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1.0 INTRODUCTION

Under Plant Technical Specification requirements steam generator tubes are periodically inspected for
degradation using non-destructive examination techniques. If established inspection criteria are exceeded,
the tube must be removed from service by plugging or the tube must be hrought back into compliance
with the Technical Specification Criteria. Tube sleeving is one technigue vsed 1o return the tube 10 an
operable condition. Tube sleeving is a process in which a smaller diameter tube or sleeve is positioned
10 span the area of degradation. It is subsequently secured to the tube, forming a new pressure boundary
and structural element in the area between the attachment points.

This document was prepared to summarize the technical information developed to support licensing of the
laser welded sleeve instaliation process. This document is not intended to describe the detailed installation
verification steps; those steps are in the installation procedures. The principles of the eddy current test
and ultrasonic test pondestructive examinations for installation and inservice are defined.

This report addresses two distinct types of sleeves - a tubesheet sleeve and a support plate sleeve. Each
of these sleeve types has several installation options which can be applied. The tubesheet sieeve is
appropriate for ail plants which have degradation at the top of the tubesheet, and/or within the tubesheet
above the lower joint since the lower joint is formed at the bottom of the tubesheet. The tube support
plate (TSP) sleeve may be instalied to bridge degradation located at tube support plate locations or in the
free span section of the tube.

Instaliation and inspection options will be selected in advance of performing the field campaign. This
determination will be made based on degradation history, current degradation rates, utility steam generator
maintenance strategy. schedule, and cost. Thus, the application can be optimized to utility needs by
applying the proper combination of ‘modular’ sleeve-tube joint options.

This report serves as the “reference” design basis for laser welded sleeves for plants with Series 44 and
51 steam generators. However, changes in plant operating parameters can occur as a result of system or
operating modifications. Therefore, prior to installation of laser welded sleeves at any plant with Series 44
or 51 sicam generators, a supplementary plant specific review of the applicable operating parameters at
the time of sleeve installation relative to the design basis parameters will be performed. This review will
be documented in a separate report, and the two reports will together form the plant specific design hasis
for the laser welded sleeves.

1.1 Report Applicability
This repon is applicable 10 Westinghouse Series 44 and 51 steam generators. These steam generalorns are

U-tube heat exchangers with mill annealed Alloy 600 heat transfer tubes which have a 0.875 inch nominal
outside diameter (OD) and 0.050 inch nominal wall thickness.

WPO321-1 CLA IhD1 1403
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Data are presented to support the application of two sleeve designs; tbesheet and tube support plate.
Moreover, with each design, several utility sciectable application options are provided. The sleeve size
and options are:

Tube suppont plate sleeve
* 12 inch long
* welding with post weld heat treatment
» welding without post weld heat treatment

Tubesheet sleeve
* 27 inches 10 36 inches long | I
* siraight or bowed (enhanced for peripheral coverage)
e upper weld joint with post weld heat treatment
e upper weld joint without post weld heat treatment
* Jower joint with seal weld
e jower joint without seal weld

The sleeves described herein have been designed, analyzed, or tested to meet the service requirements of
the Series 44 and 51 steam generators through the use of conservative and enveloping thermal boundary
conditions and structural loadings. The structural analysis and mechanical performance of the sleeves are
based on installation in the hot leg of the stcam generator. |

I

1.2 Sleeving Boundary

Tubes 10 be sleeved will be selected by radial location, tooling access (due to channelhead geometric
constraints), sleeve length, and eddy current analysis of the extent and location of the degradation.

The boundary is determined by the amount of clearance below a given tube, as well as tooling and robot
delivery sysiem constraints. At the time of application the exact sleeving boundary will be developed.
For reference purposes, a typical Senies 51 Rosa Il sleeving coverage map for 12 inch long support plate
sleeves is shown if Figure 1-1.

