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ABSTRACT

A technique is presented for repairing degraded steam generator tubes in pressurized water
reactor Nuclear Steam Supply Systems (NSSS). The technique described alleviates the need
for plugging steam generator tubes which require repair. The technique consists of installing
an Alloy 800 sleeve which spans the defective section of the original steam generator tube.
The upper end of the sleeve is expanded into the steam generator tube and the lower end is
mechanically rolled into the tubesheet for repair of a defect in the expansion transition zone
at the top of the tubesheet. For a defect at a tube support or in a free span section of the
tube, the sleeve is expanded into the steam generator tube at both ends.

This report details analyses and testing performed to verify the adequacy of Alloy 800
sleeves for installation in a nuclear steam generator tube. These verifications show sleeving
to be an acceptable repair technique.
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1.0 INTRODUCTION

1.1 PURPOSE

The purpose of this generic report is to document the acceptability of an Alloy 800
sleeve in a hot or cold leg steam generator tube of Combustion Engineering and
Westinghouse designed steam generators with 0.750 inch OD Alloy 600 tubes. The
report includes sufficient information to support a technical specification change
allowing installation of these sleeves. The sleeves are designed to be installed in steam
generator tubes spanning the defective section. This report demonstrates that reactor
operation with sleeves installed in the steam generator tubes will not increase the
probability or consequence of a postulated accident condition previously evaluated.
Also it will not create the possibility of a new or different kind of accident and will not
reduce the existing margin of safety.

Westinghouse provides two types of leak limiting Alloy 800 sleeves. The first type of
sleeve spans the transition zone (TZ) of the parent steam generator tube at the top of the
tubesheet. This sleeve is hydraulically expanded into the steam generator tube at the
upper end and is hard rolled into the tube within the steam generator tubesheet. The
second type of sleeve spans degraded areas of the steam generator tube at a tube
support (TS) elevation or in a free span section. The sleeve used for both of these
locations is called a TS sleeve. This TS sleeve is hydraulically expanded into the steam
generator tube near each end of the sleeve.

The steam generator tube with the installed sleeve meets the structural requirements of
tubes which are not degraded. Even in the event of the severance of the steam
generator tube, the sleeve will provide the required structural support and acceptable
leakage between the primary and secondary systems for normal operating and accident
conditions. Design criteria for the sleeve were prepared to ensure that all design and
licensing requirements are considered. Extensive analyses and testing have been
performed on the sleeve and sleeve to tube joints to demonstrate that these design
criteria are met. The effect of sleeve installation on steam generator heat removal
capability and system flow rate are also discussed in this report.

After sleeves are installed, a baseline examination is performed using eddy current (ET)
techniques. The ET examination is used to verify certain installation process steps, as
well as to provide a baseline to determine if there is sleeve degradation or degradation
of the pressure boundary portion of the steam generator tube spanned by the sleeve in
later operating years. The ET examiination and criteria for plugging sleeved generator
tubes if there is degradation are described in this report.

Plugs will be installed if for any unforeseen circumstance that a sleeve installation is
not successful or if there is degradation in the pressure boundary section of the sleeves
or sleeved steam generator tubes. Standard, site approved, mechanical or welded plugs

WCAP-15918-NP, Rev. 02 Page 1-1
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installed at each end of a steam generator tube may be used to take a sleeved tube out
of service.

12 BACKGROUND

The operation of Pressurized Water Reactor (PWR) steam generators has, in some
instances, resulted in localized corrosive attack on the inside (primary side) or outside
(secondary side) of the steam generator tubing. Historically, the corrective action taken
for severe steam generator tube wall degradation has been to install plugs at the inlet
and outlet of the steam generator tube when the degradation reached a value referred to
as a plugging criterion. Eddy current examination has been used to measure steam
generator tubing degradation with the tube plugging criterion accounting for ET
measurement uncertainties and degradation growth rate.

Installation of steam generator tube or sleeve plugs removes the plugged tube from
service, eliminating the heat transfer surface associated with that tube. In addition,
plug installation leads to reduction in the primary coolant flow available for core
cooling. The repair technique described in this report for installation of sleeves allows
the steam generator tube to remain in service, with minimal affect on heat transfer
surface and coolant flow. The sleeves are installed at the local area of tube wall
degradation and impose only a minor restriction to primary coolant flow. Thus, while
providing structural integrity to the weakening effect of tube wall degradation, the
effects on heat transfer and primary coolant flow are minimized.

Page 1-2 WCAP-15918-NP, Rev. 02
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2.0

SUMMARY AND CONCLUSIONS

This report has been prepared and reviewed in accordance with 10 CFR 50, Appendix
B.

The Alloy 800 repair sleeve is similar to many other sleeves, except new features are
provided to improve the design as follows:

* No welding, brazing, or heat treatment is required, thereby greatly reducing the
complexity of the installation process.

* The strain within the tube is low, thereby reducing the likelihood of future corrosion
cracking. Specifically, the target tube diametrical expansion is between [
%€ which is significantly lower than other mechanical sleeve designs.

To utilize its attractive features, the Alloy 800 repair sleeve is a leak limiting design.
Specifically, a small leakage, well within all requirements, will be permitted.

The Alloy 800 repair sleeves were designed to the applicable ASME Boiler and
Pressure Vessel Code. An extensive analysis and test program was undertaken to prove
the adequacy of both the upper and lower mechanically expanded joints. This program
determined the effect of normal operating and postulated accident conditions on the
repair sleeve-tube assembly, as well as the adequacy of the assembly to perform its
intended function. The mechanical testing verified that the sleeve meets the cyclic load
requirements of the original plant design. In addition, to fully confirm the adequacy of
these repairs for U.S. plants, primary and secondary side caustic corrosion tests have

. been completed and the results evaluated relative to previous testing performed in

support of both the Alloy 800 sleeve and the TIG welded sleeve.

The proposed repair has no significant effect on the configuration of the plant, and the
change does not affect the way in which the plant is operated. The sleeve was designed
to meet criteria that would prove the sleeve is an acceptable repair technique. These
criteria conformed to the stress limits and margins of safety in Section III of the ASME
B&PV Code. Based upon the results of the analytical and test programs described in
this report the Alloy 800 repair sleeve fulfills the intended function as a leak limiting
structural member and meets or exceeds all the established design criteria. Installation
of the sleeves will conform to ASME B&PV Code Section XI, IWA-4420.

Evaluation of the sleeved tubes indicates no detrimental effects on the repair sleeve-
tube assembly resulting from reactor system flow, coolant chemistries, or thermal and
pressure conditions. Structural analyses of the repair sleeve-tube assembly, using the
demonstrated margins of safety, establish its integrity under normal and accident
conditions. The structural analyses have been performed for both TZ and TS sleeves.
The TZ sleeves have a length of up to [ 1* € inches which spans the degraded tube
section at the top of the tubesheet and generally places the expansions above the sludge
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pile. The TS sleeves have a length of up to [ ] © inches for a sleeve spanning a tube
support section of the tube or a tube free span. The analyses also address the sleeve to
plug equivalency with respect to system thermal and hydraulic effects for installation of
one TZ sleeve or one tube support sleeve. Acceptable sleeve locations covered in this
report are from the top of the tubesheet up to and including the u-bend/square bend
region in both the hot and cold legs. The analyses were performed for Combustion
Engineering and Westinghouse designed plants with 3/4 inch, Alloy 600 steam
generator tubes. A TZ sleeve with a length of [ J* ¢ inches would result in an
approximately [ ]*° inch span between the top-of-tubesheet and the lowermost part of
the sleeve/tube joint above the tubesheet.

Mechanical testing has been performed to support the analyses prepared using ASME
code stress allowables. Corrosion testing of typical sleeve-tube assemblies have been
completed and reveal no evidence of sleeve or tube corrosion considered detrimental
under anticipated service conditions.

In addition to the analysis and test program discussed in this report, a significant
number of sleeves have been in operation for a number of years with no service
induced degradation. Additionally, no detectable leakage has been associated with a
tube with an Alloy 800 leak limiting sleeve. The accompanying table provides the
operational experience of the design described herein as well as two earlier variations
of this same type sleeve. No degradation of the installed sleeve or steam generator tube
in the area of the expansions has been identified. A portion of these sleeves were
installed with a [ J* ¢ diametrical expansion, well above the [ 1™ ¢
target expansion of the sleeve described in this report. Based upon the testing and
analyses performed, the sleeves do not result in a significant increase in the probability
of occurrence or consequence of an accident previously evaluated, create the possibility
for a new or different kind of accident, or result in a significant reduction in a margin of
safety.

In conclusion, the Alloy 800 mechanical sleeve is established as an acceptable repair
method.
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ALLOY 800 SLEEVE INSTALLATIONS AND OPERATIONAL EXPERIENCE

Quantity of | Cycle (Year)
Plant S/GModel | T Hot Joint Tube Joint Design Sleeves Installed EFPY | Comments
(°F) Expansion ac E——

Angra W-D3 620 79 10 (04/01) 0.5 Operational

179 11 (07/02) - P-RSG* 2006

351 12 (10/03) <1
Calvert Cliffs 1 CE-67 595 68 14 (04/00) 1.8 RSG** 02/02
Calvert Cliffs 2 CE-67 595 365 13 (04/01) ~1.0 P-RSG 2003
Comanche Peak 1 W-D4 559 10 (04/04) <1 Operational
Kori 1 W-51 607 1205 14 (03/96) 14 RSG 07/98
Krsko W-D4 613 135 14 (05/98) 1.7

110 15 (05/99) 0.9 RSG 06/00
Ringhals 4 Ww-D3 610 76 17 (09/01) ~2.5 Operational

91 18 (09/02) ~0.9 Operational
Tihange 2 FRAM-5IM 617 10 13 (08/97) 3.6 RSG 06/01
Tihange 3 ACE-E 617 20 9 (08/95) 24

104 10 (11/96) 14 RSG 08/98
Ulchin 1 FRAMSIB 613 986 9 (02/99) ~4.0 Operational

702 10 (07/00) ~3 Operational
Ulchin 2 FRAMSIB 613 1234 9 (02/00) ~3.2 Operational

527 10 (09/02) ~12 “
Waits Bar 1 W-D3 148 5(10/03) <1 Operational
Yonggwang 4 CE-KSNP 621 35 5 (06/01) ~2.5 Operational

151 6 (10/02) ~12 “
Yonggwang 3 CE-KSNP 621 136 7 (06/03) <1 Operational

TOTAL 7271

* RSG-P: Replacement Steam Generator Planned for Year Shown

** RSG: Replaced Steam Generator in Year Shown
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3.0

ACCEPTANCE CRITERIA

The objective of installing sleeves in steam generator tubes is twofold. The sleeve
must maintain structural integrity of the steam generator tube during normal operating
and postulated accident conditions and the sleeve must limit the primary to secondary
leakage in the event of a through wall defect in the section of the steam generator tube
spanned by the sleeve. Numerous tests and analyses were performed to demonstrate
the capability of the sleeves to perform these functions under normal operating and
postulated accident conditions. In doing so, the conditions for all of the Combustion
Engineering and Westinghouse “D” and “E” Series operating plants with 3/4 inch Inconel
600 tubes were considered. Although the absolute values may differ from those at any
specific plant, the evaluations are a function of the differential pressures and
temperatures which are bounded by the conservative design basis values below.

Al CE Plants Westinghouse “D” & “E” Plants
Primary Side: 608.6 °F 2250 psia 620 °F (operating) 2250 psia
(operating) (operating) (operating)
650 °F 2500 psia (design) | 650 °F 2500 psia (design)
(design) (design)
Secondary Side: 505.8°F (operating) 790 psia 526.5°F 877 psia
(operating) (operating) (operating)
Note 1

560 °F (design) 1100 psia (design) | 570 °F (design) 1200 psia (design)

Accident Primary to 2560 psi Primary to 2850 psi
Conditions Secondary A (MSLB/FLB) Secondary A (MSLB)
Pressure Note 2 Pressure
Secondary to 1170 psi (LOCA) | Secondary to 1198 psi
Primary A Pressure Primary A (LOCA)
Pressure

Note 1: The secondary side pressure was conservatively reduced to 790 psig based on
the effect of future plugging and sleeving.

Note 2: For the purposes of pressure differential conditions at CE plants, both the
MSLB and FLB are 2560 psig.

Table 3-1 provides a summary of the criteria established for sleeving in order to
demonstrate the acceptability of the Alloy 800 repair sleeving techniques. Justification
for each of the criterion is provided. Results indicating the minimum level with which
the sleeves surpassed the criteria are tabulated. The section of this report describing
tests or analyses which verify the characteristics for a particular criterion is referenced
in the table.
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TABLE 3-1
SLEEVING CRITERIA
Criterion Approach Results Reference
Section
. Repair sleeve-tube assembly Repair sleeve-tube assembly 8.0
structural integrity must be meets applicable ASME Code
maintained for normal operating | requirements, including fatigue.
and accident condition per |
SAR.
. Sleeve/tube joint load capability | Factor of safety of 3 for normal 7.0
3 times normal Ap (4380 psi) operating conditions and 1.4 for
and 1.4 times steam line break | accident. I
Ap (3990 psi) even for a severed
tube.
. Sleeve/tube joint load/ No degradation of leak limiting 7.0
deflection capability sufficient | or structural load capability for JP
for thermal expansion effects worst case thermal expansion
with non- severed or severed cycles.
tube even if tube locked within
tube supports.
. Pressurization of annulus Prevention of repair sleeve 7.0
between repair sleeve and tube | failure based on tests. I\
does not collapse sleeve during
LOCA (1198 psi) :
. Exposure of repair sleeve-tube | Demonstrate by corrosion 6.0
assembly to various primary testing and experience that
and secondary chemistries repair sleeve-tube assembly
without loss of functional corrosion resistance is adequate
integrity. I
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TABLE 3-1 (Continued)

SLEEVING CRITERIA
Criterion Approach Results Reference
Section
6. Non-destructive exam of tube Periodic exams of tubes and 5.0
and sleeve pressure boundary | repair sleeves are required to
with levels of detectability verify structural adequacy. Plug
sufficient to show structural sleeved tube for any real
adequacy. degradation, irrespective of
indicated penetration. Ak
7. Repair sleeve installation to Allowable leakage established 7.0
satisfactorily limit leakage in by user per technical
any direction and under normal | specification and other
and accident conditions. requirements (site boundary
dose). Number of installed
sleeves limited as needed with
suitable margin assuming all
sleeved tubes have through wall
leakage paths.
]b
8. Repair sleeve installation effect | Allowable reduction in reactor 10.0
on system flow rate or heat coolant flow rate limited by user
transfer capability of the steam | per technical specifications.
generator is acceptable. Number of installed sleeves
limited as needed. Steam
pressure reduction due to
reduced heat transfer to be I
limited by user based on

commercial considerations.
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4.0

4.1

4.2

DESIGN DESCRIPTION OF SLEEVES AND INSTALLATION EQUIPMENT

SLEEVE DESIGN DESCRIPTION

The sleeve for defects at the top of the tubesheet, called a transition zone (TZ) sleeve, is
shown in Figure 4-1. The sleeve for defects at tube support plates or egg crates, called
a tube support (TS) sleeve, is shown in Figure 4-2. These Alloy 800 sleeves have a
nominal outside diameter of | 1" ° and a minimum wall thickness of [

1*°. Each sleeve type includes a chamfer at both ends to provide a lead in for
equipment used to install the sleeve and to facilitate the inspection of the parent tube
and sleeve. The TZ sleeve is [ 1" € long while the TS sleeve is [

1%€long. [

J* €. The TZ sleeve includes nickel band and a thermally sprayed nickel alloy
band at the lower end. The nickel band improves sealing of the sleeve when it is rolled
into the tube and the thermally sprayed nickel alloy band, which results in a rough
surface, enhances the strength of the rolled mechanical joint. Based on the flow loss
analysis detailed in Section 10, either sleeve type may be used in a steam generator
tube. The flow loss analyses addressed up to two tube support sleeves in a steam
generator tube and the combination of up to two TS sleeves and one TZ sleeve in the
same tube.

