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1.0 INTRODUCTION

The document herein contains the necessary technical information to support
the sleeving repair process as applied to the Point Beach Unit 2 (WIS) Mode!
44 steam generators. As a result of development programs in steam generator
repair, Westinghouse has developed the capabiiity to restore degraded steam
generator tubes by means of a sleeve.

Sleeving at Point Beach Unit 2 is not a novel approach to tube wall
degradation. It was previously implemented at Point Beach Unit 2 to restore
the pressure boundary integrity of a number of degraded tubes. The previously
performed vork 1s documented in WCAP-9960 Revision 1 dated February, 1982
titled Point Beach Steam Generator Sleeving Report. The sleeving technique
and instal- lation process utilized in the previous sleeving effort is
essentially the same as that described herein. MWhile the reports are
consistent with each other, this document has been modified to reflect
acvancement in the sleeving process as well as more recent test data. Of all
the changes, the most significant are 1) the use of thermally treated Alloy
690 sleeves instead of sleeves fabricated from thermally treated Alloy 600
materfal and 2) sleeving both the hot and cold legs of the same tube in the
same generator as opposed to the prior report which considered only cold leg
sleeving.

Items 1 and 2 are addressed more fully in Section 3.0 of this report.

Sleeving is a technique in which a slightly smaller diameter tube (a s)leeve)
is inserted into a degraded steam generator tube. The sleeve bridges and
fsoiates the degraded section of the original tube and is joined to sound
sections of the original tube at each end. As installed in the steam
generators at Point Beach Unit 2, this repalir process is expected to allow
numerous tubes to remain in service thereby helping to maintain the design
life of the steam generator and the efficiency of the entire nuclear steam
suppily system.

4746M/102387:49 ~15 1-1



To date, zpproximately 22,000 steam generator tubes at six operating nuclear
power plants world-wide have been successfully sleeved, tested, and returned
to service by Westinghouse. Both mechanical-joint and brazed-joint sleeves of
Alloy 600, 690, and bimetallic 625 and 690 have been installed by a variety of
technigues - hands-on (manual) installation, Coordinate Transport (CT) system
installation, and Remotely Onerated Service Arm (ROSA) robotic installation.
Westinghouse sleeving programs have been successfully implemented after
approval by licensing authorities in the U.S. (NRC - Nuclear Regulatory
Commission), Sweden (SKI - Swedish Nuciear Power Inspectorate), and Japan
(MITI - Japanese Ministry of International Trade and Industry).

The sleeving technology was originally developed to sleeve 6,929 degraded
tubes (including leakers) in a plant with Westinghouse Mode! 27 series steam
generators. Process enhancements and a remote sleeve delivery system (CT)
were subsequently developed and adapted to Westinghouse Mode! 44 series steam
generators for large scale programs at two operating plants (2971 and 3000
sleeves). This technology has also been modified to fac !itate installation
of sleeves in a plant with non-Westinghouse steam generators. A total of
5,187 sleeves were installed in three successive programs of 2,036, 2,926, and
225 sleeves utilizing CT and ROSA delivery systems. Also completed was a 17
sleeve ROSA delivery program in a Mode! 51 stean generator overseas and a 635
sleeve manual installation program in a previously sleeved plant.

4746M/102387.49 -16




2.0 SLEEVING OBJECTIVES AND BOUNDARIES

2.1 OBJECTIVES

Point Beach Unit 2 (WIS) is a Westinghouse-designed 2 loop pressurized water
reactor rated at 1519 MWt. The unit utilizes two vertical U-tube steam
generators. The steam generators are Westinghouse Mode! 44 Series containing
heat transfer tubes with dimensions of 0.875 inch nominal 0D by 0.050 inch
nominal wal!l thickness.

The sleeving concept and design are based on observations to date that the
tube degradation due to operating environmental conditions has occurred near
the tubesheet areas of the tube bundle. The sleeve has been designed to span
the degraded region in order to maintain these tubes in service.

The sleeving program has two primary objectives:

1. To sleeve tubes in the region of known or potential tube degracation.
2. To minimigt the radiation exposure to all working personnel (ALARA)
2.2 SLEEVING BOUNDARY

Tubes to be sleeved will be selected by radial location, tooling access (due
to channel head geometric constraints), and eddy current indication elevations
and sfze. An axial elevation tolerance of one inch will be employed to allow
for any poten 1al eddy current testing position indication inaccuracies and
degradation growth. Tube location on the tubesheet face, sleeve length,
too!ing dimensions, and tooling access permitted by channelhead bow! geometry
define the sleeving boundaries. Figure 2.2-1 shows an estimated radia)
sleeving toundary for a ( 12:%® <leeve as determined by a
geometric raoius computed from the channelhead surface-to-tubesheet primary
face clearance distance minus the tooling clearance distance. (The actual "as
is" bow! geometry will be slightly different in certain areas.) This is the
sleeving boundary for a generic Westinghouse series 44 steam generator and

represents the maximum sleeving potential with a [ 13:€8 <leeve.

4746M/102387:49 -17
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Tubes within the sleeving boundary that are degraded beyond the plugging limit
but not within the axial restrictions of the [ 128 <leeve or
not within the radial sleeving boundary will be plugged. The actual sleevable
region may be modified based on tool length or other varfables.

The actual tube plugging/sleeving map for each steam generator will be
provided as part of the software deliverables at the conclusicn of the
sleeving effort.

The specific tubes to be sleeved in each steam generator will be determined
based on the following parameters:

1. No indications beyond an elevation spanned by the sleeve pressure boundary
which are greater than the plugging limit.

2. Concurrence on the eddy current analysis of the extent and location of the
degradation.

2.3 REPORT APPLICABILITY

]a.c.e

4746M/102387:49 -18
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3.0 DESIGN
3.1 SLEEVE DESIGN DOCUMENTATION

The Point Beach Unit 2 steam generators were bullt to the 1965 edition of
Section III of the ASME Boiler and Pressure Vessel Code, however, the sleeves
have been designed and analyzed to the 1983 edition of Section III of the Code
through the winter 1983 addenda as well as applicable Regulatory Guides. The
associated materials and processes also meet the requirements of the Code.

The specific documentation applicable to this program are listed in Table
3.1-1,

3.2 SLEEVE DESIGN DESCRIPTION

The reference design of the sleeve, as installed, is illustrated in Figure
381, 1

]l,C.!

At the upper end, the sleeve configuration (see Figure 3.2-1) consists of a
section which is [

18C% i
Joint configuration is known as a hybrid expansion joint (HE)). [

JI,C.!

In the process of sleeve length optimization and allowing for axia! tolarance
in 'ocating defects by eddy current inspection, the guideline was the 'ower
most elevation of the hard roli region to be positioned a minimum of 1 inch
above the degraded area of the tube.

4746M/102387:49 -20 3-1



Item

Sleeve Design

Sleeve Material

Sleeve Joint

4746M/102387:49 -21

TABLE 3.1-1

ASME CODE AND REGULATORY REQUIREMENTS

Applicable Criteria

Section III

Operating Requirements

Reg. Guide 1.83

Reg. Guide 1.121
Section II

Section III

Code Case N-20

10CFR100

Technical Specifications

3-2

Requirement

NB-3200, Analysis
NB-3300, Wall Thick-
ness

Analysis Conditions
S/G Tubing Inspec-
tibtlity

Plugging Margin
Matertal Composition
NR-2000, Identifica-
tion, Tests and

Examinations

Mechanical Proper-
ties

Plant Total Primarv-
Secondary Leak Rate

Plant Leak Rate



At the lower end, the sleeve configuration (Figure 3.2-2) consists of a
section which is [

18.€.0 The Tower end of the
sleeve has a preformed section to facilitate the seal formation and to reduce
residual stresses in the sleeve.

The sleeve, after fnstallation, extends above the top of the tubesheet and
spans the degraded region of the original tube. Its length is controlled by
the insertion clearance between the channe! head inside surface and the
primary side of the tubesheet, and the tube degradation location above the
tubesheet. The remaining design parameters such as wall thickness and
material are selected to enhance design margins and corrosion resistance
and/or to meet ASME Boiler and Pressure Vesse! Code requirements. The upper
Joint is located so as to provide a length of free slesve above it. This
length is added so that if in the unlikely event the ting tube were to
become severed just above the upper edge of the mechanical joint, the tube
would be restrained by the sleeve and lateral and axia) motion, and subsequent
leakage would be limited. Restrictied lateral motion «.Jld also protect
adjacent tubes from impact by the severed tube. The upper end of the sleeve
is tapered in the thickness to reduce the effect of double wall in eddy
current signal interpretation.

To minimize stress concentrations and enhance inspectability in the area of

the upper expanded region, [
]_a.c.e.f

The sleeve material, thermally treated Alloy 690, is selected to provide
additional resistance to stress corrosion cracking. (See Section 3.3.2 for
further details on the selection of thermally treated Alloy 690).
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Figure 3.2-1
¥ Installed Sleave with Hybrig Expansion Upper Joint Configuration
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Figure 3.2-2
Sleeve Lower Joint Configuration
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3.3 DESIGN VERIFICATION: TEST PROGRAMS

3.3.1 DESIGN VERIFICATION TEST PROGRAM SUMMARY

The following sections describe the material and design verification test
programs. The purpose of these programs is to verify the ability of the
sleeve concept to produce a sleeve capable of spanning a degraded region in a
steam generator tube and maintain the steam generator tubing primary-to-
secondary pressure boundary under normal and accident conditions. This
program includes assessment of the structural integrity and corrosion
resistance of sleeved tubes.

A substantial data base exists from previous test programs which verifies the
adequacy of the sleeve design and process. The results of much of this
testing s directly applicable to the present sleev'~g program. The sleeve
materfal 1s Alloy 690 (UNS 066900) manufactured t requirements of ASME
$B-193 with supplemental requirements of Code Case N-20. The material has
been heat treated to 2nhance its resistance to corrosion in steam generator
primary water and many secondary-side water environments. This material in
the thermal treated condition has been used in previous sleeving programs.

Previous testing of the sleeve design has been for sleeves to be installed
Into Model 44 steam generators. The installation of the sleeves by the
combination of [ ' 12:C€ 15 the same as that
verified and used in previcus sleeving programs. Rigorous mechanical testing
programs were conducted to verify the sleeve design for various steam
generator models.

The objectives of the mechanical testing programs included:
- Verify the 'eak resistance of the upper and lower sleeve to tube joints.

- Verify the structural strength of the sleeved ‘ube under normal! and
accident conditions.

€746M/ 10238745 -25 >4



- Verify the fatigue strength of the sleeved tube under transient loads
representing the remaining design 1ife of the plant.

- Confirm capability for instailation of sleeves in tubes with conditions
such as deep secondi'y side hard sludge and tubesheet denting.

- Establish the process parameters required to achieve satisfactory
installation and performance. These parameters are discussed in
Section 4.6.

The acceptarce criteria used to evaluate the sleeve performance are leak rates
based on the plant technical specifications. Over 100 test specimens were
used in the various test programs to verify the design and to establish
process parameters. Testing encompassed static and cyclic pressures,
temperatures, and loads. The testing also included evaluation of joints
fabricated using Alloy 600 sleeves as well as Alloy 690 sleeves in Alloy 600
tubes While the bulk of the original qualification data is centered on
Alloy 600 sleeves, a series of 1imited scope verification tests were run using
Alloy 690 sleeves to demonstrate the effectiveness of the joint formation
process and design with either material. Additionally an engineering
evaluation of those properties which would affect joint performance was made
and disclosed no areas which would result in a change of joint performance.

The sections that follow describe those portions of the corrosion (sections
3.3.2-3.3.3) and mechanical (sections 3.3.4-3.3.6) verification programs that
are relevant to this sleeving program.

3.3.2 CORROSION AND METALLURGICAL EVALUATION

The objectives of the corrosion evaiuations are (1) to verify that thermally
treated Alloy 690 is a suitabie material for use in steam generator
environments and (2) to verify that sleeving does not have a detrimental
effect on the serviceabiiity of the existing tube or the sleeve components.
The material of constriction for the steam generator tubes of the Westinghouse
design, including the steam generators at the Point Beach site, is Alloy €00

4746M/102387:49 -26 3-7




in the mill annealed (MA) and Thermally Treated (TT) condition. Alioy 600 is
a high nickel austenitic alloy that is nominally 72 percent nickel, 14-17
percent chromium, and 6-10 percent iron. The sleeving material proposed for
sleeving the Point Beach steam generators i; Ailoy 690 in the thermal treated
(TT) condition. Alloy 690 is also a high nickel austenitic material but
containy a higher chromium content and a correspondingly lower nickel content
and has 2 nominal composition of 60 percent nickel, 30 percent chromium, and 9
percent iron.