WP0321-1.C1.3: 16701149
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Figure 1-1

Example 12-inch Support Plaie Sleeve Coverage
in a Series 51 Steam Generator
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2.0 SLEEVE DESCRIPTION AND DESIGN

2.1 Sleeve Design Description

Tuhe sleeves effectively restore a degraded tube to a condition consistent with the design requirements
of the tube. The design of the sleeve and sleeving process is predicated on the design rules of Section M1,
Subsection NB. of the ASME Code. Also, the sleeve design addresses dimensional constraints imposed
by the tube inside diameter and instaliation tooling. These constraints include variations in tube wall
thickness, tube ovality, tube inside diameter, tube 10 tube sheet joint vanations and runout/concentricity
variations created during tubesheet drifling or misalignment of tubesheet and support plate holes.

2.1.1 Tubesheet Sleeve

The reference design of the tubesheet sleeve, as installed, is illustrated on Figure 2-1. At the upper end,
the sleeve configuration consists of a section which is hydraulically expanded. The hydraulic expansion
of the upper joint brings the sleeve into contact with the parent tube to achieve the proper fiiup geometry
for welding. Following the hydraulic expansion, an autogenous weld is made between the slecve and the
tube using the laser welding process. This joint configuration is known as a laser welded joint (LW

The tubesheet sleeve extends from the tubesheet primary face 1o above the tube degradation. In the process

of sleeve length optimization and allowing for axial tolerance in locating degradation by eddy current
inspection, the guideline is that the welds are 1o be positioned a |

Il.l‘.(

The upper joint is located so as 10 provide |

)l,l,.t.

At the lower end, the sleeve configuration consists of a section which is |

WPD321-2.CL3: 1bAY] 1493
2-1



]“ﬁ

2.1.2 Tube Support Plate Sleeve

The support plate sleeve is shown in Figure 2-2. Each end of the sleeve has a hydraulic expansion region
within which the weld is placed. The weld configuration is the same for hoth upper and lower joints and
is the same as the upper weld in the tubesheet sleeves. Tube suppornt sleeves are qualified for the second-
from-highest suppont plate elevation through the lowest elevation for both series of stcam generators.
(Qualification of the sleeve at the top suppor plate would require a small structural evaluation and minor
modifications to the woling. The hydraulic equivalency and flow reduction calculations have already been
made for support plate sleeves at all evaluations for both series of steam generators and are reported in
Section 3,) |

]LE‘

ll-.tt

The sleeve material, thermally treated Alloy 690, was selected 10 provide additional resistance to stress
comrosion cracking.

2.1.3 Sleeving of Previously Plugged Tubes

Previously plugged tubes must meet the same requirements as sleeving candidates as never-plugged, active
tubes. An example of this requirement is that the minimum distance, as measured along the tube axis
between degradation and the location of the sieeve welds, is the same in both cases.  Another example
is that the tube deplugging process performed by Westinghouse as part of the sleeving process is designed
1o leave the tube in a condition 1 be returned to service unsleeved, excluding the degradation which
caused the tube 10 be plugged in the first place. The deplugging process is designed to leave the tube-to-
tubesheet weld and tube portion adjacent to the weld in a condition 10 perform the pressure boundary
function without any added integrity from the sleeve-1o-tube lower joint

2.2 Sleeve Design Documentation
The sleeves are designed and analyzed according 10 the 1986 edition of Section Il of the American

Society of Mechanical Engin-ers (ASME) Boiler and Pressure Vessel Code, as well as applicable United
States Nuclear Regulatory Commission (USNRC) Regulatory Guides. The associated materials and

WPe321-2.CL3: 16101 1493



processes also meet the rules of the ASME Boiler and Pressure Vessel Code. Specific documents
applicable to this program are listed in Table 2-1.

2.2.1 Weld Qualification Program

The laser welding process used to install | 1 nominal OD sleeves into 0.875 inch nominal OD
tubes was gualified per the guidelines of the ASME Code which specify the generation of a procedure
qualification record and welding procedure specification.

Specific welding processes were generated for:

- Sleeve weld joints made outside of the tubesheet

- Sleeve weld joints made outside of the tubesheet with thermal treatment

- Repair or rewelding of sleeve joints

- Sleeve weld joints made within the tubesheet

These processes address the weld joints necessary for installation of the tubesheet and support plate types
of sleeves discussed earlier.

