depth sizing of circumferential indications is performed utilizing
fit curves, the following additional notches are required:

60% ID circumferential notch with a minimum length of 0.375"
and a width of 0.005" (+.001" -.002")

20% ID circumferential notch with a minimum length of 0.375"
and a width of 0.005" (+.001" -.002")

60% OD circumferential notch with a minimum length of 0.375"
and a width of 0.005" (+.001" -.002")

20% OD circumferential notch with a minimum length of 0.375"
and a width of 0.005" (+.001" -.002")

If depth sizing of axial indications is performed utilizing fit curves,
the following additional notches are required:

60% ID axial notch with a minimum length of 0.375" and a width
of 0.005" (+.001" -.002")

20% ID axial notch with a minimum length of 0.375" and a width
of 0.005" (+.001" -.002™)

-7-
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60% OD axial notch with a minimum length of 0.375" and a width
of 0.005" (+.001" -.002")

20% OD axial notch with a minimum length of 0.375" and a width
of 0.005" (+.001" -.002")

It is preferable that standards include a lift-off reference signal to
facilitate evaluation of signals influenced by local profile changes.

DATA QUALITY

The responses from the notches in section 4.2.1.1 should be clearly
discernable from background noise for all mid-range coils (pancake
or +point). If 20% OD circumferential and axial notches are
present on the standard, these should also be clearly discernable
with a mid-range +point coil. If noise is present to the extent that it
prevents meeting this requirement, logical troubleshooting should
be performed to eliminate or reduce the noise to acceptable levels.

For multiple coil probe heads, all coils used in the referenced
Appendix H qualification ETSS's are required to be active for the
data acceptable.

The following limitations are applicable to both the standard runs
and to the area of interest as defined on the ETSS.

Electrical noise or spiking shall be limited to < 1 spike per 10
consecutive revolutions on < 2 frequencies.

No more than one skip or rotational stop per 30 scan lines.

The data should remain within the dynamic range of the tester, i.e.
no saturation.

Compare the end calibration standard responses to the initial
settings for each data set. Changes in phase shall be limited to +/-
5 degrees and changes in amplitude shall be limited to +/- 20%.

Analysts, using their experience and system knowledge, can elect
to have an RPC probe replaced if they determine the ability to
detect indications has been hindered due to signal quality.
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RPC PROBE REQUIRED TEST EXTENTS

To ensure the area of interest is tested, supplemental RPC
inspections of free span bobbin I-code indications will be
conducted from steam generator landmark to steam generator
landmark.

For Westinghouse Laser Welded Sleeves, data will be acquired
2.00" above and below the sleeve ends.

For tubesheet examinations, the minimum required test extent shall
be in accordance with the Degradation Assesssment.

For tube support plate examinations, the minimum required test
extent shall be from TSP —-1.50” to TSP +1.50”.

PROBE AUTORIZATION

Only probe types authorized via an approved ETSS are to be used
for a given inspection plan.

No probe type may be used without the prior approval of the
Callaway Steam Generator Activity Coordinator or his designee.

SAMPLE RATES

Digitization Rate (Samples/inch) =

Sample Rate(Samples/Second) / Probe Speed (inches/Second)

442
44.2.1
443
44.3.1

4432

Bobbin Coil Probes
Minimum Digitization Rate = 33 Samples/Inch (axial direction).
RPC Probes

Rotating coil minimum digitization rates MUST be 30 samples per
inch circumferentially and 25 samples per inch axially.

Refer to Attachment 7 for digitization rate requirements for RPC
sizing.
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LOST TIME

The Contractor should notify the steam generator shift coordinator
any time that problems arise (due to Contractor or AmerenUE)
which cause “lost time” greater than one hour. This and lost time
less than one hour should be logged by Contractor and a summary
provided to AmerenUE upon completion of the work.

ANALYSIS GUIDELINES

RESPONSIBILITIES
LEAD ANALYST

The Lead Analyst is the lead contractor representative responsible
for the data analysis performed by the analysts. The Lead Analyst
is the primary point of contact to AmerenUE for eddy current data
analysis services.

The Lead Analyst will document any clarifications necessary to the
Analysis Guidelines and obtain approval from the Callaway Steam
Generator Activity Coordinator. The Analysis Guidelines
Clarification Form in Attachment 13 should be used to document
these items.

The Lead Analyst is responsible for notifying and receiving
acknowledgement of guideline changes from all the data analysts
by attaching the Guidelines Clarification Acknowledgement Form
(Attachment 14) to the Analysis Guidelines Clarification Form.
This form is used to document that all data analysts are aware of
any modifications to the Analysis Guidelines.

The Lead Analyst coordinates data resolution analysis and may act
as a Resolution or Primary Analyst.

The Lead Analyst or his designee reviews all repairable indications
that were accepted or overruled by resolution analysts.

The Lead Analyst provides input for tube-pull and in-situ pressure
testing as directed by AmerenUE.

-10-
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RESOLUTION ANALYST

The primary and secondary Resolution Analysts are responsible for
resolving data analysis discrepancies between the Primary and
Secondary Analysts.

Resolution Analysts are responsible for alerting the Lead Analyst
to conditions present in the data, which are not addressed in the
guidelines. This may be accomplished via the Analyst Concerns
Form (Attachment 15).

Resolution Analysts may act as Primary or Secondary Analysts, but
are not allowed to resolve data for which they were one of the
production analysts. (Unless given special permission by the
Callaway Steam Generator Activity Coordinator for special
situations).

PRIMARY/SECONDARY ANALYST

Primary/Secondary Analysts are responsible for evaluating the data
in accordance with these Guidelines.

Primary/Secondary Analysts are responsible for alerting the Shift
Lead Analyst to conditions present in the data, which are not
addressed in the guidelines. This may also be accomplished via the
Analyst Concerns Form (Attachment 15).

Primary/Secondary Analysts are responsible for addressing history
(prior inspection results) except INR or INF which need not be
addressed.

SHIFT LEAD ANALYST AT REMOTE ANALYSIS SITE

Shift Lead Analysts are designated for each shift at the primary and
secondary analysis sites. The Shift Lead Analyst is responsible for
coordination of data analysis on their work shift.

Shift Lead Analysts act as either a Primary or Secondary Analyst
when evaluating data at their respective remote sites.

Shift Lead Analysts ensure that all analysts on their shift are
informed of any guideline changes.

-11-
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Shift Lead Analysts are responsible for alerting the Lead Analyst to
conditions present in the data, which are not addressed in the
guidelines. This may also be accomplished via the Analyst
Concerns Form (Attachment 15).

INDEPENDENT ODA

AmerenUE MUST assign an Independent QDA to oversee aspects
of the steam generator inspection. The Independent QDA will
review any acquisition technique prior to implementation.

The Independent QDA MUST randomly sample the inspection
results to ensure that the resolution process was properly performed
and that the field calls were properly reported.

PRIMARY&SECONDARY VENDOR

Both the primary and secondary vendors working at Callaway and
at remote analysis sites MUST provide an environment conducive
to effective human performance. To achieve this goal, each vendor
SHALL develop a written policy and conspicuously post it in the
data room.

The Lead Analyst is responsible for enforcing the data room policy
on site.

The Shift Lead Analysts are responsible for enforcing the data
room policy at the remote analysis sites.

CALIBRATION

All steam generator eddy current data is to be analyzed per the
applicable ETSS. As stated in Step 2.3, all techniques used MUST
be qualified in accordance with Appendix H of the EPRI PWR
Steam Generator Examination Guidelines, Revision 5. No
technique may be used without the prior approval of the Callaway
Steam Generator Activity Coordinator or his designee.

(COMN 43346) )

Phase angle and voltage measurements should be performed as
follows:
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Phase angle measurements should be made utilizing volts peak to
peak or max rate. Selection should be based on whichever
technique assigns an angle along the signal transition line more
accurately.

Voltage measurements for AVBs should be performed utilizing
vertical max for calibration and sizing based on amplitude.

The use of guess angle should be kept to a minimum and only used
when volts peak to peak or max rate do not give a good
representation of the signal phase angle.

Other mixes not specified on the ETSS may be set up as required
by the data analyst to further evaluate indications.

All calibration curves should be established using “as built”
dimensions. The use of artificial curves (set 4.1) is prohibited.

