
KR0101217

KAERI/AR-590/2001

Repair Technology for Steam Generator Tubes



2001^ 2S 15

§ ^

CD C3

- i -



O Ofc

71

187)

?>•

Inconel

600, Inconel 690, Incoloy 800^1 tfltb ^ - g - ^ - ^ ^ l - ^ * . ^ , ^ ^ « - sv^- Ĵ 7l <g
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SUMMARY

I .Project Title

Repair Technology for Steam Generator Tubes

II .Objective and Importance of the Project

There are 18 nuclear plants under operation in domestic country. Repair of

steam generator tubes have taken long time, costed lots of money since they

have been performed by the foreign companies. Possibility of tube leak from

primary side to secondary side at steam generator is very high, and tubes

which have those possibility during operation are plugged. But if plugging ratio

is higher than plugging limit, steam generator needs to be replaced. Replacement

of steam generator cost about tens of billion dollars and causes lots of damage

and contamination by radiation. In addition, Foreign companies tend to request

higher repair expense if no domestic research and development on repair

techniques is performed.

HI.Scope and Contents of the Project

In this study, technical documents were reviewed and summarized to cover

the sleeve materials, dimension, installation methods and qualification for the

requirements of steam generator repair techniques.

Inconel 600, 690 and Incoloy 800 as the sleeve materials and the experimental

method to determine the residual stress due to the sleeve expansion and sealing

techniques and verification issues to satisfy the qualification requirement of

repair technology were analysed in detail.

The current repair techniques of steam generator tubing for ABB CE, FTI

and Westinghouse which are the typical sleeving venders were investigated.

ABB CE provides three type of leak tight Alloy 690 TIG welded and PLUSS

sleeve. FTI has brazed and kinetic sleeve designs for recirculating steam

generator and hydraulic and rolled sleeve designs for one-through steam
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generators. And furthermore FTI provides electrosleeve design using

electroforming. Westinghouse provides HEJ, brazed and laser welded sleeve

design. Presently no brazed sleeves are installed in an operating plant.

IV.Results of the Project

The most commonly used sleeving materials until are thermally treated Alloy

600 and thermally treated Alloy 690 Alloy. Currently, thermally treated Alloy 690

which has good resistance of PWSCC are being offered. Sleeve length of laser

welded sleeve is 150mm. The FTI electrosleeve offer sleeve to be less than

200mm in length and The ABB CE and Westinghouse laser welded direct tube

sleeve offer 26mm sleeve. Sleeve thickness should be less than the wall

thickness and the radial clearance is 0.30 ~ 0.46mm and the smaller clearance is

better in order to reach the repair position without objection. Expansion and

sealing method of sleeve affect residual tensile stress in joint. The highest

residual stress is made by roll expansion and the lowest residual stress is made

by hydraulic expansion. To install sleeve, joint strength, leak tightness, PWSCC

resistance, evaluation on process parameter range and the effect of equipments

and procedures on repair plan and radiation damage have to be investigated

before sleeving.

ABB CE installed over 14000 sleeves at 14 nuclear plants. ABB CE provides

PLUSS sleeve and three type of leak tight Alloy 690 TIG welded which are

straight tubesheet sleeve, peripheral tubesheet sleeve and tube support plate

sleeve. Currently, Direct Tube Repair technique using Nd^YAG laser has been

developed.

FTI installed over 10000 sleeves at 21 nuclear plants. FTI has a number of

sleeve designs for both recirculating and one-through steam generators. The

FTI sleeve designs are Brazed, Hydraulic expanded, Roller expanded, Kinetic

sleeve. The sleeves are used for 1) the tubesheet region of recirculating steam

generators, 2) the tube support plate regions of recirculating steam generators,

3) the tubesheet and upper span of one-through steam generators, 4) the tube

support plate region of one-through steam generators.

The FTI electrosleeve is a structural repair for steam generator tubing. The
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electrosleeve process provides a continuous bond of high-strength micro-alloyed

nickel to the parent tube internal diameter, spanning the defective region. Since

no deformation of the parent tube occurs, stress relief is not required.

Since 1980, Westinghouse has installed over 59,000 sleeves in the steam

generator at 17 nuclear plants. Westinghouse provides HEJ, brazed and laser

welded sleeve design. Presently no brazed sleeves are installed in an operating

plant.

ABB CE and Westinghouse has developed a Laser Welded Direct Tube Repair

process for restoring degraded steam generator tubing.

V.Proposed Application of the Results

As a results of this report, designs and characteristics on repair techniques of

steam generator tubes which have been provided by ABB CE, FTI and

Westinghouse were investigated, direction of research and development on repair

techniques of steam generator tubes was suggested. This report will be used to

as a guide line of sleeving of domestic steam generator tubes. Analysis on

electorsleeve patent published by FTI will be a baseline data of electrosleeve

using electroplating which minimize the residual stress to cause SCC.
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Fig.2-1 Defects and Defect Location in S/G tubes.
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Steam generator performance

Number of tubes plugged

Fig.2-2 Power Reduction as a function of a Number of Tubes Plugged.
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-1 Sleeving Experience.
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TS

Crevice

IGA

IGSCC
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Joints
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Tube
Sheet
Joints
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Total
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4.5

Table 2- fe San Onofre Kewaunee

Si4. 71 #
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Table 3-1 Typical length of sleeve.

Location

Part depth expansion

Full depth expansion
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254-279.4

279.4-304.8

Table 3- %<4. zjo|
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50mm, Backup Joints Q°]7} A A 50mm °1 € 4 . #2]«.
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v^-4 7f^>a]oflA-] z|zv 9i0-1140mm,

280-300mmol4. 7 } ^ 4 e ) i ^ ^5] a. zjoi^- s7^A]7]7] ]̂fV £-7-^ 7\%
 aA

=r #°11 Si 4 . °fl# 1-^, Flexible Sleeved Segmented Sleeve 7}- °14. Flexible

Sleevefe °o^ ^ ^f^0! ^ ^ ^<d^°14, ^^^1 -?•-&£- -fr^*!-^ 7]-^>5]ofl

£ 1520-2030mm^> l̂ si #BitL 7_jo]7> 7>^-5>4. Segmented Sleeved ?££ -̂

Butt -g-^-i- € ^ 1 ^ 4 .

H(Sleeve Outside Diameter and Radial Clearance) :
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A £ S SCC 7f^

(Radial Clearance, Some Vender

| (Sleeve Wall Thickness) : ^^^-
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£I-S 1, P , Sm-& H 31 #£..§.

Table 3-2 Sleeve Wall Thickness as a function of Sleeve Materials.

Material

^ \ ^ ^ Design Stress

^~\4ntensity(Sm)

Thickness ^~\^

5/8" for 3/4" Tube

3/4" for 7/8" Tube

Inconel 600

23.3ksi

0.798mm

0.957mm

Inconel 690

23.3ksi

0.798mm

0.957mm

Incoloy 800

20.0ksi

0.922mm

1.106mm
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^(Original Tubing Material) : ^ e ) « .

1600)^ 1600 MA, 1600 TT, 1600 HTM A, 1690 TTIO) ^ J 5

Table 3-3^ ^ i i ^ ^ xfls <^t}]7lsf t ^ s ) S ^ ° l 14^14

SCC l̂l

3 Si4. 1600^ SCC

^ 7 ^

$=-§-

SCC

1600 HTMA ^^2]*9-^-i- ^

-i: ^1«>^ Cr ^ ^ " ^ sl-

. Table 3-4°fl 4 ^ 1 #

^r 1690 TTSf Incoloy 800A

. Westinghouse^ffe I600S-1 SCC

Table 3-3 The chronology of fabrication and annealing conditions.