SLEEVE MATERIAL SELECTION

The Alloy 800 tubing, from which the sleeves are fabricated, is procured to the
requirements of the ASME B&PV Code Section II, Part B, SB-163, NiFeCr Alloy UNS
N08800, and Section III, Subsection NB-2000. Additional requirements, as stated in
the material specification (Reference 4.7.1), are applied including a limit on |

]*°. Other
elements, [ 1> € are also more tightly controlled
within the ASME specification limits. The final annealing temperature is specified as

[
68°F.

] . The yield strength is specified to be between [ 1*°¢at

The selection criteria for the sleeve material were its [

J*© and its excellent corrosion resistance in both primary side
and faulted secondary PWR environments (Reference 4.7.2). Westinghouse’s
justification for selection of this material and condition is based on the data discussed
in Section 6.
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4.3

The following typical high temperature data has been used to assess the response of the

sleeve/tube assembly under severe accident conditions.

Alloy 600 Alloy 800
Temperature Yield Ultimate Yield Ultimate
(°F) Strength Strength Strength Strength
(ksi) (ksi) (ksi) (ksi)
R.T. Min 35 80 30 75
1200 25.6 544 20.7 45.2
1500 12.8 234 10.7 213
SLEEVE-TUBE ASSEMBLY

The installed sleeve is shown in Figure 4-3 for a transition zone repair and in Figure 4-
4 for a repair at a tube support. The [ ]1*° inch long sleeve spans the defective
region of the steam generator tube at the top of the tubesheet in the Transition Zone
(TZ). [

]a, c

The sleeve installed at a Tube Support (TS) elevation or in a free span section of the
steam generator tube is [ J*€ inches long. [

I

A plant specific document specifies the allowable locations of tube ECT indications in
order to perform a successful sleeve installation. This criterion is utilized to determine
whether a tube is an acceptable sleeving candidate. Indications outside of the
acceptable locations would not be sleeved.

Page 4-2
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A sleeve installed in a steam generator tube, which does not meet the minimum
requirements, details of which are discussed in Section 9.0, may be re-rolled, for the
rolted joint, or re-expanded for the hydraulic expansion.

44  PLUGGING OF A DEFECTIVE SLEEVED TUBE

In the unlikely event that a sleeved steam generator tube is found to have an
unacceptable defect in the pressure boundary portion of the tube or sleeve, the steam
generator tube can be taken out of service by installing standard, site approved
mechanical or welded plugs at both ends of the tube. Additionally, should either of the
joints not attain the required expansion/torque ranges within the number of allowed re-
applications, not be positioned at the proper elevation, or have the required expansion
spacing, the sleeve installation would be considered unacceptable and the tube plugged
in accordance with installation procedures.

4.5  SLEEVE INSTALLATION EQUIPMENT

The equipment used for remote installation of sleeves in a steam generator is made up
of the following basic systems. These systems are:

1. Remote Controlled Manipulator

2. Tool Delivery Equipment

3. Tube Conditioning Equipment

4. Sleeve Expansion Equipment

5. Sleeve Rolling Equipment

6. Nondestructive Examination Equipment

These systems, when used together, allow installation of the sleeves without entering
the steam generator, hence reducing personnel exposure to radiation.

The tooling and methods described in the following sections represent the present
technology for leak limiting sleeve installation. As technological advances are made in
sleeve installation to improve the installation rate and/or decrease the personnel
exposure, the new tooling and/or processes may be utilized after they have been
laboratory-verified to provide improved sleeve installation methods.

4.5.1 Remote Controlled Manipulator

The remote controlled manipulator serves as a transport vehicle for inspection or repair
equipment inside a steam generator primary head. These sleeves can be delivered off
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4.5.2

of a multitude of different manipulators, including the Genesis, ROSA and Roger
manipulator systems.

The Genesis and Roger systems utilize a leg installed between the tubesheet and the
bottom of the primary head, while the ROSA system utilizes a tubesheet mounted base
plate. Each system has an arm configuration with a varying number of joints. These
joints provide the degrees of freedom required for delivery of the tooling to the steam
generator tube. Each arm is moved independently with position controlled electric
motors. The arm allows motion for tool alignment in both square pitch and triangular
pitch tube arrays. Computer control of the manipulator allows the operator to move
and position sleeving tools accurately below the steam generator tube to be sleeved.

Tool Delivery Equipment

The purpose of the tool delivery equipment is to support and vertically position the
various tools required for the sleeving operations. The tool delivery system consists of
two major components; a probe pusher located outside the steam generator and a guide
conduit extending from the probe pusher to the adapter on the robotic arm.

The probe pusher is a Zetec 10-D or similarly configured drive wheel system. The
probe pusher is located outside the steam generator, adjacent to the manway. The guide
conduit extends from the probe pusher to the adapter block located on the manipulator.
The adapter block includes a fitting for mounting on the manipulator. Two pins
extending above the adapter block are used to align the guide conduit relative to
adjacent tube locations.

A remotely actuated sleeve loader may be used in conjunction with the probe pusher
delivery system. The sleeve loader consists of a magazine mounted on an actuator
which positions a single sleeve for insertion into the steam generator.

Alternate Sleeve Delivery Equipment

As an alternate to the probe pusher delivery system, a tool driver mounted directly on
the robotic arm can deliver the sleeves.

The tool driver is attached to the end of the manipulator arm by a fitting and lock
mechanism. The tool driver includes two sets of gripper wheels that work in
conjunction with one another to insert or withdraw the tool. The drive grippers are
powered by electric motors to insert and remove.the various sleeving tools and the
sleeve into the steam generator tube. Vertical positioning of the tool is accomplished
by using hardstops and/or visual references that are verified by using a small camera
located on the tool driver.
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4.5.3 Tube Conditioning Eguigment

Prior to sleeve installation, the steam generator tube L.D. is mechanically conditioned
with a high speed buffing tool. This operation is performed using a tool similar to that
shown in Figure 4-5. An air motor rotates the tool head as it is inserted into the bottom
of the tube. The buffing tool removes raised material and some of the oxide, and
prepares the sealing surface of the tube in the areas of the hydraulic expansions for the
sleeve. Based upon current testing and evaluation, this process step may be eliminated
in the future when a sufficient confidence level is developed.

An evaluation of field experience involving visual examination of over 600 conditioned
tubes, in four different plants, indicated that process control, in the form of normal in-
process instructions and quality assurance surveillance, is sufficient to ensure
acceptable conditioning of the tube I.D. No axial scratches, loose particles, or other
detrimental conditions were identified during these inspections.

4.5.4 Sleeve Positioning/Expansion Equipment

The sleeve expansion equipment is used to provide the required structural fit-up of the
sleeve at the upper end, for a TZ, and at both the upper and lower joints for a TS
location. The expansion of the sleeve is performed with a tool that makes [three of the
six expansions]™ © simultaneously. The expansion tool is then repositioned for the
remaining | ]*° in an expansion joint.

The minimum distance between expansion joints for a [ ] © inch TS sleeve which
must span a tube defect based on Figure 4-4 is [ ]™ © inches. This will adequately
cover a maximum tube defect axial length of [ ] © inches, considering the sleeve
elevation tolerance of [ J* © inches. This span will also adequately cover the
uncertainty in the elevation of the tube support plate or eggcrate support.

The sleeve is located on the sleeve expansion tool by a sleeve hardstop approximately
the same O.D. as the sleeve. The expansion tool functions to guide the sleeve into the
tube and install the sleeve to the selected elevation within the steam generator tube.
For both the TZ and TS sleeves a tool hardstop on the sleeve expansion tool, which
contacts the tube end is provided for proper sleeve vertical positioning within the steam
generator tube. Once the sleeve is at the proper elevation within the steam generator
tube, it is hydraulically expanded.

The expansion tool, shown in Figure 4-6, consists of a mandrel and a bladder. The
bladder contains the water that is used as the pressurization fluid. The expansion tool
simultaneously performs [ 1™ © per expanded joint. The
expansion tool is then repositioned within the sleeve [
1 ©. For a sleeve at a TZ elevation, the expansion tool is [
1" ©. For a sleeve at a TS elevation, the expansion tool is [
1" °. The sleeve is located on the expansion tool prior to insertion in the steam
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4.5.5

generator tube. A low pressure hold is applied to the bladder to secure the sleeve on
the expansion tool without distortion of the sleeve. When the sleeve is in position
within the tube, the hydraulic expansion tool is pressurized, expanding the bladder
directly against the inside diameter of the sleeve causing expansion of the sleeve.

A sleeve not meeting the minimum criteria for hydraulic expansion may be re-
expanded. Re-expansion would be required only if inadequate volume is injected into
the bladder and applied to the sleeve/tube assembly. Operator error is eliminated by
use of the repair software loaded on the workstation for parameter control. There is no
operator control of the process, other than to terminate it. Only a malfunction in the
system such as a loss of power, burst expansion bladder, leaking fittings, or other
equipment failure would produce such a result. Pre-operational equipment calibration,
functional checks, and periodic bladder replacement are included in the installation
process procedures to minimize these events. Should an acceptable joint not be
obtained after the allowed number of re-expansions, the tube would be plugged.
Verification of this process is discussed in Section 9.3.2.

Sleeve Rolling Equipment

The sleeve rolling equipment is used to expand the lower end of the TZ sleeve into
contact with the steam generator tube within the tubesheet, forming a strong leak tight
joint. The rolling tool is positioned within the steam generator tube by the manipulator.
The rolling equipment consists of the air motor, the sleeve expander, torque readout,
computer control and a torque calibration unit. The sleeve expander includes a
shoulder which supports the bottom edge of the sleeve during the sleeve rolling
process. The approximately [

1*° on the lower end of
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4.5.6

4.6

the TZ sleeve. The sleeve is expanded to a torque Iwhich has been demonstrated by
testing to provide a leak tight joint. A record of the rolling tool torque is taken by the
computer for further evaluation of the rolling process for individual sleeves. A rolled
joint that fails to meet the minimum torque criteria may be re-rolled. Such a failure
almost always results from a loss of air pressure to the tool or, less frequently, from
equipment damage. Pre-operational equipment calibration and functional checks, are
included in the installation process procedures to minimize these events. Should an
acceptable roll not be obtained after the allowed number of re-rolls, the tube would be
plugged. Experience with this process has shown re-rolling to be required in less than
one-half of one percent of the cases. Verification of this process is discussed in Section
9.4

The roll expander (Figure 4-7) used to hard roll the sleeve within the tubesheet has an
effective length of approximately [ J*©. The shoulder on the roll expander
stops against the bottom of the sleeve during the rolling process. The sleeve is then
rolled two times to a torque that results in a [ 1" ¢ sleeve wall reduction. This
wall thinning is sufficient for leak/load requirements as well as providing adequate
resistance for future corrosion cracking. The sleeve roller design and the rolling
process are essentially a duplicate of those used for Westinghouse’s welded sleeve and
mechanical plug installations. This process does not include hydrostatic expansion of
the sleeve before roll expansion.

Nondestructive Examination

As described in Section 5, the "+" point rotating probe will be used to perform an initial
eddy current test (ET) acceptance and baseline inspection of 100% of the installed
sleeves. Other eddy current coils and/or methods will be considered for any
complementary inspection capability they may provide. The ET fixture, with conduit,
is used on the manipulator arm to position the probe.

ALARA CONSIDERATIONS

The steam generator repair operation is designed to minimize personnel exposure
during installation of sleeves. The manipulator is installed from the manway without
entering the steam generator. It is operated remotely from a control station outside the
containment building. The positioning accuracy of the manipulator is such that it can
be remotely positioned without having to install templates in the steam generator.

The sleeve delivery system allows the sleeve to be positioned on the expansion tool
outside the steam generator and away from the manway. The expansion tool and sleeve
are then delivered into the steam generator remotely through the guide conduit, further
reducing the number of operations performed in the manway. The conduit adapter is
designed so that the fitting quickly attaches to the manipulator.

The tools are simple in design and the majority of the sleeving operations are
performed remotely. Spare tools are provided so that tool repair at the manway is not
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4.7

4.7.1

4.7.2

required. If tool repair is necessary, the tool is removed and the sleeving operation
continues using a spare tool. The tool may or may not be repaired during the outage
but repair is performed in an area which does not result in significant radiation
exposure.

Air, water and electrical supply lines for the tooling are designed and maintained so
that they do not become entangled during operation. This minimizes personnel
exposure outside the steam generator. All equipment is operated from outside
containment.

Installation of the Alloy 800 sleeve is also expected to reduce personnel exposure over
that required to plug a steam generator tube. The operations required to install an Alloy
800 sleeve are similar to those required to install a plug in a steam generator tube. The
Alloy 800 sleeving operations, however, are performed in one channel head, saving the
exposure associated with the plugging operations in the second plenum.

In summary, the steam generator operation is designed to minimize personnel exposure
and is in full compliance with ALARA standards.

REFERENCES TO SECTION 4.0

Purchasing Specification for Alloy 800 Tubing, Specification No. 00000-OSW-020,
Latest Revision.

Corrosion Resistance of SG Tubing Material, Incoloy 800 mod. and Inconel 690 TT, by
R. Kilian, N. Wieling, and L. Stieding, from Werkstoffe und Korrosion 42, pp. 490-496
(1991).
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FIGURE 4-1
LEAK LIMITING TZ SLEEVE
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FIGURE 4-2
LEAK LIMITING TS SLEEVE
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FIGURE 4-3
LEAK LIMITING TZ SLEEVE INSTALLATION
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FIGURE 4-4
LEAK LIMITING TS SLEEVE INSTALLATION
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FIGURE 4-5
TUBE CONDITIONING TOOL
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FIGURE 4-6
SLEEVE EXPANSION TOOL
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FIGURE 4-7
SLEEVE ROLLING TOOL
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5.0

5.1

b

SLEEVE EXAMINATION PROGRAM

BACKGROUND

The sleeve examination program entails a) candidate tube pre-installation examination,
b) process verification, and c) post-installation baseline and subsequent in-service
inspection.

A prerequisite for sleeve installation is that no detectable degradation be present in the
parent tube at the location of the hydraulic or roll expansions. Therefore, eddy current
examination of candidate tubes in these areas is required prior to establishing the final
list of tubes to be sleeved. Requirements for this inspection are contained in
Westinghouse procedures and guidelines.

In addition, there will be an inspection process for the dual purposes of process
verification for individual steps as well as confirmation of the pressure boundary
integrity. Eddy current inspection methods will be used for this purpose.

For procéss verification, the following inspections will be performed for all sleeves at
all locations until sufficient confidence is developed to do otherwise:
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For baseline IS], all sleeves and tubes will be examined for the full length of the
pressure retaining part of the sleeve and the upper most and lower expansion transitions
for both the roll and hydraulically expanded joints within the tube. The inspection will
be performed using the “+” point coil rotating probe. Other coils and/or methods will
be considered for any complementary inspection capability they may provide.