To provide similitude between the specimens and the actual installed welds, representative field processes
are used to assemble the specimens. The laser welded joints are representative in length and diametral
expansion of the hydraulic expansion zone. The sleeve and tube materials are consistent with the materials
and dimensional conditions representative of the field application. Essential welding variables, defined in
ASME Code Case N-395, are used to develop the weld process. |

™

2.2.2 Weld Qualification Acceptance Criteria

For the gualification of the process, the acceptance criteria specify that the welds shall be free of cracks
and lack of fusion and meet design requirements for weld throat and minimum leakage path. The welds
shall meet the liquid penctrant test requirements of NB-3530.

WP0321-2.CL3: 1021793
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Sleeve design

Sleeve Material

Sieeve Joint

WPOI21-2.CL3: 1h0] 1497

Table 2-1

Section 11

Operating Reguirements
Reg. Guide 183

Reg. Guide 1.121
Section 11

Section 111

Code Case N-20

10CFR 100

Technical Specifications

Section IX

Code Case N-395/Section IX

24

ASME CODE AND REGULATORY REQUIREMENTS

Requirement

NB-3200, Analysis
NB-3300, Wall Thickness

Analysis ‘Condiﬁons

SG Tubing Inspectability
Plugging Margin
Material Composition

NB-2000, identification,
Tests and Examinations

Mechanical Properties

Predicted Steam Line
Break Leak Rate

Operating Primary to
Secondary Rate

Weld Qualification

Laser Welding Essential
Variables
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Figure 2-1

Tubesheet Laser Welded
Sleeve Installed Configuration
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Figure 2.2

Support Plate Laser Welded
Sleeve Installed Configuration

26




3.0 ANALYTICAL VERIFICATION

This section of the report provides the analytical justification for the laser welded sleeves. Section 3.1
deals with the structural justification, and Section 2.2 provides the thermal/hydraulic justification.

3.1 Structural Analysis

Section 3.1 summarizes the structural analysis of the tubesheet and tube support plate laser welded sleeves
for plants with Series 44 and 51 steam generstors. The loading conditions considered in the analysis
represent an umbrella set of conditions based on the applicable design specifications, and are defined in
Reference (1). The analysis includes finite element model development, a heat transfer and thermal stress
evaluation, a primnary stress intensity evaluation, a primary plus secondary stress range evaluation, and a
fatigue evaluation for mechanical and thermal condinons. Calculations are also performed to establish
minimem wall requirements for the sleeve. Finally, the analysis addresses a number of special
considerations as they affect the adequacy of the sleeve designs.

A.1.1 Component Description

3.1.L1.1 Tubesheet Sleeve

The design of the tubesheet sleeve, as installed, is illustrated in Figure 2-1. The sleeve extends from the
tubesheet primary face 10 above the tube degradation zone. In order to allow for eddy current uncertainty
in defining the degradation zone, the sleeve length is such that it extends a minimum of | g
above the tube degradation zone.

At the jower tube/sleeve interface, the sieeve configuration consists of a section |

]b.(

At the upper ead of the sleeve, the sleeve consists of a section that |

1* A schematic of the tube / sleeve
interfaces and the various | |** is provided in Figure 3-1.

3.1.1.2 Tube Support Plate Sleeve

The installed configuration of the tube support plate sleeve is shown in Figure 2-2. The sleeve is
12 inches long, and is |

]u

WP0321-2.CL3:1b/011493



3.1.2 Summary of Material Properties

The material of construction for the tubing in Westinghouse designed Series 44 and S1 steam generators
is a nickel base alloy. Alloy 600 in the mill annealed (MA) condition. The sleeve material is also a nickel
base alloy, thermally weated Alloy 690. Summaries of the applicable mechanical, thermal, and strength
properties for the tube and sleeve materials are provided in Tables 3-1, and 3-2, respectively. The sleeve
evaluation also includes the response of the tubesheet, which is constructed of SA-508, Class 2 Carbon
steel. A summary of the applicable properties for the tubesheet material is provided in Table 3-3,
Thermal properties for air and water, used in performing the heat transfer analysis, are provided in
Tables 34 and 3-5. The fatigue curve used in the analysis of the laser welds corresponds to the code
curve for austenitics and nickel-chromium-iron (Inconel).