Alloy 630 TT is recomignded in liey of Alloy 600 MA or TT becrause laboratory
testing has shown the alloy to have a res!stance to corrosion in steam
generator environments that is equal or better tian Alluy 60C in either heat
treated condition. The higher chromium content ot Alloy 690 is responsible
for this greater corrosion resistance. In addition, the alloy is thermally
treated to enhance its stress corrosfon cracking (SCC) resistance.

Alloy 690 TT 1s the current tubing materia! of construction recommended by
Westinghouse for steam generator applications.

The stress corrosion cracking performance of thermally treated Alloys 600 and
690 in both off-chemistry secondary side and primary side environments has
teen extensively investigated. Results have continually demonstrated the
additional stress corrosion cracking resistance of therma!ly-treated Alloys
600 and 690 as compared to mill annealed Alloy 600 materfal!. Direct
comparison of thermally treated Alloys 600 and 690 has further indicated an
additional margin of SCC resistance for thermally treated Alloy 69¢. (Table
3.3.2-1).

The caustic SCC performance of mill annealed and thermally treated Alloys 600
and 690 were evaluated in a 10 percent NaOM solution as a function of
temperature from 288°C to 343°C. Since the test data were obtained over
various exposure intervais ranging from 2000 to 8000 hours, the test data were
normalized in terms of average crack growth rate determined from destructive
examination of the C-ring test specimens. No attempt was mace to distinguish
between initiation and propagation rates.
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The crack growth rates presented in Figure 3.3.2-1 indicate that thermally
treated Alloys 600 and 690 have enhanced caustic SCC resistance compared to
that of Alloy 600 in the mil) annealed condition. The performance of
thermally treated Alloys 600 and 690 are approximately equal at temperatures
of 316°C and below. At 332°C and 343°C, the additional SCC resistance of
thermally treated Inconel Alloy 690 is observed. In all instances the SCC
morphology was intergranular in nature. The superior performance of thermally
treated Alloy 690 at higher temperatures is a result of a lesser temperature
dependency.

C-ring specimens were tested in 10 percent NaOH solution at 332°C to index the
relative intergranular attack (IGA) resistance of Alloys 600 and 690.
Comparison of the IGA morphology for these C-rings stressed to 150 precent of
the 0.2 percent yleld strength is presented in Figure 3.3.2-2. Mi1] annealed
Alloy 600 is characterized by branching intergranular SCC extending from 2
200K front of uniform IGA. Thermally treated Alloy 600 exhibited less SCC
and an IGA front limited to less than & few grains deep. Thermally treated
Alloy 690 exhibited no SCC and only occasional areas of intergranular oxide
penetrations that were less than a grain deep.

The enhancement in IGA resistance can be attributed to two factors: heat
treatment and alloy composition. A characteristic of mill annealed Alloy 600
C-rings exposed to a deaerated sodium hydroxide environment is the formation
of intergranular SCC with uniform grain boundary corrosion (IGA). The
relationship between SCC and IGA is not well established but it does appear
that IGA occurs at low or intermediate stress levels and at electrochemical
potentiais where the general corrosion resistance of the grain boundary area
15 a controlling factor. Therma! *reatment of Alloy 600 provides additiona!
grain boundary corrosion resistance along with additional SCC resistance. 1In
the case of Alloy 690, the composition provides an add!tional margin of
resistance to IGA and the thermal treatment enhances the SCC resistance.

The adaition of oxidizing species to deaerated sodium hydroxide environments

resylts in either a deleterious effect or no effect on the SCC resistance of
thermally treated Alloys 600 anc 690 and depands on the specific oxidizing
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specie and concentration (Table 3.3.2-2). The addition of 10 percent copper
oxide to 10 percent sodium hydroxide decreases the SCC resistance of thermally
treated Alloys 600 and 690, and also modifies the SCC morphology with the
presence of transgranular cracks in the case of Alioy 690. The exact
mechanism responsible for this change is not well understood, but may be
related to an increase in the specimen potential that corresponds to a
transpassive potential!, which may result fn an alternate cracking regime.
The specific oxidizing specie and the ratio of oxidizing specie to sodium
hydroxide concentration appear to effect the cracking mode. The apparent
deleterious effect on SCC resistance is eliminated by lowering the copper
oxide or sodium hydroxide concentration.

Miil annealed and thermally-treated Alloys 600 and 690 were ¢1so evaluated in
a number of 8 percert socium sulfate environments. The room temperature pH
valua at the beginning of the test was adjusted using either sulfuric acid and
ammonia. As the pH 1s lowered, the SCC resistance for mil)l annealed and
thermally-treated Alloy 600 is decreased. In comparigon, thermally treated
Alloy 690 did not crack even at 2 pH of 2, the lowest tested (Figure 3.3.2-3).

The primary water SCC test data are present2d in Figure 3.3.2-4. Ffor the
beginning of fuel cycle water chemistries, 10 of 10 specimens of mil! annealed
Alloy 600 exhibited SCC, while 1 of 10 specimens of thermally-treated Alloy
600 had cracked in exposure times of about 12,000 hours. In the end of the
fuel cycle water chemistries, 9 of 10 specimens of mill annealed Alloy 600
exhibited SCC, while 3 of 10 specimers of thermally-treated Al'oy 600 had
cracked. After 13,000 hours of testing, no SCC has been observed in the mil)
anrealed or thermally-treated Alloy 690 specimens in either test environment.

Continuing investigation of the SCC resistance of Alloys 600 and 690 in
primary water environme:rts has shown mill annealed Alloy 600 to be susceptitie
to cracking at high leveis of strain and/or stress. Thermal treatment of
Alioy 600 in the carbide precipitation region greatly enhances its SCC
resistance. The performance of Alloy 690, both mill annealed and thermally
treated, demonstrates primary water SCC resistance and is presumably due to
alloy composition.
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Table 3.3.2-1

SUMMARY OF CORROSION COMPARISON DATA
FOR THERMALLY TREATED ALLOYS 600 AND 690

1. Thermally treated Alloy 600 tubing exhibits enhanced SCC and IGA
reststance In both secondary-side and primary-side environments when
compared to the mill annealed condition.

2. Thermally treated Alloy 630 tubing exhibits additional SCC resistance
ccmpared to thermal treated Alloy 600 in caustic acid sulfate, and
wrimary water environments.

3. The alloy composition of Alloy 690 along with a thermal treatment provides
acditional resistance to caustic induced IGA.

4. The addition of 10 percent Cu0 to a 10 pércent deasrated NaOH environment
reduces the SCC resistance of both thermal treated Alloys 600 and 690.
Lower concentraticns of either CuO or NaOM had no effect, nor did

additions of Fe,0, and 5102. {
|
|

5. Alloy 690 is less susceptible to sensitization than Alloy 600.
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Table 3.3.2-2
EFFECT OF OXIDIZING SPECIES ON THE SCC SUSCEPTIBILITY
OF THERMALLY TREATED ALLOY 600 AND 690 C-RINGS IN DEAERATED CAUSTIC

Temperature Exposure Alloy Alloy
Environment £*0) Time (Hrs) 600 TT 690 TT
10 Percent NaOHW + 316 4000 Increased Increased
10 Percent CuQ Susceptibiiity® Susceptibility*
10 Percent NaQH + 332 2000 Nc effect No effect
1 Percent Cu0
1 Percent NaOH + g 4000 No effect No effect
1 Percent CuO
1Q Percent NaOH + 316 4000 No effect No effect
10 Percent Fe304
10 Percent NaUH + 316 4000 No effect No effect

10 Percent 5102

*Intergranular and transgranular SC~.
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Figure 332-2 Light Photomicregrapns (liustraung 1GA after SO0C Mours
Exposure of Inconel Allgy 60C ana 630 C-Rings 10
10% NaOM at 332°C (830°F)
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Figure 3.3.2
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3.3.3 UPPER AND LOWER JOINTS

A1l the data presented in Section 3.3.2 relative to the corrosion and stress
corrosion cracking resistance of thermally treated Alloys 600 and 690 are
applicable to the sleeve.

A similar corrosion verification test program has been conducted to
demonstrate that the residual stresses induced in the parent tubing by the
expansion process does not degrade the integrity of the tubing. Taple 3.3.3-!
identifies the various tests which have been performed and the findings. A
more detailed discussion of the most significant tests follows.

The expansion processes for both the lower and upper joints involve a
combination of (

12:®  The stresses in the |
sleeve, based on tube to tubesheet data, should be as shown schematically at B
and C on Figure 3.3.3-1, which are also judged acceptable, particularly in
view of the superior corroston resistance of the thermally treated sleeve
material. Stress levels in the outer tube are also influenced by the
expansion technique. For an outer tube expansion produced solely by
(

]a.c.e
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The specimen design is shown in Figure 3.3.3-2 and the test parameters are
I1sted in Table 3.3.3-2. (

]a.c.e

No cracking was detected on the 0D surface of any specimen. These results
indicate thet the OD stresses are below the threshold required to cause
cracking in the stainless steel (less thanm 10 to 15 ksi).

To summarize the results of this test:

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

2 Confirmation that the OD stresses on the parent tubing are very low tensile or
compressive was obtained by X-ray diffraction analysis of an Alloy 600 tube
expanded 30 mils and by the parting/layer removal technique, as shown below:

X~RAY RESIDUAL STRESS MEASUREMENTS OF HEJ JOINT: OD OF TUBE

s

(a) in un-expanded tube above upper most transition
(D) in un-expanded tube below lower most transition

CONCLUSTION: Residual stresses on OD of tube are compressive and results are
consistent with MgCl2 test findings. ‘
|
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The residual stresses in a HEJ with an Alloy 600 MA tube/Alloy 690 TT sleeve
were measured using the parting/layer removal technique. The conditions of
the joint were as follows:

0 Nominal Tube OD -~ 0.875 inch
0 Nominal Sleeve OD - 0.740 inch

The results of these tests are summarized in Figures 3.3.3-5 and 3.3.3e6.
These results show an excellent correlation with the NgCl2 tests and the
results of the x-ray measurements. The OD surface of the tube was in
compression in the axial direction at all locations along the expansion
transitions. The ID surface was in tension in the axfal direction in the
expansion transitions with the highest measured stress located at the
hydraulic transition. In the circumferential direction, both surfaces of the
tube were generally in compression although low tensile stresses, about 5§ ksi
or lower, were measured on the tube ID in the fully hydraulic expanded region
and on the OD in the unexpanded tude near the hydraulic expansion transition.
The OD surface of the sleeve was also in compression in the axial and
circumferential directions except for one measurement that was in tension
(about 5 ksi) in the axial direction in the [

250 e ID surface of the sleeve had areas where the stresses were as
high as about 25 ksi in either the axfal or circumferential direction.
Residual stresses of this magnitude should not effect the service performance
of the spacial thermally treated sleeve material.
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Polythionic Acid Tests

]a.c.e.

Primary Water Tests

Tvo tests to confirm the primary water stress corrosion cracking resistance of
HE)'s have been conducted. A summary of the results of these tests is as
follows:
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680°F Primary Water Tests:

Material = a. Alloy 600 mill annealed tubing with known susceptibility to
. primary water stress corrosion cracking.
b. Alloy 600 special thermally treated sleeves.

Expansion Matrix:

e—— a’c'e

R il |

Test Environment:

Temperature: 680°F

Pressure: Primary Side - 2850 psig
Secondary Side - 1450 psig
Chemistry: Primary Siue - Hydrogenated Pure water

Secondary Side - Pure water

Results: 2000 hour exposure with no primary to secondary leakage.
Destructive examination detected no tube wall degradation.

750°F Steam Tests:

Material = a. Alloy 600 mill annealed tubing with known susceptibility to
primary and pure water.
b. Alloy 600 special thermally treated sleeves.
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Expansion Matrix:

L

Test Environment:

Temperature: 750°F
Pressure: Secondary and Primary at the same pressure
Chemistry: Hydrogenated pure water
Results: 1700 hour exposure with no degradation of tube or sleeve. NDE

including ID ECT and OD UT or by destructive examination.