In-service inspection of the sleeved tubes will be done as part of the periodic inspection
program of the steam generator tubing using eddy current testing techniques. The eddy
current test method is a technique whereby electrical currents are induced
electromagnetically from the test coil into the sleeves and parent tube material. The
electrical currents are interrupted or impeded by the presence of flaws in the material
which results in a change in the test coil impedance. This impedance change is
processed and displayed’ on the test instrument to indicate the presence of a flaw.
During the installation, all sleeves will be examined. A sampling program consistent
with inspection requirements will be used for subsequent examinations. The ISI
inspection will be performed using the "+" point coil rotating probe. Other coils and/or
methods will be considered for any complementary inspection capability they may
provide. The inspection method qualified has been used in several operating steam
generators in the U.S. and overseas for both the initial installation acceptance and the
subsequent inservice inspection. Over 7000 sleeves have been installed and inspected
at this writing.

The objective of the installation examination is to establish ISI baseline data and initial
installation acceptance data on the primary pressure boundary of the sleeve-steam
generator tube assembly. The eddy current inspection method used has a documented
qualification, Reference 5.3.1, in accordance with Appendix H of the EPRI PWR
Steam Generator Examination Guidelines, Revision 5, dated September, 1997. The
essential variables specified in the Appendix H portion are documented and will be
used in the field procedures. Also, an analysis procedure for interpreting data has been
written and used for field inspections. All data analysts are required to review the
Appendix H report and analysis guidelines prior to performing any data analysis. EPRI
Appendix H guidelines specify that adequate flaw detection capability be demonstrated
for flaws > 60% throughwall. For the purpose of this sleeve inspection qualification,
this value was reduced to >50% throughwall for the parent tube and >45% for the
sleeve in order to provide an operational margin between the detection limit and the
structural limit for defect growth. For sleeves with minimum wall thickness, the
structurally limiting flaw depth per Regulatory Guide 1.121, calculated using a
conservative crack configuration model (Section 8.2), is 48%, and for the tube the limit
is greater than 60%. A sufficient number of flaw samples has been used to demonstrate
that the statistical requirements for probability of detection are met.

Based upon Westinghouse’s experience with the installation of Alloy 800 and TIG
welded sleeves and the fact that Westinghouse has not established an ECT sizing error,
it has been Westinghouse’s recommendation and the plant owner’s decision to plug a
tube upon the detection of a defect in the pressure boundary portion of the sleeve.
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The method used for sleeving inspections has been to establish detection capability
with an operational margin relative to structurally limiting flaws and to plug flaws upon
detection. Accordingly, no attempt was made to size flaws or to leave detected flaws in
service at this time. By this approach, the sizing accuracy does not need to be
quantified. If future developments provide a qualified flaw sizing technique, an
updated Appendix H qualification report will be submitted.

The pressure boundary for a TZ sleeve-tube assembly is considered to be: a) the entire
sleeve except for the portion above the [ ]* © hydraulic expansions, b) the steam
generator tube above the hydraulic expansions and below the rolled joint and c) the
steam generator tube behind the hydraulic expansion joint and rolled joint regions. The
pressure boundary for a TS sleeve-tube assembly is considered to be: a) the sleeve from
the lower of the [ ]*° expansions in the lower joint to and including the upper of the
[ J*° expansions for the upper joint, b) the steam generator tube above the upper
expansion joint and below the lower expansion joint and c) the steam generator tube
behind the hydraulic expansion joint region.

Consequently, there are four distinct regions of the pressure boundary, as shown in
Figures 5-1 and 5-2, that have been addressed in the Appendix H qualification report:

1) The sleeve-tube assembly at the mechanical joint region (either expansion or
roll expansion transition).

2) The sleeve between and including the upper joints and lower joints (either
expansion or rolled depending on sleeve type).
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3) The pressure boundary region of the steam generator tube behind sleeve.

4) The unsleeved region of the steam generator tube.

Although the presence of the parent tube is required to complete the tube to sleeve
hardroll joint, any postulated degradation of the tube behind the nickel band is judged
not to adversely affect the ability of the joint to perform its intended design function,
based on observations of parent tube degradation in Westinghouse Model D or
Combustion Engineering steam generators. It is considered that the tube in this region
is not required to meet tube pressure boundary inspection criteria and therefore no
flaws were generated at this location during the qualification program.

The tooling and methods described in this section represent the present technology for
leak limiting sleeve inspection. As technological advances are made in NDE methods
for sleeve inspection, the new equipment and/or processes may be utilized after they
have been qualified to provide improved sleeve inspection.

52 SLEEVE/TUBE SAMPLES

Samples with the sleeve-tube configuration were made for the qualification testing
effort. The qualification test program was performed in accordance with 10 CFR 50,
Appendix B. Each of the samples was a configuration that represents the material,
dimensions and geometries of the as-installed sleeves. Qualification was performed on
the probable flaw orientation as required by Appendix H. Samples were fabricated
with axially and/or circumferentially oriented notches in both components representing
flaws at each of the transitions and hydraulic expansion zones. Corrosion testing of
sleeve/tube samples as well as industry experience to date indicate that in the event
cracking did occur it would be oriented in these directions. In addition, sleeve and tube
flaws in the pressure boundary away from the expansion regions were included in the
sample set. Tooling representative of the field equipment was used to assemble the
samples.

In addition to the samples with EDM notches, a limited number of samples with
corrosion cracking in the parent tube were also included in the overall program. These
tube samples included sixteen (16) sleeve/tube assemblies containing laboratory grown
IGSCC in the parent tube behind the sleeve, as well as a pulled tube from an operating
steam generator in Europe

5.3  REFERENCES TO SECTION 5.0

5.3.1 EPRI Steam Generator Examination Guidelines Appendix H Qualification for Eddy
Current Plus-Point Probe Examination of ABB CE I-800 Mechanical Sleeves, ABB
CENO Report No. 97-TR-FSW-019P, Rev. 00.
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FIGURE 5-1
TZ SLEEVE PRESSURE BOUNDARY DESCRIPTION
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FIGURE 5-2
TS SLEEVE PRESSURE BOUNDARY DESCRIPTION
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6.0

6.1

6.2

6.2.1

ALLOY 800 SLEEVE CORROSION PERFORMANCE

The corrosion assessment of the Alloy 800 sleeve is based on the following experiences
and test programs:

s The long term service performance of Alloy 800 steam generator tubes and rolled
tube plugs in operating steam generators

e Laboratory corrosion tests on full scale mock-ups of the Alloy 800 sleeve/Alloy 600
tube configuration

o Westinghouse’s welded sleeve corrosion program
o Correlation of operating experience with these tests

Alloy 800 has been successfully used as a steam generator tube and plug material in a
number of units located primarily in western European countries. Some of these units
have operated with hot leg temperatures as high as 618°F. This data, in addition to
evaluations by Westinghouse and others have indicated that Alloy 800 is a viable
sleeve material for domestic steam generator applications. As is the case with many
steam generator tube repair methods, the principal issue is whether the repair itself will
create conditions that will lead to future failures of the susceptible Alloy 600 tubing.
The Alloy 800 mechanical sleeve installation is specifically designed to address this
issue by imparting the minimum amount of residual stress in the parent tube consistent
with a very low leak rate. In so doing, the potential for future tube failures is
minimized.

SUMMARY AND CONCLUSIONS

The Alloy 800 sleeve provides corrosion resistance under anticipated design and fault
primary and secondary environments without increasing the potential for future
corrosion induced failures of the pressure boundary section of the original tube. This
conclusion is based on laboratory data and operating experience for both Alloy 800 and
Alloy 600 steam generator tubing and is verified by corrosion tests conducted by
Westinghouse.

LABORATORY DATA AND OPERATING EXPERIENCE

Primary Side Performance

The principal concern with a sleeve joint on the primary side is the potential for
primary water stress corrosion cracking (PWSCC) as a result of the stresses imparted to
the tube due to the sleeve installation. PWSCC of the Alloy 800 sleeve is not a
principal concern because of excellent performance of Alloy 800 steam generator tubes
during extensive operating experience as well as past test results. The corrosion
resistance of the sleeve/tube joint will be governed by three elements: (1) the chemical
and metallurgical conditions of the sleeve and tube material, (2) the water chemistry
within the sleeve/tube crevice, and (3) the stresses (residual from sleeve installation
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plus operating) and strains associated with the sleeve/tube mechanical joint. The
mechanical joint will not affect the chemical composition of either the tube or sleeve
and will result in only a mildly cold worked condition in either material. Some oxygen
will initially be present within the sleeve/tube crevice, however, any tendency to trap
oxygen will be reduced with this design because of joint leakage at lower temperatures.
Based on this, oxygen-rich crevice conditions are not considered to last long enough
after startup to be of concern. Experience with Alloy 800 tubes in European steam
generators, as well as testing described herein, indicates Alloy 800 exhibits excellent
corrosion resistance under both primary and secondary nominal and fault environments.
Further, examination of in-service sleeved tubes with similar crevices, although of the
welded Alloy 690 design, have not shown any corrosion attack associated with crevice
deposits. Thus, the long term corrosion resistance of the sleeve/tube joint will depend
primarily on the local stress and strain level which will be determined by the plastic
deformation in the region of the joint.

Alloy 800 has seen considerable usage under PWR conditions without experiencing
primary or secondary side stress corrosion cracking. As described in Reference 6.4.1,
this experience is based on over two hundred thousand tubes in service for up to
nineteen years with only minimal tube failures. This resistance is due to the alloy’s
chemical composition and heat treatment. In particular, the excellent performance of
Alloy 800 in previously installed sleeves (see Section 9.0), hydraulically expanded tube
to tubesheet joints and rolled blind steam generator tube plugs (similar to the Alloy 690
plugs employed by Westinghouse) have provided significant primary side experience at
strain levels equal to or greater than those experienced during installation of this sleeve.
For this reason the Alloy 800 sleeve is not considered to be the limiting component of
the assembly.

An initial assessment of the Alloy 800 sleeve corrosion performance can be made by
comparing the level of plastic deformation in the sleeve joint with that typically present
at the top of the tubesheet in the steam generators. Whereas the strain in the tube due
to sleeve installationisupto[  ]™°, tube expansions in the tubesheet are up to 1.5%
strain over a comparable | ]* °® length. As such, it can be expected that the
sleeve joint would have a longer life than the original tube to tubesheet expansion zone.

In some plants, such as ANO-2 and Calvert Cliffs 2, the tubing has not demonstrated
significant PWSCC at the mechanically expanded tubesheet transition zone. For
example, examinations of tubes removed from ANO-2 (total of 10 tubes) confirmed
that the mode of degradation of the Alloy 600 tubes has been O.D. initiated
intergranular stress corrosion cracking (IGSCC) and/or intergranular attack (IGA)
(References 6.4.2, 6.4.3, and 6.4.4). Only where severe plastic deformation has
occurred, as in the case of kinetically expanded sleeves at ANO-2, has any PWSCC
been indicated. In these cases, it can be argued that since the sleeve imparts less strain
into the tube than the tube has experienced at the tubesheet, the sleeve joint would be
expected to have a life greater than that of the original tube. Even in cases where
PWSCC has been experienced, the resulting sleeve joint life would be expected to be
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no less than the original tube life. This conclusion would be applicable to either
Westinghouse or Combustion Engineering designed steam generators.

6.2.2 Secondary Side Performance

In addition to the experience and laboratory data described in Reference 6.4.1,
Westinghouse has evaluated Alloy 800 under model boiler conditions. In only one out
of three boilers, run with as much as 30 ppm chloride in the secondary side bulk water,
was any corrosion, in the form of modest pitting and shallow intergranular attack
observed (Ref. 6.4.5). Additionally, a fourth model run with sulfate fault secondary
chemistry found some wastage but no stress corrosion cracking (Ref. 6.4.6). Based on
this data, the Alloy 800 sleeve is considered to be sufficiently resistant to potential fault
chemistries to maintain its integrity in the event through wall penetrations are produced
in the parent tube.

As stated in Section 6.2.1, for some plants the mode of degradation of the Alloy 600
tubes has been O.D. initiated intergranular stress corrosion cracking (IGSCC) and/or
intergranular attack (IGA). This has been the case for circumferentially oriented
degradation in the tubesheet expansion transitions and for axially oriented degradation
at tube support locations. The destructive examinations of over 20 removed tubes from
ANO-2 and Calvert Cliffs 2 have revealed only one tube with primary side initiated
stress corrosion cracking (PWSCC). The general lack of PWSCC to date at these plants
indicates that the probability of having PWSCC is low and that the potential
degradation of concem is O.D. initiated IGA or IGSCC.

In order to minimize the possibility of tube corrosion attack at the upper mechanical

“joints, the length and positioning of the sleeve.have been designed such that the
mechanical joints are located above the sludge pile and above and below the tube
support elevation. Under these circumstances the potential for fault species to
concentrate and cause stress corrosion failures is minimized. Nevertheless, as in the
case of primary side performance, the strains and applied stresses associated with these
joints are less than those experienced by the tube to tubesheet expansion joint and as
such would be expected to provide lifetimes at least as great as this section of the tube.

6.2.3 Overall Performance and Experience

The sleeve/tube corrosion performance, including the mechanical joint area, is expected
to be acceptable based on the following:

. Plus point inspections after more than one fuel cycle at KORI 2 and Tihange 3
indicated no degradation of the sleeve or tube hydraulic expansion area. Some
of these sleeve installations involved tube expansions resulting in higher strains
(up to 2.5%) than the current design.

. At ANO-2, many RPC eddy current examinations at the expansion transition at
the top of the tubesheet have been performed over many fuel cycles. No
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6.3

6.3.1

substantial degradation has been found provided the tube location was not
within the sludge pile. Since the Alloy 800 tube sleeve joint will be above the
sludge pile and since tube strain for the joint will be on the order of 10% of that
of an expansion transition, satisfactory tube service is expected with this design.

. Although temperatures are lower, the U-bend region of the tubes at ANO-2 and
Calvert Cliffs 1 and 2 provides another base of comparison which indicates
good expected tube performance with the Alloy 800 sleeve design. Here, tube
strain levels about 100 times that for the subject tube repair have been in service
for many fuel cycles with satisfactory corrosion performance.

SLEEVE/TUBE ASSEMBLY CORROSION TESTS

European-Based Corrosion Tests

Since late 1995, Westinghouse Reaktor has prepared sleeve/tube test assemblies for
corrosion tests performed by Laborelec Laboratories in preparation for Alloy 800
sleeve installation at Tihange 2 and 3. Two sets of tests were performed. The first set,
using archive tubing from Tihange 3, was performed for a pre-established time in order
to verify a minimum sleeved tube life. The second set, using SCC susceptible tubing,
was conducted until such time as all the sleeved tubes had cracked.

The sleeved specimens were prepared with tube diametrical expansions of up to
[ I’. In addition, reference roll transition assemblies, prepared from the same
tubing, were expanded to the original generators’ design configuration (approximately
2.5% with 4% wall reduction).

All assemblies were pressurized to a differential pressure of 1300 psi at 660°F with
deaerated 10% sodium hydroxide as the I.D. test environment.

The goal of the Tihange 3 Alloy 800 sleeving program was to keep the steam
generators in service for three cycles until replacement units were available. Inasmuch
as the roll transitions had begun to crack after one cycle of operation, the goal of the
corrosion program was for the time to failure of the sleeved assemblies to be at least
three times as long as that for the reference roll transition specimens.