EVALUATION (BOBBIN COIL

The evaluation should consist of reviewing lissajous and strip chart
displays to the extent that all tube wall degradation and other
signals as defined by this document are reported and dispositioned
in accordance with the requirements of this guideline.

Set lissajous to display channel 1 or P1. Set strip charts to display
the vertical component of P1 and the vertical component of channel
6. Additional strip chart and lissajous displays may be employed at
the analyst's discretion.

Any indication should be evaluated using other frequencies to
ensure proper phase rotation.

Phase angle and voltage measurements should be consistent with
Section 5.2.1.

Indications should be evaluated as follows:

NOTE: The assignment of bobbin through-wall
percentages MUST be limited to AVB wear
indications only.
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AVB Wear - AVB wear can be detected by using P1 or P2. AVB
wear will be reported as a percent using P2 vertical max. If a
bobbin inspection is performed without an AVB wear standard,
indications of AVB wear should be reported as RWS, (Retest AVB
Wear Standard). All RWS indications should be retested with an
AVB wear standard. P4 should be used to size AVB wear calls
that measure greater than 40%.

Indications in the tube free span - ODSCC or IGA has been
detected in free span tubing at a few plants with Westinghouse
model steam generators. Although, ODSCC or IGA has not been
detected in the free span at Callaway, analysts must evaluate
closely all free span areas of the tubes. Channel 3 should be used
to locate free span indications. If a free span indication is
indicative of ODSCC or IGA, it should be reported as NQI, using
channel 1 or P1. Also, the Free Span Bobbin Coil Indication Flow
Chart (Attachment 16) should be consulted when reporting DFI or
ADIL

If there is a previous MBM, DFS, MBH, or FSH call at a current
ADI or DFI's location then the history review should compare to
RF9 for steam generators B and C and to RF10 for steam
generators A and D. If no previous call exists then compare to data
from RFS5 for steam generators B and C, and to data from RF6 for
steam generators A and D. The setup calibration for the historical
data may need to be altered to match the current ETSS, prior to
comparison of signals.

When a signal being subjected to a history review has changed, but
the signal's change does not meet the parameters specified on the
Free Span Bobbin Indication Flow Chart, the analyst may still
report the signal with the appropriate I-code, if he feels the change
is significant enough to warrant further testing.

Volts peak-to-peak (Vpp) is the preferred measurement type for
free span indications. Volts max rate (Vmr) is only permitted on
differential channels when straight transition signals are evaluated.
Vmr should never be used on an absolute channel.

Ranging of ADI and DFI calls is permitted when multiple signals
are present.
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Tube support plate intersections should be evaluated using channel
3 and P1. Indications in this region should be reported as DSI from
P1.

PWSCC or ODSCC in tubesheet and at the top of tubesheet -
Indications at the top of tubesheet and within the tubesheet will be
reported as DTI using P1. Indications above the top of tubesheet
will be reported as NQI using P1. The bobbin indications above
the top of tubesheet in the sludge region may be influenced by
deposit signals. For this reason, these indications should be
reported as NQI from P1.

Free span ding signals should be scrutinized for distortions
indicative of possible degradation. Any ding-like signal measuring
< 155 degrees on channel 5 should be reported as DDI. Also, the
Ding Signal Disposition Flow Chart (Attachment 18) should be
consulted when reporting DDI's. The reporting of DDI's should be
limited to the mill-annealed tubes, row 11 and higher. ODSCC at
dings has only been observed in mill-annealed tubing. In
thermally-treated tubing, dings undergo a localized permeability
change during the early operating cycles which cause the signal to
rotate up off horizontal.

Loose parts and damage from loose parts have been observed
during previous inspections at Callaway. The lower frequency
absolute channels 6 and 8 should be reviewed for evidence of
possible loose parts (report as PLP from channel 8). Loose part
damage should be reported as LPI from channel 1 or P1, whichever
best represents the indication.

Indications for which the analyst feels there is no specific criteria in
this document should be noted as LAR (Lead Analyst Review).
The Resolution Analysts must resolve this indication appropriately,
with assistance from the Lead Analyst as required.

All bobbin I-code indications (i.e. DDI, DSI, DTI, NQI), that are
not dispositioned via a history review will be RPC tested. The
probe type(s) to be used for these special interest inspections will
be specified on the ETSS sheets.

Axial locations in the hot leg should be reported in a positive
direction from supports, AVBs, tube sheet, and tube end up to but
not including 07C.
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Axial location in the cold leg should be reported in a positive
direction from supports, tubesheet, and tube end up to 07C.

Indications MUST be measured from the center of tube supports,
AVB intersections, top-of-tubesheet or tube end, as appropriate.
Negative measurements are permitted within 2.0 inches of the
centerline of a landmark.

RECORDING CRITERIA

The following information will be recorded for the final analysis
report:

For each tube evaluated an entry must be made that, as a minimum,
contains SG, ROW, COL and EXTENT tested.

Each indication reported MUST contain SG, ROW, COL, VOLTS,
DEG, % or applicable three letter code, CH#, LOCATION and
EXTENT tested.

The extent tested for a restricted tube (report as RRT) should be
reported as the last complete support location. A message from the
data collector is the only way to call a tube restricted.

All indications of tube wall degradation meeting the following
criteria should be recorded:

There is no minimum voltage requirement for reporting of
indications.

Dents and dings greater than or equal to 2.0 volts peak to peak
should be recorded. At tube support plate intersections with two
dent indications (top and bottom) both dents should be recorded.
Dings (DNG) should be called in free span areas using channel 1,
and dents (DNT) should be called in tube support plate or tubesheet
areas using P1. At a minimum, 20% of the dents and dings 2.0
volts and greater will be RPC inspected.

Permeability variations (PVN) greater than or equal to 5.0 volts
peak to peak should be recorded using channel 1. Care should be
taken when evaluating permeability variation signals to ensure that
they are not masking an indication of through-wall degradation.

Shudge (SLG) depth (when present) should be recorded using the
30 kHz absolute response.
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Copper (CUD) residual greater than or equal to 2.0 volts peak to
peak should be recorded using channel 1.

Inside diameter chatter (IDC) greater than or equal to 5.0 volts
peak to peak should be recorded using channel 1.

All other indications or signals which are considered to be
distorted, non-quantifiable, undefined and/or damage precursors
should be recorded. This includes but is not limited to those
indications listed in Attachment 4, Indication Codes.

Actual tested extents should be recorded as the beginning landmark
code followed by the end landmark code. For example, TEHTEC
would be the test extent for a full length test acquired from the cold
leg.

All locations and/or length measurements should be recorded in
one-hundredths (0.00) of an inch.

The requirements for graphics plots will be determined by the Lead
Analyst, with the approval of the Callaway Steam Generator
Activity Coordinator.

EVALUATION AND RECORDING CRITERIA(ROTATING
COoIL)

The evaluation will consist of reviewing lissajous, strip charts and
C-Scan displays to the extent that all tube wall degradation is
identified. Specific evaluation instructions are divided, as follows,
by probe model.

+Point-560-115-36-S80 or M+Point-560-115-36-S80 C-Scan
plotting is required for the 300kHz raw channel and the 300kHz
process channel over the entire data collected. For signals of
interest, the corresponding lissajous display should be reviewed.
Additionally, C-Scan plots of the .115" pancake coil's 300kHz
channel and the .080" HF pancake coil's 600kHz channel should be
reviewed in the area of interest.

M-+Pt-500/520-MRPC-FH-52PH C-Scan plotting is required for
the 300kHz raw channel and the 300kHz process channel over the
entire data collected. For signals of interest, the corresponding
lissajous display should be reviewed.
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M+Pt-500/520-MRPC-HFMB-+Pt-FH/PH C-Scan plotting is
required for the 300kHz raw channel and the 800/600/300kHz
process channel over the entire data collected. For signals of
interest, the corresponding lissajous display should be reviewed.

0.115SMRPC-560-3C C-Scan plotting is required for the .115"
pancake coil's 300kHz channel over the entire data collected. For
signals of interest, the corresponding lissajous display should be
reviewed. Additionally, C-Scan plots of the axial and
circumferential directional coils should be reviewed in the area of
interest.

M+PT-460-GPP-3PH C-Scan plotting is required for the
240/170/80 kHz raw channel and the 240/170/80 kHz process
channel over the entire data collected. For signals of interest, the
corresponding lissajous display should be reviewed.