3.1.3 Applicable Criteria

The applicable criteria for evaluating the sleeves is defined in the ASME Code, Section H1, Subsection
NB, 1986 Edition, Reference (2). Although the lower joint in the tubesheet sleeve is classified as a seal
weld, it is also evaluated to the ASME Code criteria. In establishing minimum wall requirements for
plugging limits, Regulatory Guide 1.121, Reference (3), is used. A summary of the applicabie stress and
fatigue limits for the sleeve and tube are summarized in Tables 3-6 through 3-9,

3.14 Loading Conditions Considered

The loadings considered in the analysis represent an umbrella set of conditions and are defined in
Reference (1). The analysis considers a full duty cycle of events that includes, design, normal, upset,
faulied, and test conditions. A summary of the applicable transient conditions is provided in Table 3-10.
Two test conditions, primary and secondary hydrostatic tests have been considered that are not defined
in Reference (1), but are judged to be represemtative of current operating practices. The applicable
temperatures and pressures are hased on recent design specifications for modified steam generators.
Umbrella pressure loads for Design, Faulted and Test conditions are summarized in Table 3-11.

115 Analysis Methodology
The analysis of the laser welded sleeve designs utilizes both conventional and finite element analysis

techniques. Several finite element models are used for the analysis. For the tibesheet sleeve analysis,
{

I*° Typically, the tubesheet sleeve model incorporates
al I** in the tubesheet.

For Series 44 and 51 steam gencrators, the type and exient |

WP032]1-3.CL2: 101 1497



For Series 44 and 51 steam generators, the type and extent |
I** is considered in this analysis. The
tolerances used in developing the sleeve models are such that |
I** The results for the upper joint for the tubesheet sleeve are

concluded to conservatively apply to the tube support plate sleeve. This is based on the iemperature and
pressure loads for the tubeshet sieeve for all transient conditions being greater than or equal to those for

the tube support plate sleeve.

The lower laser welded joint (LLWJ) for the tubesheet sleeve is |

r.f
The analysis also considers both |
]M

The nominal width (interfacial axial extent) of the laser weld joining the tube and sleeve for all joints is
| 1*° However, qualification tests for the weld process have shown that the welds may be as

small as | I* Thus, in performing this analysis, weld widths of both | |** and
I I*° were considered. The stress and fatigue results reported later in the report are for the
limiting weld geometry, or the | 1 width.

In addition 1o the sleeve models, a separate model of the tubesheet, channelhead, and lower shell was
developed and used to calculate tubesheet rotations under combined pressure and temperature loadings.
Resulting loads imposed on the sleeve as a result of the tubesheet rotations are applied to the sleeve model
in the form of radial pressures on the model outer boundary.

For both the sleeve model and the tubesheet, channelhead, and shell model, separaie models were
developed for the Series 44 and 51 geometries. Separate calculations were then run for the two sets of
models. A plot of the tubesheet. channelhead, and shell model for the Series 51 steam generators is shown

in Figure 3-2,
3.1.6 Heat Transfer Analysis

The first step in calculating the stresses induced in the sleeves as a result of the thermal transients, is to
perform a heat transfer analysis 1o establish the temperature distribution for the sleeve, tube, and tubesheet.
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Based on a review of the transient descriptions, | I** wansients were selected for evaluation. They
include the following events:

The |
]‘.[

In performing the heat transfer analysis, |

1* A sketch of the model boundary conditions for the heat wransfer analysis are shown in
Figure 3-3.

In order to determine the appropriate boundary conditions for the heat transfer analysis, |

]l.(
3.1.7 Tubesheet/Channelhead/Sheli Evaluation

As discussed above, loads are imposed on the sieeve as a result of tubesheet rotations under pressure and
temperature conditions. For this evaluation, tubesheet rotations are established for five reference loading
conditions, and subsequently scaled to actual transient conditions. The five reference loading conditions
consist of | ™

The | 1** loadings. The
boundary conditions and subsequent deformed geometry for the primary side pressure load for Series 51
steam generators are shown in Figures 3-4 and 3-5, respectively.