[n addition, both temperature and stress influence the time required to
initfate primary water stress corrosion cracking (PWSCC). Calculations have
been made using an equation suggested by the Brookhaven Nationa!
Laboratory]) for the prediction of PWSCC. [

]a.c.e

12 R. Bandy and D. van Rooyen, A Model for Predicting the Initiation and
Propagation of Stress Corrosion Cracking of Alloy 600 fn High Temperature
Water.
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Figure 3.3.3-3
RESIDUAL STRESSES DETERMINED BY CORROSION TESTS IN
. MgCLz (STAINLESS STEEL) OR POLYTHIONIC ACID (ALLOY-600)

4746M/101587:49 -46 3-27



Figure 3.3 3-4
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Table 3.3.3-1
DESIGN VERIFICATION TEST PROGRAM - CORROSION

1SSUE FINDINGS
1. CORROSION AND STRESS CORROSION il -

2. CORROSION AND STRESS CORROSION
CRACKING OF LOWER SLEEVE JOINT

3. CORROSICN AND STRESS CORROSION
CRACKING OF UPPER JOINTS

&. CORROSION ANC STRESS CORROSION
CRACKING IN ANNULUS

|
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Table 3.3.3-2

; RESIDUAL STRESSES AT [ ja.c.e
a,c,e |
el v ;

B i
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Table 3.3.3-3

RESULTS OF MAGNESIUM CHLORIDE TESTS AT [ 1.9
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Table 3.3.3-4 }
|
i

RESULT3 OF MAGNESIUM CHLORIDE TESTS AT ( j8.c.e

g P |
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3.3.4 TEST PROGRAM FOR THE LOWER JOINT
3.3.4.1 DESCRIPTION OF LOWER JOINT TEST SPECIMENS

The tube/tubesheet mockup was manufactured so that it was representative of
the partially rolled tube to tubesheet joint (Figure 3.3.4.1-1) of the Mode!
44 steam generators. The Point Beach Unit 2 steam generator tubes are partial
depth rolled inside the tubesheet. The formation of lower mechanical rolled
Joint of tube/sleeve is identical to the above mockup. The tube was examined
with a fiberscope, [ 13:+® leaned by

swabbing, and re-examined with the fiberscope. Then the preformed sleeve
(Thermally Treated Alloy 600 or 690) was inserted Into the tube and the lower
joint formed.

]a.c.e

3.3.4.2 DESCRIPTION OF VERIFICATION TESTS FOR THE LOWER JOINT

The as-fabricated specimens for the Model! 44 tests were tested in the sequence
described below. Note that the tests of the Alloy 690 sleeve are similar to
those performed on the Alloy 600 sleeve except that the Steam Line Break (SL8)
and Extended Operation Period (EOP) tests were not considered necessary based
on previous results.

1. Initial leak test: The leak rate was determined at room temperature,
3110 psi and at 600°F, 1600 psi. These tests established the leak rate of
the lower joint after it has been installed in the steam generator and
prior to long-term operation.

2. The specimens were fatigue lcaded for 5000 cycles.

3. The specimens were temperature cycled for 25 cycles.
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Figure J.3.4.1-1
Lower Joint As-Rolies Tem Soscimen
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4. The specimens were leak tested at 3110 psi room temperature and at 1600
pst 600°F. This established the leak rate after § years of simulated
normal operation (plant heatup/cooldown cycles) produced by steps 2 and 3.

Several specimens were removed from this test sequence at this point and
were subjected to the EOP Test. See Step 7, below.

5. The specimens were leak tested while being subjectes to SLB conditicis.

6. The specimens were leak tested as in Step | to determine the pPoOs ¢~
accident leak rate.

7. The EOP test was performed after Step 4 for three as-rol'ed sperimens.
3.3.4.3 LEAK TEST ACCEPTANCE CRITERIA

Site snecific or bounding analyses have been performed to determine the
allowable leakage during normal operation and tte limiting postulated accident
condition. The leak rate criteria that have been establiished are based on
Technical Specifications and regulatory requirements. Table 3.3.4.3-1 shows
the leak rate criteria for the Point Beach Unit 2 steam generators. These
criteria can be compared to the actual leak test results to provide
verification that the mechanical sleeve exhibits no leakage under what would
be considered normal operating congiticns and only slight leakage under the
umbrella test conditions used. It should be noted that any leakage
experienced s well within the allowable limits. Leak rate measurement is
based on counting the number of drops leaking during a 10-20 minute period.
Conversion to volumetric measurement is based on assuming 19.8 drops per
milliliter.
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TABLE 3.3.4.3-)

MAXIMUM ALLOWABLE LEAK RATES FOR
POINT BEACH UNIT 2 STEAM GENERATORS

Allcwable Leak Allowable Leak

Condition Rates Rate per Sleeve*

+*+s

Based on [ J3.C,8 gleeves per steam generator.
Standard Technical Specification Limit for | steam generator.

(

14.C,¢

4

The analysis assumes primary and secondary coolant initial invertories of
14Ci/gm and 0.1MCi/gm of Dose Equivalent I-13), respectively. In
acdition, as a result of the reactor trip, an iodine spike is initiated
which increases the todine appearance rate in the primary coolant to a
value equal to 500 times the equilibrium appearance rate.
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3.3.4.4 RESULTS C7 VERIFICATIOK TESTS FOR LOWER JOINT

It should be «ote. rat in many cases reference is made to "simulated"
conditions. In fact these test conditions simulate only one ey aspect of
operation. For example, in the case of the fatioue testing, 5000 cycles were
used. This numb.r does not represent the number of cycles expected in one
year. it actually represents the number of expected yearly cycles multiplied
by a suitable factor to establish an ac:elerated test condition. On that
basis the test results provide data which is conservative in nature and exceed
the actual operating conditions. The othe- parameters associated with the
thermal cycle test for example such as temperature ramp, hold time,
temperature gradient are accelerated to acquire test data within an
abbreviated time frame. Coniiquently the test results obtained and d'scussed
throughout the rest of this report are those ot accelerated conditions
designed to test the sleeve at its endurance 1imit. Sleeving qualification
tests demonstrate that under extreme ~-celerated test conditions leakage is
minimal and the sleeves perform witk. acceptable leakage margin.
Additionaliy, by using that same test ueries for a’l sleeve designs it is
possible to measure consistency in process modification and or small changes
in the overall design to facilitate an assessment ¢f the!r effect on total
sleeve performance.

Reference is occasionally made to the leakage reduction phenomenon of the
mechanical joint design. This is in reference t2 the phenomena (observed in
the test data) which shows that as the mechanical joints operate, if they
exhibited leakage at the outset of the test, the rate of leakage decreases
gradually with operation, to zero in most cases. This characteristic has been
observed consistently 12 all mechanica! joint testing.

Another consistent characteristic observed in the testing of mechanical joints
is that the leakage, when observed, is generzlly higher at room temperature
conditions and, as in the case of the 2akzge reduction phenomena, decreases
as the temperaturs i: elevated. This characteristic has led %o the aimost
exclusive use of the rocm temnecature hydrostatic test in the process,
tooling, personne!, proc2dure and cemonstration phases associated with a p'ant
specific sleeving operation. While not a specific part of thi; report, tnis
additional process verification data exists for review.
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The test results for the Model 44/51 lower joint specimens are presented in
Table 3.3.4.4-1. The specimens did not lea¥ before or during fatique
loading. After five years of simulated normal operation due to [

1€ 211 of the three as-rolled specirmens were leak-tight
ducing the Extended Operating Period (EOP) test.

For the Alloy €90 sleeve tests the following were noted:

Specimens MS-2 (Alioy 690 Sleeve): Initial leak rates at all pressures
and at normal operating pressure following thermal cycling were (

]a.b.c.e
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Specimen MS-3 (Alloy 690 Sleeve): [

]a.b.c,e

Specimen MS-7 (Alloy 690 Sleeve): [

]i.b.c,o

3.3.5 TEST PROGRAM FOR THE UPPER HYBRID EXPANSION JOINT (HEJ)

The discussion contained in Section 3.3.4.4 1s relevant to testing in general
and apr'fes in the following tests conducted on upper joints as well.

3.3.5.1 DESCRIPTION OF THE UPPER HEJ TEST SPECIMENS
Two types of HEJ test specimens were fabricated for the Mode! 44 testing (

12:<® The first type was a short specimen
as shown in Figure 3.3.5.1-1. Some of these specimens were fitted with pots
containing hard sludge to simulate the structural effects of sludge on the joint.
The only type of sludge simulated in this program was hard sludge. Soft sludge
effects were bounded by the hard sludge effects and by the out-of-sludge
conditions. [ '

13.0.¢ Any leakage was collected

and measured as it issued from the annulus between the tube and sleeve. Thiz type
of specimen was used in the majority of the tests.

The second tvpe of test specimen was a modification of the first type. [t was
utilized in the reverse pressure tests, 1.e., for LOCA and secondary side
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3-45



hydrostatic pressure tests. As shown in Fiqure 3.3 5.1-2, the specimen was
modified by [

]a.b,c The possible reverse pressur» test leak path is shown in
Figure 3.3.5.1-2.

Only specimens like Figure 3.3.5.1-1 (excluding the sludge conditions) were
used in the Ailoy 690 HEJ specimen fabrication as the effects of sludge had
been established in the ear’'ier Mode! 44 tests.

3.3.5.2 DESCRIPTION OF VERIFICATION TESTS FOR THE UPPER HEJ

The verification test program for the HEJ was similar to that for the lower
joint.

The HEJ was subjected to fatigue loading cycles and temperature cycles to
simulate five years of normal operation and the leak rate was determined
before and after this simulated normal operation. For a number of the
specimens, the leak rate was alsc determined as a function of static axial
loads which were bounded by the fatigue load. It is important to note that
the fatigue load used in testing was that which was caused by loading/
unloading. Hence, it was judged necessary to determine that the leak rate at
static and fatigue conditions were comparable. The upper HEJ specimens were
also subjected to the loadings/deflections caused by a steam line break (SLB)
accident and the leak rate was determined during and after this simulated
accident. The upper HEJ was also leak tested while being subjected to two
reverse pressure conditions, a LOCA and a condition which stirulated a
secondary hydrostatic test. An extended operation period test was also
performed.

3.3.5.3 RESULTS OF VERIFICATION TESTS FOR THE UPPER HEJ

The test results are presented in Tables 3.3.5.3-1 to 3.3.5.3-5.

4637M/102787:49 -65
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As can be seen from Table 3.3.5.3-1, the HEJ's formed out-of-sludge, 1.e., in
air, had an average inftial leak rate of approximately [ ]b.c.e
at the normal operating condition of 600°F and 1600 psi. After five years of
simulated normal operation due to 5000 futigue cycles and 29 to 32 temperature
cycles, the leak rate was [ ]b.c.e at the normal operating
condition. Furthermore, for the EOP test, i.e., after thirty-five years of
simulated normal operation due to at least 175 temperature cycles (208 were

actually used) and a total of 35000 fatigue cycles, the leak rate was
b,c,e
[ ] ; , '

Table 3.3.5.3-2 contains data for upper HEJ's formed out-of-sludge. It
includes the same basic test data as Table 3.3.5.3-1, i.e., initial leak rate
data. However, it includes static axial load leak tests, SLB and reverse
pressure cests in placs of the fatigue and EOP tests included in Table
3.3.5.3-1. Flv~ of the six specimens were leaktight at normal operating
condittons during the initial leak test. The leak rate during static axial
sleeve loads, bounded by the fatigue load and caused by normal operating
conditions was measured for four out-of-sludge HEJs. [

]b.c.e These same four specimens were then
subjected to the SLB temperature, pressure and axial load conditions. [
]b.c.e The results

for the post-SLB leak test, at the same temperature and pressure conditions,

were similar to the during-SLB resuits, [
LA

The results for the out-of-siudge HEJ reverse pressure test are shown in Table
3.3.5.3-2. For both the simulated LOCA and secondary side hydrostatic
pressure test the leak rate was zero fur the two specimens tested.

The process used for forming HEJ's in sludge, in Tables 3.3.5.3-3 and
3.3.5.3-4, was the reference process per Table 4.0-1 except that the
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]d.C.Q

The initial leak rate of the first group of upper HEJs formed in sludge was
( 10 €08 ¢ the normal operating condition as is shown in
Table 3.3.5.3-3. Only one specimen had a [

19:C¢ after
exposure of the specimens to five years of simulated normal oneration due to
fatigue and temperature cycling, the average leak rate remained very low,
( 12:€:€ at the K00°F and 1600 psi condition.

The results of the reverse cressure test for the in-sludge upper HEJs are also
shown in Table 3.3.5.3-3. ([

]a.b.c It was also zero for the simulated secondary side hydrostatic
pressure test.