The four reference roll transition specimens failed after [

1. Based on this value, the goal of the
sleeved specimens was a time tg failure of greater than [ 1°. The three sleeved
assemblies maintained pressure throughout the test and the test was stopped after [

]b of operation. No cracks were observed in the parent tube expansion transitions
of these specimens.
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6.3.2

6.3.3

In the case of Tihange 2, a more long term goal was desired thus requiring an
assessment of the total lifetime of the sleeved tube. Two roll expansion reference
samples exhibited through wall cracking in [
1°. Nine sleeved samples were also tested and exhibited lifetimes of [
1° representing an increased life of |
]b times that of the roll transition.

Welded Sleeve Corrosion Tests

Westinghouse conducted a similar corrosion test in support of welded sleeve
installation in Westinghouse “D” Series steam generators. The purpose of the test was
to determine the approximate life of the sleeve/tube joint in the as-welded and the post
weld heat treated conditions. The sleeved tube specimens were prepared using EPRI-
supplied PWSCC susceptible Alloy 600 tubing. All eight samples were expanded to a
tube diametrical expansion of [ 1° and welded using standard welding
parameters. Four samples were then post weld heat treated. Additionally, a series of c-
rings were prepared for stress determination. The assemblies were pressurized to a
differential pressure of 2250 psi at 660°F with deaerated 10% sodium hydroxide.

The as-welded specimens failed at an average time of [ ]b, while the PWHT
specimens failed at an average time of [ 1> All cracks occurred in the [

]1° Experience has shown that
the roll transition region in “D” Series tubes begins to crack after two cycles of
operation. Using this data, as well as relationships developed for time to failure for
pure water stress corrosion cracking of Alloy 600, it was determined that the as-welded
joint life was

I

Confirmatory Alloy 800 Tests

In order to verify the assessments described earlier, accelerated corrosion tests were
conducted with full length sleeved tube assemblies (Figure 6-1). This set of tests was
performed with the goal of verifying the viability of the installed Alloy 800 sleeve in a
caustic environment, as well as confirming the joint performance under aggressive
conditions. These assemblies were fabricated with tube expansions ranging from the
nominal value of [ P’ to the maximum value of [ 1%, duplicating the
anticipated range of expansions for sleeve installation.

This configuration was used to test both primary and secondary side response in
accelerated environments. In the primary side case, the sleeve/tube assembly was
pressurized on the ID. to a differential pressure of approximately 1600 psi with
deaerated 10% sodium hydroxide at 660°F.

For the secondary side tests, the O.D. environment consists of deaerated 10% sodium
hydroxide at 660°F. In this case, the samples are immersed in an autoclave and
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6.3.4

pressurized, with deionized water, to a differential pressure of 1600 psi. C-ring samples
stressed to various levels were also included in the secondary side test capsules.

It is considered that these samples represent the worst case scenario for tubes that are
either locked or that are free to move at the tube supports. This conclusion is based on
the stresses measured in the installation stress assessment described in Section 7.4 and
the operating stresses described in Section 8. In the case of the corrosion samples, the
higher pressure stresses resulting from the higher test temperature and the capped tube
end, produce a higher applied axial tensile stress in that section than would be
experienced by the in-service sleeved tube.

The assemblies were monitored on a continual basis in order to determine whether or
not the assemblies maintained pressure. Loss of pressure would indicate a through wall
crack in the parent tube or a test fixture problem and would require the test to be
interrupted for inspection. The autoclaves containing the test assemblies were removed
from service at various junctures in order to visually inspect the assemblies.

The primary side tests, which had average tube expansions of | 15, were
exposed for over | 1° with no leakage as defined by loss of pressure. Two of
the three assemblies developed [

1
The secondary side tests, which had average tube expansions of [ T,
were exposed for over | 1°, with two assemblies being exposed for [

1%, respectively. One of the assemblies developed a [
]b during the test, while the other three maintained pressure until shutdown.

The Alloy 800 sleeves showed no signs of cracking in both the primary and secondary
side tests.

Discussion

The corrosion tests performed on various Alloy 800 sleeve and tube configurations, in
conjunction with operating experience, indicate that the Alloy 800 sleeve is a viable
repair methodology for use in steam generators with degraded Alloy 600 tubing.

The results of the welded sleeve corrosion tests performed by Westinghouse indicate
that weld joints in the as-welded condition will have a service life, as a minimum, of
[ 1° times the time to failure of the roll transition regions of the parent tube.
Removal of an as-welded sleeved tube from Prairie Island after [ 1" € of
service revealed no evidence of weld joint degradation. This field data tends to
confirm the test results of the program if only on a preliminary basis. This data is .
applicable to the Alloy 800 program for the following reasons. The corrosion tests
were performed in a similar manner for both programs. The expansions placed in the
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tube for the two types of sleeves are similar, with the expansions of a larger diameter
imparted on the welded sleeved tube. Even with this larger diameter expansion, the

[

1. To reiterate, this would be the equivalent of 2.5
times the time to failure of the parent steam generator tubes,

The final set of confirmatory tests performed by Westinghouse support the previous
data generated, as well as the field experience. The samples accumulated I
times the exposure time of the Westinghouse Reaktor samples and [ 1° times the
exposure time of the as-welded samples while maintaining pressure and not exhibiting
any leakage. The Alloy 800 exhibited no degradation, confirming both field experience
and previous corrosion tests performed on the alloy during its development phase for
nuclear applications.

The results of corrosion tests performed for Westinghouse Reaktor indicate that the
installation of Alloy 800 sleeves in SCC tubing will result in a repair with a service life
many times the original roll transition life. '

The actual lifetime of sleeved tubes in a particular plant will depend specifically on the
tube condition, the failure mechanism and tube joint designs of that plant. As such, a
method which compares the ratio of failure times during the corrosion testing to that for
the life of the original tube is the most appropriate method for determining the potential
sleeved tube life. '

In order to evaluate the life of sleeved tubes, the Arrhenius relationship established for
stress corrosion cracking can be applied. Using this relationship, comparisons can be
made between the ratio of failure times for the roll transition baseline and the sleeved
tube, in the test environment and under primary coolant conditions.

Inasmuch as the NaOH tests were conducted under isothermal conditions for both the
roll transition and the sleeve mechanical joint, the temperature component of this
relationship is unity. As such, the determining factor with respect to life is the total
stress associated with the joints. Where tests conditions were controlled to apply the
.same differential pressure at temperature as is generally experienced in the steam
generator (9 Mpa / 1300 psi ), no correction to operating conditions is required. Sleeve
life can therefore be determined from the following relationship and the appropriate
value for n:

-n
Lsleeve O'sleeve
Lrolitrans O'rolltrans
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Where:

Lsleeve = Time to failure of the sleeved tube

trollrans = Time to failure of the original tube at the roll transition
Oileeve = Stress in the sleeved tube

Orollirans= Stress in the tube at the roll transition

n = Empirically determined exponent

The value of n, for caustic stress corrosion cracking has been given as 2.4 to 4 and as
4.0 to 4.2 for primary water stress corrosion cracking (PWSCC). (References 6.4.10
and 6.4.12)

Using the minimum times to failure in the caustic test:

-n b,
Lsleeve _ Csleeve _ BHe
Irolltrans Orolltrans . . )

A mean stress ratio can then be calculated as:

.. . . 8,be
[ 7]
Using this ratio with the exponent for PWSCC the stress component of the sleeve life
can be determined by:
[ ] a,b,c

A further adjustment to the roll transition life would then be made to compensate for
any temperature difference between the original and sleeved tube. Due to the insulating
effect provided by the sleeve, calculations have determined that the tube temperature
may be as much as 5 to10°C lower in the region of the sleeve joint as it was at the
original roll transition.
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Using the temperature dependent function of the Arrhenius relationship,

6.4

6.4.1

6.4.2

6.4.3

6.4.4

6.4.5

Isteeve e QT seen
trollirans e 2/ BT rotrans

Applying a value of Q equal to 50 Kcal/mole, a factor of 2 would be applied to the roll
transition life for every 10°C of temperature differential (Reference 6.4.10)

Therefore, for example in a plant which had experienced roll transition cracking after
two (2) years and in which the temperature differential was calculated to be 10°C; the
life of the sleeved tube would be estimated as:

[ ) ) _I a,b,c

Further margin may be applied to this calculation by considering the average time to
cracking. The ratio for the average time to cracking is approximately 70 percent greater
than that for the minimum times. This would result in additional margin of 2.5 times
that estimated.

An assessment of the corrosion testing performed results in the conclusion that Alloy
600 tubes repaired with the Alloy 800 sleeve can be expected to have a life
considerably longer than that of the original tube.
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FIGURE 6-1
SLEEVE CORROSION SPECIMEN
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7.0

7.1

7.2

MECHANICAL TESTS OF SLEEVED STEAM GENERATOR TUBES

SUMMARY AND CONCLUSIONS

Mechanical tests were performed on mockup steam generator tubes containing repair
sleeves to provide qualified test data describing the basic properties of the completed
assemblies. These tests determined axial load, collapse, burst, leak rates and thermal
cycling capability.

Table 7-1 summarizes the results of the mechanical testing performed on the repair
sleeve/tube assemblies. The demonstrated load capacity of the assemblies provides an
adequate safety factor for normal operating and postulated accident conditions. The
load capability of the upper and lower sleeve joints is sufficient to withstand thermally
induced stresses and displacements resulting from the temperature differential between
the repair sleeve and the steam generator tube and pressure induced stresses resulting
from normal operating and postulated accident conditions. The burst and collapse
pressures of the repair sleeve provide margin over limiting pressure differential.
Mechanical testing revealed that the installed repair sleeve will withstand the cyclical
loading resulting from power changes in the plant and other transients.

Table 7-2 summarizes the results of the leak testing performed for the tubesheet sleeves
at various test and operating conditions. Table 7-3 summarizes the leak test results for
the tube support sleeves under the same test conditions. The overall results of these
leak tests are that leak rates are sufficiently small so as to allow a large number of
sleeves to be installed, without exceeding typical plant allowable leak rates for either
accident or normal operating conditions. As described in Section 7.4, tests were
performed to determine the residual stresses in a steam generator tube resulting from
installation of a repair sleeve, where the steam generator tube is locked at the first tube
support. These stresses are well within yield stress and are expected to be acceptable
based on corrosion tests in Section 6.

To confirm the sleeve assembly capability to withstand thermal and mechanical cyclic
loads without degrading the strength or leak resistance of the expansion joint, thermal
and load cycling tests which considered the operating thermal gradient and maximum
expansion loads were performed. It was found that the leak rate was reduced after
operating condition cycles and no degradation in strength was'indicated.

MECHANICAL TESTS

The following mechanical tests were performed on the sleeve/tube assemblies:
leakage, axial load, load cycling, burst and collapse. Loads were applied per the design
requirements, or in the case of cyclic loading, until the number of cycles exceeded the
expected number of cycles for the original design life of the plant. Clean, unoxidized
repair sleeve and steam generator tube samples were used for all tests. [
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]. a C
Also, based on our experience, any oxide remaining on the inside of the tube after
conditioning is expected to have no effect on the structural capability or leak resistance
of the mechanical joint between the sleeve and tube. Therefore mechanical testing with
properly conditioned unoxidized tubes is sufficient to qualify the sleeve design. This
would not necessarily be true if a welded joint were used.

The steam generator tubes used for construction of the test assemblies all had a room
temperature yield strength of 49 ksi. The results of the tests performed on these
assemblies are contained in Tables 7-1 through 7-3. A finite element stress analysis
“described in Reference 7.6.7 was performed to determine the effect of different tube
yield strengths and different sleeve to tube radial gaps. The analysis considered tube
room temperature yield strengths from 35 ksi to 60 ksi. The contact stress at the
expansions after sleeve installation was shown to be greater when the tube yield stress
was higher. Depending on the gap size, the contact stress for the cases with the highest
tube yield stress ranged from 8.7 to 14.8 ksi compression, and for the lowest tube yield
stress the contact stress ranged from 6.3 to 7.8 ksi compression. In all cases the contact
stress increased significantly, (7.7 ksi on the average) at operating conditions. [

]a,c

1.»° Sufficient load capability margin is demonstrated in the tests to cover such an
extreme case. From this study it is judged that the tube yield stress variation
anticipated to be encountered in steam generators is not a dominant parameter in the
sleeve to tube leakage resistance and joint strength, provided that the extent of the tube
expansion is in the range of the values tested.

A series of leak and thermal cycle tests were performed to verify this analytical
prediction. Test samples were assembled with tubing having a room temperature yield
strength of 38-39 ksi. The results of this program are contained in Reference 7.6.9. All
samples met minimum joint strength requirements, and experienced leak rates similar
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7.2.1

to those found using nominal strength tubing.

With respect to the tube joint at severe accident conditions of high pressure (2500 pst)
and temperature (1200-1500°F), pressure tends to loosen the joint and temperature
tends to tighten it. As the temperature increases toward 1500°F, both the sleeve and
tube will yield at steam line break pressures. Because the sleeve material is specified to
have a low yield stress (30 ksi minimum, carefully controlled maximum), the sleeve
will yield at a lower temperature (or pressure) than the tube, thereby tending to tighten
the joint.

At 1500°F the ultimate stress of the sleeve material is comparable to that of the tube,
therefore the integrity of the sleeve repair is commensurate with the integrity of the
inservice steam generator tubes. Because of this, sleeving should have no impact on
the risk.

Axial Load and Pressure Tests
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7.2.2

significantly above the MSLB/FLB pressure of 2560 psi) corresponding to an axial load
of 1369 pounds of force. One specimen was loaded to 5075 psi ( an axial load of 1705
Ibs) to demonstrate the sleeve acceptability for higher differential pressures which
would result from secondary side pressures lower than 900 psi, e.g. 790 psi. The
displacement (maximum of six specimens) of the upper to lower section of the steam
generator tube at the axial load of 1369 pounds was .035 inches, and the displacement
due to the 1705 lbs was 0.102 inches, see Table 7-1. The maximum load on a severed
and locked tube according to Section 8.1.2 is 1296 lbs which is less than the loads
tested. The displacements determined in these tests are much less than the 0.25 inch
motion which would be required before a severed tube could contact another tube in the
U-bend area. These tests show that the displacements are of no concern even for major
overload pressures.

Collapse Testing
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tube joint and the leak rate for the TS sleeve is higher than that of the TZ sleeve, this
test is applicable to the TS repair sleeve.

Since collapse testing of the sleeve is not dependent on the steam generator tube wall
thickness, these test results are applicable to sleeves in .042 to .048 inch nominal wall.

7.2.3 Thermal and Load Cycling Tests

—
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7.3  LEAKAGE ASSESSMENT

7.3.1 Leak Rate Tests

Page 7-8
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7.3.2 Leak Test Evaluation

-
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S

7.3.3 Leak Tést Results Under Abnormal Installation Conditions
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7.4  INSTALLATION STRESSES
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7.5  EFFECTS OF CHANGES IN TUBE AND SLEEVE DIMENSIONS

—
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7.6

7.6.1

7.6.2

7.6.3

7.6.4

7.6.5

REFERENCES FOR SECTION 7.0
3/4” US NSSS Sleeving Summary of Test Results Report no. GBRA 039-927, Rev. B.

Design Verification and Qualification Report Sleeving of E1 Steam Generator Tubing
(3/4” SG) by Weldless Sleeves, Report no. GBRA 033 431.

Fatigue Testing of 1800 Sleeved Tube Samples at Operating Temperature; Report no.
MISC-PENG-TR-096, Rev. 00.

Steam Generator Tube Leak Rate Testing of A800 Sleeve Samples, Test Report no.
00000-NOME-TR-0049, Rev. 00.