Plant Vintage

Pre 1970's

Early 1970's

Late 1970's

Heat Treating Condition

Mill Annealed

LTMA

HTMA + TT

Approximate Tube Mill
Anneal Temp.CC)

1024

954

996

*LTMA : Low Temp. Mill Annealed

*HTMA : High Temp. Mill Annealed

*TT : Thermally Treated, Followed by holding at 704°C for about 15 hours
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Table 3-4

Inconel 600

Inconel 690

Incoloy 800

l.High

Comparison of Candidate

Advantage

Thermal
Conductivity(19.2(W/m°C))

2.Low Thermal Expansion

Coefficient(14.2(um/m°C))

3.High

l.High
2.High

Confidence

PWSCC Resistance

Intergranular

Sensitization Resistance

l.High
2.High

PWSCC Resistance
SCC Resistance in

OH Solution

l.Low

2.Low

l.Low

Materials for S/G tube.

disadvantage

PWSCC Resistance

SCC Resistance in OH Solution

Thermal

Conductivity(17.3(W/m°C))

2.High Thermal Expansion
Coef f icient( 14.5(um/m °C))

3.Low

l.Low

2.Low

Confidence

SCC Resistance in Cl Solution

Mechanical Properties at Operation
Temperature

3.High Thermal Expansion
Coefficient(16.2(um/rn°C))

iL ^S(Sleeve Material) : 1983^4*1 1600 MA, 1600

^ A o ^ ^*\<Lg. Nickel Hife Alloy625» 3.

PWSCC ^ IGA f̂l tn^- a l ^ o l fe^ 1690

TT1- ^ S A>-g-«}-jL sa^.^, 2]5-°11 71]̂ %[ ABB CEA>a] PLUSS ^ a ] ^ 1 ^

Incoloy 800-ir 4-§-?14.

^^(Additional Joint Materials) :

Hard Rolling-Sr §f7-14

ofl o] SCC
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^ f e TIG or Laser Welding, Brazing, Hard Rolling, Kinetic

Welding ^ 1 $XA. M ^ l ^^slfe- 3HH-3-& #±*]?

Hard Rolling Sfe

DPWSCC

: Mechanical Expansion-^ ^r^r §>-?-^ 4 -

PWSCC-t ^^-o-f«cf. 4 B } ^ 3-^- ^ ^ # - g - ^ ^ ^ - i : f-sfl PWSCC 7f^^

}. 1690 TTrr 1600 MA 5&fe 1600 TT°H «1 ^V^ -g-^^7^ 1

PWSCC ^D-^^l - f ^ f t 3J.2.S ^Ef^ v 4 . Hydraulic

Expansion-c: ^ ^ -̂ -̂ V^T-'HI 4-§-£ l^ , Mechanical Expansion0!] «lsfl ^^]^<y
W

O>-^CLS- PWSCC°1) cflti- ^ ^ - ^ ° 1 -f^sKK Explosive Expansion Sfe

^^\] 4-g-s]^, ^ ^ ^ ^ U-^^LS. Hydraulic Expansion^}-

PWSCC1- ^^-51-^4. Table 3~5fe Sj-^ uov^°ll ^ € - PWSCC ^%

Fig.3-2^ Roll, Explosive, Hydraulic Expansion^] s] *> %^M1 ?i1i+'Hl £.

. Explosive Expansion3!- Hydraulic Expansion-1 ^-T-7f Roll Expansion

oil alsfl ^ . H
1°1 't^^ffe- A1?>S- ^ ^ ^ ^ r °s

v ^r 5^4. °lfe Explosive Expansion^

Hydraulic Expansion^] Sj-^A] ^ < g ^ i.fl^2> ^ S H r ^-^^l-f1^ ^ ^ S

lp.s . Roll Expansion^ ul̂ fl ^ - g - ^ o ]

-̂V.7l ̂  -8-*! tg-'g (Sealing Method) : Hard Rolling^ = t ^ - 5 ^ ^ Hydraulic

Expansion^- -f-̂  Sj-̂ r ^ , S ^ S ^ | ^ A ] ^ 5 . Aj-g-slcf. SJ-̂ j-

- 17 -



Gold Nickel Alloy-

Expansion-t ^ ] §

£5Et!r 4-S- Hydraulic JEfe- Explosive

TIG -§-^

t> € ^ TIG -g-^AS. u ] ^ ^ ^

Laser - § - ^ ^ Doel 3 ^ ^ i ^ i CO2 Laser

Laser - § - ^ ^ ^ TIG

Table 3-5 Expansion Method and PWSCC Experienced.

Expansion Method

MechanicaKPart Depth)

MechanicaKFull Depth)

Explosive

Kiss-RolKFull Depth)

Hydraulic

Plants

30

30

13

51

29

PWSCC Experienced

10

15

4

24

2

- 18 -



60-

¥40
a
35
S"3! 20-

\ /

\

/

/

vlechanica! Roll Tube Inside Surface

Kiss Roll
/ Urethane Tack
' , Tack Roil /

p I Explosive

N . / / Hydraulic

-,.„, — ^ _ ^ ,

10 20 30 40 50
Cracking in Corrosive Environment (hours)

60

0 10 20 30 40 50 60
Cracking in Corrosive Bivironment {hours)

Fig.3-2 Residual Stress vs Time-to-crack Curves.
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j= lifKjoint Problems)

£ 1 ^ 1, 2*}# SCC(PWSCC and Secondary Side SCC of

Expansion Transitions and Joints) : %&%• ̂  3~°lM, *fl^M ^ ^ 7}^

71-2-^4 <g-g-§H s^n ? i l £ 4 ^ s ^ H ^ W-g-^ 0 ! ^ £ 4 . ° H ^

3^- ^l^-g-^-i: PWSCC1- -fr1^]?]^ °J3l-§-^ °]§r^ -fr*H
1)1,2̂ 1-̂ 1̂ t}) *> SCC

. 3)SCC

lf!: «11-^(Distortion due to Axial Resistant at

Tube Support Plate) : Denting ^7\3t ^ ^j- I ^ e } , ^-^ ^ iLefl0!^, -g-^^7-1

^ Buckling

t!: £-*fl(Brazing Problems) : «-

San onofre, Ginna

^ o]^-*> ^51«JA] Sludge*

^-o>x]7-14, 4 ^ S . <?]?} # e l « . ^ ^ t ? ! : ^ -g-sflH), ^

7Kf Pre-tension - ^ ^-^ sfl^^: ^ $14.

(4)HEJoll-*-i ^r^r(Leakage of Hydraulically Expanded Joints) : ?i%1 W#5-] «-

4°15-1 2]-^ f-^ "§-n T=-M ?iAoVo) 4 4 t > 4 . ^-M^^^-S-fe HEJ iy°o'-lf°ll 7]

^1^] Rolling!- f - s H SealingSffe- ^ ^ ^ 1 SI4. °1

0.08gph(5cc/min)°ll^ 0.01gph(0.05cc/min)£ ^ v # ^r

-§-̂ 3°!] 7} 91 ft ^-^1 (Laser Weld Problems) : 211 o]^) -g-^1?] ^-8- &

] 4^ . ^ ^ -OLS. UT

(6)A^(Sum

4. $H

- 20 -



^ t ^ : Locking

Buckling ^ JL

# e | « . ^r^^l oJ-€- Pullout Force ^ " i 2)?VSr Creviced

^rS.^lcH (Temperature Control)

. Dole 2

Ka^5 .^(Sur face Contamination)

^ IGA

4 . ^ *̂<J-°fl ?1 <?]•?!; Buckling 1̂ ^l^^b^-g-^ (Buckling and Tensile Residual

Stress due to Axial Resistant)

gsg AJ.J=L ^ ^ Bi,g i'UJxl^HM-] Denting^l ^«fl *}1*M Lockings]Si4

Buckling 5J t l ^^ r^ -S-^ 0 ) # ^ ^ 4 . ^ M i 1. 2 ^ # IGSCC 7f^^

711 5]£LS ^S]7l- iLnL5l4.