Table 3.3.5.3-4 also contains data for HEJs formed in-sludge. It includes the
same basic initial leak tests as Table 3.3.5.3-3. However, it includes axial
10ad lTeak test and post-SLB leak tests in place of the fatigue and reverse
pressure tests fncluded in Tables 3.3.5.3-1 and 2. All of the four specimens
were leaktight during the initial leak test, per Table 3.3.5 3-4. Two
specimens di1d not leak at any static axial load and two others did not leak
until a compressive load of 2950 1bs was reached. However, the two leak rates
at 2950 1bs were low, I jhes
PTSP-23 and PTSP-33, respectively.

b for specimens Number

In general, the leak rates for static loads were approximately the same as for
dynamic (fatigue) loads of the same magnitude. However, a specific set of
specimen; was not subjected to both types of loads
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As shown in Table 3.3.5.3-4, the average leak rate for four in-sludge

specimens during the SLB test was [
ja.c.e

The test data generated for the Alloy 690 samples is presented in Table
3.3.5.3-5. The following observations were noted:

Specimen S-5 (Alloy 690): [ 12:9:C were found at initial leak
testing at room temperature (R.T.). At 600°F, the leak rates reduced
significantly and remained below [ ]a.b.c during a

subsequent thermal cycling test. This specimen was formed with a tube
diametral bulge that was smaller than will probably be used in the field.

Specimens S-8 (Alloy 690); B-4, B-6, and B-7 (Alloy 625/690 - 0.740 in.
Sleeve Dia.), and BA-11 (Alloy 625/690- 0.630 in. Sleeve Dia.): These
five specimens all exhibited moderate to small or very smal. leaks, mostly
during the initial leak testing at R. T. In all cases, by the end of the
testing, including thermi! cycling and fatigue in some cases, the leak
rates had reduced to zero (or near zero), illustrating the self healing
characteristic of rolled joints.

Svecimen BA-1 (Alloy 625/690, 0.630 Sleeve Dia.): This specimen exhibited
zero leak rate at initfal testing, both R.T. and 600°F. Small leak

rates were found at R.T. after fatigue testing; however, they reduced to
very small values, less than 0.5 drops/min. after testing. This specimen
was formed with a tube diametral bulge at the low end of the probable
field range.

3.3.6 TEST PROGRAM FOR THE FIXED/FIXED MOCKUP
3.3.6.1 DESCRIPTION OF THE FIXED/FIXED MOCKUP

The fixed/fixed ful! scale mockup 15 shown in Figure 3.3.6.1-1. This mockup
simulated the section of the steam generator from the primary face of the
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Table 3.3.5.3-2

FOR WEJ'S FORMED OUT OF SLUDGE (Page 1 of 2)
LEAX TEST SLB AMD REVERSE PRESSURE TEST mmcy ')

TEST RESWLTS

(STATIC AXIAL U
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TABLE 3.3.5.3-3 (cont)

TEST RESULTS FOR HEJ'S FORMED IN SLUDGE

(FATIGUE AND REVERSE PRESSURE TESTS INCL.)
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tubesheet to the first support plate. The bottom plate of the mockup
represented the bottom of the tubesheet, the middle plate simulated the top of
the tubesheet and the upper plate simulated the first support plate. The
tubes were roll expanded into the bottom plate to simulate the tube/tubesheet
joint and into the upper plate to simulate a dented tube condition. The term
“fixed/fixed" was derived from the fact that the tubes were fied at these two
locations. There were thirty-two tubes in two clusters of sixteen. A sludge
simulant composed of alumina was formed around ore cluster of sixteen.
Sleeves thirty inches long were installed in the tubes by [

1.9C® Each tube was perforated between the uppe  and
lower joints to simulate tube degradation and theredy provide a
primary-to-secondary leak path. End plugs were welded to the tubes to permit
pressurization with water.

No fixed fixed mockup tests were performed on the Alloy 690 samples based on
the results of the earlier tests performed.

3.3.6.2 DESCRIPTION OF VERIFICATION TESTS FOR THE FIXED/FIXED MOCKUP

The fixed/fixed mockup was used first to verify the full length sleeve
i.stallation parameters and tooling. It was then used to measure the leak
rate of the lower joint and upper HEJ. This leak rate was determined with the
sleeve installed in a tube fixed at the tubesheet and dented at the first
support plate, 1.e., for the fixed/fixed conditicn.

3.3.6.3 RESULTS OF VERIFICATION TESTS FOR THE FIXED/FLAED MOCKUP

Table 3.3.6.3-1 contains leak test results recorded for full length sleeves

formed and tested in-situ, in the fixed/fixed mockup, in-sludge and
out-of-sludge. All of the room temperature initial leak tests produced [

]é,D.C
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These fnitial leak rate results were simiiar to the initial leak rate results
in which the short specimens were structurally unconstrained during forming of
the upper HEJ. Therefore, it was concluded that the results of the other
several tests performed only on short specimens would be similar if the test
had been performed in-situ, in the fixed/fixed mockup. Ouring the pre-test
evaluation, it was determined that the fixed/fixed mockup duplicated the most
stringent structural loading conditions for sleeves. Therefore, it was
concluded that all of the testing with short spec'mens was valid. Because the
mode] 44 loads envelope the model 51 loads, this testing is considered
applicable to model 51 units and consequently validates the results for both
units,

3.2.7 EFFECTS NOF SLEEVING ON TUBE-TO-TUBESHEET WELD

The effect of hard rolling the sleeve over the tube-to-tubesheet weld was
examined in the sleeving of G.750 inch OD tubes. Although the sleeve
installation roll torque used at in 0.750 inch tubes is less than a .875 inch
0D tube, the radial forces transmitted to the weld would be comparable.
Evaluation of the 0.750 inch tubes showed no tearing or other degrading
effects on the weld after hard rolling. Therefore, no significant effect on
the tube-to-tubesheet weld is expected for the larger 0.875 inch OD tube
configuration.
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3.4 ANALYTICAL VERIFICATION

3.4.1 INTRODUCTION

This section contains the structural evaluation of the sleeve and tube
assembly with HEJ, sleeve material Alloy 690] and sleeve length [ ghit.8
in relation to the requirements of the ASME Boiler and Pressure Vessel Code,
Section III, Subsection NB, 1983 Edition (Reference 1)

The analyses include primary stress intensity evaluations, maximum range of
stress intensity evaluations, and fatigue evaluations for various mechanical
and thermal conditions which umbrella the loading conditions specified by the
Westinghouse Equipment Specification G-676380, 9/20/66, Revision 1!

(Reference 2).

3.4.2 COMPONENT DESCRIPTION

The general configuration of the sleeve-tube assembly with HEJ is presented in
Figure 3.4.2-1.

The critical portions of the sleeve-tube assembly are two joints, the upper
and lower Hybrid Expansion Joints (HEJ), and straight sections of the sleeve
and tube between the two joints. The finite element mode! developed contains
both upper and lower joints. A detailed stress evaluation for the upper joint
's addressed in this section. Structural aralysis of the lower joint is
presented in Section 3.5. The tolerances used in developing the models were
such that the maximum sleeve and tube outside diameters werc evaluated in
combingtion with the minimum sleeve wall thickness. This allowed maximum
stress levels to be developed in the rol) transition regions.

1) Sleeve Material Alloy 600 is considered in Section J.5.
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Fi.ut. 3.‘. 2-1
Hybrid Expansion Upper Joint/Roll Expanded
Lower Joint Sleeve Configuration

66
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3.4.3 MATERIAL PROPERTIES

The sleeve material is Alloy 690] described in ASME Code Case N-20
(Reference 3). The tube material is SB-163 (Alloy 600).

An air gap was inciuded between the tube and sleeve below the HEJ as well as
between the tube and the tubesheet. Although this space may be filled with
secondary fluid, assuming the physical properties of air for these elements is
conservative for the thermal analysis. Primary fluid physical properties were
used for the gap medium above the HEJ.

All material properties used in the analyses were as specified in the ASME
Boiler and Pressure Vessel Code, Section III, Appendix 1 (Reference 4) and
Code Cases (Reference 3).

3.4.4 CODE CRITERIA

The ASME Code Stress Criteria which must be satisfied are given in
Tables 3.4.4-1 through 3.4.4-4.

3.4.5 LOADING CONDITIONS EVALUATED
The loading conditions are specified below:

1. Design conditions
a. Primary side design conditions
P = 2485 psig
T « 650°F

b. Secondary side design conditions
T = 600°F

g Maximum primary to secondary pressure differential - 1600 psig,
T = 650°F

1) Sleeve material Alloy 600 ts considered in Section 3.5.
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Table 3.4.4-1

CRITERIA FOR PRIMARY STRESS INTENSITY EVALUATION
(SLEEVE)

3-68
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Table 3.4.4-2

CRITERIA FOR PRIMARY STRESS INTENSITY EVALUATION
(TUBE)
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TABLE 3.4.4-3

CRITERIA FOR PRIMARY PLUS SECONDARY
AND TOTAL STRESS INTENSITY EVALUATION
(SLEEVE)
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TABLE 3.4.4-4

CRITERIA FOR PRIMARY PLUS SECONDARY
AND_TOTAL STRESS INTENSITY EVALUATION
(TUBE)

a,c,e
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d. Maximum secondary to primary pressure differential - 670 psig,
T = 650°F

2. Full load steady state conditions are:
Primary side pressure = 2235 psig
Hot leg temperature = 616.8°F
Cold leg temperature = 552.3°F
Secondary side pressure = 705 psig
Feedwater temperature = 427.3°F
Steam temperature = 506.3°F
lero load reactor coolant temperiture = 547.0°F

Other operating conditinns are specified in Tables 3.4.7.1-1 and
3.8.7.8+1.

3.4.6 METHODS OF ANALYSIS

Structural analysis of the sleeve-tube assembly includes finite element mode!
development, thermal, pressure stress and thermal stress calculations, primary
membrane and primary membrane plus bending stress intensity evaluation,
primary plus secondary stress intensity range evaluation, and fatigue
evaluatinn for various mechanical and thermal conditions which umbrella the
loading conditions specified by the appropriate Design and Equipment
Specifications. Two basic compute: programs, WECAN and WECEVAL, are used in
structural analyses of the sleeved tubes.

The WECAN prog-am (Reference 5) performs thermal and stress analyses of the
structure. Pressure stress is calculated separately for a 1000 psi primary
and a 1000 psi secondary pressure. The results of these “unit pressure" runs
are then scaled to the actual primary side and secondary side pressures
corresponding to the load conditions considered in order to determire the
tota! pressure stress distribution.

Therma! analysis provides the temparature distribution needed for thermal
stress calculations. Thermal stress calculations are performed for fixed
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times under thermal transients. These times for the total pressure and
thermal analysis are chosen for the anticipated maximum and minimum total
stresses in critical regions of the structure.

Total stress distribution is determined by combining the pressure and therma!l
stress results.

Total stress calculations as well as stress evaluations are carried out by the
WECEVAL computer program (Reference 6).

WECEVAL 1s a multi-purpose code which performs ASME Code, Section III,
Subsection NB stress evaluations.

At any given point or section of the model, the program WECEVAL is used to
determine the total stress distribution per the Subsection NB requirements.
That is, the total stress at a given cross-section through the thickness,
so-called analysis section, ASN, is categorized into membrane, !inear bending,
and non-1inear components which are compared to Subsection NB allowables. In
addition, complete transient histories at given locations on the mode! are
used to calculate the total cumulative fatigue usage factor per Code Paragraph
NB-3216.2.

3.4.6.1 MODEL DEVELOPMENT

A finite element mode! was developed for evaluating the sleeve design. Some
significant considerations in developing the mode! are:

I. The mode! hac been divided in two parts: upper mode! and lower
model. Structural irntegrity of the whole mode! was provided by all
direction toupling of the nodes along the upper mode! and lower
model interface.

g Mechanical roll fixities between the sleeve and tube at the harg

roll regicns were achieved by coupling the interface rodes in the
radial di ection. For conservatism, locations of contact in tne

4637M/102787:49 -92
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sleeve-tube interfaces along the upper hard roll region contain
elements which share nodes. This approximates a rigid fix by the
rolling process involved. Additional axial coupling was effected
also for the lower sleeve-tube and tube-tubesheet interface nodes.

. The interface nodes along the upper and lower hydraulic expansion
regions of the HEJ were coupled in the radial direzilion for
temperature and thermal stres: runs. In the cas:s when pressure may
penetrate into the interface, the interface nodes along these areas
were disconnected for pressure stress runs.