0.480 (608/504) 2 Coil Delta P/H (0.115/+Point) C-Scan plotting
is required for the +point 300kHz raw and the 300 kHz process
channels over the entire data collected. For signals of interest, the
corresponding lissajous display should be reviewed. Review of
additional coils shall be performed as appropriate in order to assure
adequate evaluation of the complete data record.

0.500 1 coil +PT (Self-Referencing) Refer to the ETSS for
specific data screening instructions.

Probe travel and rotational speeds should be checked by the data
analyst for all tubes collected.

The following information will be recorded for the final analysis
report:

For each tube evaluated an entry must be made that, as a minimum,
contains SG, ROW, COL and EXTENT tested.

Each indication reported should contain SG, ROW, COL, VOLTS,
DEG, % or applicable three letter code, CH#, LOCATION and
EXTENT tested.

The extent tested for a restricted tube (report as RRT) should be
reported as the last complete support location. A message from the
data collector is the only way to call a tube restricted.

Any indication of tube wall degradation should be recorded.
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Rotating Coil indications will not be reported as a percent through-
wall depth, but will be assigned an acronym indicative of the
orientation and number of flaws in a given location plane. A list of
acceptable acronyms can be found in Attachment 4.

The requirements for graphics plots will be determined by the Lead
Analyst, with the approval of the Callaway Steam Generator
Activity Coordinator.

Length and depth sizing of crack-like indications may be required
as supplemental information. In this case, sizing instructions can
be found in Attachment 7.

DATA FLOW AND RESOLUTIONS

A data flow diagram can be found in Attachment 6.

All eddy current data sets are subject to two separate independent
analyses (primary and secondary).

Discrepancies, between the two analysis parties, as defined in
Attachment 3, MUST be resolved by a joint review of the data by
two Resolution Analysts.

One of the Resolution Analysts will represent the primary analysis
team, while the other Resolution Analyst will represent the
secondary analysis team.

The resolution of any reported indication of degradation (I-Codes
and greater than or equal to 20% TWD), whether accepted or
rejected, must have the concurrence of both Resolution Analysts.
When an indication of degradation is accepted or overruled, both
Resolution Analysts will initial the compare sheet.

All repairable indications that are accepted by the Resolution
Analysts will be reviewed by the Lead Analyst or his designee.

The Independent QDA will review all repairable indications
accepted or overruled by the Lead Analyst.

If the Resolution Analysts can not agree upon an indication's
disposition, then the Lead Analyst will perform the resolution with
the concurrence of the Independent QDA.
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ANALYSIS FEEDBACK REQUIREMENTS

This process is not intended to change the resolution process, but to
improve the consistency of the data analysts and provide direct
feedback to the resolution process.

The final resolved analysis results will be compared with the
primary results and the secondary results. The comparison MUST
identify missed indications and overcalls.

Each analyst MUST review their missed indications and a sample
of their overcalls. The sample will consist of at least 20% of their
overcalls.

If the Primary or Secondary Analyst disagrees with the Resolution
Analysts' call, either analyst may request that the Lead Analyst
reconsider the call.

Calls requested to be reconsidered, which the Lead Analyst feels
should remain as originally reported, will be reviewed by the
Independent QDA and appropriate action taken.

REPORTING CRITERIA

All completed data should be submitted to AmerenUE at 0600
daily.

Status reports of tubes acquired and evaluated the previous 24
hours should be submitted to AmerenUE at 0600 daily.

A log of the Compare Sheets should be maintained for the review
of the Independent QDA.

DATA REQUIRED FOR TURNOVER (PRIMARY
CONTRACTOR)

Copies of all graphics plots made are to be turned over at the end of
the inspection.

One copy of the optical disks should be turned over at the end of
the inspection.

Documentation as specified in Specification S-1032(Q). The final
field reports, which contain the complete examination record, will
be filed at E170.0110.
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| 59.4 Color coded tubesheet map graphical presentations should be
provided by the primary vendor as follows:

1. AVB Indications in each steam generator.

<20%  #tubes
20-29% #tubes
30-39% #tubes
>40%  #tubes

2. Tubes plugged this outage for each steam generator, with
existing plugs.

3. Non-quantifiable indications
DSI ADI SCI MVI MAI DDI
DTI SAI MCI NQI SVI

6 RECORDS

6.1 A RECORDS

6.1.1 Analyst performance demonstration results (E170.0110)

6.1.2 Final examination field report and original copies of data media
(E170.0110)

6.1.3 Attachment 8, Installed Steam Generator Tube Plug Inspection
(E170.0110)

6.1.4 Attachment 9, Steam Generator Secondary Side Foreign Object
Search (E170.0110)

7 ATTACHMENTS

7.1 Attachment 1, Westinghouse Model F Steam Generator General
Information
72 Attachment 2, Previous Inspection History
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Attachment 3, Criteria for Identification of Discrepancies and
Errors

Attachment 4, Indication Codes and Definitions

Attachment 5, has been deleted

Attachment 6, Steam Generator Eddy Current Testing Data Flow
Attachment 7, Length and Depth sizing of Crack-like Indications
Attachment 8, Installed Steam Generator Tube Plug Inspection

Attachment 9, Steam Generator Secondary Side Foreign Object
Search

Attachment 10, Typical Examination Technique Specification
Sheet (ETSS)

Attachment 11, Control Tube Log Sheet
Attachment 12, has been deleted
Attachment 13, Analysis Guidelines Clarification Form

Attachment 14, Analysis Guidelines Clarification
Acknowledgement Form

Attachment 15, Analyst Concerns Form

Attachment 16, Free Span Bobbin Coil Indication Flow Chart
Attachment 17, Geometry Change Disposition Flow Chart
Attachment 18, Ding Signal Disposition Flow Chart
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WESTINGHOUSE MODEL F STEAM GENERATOR GENERAL INFORMATION

Number of Tubes

Tube Material

OD of Tubes

Tube Wall Thickness

Height of Bundle

Number of Support Plates
Support Plate Material

Support Plate Tube Hole Design
Number of Anti-Vibration Bars
Anti-Vibration Bar Material
Tubesheet Thickness

Expansion Method

Extent of Expansion

Page 1 of 4

5626

Inconel 600 Mill Annealed (Tubes
above row 10)

Inconel 600 Thermally Treated (Tubes
row 10 and below)

0.688 Inches

0.040 Inches

343.85 Inches

7 (Excluding Flow Distribution Baffle)
SA-240, Type 405 SS

Quatrefoil

6

Inconel 600

21.23 Inches

Hydraulic

Full through Tubesheet

ATTACHMENT 1
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40.25” center to center (typical)
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STEAM GENERATOR INSPECTION HISTORY
PREVIOUS INSPECTION HISTORY

Below is a summary of pre-service and in service eddy current inspections performed to date at
Callaway, specific Callaway concerns, and the plugging history for each steam generator.

JUNE, 1983 (PRE-SERVICE INSPECTION) - A 100% examination of all four steam
generators was performed by Westinghouse prior to placing them in service. A handful of tubes

were plugged, but no serious concerns were identified.

MAY, 1986 (REFUEL I) — 1136 (20%) tubes were inspected in steam generator D and 401
(7%) were inspected in steam generator A. Few indications were found and no adverse trends
were identified. No tubes were plugged.

APRIL. 1987 (MAINTENANCE QUTAGE) - 1147 (20%) tubes were inspected in steam
generator B and 1165 (21%) were inspected in steam generator C. At this time, an adverse trend
of wear at the AVB intersections was identified. Although the Tech. Spec. plugging limit (48%)
was not exceeded, five tubes were plugged (2 in B; 3 in C), all due to AVB indications. No
other adverse trends were identified.

SEPTEMBER, 1987 (REFUEL II) -3507 (62%) tubes were inspected in steam generator A
and 3506 (62%) were inspected in steam generator D. The trend of AVB indications continued
to be apparent, though not overly severe. Again, no tubes exceeded the plugging limit, but eight
(3in A; 5 in D) were plugged as a precaution. One tube was plugged in steam generator A
(17,55) due to a dent at the top of the tube sheet similar to those found at another unit (see
Specific Concerns). An 8x1 multi-array probe was run on several AVB indications which found
all to be one sided wear.