S^f(Effects of Stress Relief in Tube Sheet)

-8-

7},

- 21 -



3

Locking ^ ^ , Sludged 1^J£3E., ^ ^ s } OD Deposit ^

7]} Q°]*}7] ^ t b ^ l 1 ? ! ^ ^ ^ ^ 1600̂ 1 Sodium tetrathionate -§-<̂  ^11] ^

o]s-1^7ovo] g ^ Magnesium Chloride -§-0^ *1U 2)^-?i-&IE^^ 16003} ^

10% Sodium Hydroxide -§-°^^l^ JEfe 31 ̂ r f^ l ^ ^ , 3)PWSCC

PWSCC ^-1^ ^ - i : ^*S

2:71 ̂ j l l - ]̂*V

! i^€- S ° J S # £ . ^ Leak Tightness

- PWSCC l̂l tfltl;

- -S-71-zH 3̂-71 i-fl-g- aj-g

7|. tL^]^^(Corrosion Test)

]A-1 1600 LTMAi tfl?]; PWSCC -iV1^ ]̂

1600 LTMA^l ^^? .M14 -frAV«> ,̂ ^3)f8-S-.g-e)s} <$ 80%

71-^cfiB). 2^># Creviced Sludge sj-^°fl^ SCC^l cfl^ <g TJJ-g-^-&

]7i oi^l g ^ . 4 25ksi °l-o-f°14. Yonezowafe °^}^'^°] ^ D ^ 4

1600 LTMA^l tfl^ PWSCC ^

- 22 -



SCC71-

7} £4

4-Stainless Steel Tubes in Boiling Magnesium Chloride

4 . Stainless Steel Tubes ^}3A4r # fe Magnesium Chloride -g-«H 24^1

^]xl A]fl4. Stainless Steel # ^ - 4 ^ I M ^ i nj-ej- SCC^]

.Sensitized Tubing in Polythionic Acid and Sodium Tetrathionate

iflsi ^ ^ s f ^^*J-t|-. 1600 MA ^l^^r ±^&\ sulfur oxyanion^r

-fe- ^ ^ - -&S.S] Polythionic Acid ^ f e Sodium Tetrathionate -§-<aH ^^1
A l t l 4 . ^ ^ ^ ^ K -§-^°l 1600 MA31 20%Y.S(Yield Strength) ©1 *<M 7-14,

8-10ksi(55-70MPa)ol^^ «1| 24Al̂ >v|]o)l SCC7} « s
v^?t4. Sodium

Tetrathionate -&°A-8r *fl£.£] desensitizon^

5}.10% Sodium Hydroxide

10% Sodium Hydroxide-g-^^ 1600 MA«*H tfl^- lx>^ IGSCC, 2^}# Crevice

7}^5±*}f}±r &%$• -fr4§f4. ^ f - l - 7>^S)-Al7]7l ^lsB 288°C^1 Autoclave

H °o^ ?i^l 190mV7> ^171-s)^, Primary WaterS] Hot Leg ^ £ < y 324°C^1

fe 250mV7|- <y7f£l4. ^ J ^ ^ 4 , W ° M 1

°lxd^r -f-sfl ^ ^ ° 1 7r^«>55l4. -§-^°l lOksi <>]

^ , 1600 MA ^-^--8-^ 20% o]*>sl -S-^^l^ife ^ f r ^*)s) ^ - f 700

4.Elevated Temperature Steam Tests

^n 3-^ ^7loJH PWSCC

^ ^ Hot Leg £ 3 - £ £ 4 ^ ^ t b ?*^ ^ ^ 1 $n PWSCC7f 7

Hydrogen Fugacity, pH^ ^ ^ ^ «>fe- Lithiated Borated Water4

fi] PWSCC

- 23 -



^422) . 7H S.31 fl^"?! Time to Failure^ C-ring

Table 3-64 7 ^ - ^ 57ksi ° SCC7}

fe 3? °-S 44^423). ^ o]

(Residual, Pressure, Thermal and Bending etc.)°l 40ksi4 £7] M- n

Table 3-6 Test Results of Elevated Temp. Steam Tests.

Test Conditions

400°C SteamQbar, H2)

3251 Steam(3bar, H2)

Time to First Failure(hr)

Reverse U
Bends

100

3000-4000

Flat U Bend

>3000

15000

Time to
Failure Ratio

>30

O

«KPrimary Water Test at Elevated Temperature

€• ^ ^ ^ PWSCCi tfl* 7>=S SL^ Hot Leg ^

AKPrimary Water Test at Operating Conditions

PWSCC l̂ ^ ^ f t ^ f lS t 324°C, ^

- ^7V«l-fe -g^°14. PWSCC1-

PWSCC

Experience

^KSummarv

- 24 -



Table 3-7

Table 3-7 Classification of Accelerated Tests.

Classification

Residual Stress

Accelerated Test

(Operating Stress < 40ksi)

Long Term Performance

Experimental Method

Boiling Magnesium Chloride(SUS)

Sodium Tetrathionate(I600 MA)

10% Sodium Hydroxide(1600 MA)

High temp. Doped Steam

Elevated Temp. Primary Water

^.Qualification Test Program Issues

?1:4.

Creviced

Sl Locking

OD Sludged

4.Laborelec Qualification Test Program

Laborelec^ Doel ^ Tihang

^ Sludged

s] PWSCC ^

Inspection) :

StereomciroscopeS ^^^ EndscopeS

A ^ 4 4 ° ] , Q^LQ ^ ^ ^ l f e StereromicroscopeS.

- ^14^ # ^ | (Dimensional Measurement) : -^ MicrometerS.

- 25 -



3-Point micrometer5-

- ^ ^4(Leak Test) : 100psi(7bar) Freon Gas

# ^ (Residual Stress Measurement) : X-rayS « » I M ^ ^ *

Internal Probed 4-8-tt In-situ 1

allographic Examination) :

SEM-I: ^sfl n l ^ a j - l - ^ A > * V 4 . Mable , ,

Bromine-Methanol °fl^ - ^ # ^r^-^^r.

- ^Hl^sKlntergranular Sensitization Test) : *lWg.£.3.fe- Modified

Huey A] ^ (Boiling 65% HNO3, 7-24hr), ASTM G-28 Practice A(Boiling Ferric

Sulfate, 50% H2SO4), EPR(Electrochemical Potentiometric Reactivation)0!

0.3M H2SO4 + 0.001M KSCN -g-°JHH ^ « £ f . I

scant!:

(Hardness Measurement) : Vickers ^5 .7 )1 -

2.0, O.lkgS] §>f^^r o]^--5H #

(Tensile Test) : -̂&«>114 Stipe

- ^-^ Jf^!5"<s-A]^ (Stress Corrosion Cracking Tests of As-Received

Specimens) : -&S. 350°C, °tH 0, 100-200bar^] S ? 1 A S Autoclave1^4 *5«fl̂ l

^ . A l ^ ^ Aov^: S ? 1 E . ^ - 1 - ^ ^ 3 1 «V ^ 4 § H %v^ 3J, Mill Annealing^ ^

Rolling 2i<HE.$-%

1600 MA

^(Analytical Verification)

^5 lH (Stress Analysis)

sll^-gr Pressure Vessel Code 4 ASME Boiler Part B Section IIH

Steam Line Break, Feed Water Line Break etc.)