4, By varying the boundary conditions at a specified region of the
model, conditions of either intact tube or discontinuous tube were

simulated.

The element types chosen for the finite element analysis were the
following WECAN [Reference 5] elements:

a,C.0

All the eiement types are quadratic, having a node placed in the
center of each surface in addition to nodes at each corner.
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3.4.6.2 THERMAL ANALYSIS

The purpose of the thermal analysis is to provide the temperature distribution
nesaded for thermal stress evaluation.

Thermal transient analyses were performed for the following events:

Small step load increase

Small step load decrease

Large step load decrease

Hot standby operations

Loss of load

Loss of power

Loss of secondary flow
Reactor trip from full power

The plant heatup/cooldown, plant loading/unloading and steady fluctuation
events were considered under thermal steady state conditions.

The finite element types chosen for the thermal analysis were STIFS58 and
STIFG8.

In order to perform the WECAN thermal analysis, boundary conditions consisting
of fluid temperatures and neat transfer coefficients (or film coefficients)
for the corresponding element surfaces are necessary. The conditions
considered in the thermal analysis are based on the following assumptions:

- The temperature induced siresses are most pronounced for sleeves in
the hot leg (where the temperature difference between the primary
and secondary fluids is a maximum) and therefore, only the hot leg
sleeves were considered. This condition bounds the thermal stresses
on the cold leg.
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- The sleeves may be installed in any tube in the generator. Thus, to
be conservative, it is assumed that the sleeve to be evaluated is
sufficiently close to the periphery of the bundle that it
experiences the water temperature exiting the downcomer.

Specfal hydraulic and thermal analysis was performed to define the primary and
secondary side fluid temperatures and film coefficients as a function of

time. Both bolling and convective heat transfer correlations were taken into
consideration.

3.4.6.3 STRESS ANALYSIS

A WECAN (Reference 5) finite element mode! was used to determine the stress
levels in the tube/sleeve configuration.

Elements simulating the mecium between the tube and the sleeve were considered
as dummy elements. The element types employed were STIFS3 and STIFS6.

Based on the results demonstrating the applicabiiity of a linear elastic
analysis, thermal'y induced and pressure induced stresses were calculated
separately and the. combined to decermine the total stress distribution using
the WECEVAL computer program (Reference 6).

Pressure Stress Analysis

For superposition purposes, the WECAN mode! was used tc determine stress
distributions induced separately by a 1000 psi primary pressure and a 1000 psi
secondary pressure. The results of these “unit pressure” runs were then
scaled to the actual primary side and secondary side pressures corresponding
to the loading condition considered in order to determine the total pressure
stress distribution,
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The two modeling considerations in determining the unit . essure load stress
distributions were tube intact and tube discontinuous. Therefore, the
following unit pressure loading conditions were evaluated to determine the
maximum anticipated stress levels induced by primary and secondary pressures:

Primary pressure - tube intact

Primary pressure - tube discontinuous
Secondary pressure - tube intact
Seconcary pressure - tube discontinuous

The end cap forces due to the axial pressure stress induced in the tube away
from discontinuities were taken into consideration.

Thermal Stress Analysis

The WECAN mode! was used to determine the thermal stress levels in the
tube/sleeve configuration that were induced by the temperature distribution
calculated by the thermal analysis. Thermal stresses were determined for each
steady state solution as well as for the thermal transient solutions at those
times during the thermal transient which were anticipated to be limiting from
a stress standpoint.

Combined Pressure Plys Thermal Stress Evaluation

As mentioned previously, total stress distributions were determined by
combining the unit pressure and thermal stress results as follows:

ri

a 2 O
total 100 unit primary pressure
P
s viiB )
1000 unit secondary pressure
* 9 inermal

This procedure was performed with the program WECEVAL (Reference 6).

4637M/102787:49 -96 3-77



Stress and Fatique Evaluation

Stress and fatigue evaluation were completed using the program WECEVAL
(Reference 6). The program WECEVAL performed the primary stress intensity
evaluation, primary plus secondary stress intensity range evaluation, and
fatigue evaluation of the sleeved tube assembly.

At any given point or section of the model, the program WECEVAL determined the
total stress distribution for a loading condition considered and categorized
that total distribution per the Subsection NB requirements. That is, the
total stress for a given cross section through tie thickness is categorized
into membrane, linear bending, and non-1inear components.

These categorized stresses were then compare. to the Subsection NB allowables.

In agdition, complete transient histories at given locations on the mode! were
used to calcu'ate the total cumuiative fatigue usage factor per Code Paragraph
NB-3216.2. For the fatigue evaluation, the effect of local discontinuities
was considered.

3.4.7 RESULTS OF ANALYSES

Analyses were performed for both intact and discontinuous tubes. Design and
operating transient parameters (pressure, temperature, etc.) were selected
from the applicable Westinghouse Design Specifications for the Mode! 44 and 5!
. Series steam generators in such a manner as to be conservative in structural
effect and frequency of occv rence. Fatigue and stress analyses of the
sleeved tube assembly have been completed in accordance with the requiraments
of the ASME Boiler and Pressure Vesse! Code, Section III.

3.4.7.1 PRIMARY STRESS INTENSITY

The umbrella loads for the primary stress intensity evaluation are given in
Tadle 3.4.7.1-1
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The results of primary stress intensity evaluation for the analysis sections
are summarized in Tables 3.4.7.1-2 and 3.4.7.1-3.

All primary stress intensities for the sleeved tube assembly are well within
allowable ASME Code limits.

The largest value of the ratio "Calculated Stress Intensity/Allowable Stress
Intensity" of [

]a.b.c

3.4.7.2 RANGE OF PRIMARY PLUS SECONDARY STRESS INTENSITIES

Table 3.4.7.2-1 contains the pressure and temperature loads for maximum range
of stress intensity evaluations as well as for fatigue evaluation. |

The maximum range of stress intensity values for the sleeved tube assemblies
are summarized in Table 3.4.7.2-2.

The requirements of the ASME Code, Paragraph NB-3222.2, were met at all
locations.

3.4.7.3 RANGE OF TOTAL STRESS INTENSITIES

Based on the sleeve design criteria, the fatigue analysis considered a design
l1fe objective of 40 years for the sleeved tube assemblies. Table 3.4.7.2-1,
describes the umbrella transient conditions used in the fatigue analysis.

Because of nossible operiing of the interface between the sleeve and the tube
along the nydraulic expansion regions, the maximum fatigue strength reduction
factor of 5.0 (NB-3222.4(3)) was app'ied in the radial direction at the "root"
interface nodes of the hard rol! region.
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The results of the fatigue analysis for the sleeved tube assemblies are
summarized in Table 3.4.7.3-1.

All of the cumulative usage factors are below the allowable value of 1.0
specified in the ASME Code.
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TABLE 3.4.7.1-1

UMBRELLA PRESSURE LOADS FOR
DESIGN, FAULTED, AND TEST CONDITIONS
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3.5.1 FLOW SLOT HOURGLASSING

Along the tube-lane, the tube support plate has several long rectangular flow
slots that have the potential to deform into an “hourglass” shape with
significant denting. The effect of flow-sict hourglassing is to move the
neighboring tubes laterally inward to the tube 'ane from tneir initial
positions. The maximum bending would occur on the innermost row of tubes in
the center of the flow slots.

3.8.1.1 EFFECT ON BURST STRENGTH

The effect of bending stresses on the burst strength of tubing has been
studied. Both the axial and circumferential crack configurations were

investigated. [
]a.e.f

3.5.1.2 EFFECT ON STRESS CORROSION CRACKING (SCC) MARGIN

Based on the results of a caustic corrosion test program on mill-annealed
tubing, the bending stress magnitude due to flow-slot hourglassing is judged
to have only a small effect, if any, on the SCC resistance margins. Two long
term modular mode! boller tests have been conducted to address the effect of
bending stresses on SCC. No SCC or Inter Granuiar Attack (IGA) was detected
by destructive examination. It is to be noted that thermally treated Alloy
600 and 690 have additional SCC resistance compared to the resistance of mill
anneaied Alloy 600 tubing

3.5.1.3 EFFECT ON MAXIMUM RANGE OF STRESS INTENSITY AND FATIGUE USAGE FACTOR

In addition to the above two considerations, one sheculd also consider the
effect of the hourglassing induced bending stresses on max aum range of _tress
intensity ard fatigue usage factor of the sleeve. Tzking into account the
nourgiassing induced bending stress along with the transient nressure and

46381:49/102787-2 3-89
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thermal stress, the largest value of maximum stress intensity would be 59.70
KSI (allowable 79.80 KSI), fatigue usage factor is negligibla.

3.5.2 TUBE VIBRATION ANALYSIS

Analytical assessments have been performed to predict nodal natural
frequencies and related dynamic bending stresses attributed to flow-induced
vibration for sleeved tubes. The purpose of the assessment was to evaluate
the «ffect cn the natural frequencies, amp!itude of vibration, and bending
stress due to installation of various lengths of sieaves.

Since the level of stress is significantly below the endurance limit for the i

tube material and higher natural frequencies result from the use of a

sleeve/tube versus an unsleeved-tube, the sleeving modification does not ‘

contribu*e to cyclic fatigue. !
|

3.5.3 SLUDGE HEIGHT THERMAL EFFECTS

In general, with at least 2.0 inches of sludge, the tubesheet is isothermal at
the buik temperature of the primary fluid. The net effect of the sludge is to
reduce tube/tubesheet thermal effects.

3.5.4 ALLOWABLE SLEEVE DEGRADATION
3.5.4.1 MINIMUM REQUIRED SLEEVE THICKNESS

The minimum required sleeve wall thickness, tr. to sustain normal and

accident condition lcads is calcuiated in accordance with the guidelines of
Regulatory Guide 1.121, as outlined 'n Table 3.5.4-1. 1In this evaluation, tne
surrounding tube !s assumed to he completely degraded; ihat is, no design
credit is taken for the residual strength of the tube.

The sleeve materidl may he either thermally treated Alloy 600 or thermally
treated Alloy 690. It has been shown that the properties of Alloy 600 are
very similar to those of Allcy 690. In particular, the yield strength and
ultimate strengtn are very similar

4638M:49/102787-3 3-90
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Since Regulatory Guide 1.121 is to be addressed, it is permissible to derive
the allowable stress limits based on expected lower bound material properties,
as opposed to the Code minimum values. Expected strength properties were
obtained from statistical analyses of tensile test data of actual production
tubing. These data were used for the lower tolerance limits of material.
Lower tolerance limit, LTL, means there is 95 percent of confidence that 95
percent of the sleeve/tubes will have strength greater than LTL.

3.5.4.2 DETERMINATION OF PLUGGING LIMITS

The minimum acceptable wall thickness and other practices in Regulatory Guide
1.121 are used to determine a plugging 1imit for the sleeve. This Regulatory
Guide was written to provide guidarce for the determination of a plugging
limit for steam generator tubes undergoing localized tube wall thinning and
can be conservatively applied to sleeves. Tubes with sleeves which are
determined to have indication of degradation of the sleeve in excess of the
plugging 1imit would have to be repaired or removed from service.

As recommended in paragraph C.2.b. of the Regulatory Guide, an additional
thickness degradation allowance must be added to the minimum acceptable tube
wall thickness to establish the oporatiqnal tube thickness acceptance for
continued service. Paragraph C.3.f. of the Regulatory Guide snecifies that
the basis used in setting the operational degradation allowance incluge the
method and data used in predicting the continuing degradation and
consideration of eddy current measurement errors and other significant eddy
current testing parameters.

As outlined in Section 6.0 of this report, the capability of eddy current
inspection of the sleeve and tube in the sleeve area has been demonstrated.
The [ b eddy current measurement uncertainty value of [

12C% of the tube wall thickness is appropriate for use in the
determination of the operational tube thickness acceptable for continued
service and thus determination of the plugging limit.

4638M°49/102787-4 3-91



operational degradation analysis include the method ano data used in
predicting the continuing degradatica. To devolop a value for cont.nuing
degradation sleeve experience muct be reviewed. No degradation has been
detected to date on Westinghouse designed sieeves and no sleeved tube has been
removed from service due to degradation of any portion of the sleeve. This
result would be expected due in part to the changes in the sleeve material
relative to the tube and the lower nheat 7lux due to the double wall in the
sleeved region.