APRIL, 1989 (REFUEL III) - 5621 (100%) tubes were inspected in steam generator B and
5616 (100%) were inspected in steam generator C. We continued to see growth in previously
identified AVB wear as well as a considerable number of new indications. A few indications
exceeded the Tech. Spec. plugging limit. Thirteen tubes were plugged (4 in B; 9 in C). Twelve
tubes were plugged for AVB wear and one tube in S/G C was plugged for a DSI/SAI at the cold
leg flow baffle. MRPC testing was performed in the sludge pile region (rows 11-20, columns
51-75) at the tubesheet and hot leg tangent areas. No significant indications were found.
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STEAM GENERATOR INSPECTION HISTORY

. OCTOBER, 1990 (REFUEL IV) - 5616 (100%) tubes were inspected in steam generator A
and 5614 (100%) were inspected in steam generator D. A relatively larger number of tubes
(138) had some sort of AVB wear, with 49 tubes having indications greater than 20%
throughwall. The sixteen pluggable indications in steam generator D were tested with an 8x1
probe which revealed all to be one sided wear. MRPC testing was performed on 624 tubes
(mostly in the sludge pile region) at the expansion transitions to attempt to identify any PWSCC
initiation that may be occurring. No cracking was found. Twenty-two tubes were plugged (6 in
A; 16 in D), all due to AVB wear.

APRIL, 1992 (REFUEL V) - All hot leg tubes for each steam generator were shot peened
through the expanded zone. 100% of the tubes in steam generators B and C were inspected. In
addition, a sample of 600 tubes were examined with a RPC probe at the expansion transition. A
total of 188 tubes with AVB indications were found, of which 113 had at least one indication of
20% or greater. A 79% (34.5 volt) indication was found on a periphery tube in S/G C. No
cracking was found. In addition to the 29 tubes plugged based on the examination (15 in B; 14
in C), two tubes were plugged in S/G C due to indications from the Refuel 4 inspection which
were of a similar nature as the 79% indication found this outage.

OCTOBER. 1993 (REFUEL VI) — 100% of the tubes in steam generators A and D were
inspected. Again, a sample of approximately 600 tubes were examined with a RPC probe at the
expansion transition. A total of 199 tubes with AVB indications were found, of which 104 had
at least one indication greater than or equal to 20 percent throughwall. A total of 37 tubes were
plugged (19 in A, 18 in D). Five of those plugged in steam generator A were damaged as a
result of a loose part, which was removed.

APRIL, 1995 (REFUEL VII) — The initial scope was 100% bobbin coil examination of steam
generators B and C, plus a sample of 600 tubes with the RPC at the top of the tubesheet. Near
the end of the inspection, a tube with an apparent TTS crack was discovered in Steam Generator
C. The TTS RPC examination was eventually expanded to include 100% of the mill annealed
(non-thermally treated) tubing. Twenty nine tubes (A - 11, B - 0, C —15, and D -3) were found
with top of tubesheet indications. Of these, ten (A — 6, C - 3, and D -~ 1) appeared to have
circumferential cracks. In the end, a total of 40 tubes were plugged. Those with circumferential
cracks were staked on the hot leg side. Plugging due to AVB wear was significantly reduced (7
tubes). Two tubes were plugged due to loose part damage, and two were plugged after they
were damaged by Westinghouse equipment installed for chemical cleaning.
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OCTOBER, 1996 (REFUEL VIII) - The initial scope was 100% bobbin coil examination of
steam generators A and D, 100% +Point examination in all four steam generators of the hot leg
top of tubesheet (+2"/-3"), and 100% +Point examination of SG C's row 1 U-Bend region. Eight
of the row 1 U-Bends were not tested due to the motor stalling in the U-Bend. These tubes were
tested with a bobbin coil probe to complete the inspection. One hundred and twenty one tubes
(A-47,B - 8,C - 44 and D - 22) were found with top of tubesheet indications. Of these,
seventy eight (A - 30, B - 3, C - 29 and D - 16) appeared to have circumferential cracks. A total
of 44 of these tubes were plugged, the rest (A - 44 and C - 33) were sleeved with 12" elevated
laser-welded tubesheet sleeves. All of the plugged circumferential indications were staked on
the hot leg side prior to plugging. Again, plugging due to AVB wear was reduced (3 tubes in
SG D). One tube in SG A had an NQI, which RPC confirmed as an SVI and was subsequently

plugged.

APRIL, 1998 (REFUEL IX) - The initial scope was 100% bobbin coil examination of steam
generators B and C, 100% + point examination in all four steam generators of the hot leg top of
tubesheet (+27/-3"), and 100% + Point examination of SG A’s row 1 U-Bend region. Sixty-five
tubes (A-32, B-4, C-36 and D-5) were found with top of tubesheet indications. Of these, thirty-
nine (A-17, B-0, C-17 and D-5) appeared to have circumferential cracks. All sixty-five tubes
were plugged. All those with circumferential cracks were also stabilized. Twelve tubes (B-3
and C-9) were plugged due to AVB wear that exceeded the plugging limit.

OCTOBER, 1999 (REFUEL X) - The initial scope was 100% bobbin coil examination of
steam generators A and D, 100% + Point examination in all four steam generators of the hot leg
top of tubesheet (+27/-3"), and 100% + Point examination of SG D’s row 1 and 2U-Bend
region. One of the row 1 U-Bends was not tested due to the motor stalling in the U-Bend. This
tube was tested with a bobbin coil probe to complete the inspection. Ninety-one tubes (A41, B-
15, C-30, and D-5) were found with top of tubesheet indications. Of these, thirty-eight (A-23,
B-4, C-10, and D-1) appeared to have circumferential cracks. A total of 34 of these tubes were
plugged, the rest (A-31 and C-26) were sleeved with 8" tubesheet electrosleeves. All of the
plugged circumferential indications were stabilized on the hot leg side prior to plugging. One
tube in SG D was plugged due to AVB wear. One tube in SG A had a DSI, which RPC
confirmed as an SVI and was subsequently plugged. A loose part was recovered from above the
cold leg tubesheet in SG D. Four tubes had loose part indications (LPI's), which RPC confirmed
as SVI's and were subsequently plugged.
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APRIL. 2001 (REFUEL XI) — The initial scope was 100% bobbin coil examination of steam
generators B and C, 100% + Point examination in all four steam generators of the hot leg top of
tubesheet (+27/-3"), and 100% + Point examination of SG B’s row 1 and 2 U-Bend region. Four
of the row 1 and 2 tubes were not tested with a + Point probe due to the motor stalling in the U-
Bend. These tubes were tested with a bobbin coil probe to complete the inspection. Forty-five
tubes (A-26, B-0, C-13 and D-6) were found with top of tubesheet indications. Of these, seven
(A-3, C-1 and D-3) appeared to have circumferential cracks. All forty-five tubes were plugged.
All those with circumferential cracks were also stabilized. Two tubes (B-1 and C-1) were
plugged due to AVB wear that exceeded the plugging limit. One tube in SG B had a volumetric
indication detected by bobbin and confirmed by + Point at 04C+0.47”. The indication appeared
to have been caused by land contact wear. This tube was also plugged.

SPECIFIC CONCERNS

Loose Part Damage - One of the main contributors to tube repairs in F model steam generators
continues to be damage from foreign materials on the secondary side. The free span areas above
the top of tubesheet and above the tube support plates should be scrutinized for the presence of
loose parts or loose part damage.

AVB Wear - The Model F has been found to be particularly susceptible to AVB induced wear.
Any measurable indication would be recorded as measured to develop a database for growth
rate. The Model F utilizes AVBs only down to the seventh row.

PWSCC/ODSCC at Top of Tubesheet — In Refuel 7 (April 1995), apparent PWSCC and
ODSCC were identified at Callaway. The cracking was found in both the axial and
circumferential directions. Particular attention should be directed at the expansion transition
regions.

Unique Design — Callaway is unique among F models since it contains both Inconel 600TT
tubing (row 10 and below) and Inconel 600MA tubing (row 11 and above). Inconel 600MA has
been found to be susceptible to free span cracking in Westinghouse Pre-Heater design plants, i.e.
McGuire and South Texas. Though this condition has not been diagnosed at Callaway, care
should be taken when dispositioning free span signals in Inconel 600MA tubes.

Different Sleeving Processes — SG's A and C contain both electrosleeved and laser-welded
sleeves. Sleeving history details are presented later in this section.