- 26 -



(Vibration Analysis)

*B ̂  (Thermal/Hydraulic Analysis)

Sleeve/Plug Ration S.Qs\$=: -fr

-51 *D ̂  (Seismic Analysis)

n>.A>ji^^ (Accident Analysis)

#e)uo1ol Feed Line Break, Main Steam Break, LOCA's

Double Ended Tube Breaks^! 7>^^-§-

^^l (Installation)

^ j f sj-2)- 5)Sealing

4- Vender^ ¥^^1

AH Inspection)

34(Pre Sleeving Inspection)

SrQ ^ ECT» f-sfl 4^- 4

*- 34(Post Sleeving Inspection)

4 ^^^1 ^^^(Visual,

- 27 -



ECT, UT)

^-.Tf-^ir ^A}(Inservice Inspection)

^ f ^ tS)- ^Aj-S]- £o] ^5] a.ofl tfltt IS}- ^A}# 42*1 *M, ECT
H o^^- °)-§-W. #2]«- -¥-*« 5 3 3 ^ #£fe- E C T

H}«- 71^3^ ECT

Standard)^ #5iiL

2 .̂7] § ^AKBaseline Examination)

7]§3>M-fe ^7] ^A}A] ellolE^ af lo] i S . 4-S-slS.S. a & ^2_H] tfls

s\o]o): ^t\-_ ? i ^ ^ / # e | t L S i -^-?- 2 ° J E Qap^l Magnetite7> # ^ « f ^

#±o] ul(Reduced signal to

noise ratio)!- -̂afl ^ - ^ 37]s] 5 1 ^ # ^ ^ r ^ ^ i J " ^ Si4.
ah ;£i€§^<y y4A\ x$% (Typical Inspection Method)

-, ECT, UT

Fig.3-3^ Kinetic ^ - ^ - ^ i ^ TJA>«]X]S1- M Coil ^ ^ £

, £ & ^3A} l̂̂ oflA-i 20%^f-# 4 B > ^ J I ojt^.. Laborelec^-

-g-^^-ofl tHtb -§-^# ^ Leal̂  Tightnessl- ^ A } § > 7 ] flgfl UT

uKProbe Type

End Effect^ ^~4

-tf^fe- 7^AHF7l7|- ^^S]-cf. ultfl^j S^ l l - ^!^]s|-ir Cross-Wound Probe^f

Transmit/Receive Probed ^ § H ^ 5 L # 7JiAl-?2 ^ 514.
7

E
V^ Probed ^14H1 ^ 7 } A ^ s l ^ . l-^^J i£°l ^ A ^ I ] ^

*fl # 1 ? t ^^°1] tH*V ?i ^ ?V Probe Type s] SV^o] J£^O]X%.

AKBimetallic Sleeve

Nickell- # ^ ] ^ ^ l a ^ 4-g-^ Bimetal

^ 4 « > ^ . Nickel # e f l n #

H.S. EC Coil Excitation Frequency ?,}±1 al*t ECT ^ ^ $.°]7\

- 28 -



BiW RSG KINETIC WELD SLEEVE N.D.E. CAPABILITY

TU3EEHEET

TUBE

R-AW

A

B

C

D

E

F

G

H

t

J

ROTATING
BOBBIN
DEMONSTRATED
SENSITIVITY

IV, TWt»
20

20

20

20

20

20

20

20

20

20

Haf. All naw» ar» 0.187-lncn
tt«-bottotn nolw

NOT TO SCALE

Fig. 3-3 Inspection Locations and Bobbin Coil Sensitivity
Reported by B&W.
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£"*i|fe ECT 7̂

sj-7]^(Magnetic Saturation Techniques)0!! s]«1 ^ f e ^ S . «M°1
6K^A1- -s^r sj-̂ 1 (Inspection Procedure Confirmation)

Postulated Failure ModeSf l i lNr i ^ ^ - f e i l ^ ^^(Calibration Sample)

^(Inspection Summary)

40% t ^ - 1 - ^ # % v ^r Sife ¥ ^ ^ r Licensing Requirementl- ^ ^ s l -

8 - ^ ^ ^ HAZ(Heat Affected

it«-§)-JL Slfexl o^JfSf ^Al-^-H] ^ 7£*}7\ ^ ^ o j ^ o , ] ŜV-6-1-7]]

°a«t^^-S ^l-g-slfe 4 ^ ^ - %VAov %V^^1-Tr Bobbin

Pancake 5L<H(+Point MRPC 3.^) %v-#^f°H n S>Hl£ Array

T.>2}- s-i-a}- ^^^l-E. ^-f°fl l4s> ^-S-^lJl °A^\. Table 3-8-?r °1 £>
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Table 3-8 Comparison

Bobbin 5±%\

Pancake 5L%\

2}?!-ft ^ ^

Array 3L%\

2}:5d-fr D--oV

*-%$ ^

-Jl^A}

(40inch/sec)

-71 Til̂  4!SIS. £

3 1 - 7 ^

-Pancake 51 %\%

-Bobbin 5L11.S.C}

nttov%1: i fp 7n#

1 "O" R

-*Hit2l ?i^>7l2}

xlofl O^-St OVHV °
F". ° 1 o o v- t: -iJ

(Ni-Plating ^-§-)

- 5H o ^i ° 1 2 r ?! Tf
Aj-iLtr ^-o__

Of

~-S-

^21

421

Steam Generator Tubes

# ^

(PWSCC, IGA,
IGSCOt*! <H ̂

-g-

(0.2inch/sec)

-JL«l-§-

- Bobbin 5111^. 4
Oil El ol ^ -SV 7-1 *-

-Probe ^ o H l 21
'& lift-off SL f̂oil

- ) i ^ - ^ - , !

-Bobbin 5?

^^1
-2}?! - r f e

•8-

-2mm ^! ̂  2

Pancake 51

<§-%: 2L#3\

.̂ofl ^ £

*&) *S3 E | | ^1

-A ^l-f1^?

Q 7I] Ol ^ Si

— 7-3 .=^ -— ti^ 0 ]

•^ 0.1 7-I AV U ' j .

Inspection Method

a^°i ^

-Ijylii u

i]^-& ?!

^^1

1 ^^SS.

512J-S-

1 S.2=S.

Pancake

Bobbin

r •*! 1- 0

Pancake 51%) ^ 4 ^ 1

21 :t-'<} ^ 5

-30% ^-?-
- Pitting "f!

1̂ a. 7] -*---<
-1 H -1 Si
-1- _•--!-"t, .

- 7 J -fUoV oo1 ;

" 1 _ I O O

_ oj tjj- xj 0 g

'-

if-91 ?!•&

°1 2% 4
]7r-a-S}t;]-

45° 21

3-8-

s. 4-8-

-Bobbin 5L%\

4 4 1 ^%v2l

71, $tf § 2
O J O 1Lt!t
d, Sj-aV^lo]^

21 'g«l^!4ol

• § •

-r-rl

3"&
"vs^cr HJ21

7-1 ̂ 0 ] ] Al-9-

-vrCl-S-, -8"

°1 •§" ^1" -t)"'?}
?n -§•

.A-i';) JJ.A1
O ~1 1 1

ben
r-Ef-)

4

"D

?i?l
-a %v

_"
0 0

°J?!1
7̂1 sv
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Table 3~8 Continued.

+Poinc MRPC

#7^

— sl- jz}- y~^. ^ ] _oi 2^ "B")- t i i

DG-1074)

1998^

A Ol i i S-
A * -

(Bobbin S«a Pancake 3.

Tjfl-ol 01 - £ s

71 OI -
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4:2 ^-i:

^^(Operational
assessment)^ *̂H ^i^s)^]^:, <Hfe ^-^°1^^1 ^ 4 ^ 7 ] A>o]ofl SM^^O] 57

f̂|7> 25l# S 4 « H ^51^- fl-^4^1 SI 4 . 71^-^*1 ^ A ^ 7 ] ^ 6EFPY°fM

24EFPY(Effective Full Power Year)!- ^JLSl-ji $14.

, 4^- 7^4 ^1714^1 ^^°1 ^^^r ^ ^ 40%!- ?Vf-4

40%
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ASME Boiler4 Pressure Vessel Section IKSB-163), Code Case(N-471-l) if

1.ABB CE

ABB

5i4 . ABB

SleevedJi

Straight Tubesheet Sleeve,

Tubesheet Sleeve, ?t*l*l?r

ABB ^

140007H ^ A V ^

1690 TT1- ^ e j a . PLUSS

- i L ^ # ^ ^ Peripheral

Tube Support Plate Sleeve0! 4 .