Test Report for the Locked Tube Support Mock-up Strain Testing for Installation of
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A800 Sleeves, Report no. 00000-NOME-TR-0051, Rev. 00.

7.6.6 Test Report on Thermal and Load Cycling Tests on Alloy 800 Sleeves, Report No.
MISC-PENG-TR-100, Rev. 00.

7.6.7 Calculation Report: Sleeving of ANO2 Steam Generator Tubing { %) by PLUSS
Sleeves with 6 x 8 mm Zero-Expansions, Report GBRA 040194.

7.59 7.6.8 Telefax # Ru-wg r1214-ce, from ABB Reaktor to ABB CENO, June 11, 1997,
and subsequent telefax from ABB Reaktor to ABB CENO on June 19, 1997.

7.6.9 Test Report On The Alloy 800 Mechanical Sleeve - Additional Qualification Testing
Using Low Yield Strength Tubing, Report No. 98-TR-FSW-005.

7.6.10 “Alloy 800 Sleeve Leak Test Summary”, Report No. 99-TR-FSW-0044.

7.6.11 “Alloy 800 Sleeve Installation and Operational Stress Test and Analysis Summary”,
Report No. 99-TR-FSW-045.
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TABLE 7-1

REPAIR SLEEVE-TUBE ASSEMBLY MECHANICAL TESTING RESULTS

Room Temperature Tests:

Cyclic Loading (Wear Test)
Upper Joints Intact Tube

Cyclic Loading (Axial Capability)
Upper Joints Severed Tube

ti {3 rature Tests:

Axial Capability
Severed Tube

Sleeve Assembly Burst Pressure

Sleeve Assembly Collapse
Pressure

Cyclic Loading ( Axial
Capability)

Thermal and Load Cycling Tests

Sleeve Assembly Collapse
Pressure

Cyclic Loading ( Axial
Capability)Capability)

COMPONENT

WCAP-15918-NP, Rev. 02
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TABLE 7-2
TUBESHEET REPAIR SLEEVE-TUBE ASSEMBLY LEAK TESTING RESULTS

PRIMARY SECONDARY PRIMARY AVERAGE 95%UPPER MAXIMUM MINIMUM
PRESSURE PRESSURE TEMPERATURE LEAK RATE MEAN LEAK RATE LEAK RATE
(psi) (psi) (¥3) (GAL/HR)  (GALJ/HR) (GAL./HR) (GAL/HR)

[

The upper (one sided ) 95% confidence limit on the mean is calculated as follows:
X1, X3, ...XN are the leakage data for each of the N tests.
Xwm is the arithmetic average, or the sum of the data values / N tests.

S, the standard deviation of the sample, is the square root of the sum of the (Xym-Xj) squared
divided by the square root of N-1.

Xm(95) is Xm +1(95) times S divided by the square root of N.  t(95) is the 95% value from
Student’s “t” distribution with N-1 degrees of freedom. In this case, since N is 6, t(95) is .02,
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TABLE 7-3

TUBE SUPPORT REPAIR SLEEVE-TUBE ASSEMBLY LEAK TESTING RESULTS

PRIMARY  SECONDARY PRIMARY AVERAGE 95% UPPER MAXIMUM
PRESSURE PRESSURE TEMPERATURE LEAKRATE MEAN LEAK RATE
(psi) (psi) (4] (GAL/HR) (GAL./HR) (GAL./HR)
[

MINIMUM
LEAK RATE
(GAL./HR)

The upper (one sided) 95% confidence limit on the mean is calculated as follows:
X1, X3, ...Xy are the leakage data for each of the N tests.

Xwm is the arithmetic average, or the sum of the data values / N tests.

S, the standard deviation of the sample, is the square root of the sum of the (Xum-X;) squared

divided by the square root of N-1.

Xm(95) 1s Xm +t(95) times S divided by the square root of N. t(95) is the 95% value from
IStudent’s “t” distribution with N-1 degrees of freedom. In this case, since N is 6, (95) is 2.02.
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TABLE 7-4
EFFECTS OF DIFFERENT SLEEVE AND TUBE DIMENSIONS
TZ SLEEVES

Sleeve Type | Tube thickness Tube yield Leakage at 510
(Inches) strength (Ksi) psi and room
temperature
— (gal/hr) ~
Series 1 Tests
TZ .042 47 b
TZ .042 47
TZ .042 47
TZ .042 47
Series 2 Tests
TZ .042 38
TZ .042 47
TZ 042 - 57
TZ 048 35
TZ .048 49
TZ .048 55
L -
TABLE 7-5
EFFECTS OF DIFFERENT SLEEVE AND TUBE DIMENSIONS
TS SLEEVES
Sleeve Type | Tube thickness Tube yield Leakage at 510 psi and
(Inches) strength (Ksi) room temperature
—  (gal/hr) _
TS .042 38 b
TS .042 47
TS 042 47
TS 042 57 -
TS .042 57
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TABLE 7-6
LEAKAGE BEFORE AND AFTER CYCLIC LOAD TESTS

Sleeve Tube Tube yield Leakage at 510 psi and room Number of
Type thickness strength temperature Load
(Inches) (Ksi) Before Test After Test Cycles
(gal/hour) (gal/hour)
TZ 0.042 57 [ 1000
TZ 0.048 49 2000
TZ 0.048 55 1° 1000

WCAP-15918-NP, Rev. 02
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FIGURE 7-1
AXIAL LOAD/CYCLIC LOAD-TZ TEST ASSEMBLY
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FIGURE 7-2
AXIAL LOAD TEST SET-UP
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FIGURE 7-3
CYCLIC LOAD TEST ASSEMBLY-INTACT TUBE
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FIGURE 7-4
CYCLIC LOAD TEST ASSEMBLY-SEVERED TUBE
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FIGURE 7-5
TS LEAK TEST ASSEMBLY
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FIGURE 7-6
LOCKED TUBE TEST FIXTURE
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FIGURE 7-7
AVERAGE LEAK RATE PROJECTIONS FOR DIFFERENT AP’S
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FIGURE 7-8
95% CONFIDENCE ON MEAN PROJECTIONS OF LEAK RATE
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8.0

8.1

STRUCTURAL ANALYSIS OF SLEEVE-TUBE ASSEMBLY

This analysis establishes the structural adequacy of the sleeve-tube assembly. The
methodology used is in accordance with the ASME Boiler and Pressure Vessel Code,
Section III. The work was performed in accordance with 10CFR50 Appendix B and
other applicable U.S. Nuclear Regulatory Commission requirements.

SUMMARY AND CONCLUSIONS

Based on the analytical evaluation contained in this section and the mechanical test data
contained in Section 7.0, it is concluded that both the Transition Zone (TZ) and Tube
Support (TS) sleeves described in this document, meet all pertinent requirements with
substantial additional margins. In performing the analytical evaluation on the tube
sleeves, the operating and design conditions for all of the Combustion Engineering and
Westinghouse “D” and “E” Series operating plants with 3/4 inch Inconel 600 tubes are
considered (Reference 8.2), as well as the SONGS operating conditions in Reference
8.12. The results of this analytical evaluation are summarized in Table 8-1.

Design Sizing

In accordance with ASME Code practice, the design requirements for tubing are covered
by the specifications for the steam generator "vessel". The appropriate formula for
calculating the minimum required tube or sleeve thickness is found in Paragraph NB-
3324.1, tentative pressure thickness for cylindrical shells (Reference 8.1). The following
calculation uses this formula for the tube sleeve material which is Alloy 800 material
(SB-163, UNS N08800) with a specified minimum yield of 30.0 ksi and a design stress
intensity of 20.0 ksi.

c
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Where t= Minimum required wall thickness, in.
P = Design Primary Pressure, ksi (maximum value for intact tube situation)
R = Inside Radius of sleeve, in. (maximum value for t., in Reference 8.18).
Sm = Design Stress Intensity, S.I. @ 650°F maximum design (per Reference 8.1)

8.1.2 Detailed Analysis Summary

In determining the axial loads acting on the TZ sleeve at 25.0 inches (Figure 8-1 and
Reference 8.9) there are several combinations of tube and tube support conditions which
are considered. The two extreme cases for the tube condition are:

1.) the tube is intact.

2.) the tube is totally severed at the defective location.

The two extreme cases for the tube support condition are:
1.) the tube is free to move past the supports.
2.) the tube is locked in the first support and is prevented from axial motion.
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TABLE 8-1
SUMMARY OF SLEEVE DESIGN AND ASME CODE ANALYSIS
FOR TZ AND TS SLEEVES
Axial Load 1€ Ib. for intact tube unlocked in the supports
during [ ]°Ib. for severed tube unlocked in the supports

100% Steady State Operation

]¢ Ib. for severed tube Jocked in the supports

]¢ Ib. (max.) for intact tube locked in the

supports

Tentative Sizing

tega = 0.0362 in. (per ASME Code) < t;, = 0.040 in.

% Allowable Degradation

Limit

48% (per NRC Regulatory Guide 1.121, Ref. 8.3)
for both CE and Westinghouse “D” & “E” Plants

PALT'OWABLE $i54
M 1EiL '1%“‘6*“ Ly Y 4 S :."‘-&-W‘%
a0 2 “A(maxinium;stress in kso i :ASME‘Code;:ksi)
General anary Membrane Stress Intensity =[ I S, =20.0
Stress for Sleeve Material
Primary Local Membrane Plus
Primary Bending Stress Stress Intensity =[ ¢ 1.5 S, = 30.0
for Sleeve Material
Primary Plus Secondary Stress Stress Intensity =[ I° 38, = 60.0
for Sleeve Material
Fatigue of Sleeve Material U =[ ]¢ U=1.0
Main Steam Line Break Stress Intensity =[ ¥ 0.7S, =525
(CE Plants)
Feedwater Line Break Stress Intensity ={ 1€ 0.7S, = 52.5
(Westinghouse “D” & “E”
Plants)
Primary Pipe Break (LOCA) Stress Intensity =[  ]°¢ 0.7S, = 52.5

WCAP-15918-NP, Rev. 02
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GENERAL MEMBRANE STRESSES SUMMARIZED

1. GENERAL PRIMARY MEMBRANE STRESS (P,)

(per Par. NB-3221.1 of Ref. 8.1 w/ Design Primary Pressure of 2.5 ksi and Ri =[ Jin., maximum

inner radius for tmin =[ Jin. per Reference 8.18) -
c

2. PRIMARY 1.OCAL. MEMBRANE PLUS BENDING STRESS INTENSITY (P, + Pp)
(per Par. NB-3221.3 of Ref. 8.1 w/Design Primary Pressure of 2.5 ksi, Sqg¢ (seismic stress) of 5.2 ksi,
and Ri of | Jin., maximum inner radius for tmin =[ Jin. per Reference 8.18)

3. PRIMARY T’LUS SECONDARY STRESS INTENSITY
(per Paragraph NB-3222.2 of Ref. 8.1 w/ Spec. Service Pressure for Intact Tube Situation on Sleeve’s Inside Surface
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GENERAL MEMBRANE STRESSES SUMMARIZED (continued)

4. MAIN STEAM LINE BREAK FOR CE PLANTS

5. FEEDWATER LINE BREAK FOR WESTINGHOUSE “D” & “E” PLANTS

6. PRIMARY PIPE BREAK (LOCA) (assumes a severed tube)
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8.2

8.2.1

Plants

EVALUATION FOR ALLOWABLE SLEEVE WALL DEGRADATION USING
REGULATORY GUIDE 1.121

NRC Regulatory Guide 1.121 (Reference 8.3) requires that a minimum acceptable tube
(or sleeve) wall thickness be established to provide a basis for leaving a degraded tube in
service. For partial thru-wall attack from any source, the requirements fall into two
categories, (a) normal operation safety margins, and (b) considerations related to limiting
postulated accidents.

Nommnal Operation Safety Margins

It is the general intent of these requirements to maintain the same factors of safety in
evaluating degraded tubes as those which were contained in the original construction
code, ASME Boiler and Pressure Vessel Code, Section III (Reference 8.1).

For Inconel Alloy 600 tube or Alloy 800 sleeve material the controlling safety margins
from NRC Regulatory Guide 1.121 (Reference 8.3) for partial thru-wall attack are:

1. "Tubes with detected part thru-wall cracks should not be stressed during the full range
of normal reactor operation beyond the elastic range of the tube material".

2. "Tubes with part thru-wall cracks, wastage, or combinations of these should have a
factor of safety against failure by bursting under normal operating conditions of not
less than 3 at any tube location".

From References 8.2 and 8.15, the normal operating conditions for the "worst" case
envelopment of steam generators from the CE and Westinghouse “D” & “E” plants are:

CE Plants West. “D” & “E”

Primary Pressure P,; = 2250 psi 2250 psi
Secondary Pressure P, = 790 psi (Ref. 8.15) 877 psi
Differential Pressure AP = P,; - P, = 1460 psi 1373 psi
Average Pressure P,,, = 0.5 (P,; -+ P.) = 1520 psi 1564 psi

Assuming the parent tube is totally severed, the sleeve is required to carry the pressure
loading. The following terms are used in this evaluation.

Ris = sleeve nominal inside radius, i.e.| J¥in. per Reference 8.18
SYm = min. required yield strength (per U.S. NRC Reg. Guide 1.121, Ref. 8.3)
S¥min = minimum yield strength of sleeve (Sy = 23.7 ksi min. at 650 °F, Ref. 8.1)

Based on the information provided in Reference 8.1, the Alloy 800 tube sleeve material
(SB-163, UNS N08800) has an ultimate strength of 75.0 ksi at 650 °F. The required
thickness is shown below using a derivation of the formula in Paragraph NB-3324.1 of
Reference 8.1 with 3 times ? P as mentioned in Regulatory Guide 1.121 (Reference 8.3)
and S, in place of S, per controlling safety margin 2 above.
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8.2.2 Postulated Pipe Rupture Accidents

NRC Regulatory Guide 1.121 requires the following:

"The margin of safety against tube failure under postulated accidents, such as a LOCA,
steam line break, or feedwater line break concurrent with the safe shutdown earthquake
(SSE), should be consistent with the margin of safety determined by the stress limits
specified in NB-3225 of Section Il of the ASME Boiler and Pressure Vessel Code".

The above referenced ASME code paragraph deals with "faulted conditions", where for
an elastic analysis of Alloy 800 sleeves, a general membrane stress of 0.7 S, = 0.7(75.0) =
52.5 ksi is allowed. In conjunction with the NRC Regulatory Guide 1.121, the following
accidents are postulated:

(®)

®

For a downcomer feedring steam generator, a feedwater line break (FWLB) accident
would have very little effect on steam generator internals. The feedwater line break
(FWLB) accident causes a significant pressure differential between the inside of the
steam generator and the containment atmosphere. However, the many discharge
elbows in the feedwater ring and the ring itself result in large pressure losses for the
flow exiting the break. Thus, the flow at the break is limited and the associated
forces acting on the steam generator internals (i.e. tubes and tube supports) is not
significant when compared to other accident loads. For an economizer steam
generator, a feedwater line break (FWLB) accident causes large tube bending
stresses near the feedwater nozzle but would have very little effect on the tube spans
just above the tubesheet. For a Westinghouse economizer steam generator, a
feedwater line break (FWLB) accident produces a maximum differential pressure
loading of 2.85 ksi (page 8-7) on the sleeve. A small axial stress could be induced in
a sleeved tube if it were locked into the first tube support plate. However, this stress
would be negligible compared to the dominant hoop stress due to differential
pressure

A LOCA accident causes large tube bending stresses in the upper tube bundle but
produces only negligible compressive stresses in the region of interest. Thus, the
axial loading, etc. in this evaluation applies to sleeves in the lower end of the tube
bundle from the fourth support plate down to the tubesheet.