Flow Distribution Baffle Cut-out — The flow distribution baffle does not intersect every tube.
(See Attachment 1, Page 4) This should be considered when verifying locations of special
interest exams.
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ODSCC at Quatrefoil Support Plate Intersections — One other Westinghouse model F plant
recently reported ODSCC-like indications at their quatrefoil support plate intersections. These
indications were initially detected with a bobbin probe and confirmed with a + point probe.
These indications were also subsequently confirmed with a UT inspection. Several intersections
were pulled and final metallurgical analysis is pending. This other plant’s experience should be
considered when analyzing and dispositioning signals at the support plates.
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CRITERIA FOR IDENTIFICATION OF DISCREPANCIES AND ERRORS
Flaw wall loss differs by more than 10% through-wall.

Either analyst or both (primary-secondary) reports a flaw as greater than or equal to 20%.
Either analyst or both (primary-secondary) reports an undefined-type indication in which

the data suggests a reasonable probability that a flaw exists.

One analyst reports a tube not reported by the other analyst. In these cases, the

appropriate resolution analyst will perform an independent review of the tube to ensure

that all data has had both a primary and secondary analysis.
One analyst reports a flaw indication not reported by the other analyst.
The reported extents of test are not in agreement.

Flaw locations reported by analyst must be within 0.5 inches of each other to be
considered the same flaw.

The reported row number is something other than 1 through 59.

The reported column number is something other than 1 through 122.

The reported flaw location is beyond the reported extent of test.

Any negative values for flaw location except within the tubesheet and support plates.
Tubes reported as restricted which do not have a corresponding extent of test.

Use of a three letter code with no established definition.

One analyst reports “retest bad data” not reported by the other analyst.
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INDICATION CODES AND DEFINITIONS
I. GENERAL

CODE DEFINITION

ADI Absolute Drift Indication — Signal which has a positive “Y” and
negative “X” component. This type of a signal indicates the
possible presence of IGA (non-quantifiable) in the tube sheet
crevice, tube support plate crevice, or sludge pile regions.

ADS Absolute Drift Signal — An ADI which has been confirmed to be a
non-flawed condition by a RPC inspection.

BLG Bulge — Condition where the tubing inside diameter is greater than
nominal.

CUD Copper Deposit — Indicates the presence of copper.

DDI Distorted Ding Signal with Indication - Condition where a ding

signal forms abnormally and is indicative of degradation which is
non-quantifiable. DDI calls should be limited to the mill-annealed
tubes, row 11 and higher.

DDS Distorted Ding Signal — A DDI which either has been confirmed to
be a non-flawed condition by a RPC inspection or has undergone a
history review and the signal has not changed.

DEP Deposit — Indicates presence of a non-copper deposit.

DFI Differential Free Span Indication - Free Span indication with a
differential response, which requires history review or RPC testing
for final disposition.

DFS Differential Free Span Signal - A DFI which has undergone a

history review, and has been ruled as "not changed”. No further
action is required, howeyver, this indication will be tracked during
future inspections.

DNF Degradation Not Found - Code used to indicate an alternate or
retest was performed and that the area of interest contained no
degradation. Enter DNF in the percent field with the location of the
previous call.

DNG Ding - Any free span dent signal greater than or equal to 2.0 volts,
which shows no evidence of degradation, shall be reported as DNG.
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INDICATION CODES AND DEFINITIONS
I GENERAL

CODE DEFINITION

DNT Dent — Condition where the tubing inside diameter is less than
nominal at a structure. Any dent signals at a structure with
magnitude greater than or equal to 2.0 volts shall be reported as
DNT.

DSI Distorted Support Signal with Indication — Condition where the
support signal forms abnormally and has mix output indicative of
degradation which is non-quantifiable.

DSS Distorted Support Signal — A DSI which either has been confirmed
to be a non-flawed condition by a RCP inspection or has undergone
a history review and the signal has not changed.

DTI Distorted Tube Sheet Signal with Indication — Condition where the
tube sheet signal forms abnormally and has mix output indicative of
degradation which is non-quantifiable.

DTS Distorted Tubesheet Signal — A DTI which has been confirmed to
be a non-flawed condition by a RPC inspection or has undergone a
history review and the signal has not changed.

IDC Inside Diameter Chatter — Condition where horizontal noise caused
by wall variation could mask indications or degradations.

INF Indication Not Found — Condition where a previously reported
indication or anomaly cannot be detected within 1.00 inches of the
previously reported indication.

INR Indication not Reportable — Condition where a previously reported
signal (indication and/or distorted) is detectable, but with current
test results does not meet the reporting level.

LAR Lead Analyst Review - The LAR code may be used in instances
where the analyst feels there is no specific criteria in the Analysis
Guidelines or the analyst is unsure how to disposition a signal.

LPI Loose Part with Indication — Condition where a non-quantifiable
indication occurs coincidental with the presence of a loose part.
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INDICATION CODES AND DEFINITIONS

L GENERAL

CODE DEFINITION

LPS Loose Part Signal — A LPI which either has been confirmed to be a
non-flawed condition by a RPC inspection or has undergone a
history review and the signal has not changed.

MBM Manufacturer’s Burnish Mark — An ADI which has undergone a
history review, and has "not changed". No further action is
required, however, this indication WILL be tracked during future
inspections.

NDD No Detectable Degradation — Condition where no signal responses
of degradation or damage precursors exist.

NHE No Hydraulic Expansion — Used to indicate rework may be
required.

NHT No Heat Treat — Used to indicate rework may be required.

NQI Non-Quantifiable Indication — To be used when an analyst detects a
signal that cannot be quantified, but which is believed to be a flaw.

NQS Non-quantifiable Signal — A NQI which either has been confirmed
to be a non-flawed condition by a RPC inspection or has undergone
a history review and the signal has not changed.

NTE No Tubesheet Expansion — Indicates tube is not fully expanded in
the tubesheet. A comment should be added indicating depth of
unexpanded tube in the tubesheet.

NWS No Weld Signal — Used to indicate rework may be required.

OBS Obstructed — Indicates restricted tube preventing the passage of the
test probe. Analysis is required for position of test completed.
Also requires message from collector that tube is restricted.

OoXP Overexpansion — Indicates tube is expanded above the top of the

tubesheet to an outside diameter greater than the drilled tubesheet
hole.
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INDICATION CODES AND DEFINITIONS
I GENERAL

CODE DEFINITION

PBC Previous Bobbin Call — Used when a tube is retested with a bobbin
probe to indicate that the previously reported bobbin cali(s) are
correct.

PID Positive Identification — Indicates verification of a pluggable defect

previously reported. This condition SHALL be recorded and
confirmed for each call with the same channel previously used.

PLG Plugged — Indicates a tube that has been plugged.

PLP Possible Loose Part - Indicates the possibility of foreign material on
the secondary side of the steam generator.

PTE Partial Tube Expansion — Used to indicate that the tubesheet region
was not fully expanded.

PVN Permeability Variation — Condition where the test coil impedance

changes due to a change in the tubing’s inherent willingness to
conduct magnetic flux lines.

RAD Retest Analyst Discretion — Retest code used when the data quality
is acceptable but a retest may clarify a tube condition or a signal of
interest.

RBD Retest Bad Data — Used to signify that the data for a particular tube
cannot be analyzed for one or more reasons; e.g., noise, level, bad
probe, etc.

RBI Retest Bad Data with Indication — Used to signify that the data for a
particular tube is not acceptable but a possible indication has been
detected by the analyst. During the retest of this tube, the analysts
should pay particular attention to the RBI's location. All RBI calls
must be dispositioned to either a call or a DNF when retested.
Volts, phase, channel and location information SHALL be recorded
for all RBI calls.
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INDICATION CODES AND DEFINITIONS

L. GENERAL

CODE

QUALITY
CODE

QET
QDO
QDR
QPB

QPN
QPS

QRN
QSS

QSv
QED

RID

DEFINITION
The following quality codes SHALL be assigned whenever an RBD
or RBI is reported to assist the resolution analysts with their
disposition. The quality code should be reported in the UTIL2
field.

DESCRIPTION

Insufficient extent tested

Data drop out

Less than the required digitization rate

Probe is out of balance

Spiking or parasitic noise

No eddy current signal on one or more of the required channels
Excessive Rotational Noise

Saturated signals in the tube

Unacceptable probe speed variation

Other bad data condition

Retest questionable tube ID - To be used when the tube encoding is
in question.