3)Hydraulic Expansion

7)ECT

il&]4=l(SUS Wire, Wool) ^2] ^ v ^ # 4-§-?t4.

JEL ifl^-t- Microship Video SystemAS. °J^1^

, Swab Hife

7KStraight Tubesheet Sleeve

Straight Tubesheet Sleeved Fig.4~H^ Ir ^ Slfe

Sj-1- iL^r^fe^l 4-€-^l^, ^ 4 f e Hydraulic Expansion^ -t°ov:r-i-

4.Peripheral Tubesheet Sleeve

Peripheral Tubesheet Sleeved Fig.4-2^1^ 1- 41 Sife- y F4

4-Tube Support Plate Sleeve

Tube Support Plate Sleeved Fig.4-3^^ Ir 4 4
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31 3-§-€4. Tube Support Plate Sleevefe f̂l

8inch7>

e^PLUSS Sleeve

ABB C E 4 ^ ^ ? Alloy 800^: #e]a_ ^ g . s 4-§-§r^, Mechanical

Expansion^^^ f-^ W 4 71^-fi-^S. 1 ^ ^ ^ ^ ^ ^:*]*]^§

Slfe- PLUSS Sleeve 7 ) # # ^l<?>*l-^4. Hydraulic Expansion^°-

Spring-back £.$•% -^-£§}-^4. Spring-back

13007B o]AoVo] ^ ^ t ^ 7 f ^*) 5)

nKLaser Welded Direct Tube Repair

ABB CE4^1 Direct Tube Repair 7 ] ^ £ 2,7}<J\ EPRMl ^sflA^ 7

ABB C E 4 S 7 l ^ o ] ^ £]^cf. ABB CE^>sl Direct Tube Repair

.# -8-7l-?flS. 4-§-«H Nd:YAG

, Alloy 721-

- 35 -



Hydraulic
Expansion
Region

Steam Generator
Tube

Upper Weld

Tube Sheet

Lower Weld

Fig.4-1 ABB CE TIG Welded Straight Tubesheet Sleeve Installation.
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Straight
Section

Fig.4-2 ABB CE Peripheral Tubesheet Sleeve Installation.
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E
o
Z

03
C

E
o
Z

Steam Generator Tube

• TSP Sleeve

/Tube Support
Plate

-Weld

•^Expansion

o
'a
h-

Fig.4-3 ABB CE Tube Support Plate Sleeve Installation.
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2.FTI(Framatome Technolgoy Incorporate)

Framatome4

ofl 100007H oj#s] ^ s ] o . # -g^Sf^cf. #5]

^r Brazed, Hydraulic Expanded, Roller Expanded, Kinetic Sleeved 47}

Electrosleeving^l & J ^ , Kinetic^ n|u) ^s]tL, Intratubesheet,

s.tj- ^ 014. Electrosleeving^-tflsfl'Hfe

1^, Upper Span^l ^ ^ 1 ^

^7]#^7](Sleeves for Recirculating Type Steam Generator)

19.05mm(3/4inch)?l ^ ^ ^ ^ ^ ^ t ^ 0 ! ] , 22.23mm(7/8ich)<y

x]*)^^ ^-§-°l 7>^«V4. 1690 TTi-

^ ^ ^ 3 : ^ ^ ° 1 19.05mm?l ^ ^ ^ 7]

x]*\5L ^ f -?!^ 0 ! ! cfl̂ : ^r^l^l 0.99mm(0.039inch)ol^. ^

0.28m(llinch)4 0.44m(17.5inch)S-l 27\?]7\ S14. 0.28m ^°1

0%)^, 0.44m ^ols) #5]H.fe

22.23mm <?! *5iM

^el^L ^o)ofl ic}e]- 0.28m(llinch)4 0.74m(29inch)^] 27}

SI 4 . 0.28m zH^I #^«-fe £ § ^ci?Hl00%)^) ^ ^ ^-^^ .S . , 0.44m

^ e ] t L ^ 75%o] ^<g^Hl Jf^: s i -^c .^ -£*] A>-§-^4 .

#7]^gofl Brazed Sleeve* o] •§-*!: ^ ^ ^ i ^ r l - 4 4

$14. Aovjf S^J^fe Brazing^: Sr^ S?ISfe Kinetic Weld* 3-§--Sf§2-?-

e]tl ^ 1 l £ 1600 TT, 7a°l^r 36inchl- 4-§-«>^4.

11^1^ ^71 ̂ -^7] (Sleeves for Once-Through Steam Generator)

4?r7f^]S 1690 TTI- #e)« . ^flUS 4-§--5>$14. #

1.14mm<0.045inch)<>l̂ , 2.03m(80inch)4 0.38m(15inch) * H

. Rolling^- ^^^ &#$3± tf-q^-i: s}-ii-o-f7) ^ 5

. W ^ ^ ^ ^ -V^r^i^0! 4 4 4 ^ 71$

^ ¥^ r^^ - 2.5rae/hr o]*}.^. ^H*V4. # ^

^ - 1 : Flaring^fi, ECT ^v^^r f-*fl ^ 1
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Rolling SJ-^of^- -5J— -S. ^itlrS]0^ $14- Rancho Seco, Arkansas

Nuclear One, Oconee 1, Oconee 3°)] 2.03m ^°]-S] ^e |^ .7 | - ^^15.15^4.

Hydraulic Expanded Sleeve# °] -§-%}• Upper

K Upper TS°ll^ 18inch^ #s)«-7l-, -&

Roll Sleeve-1- °l-§-^b iL^r^i ^ ^ 1 : iL^^r^L $14. ^(-^oll^ 80, 31inchS-]

£ ° j E f Upper TSP -S}^0)} ^ ^ l t ! : 4 . Fig.4-7-cr n]u| #e )y . l - i L ^ ^ j i

if-^- Sj-^.si 2j-3hs] Roll Transition -Y-§-°l] a]u] #e) iLl - H ^ A S ^ x

Fig.4-8-cr Kinetic B ^ ° . S iL^r^l sV ĵ- g3 ^ x l ^ ^ - ^ - ^ a j ^JJ_

^•^l-fe lOinch ^°1S.1 ^ejti.7f, ^V^Hfe 11, 17.5inch ^ s ] « . ;

4 . # s ]« - 7l]S-S 1690 TT7}- 4 - § - S 1 A 1 4 . -5-^MlTl ^ ^ e l f e Double Kineitc

Welding 4-^] ^ £ 760-788°C(TSP), 704-788°C(TS)°lH
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J

T5P

TUBESHEET

r

\ \

X

36" SLEEVE

GOLD
BRAZE

FREESPAN JOINT

-KINETIC WELD

Fig.4-4 Recirculating S/G Brazed Sleeve.
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18" TS SLEEVE

10 1 /2 " TSP SLEEVE

DETAIL "A"

HYDRAULIC
EXPANSION

DETAIL " A "

Fig.4-5 OTSG Hydraulic Sleeve.