The |

J* A typical set
of boundary conditions, and the resulting deformed geometry, for the case of | ™
for the Series 51 steam generators is shown in Figures 3-6 and 3-7.
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Ongce the stress solutions for the reference load cases are obtained, |

]IX
318 Stress Analysis

In performing the stress evaluation for the sieeve models, |

J*“ Sketches of the model boundary conditions for the primary side pressure cases are shown
in Figures 3-K through 3-11. Sketches of the model boundary conditions for the secondary side pressure
cases are shown in Figures 3-12 through 3-15. It should be noted for both sets of loads that the end cap
load on the wbe is not included, but is considered in a separate load case.

The analysis considers |

]Lt
e o
The effects of |
™
Finally, |
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The total stress distribution in the sleeve-to-tube assembly is determined by combining the calculated
stresses as follows:

F -

he

—

319 ASME Code Evaluation

The ASME Code evaluation is performed using a Westinghouse proprietary computer code. The
evaluation is performed for specific “analysis sections” (ASN’s) through the finite element model. The
ASN’s evaluated to determine the acceptability of the sleeve design are shown in Figure 3-16 for the upper
LWJ and in Figure 3-17 for the lower LWJ.

The umbrella loads for the primary stress intensity evaluation have been given previously in Table 3-11.
The largest magnitudes of the ratio “Calculaied Stress Intensity / Allowable Stress Intensity” for both the
Series 44 and 51 steam generators are | 1*° for design conditions, | 1* for faulted (feedline break)
conditions, and | I* for test (primary side hydrostatic) conditions. The analysis results show the
primary stress intensities for the laser welded sleeved tube assembly to satisfy the allowable ASME Code
limits. A summary of the limiting stress conditions are provided in Table 3-12 with the |

]M
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The results for maximum range of stress intensity and fatigue are summarized in Table 3-14 for the tube
being |

The analysis results show the ASME Code limits to be satisfied.
3.1.10 Minimum Regquired Sleeve Thickness

The heat transfer area of steam generators in 2a PWR nuclear steam supply system (NSSS) comprises over
S0 percent of the total primary system pressure boundary. The steam generator tubing and sleeving,
therefore, represents a primary barrier against the release of radioactivity to the environment. For this
reason, conservative design criteria have been established for the maintenance of tube and sleeve structural
integrity under the postulated design-basis accident condition loadings in accordance with Section 111 of
the ASME Code.

Over a period of time under the influence of the operating loads and environment in the sieam generator,
some sleeves may become degraded in local areas. To determine the condition of the sleeving, in-service
inspection using eddy-current techniques is performed in accordance with the guidelines of US NRC
Regulatory Guide 1.83, Refereace (4). Partially-degraded sleeves with net wall thicknesses greater than
the minimum acceptable sleeve wall thickness are satisfactory for continued service. provided that leak
before break is established, and that the minimum required sleeve wall thickness is adjusted to take into
account possible uncertainties in the eddy current inspection, and an operational allowance for continued
sleeve degradation until the next scheduled inspection.

The US NRC Regulatory Guide 1.121, Reference (3), describes an acceptable method for establishing the
limiting safe conditions of degradation in the sleeves beyond which sleeved tubes found defective by the
established in-service inspection shall be removed from service. The amount of degradation recorded by
eddy current testing is customarily expressed as a percentage of the design nominal wall thickness, and
the acceptable degradation is referred to as the "plugging margin”.

Briefly, the regulatory guideline consists of verifying that, (1) in the case of tube thinning or wall loss,
or for partial through-wall cracks., the remaining sleeve wall can still meet applicable stress limits during
normal and accident loading conditions, and (2) in the case of sleeve cracking, the leak-before-break
criteria is satisfied. Confirmation of leak-before-break assures that the maximum permissible crack length
to protect against burst under accident loadings is greater than the crack length that would result in lcakage
at the Technical Specification limit during normal operation. The allowable tube plugging margin, in
accordance with Regulatory Guide 1.121, is obtained by incorporating into the minimum required
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3-7



thickness, a growth allowance for continued operation until the next scheduled inspection and also an
allowance for eddy current measurement uncertainty.