Retest No Data - To be used when a tube is encoded on the T-List
but no data was recorded.

Retest Fixture — Retest code used when a positioning fixture
prevents a complete test.

Retest Restricted Tube — Retest Code used to schedule the tube for
inspection with a smaller diameter probe. Requires a message from
the date collector that the tube is restricted.
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L GENERAL

CODE DEFINITION

RWS " Retest with AVB Wear Standard - Used to flag indications of AVB
wear, when a bobbin inspection is performed without an AVB wear
standard.

SLG Sludge - Indication of a buildup of contaminants on top of the

tubesheet or tube support plates. This condition, when present,
shall be recorded with 30 kHz absolute.

SLV Indicates a tube that has been sleeved.
TBP To Be Plugged — Used to signify a tube is to be plugged.
WZI1 Weld Zone Indication - -Condition where a non-quantifiable

indication occurs within the weld zone area of a sleeved tube.

WZS Weld Zone Signal — A WZI which either has been confirmed to be
a non-flawed condition by a RPC inspection or has undergone a
history review and the signal has not changed.

Degradation Service induced cracking, wastage, pitting, general corrosion, or
wear on either the inside or outside of a tube.

Repairable A tube at or exceeding the repair limit of 40% through wall depth
or a tube containing a Category V indication.

Page 6 of 10 ATTACHMENT 4



.y

ETP-BB-01309
Rev. 014

INDICATION CODES AND DEFINITIONS
II. RPCPROBE SPECIFIC

CODE DEFINITION

GEI Geometry Indication — Any GEO signal that showed significant change from
previous inspections. The lead analyst or his designee SHALL review and
disposition all GEI calls.

GEO Geometry Signal — A signal caused by a localized geometry change at the top of

tubesheet intersection. Similar signals have been confirmed by tube pulls at
another hydraulically expanded plant. These signals are to be reported to allow
future historical reviews via a DSR database.

MAI Multiple Axial Indications — Same definition as SAI, except more than one
indication is present.

MCI Muttiple Circumferentially Oriented Indication — Same definition as SCI, except
more than one indication is present.

MMI Mixed Mode Indication - Used to signify both axial and circumferentially
orientated indications are present.

MVI Multiple Volumetric Indication - Same definition as SVI except more than one
indication is present.

PRC Previous RPC Call - Used when a tube is retested with an RPC probe to indicate

that the previously reported RPC call(s) are correct.

RMB Retest Mag-Bias Probe — Retest code used when a permeability variation is
present that the analyst feels could mask an indication.

SAI Single Axial Indication — When displayed in an isometric plot, the indication will
have an axial extent that is greater than its circumferential extent. The “base” of
the indication will also normally have minimal circumferential extent. This
indication is normally immediately adjacent to transitions (or dents) and may run
into or through the transition (or dent).

SCI Single Circumferentially Oriented Indication — To be used when the isometric plot
depicts an indication whose axial extent is less than its circumferential extent.
These type indications are normally located within transition area and normally do
not extend axially beyond the transition area.

SVI Single Volumetric Indication - To be used for an indication that exhibits both
axial and circumferential characteristics. Indicative of general localized
intergranular attack or associated with wear, thinning or pitting.

NOTE: Indication codes other than those documented above may be added if condition
warrant, subject to agreement by the Callaway Steam Generator Activity Coordinator.
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DEP
DNF
PBC
PID

PLG
PRC
SLG
SLV

DDI
DSI
DTI
LPI

NQI
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Description

Blank — No Indication (No Detectable Degradation)
Copper Deposit

Deposit (non-Copper)

Degradation Not Found

Previous Bobbin Call

Positive Identification

Plugged

Previous RPC Call

Sludge Height Measurement

Sleeved

Retest Analyst Discretion

Retest Bad Data

Retest Bad Data with Indication

Retest Fixture is Blocking Probe

Retest Questionable Tube ID

Retest Mag-Bias Probe

Retest No Data

Restricted Tube (retest with smaller probe)

Retest Tube with Anti-Vibration Bar (AVB) Wear Standard

Absolute Drift Indication
Differential Free Span Indication
Distorted Dent Indication
Distorted Support Indication
Distorted Tubesheet Indication
Loose Part with Indication
Non-quantifiable Indication
Weld Zone Indication

Category

L I B B B e T I B |

|
]

HE AR R

H 8 H
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Notation

ADS
DFS
DDS
DSS
DTS
LPS
NQS
WZS

GEI
MMI
MAI
MCI
MVI
OBS
SAI
SCI
SVI
TBP

NWS

BLG
DNG
DNT
GEO

Description

Absolute Drift Signal
Differential Free Span Signal
Distorted Dent Signal
Distorted Support Signal
Distorted Tubesheet Signal
Loose Part Signal
Non-quantifiable Signal
Weld Zone Signal

Geometry Indication

Mixed Mode Indication

Multiple Axial Indication

Multiple Circumferential Indication
Multiple Volumetric Indication
Obstructed

Single Axial Indication

Single Circumferential Indication
Single Volumetric Indication

To be plugged

No Heat Treatment
No Hydraulic Expansion
No Weld Signal

Bulge

Ding

Dent

Geometry Signal
Indication Not Found
Indication Not Reportable
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Notation Description Category
IDC Inside Diameter Chatter VII

LAR Lead Analyst Review VII
MBM Manufacturing Burnish Mark VII

NTE No Tubesheet Expansion VI
0).42 Over Expansion Vil

PTE Partial Tubesheet Expansion VII

PVN Permeability Variation VII

PLP Possible Loose Part VII

Indication Category:
I - Non Flaw condition with no further action required

II - Retest with the same or smaller diameter probe, as appropriate.

III - These "I" codes represent possible flaw signals where no qualified sizing technique is
being utilized or does not exist. They require diagnostic testing or evaluation.

IV - These "S" codes are assigned when an indication previously reported as an "I" code
receives a diagnostic test which confirms a non-flaw condition or when a historical review has
been performed to compare to the current signal and the signal has not changed.

V - These codes designate a repairable condition or an engineering evaluation which may use
an alternate repair criteria (ARC).

VI - These codes designate incomplete repairs and may require rework depending upon the
acceptance criteria.

VII - These codes require additional reviews (historical), additional diagnostic sampling or
engineering evaluations. MBM is only entered after historical review.
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STEAM GENERATOR EDDY CURRENT TESTING DATA FLOW
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MANUAL ANALYSIS
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OR REPAIRABLE
INDICATIONS?

RESOLUTION
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No
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LENGTH AND DEPTH SIZING CRACK-LIKE INDICATIONS

SCOPE AND PURPOSE

A.  The guidelines herein are intended to provide instructions on the length and depth
measurement of axially and circumferentially oriented PWSCC.

B.  The mid-range +Point coil excited at 300 kHz is to be used for sizing PWSCC.

DATA ACQUISITION
The following parameters are additions or modifications to the appropriate ETSS.

A.  The data SHALL be acquired to achieve a minimum digitizing rate of 30
samples/inch in both the axial and circumferential directions.

Refer to sections 4.2.1.2 and 4.2.1.3 for calibration standard requirements.

C. The combined motor unit and cable lengths should be equivalent to an 83 foot
motor unit with a 50 foot "low loss" extension cable.

D.  The gain (or sensitivity) setting for the eddy current test instrument should be such
that no signal saturation occurs at any time. If saturation occurs, the tester
configuration should be adjusted via an ETSS sheet revision.

E. The prime frequency should be 300 kHz. Auxiliary frequencies, such as 200 kHz
and 100 kHz, may be included in the test configuration.

DATA ANALYSIS CALIBRATION

The following parameters are additions or modifications to the appropriate ETSS. Note,
all phase angles should be measured peak to peak and on the entrance leg of the signal.

A. Phase Rotation

1. Rotate the raw 300 kHz +Point channel to 15 degrees on the 40%ID axial
EDM notch signal.

2. Create an unmodified process channel for the 300kHz +Point raw channel.
Rotate the process channel to 15 degrees on the 40% ID Circumferential
EDM notch signal.

B. Volts Scale

1. Set the 100% axial EDM notch signal to 20 volts peak to peak for the raw
channel.

2. Set the 100% circumferential EDM notch signal to 20 volts peak to peak
for the process channel.
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C. Span Setting (These are the minimum span settings used for the EPRI
qualifications, the analyst may increase them as desired.)