- 42 -



TS SLEEVE (31")

OETAIL "A"
(TYP)

^T~-TS SLEEVE (80")

TSP SLEEVE (14")

HARD ROLL
EXPANSION

DETAIL "A"

FOR FREESPAN
LOCATIONS

TS SLEEVES

(SINGLE HARD ROLL)

ROLL EXPANDED
(TYP)

Fig.4-6 OTSG Rolled Sleeve.
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FULL LENGTH
KINETIC WELO

- 1 . / ' LONG X 0.015" WALL
MINI-SLEEVE

Fig.4-7 FTI Mini Sleeve.
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tr

TSP

TSP

X

TUBESHEET

WELD

Fig.4-8 FTI Kinetic Tubesheet and Tube Support Plate Sleeve.
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3.Westinghouse

4Hif]S}-f^fe 1980\l ° 1 ^ 177fl o}^$] I^^of l 59000711 o]#s} # ^ a . l -

PWSCC *?1#^°1 ^ ^ I ^ H l
3-g-slfe e lH^ .g-^s} ^ 7>̂ 17}-

. Brazed S°]S7l- A}-g-sl7l£. ^ ^ A ^ - , ^ f l f e 4-g-£]x] £>JL oj^_

7l-.Mechanical Hybrid Expansion Joint(HEJ)

Fig.4-9fe ^•7]itA$7] ^ 1 ^ ° ! ] tfl^l: ^ i ^ « } - f ^ ^ HEJ i i ^ ^ l : i ^ ^ j i

Si4. WC tipped Brush# °l-g-§M 1500rpm # S . S . ? i ^ ^ : ^ - ^ - 1 - #5N?1- f̂

#5]«- l - ^ - ° J ^ 4 . Hydraulic Expansion ^Mfe- ^V^F^r ^ 4 4inch <>1 ,̂ Tube

Bulged slcfl lOmilsS ^ ^ H Si^-H- iL-f- 4-7mils ^ E S «S«fl^l4. Hard

Rolling A S H ^ ^ , ECT

!-}.Laser Welded Sleeve

ffe 4^-2]. ^-4_
^1°1^ -S-̂  5)

§].«. efla)a] .§-3 6 ) 4 ^ 1^2] 7)^-f UT ^ 4 , ^- /^ j f Endsocpic

°]t}. Doel 3 H=v?i i i ^ ^ € sflo]^ -g-̂ j ^eiH.^A-^ ^ ^ - ^ ^

Fig.4-10-& Tubesheetl-, Fig.4-11^ Elevated Tubesheett- ^

r 1988\i Doel 3 W
S

V^£°1H CO2 ^)°}^\%

Nd:YAG ^W^AA *}•%•$3. $14. ^ °14frr CO2 5 l l o ]^4 Nd:YAG

CO2 2fl°l^^l ^ - f Ci ^ ^ # ^ ° 1 -^nLE]7l ttH^olcf. r r ^ C Q 2 ^ O|

-^ oj-g-sfo^ a].§. -§-^ «-^] JJ\7] o]^*]*^ Nd'-YAG 31 °1 ^

^ | ± ^ « ] - f i i A ^ 7]^si Laser Welded Sleeve# 7fl^[iS|-^ L a s e r Welded

Direct Tube Repair 7 l ^ ^ 7fl^:«>^428)29). o] y j - ^ ^ efloj^s o|-g-; ^5>^-l-

30-80% ^ o l ^ ^--g-^H 4 ^ 2 - ° ^ ^ . f ^ $ : 4 . al Cr -g-7f7)]

^^ r 3- Cr nl
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Filler Wiret:

Performance

Welded Direct Tube Repair

] - f i £fh ABB C E 4 ^ 4 ^ M S eil«l^# °l-§-^ Direct Tube

Repair 7 l # ^ 7fl^]-$4. -S-7>7fll- ^7f«l-fe- *g-̂  «LS. Filler Wire S ^ 7]-§-^

sl-g-M. Direct Tube Repair 7 ] ^ ^ 71^5]±L ^ ^ ^ ^ ) t ^ ^ ^ l

7V^*H, ^4i #e)«. 7^ol7\ 7\ti\ iincholl 7>^-JI, ^-^^--fci. 2}
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t
Repair

Hydraulic
Expansion

[
Original

Hydraulic
Expansion

Region

I
Sleeve

Repair
Stress
Relief

Hydraulic
Expansion

Region

Hard Rolled
Region

C!ad !

Fig.4-9 Westinghouse Hybrid Expansion(HEJ) Sleeve Installation.
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Hydraulic
Expansion
Region

Thermally Treated
Alloy 690 Sleeve

Hydraulic
Expansion
Region

Upper Laser
Weld

Tubesheet
Area

Optional Lower Laser Weld

Fig .4-10 Westinghouse Laser Welded Tubesheet Sleeve
Installation.
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Hydraulic
Expansion

Region

12" Nominal
Sleeve Length

Laser Weld

Tubesheet Top Face

Hydraulic
~i Expansion

Region

Fig.4-11 Westinghouse Laser Welded Elevated Tubesheet Sleeve
Installation.
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Hydraulic
Expansion

Region

Hydraulic
Expansion

Region

Top of Sleeve

—Laser Weld

—Tube

-Sleeve

Tube Support Plate

12" (305 mm)
Nominal

Sleeve Length

-Laser Weld

Fig.4-12 Westinghouse Laser Welded Tube Support Plate Sleeve
Installation.
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1.7] 7]) ^ #£]yc3 (Hydraulic expansion joining)

, # Hybrid expansion

* a f l ^ ^ l ^«fl ^-g- HEJ ^
HEJ ^f^]# tft-j! t|-A] efl

Fig.4-13^: ^ l l^^*}- f r±:A>fi] Hydraulic Expansion

^ e l «j (Brazed sleeving)

Brazing Filler ^^-^1?1 #B]«.ofl^ =te]tL4 ? i< i^ A]-o]o]

Brazing-S-^1- rL ^ofl AflS£ <a-^^7fl# ^ ^ ^ o _ ^ ^«a«l-7l ^

Brazing Filler7> ^--i- ^^>^] 7}-(i?!:4. Brazed #e]uJ ^*>fe- -f-ti

efl #°flAi -̂°wv 35*<H^4. xd7] S]E-]£|- Brazing ^ ^ 1 * ^ ^ « V J 1 Brazing

Brazing € - T - ^ 1 * i£-5-4^4£1- ^f? l^-^4«- ^"5J«]:

^ ] x l ^ o f l £ xl-g-ol 7H-5}-uf.

Brazing^-fr ^-§
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REFERENCE LINE

-TU8E/SLEEVE\—/

CUTOFF
PRESSURE-̂

TUBE/
SLEEVE
YIELD
PRESSURE/

HOOOFSI

SLEEVE
YIELD
PRESSURE'

•TUBE DIAMETRICAL
INCREASE

PRESSURE

CUTOFF
UNE

SLEEVE TO TUBE CONTACT

-TIME

TUBE/SLEEVE HYDRAULIC EXPANSION

Fig.4-13 Tube/Sleeve Hydraulic Expansion.
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#2] yJ (Explosive Welded Sleeving)

M f e Surface Atomic Layer ^ °] # ^

^ Coherent Bond* ^ A ^ ^ °>-e-«|-^?l ^ f"° l <a<H14>fl € 4 . °1 «fl

51 fe « 1 ^

I (Stand-off

Length), -frS.^((Stand-off Angle), ^ t ^ r S t Detonation Velocity)

^ ^ f-s] Ligament°ll tfl?V ^'M^S} ^^Jl-^^Kt) #^> ^:^r ^ ^ 7 }

1.2~1.4mm7l- ^ ^ ' M , #s1iLSl &\^o\\ Qo\ 0.3

Explosive Welded Sleeving^ ^ ^ #e )a . ^ ^ Ligament

^r ^?F-Ur, ^ ^ AoVJf£l 90mm

SCC f-^-S. « ]sH ^ ^ ^ t i l i ^ l

Explosive Welded Sleeving1?}^.S-fe- l-7l-^§1-n_S • ^ sj

2}Aj- 90mm4
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750~800°C°l]^

fe 1500~2300kg^

Sleeving^)

250kg/mm2°l ^-^.

U-bencH

014.