The required thicknesses for a main steam line break (MSLB) or feedwater line break
(FWLB) accident are shown below using the derivation of the formula in Paragraph NB-
3324.1 of Reference 8.1 with .7 S, in place of Sp,.
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83  EFFECTS OF TUBE LOCK-UP OR UNLOCKED SITUATION ON SLEEVE AXIAL
LOADING

Objective: Conservatively determine the maximum axial loads on the sleeve (tension and
compression) during normal operation for both intact and severed tube situations.

General Assumptions: (See Figures 8-2 through 8-5).
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8.3.1 Sleeved Tube in CE Plants, Unlocked at First Tube Support

From the diagram in Figure 8-4, the following equations are derived with the basic
“mechanics of materials” equations in Reference 8.16.

The deflection of an axially loaded member in compression or tension, A, is defined from
Equation 14.6 in Reference 8.16 or: A=F/K with K=AE/L

where:
F =Force on the respective body, Ib.
K = Spring constant for the respective body, Ib./in.
A = Cross-sectional area of the respective body, in’.
E = Modulus of Elasticity of the respective body, psi
L = Length of the respective body, in.

The deflection or deformation of an axially loaded member due to temperature
differences, 8, is defined from Equation 14.9 of Reference 8.16 or: 8=L a (T - 70)

where:
a = Coefficient of Thermal Expansion of the respective body, in./in./ °F
T = Temperature of the respective body, °F
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8.3.2 Sleeved Tube in Westinghouse “D” & “E” Plant, Unlocked at First Tube Support

8.3.3 Sleeved Tube in CE Plants, Locked at First Tube Support
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8.3.4 Sleeved Tube in Westinghouse “D” & “E” Plants, Locked at First Tube Support
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TABLE 8-2A
25.0 INCH SLEEVE
AXTAL MEMBER PHYSICAL PROPERTIES FOR CE PLANTS WITH 0.048” TUBE WALL
AND EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

.. | OUTSIDE | :INSIDE | EFFECTIVE | SECTION .|' CORRESPOND. |  ;YOUNG'S o MEAN COEF.
- : | RADIUS.| “RADIUS | LENGTH AREA [ Temp. | 'MODULUS STIFFNESS . | THERM. EXP.
SRR B W ) (i) @ | P " Ibfin*x 10° b/inx10’. | InIn°Fx10°

(1) Sleeve |
(2) Lower
Tube
(3) Tube in
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes 7 7 I’
Reference Temperatures: Primary (Hot) = 611° F (sleeve LD. temperature)
Secondary = 506° F (tube O.D. temperature)
Normal Tubes = (2 Tpri + Tsec)/3 = 576°F

NOTE: ! Nominal Dimensions for sleeve from Reference 8.18.
2 o and E for Inconel 600 and 800 from Reference 8.1.
3 Nominal Dimensions for tubes from Reference 8.4.
* ot for Carbon Moly Steel from Reference 8.1.
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TABLE 8-2B
25.0 INCH SLEEVE
AXTAL MEMBER PHYSICAL PROPERTIES FOR CE PLANTS WITH 0.042” TUBE WALL
AND EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

o OUTSIDE INSIDE |-EFFECTIVE | SECTION .| CORRESPOND. | YOUNG'S .| MBANCOFF.
NN RADIUS RADIUS | LENGTH |- AREA . Temp. MODULUS STIFFNESS - | THERM. EXP.
COMPONENT | g -~ | R - L A T E K=AEL | o
T - o |G @) | B | bin’x10° | Ibinx10° .In/In°Fx10:_J
(1) Sleeve [
(2) Lower
Tube
(3) Tubein
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes I
Reference Temperatures: Primary (Hot) = 611°F (sleeve L.D. temperature)
Secondary = 506°F (tube O.D. temperature)
Normal Tubes = (2 Tpg + Tyee)/3 = 576°F

NOTE: ! Nominal Dimensions for sleeve from Reference 8.18.
2 o, and E for Inconel 600 and 800 from Reference 8.1.
3 Nominal Dimensions for tubes from Reference 8.8.
* Ot for Carbon Moly Steel from Reference 8.1.
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TABLE 8-2C
25.0 INCH SLEEVE

AXIAL MEMBER PHYSICAL PROPERTIES FOR WESTINGHOUSE D3 PLANTS

WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

. “|:-outsmE | INSDE- |. EFFECTIVE -| SECTION. |’ CORRESPOND. 'YOUNG'S - MEAN COEF,
o o - | " "RADIUS RADIUS LENGTH | AREA . 0 Temp., - |- MODULUS STIFFNESS THERM. EXP.
-COMPONENT. .. g, | R L- Y Y ST T, | - E K=ARL - On
: S A () R () . @l @ o (P -l bintx10° Ib/inx 10° In/In °F x 10°
(1) Sleeve [
(2) Lower
Tube
(3) Tube in
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes F
Reference Temperatures: Primary (Hot) = 620 °F (sleeve L.D. temperature)
Secondary = 526.5 °F (tube O.D. temperature)
Normal Tubes = (2 Ty + Teee)/3 = 588.8 °F
NOTE: ! Nominal Dimensions for sleeve from Reference 8.18.
2 o and E for Inconel 600 and 800 from Reference 8.1.
3 Nominal Dimensions for tubes from Reference 8.9.
* oty for Carbon Moly Steel from Reference 8.1.
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TABLE 8-2D
25.0 INCH SLEEVE
AXTAL MEMBER PHYSICAL PROPERTIES FOR WESTINGHOUSE D4 PLANTS
WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

- | 'OUTSDE | * INSIDE | EFFECTIVE SECTION" '|:. CORRESPOND. -| YOUNG': .| MEAN COEF.
! RADIUS - .| RADIUS- | .LENGTH - AREA". | Temp. MODULUS STIFFNESS ‘| THERM. EXP.
COMPONENT 1 r. R L A |- T, : E - K=AF1l - O
- S @), .| ' -(n S ) I P (- I CF) - Ib/in’ x 10°. binx10* |- Inln°Fx 10°
(1) Sleeve [
(2) Lower
Tube
(3) Tubein
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes 7 ¥
Reference Temperatures: Primary (Hot) = 620 °F (sleeve L.D. temperature)
Secondary = 526.5 °F (tube O.D. temperature)
Normal Tubes = (2 Ty + Ts.)/3 = 588.8 °F
NOTE: ! Nominal Dimensions for sleeve from Reference 8.18.

2 o, and E for Inconel 600 and 800 from Reference 8.1,
3 Nominal Dimensions for tubes from Reference 8.9.
* o, for Carbon Moly Steel from Reference 8.1.
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TABLE 8-2E
25.0 INCH SLEEVE
AXIAL MEMBER PHYSICAL PROPERTIES FOR WESTINGHOUSE D2 PLANTS
WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

- “'QUTSIDE | INSIDE :| ‘EFFECTIVE | 'SECTION. | CORRESPOND. | - YOUNG'S | MEAN COEF.
P - | -RADIUS. RADIUS" |. "LENGTH .- ‘| - "“AREA ~ .| . '~ Temp. MODULUS STIFFNESS THERM. EXP.
-COMPONENT -} © Ro: - SR - L A ST, : E K=ARL O
: RO . I ) " (i) P Ib/in® x 105 Ibfinx 10° In/In °F x 10°®
(1) Sleeve [
(2) Lower
Tube
(3) Tubein
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes 1°
Reference Temperatures: Primary (Hof) = 620 °F (sleeve 1D, temperature)

Secondary = 526.5 °F (tube O.D. temperature)
Normal Tubes = (2 Ty + Tyec)/3 = 588.8 °F

NOTE:

! Nominal Dimensions for sleeve from Reference 8.18.
2 ., and E for Inconel 600 and 800 from Reference 8.1.
3 Nominal Dimensions for tubes from Reference 8.9.

* o, for Carbon Moly Steel from Reference 8.1.
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TABLE 8-2F
25.0 INCH SLEEVE

AXIAL MEMBER PHYSICAL PROPERTIES FOR WESTINGHOUSE D5 PLANTS

WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

2 o, and E for Inconel 600 and 800 from Reference 8.1.

? Nominal Dimensions for tubes from Reference 8.9.
4 oty for Carbon Moly Steel from Reference 8.1.

. OUTSIDE | INSIDE | EFFECTIVE. | SECTION. | CORRESPOND. YOUNGS | MEAN COEF.
. : RADIUS RADIUS * LENGTH -AREA - - Temp. MODULUS STIFFNESS THERM. EXP.
-COMPONENT . - R, LRy L. - A T, E K=AE/L O
o . @ . |- () “(in) (). .- CPH 1b/in” x 10° Ib/inx 10° In/In °F x 10°®
(1) Sleeve [
(2) Lower
Tube
(3) Tubein
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes 1°
Reference Temperatures: Primary (Hot) = 620 °F (sleeve 1.D. temperature)
Secondary = 526.5 °F (tube O.D. temperature)
Normal Tubes = (2 Ty + Tyec)/3 = 588.8 °F
NOTE: ! Nominal Dimensions for sleeve from Reference 8.18.
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AXTAL MEMBER PHYSICAL PROPERTIES FOR WESTINGHOUSE E2 PLANTS

TABLE 8-2G
25.0 INCH SLEEVE

WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT

. +| OUTSIDE .|. INSIDE | EFFECTIVE | SECTION" |. CORRESPOND: YOUNG'S | MBANCOER.
S RADIUS .- /| - RADIUS LENGTH . | - AREA. .| .- Temp. = .| . MODULUS STIFFNESS - '| THERM. EXP.
COMPOW‘. TRy Ry . r - A Te- E K=ABRL - O
SRR @) . | oG | @) CF) - | Iin’x10° binx10*- | InIn°Fx10°
(1) Sleeve I
(2) Lower
Tube
(3) Tubein
Tubesheet
(4) Upper
Tube
(5) Surrounding
Tubes 1€
Reference Temperatures: Primary (Hot) = 620 °F (sleeve LD, temperature)
Secondary = 526.5 °F (tube O.D. temperature)
Normal Tubes = (2 Tyy; + Ty.c)/3 = 588.8 °F
NOTE: ! Nominal Dimensions for sleeve from Reference 8.18.
2 o, and E for Inconel 600 and 800 from Reference 8.1.
3 Nominal Dimensions for tubes from Reference 8.9.
* @, for Carbon Moly Steel from Reference 8.1.
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TABLE 8-3A
AXIAL THERMAL LOADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED
INTO TUBE SUPPORT FOR CE PLANTS WITH 0.048” TUBE WALL

Sleeve Load | Sleeveload F;
TRANSIENT Ppi Peec Toi | Tee Fy* for Locked
CONDITION for Unlocked Condition
(ksi) (ksi) CF) (°F) Condition Fmax (Ibs)
Fmin (Ibs)
1. 100% Power (
2. 15%8S.8.
3. 0%S.S.
4. Reactor Trip
5. Secondary Leak Test
]C
TABLE 8-3B

AXIAL THERMAL LOADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED
INTO TUBE SUPPORT FOR CE PLANTS WITH 0.042” TUBE WALL

Sleeve Load | SleeveLoad F;
TRANSIENT Py Py Toi | Tec Fy* for Locked
CONDITION for Unlocked Condition
(ksi) (ksi) CF) (°F) Condition Fmax (Ibs)
Fmin (Ibs)
1. 100% Power |
2. 15%S.S.
3. 0%S.S.
4. Reactor Trip
5. Secondary Leak Test
]c
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TABLE 8-3C

AXIAL THERMAL LOADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED

INTO TUBE SUPPORT FOR WESTINGHOUSE D3 PLANTS

Sleeve Load | Sleeveload F,;
TRANSIENT P Py Toi | Tee Fy* for Locked
CONDITION for Unlocked Condition
(ksi) (ksi) CP CF) Condition Fmax (Ibs)
Fmin (Ibs)
1. 100% Power [
2. 15%8S.S.
3. 0%S.S.
4. Reactor Trip
5. Feedwater Cycling
]C
TABLE 8-3D

AXTAL THERMAL LOADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED

INTO TUBE SUPPORT FOR WESTINGHOUSE D4 PLANTS

TRANSIENT
CONDITION

Prri

(ksi)

Pyec

(ksi)

Tori

CF)

Tsec

(F)

Sleeve Load
F*
for Unlocked
Condition
Fmin (lbs)

Sleeveload F,
for Locked
Condition
Fmax (Ibs)

1. 100% Power

2. 15%8S.S.

3. 0%8S.S.

4. Reactor Trip

5. Feedwater Cycling
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TABLE 8-3E
AXIAL THERMAL LOADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED

INTO TUBE SUPPORT FOR WESTINGHOUSE D2 PLANTS

Sleeve Load | Sleeveload F;
TRANSIENT Ppi Py Tpi | T Fy* for Locked
CONDITION for Unlocked Condition
(ksi) (ksi) CF) CF) Condition Fmax (Ibs)
Fmin (lbs)
. 100% Power [
. 15%S.S.
. 0%S.S.
. Reactor Trip
. Feedwater Cycling
]C
TABLE 8-3F -

AXIAL THERMAL LOADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED

INTO TUBE SUPPORT FOR WESTINGHOUSE D5 PLANTS

Sleeve Load | Sleeveload F,
TRANSIENT Py ) Toi | Tse Fy* for Locked
CONDITION for Unlocked Condition
(ksi) (ksi) P F) Condition Fmax (Ibs)
Fmin (Ibs)

. 100% Power |

. 15%S.S.

. 0%S.S.

. Reactor Trip

. Feedwater Cycling

]C
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TABLE 8-3G

AXTIAL THERMATL L.OADS IN SLEEVE WITH TUBE UNLOCKED AND LOCKED

INTO TUBE SUPPORT FOR WESTINGHOUSE E2 PLANTS

TRANSIENT
CONDITION

Prri

(ksi)

Pgec

(ksi)

Tori

(°F)

Tsee
CF)

Sleeve Load
F*
for Unlocked
Condition
Fmin (Ibs)

Sleeveload F,
for Locked
Condition

Fmax (Ibs)

1. 100% Power

2. 15%S.S.

3. 0%S.S.

4. Reactor Trip

5. Feedwater Cycling

]c
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8.3.5 Effect of Tube Prestress Prior to Sleeving

8.3.6 Lower Sleeve Rolled Section Pushout Due to Restrained Thermal Expansion -

AT a b (R I B TR YL e P e a2 5 g e Ty
x Gyt el % uF Ny R I RN Yo
PR L PIant (T

S G CompresSion Tioad ((Ib) $is
c

CE Plant with 0.048” tube thickness

CE Plant with 0.042” tube thickness

Westinghouse D3 Plant

Westinghouse D4 Plant

Westinghouse D2 Plant

Westinghouse D5 Plant
Westinthouse E2 Plant
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84  SLEEVED TUBE VIBRATION CONSIDERATIONS

The vibration behavior of a sleeved tube is evaluated as follows:

8.4.1 Effects of Increased Stiffness

8.4.2 Effect of Severed Tube
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8.4.3 Seismic Evaluation

The natural frequency of a sleeved tube for the span between the tubesheet and the first
tube support for the "worst" case situation is:’ —
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8.5  EVALUATION OF SLEEVE TO TUBE EXPANSION SECTION

The normal operating, design seismic, and transient conditions on the steam generator
tube sleeves are used in accordance with ASME Code Section III evaluation, considering
both temperature and pressure loads.