1. Set the response from the 40% OD axial notch to 1 screen division for the
raw channel.

2. Set the response from the 40% ID circumferential notch to 1 screen division
for the process channel.

D. Calibration Curves

1. Set a phase curve utilizing the circ lissajous on the axial 100%, 60%ID and
40%ID EDM notches for the ID portion of the raw channel's curve.

2. Use the 100% axial notch along with the 60%OD and 40%0OD EDM
notches for the OD portion of the raw channel's curve.

3. Set a phase curve utilizing the axial lissajous on the circ 100% 60%ID and
40%ID EDM notches for the ID portion of the process channel's curve.

4, Use the 100% circ notch along with the 60%0D and 40%0OD EDM notches
for the OD portion of the process channel's curve.

5. Use the center hit within each EDM notch to measure the phase angle.
DATA ANALYSIS EVALUATION (AXIAL PWSCC)
All measurements should be made with the 300 kHz +Point coil raw channel.

A. Beginning at the lower end of the crack, find the first hit of the crack. Scroll one
rotation backward. Enter 0% at that location in the report.

B. Scroll up to the first hit. Measure the phase angle. Enter the % through-wall
depth measurement at that location into the report.

C. Continue the line-by-line measurements until all hits have been entered into the
report.

D.  Scroll one rotation past the last hit at the upper end of the crack. Enter 0% at that
location into the report.

E. The above steps should be repeated if multiple cracks exist.

F. The crack length should be determined from the line-by-line depth measurements.
A from-to technique should not be used. The crack length is determined by
subtracting the beginning location from the ending location.

Page 2 of 4 ATTACHMENT 7



ETP-BB-01309
Rev. 014

The average crack depth is determined by adding all the line-by-line % through-
wall depths and dividing by the number of lines including the 0% lines.

The percent degraded area (PDA) may be determined by using post processing
applications, such as EPRI Draw or Microsoft Excel.

Corrections for Field Spread

At the completion of the initial analysis process, adjustments for data points at the
ends of the cracks is required. Data points within 0.2" of the indicated crack ends
will be adjusted as follows:

1. Ignore data points from the 1st reading to the point at which phase angles
change from ID to OD. The adjusted end of the crack SHALL be defined
as less than or equal to 0.03" beyond the last accepted data point. When the
phase angles are largely OD over most of the crack, this guideline cannot
be applied.

2. Less than 1 volt data points, with ID phases indicating 85% through-wall
~ and greater will be ignored from the first reading to that point provided
within 0.2" from the first reading. The adjusted end of the crack SHALL be
defined as less than or equal to 0.03" beyond the last accepted data point.

3. Less than 1 volt, ID phase data points exhibiting depth increases of greater
than 10% through-wall over approximately a 0.05" span will be ignored.
The adjusted end of the crack SHALL be defined as less than or equal to
0.03" beyond the last accepted data point.

Reporting Requirements
1. The sizing data should be saved in a SIZING analysis group report.

2. Crack profiles may be plotted using applications such as the EPRI Draw
program or Microsoft's Excel.

V.  DATA ANALYSIS EVALUATION (CIRCUMFERENTIAL PWSCC)

All measurements should be made with the 300 kHz +Point coil process channel.

A.

The % through-wall depth should be measured in increments of approximately 4
degrees ( maximum is 10 degrees).

Find the first hit of the crack in the Axial lissajous window. Scroll one increment
backwards. Enter 0% at that circumferential position into the report.

Click the mouse button to the first hit. Measure the phase angle. Enter the %
through-wall depth at that circumferential position into the report.
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D.  Continue the incremental depth measurements until around the tube circumference
until all hits have been entered into the report.

E. Click the mouse button one increment past the last hit of the crack. Enter 0% at
that circumferential position into the report.

F. The above steps should be repeated if multiple cracks exist.

G.  The circumferential crack extent should be determined from the incremental depth
measurements. A from-to measurement technique should not be used.

H. Depth measurements using an amplitude curve may also be required.

1. At the peak amplitude signal response measure the % through-wall using
the phase angle curve established per the instructions in Section III.

2. Create a new process channel, which is the duplicate of the previously
made 300 kHz process channel, with the circumferential notch responses
going in the positive direction. In the new process channel establish a two-
point linear curve using the amplitude and % through-wall values, from
section 1, and extrapolate to zero.

3. Note: Do not use the 1pt magnitude curve in the Eddynet95 software to
create the amplitude curve.

4. Each crack should be measured using the new linear peak to peak
amplitude curve.

5. If the voltage at the peak amplitude from the indication exceeds the voltage
of the 100% circumferential notch set at 20 volts in the axial lissajous
window, then use a curve where 20 volts equals 100%.

L Reporting Requirements
1. The sizing data should be saved in a SIZING analysis group report.

2. Crack profiles may be plotted using applications such as the EPRI Draw
program or Microsoft's Excel.

VI. REFERENCES
A.  EPRI PWR Steam Generator Examination Guidelines Appendix H, ETSS #96701
B.  EPRI PWR Steam Generator Examination Guidelines Appendix H, ETSS #96702
C.  EPRI PWR Steam Generator Examination Guidelines Appendix H, ETSS #96703
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INSTALLED STEAM GENERATOR TUBE PLUG INSPECTION
Visually inspect all previously installed tube plugs for indication of leaking or other deficiencies.
Steam Generator A Signature/Date Steam Generator B Signature/Date
Hot Leg Hot Leg
Cold Leg Cold Leg
Steam Generator Signature/Date Steam Generator D Signature/Date
Hot Leg Hot Leg
Cold Leg Cold Leg
Steam Hot or Tracking Document
Generator Cold Leg Row | Col Deficiency Found and Action Taken
/
Signature Date
E170-0110
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STEAM GENERATOR SECONDARY SIDE FOREIGN OBJECT SEARCH

Use this form to document the Foreign Object Search and Retrieval (FOSAR) results for
the steam generator secondary tubesheet.

STEAM GENERATOR A

STEAM GENERATOR B

STEAM GENERATOR C

STEAM GENERATOR D

E170.0110 Signature Date

Page 1 of 1 ATTACHMENT 9



ETP-BB-01309
Rev. 014

Examination Technique Specification Sheet

ETSS # : | Revision 0 | Page: 10f 6

Site: CALLAWAY

Examination Scope
Applicability:
Instrument Tubing
Manufacturer/Model: Material Type: Inconel 600 TT or Inconel 600 MA
Data Recording Equipment OD/Wall (inch): 0.688 OD X 0.041 Wall
Manuf./Media: Calibration Standards
Software Type:
Manufacturer: . Analog Signal Path
Version/Revision: Probe Extension Manuf.:
Examination Procedure Extension Type & Length:
Number/Revision: Slip Ring Model Number:
Scan Parameters
Scan Direction:
Digitization Rate, Samples Per Inch (minimum): | Axial Direction |
Probe Speed Sample Rate Direction
Probe
Description (Model/Diameter/Coil Dimensions) Manufacturer:Part Number Length
Data Acquisition
Channel Setup Differential

Channel & Frequency | Channel 1 Channel 3 Channel § Channel 7

Phase Rotation

Span Setting
Minimum
Channel Setup Absolute

Channel & Frequency | Channel 2 Channel 4 Channel 6 Channel 8

Phase Rotation

Span Setting
Minimum
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ETSS #:

Examination Technique Specification Sheet
- | Revision0 | Page: 2 of 6

Configuration Board Settings

Acquisition Notes and Special Instructions

Calibration Method
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Examination Technique Specification Sheet

ETSS # [ Revision 0 | Page: 3 of 6
Data Analysis (See Analysis Notes)
Channel Setup Bobbin Differential
Channel & Channel 1 Channel 3 Channel 5 Channel 7
Frequency
Phase
Rotation
Span Setting
Volts
Channel Setup Bobbin Absolute
Channel & Channel 2 Channel 4 Channel 6 Channel 8
Frequency
Phase Rot
Span Setting
Volts
Curve
Channel Setup Bobbin Process
Channel & Channel P1 Channel P2
Frequency
Phase Rot
Span Setting
Minimum
Mix @
Volts
Curve
Data Screening
Left Strip Chart Right Strip Chart Lissajous
Reporting Requirements

(See Acceptable Reporting Acronyms and Callaway Guidelines for others and more detail)