It is the position of Westinghouse Electric that since no degradacion has been
detected in the sleeves, presently any allowance for continuing degradation

( 19® would be an arbitrary value not supported by the data

and would represent a conversatism in addition to tihe safety factors implicit
in the determination of minimum acceptable tube wall thickness using Reg.
Guide 1.121 recommendations.

In summary, the operational tube thickness acceptable for continued service
includes the minimum acceptable tube wall thickness ([ ]a.b.c of wall
thickness, see Table 3.5.4-1), the combined allowance for eddy current
uncertainty and operational degradation ([ ]a.c of wall thickness as
recommended by Westinghouse). These terms total to 59% resulting in a

plugging 'imit as determined by Regulatory Guide 1.121 guidelines of 41% of
the tube wall thickness.

The plugging 1imit for the tube, where applicable as defined below is as
specified in the Technical Soecifications for the non-sleeved portions of the
tube, currently 40% of the tube wall thickness.

3.5.4.3 APPLICATION OF PLUGGING LIMITS
Sleeves or tubes which have eddy current indications of degradation in excess
of the plugging limits must te repaired or plugged. Those portions of the

tube and the sleeve (shown in Figure 3.5.4-1) for which indications of wall
degradation must be evaluated cre summarized as follows:

4638M:49/102787-5 3-92
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2)

3

4)

Indications of degradation in the entire length of the sleeve must be
evaluated against the sleeve plugging limit. |

Indication of tube degradation of any type including a complete
guiliotine break in the tube between the bottom of the upper joint and
the top of the lower roll expansion does not require that the tube he
removed from service.

The tube plugging 1imit continues to apply to the portion of the tube in
the upper joint and in the lower roll expansion. As noted above the
sleeve p'ugging 1imit applies to these areas also.

The tube plugging 1imit continues to apply to that portion of the tube
abcve the top of the upper joint.
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Figure 354+
Applcation of Plugging Livts

» The plugging !imt for the tube !s 40Z of tube wall the
olugging limit for the sieeve is 31%Z with a conservative
alicwance for continued degradation see Section 3.54.2
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Table 3.5.4-)
REGULATORY GUIDE 1.121 CRITERIA

g Normal and Upset Condition Lozdings

Norma)| Operations
Criterion: S, £ 90.58 ks

Loading: Pp 2250 psia
Ps 720 psia 4P « 1530 pst

Hence, miminum requir-. sleeve wall thickness tr is

dp . R
t = 3 : - [ ] inch 3.8

r
et =
3 0.5 (Pp . PS)

which is [ ] 2.C.@ percent of the nominal wall thickness.
Upset Conditions
Criterion: Sy = 39.59 ksi
Pp = 2775 psia
Ps = 1180 psia 4p « 1595 psi

ap | R,

Hence, tr * Sy ~ 0.5—?59 - 5:7 s [ 1 inch

a,c.e

which is [ 13.C.,® percent of the nominal wall thickness.

E. Accident Condition Loadings
a. LOCA + SSE

The major contribution of LOCA and SSE loads is the bending stresses
at the top tube support plate due to a combination of the support
motion, inertial loadings, and the pressure differential across the
tube U-bend resulting from the rarefraction wave during LOCA. GSince
the sleeve is located below the first support, the LOCA « SSE
benaging stresses ‘n the sleeve are quite small. The governing event
for the sieeve therefore is a postulated secondary side blowdown.
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Table 3.5.4-1 (cont.)

b. FLE + §§§

The maximum primar),-to-secondary pressure differential occurs during
a postulated feedline break (FLB) accident. Again, because of the
sleeve location. the SSE bending stresses are small. Thus, the
governing stresses for the minimum wall thickness requirement are
the pressure membrane stresses.

Criterion: Pm smaller of 0.75u or 2.4Sm 1.8, 83.8 &3}
Loadings: PD 2650 psig
Ps o Ap « 2650

T

Hence, [ ] a,c,e

] a,c,e

or. i percent of nominal wall.

The required sleeve wall thickness is [

Luhach b U percent minus growth and uncertainty, could be the
plugging criteria with confirmation of leak-before-break. A 40 percent
criteria would permit 11 per cent for growth and uncertainty.

Leak-Before-Break Verification

The leak-before-break evaluation for ihe sleeve is based on leak rate and
burst pressure test data obtained on 7/8 inch OD x 0.050 inch wall and
11/16 inch OD x 0.040 inch wall cracked tubing with various amounts of
uniform thinning simulated by machining on the tube OD. The margins to
burst during a postulated SLB (Steamline Break Accident) concdition are a
function of the mean radius to thickness ratio, based on a maximum
permissible leak rate of 0.35 gpm due to a normal operating pressure
differential of 1530 psi.

Using a mean radius to thickness factor of 9.5 for the nominal sleeve,
the current Technical Specifications a!lowable leak rate of .35 gpm, a
SLB pressure differential of 2560 psi, and the nominal leak and nominal
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burst curves, a 29.8 percent margin exists between the burst crack length
and the Teak crack length. For a sleeve thinned 51 percent tiirough wall
over a 1.0 inch axial length, a 24.8 percent margin to burst is
demonstrated. Thus the leak-before-break behavior is confirmed for
unthinned and thinned conditions.

3.5.5 EFFECT OF TUBESHEET INTERACTION

Since the pressure is normally higher on the primary side of the tubesheet
than on the secondary side, the tubesheet becomes convex upward. Under these
conditions, the tubes protruding from the top of the tubesheet will rotate

~ from the vertical. This rotation develops stresses in the sleeved tube

assembly. Analysis performed showed that these stressec are not large enough
to affect significantly the fatigue usage factors already found.

3.5.6 STRUCTURAL ANALYSIS OF THE LOWER HYBRID EXPANSION JOINT
3.5.6.1 Primary Stress Intensity
The results of primary stress intensity evaluation for the analysis sections

located at the lower hybrid expansion joint are summarized in Tables 3.5.6.1-1
and 3.5.6.1-2.

A1l primary stress intensities for the sleeved tube assembly at the lower
hybrid expansion joint meet the ASME code 1imits.

3.5.6.2 Range of Primary Plus Secondary Stress Intensities

Primary plus secondary stress at the Lower Hybrid Expansion Joint are
deve'oped by the pressure acting on the sleeve, tude and tubesheet 1igament
surfaces (primary stress), and by thermai stress and deformations imposed by
the tubesheet notion (secondary stress).

The tubesheet mction results from the primary and secondary side pressure and

interactions among the tube.heet, support ring, channel head, and the stub
barrel .
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The worst case: tube fntact was analyzed. The maximum range of stress
intensity values for the sleeved tube assembly are summarized in Table
3.5.6 2-1.

The requirements of the ASME Code, paragraph NB-3222.2 were satisfied.

3.5.6.3 Range of Total Stress Intensities

The fatigue analysis concidered a design 1ife objective of 40 years for the
sleeved tube assemblies. The maximum fatigue strength reduction factor of 5.0
was applied in tne radial direction at the "root" interface nodes of the hard

roll region.

A1l of the cumulative usage factors are negligible, hence, they are beiow the
allowable value of 1.0 specified in the ASME Code.
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3.5.7 EVALUATION OF OPERATION WITH “LOW EFFECTS DUE TO SLEEVING |

An ECCS performance analysis has been completed for Point Beach Unit 2. This
safety analysis assumed a specified leve! of Mode! 44 steam generator tube
plugging (SGTP) in the steam generators and established a 2.21 value of total
core peaking factor for Unit 2. The corresponding non-LOCA safety analysis
defines a more 1imiting (lower) tube plugging leve! in order to maintain
Thermal Design Flow (TDF). Therefore, the limiting plugging condition which
s applicable to this evaluation of the flow effects due to sleeving is the
nen-LOCA value which has been established to maintain thermal design flow.
The accidents evaluated in this report include LOCA and non-LOCA transients as
well as consideration of the effects on the nuclear design and
thermal-hydraulic performance witn the existing plant reactor vessel
Internals. For the accidents considered in that study, the core anrd system
parameters remained within their proper limits (1.e., peak clad temperature,
ONBR, RCS pressure, etc.).

For the Mode! 44 steam generators in Unit 2, maintenance of thermal design
flow has been determined to b a hievable with up to 391.2 tubes plugged in
any one steam generator.

Inserting a sleeve into a steam gen<rator tube results in a reduction of
primary coolant flow. For the purposes of this discussion, it is assumed that
up to 1750 sleaves will be installed in any steam generator channel head.

This implies that an additional 250 sleeves can be installed in the hot legs,
and the full 1750 sleeves car be installed in the cold legs. The selected
sleeving program at Point Beach assumes the use of [ 1%'©®
sieeves which are presumed to be long envugh to span the degraded areas in the
tubesheet region and to be above the siudge pile in either the hot or cold leg
side of the steam generators.

inch long

3.5.7.1 ONE SLEEVE PER TUBE
For a singie [ 1%%® §nch sleeve installed in the hot leg of a tube, the

primary coolant flow reduction per tube is approximately equal to [ i
percent of normal fiow under normal conditions. This reduction in primary
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]G.C.O

coolant flow equates to a hydraulic equivalency ratio of [
tubes to one plugged tube under normal conditions.

sleeved

Using this [ 1%:C® to ) ratio while maintaining TOF for Unit 2 (Mode! 44
steam generator), Table 3.5.7-1 can be used to determine the allowable
sleeving parameters assuming installation of up to ( ghat,8
steam generator under normal conditions. Note that [  abd
tubes are equivalent to ( b i plugged tubes.

sleeves per
sleeved

For the condition presented above for Unit 2, the most 1imiting equivalent
plugged tube condition in the two steam generators occurs in Steam Generator B
where 147 tubes, including 89 sleeved tubes, are currently plugged. It is
seen in Table 3.5.7-1 that with [ 1218 tubes sleeved there would be a
margin of [ 12:€+® tubes (391 minus ( 13:€:8) available for

additional plugging before violating the TDF basis of the non-LOCA analysis.
With a smaller number of sleeved tubes, the margin to TODF would be larger.

3.5.7.2 TWO SLEEVES PER TUBE

When a single tube has one [ 12:©® ynch sleeve on the hot-leg side and a
second [ 1% “'® inch sleeve on the cold-leg side, the primary coolant flow
loss per tube is approximately equal to [ ]a.c.e percent of normal flow.
This reduction in primary coolant flow equates to a hydraulic equivalency
ratio of [ 12:€+® gouble sleeved tubes to one plugged tube under normal
conditions.

Using this [ 12:€® t5 1 ratio while maintaining TOF for Unit 2,
Table 3.5.7-2 can be used to determine the allowable sleeving parameters
assuming installation of up to [ 12:€+® <1eeves for [ 191540
per steam generator under normal conditions. Note that [ bt
are equivalent to (  Rabkcheb plugs.

tubes
sleeves

For the condition presented acove for Unit 2, the most limiting equivalent
plugged tube condition In the two steam generators occurs in Steam Generator B
where 147 tubes, inciuding 89 sleeved tubes, are currently plugged. It is
seen in Tabie 3.5.7-2 that with [ 12:C:® tubes sleeved, there would be a

margin of [ 13:C® tibes (391 minus ( 12:¢48) avatlable for additional
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plugging before violating the TOF basis of the non-LOCA analysis. With a
smaller number of double sleeved tubes, the margin to TOF would be larger.

3.5.7.3 FLOW EFFECTS SUMMARY

The effect of sleeving on the non-LOCA transient analyses has been reviewed.
Analyses of the level of sleeving and plugging discussed in this report have
shown that the Reactor Coolant System flow rate will not be less than the
Thermal Design Flow rate. The Thermal Design Flow rate is the value used in
the non-LOCA safety analyses and is designed to be less than the minimum RCS
flow rate that occure under normal or degraded conditions. Since the reduced
RCS flow rate s not less than the assumed flow rate (Thermal Design Flow),
the non-LOCA safety analyses are bounded by the anticipated maximum amount of
steam generator tube sleeving ([ 126 <leeves per steam generator) and
cause no safety concerns. Any smaller number of sleeves would have less of an
effect.

It should be noted that any combination of sleeving and plugging may be
utilized at Point Beach Unit 2 as long as the TOF is not violated. Tables
3.5.7-1 and 3.5.7-2 give the number of tubes which may be sleeved up to

( ]a.c.e tubes and the number of additional plugs per steam generator
that could be installed at the present plugging levels of Unit 2 without
violating TDF.