Detonator

Explosive
Buffer
Flyer plate

Parent plate
^777777777777777777777777777777"

(a)

(b)

Fig.4-14 Mechanism of the Explosive Welding; (a)The

Basic Setup before the Explosive is detonated, (b)The

Position When the Detonation Front, Which Travels at

Velocity VD, has reached B and the Collision Point

has reached S.
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w

I
o

N
Flat
welds

• <

A - Curve

/ X B - Curve

/ / yV Maximum
/ / )v impact

' / 7 \ velocity
Ripple / \

t welds ' 1 f\

Minimuni^^// / / \
impact ^ — ^ - — C _ L .
velocity

VT

Collision point velocity (Vc)

Fig.4-15 Boundaries for Expolsive Welding.
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Sheath
Sleeve

Groove

Sheath

Explosive

-Sleeve

(b)

Groove

Sheath

Explosive

- Sleeve

Fig.4-16 Explosive Wleded Sleeve; (a)Tubesheet, (b)Tube Support Plate,
(c)Others Degraded Position.

- 57 -



(Laser welded sleeving)

Nd:YAG

£ Bead # 1 - 7r;*l # ^

Laser Weld Head#

Brazing ^°fl «l*fl

Brazing^- 280mm, Laser Welding^- 150mm0]

, Brazing ? ^

HAZ(heat affected zone)7>

3pass

Table 4-1 •

°1 -g-Jl

Table 4-1 Weld joint design and influencing parameter.

7A

JiELS -g-

Weld joint design

OWeld widthOpas, ASME required)

3'Weld free of crack and inclusions

OWeld depth less than 85% of tube

wall thickness

DWeld surface amenable to UT

inspection

Influencing parameter

OSG tube material deviations

OTube ovality

OHeat treatment after welding

OMoisture on the prirnan^ or

secondary

OTube OD deposit(sludge)

OTube OD water
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-o-

4.

£: Intergranular Attack^

YAG

Laser Weld Head

efl o] ̂  -g-:*j n 4̂ -

Centering
DevicB Focusing Optics

EC Positioning
Coil

Fig.4-17 Laser weld head for repair of steam generator tube.
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5.PLUSS #

ABB

l ^sfl ABB

sleeve)fi]

Fig.4-18^ PLUSS ^ B ^ 1 Ho^^ x i ^ ^ tMl^] n ^ Stress & Strain

Curve* M- t̂flja. $14. ^T]] A ^ ^ #elM.7> S r ^ s H ^ y l A]4§|.tt]) n_v̂ i B i

A}

c).

Fig.4-19fe PLUSS #B]«oi^ o)-g-§|-^ TS(tubesheet)4 TSPUube support

plate)* J± r̂*> ^ ^ - ^ 2L^3L $14. (a)^] ^-f, # 5 ] ^ . ^ ^4-wr^r -I^1?]-^^

^ | ^ F i r Hard RollingAS °dl§ | -^4 .

0.32mm Gap^-S. 0J-o-H 4 30°C^£7l- ^ ^ 285°Cf? 4 4 ^ 5 1 &4. Hard

Rolling -¥-S:Sl aVs. ^ 1 ^ ^ ^ 0.51mm ]̂ Gap* 4 4 ^ J L 5l<H o]z]i& Gap°l)Ai

Crevice Corrosion 7)-^AJO]] ^fl ig 5J o_j?_ i ^ - s l 4 .

#e|M. ^S.^1 5ll^^ ^ 7 ] t ^ 7 l ^ 3 ^Ti-S: ^£«fl & 114, 1600 ^1^4

Incoloy 800* -id W & 4 . Table 4^2^ PLUSS

ja. Si4. ^ ^ s l ^-f 1996V1 ^el is.7l, 1999̂ 1

, 2000^ -t-̂ 1 2S7H1 / J ^ A S ̂ ^l^SJ

1996̂ 1 Tihange 3Jl7l, 1997̂ 1 Tihange 2J17H £
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Tube OD
Tube ID
Sleeve OD
Sleeve ID*

A

B

C

D

CJ

A

Strain

Radial contact pressure
Tube expansion : 0.1-0.2%

Fig.4-18 Stress/strain diagram of sleeve and tube.
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(a) (b)
Fig.4-19 PLUSS sleeve (a) TS (b) TSP.
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Fig.4-20 Temperature investigation unsleeved^leeve tube.
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Table 4-2 Installed PLUSS sleeves.

Nuclear Power

Plant

Tihange 3, Belgium

Kori 1, Korea

Tihange 3, Belgium

Tihange 2, Belgium

Krsko, Slovenia

Ulchin 1, Korea

Krsko, Slovenia

Ulchin 2, Korea

Tihange 2, Belgium

Calver Cliff

Steam Generator

Type

WEI, 3/4" Tubes

W51, 7/8" Tubes

WEI, 3/4" Tubes

W51, 7/8" Tubes

WD, 3/4" Tubes

W51, 7/8" Tubes

WD, 3/4" Tubes

W51, 7/8" Tubes

W51, 7/8" Tubes

CE, 3/4" Tubes

Total

Year

1995

1996

1996

1997

1998

1999

1999

2000

2000

2000

1995

-2000

TS

20

1205

104

10

46

986

78

1235

No. of
sleeves not
yet desided

No. of
sleeves not
yet desidcd

3685-

TSP

-

-

-

-

89

-

32

-

-

-

121

Subtotal

20

1205

104

10

135

986

110

1235

No. of
sleeves not
yet desicled

No. of
sleeves not
yet desided

3806+

TS : TubeSheet. TSP : Tube Support Plate

- 64 -



HI

fs.S. Creviced

Table 4-3^

. pL Uss
01 o]

Table 4-3 Efficiency, Length, Applicable Area and Sleeves/Plug Ratio as

a function of S/G Tube Repair Techniques.

Location

Efficiency

(sleeve/day)

Not applicable
(row)

Applicable(%)

Sleeve length(mm)

Sleeve/Plug ratio

Brazed

TSP

20

2-3

83

280

TS

6

3-4

78

Laser
welded

TSP

32

1

97

150

TS

22

1-2

95

PLUSS

TSP

45

100

400

TS

100

570

40

Electrosleeving

TSP TS

48

100 100

180
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6.<S ̂  E.£.<£5] HJ (Electrosleeving)

A. # ^r ̂  (Electroforming)

^l^-g-igj (electroplating)* •%••%•% ^ 7 ] ^ ^ (electroforming) ̂ r

7 > ^ o _ 5 . 1837V!

. Electrosleeving

0.025mm ^ £ ? H î Tfl "t ^r 9191

D(C°-C,-D)
» (1)

7i

i, - $ (2)

Til «H£ ^-S-«1-JI^1- «Ffe ^>1^°1 - ^ ^ 1 SI Til
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C°*

.<a a - ! l i t 2 ] yJ (Electrosleeving)

1992\i i°fl CANDU *§ Pickering B Unit 5 ^ ^ i ^ ] ^ Pitting^]

Ontario

'M^Hr&EH 3k! ^°fl Electrosleeving71-^^: z f l i ^ H 1994^31} 1995

Pickering Unit 5, Osonee Unit l°fl A]^^]o] -Q?.]^- s}7]]

Electrosleeving -c:

°)5J^ Hall-petch
^ ^ "̂ Tfl 37] 7} ^ - i - t ^ ^ - 7j-£7l- ^7>§1-^, 4 §
?J^#7fl- S.ATO]] <ŷ - - ol7] nfl £-01436)37). 4 §
7^^ ^HJ°) 5l4(Table 11).
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Nanostructured Nickel
Microalloy
99.0% Ni(Min)
0.80% P (Max)

No tube deformation
•High residual stress eliminated
•Stress relief not required

Tubesheet

Electroformed Ni layer

Continuous bond
•No crevices
•Minimum heat loss
•Decrease of sleeve length

Complete access
•Periphery
•TSPs

^Minimum How loss

Fig.4-21 Advantage of electrosleeving using electroforming.
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Table 4-4 Advantage and feature of electrosleeving.