The transient conditions defined in References 8.8 and 8.23 represent the worst case
situation for a CE plant steam generator. Table 8-4A shows the grouping of these
transients with the logic as follows:

e The 500 cycles between ambient (room temperature) and 0% steady state represent
the 500 heatup and cooldown conditions.

e The 17,000 cycles between 15% steady state and full power are the sum of the 15,000
loading and unloading conditions and 2000 step load events.

e The 480 cycles between full power and reactor trip are a combination of 400 trip, 40
loss of flow, and 40 loss of load cycles.

e The 200 cycles for secondary leak testing.

The transient conditions defined in Reference 8.19 represent the worst case situation for a
Westinghouse “D” or “E” plant steam generator. Table 8-4B shows the grouping of these
transients with the logic as follows:

e The 280 cycles between ambient (room temperature) and 0% steady state represent
the 200 normal heatup and cooldown conditions and 80 loop out of service
conditions.

e The 18,300 cycles between 15% steady state and full power are the sum of the 18,300
loading and unloading conditions.
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e The 500 cycles of loading/unloading represent loading and unloading between 0%
and 15% power.

e The 400 cycles of reactor trip represent 400 upset conditions.
e The 2000 cycles of feedwater cycling represent excursions from 0% steady state.

Hydro tests are isothermal and produce negligibly small sleeve loads regarding fatigue.
Further details on the results of the load cycling tests are presented in Section 7.

A bounding analysis which envelopes the sleeve and the tube at the expansion zone is
performed in which Primary plus Secondary and Peak stresses are evaluated. The axial
and radial stresses in the sleeve due to thermal expansion differentials are
conservatively calculated assuming total restraint of the sleeve/tube joint. The peak
stress calculations conservatively ignore fluid film resistances and use total bulk fluid
temperature differences to calculate a thermal skin stress. The actual linear temperature
gradient across the sleeve wall is small and produces an insignificant secondary stress.
The stress calculations assume a straight sleeve and tube with nominal dimensions. The
residual strains introduced during the sleeving procedure are small, thus there is very little
distortion as noted in Reference 8.4. Any non-conservatism introduced by not applying a
stress intensification factor at expansion zones is covered by the other conservatisms in
the modeling and loading assumptions. The major conservatisms in this analysis, relate
to the treatment of the thermal conditions and the assumption that the sleeve to tube
attachment points are rigid. The use of a thermal gradient across the tube-sleeve
assembly wall will result in a significant reduction in the temperature differential between
the sleeve and tube.

Stresses introduced during the installation of the sleeves will “shake down” during the
first few operational cycles as noted in Reference 8.4 and are neglected in the ASME
evaluations as the ASME Code does not address mechanical joints. A rolled or
mechanical joint does not concentrate stresses the way a welded joint does because the
two bodies are not directly bonded together. It is only interfacial pressure and friction
that is used to maintain the integrity of the joint. Several cyclic tests were performed to
evaluate the effect of these types of loadings on the integrity of the joint as described in
Section 7.2.3. In general, the integrity of the joint was either unaffected or improved
following the tests. Hence, cyclic loadings will not degrade joint integrity.

During the initial plant heatup following Alloy 800 sleeve installation, the sleeve will
expand more than the parent tube. As the sleeve lengthens, it will be restrained by the
upper and lower joints and the tube will be in compression. At some point during the
initial heatup, the sleeve will move (with respect to the tube) and the compressive stresses
will be reduced. During subsequent plant heatups there will be no relative movement
between the sleeve and tube and compressive stresses on the tube will be lower than
occurred during the initial heatup. A more detailed explanation of this process is
contained in Section 7.2 of the report.
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TABLE 8-4A
TUBE SLEEVE EXPANSION SECTION - TRANSIENTS CONSIDERED FOR A CE PLANT

TRANSIENTS - | ENDPOINTS | CYCLES-'|-. THERMAL. | By | -P» (By-Pr)
o | " EXPANSION . |. (s) | (psi) (si).
R . . S - | "AXTAL LOAD (ibs) | "~
(1) Heatup/Cooldown Ambient [
0% S.S. 500
(2) Loading/Unloading 15%S.S.
(15% - 100%) 100% S.S. 17000
(3) Reactor Trip 100% S.S.
and Upset 0% S.S. 480
(4) Secondary Leak Test | Test Condition
Ambient 200 1°

CONDITIONS:

(@) Worst Case: Tube is locked-in to first tube support.

(b) Tube is Intact: Tube/sleeve restrained thermal expansion.
(c) Axial loads are from Table 8-3A.

(d) Sleeveis 25.0 inches long.

(e) Transient Cycles are defined in References 8.8 and 8.23.
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(b)

(©)

Axial loads are from Table 8-3C.

Tube is Intact: Tube/sleeve restrained thermal expansion.

TABLE 8-4B
TUBE SLEEVE EXPANSION SECTION - TRANSIENTS CONSIDERED FOR A WESTINGHOUSE “D” OR “E” PLANT
T LI .- | .. RESTRAINED
TRANSIENIS . | ENDPOINTS | CYCLES | THERMAL P P, (£, -P,)
R _* EXPANSION @s) | (psi) (psi)
o | AXIAL LOAD (lbs) .
(1) Heatup/Cooldown Ambient [
0% S.S. 280
(2) Loading/Unloading 15% S.S.
- (15%-100%) 100% S.S. 18300
(3) Loading/Unloading 0%S.S.
(0% - 15%) 15%S.S. 500
(4) Reactor Trip 100% S.S.
and Upset 0% S.S. 400
(5) Feedwater Cycling 0% S.S.
FW Cycling 2000 ]¢
CONDITIONS:
(a) Worst Case: Tube is locked-in to first tube support.

(d) Sleeve is 25.0 inches long.
(e) Transient Cycles are defined in Reference 8.19.
(f) ForReactor Trip & Upset, P, is assumed to be a maximum of 2250 psi.
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The stresses on the sleeves that occur during the installation process are not neglected in
the ASME Code analysis. The stresses are treated separately. A detailed description of
the installation stresses is contained in Section 7.4. As described therein, residual
stresses were maintained below the yield stress of the material and were evaluated as part
of the material evaluation in Section 6.0.

As described previously, axial stresses on the tube (tension) and sleeve (compression) are
reduced during the initial plant heatup when the sleeve is displaced. This displacement
does not occur during subsequent heatups and cooldowns and the stress on the
components is less than during the first cycle. Further, axial loads on the sleeve are
calculated assuming no displacement of the sleeve relative to the tube. Hence, the axial
loads calculated in the report are conservative relative to those that would occur in a
steam generator. Other stresses calculated in the report for normal and faulted conditions
are dependent on the primary to secondary pressure differential and are unaffected by
installation stresses.

8.5.1 Analysis of Sleeve Material
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TABLE 8-5A
STRESSES IN SLEEVE FOR CE PLANTS WITH 0.048” TUBE WALL
Stress Hoop Stressdue | Thermal Radial Thermal
’é%;ND%Eg; due to to Srl)eevefl‘ ube Differential Skin Stress
Axial Load Differential Stress, Gpermat Gk
Cpdal Temperature, 6 (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100%S.S.
5. Reactor Trip
6. Secondary Leak Test ]¢
TABLE 8-5B
STRESSES IN SLEEVE FOR CE PLANTS WITH 0.042” TUBE WALL
TRANSIENT dioto | toSeowTibe | Diftreatil | Skin Sues
CONDITION Axial Load Differential Stress, Oipermal Csin
Ozt Temperature, G (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0%SS.
3. 15%SS.
4. 100%S.S.
5. Reactor Trip
6. Secondary Leak Test 1¢
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TABLE 8-5C
STRESSES IN SLEEVE FOR WESTINGHOUSE D3 PLANTS
Stress Hoop Stress due | Thermal Radial Thermal
E%ANISS&E'IS:I‘ due to to gll)eevefrube Differential Skin Stress
Axial Load Differential Stress, Cermal Ciin
Oaxial Temperature, o, (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100% S.S.
5. Reactor Trip
6. Feedwater Cycling 1€
TABLE 8-5D
STRESSES IN SLEEVE FOR WESTINGHOUSE D4 PLANTS
Stress Hoop Stress due | Thermal Radial Thermal
%ﬁg due to o SkeeveTube |  Differential | Skin Stress
Axial Load Differential Stress, Gpermi Cain
Caxial Temperature, Gy (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0% S.S.
3. 15%S.S.
4, 100% S.S.
5. Reactor Trip
6. Feedwater Cycling 1€
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TABLE 8-5E
STRESSES IN SLEEVE FOR WESTINGHOUSE D2 PLANTS
TRANSIENT diew | toSeevebe | Diffreutal | Skin Suss
CONDITION Axial Load Differential Stress, Cgermal Cuin
Oaxial Temperature, Gg (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100%8S.S.
5. Reactor Trip
6. Feedwater Cycling 1¢
TABLE 8-5F
STRESSES IN SLEEVE FOR WESTINGHOUSE D5 PLANTS
Stress Hoop Stress due | Thermal Radial Thermal
E%ANI;%I,IESE dueto to Sll)eevefl' ube Differential Skin Stress
Axial Load Differential Stress, Caergat Cin
Oaxial Temperature, cg (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100% S.S.
5. Reactor Trip
6. Feedwater Cycling ]1¢

WCAP-15918-NP, Rev.02
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TABLE 8-5G
STRESSES IN SLEEVE FOR WESTINGHOUSE E2 PLANTS
Stress Hoop Stress due | Thermal Radial Thermal
'(IJ%QIND%ESE due to t:gl)ccvefl' ube Differential Skin Stress
Axial Load Differential Stress, Opermat Osin
Opial Temperature, o (ksi) (ksi)
(ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100%S.S.
5. Reactor Trip
6. Feedwater Cycling 1€
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TABLE 8-6A
PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITIES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE

FOR CE PLANTS WITH 0.048” TUBE WALL

Total Total Total
TRANSIENT . .
Axial Hoop Radial
CONDITION Stresses Stresses Stresses Sxx S6r Sbx
OX total 69 (ol OX total .
(ksi) (ksi) (ksi)
(ksi) (ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100%S.S.
5. Reactor Trip
6. Secondary Leak Test 1€
Sxr range =[ ]1¢ksi<3.0 Sm= 60 ksi
SOr range =[
SOx range =[ 1% ksi
TABLE 8-6B
PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITIES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE
FOR CE PLANTS WITH 0.042” TUBE WALL
Total Total Total
TRANSIENT . .
Axial Hoop Radial
CONDITION Stresses Stresses Stresses Sxx Sér S6x
OX total G0 10121 OX total
(ksi) (ksi) (ksi)
(ksi) (ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100%S.S.
5. Reactor Trip
6. Secondary Leak Test 1€
Sxr range =[ ]1° ksi < 3.0 Sm = 60 ksi
SOr range =[
SOx range =[ 1% ksi
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TABLE 8-6C

PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITTES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE

FOR WESTINGHOUSE D3 PLANTS

Total Total Total
TRANSIENT . -
Axial Hoop Radial
CONDITION Stresses Stresses Stresses Sxx S6r Sox
CX total cd total OX total (kSi) (ksi) (kSi)
(ksi) (ksi) (ks
1. Ambient [
2. 0%S.S.
3. 15%8S.8.
4. 100%S.S.
5. Reactor Trip
6. Feedwater Cycling 1€
Sxr range =[ ] ¢ ksi < 3.0 Sm = 60 ksi
SOr range =
SOx range =[ 1 ksi
TABLE 8-6D
PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITIES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE D4 PLANTS
Total Total Total
TRANSIENT . 3
CONDITION | goueses | somss | swesses | SF ses sex
OX total ab total OX total (kSi) (kSi) (kSi)
(ksi) (ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%8S.S.
4, 100%8S.S.
5. Reactor Trip
6. Feedwater Cycling 1°
Sxr range =[ 1€ ksi < 3.0 Sm = 60 ksi
SOr range =[
SOx range =[ 1 ksi
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TABLE 8-6E
PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITIES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE D2 PLANTS

CONDITION Stresses Stresses Stresses
Xl | Owml | O () (s (s
(ksi) (ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%8S.8.
4. 100%S.S.
5. Reactor Trip
6. Feedwater Cycling 1€
Sxr range = [ ] € ksi <3.0 Sm = 60 ksi
SOrrange= [ ] € ksi
SOx range =[ ] € ksi
TABLE 8-6F
PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITIES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE
' FOR WESTINGHOUSE DS PLANTS
|
| Total Total Total
| TRANSIENT : ;
g Axial Hoop Radial
‘ CONDITION Stresses Stresses Stresses Sur Sor S6x
OX total 60 total OX total (ksi) (ksi) (ki)
(ksi) (ksi) (ksi)
1. Ambient [
| 2. 0%SS.
j 3. 15%5S,
| 4. 100%SS5.
5. Reactor Trip
6. Feedwater Cycling 1€
§ Sxr range =| 1 ksi < 3.0 Sm = 60 ksi

SOr range =[ 1€ ksi
SOx range =[ 1€ ksi
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TABLE 8-6G
PRIMARY AND SECONDARY STRESSES AND STRESS INTENSITIES
ON INSIDE SURFACE OF SLEEVE WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE E2 PLANTS

CONDITION Stresses Stresses Stresses S . S6r S6x

OX total o6 total OX total : .
G | (s (ksi) =) S

1. Ambient [

2. 0%S.S.

3. 15%S.S.

4. 100% S.S.

5. Reactor Trip

6. Feedwater Cycling )¢

Sxrrange=[ = ]°ksi <3.0 Sm= 60 ksi
SOr range =[ 1€ ksi
SOx range =[ 1€ ksi
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6. Fatigue Evaluation
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. TABLE 8-7A
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR CE PLANTS WITH 0.048” TUBE WALL

TRANSIENT Spxr Spér Spbx Number
CONDITION ) of Cycles
(ksi) (ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100% S.S.
5. Reactor Trip
6. Secondary Leak Test ]¢
TABLE 8-7B
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR CE PLANTS WITH 0.042” TUBE WALL
TRANSIENT Spxr Spbr Spbx Nfumblcr
of Cycles
CONDITION ) ) s Cy
1. Ambient [
2. 0%S.S.
3. 15%S.S.
4. 100%S.S.
5. Reactor Trip
6. Secondary Leak Test 1°
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TABLE 8-7C
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE D3 PLANTS

TRANSIENT Spxr Spér Spbx Number
CONDITION ) ) ) of Cycles
(ksi) (ksi) (ksi)
1. Ambient [
2. 0%S.S.
3. 15%8SS.
4. 100%SS.
5. Reactor Trip
6. Feedwater Cycling 1€
TABLE 8-7D
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE D4 PLANTS
TRANSIENT Spxr Spér Spbx Number
CONDITION of Cycles
(ksi) (ksi) (ks)
1. Ambient [
2. 0%8S.S.
3. 15%S.S.
4. 100% S.S.
5. Reactor Trip
6. Feedwater Cycling ]¢
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TABLE 8-7E
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE D2 PLANTS

TRANSIENT Spxr Spbr Spox liumblcr
o es
CONDITION ks ) () Cye
1. Ambient G
2. 0%S.S.
3. 15%S.S.
4. 100% S.S.
5. Reactor Trip
6. Feedwater Cycling 1¢
TABLE 8-7F
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE DS PLANTS
TRANSIENT Spxr Spér Spbx Number
CONDITION of Cycles
(ksi) (ksi) (ks
1. Ambient [
2. 0%S.S.
3. 15%S.8.
4. 100%S.S.
5. Reactor Trip
6. Feedwater Cycling 1€
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TABLE 8-7G
PEAK STRESS INTENSITY ON INSIDE SURFACE OF SLEEVE
WITH LOCKED AND INTACT TUBE
FOR WESTINGHOUSE E2 PLANTS

TRANSIENT Spxr Spbr Spbx Number

ND. of Cycles
CONDITION (ks) (ksD) (ksi)

. Ambient [
. 0%S.S.