In addition, as a result of tube plugging and sleeving, primary side fluid
velocities in the steam generator tubes will increase. The effect of this
velocity increase or the sleeve and tube has been evaluated assuming a
conservative piugging condition which tends to increase flow velocity within a
tube. As a reference, normal flow velocity through a tube is approximately

( i ft/sec, for the unplugged condition. Assuming the conservative
plugging condttion, the fluid velocity through an unplugged and unsleeved tube
is [ g g ft/sec, and for a tube with a sleeve, the local fluid

velocity in the sleeve region is estimated at ( ]a.c.e ft/sec. Because
these fluid velocities are 1255 than the inception velocities for fluid
impacting, cavitation, ano erosion-corrosion, the potential for tube
degradation due to tnese mechanisms is low.
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Accordingly, using the assumptions stated in Section 3.5.7, no ECCS results
more adverse than those in the existing Westinghouse safety analyses are
anticipated for equivalent tube plugging projected to occur at Point Beach
Unit 2 with up to [ 1% tibes sleeved per steam generator using

( 19:€4€ <1eeves.

05
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TABLE 3.5.7-1

ALLOWABLE SLEEVING PARAMETERS UNDER NORMAL CONDITIONS
(ONE SLEEVE PER TUBE)
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TABLE 3.5.7-2

ALLOWABLE SLEEVING PARAMETERS UNDER NORMAL CONDITIONS
(TWO SLEEVES PER TUBE)
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3.5.8 ALTERNATE SLEEVE MATERIALS

As mentioned atove in Section 3.4.3, mechanical pronerties of Alloy 690

are considered by the ASME Codz Case N-20. The design stress intensity

value Sm for both materials Alloy 690 and 600 in thre Case N-20 is identical
(S. = 26.6 ksi). Therefore, for these materials, Primary Stress Intensity
and Maximum Range of Stress Intensity allowables are equivalent. Orly
pressure stresses were considered when calculating Primary Stress Intensity.
The maximum Primary Membrane Stress Intensity was found at the analysis
section on the straight portion of the tube. Therefore, because of the
similarity of design stress intensity values, the ratio “Calculated Maximum
Primary Membrane Stress Intensity/Allowable Stress Intensity" 1s not a
function of the sleeve materfal (Alloy 690 or 600). Thermal stress, and hence
maximum range of stress intensity and fatigue usage factor, could depend upon
the mechanical properties of the sleeve materiai. The modulus cf elasticity
of Alloy 600 is higher than that of Alloy 690 by approximately 7 percent.
However, the coefficient of thermal expansion of Alloy 690 fs highar than that
of Alloy 600. Past analytical experience indicates that the coefficient of
thermal expansion mismatch between Alloy 690 and 600 materials significantly
effects the thermal stress. Therefore, the results of the Maximum Range of
Stress Intensity and Fatigue Evaluations for the sleeve and tube assembly with
Alloy 690 as the sleeve material are conservative relative to those which
would be calculated with Alloy 600 as a sleeve material.

3.5.9 EFFECT OF AN AXIAL TUBE LOCK-UP ON FATIGUE USAGE FACTOR

In this analysis, only one tube is considered to be locked-up at the first
tube support plate under 100 percent power conditions.

The following effects on the stress components of the locked-up tube were
analyzed:
- effect of grimary and secondary pressure stresses
- effect of thermal stresces in the assembly
- effect of tubesheet rctations
- effect of ax«ial thermal displacements in tube, tube/sleeve, and
wrapper/shell regions
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- effect of pressure drop through the tubesheet and tube support olates
The effects of pressure drops across tne tubesheet and the tube support plates
as weil as the tubesheet-tube support plate assembly interactions were taken
into account for central Tocked-up tubes while thay were neglected for the
outermost tubes. The results of maximum range of stress intensity and fatigue

evaluations are given in Tables 3.5.9-1 and 3.5.9-2

For the central locked-up tubes, only the sleeve for the worst case, i.e.,
tube discontinuous, was considered.

It is seen that the requirements of the ASME Code are satisfied fur both
outermost and central axial locked-up sleeved tubes.

3.5.10 Minimum Sleeve Wall Thickness
Nominal and minimum sleeve wall thickness was analyzed.

Taking into iccount plus 0.003 inches for corrosion/errosion, the recommended
sleeve wal. _hickness is:

Nominal Sleeve Wall Thickness 0.037 inches

Minimum Local Sleeve Wall Thickness 0.0363 inches

463BM:49/102787-22 3-109
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4.1.2 TUBE HONING

|
|
1
The sleeving process includes honing the inside diameter area of tubes to be |
sleeved to prepare the tube surface for the hybrid expansion joint and the i
lower joint by removing loose oxide and foreign material. Honing also reduces )
the radiation shine from the tube inside diameter, thus contributing to 1
reducing man-rem exposure. {

1

1

1

Tube honing may be accomplished by either wet or dry methods. Both processes
have been shown to provide tube inside diameter surfaces compatible with
mechanical joint installation. The selection of the honing process used is
dependent primarily on the installation technique utilized, the scale of the
sleeving operation (small scale vs. large scale sleeving), and the customers
site specific rad-waste requirements. Evaluation has demonstrated that
neither of these processes remove any significant fraction of the tube wall
base material.

4.1.2.1 WET HONING

Tube honing will be performed using a [

]a.c.e

A waste handling system may be used to collect the [ 1,2C € 1he
hone debris, and the oxide removed from the tube ID. (

12 %% There may also be an inlet to the

suction pump which subseguentiy pumps the debris and water directly to the
plant waste disposai system.
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]"c" This process is repeated until all sleeves are
installed and hydraulically expanded.

4.3 LOWER JOINT SEAL

At the primary face of the tubesheet, the sleeve is joined to the tube by a
(

]'Q.C.Q

The contact forces between the sleeve and tube due to the initial hydraulic
expansion are sufficient to keep the sleeve from rotating during the [

]_a.c.e

The appropriate extent of hard roll expansion of the sleeve is attained by
[ ]"C" The hard roller
torque is calibrated on a standard torque calibrator prior to initial nard
rolling operations and subseguently recalfbrated at the beginning of each
shift for automatic tcoling. This control and calibration process is a
technique used thrcughout industry in the installation of tuhes in heat

exchangers.
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4.4 UPPER HYBRID EXPANSION JOINT (HED)

The HEJ first utilizes a [
12:€® An upper hard rolier is inserted into the sieeve until it is
positioned at the prescribed axial location. The hard roller is then operated
for a fixed time. At the end of this time the roller will have expanded to
Its set diameter and the total tube diametral expansion will have been
accomplished. The maximum torque of the hydraulic or air operated drive motor
is set at a value which is sufficient to achieve the desired tube expansion.

4.5 PROCESS INSPECTION SAMPLING PLAN

In order to verify the final sleeve installation, an eddy current inspection
will be performed on all sleeved tubes to verify that all sleeves received
the required hydraulic and roll expansions. The basic process check on

100 percent of the sleeved tubes will be:

1. Verify presence of lower hydraulic expansion zone.

2. Measure lower hydraulic expansion and roll average diameter and verify
location within the lower hydraulic expansion.
Verify presence of upper hydraulic expansion zone.

4. Measur- upper hydraulic expansion and roll average diameter and verify
location within the upper hydraulic expansion.

5. Check Tor the presence of any anomalies.

In order to monitor the sleeving process inftial application of the eddy
current profilometry may be performed to obtain sleeve ID data. As acceptadbie
diameters are verified and the cleeving process is proceeding as anticipated,
this inspection may te eliminated. These average diameters will be evaiuated
versus the expected tolerances estab!ished through tne design requirements,
laboratory testing results, and previous experience. This evaluation will
determine whether or not the equipment/tocling is performing satisfactorily.
If process data Is determined to te outside of expected ranges, a
non-conformance report is issued and further analysis performed.
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5.0 SLEEVE/TOOLING POSITIONING TECHNIQUE

With all positioning techniques, the process actually used to install the
sleeves (hydraulic expansion, mechanical rolling, etc.) will not be changed
due to the use of any sleeve/tooling positioning technique. It is the
processes which the sieeves are subjected to that are critical to their
successful installation; the technigue used to position the sleeves and
tooling is not critical so long as it does not affect the sleeve installation
processes.

Some technigues used-to position the sleeve installation tooling are: fully
robotic (ROSA and SM-10WS) and hands-on (manual), or the combination of two or
more tooling installation modes. The actual technique utilized is dependent
upon many vartables including what is mutually agreed to between the utility
and Westinghouse.
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6.0 NDE INSPECTABILITY

The Non-Destructive Examination (NDE) development effort has concentrated on
two aspects of the sleeve system. First, a method of confirming that the
Joints meet critical process dimensions is required. Secondly, it must be
shown that the tube/sieeve assembly is capable of being evaluated through
subsequent routine in-service inspection. In both of these efforts, the
inspection process has relied upon eddy current technology.

Previous sleeve installations have had baseline and subsequent in-service
inspections of the sleeved tubes. Presently, nc chanje has beeﬁ observed in
any of the in-service eddy current inspections compared to the baseline
inspections.

6.1 EDDY CURRENT INSPECTIONS

The eddy current inspection equipment, technigues, and results presented
herein apply to the proposed Westinghouse sleeving process. Eddy current
inspections are routinely carried out on the steam generators in accordance
with the plant's Technical Specifications. The purpose of these inspections
s to detect at an early state tube degradation that may have occurred during
plant operation so that corrective action can be taken to minimize further
degradation and re.uce the potential for significant primary-to-<ermndary
leakage.

The standard inspection procedure involves the use of a bobbin eddy current
probe, with two circumferentially wound colls which are dispiaced axially
along the prove body. The coils are connected in the so-called differential
mode; that is, the system responds only when there is a difference in the
properties of the material surrounding the two coils. The coils are excited
by ustng an eddy current instrument that disp ays :hanges in the material
surrounding the coils by measuring the electrica! impedance >f the coils.
Presently, this involves simultaneous excitation of the coils with severa!
different test frequencies.

6-1
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The outputs of the various frequencies are combined and recorded. The
combined data yield an output in which signals resulting from congitions that
do not affect the integrity of the tube are reduced. By reducing unwanted
signals, enhanced inspectability of the tubing results (i.e., a higher
signal-to-noise ratio). Regions in the steam generator such as the tube
supports, the tubesheet, and sleeve transition zones are examples of areas
where multifrequency processing has proven valuable in enhancing inspection of
the tube.

After sleeve installation, all sleeved tubes are subjected to an eddy current
inspection which includes a verification of correct sleeve installation for
process control and a degradation inspection for baseline purposes to which
all subsequent inspections will be compared.

While there are . number of probe configurations that lend themselves to
enhancing the inspection of the tube/sleeve assembly in the regicns of
configuration transitions, the crosswounc coil probe has been selected as
offering a significant agvancement Over the conventional bobbin coi! probe,
yet retaining the simplicity of the inspection procedure.

Verification of proper sleeve installation is of critical importance in the
sleeving process. The process control eddy current verification is conducted
utilizing one frequency in the absolute mode with a crosswound coi! probe.

The purpose is to provide 'in-process" verification of the existence of proper
hydraulic axpansion and hard roll configurations and also to allow
determination of the sleeve process dimensions both axially and radially.
Figure 6.1-1 fllustrates the coil response and measurement technigue fcr
typical sleeve/tube joint.

The inspection for degradation of the tube/sleeve assembly has typically been
performed usirg crosswound coil! probes operated with muitifrequency
excitation. For the straight length regions of the tube/sleeve assembly, the
inspection of the sleeve and tube is consistant with normal tubing
inspections. In tube/sleeve assembly joint regions, data evaluation becomes
more complex. The results ciscussed telow suggest the limits on the volume of
degradation that can be datected in the vicinity of geometry changes.
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The detection and quantification of degradation at the transition regions of
the sleeve/tube assembly depends upon the signal-to-noise ratio between the
degradation response and the transition response. As a general rule, lower
frequencies tend to suppress the transition signal relative to the degradation
signal at the expense of the ability to quantify. Similarly, the inspection
of the tube through the sleeve requires the use of low frequencies to achieve
detection with an assoclated loss in quantification. Thus, the search for an
optimum eddy current inspection represents a trade-off between detection and
quantification. With the crosswound coll type inspection, this optimization
leads to a primary inspection frequency for the sleeve on the order of [

12:©+® and for the tube and transition regions on the order of [
12.c.e

Figure 6.1-2 shows a typical [ phase angie versus degradation

depth curve for the sleeve from which OD sleeve penetrations can be assessed.