^ A§. Sealing

1600̂ 1 ^-ffe-

*-, ^--g-Eflai-

RES (The office of Nuclear

Regulatory ResearchHH Electrosleeving

Electro-sleeve

Electro-sleeve

SG Electro-sleeved SG ^-«.
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^<tf( Material Properties) : 3.7] 7f lOOnm^ 99.5%

1 ^ 0.75mm^

^(Mechanical Properties) : Table 4-5°H^1

UTSfe

U-bend A ] ^

Nisi 2Hfl^S. =1^3. Alloy 400 ^ 600^1 «l-5'Hxi£

^ ^ ^ 1 - Sleeve/Tube -g-^ A| ̂  <y 180° Reverse

temp 288, 315, 343°C°1H

) ^ ] ^ 0.5-25Hz^l^ #^1

Creep ^ - ^ Constant Load 180-450MPa,

Properties

YS(MPa)

UTS(MPa)

Elongation(%)

VHN

Young
Modulus(GPa)

Table

Pure
Ni

103

403

50

207

4-5 Mechanical properties.

Value at 25t

Inocnel600
MA

300

718

33

207

Inconel690
MA

328

766

38

Electroforming
layer

25 TC

690

1100

>15

320-400

214

350 V

620

760

•3/?M/^(Thermal Stability) : Fig.4~22fe 343°C°1H
1 11_ 1 1 -7)1 Ol -Ti 6 i_
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p7> ^ < ^ 1 ^*K§; ^ l ^ f e Zener Drag Effect

rrosion Resistance) : Ni W # ^ v j ^ PH, M^ M

zi- f'-ff-s] Jf-^ ^«eh^# ^r°>iL7l ^ *fl ASTM

), ASTM G48(s]%\ f-^-^1), ASTM G35, G36,

G44(Polythionic Acid, Magnesium, Chloride°11 *] s] SCC * H ^ , Sodium

Chloride^! a l ^ ^ l ^ € - SCC ^ ^ - ^ ) ^ fl-^ofl ^ e } ^^^ ^^ l

JL $1AS.S Crevice Corrosion^ -f^rt!:

Crevice Corrosion^ =̂?> ^l^-«}-4fe a.JL£ $14. 2)

. 4)C-ring ^ ^ ( 1 0 % sodium hydroxide solution at 350°C)°lH Crack

Arresting ^<%°] -f^^- 5}^-S. i4^is!:c1-(Fig.4-23). °lfe Crack Shielding S.4

ofl o]sfl ^7o>£o] ^ < g ^ j7 7j-£7fls.^^ ^7]1^OIIA^ Arrested s]fe 3J6.5. ^

Ai^iCf 40)41)
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500

400

$ 300

"I
CO

•§ 200

100

D
D D

O

o

D

O

O

• D D
D D

• Stabilized

O Non-Stabilized

oo

10° 101 102 103 104 105 106

Annealing Time(min) at 343°C

Fig.4-22 Effect of annealing time at 343°C on the Vickers
hardness of both microalloyed and non-alloyed nano-Ni.

- 72 -



Fig.4-23 Cross section of a tube-electrosleeve following a SCC

test. IGSCC is prevalent on the alloy 600 tube and stops at the

interface.
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^.Ontario Hydro4 ^ ^

1 o)u) Framatome^V ^ t -

^°] ^5-1^4 . Ontario Hydro-4^1 Electrosleeving ?]^£: Fe, Cu, Ni-base

Alloys} ^ 2 } - ^ ^ t ^ - i : NiP^-^-^-S ^7 l£ -g -§H 0.75mm ^ 1 4 S.-g-4-i:

* 8 ^ W . °1 5 1 ^ - ^ ^ nldii^S HV 200, YS 550MPa, UTS 690MPa,

Elongation 1 0 % ^ ^ ^ ^ - ^ ^

. 1997^1

Nicholas7l-

Ontario Hydro^-r^ Electrosleeving ^ ^

Table 4-6*11 -̂Ej-u). 014. ^ ^ ^ - ^ ^ 25~

Pluse Sife DC ^ # # 10~1000HzS. *

Sl-fe ^ i t Pinning Agents ^ ^ * > j l Sl^.^ o] ^ i ^ i j Phosphoric,

Phosphorous Acid, Molybdenum-i: 1̂̂ *1-JDL 9X^. %?M&

BrightnerS. z^^l Sodium Lauryl Sulfate, Coumarin, Saccharin^:

^ l i S . Manganese Sulfate, Sodium Molybdate, Chromium Salt-f-

r Manganese Sulfate, Sodium Tungstate, Cobalt Sulfetel- ^ l ^

Fig.4-24Sl (a)-fe- Ontario Hydro^r^] Elecroforming Probel- L}E]-LHJI $14.

ol ^--s^l Probed-Hfe ii^-SVu^l- ^Vfe %•&£] ^}W- ^ ° H
V ^ A>-g--s} Inflatable

0-r ing4 Thermally Expandable O-ring^- 4-8-^: Sealings] HJ-'S-fr ^ -«H E.

•s- ^-?>-i: S|-iL§V$i4. Inflatable Sealing^ Thermally Expandable O-ring-8: -f-

*t Sealing^ AA ^}^i\ 20, lOOpsiS] <#SH ^sj-^ol $io_HS Thermally-

Expandable O-ring-lr ^-tt Sealing^ - f ^ t l ^ ^ f r 4EHHLf ^r^Aov O-ringl-

| 014. <£^o.s fe x-i

£ # € Til- 4-§-§}3i

pt7>
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4.
Probe 37]

7^71

, Probe 3.7}-

JE^S)

3] v\3- ^ ^ 4 ^ s ] 3 ^ - i r #514. °1TT -§-°J]^* ^ £ ^ £^-#S.l- ^7\

Fig. 4-24S] Electroforming Probe (b)fe ( a )^ -fi-^^V^ £.^-g-o-3i Ni

>fe- ^ - 1 : ̂ ^ Ni Pelletl- A>-§-§]-fe 3 o) cfH.cf. Ni Pellet^ 4

Sludged Ni Pellets] Ni Pellet^

Ni Pellet^

Table 4-6 Process Parameter and Solution of Electroforming.

Solution & Process Parameter

NiSO4 or Ni(SO3NH2)2 (g/ i )

H3BO3(g/ I)

Temp

NiCOs

Pulse Current

Density

(mA/cm~)

NiSO4

Ni(SO3NH2)2

Duty Cycle(%)

Frequency(Hz)

Content

300-450

30-45

25-90

Ni Cation

50-150

100-300

10-60

10-1000
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50.Probe
53.Housing
55.Anode
57.Pure Ni
59.Filters
61 .Inlet
62.0utlet

-21 10. Probe
!2.Metal tube
13. Cathode
15. Seal
17. Air line
2O.End
21.Head
23.Tubular porous

plastic housing
25. Anode
28.lnlet means
29.0utlet means
31.Conduit
32.Conduit
34.Fluid reservoir
35. Pump
36.Thermocouple
38. Power supply

Fig.4-24 Electroforming Probe developed by Ontario Hydro Technology.
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^4-g-Sj-fe fe. Doel 4 ^ Kewaunee^

l.Doel 4

Doel 4 ^r 1991 \ !

H Lap. +i

. 1993V1

°] Technical Specification o.^, Hydrostatic

Hydraulic Expansion^ 1̂?V £ ; | s l \-x\&
Ji£- 3}

PWSCC^l

Hydraulic ExpansionAS

Doel 4 fl

s-l #°fl-M 6inch -s\^

°y 112327115-] ^ i ^ s

1995\! 6€, Sflo]^

67fls] HEJ #elti.s>>

#3] a. (1690)31 Wastage7}-

HEJ #5]S.fil- 5 ^ 1 ^

5-1 i l l - Lap. 7 J 4 l - ^ l ^ H >fl^«r^

] Bulging^ Outvvar Expansion^ ^

s.t= ^-^slSin].. a t b -e-sflfil HEJ S<y

Crevice ^^^1^1 ^^^(1600 LTMA)4
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