. 15%8S.S.

. 100%S.S.

. Reactor Trip
. Feedwater Cycling ¢

Al W] B W=

For the Spxr peak stress range, the accumulated fatigue damage is calculated as follows in
Tables 8-8A thru 8-8G: '

TABLE 8-8A

ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR CE PLANTS WITH 0.048” TUBE WALL

Max. Stress Intensity Min. Stress
Intensity
Transient SI Transient SI Sa Sa*V) N®@ n U=
ksi ksi ksi ksi n/N

Ambient [ 1° |100%SS. | [
Secondary Leak Test | [ 1¢ | 100% S.S.
0% S.S. [ 1¢ | 100% S.S.
15% S.S. [ 1€ | 100% S.S.

(1) - Per Reference 8.1, Section III, Paragraph NB-3222.4 (¢) (4), the definition for Sa* is:
Sa* = ECUWC / Eacma] (Sa) = 1-0755 Sa

Where: Eqyve =28.3 x 10° psi; Reference 1, Section III, Figure 1-9-2
Eacral = 26.313 x 10° psi; Reference 1 for the sleeve material

(2) - Reference 8.1, Section III, Figure I-9-2
Therefore, ZU =] 1°< Allowable =1.0
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TABLE 8-8B

ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR CE PLANTS WITH 0.042” TUBE WALL

Max. Stress Intensity Min. Stress Intensity
Transient SI Transient SI Sa | Sa*) [ N® n U=
‘ ksi ksi ksi ksi /N
Ambient [ ]° |100%SS. | [
Secondary Leak Test | [ 1° | 100% S.S.
0%S.S. [ 1° [ 100% S 8.
15% S.S. [ 1¢ | 100% S.S.

Therefore, ZU =] 1°< Allowable = 1.0

TABLE 8-8C
ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR WESTINGHOUSE D3 PLANTS

Max. Stress Intensity Min, Stress Intensity
Transient SI Transient SI Sa Sa*V N®@ n
ksi ksi - ksi ksi
Feedwater Cycling | [ J° | 100%S.S. | [
Ambient [ ]° | 100%S.S.
Therefore, XU= 1< Allowable = 1.0
TABLE 8-8D

ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR WESTINGHOUSE D4 PLANTS

Max. Stress Intensity Min. Stress Intensity
Transient SI Transient SI Sa | Sax» | N©@ n
ksi ksi ksi ksi
Feedwater Cycling [ 1°1100%S.S. | [
Ambient [ ]° |100%SsS.
Therefore, XU= 1< Allowable = 1.0
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TABLE 8-8E

ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR WESTINGHOUSE D2 PLANTS

Max. Stress Intensity Min. Stress Intensity
Transient ST Transient SI Sa | sa*) | N® n
ksi ksi ksi ksi
Feedwater Cycling | [ 1°1100%S.S. | [
Ambient [ 1° |100%S.S.

Therefore, ZU =] ]1°<Allowable = 1.0

TABLE 8-8F

ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR WESTINGHOUSE D35 PLANTS

Max. Stress Intensity Min. Stress Intensity
Transient SI Transient SI Sa Sa* N®@ n U=
ksi ksi ksi ksi /N
Feedwater Cycling | [ 1°1100%S.S. |[
Ambient [ 1° |100%S.s. ¢
Therefore, XU= 1°< Allowable = 1.0
TABLE 8-8G

ACCUMULATED FATIGUE IN SLEEVE MATERIAL FOR Spxr PEAK STRESS RANGE
FOR WESTINGHOUSE E2 PLANTS

Max. Stress Intensity Min. Stress Intensity
Transient SI Transient ST Sa | Sa*) | N©@ n U=
ksi ksi ksi ksi n/N
Feedwater Cycling | [ 1°1100%S.S. | [
Ambient [ ]° |100%S.S. ¢

Therefore, XU =] 1°<Allowable =1.0
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8.6  EFFECTS OF SEVERED, UNLOCKED TUBE ON SLEEVE AXIAL LOADING

8.7  REFERENCES FOR SECTION 8.0
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FIGURE 8-1
MECHANICAL SLEEVE/TUBE ASSEMBLY
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FIGURE 8-2
SYSTEM SCHEMATIC FOR "WORST" CASE CE PLANT
WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT
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FIGURE 8-3
SYSTEM SCHEMATIC FOR WESTINGHOUSE “D” & “E” PLANTS
WITH EFFECTIVE LENGTH BETWEEN LOWER JOINT AND LAST UPPER JOINT
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FIGURE 8-4
MODEL OF SLEEVE, LOWER TUBE, AND TUBE IN TUBESHEET;
UNLOCKED AT TUBE SUPPORT
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FIGURE 8-5
MODEL OF COMPOSITE MEMBER, UPPER TUBE, SURROUNDING TUBES, AND
TUBESHEET; LOCKED AT TUBE SUPPORT
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9.0

9.1

9.2

9.2.1

9.2.2

9.3

9.3.1

SLEEVE INSTALLATION VERIFICATION

SUMMARY AND CONCLUSIONS

The Westinghouse Alloy 800 repair sleeve installation process and sequence has been
tested to ensure that the installation of a sleeve conforms to the design criteria described
in Section 3. During this testing, actual steam generator conditions, such as the influence
of tubes locked at tube supports, have been considered in assessing the acceptability of
the various processes and the sequence in which they are performed. In addition, sleeve
installation meets the requirements of ASME B&PV Code Section XI, IWA-4420.

SLEEVE-TUBE INSTALLATION SEQUENCE
Transition Zone Sleeve

The TZ sleeve with the rolled lower joint is described in Section 4.3 and Figure 4-3.
Installation is accomplished using the processes described in Section 4.5 in the following
sequence:

(1)  TubeLD. Conditioning

(2)  Sleeve Installation and Expansion
(3)  Sleeve Lower End Torque Roll
(4)  Sleeve and Tube ET Examination

Tube Support Sleeve

The TS sleeve is described in Section 4.3 and Figure 4-4. Installation is accomplished
using the processes described in Section 4.5 in the following sequence:

(1)  TubeLD. Conditioning

(2)  Sleeve Installation and Expansion of Upper Joint
(3)  Expansion of Lower Joint

(4)  Sleeve and Tube ET Examination

EXPANSION JOINT INTEGRITY

Westinghouse has conducted a comprehensive test program, an Eddy Current Appendix
H qualification and an analysis development program, as well as a corrosion test
program to ensure expansion joint integrity. Tube I.D. conditioning tests and sleeve/tube

expansion tests have been completed as part of the process verification.

Tube Conditioning Qualification

Steam generator tube conditioning is one of the preconditions for the leak limiting
capability of the sleeve-tube expansion joint. In contrast to a welded sleeve, the surface
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9.3.2

preparation, not the oxide layer on the tube ID., is the governing parameter for
qualification of a conditioning process. The tube 1.D. conditioning is performed to
accomplish the following; surface preparation, elimination of loose particles (i.e., boron
crystals) and the mitigation of axial marks.

A series of tests have been completed to determme the optimum conditioning head
design, the optlmal work cycle and the life of thé consumable elements of the system.
Clean tubing, air oxidized tubing and primary side autoclaved tubing were used in the
program. Results of the tests performed have shown that flexible hones, centrifugal
brushes, abrasive cloth with a centrifugal brush carrier and a stainless steel buffing tool
are all effective to achieve the desired I.D. surface condltlon] Because there is essentially
no removal of tube material, the acceptability of the process is insensitive to the strength
of the tubing. The test program is outlined in References 9.5.1, 9.5.2, 9.5.6 and 9.5.7.

As stated in Section 4.5.3, an evaluation of field experience involving video examination
of conditioned tubes indicated that process control, in the form of in-process instructions
and quality assurance surveillance, is sufficient to ensure acceptable conditioning of the
tube 1.D. This experience involved over 600 conditioned tubes in eight steam generators
at four different plants during five different outages. No scratches, loose particles, or
other detrimental conditions were identified during these inspections.

Expansion Qualification

An important design and installation issue for the Alloy 800 sleeve is the hydraulic
expansion. There are three variables associated with the expansion: the number of
expansions, the axial length of each expansion, and the diametrical extent. A finite
element stress analysis was performed to study the effects of expansion length and
diametrical extent. The study addressed expansion lengths from |

1° Maximum installation stresses
and the effective strain on the inside surface of the tube and the O.D. diametrical
expansion as a function of sleeve expansion pressure for [

1 expansion lengths were all

considered.

The finite element stress analysis showed that the axial and hoop stresses increase

rapidly with expansion pressure, with the hoop stress greater than the axial stress except

for the higher expansion pressures. The radial stress, which is the stress between the

sleeve and the steam generator tube, tends to be relatively constant as a function of

expansion pressure. The radial stress is relatively more sensitive to expansion length

than the other stress components, with a peak value at an expansion length of about [
1** for all diametrical expansions.

The selection of design parameters is intended to provide the best leak resistance and the
best corrosion resistance. The best leak resistance should be associated with the greatest
radial stress between the sleeve and the steam generator tube. This indicates that the
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9.3.3

9.4

expansion length of [ ]J* € is the optimal length to resist leakage. The
short expansion length also permits a greater number of expansions, which will also
contribute to leak resistance. The number of expansions has been chosento be [ ]*°.
Leak testing was conducted for different diametrical expansions ranging from [

1%, as described in Section 7.3.1. The test results did not identify any significant
improvement in the leak rate of sleeves installed with [ 1° as compared to those with
smaller diametrical expansions. The diametrical expansion is therefore targeted to be in
the [ J*© range for improved corrosion resistance. The minimum of the range,
[ J* ¢, is established as acceptable by the load and leakage tests of Section 7. The
upper limit on the strain, [ 1> ¢, is established by the results of the corrosion tests of
Section 6 and the installation tolerances achievable.

Based on the above analytical study, an extensive test program was performed to qualify
the expansion design. This program, as described in Section 7, considered structural and
leakage limits of the design.

References 9.5.3 and 9.5.5 contain information related to one of the expansion system
qualifications. This expansion system monitors the stroke of the intensifier and
corresponding pressure to the expansion tool. With this system, the diametrical
expansion is controlled to [ J*© for steam generator tubing within the range of
anticipated yield strengths.

As discussed in Section 4.5.4, re-expansion of the joint can be performed should the
initial expansion not reach the required minimum pressure. Failure to reach the
minimum pressure would result in failing to achieve the expansion size associated with
the structural integrity established in the test matrix. The re-expansion is intended to
increase expansion size by increasing the applied pressure. There would be a necessary
increase in cold working due to this operation, but no more than had the proper pressure
been reached during the initial pressurization. Limits on the number of re-expansions are
specified in the process procedures.

Summary

In summary, Westinghouse has conducted a comprehensive development and
verification program to ensure the integrity of the expansion joint.

ROLLED JOINT INTEGRITY

The rolled joint at the lower end of the Alloy 800 sleeve was developed to duplicate the
rolled joint of the Alloy 800 mechanical plugs used by Westinghouse in Europe and
Korea. These rolled joints have been demonstrated by testing and operating experience
to be leak tight and capable of withstanding operating conditions. The Alloy 800
mechanical plugs have operated many years with no degradation of the rolled joint in the
roll transition area. Westinghouse has drawn on this successful experience in designing
the lower rolled joint of the Alloy 800 sleeve.
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A development program was conducted to ensure the rolled joint of the TZ sleeve was
leak tight and capable of withstanding the design loads. The sleeves were rolled into
mock-ups consisting of steam generator tubes which had been rolled into blocks
simulating the tubesheet. The sleeves were then tested to confirm the rolled joint was
leak tight both before and after cyclic load testing. Tests of the rolled joint were also
conducted where process parameters such as torque, tube diameter and roll location
relative to the [ J* ¢ were varied. A test matrix was used to
verify the sleeve installation with sleeve rolling process parameter tolerances. The test
program confirmed that the rolled joint integrity is acceptable within the allowable
rolling process tolerances.

As discussed in Section 4.5.5, re-rolling of the joint can be performed should the initial
rolls not reach the required minimum torque value. Failure to reach the minimum torque
value would result in failing to achieve the wall thinning associated with the structural
integrity established in the test matrix. The re-roll operation is intended to increase the
wall thinning value by increasing the torque applied. There would be a necessary
increase in cold working due to this operation, but no more than had the proper torque
value (and wall thinning) been reached on the initial rolling operation. Limits on the
number of rolling operations are specified in the process procedures.

References 9.5.4, 9.5.8, 9.5.9, and 9.5.10 contain information concerning the
qualification of the rolled joint.
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10.0 EFFECT OF SLEEVING ON OPERATION

Multiple plant specific analyses have been performed to determine the effects of
installation of varying lengths and combinations of TZ and TS sleeves. Sleeve lengths
and various combinations of installed sleeves were used to evaluate the effect of
sleeving on the hydraulic characteristics and heat transfer capability of steam
generators. Using the head and flow characteristics of the pumps, in conjunction with
the primary system hydraulic resistances, system flow rates have been calculated as a
function of the number of sleeved tubes and the types of sleeves installed. Similarly,
curves are generated from calculations that show the percent reduction in system
flowrate as a function of newly plugged tubes (per steam generator). These curves are
derived from plant specific information based on the following steam generator

conditions:
. Number Of Open Tubes Per Steam Generator
. Number Of Tubes Sleeved
o Primary System Flowrate
° Primary Coolant Temperature

This information has been used to generate tables, such as Table 10-1, that provide
hydraulic equivalency of plugs and installed sleeves, or the sleeve/plug ratio. Table 10-
1 is provided as an approximation only and is based on assumed operating parameters
and sleeve types for steam generators with 3/4” O.D. tubes. It must be assumed that
some variations in the sleeve/plug ratio will occur from plant to plant based on
operating parameters and steam generator conditions.

The overall resistance to heat transfer between the primary and secondary side of the
steam generator consists of primary side film resistance, the resistance to heat transfer
through the tube wall, and the secondary side film resistance. Since the primary side
film resistance is only a fraction of the total resistance and the change in flow rate is so
small, the effect of this flow rate change on heat transfer is negligible.

When the sleeve is installed in the steam generator tube there is an annulus between
the sleeve and tube except in the sleeve-tube expansion regions. Hence, there is
effectively little primary to secondary heat transfer in the region where the sleeve is
installed. The loss in heat transfer area associated with sleeving is small when
compared to the overall length of the steam generator tube.

In summary, installation of sleeves does not substantially affect the primary system
flow rate or the heat transfer capability of the steam generators.
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10.1 REFERENCES FOR SECTION 10.0

10.1.1 ABB-CE Calculation, “Effects of SG Tube Sleeving and Plugging on Primary Flow
Rate in ANO2, A-PENG-CALC-020, Revision 01, October 31, 1997.

TABLE 10-1

TYPICAL SLEEVE TO PLUG EQUIVALENCY RATIO

CASE CONFIGURATION RATIO (Sleeve/Plug)*
1 TZ (1) [ 7
2 TZ (1) and TS (1) [ 1
3 TZ (1) and TS (2) [ r
4 TS (1) I
5 TS (2) [ 1

* This ratio should be considered approximate
due to plant to plant variation
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