Condition/Region

Report Ch Comment
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Examination Technique Specification Sheet

ETSS # : | Revision 0 | Page: 4 of 6
Acceptable Reporting Acronyms
Notation | Description [ Category
Blank — No Indication (No Detectable Degradation) 1

CUD Copper Deposit 1
DEP Deposit (Non-Copper) I
DNF Degradation Not Found I
PBC Previous Bobbin Call I
PID Positive Identification I
PLG Plugged I
PRC Previous RPC Call I
SLG Sludge Height Measurement I
SLV Sleeved I
RAD Retest Analyst Discretion I
RBD Retest Bad Data b1
RFX Retest Fixture is Blocking Probe 1§
RID Retest Questionable Tube ID 1§
RMB Retest Mag-Bias Probe I
RND Retest No Data I
RRT Restricted Tube (retest with smaller probe) II
RWS Retest Tube with Anti-Vibration Bar (AVB) Wear Standard a
ADI] Absolute Drift Indication 11|
DFI Differential Freespan Indication m
DDI Distorted Dent Indication m
DSI Distorted Support Indication I
DTI Distorted Tubesheet Indication oI
LPI Loose Part with Indication 114
NQI Non-quantifiable Indication m
WZI Weld Zone Indication m
ADS Absolute Drift Signal v
DFS Differential Freespan Signal v
DDS Distorted Dent Signal v
DSS Distorted Support Signal v
DTS Distorted Tubesheet Signal v
LPS Loose Part Signal v
NQS Non-quantifiable Signal v
WZS Weld Zone Signal v
MMI Mixed Mode Indication v
MAI Multiple Axial Indication v
MCI -Multiple Circumferential Indication \'/
MVI Multiple Volumetric Indication v
OBS Obstructed v
SAI Single Axial Indication v
SCI Single Circumferential Indication A"
SVI Single Volumetric Indication v
TBP To be plugged A\

Continucd on next page
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Examination Technique Specification Sheet

I - Non-flaw condition with no further action required

II - Retest with the same or smaller diameter probe, as appropriate

IIT - These “T” codes represent possible flaw signals where no qualified sizing technique is being utilized or
does not exist . They require diagnostic testing or evaluation.

IV ~ These “S” codes are assigned when an indication previously reported as an “I” code receives a diagnostic
test which confirms a non-flaw condition or when a historical review has been performed to compare to
the current signal and the signal has not changed.

V - These codes designate a repairable condition or an engineering evaluation which may use an alternate
repair criteria (ARC)

VI - These codes designate incomplete repairs and may require rework depending upon the acceptance criteria

VII- These codes require additional reviews (historical), additional diagnostic sampling or engineering
evaluations. MBM is only entered after historical review.

ETSS #: | Revision 0 | Page: 5 of 6
Acceptable Reporting Acronyms-continued

Note:

Notation | Description | Category
NHT No Heat Treatment V1
NHE No Hydraulic Expansion Vi
NwWS No Weld Signal Vi
BLG Buige viI
DNG Ding v
DNT Dent VI
INF Indication Not Found viI
INR Indication Not Recordable vl
IDC Inside Diameter Chatter Vil
LAR Lead Analyst Review vii
MBM Manufacturing Burnish Mark VI
NTE No Tubesheet Expansion A1
Ooxr Over Expansion v
PTE Partial Tubesheet Expansion VI
PVN Permeability Variation v
PLP Possible Loose Part vl
Indication Category:
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Examination Technique Specification Sheet

ETSS #: Revision 0
PAGE: 6 OF 6
Analysis Notes
Level IIT Approval Customer Approval
Signature / Date Signature / Date
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- | “ | Control TubeLogSheet e s

S/IG: Leg: Control Tube: Measurement Location:

Acceptance Criteria: () VPPyyie = (2.0) X VPPiiga  (b) VVMiine = 0.3 + VVMipyin

Probe = | Data" . coe e b e b o < o Subsequent Readings |- Accept?
. SN# | Set# .| Veppguar | VVMuisar | VPPyme | VVMuoe [wpp- | Vym | YorN
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Attachment 12 has been deleted.
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Analysis Guidelines Clarification Form

Change No:
Effective Date:

Description of Update:

Reason for Update:

Authorizations:

Lead Analyst

Callaway Steam Generator Activity Coordinator

Independent QDA
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Analysis Guidelines Clarification Acknowledgement Form

Change No:

Effective Date:

Description of Update:

Analyst Signature Analyst Signature
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Date:

Description of Concern:

ETP-BB-01309
Rev. 014

Response from Lead Analyst:

Concerned Analyst

Lead Analyst

Callaway Steam Generator Activity Coordinator

Independent QDA
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FREE SPAN BOBBIN COIL INDICATION FLOW CHART

Free Span Indication
noted in Ch. 3

Ché6>0.5inch
and <90 deg
and > 2.0 volts

Flaw-like and
Chs3and5
correlate

Report as AD! from

Ch 6 and perform

history review

NDD Report as DFI from Ch 3 and
perform history review
Production
Analysis
History
Review

C;a:%eg :;Iiierg Report Changed >15 deg

new i;1 dication as | or >0.5 volts or

! DFS new indication
Report
as
MBM

Leave as ADI and Leave as DFl and

perform RPC perform RPC

Confirmed No Confirmed
as flaw as
flaw
Y No
- Report as DNF and
Use correct code Use correct code change bobbin DFI
\ call to DFS
Report as DNF and
change bobbin ADI
callto ADS

Flaw-like: reads above 0%
Correlate: both chs 3 and 5 read above 0%

If there's a previous call at the current location, the history review will be performed using RF9
for SG's B and G, and RF10 for SG's A and D. New calls will be reviewed using RF5 data for
SG's B and C, and RF6 data for SG's A and D.
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GEOMETRY CHANGE DISPOSITION FLOW CHART

Geometry Change Observed

Y
Report as GEO

X
Perform History Review

l

Is Signal
Present and
Unchanged?

[

Report as GEI

Yes
—> Leave as GEO

History Review will be performed using RF10 data for all four SG's. If RF10 data is
not available RF9 or RF8 data can also be used.

Note: When reviewing signals for change allow for some differences in phase and
amplitude on the +Point channels. Due to the differential nature of the +Point coils,
variations in the roataional and push speeds can result in changes in the phase and
amplitude of signals produced by localized geometry changes.

All GHI calls will be reviewed and dispositioned by the Lead Analyst or his designee.
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DING SIGNAL DISPOSITION FLOW CHART
DNGe-like Signal <= 155 degrees
Observed on Ch. 5
Report as DDI
Perform History Review
PrI: Signal q Yes Report as DDS for Inclusion
U s;nt aZd in DSR Database and Remove
nchang the DDI call

Use Correct RPC Code

Leave as DDI and Perform RPC

Report as DNF and Change
Bobbin DDI to DDS

If there's a previous DDS call at the current location, the history review will be performed using RF9
for SG's B and C, and RF10 for SG's A and D. New calls will be reviewed using RF5 data for SG's

B and C, and RF6 data for SG's A and D.
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FRAMATOME ANP An AREVA and Siemens company

FRAMATOME ANP, Inc.

June 27, 2003
NRC:03:042

Document Control Desk

ATTN: Chief, Planning, Program and Management Support Branch
U.S. Nuclear Regulatory Commission

Washington, D.C. 20555-0001

Release of Drawings Related to Callaway
Ref.: 1. Letter, Ameren UE (Dave Shafer) to NRC, June 5, 2003, ULNRC 04861.

Ameren issued a letter to the NRC on June §, 2003, that included numerous attachments
(Reference 1). Attachment 6 to that letter contained copies of drawings developed by
Framatome ANP that were noted to be the property of Framatome ANP and were not to be
copied or further distributed. These drawings are not proprietary.

This letter authorizes the NRC to place copies of these drawings (that is, the drawings in
Attachment 6 to the referenced letter) in the Public Document Room or ADAMS, as appropriate,
and make other distribution of the information as needed to fulfill its regulatory review function.

Very truly yours,
James F. Mallay, Director (% -
Regulatory Affairs
cc: J. N. Donohew
D. E. Shafer
Docket 50-483

FRAMATOME ANP, Inc.
2101 Horn Rapids Road - Richland WA 99352
Tel.: S09-375-8100 Fax: 509-375-8402 www.us.framatome-anp.com