In the regions of the parent tube above the sleeve, conventional bobbin coil
or crosswound coll inspections will continue to be used. ‘owever, since the
diameter of the sleeve is smaller than that of the tube, a probe inserted
through the sleeve will have a reduced fill factor.

Eddy current inspection for the unsleeved portion of the steam generator tube
having sleeves at both ends is accomplished by utilizing a .610 dia. bobbin
test probe. This probe size has been successfully utilized to inspect dented
tubes, small radius U-bend tubes, and tube sleeve assemblies, both baseline
and in service inspecitons. Calibration is performed as per ASME B8 & PV code
Section V Article 8 - Appendix I to allow for a phase analysis correlating a
percent of wal! loss to a specific phase angle. Utilization of the MIZ2-18
Digital Data Acquisition equipment provides the necessary sensitivity for
achieving the required signal amplitude from the 20% flat bottom hole on the
ASME Defect Standard. The phase analysis technique structures the signal such
that responses from tube degradation result in the vertical plane, and signals
such as probe moticn lie in the horizontal plane. This signal separation
decreases the effects of a reduced fili factor when utilizing a .610 dia.
probe. Test configurations incorporate both the differential! and absolute
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capabilities of the eddy current probe. Figures 6.1.3a and b demonstrate the
acceptance response of the 0.610 dia. probe to the ASME Tube Standard when
utflizing the MIZ-18 Digital Data Acquisition equipment.

For the tube sleeve combination, the use of the crosswound probe, coupled with
a mitifrequency mixing technique for further reduction of the remaining noise
signals significantly reduces the interference from all discontinuities (e.g.
transition) which have 360-degree symmetry, providing improved visibility for
discrete discontinuities. As is shown in the accompanying figures, in the
laboratory this technique can detect OD tube wall penetrations with acceptable
signal-to-noise ratios at the transitions when the volume of metal removed is
equivalent to the ASME calibration standard.

The response from the tube/sleeve assembly transitions with the crosswound
cofl 1s shown in Figures 6.1-4, 6.1-5, and 6.1-6 for the sleeve standards,
tube standards and transitions, respectively. Detectability in transitions is
enhanced by the combination of the various frequencies. For the cross-wound
probe, two frequency combinations are shown; [
provides

gheR el Figure 6.7-7 shows the phase/depth curve
for the tube using this combination. As examgles of the detection capability
at the transitions, Figures 6.!-8 and 6.7-9 show the responses of a 20 percent
0D penetration in the sleeve and 40 percent OD penetration in the tube,
respectively.

For inspection of the region at the top end of the sleeve, the transition
resporse signal-tc-noise ratio is about a factor of four less sensitive than
that of the expansions. Some additional inspectability has been gaines by
tapering the wall thickness at the top end of the sleeve. This redu.es the
end-of-sleeve signal by a factor of approximately two. The crosswound cofl,
howaver, again significantly reduces the response of the sieeve end. Figure
6.1-10 shows the response of varicus ASME tube calibration standards placed at
the end of the sleeve using the cross-wound coi! and the ( Al
frequency combination. Note that under these conditions, degradation at the
top end of the sleeve/tube assembly can be detected.
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6.2 SUMMARY

Conventional eddy current technigues have been modified to incorporate the
more recent technology in the inspection of the sleeve/tube assembly. The
resultant inspection of the sleeve/tube assembly involves the use of a
cross-wound coil for the straight regions of the sleeve/tube assembly and for
the transition regions. The advent of MIZ-18 digital E/C instrumentation and
its attendant increased dynamic range and the availability of 8 channels for
four raw frequencies has expanded the use of the crosswound coil for sleeve
inspection. While there is a significant enhancement in the inspection of
portions of the assembly using the cross-wound coil over conventional bobbin
coils, efforts continue to advance the state-of-the-art in eddy current
inspection techniques. As advanced state-of-the-art techniques are developed
and verified, they will be utilized. For the present, the cross-wound coil
probe represents an inspection technique that provides additional sensitivity
and support for.eddy current techniques as a viable means of assessing the
tube/sleeve assembly.
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Figure 6.1-10

Eady Current Response of the ASME Tube Standard
at the End of the Sleeve Using the Cross Wound
Cotl Probe and Multifrequency Combination
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7.0 ALARA CONSIDERATIONS FOR SLEEVING OPERATIONS

The repair of steam generators in operating nuclear plants requires the
utilization of appropriate dose reduction techniques to <eep radiation
exposures As Low As Reatonably Achievable (ALARA). Westinghouse maintains an
extensive ALARA program to minimize radiation exposure to pursonnel. This
program includes: design and advancement of remote and semi-remote tooling,
including state-of-the-art robotics; decontamination of steam generators; the
use of shielding to minimize radiation exposure; extensive personnel training
util1zing mock-ups; dry runs; and strict qualification procedures. In
addition, computer programs (REMS) exist which can accurately track radiation
exposure accumulation.

The ALARA aspect of the too! design program is to develop specialized remote
tooling to reduce the exposure that sleeving personnel receive from high
radiation fields. A design objective of a remote delivery sleeving system is
to eliminate channel head entries and to complete the sleeving project with
total exposures kept to a minimum, i. e., ALARA. A manipulator arm can be
installed on a fixture attached to the steam generator manway after video
cameras and temporary nozzle covers have Leen installed. A -ontrol station
operator (CSO) then manually operate controls to guide the m nipulator arm
through the manway and attach a baseplate to the tubesheet. The inc.cllation
of the arm requires only one platform operator to provide visual observation
and assistance with cable handling from the platform. The control station for
the remote delfvery system is located outside containment in a specially
designed control station trailer. As previously indicated, under some
conditions positioning of sleeve/tooling with the base Robotic system may not
be practical. [n these circumstances alternate techniques may be utilized,
such as hands-on (manual position), alternate robotic or semi-remotely
operated equipment or a combination of the two.

The control of personnel exposures can also be effected by careful planning,
training, and preparation of maintenance procedures for the jcb. This form of
administrative control can help to provide that the minimum number of
personnel will be used to perform the various tasks. Additional methods of
minimizing exposure inclune the use of remote TV and radio surveillance of all
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platform and channel head operations and the monitoring of personnel exposure
to identify high exposure areas. Local shielding will be used whenever
possible to reduce the general area background radiation levels at the work
stations inside containment.

7.1 NOZZLE COVER AND CAMERA INSTALLATION/REMOVAL

The installation of temporary nozzle covers in the reactor coolant pipe
nozzles in .reparation of the steam generators for sleeving operations may
require coannel head entries. The covers are installed to prevent the
accidental dropping of any foreign objects (1.e., tools, nuts, bolts, debris,
etc.) into the reactor coolant loops during sleeving operations. In the event
that an accident did occur, an inspection of the loop would be required and
any foreign objects or debris found would be retrieved. The impact on
schedule and radiation exposures associated with these recovery operations
would far exceed the time and exposures expended to Install or remove loop
nozzle covers. Consequently, it is considered an ALARA-efficient procedure
to utilize temporary nozzle covers during sleeving operations.

The use of video monitoring systems to observe Robotic operations in the
channe! head may require manual installation. The installation of overview
cameras to monitor sleeving operations may require a full or partial channel
head entry.

The installation and removal of this equipment in the steam generators are the
only anticipated potentiais requirements for channe! head entries during the
sleeving project.

7.2 PLATFORM SETUP/SUPERVISION

The majority of the radiation exposures recorded for the sleeving program is
expected to resu’t primartly from personnel working on or near the steam
generator platforms and in the channel head for nands-on operations. The
setup and checkout of equipment For the various sleeving processes,
insta'iation/remova’ of *ccling, and the operation of the tooling are the
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The flexible honing cable used to rotate the hone inside the tubes is also
flushed during the honing process. However, the construction of the stainless
steel cable will cause radicactivity to build up over the course of the
project. Radiation levels on segments of the cable could reach 5-10 R/Hr
contact dose rates for major sleeving jobs. It is expected that an average of
one cable per steam generator will be used during the sleeving project. The
cables are consumables and are drummed as solid radwaste.

7.4 HEALTH PHYSICS PRACTICES AND PROCEDURES

The Health Physics (HP) requirements for sleeving will be those establshed by
the licensee. Westinghouse will provide radiological engineering assistance,
as needed, to assist in coordination of the radiological aspects of the
Westinghouse activities. Open communications between involved parties will be
maintaineo so that appropriate health physics practices can be established for
the sleeving program. The HP procedures of the utility will be the guidelines
followed during the sleeving operation. However, in specific instances where
beneficial changes to the techniques are mutually recognized but not covered
in these WP procedures, appropriate changes will be made according to
established change procedures.

The field service procedures which are prepared by Westinghouse for the
comolete setup of equipment and subsequent sleeving operations include the
specific radiologically related responsibilities, prerequisites and
precautions. These are expected to minimize further exposure and control
contamination.

Mockup training at tne Westinghouse Waltz Mill Training Center includes the
following radiological practices:

© Technical skill training while dressed in full Anti-C clothing
including bubble hoods.

o Identification of high radiation zones on the work platform and
emphasis of minimizing stay times.
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© Handling of contaminated tools and changeout of contaminated mandrels.
© Location and use of waste disposal containers.

Westinghouse implements an extensive training and qualification program to
prepare supervisory, maintenance and operations personnel for field
implementation of the sleeving process. Satisfactory completion of this
training program verifies that the trained personne! are qualified to perform
all assigned operations from a technical as well as radiological aspect in
keeping with the ALARA principals.

The qualification program consists of two phases:

Phase I -~ classroom
Phase [I - mockup

Phase I - Consists of classroom training and addresses subject material that
is related to the overall sleeving program. The Phase I instructors generate
and administer an examination for Phase I training to demonstrate that a
trainee has knowledge of the material presented. This examination is written
and all trainees tested. A minimum grade of 80 percent is required. The test
results are retained for audit.

Phase II - Consists of hands-on and mockup sleeving training during which the
trainee must demonstrate a capability to perform a function or operation in a
limited amount of time. If team training is required, each trainee must be
able to perform all tasks required of the team.

7.5 AIRBORNE RELEASES
The implementation of the proposed sleeving processes in operating nuciear

plants has irdicated that the potential for airborne releases is minimal. fhe
major cperations include [ 12:€+® and sleeve installation.
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Experience has shown that these sleeving processes do not contribute to
airborne releases.

7.6 PERSONNEL EXPOSURE ESTIMATE

The total personne! exposures for steam generator sleeving operations will
depend on several plant dependant and process related factors. These may
include, but not be Timited to: the scope of work (quantity of sleeves, etc),
plant radiation levels, ingress/egress to the work stations, equipment
performance and overall cognizance of ALARA principles. Consequently, the
projection of perscnnel exposures for each specific plant must be performed at
the completion of mockup training when process times for each operation have
been recorded. The availability of plant radiation levels and worker process
times in the various radiation fields will provide the necessary data to
project personnel exposure for the sleeving project.

The calculation of the total MAN-REM exposure for completing a sleeving
project may typically be expressed as follows:

P = ((Ns : DS) + Sg) ; Ng

Project total exposure (MAN-REM)
= Number of sleeves installed/steam generator
Exposure/sleeve installed
Equipment cetup/removal exposure per steam generator
Ny Number of steam generators to be sleeved

This equation and appropriate variations are used in estimatina the total
personnel exposures for the sleeving project.
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Man-rem exposure results obtained during a recent Westinghouse steam generator
sleeving operation showed approximately 50 to 100 millirem/tube, using the
Remote Operating Service Arm (ROSA) or SM-10WS.

Man-rem exposure results obtained from recent Westinghouse steam generator
manual sleeving operations show approximately 300 man-rem for sleeving of 650
tubes. This estimate is based on chemical decontamination of the steam
generator channel heads including approximately 4 feet inside the steam
generator tubes with a resulting fleld of approximately 4 R/HR.
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8.0 [INSERVICE INSPECTION PLAN FOR SLEEVED TUBES

In addressing current NRC requirements, periodic inspections of the
supplemented pressure boundary must be performed. This new pressure boundary
consists of the sleeve with a joint at the primary face of the tubesheet and a
joint at the opposite end of the sleeve.

The inservice inspection program will consist of the following. Each sleeved
tube will be eddy current inspected on completion of installation to obtain a
baseline signature to which all subsequent inspections will be compared.
Periodic inspections to monitor sleeve wall conditions will be performed in
accordance with the inspection secticn of the plant Technical Specifications.
This inspection will be performed with multi-frequency eddy current equipment.

Periodic pressure testing of the steam generator, similar to that performed

following tube plugging will be performed as recommended in the technical
manual.
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