Since Reguiatory Guide 1.121 constitutes an operating criterion, it is permissible 1o derive the allowable
stress limits based on expected lower bound material properties, as opposed to the Code minimum values.
Expected strength properties are obtained from statistical analyses of tensile test data of actual production
tubing. Lower bound statistical tolerance limits, LTL, for vield and ultimate strength values are computed
in accordance with the accepted industry practice such that there is a |

|** than LTL valees. The applicable values for
the sleeve analysis are a yield strength of | I** and an ultimate strength of | I, as taken from
Reference (5).

In establishing the safe limiting condition of a sleeve in terms of its remaining wall thickness, the effects
of loadings during both the normal operation and the postulated accident conditions must be evaluated.
The applicable stress criteria are in terms of allowables for the primary membrane and
membrane-plus-bending stress intensities. Hence, only the primary loads (loads necessary for equilibrium)
need be considered.

Considerations of the secondary and peak stresses from operating transients are relevant from the
viewpoint of fatigue and related implications of the occurrence of through-wall cracking, if any. The
implications and consequences of cracking, however, are accounted for in the leak-before-break
requirement. In the unlikely event of unacceptabiy reduced design margin due to the increased secondary
and peak stresses in the localized degraded tube regions, tube integrity would be safeguarded against any
adverse consequences through leak-before-break.

The minimum reguired sleeve wall thickness, . 1o sustain normal and accident condition loads is
calculated |

I** For computing 1, the pressure stress equation NB-3324.1 of the
Code is used. Thai is,

. AP x R
“ P -05(P +P)

3.1.10.1 Normal/Upset Operation Loads
The limiting stresses during normal and upset operating conditions are the primary membrane stresses due
to the primary-to-secondary pressure differential AP, across the tuhe wall. During normal opsration, the
primary side pressure, P, is |

ll.c
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The limits on primary stress, P, for a primary-to-secondary pressure differential AP, are as follows:

Normai: P, < $/3 = 30.33 ksi
Upset: P, < S, = 37.00 ksi

Using the pressure stress equation, the resulting values for ( are |
]A.(
31102 Accident Condition Loadings

LOCA + SSE
The dominant loading for LOCA and SSE loads |

,l‘ 3

The maximum primary-to-secondary pressure differential occurs during a postulated feedline break (FLB)
accident. Again, | I* the SSE bending stresses are small. Thus, the

governing stresses for the minimum wall thickness requirement are the pressure membrane stresses. For
the FLB + SSE transient, the applicable pressure loads are |

I* The applicable
criteria for faulted loads is:

P, <lesserof 075 or24 S,

S, =1 J*
P,<07S =] ™
Using the pressure stress equation, the resulting value for t, is | 3

In summary, considering all .f the applied loadings, the minimum required sleeve wall thickness is
calculated to be | |*“ remaining wall for nominal operating conditions.

WPO321-2.0L3: 1001 1497



31.1.10.3 Leak-Before-Break Verification

In addiuon to the limits on allowable stresses discussed previously, verification of leak-before-break must
also 1o be satisfied. The rationale behind this requirement is to limit the maximum allowable
(primary-to-secondary) leak rate during normal operation such that the associated crack length (through
which the leakage occurs) is less than the critical crack length corresponding to the maximum postulated
accident condition pressure loading. Thus, on the basis of leakage monitoring during normal operation,
unstable crack growth is not expected to occur in the unlikely event of the limiting accident.

Burst pressure versus axial crack length data from multiple sources are shown in Figure 3-18 as taken
from EPRI Report NP-6864-L. |

|** The Belgian
burst curve for the sleeves is shown in Figure 3-19. A 1abular summary of the burst data is provided in
Table 3-15. It is observed that a through-wall crack length of | 1** is required under FLB

conditions.

The largest permissible crack length is determined using results from a computer program (CRACKFLO)
that has been developed for predicting leak rates through axially oriented cracks in a steam generator tube
(sleeve). The CRACKFLO leakage model has been developed for single axial cracks and compared with
leak rate test results from pulied tube and laboratory specimens. Fatigue crack and stress corrosion
cracking (SCC) leakage data have heen used to compare predicted and measured leak rates as sh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>