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STEAM GENERATCR EXPERIENCE

ROW 1 U-BEND LEAKAGE

Leakage in Row 1 U-Bend sections has occurred in two locatiens:

1. Apex
2. Tangent

Apex Leaks
Three plants. : S xR

 One dent-related: hourglassing, leg displacement (140 grm).
Two in tubes manufactured by Mannesman (up to 150 ovm).

Tangent Le
Six plants with tangent leaks; all 5l series steam generators. -

. Leakage starts very low ("10 gpd).
Maximm leakage ~ 0.7 grm

With cne exception (Surry #2 - Apex leak), denting is not an influence in the
occurrence of U-Bend leakage.
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12/10/80



RON 1 U-BEID LEAKS HAVE OCCURRED IN EIGHT PLANTS

DUR(NG RECENT YEARS
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ROW 1 U-BEND LEAKACE
EXPERIENCE SUMMARY

Al! tangen. voint leakers have cca. ad in Series 51 steam generators

Tangent point leakage has been confimed in 3 domestic plants (6 of
of 14 plants in cammercial operaticn (45 SG's). A leak in another
plant has not been confirmed to have cccurred in the tube with a Row 1

tangent point

Tangent point
allowable limits;

riencing nt point leakage occurred i:
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1.

2.

SUMMARY OF REVIEW OF TUBE
MANUFACTURING RECCRDS

PLANT EXPERIENCE SHOWS CERTAIN SETS OF TUBES, MANUFACTURED
BY W, HAVE SHOWN LEAKAGE IN SQME HEATS OF MATERIAL.

CERTAIN HEATS APPEAR MORE SUSCEPTIBLE TO U-BEND LEAKAGE
THAN THE GENERAL POPULATION, AND ARE GRARACTERIZED,
STATISTICALLY, WITH HIGIER YIELD STRENGTHS AND HARDNESS
VALUES.

MCDELS 44, D and F TUBING REPRESENT POPULATIONS WHIGH,
STATISTICALLY, DIFFER FAVCRABLY FROM THE AFFECTED MODEL 51
HEATS.

THE STATISTICAL ANALYSES ARE NOT INTENDED AS A MEANS FCR
SPECIFIC TUBE DISCRLMINATION BUT ONLY AS A DIAGNCSTI. TOOL
TO HELP EXPLAIN THE PHENCMENCN.



Plant S/G No. Tubing Supplier Set No.

PNT: Salem Unit 2 1201 SMD 28,29,30
1202 SMD _ 28,29,30,31
1203 Row 1: HAPD, SMD 30,31
(27 tubes)
Row 2: HAPD, SMD 30,31
(22 tubes)
1204 : SMD 28,32,33
TVA: Sequoyah Unit 1 1221 SMD 34,37,38
1222 SMD 31,32,35,37,38,
39,40
1223 SMD 31,32,40,41
1224 SMD 37,38,39,40,41
TEN: Sequoyah Unit 2 1321 SMD 29,31,39,40,
41,42
1322 SMD 39,41,42,43,44
1323 Row 1: HAPD, SMD 35,39,41,42
(24 tubes)
Row 2: HAPD -
1324 HAPD i -
VPA: Surry Unit 1 1021 HAPD -
1001 HAPD -
1002 HAPD -
VIR: Surry Unit 2 1063 SMD 16
1081 HAPD -

1082 SMD 18




GEQMETRIC CONCERNS
RELATED TO ROW 1 U-BEND LEAKAGE

Apex leakage shows same . correlation with tube cvality.

Sury 2 > 12%
Doel 2 2 15%°
Cbrighein

Tangent peint leakage and indications arpear related to presence of
“opposite' transiticn at extrados tangent.

Trojan - laboratory examinaticns

,Eddy current data interpretaticn from Trojan, North Anna #1,
‘Farley #1, Coock #2

DIM
12/10/80
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SUMMARY OF THE FRINCIPAL FACTS (9-30-80)

1. DouBLE WALL X-RAY RADIOGRAPHS IDENTIFIED THREE TUBES WITH
INDICATIONS OUT OF 26 Row 1 TUBES.,

2, THESE INDICATIONS OCCURRED AT THE TRANSITION WITH WELL
DEFINED EXTRADOS AND INTRADOS TRANSITIONS AND ON THE
EXTRADOS JUST BELOW THE EXTRADOS TRANSITION AND IN THE
STRAIGHT LENGTH SECTION,

3. THE INDICATION ON TUBE R1-CE CONSISTED OF INTERGRANULAR
CRACKS WHICH RESULTED FROM MULTIPLE INITIATIONS oN THE I.D.

4, THe HARDNESS oF R1-C6 TUBE WAS HIGHER THAN FOR TWO

OTHER TUBES WITH INDICATIONS AND FOR THREE OTHER TUBES
WITH NO INDICATIONS,




WESTINGHOUSE METALLURGICAL

Summary

Trojan row 1 U-bends were characterized by a smcoth transition with
only a well defined intrados transition and by an opposite transition
with well defined intrados and extrados transitions.

At the opposite transition, the extrados transition was ~0.6" above
the intrados transition and closer to the apex.

Three of 26 tubes had cracks which occurred at the opposite
transition between the intrados and extrados transitions and
at the extrados.

These cracks resulted from multiple initiations on the ID and
intergranular penetration.

Mo consistent and significant relationship could be established
between cracking and ovality, grain size, carcide distribution,
minor element chemistries, and hardness.

No cracking or opposite transition was found on the row 2
tube studied.

Row 1 bends from Surry 1 and Turkey Point No. 4 had only smosth
transitions (10 opposite transitions), and no cracking at the
transitions was observed.

Surry 2 row 1 tubes had opposite transitions like the Trojan tubes
and had ID multiply initiated cracks (aspect ratio of ~4) at the
same location as the Trojan tubes,

On a virgin tube, strain gages and a layer removal technique were
used to measure residual stresses where cracking had been
encountered, they were compressive.



U-BEND LEAKAGE TANGENT POINT EVENTS ARE CONFINED TO S1 SERIES STEAM
GENERATCRS MANUFACTURED IN APPROXIMATELY THE 1972 PERICD,

TUBE LEAKAGE AND E.C, INDICATIONS ARE COWFINED TO ROW 1 TUEES,

PLANT EXPERIENCE SHOWS THAT CERTAIN TUBES MANUFACTURED BY WESTINGHOUSE
HAVE LEAKED,

LEAKAGE A'D E.C. INDICATICNS APPEAR AT ONLY ONE TANGENT POINT.

TANGENT POINT LEAK RATES HAVE BEEN PELATIVELY SMALL A'D WELL EEHAVED -

CRACKS APPEAR TO BE SHORT AND TIGHT WITH LOW ASPECT RATIO.

LEAKAGE EVENTS APPEAR IN PLANT CPERATIONS AT APPROXIMATELY 400 EFFD,



Overview oF TVA Inner Rapius U-Benp ProGrAM.
Davip F. GoetcHeus (TVA)



TVA INNER RADIUS U-BEND PROGRAM

THE FOLLOWING PROGRAM HAS BEEN INITIATED AS A RESULT OF NRC
ACTION, THE PROGRAM OBJECTIVE IS TO PROVIDE THE NRC wiITH
SUFFICIENT INFORMATION AND DOCUMENTATION TO JUSTIFY NOT
PILUGGING SEQUOYAH, ROW 1, STEAM GENERATOR TUBES.

A.  DEVELOP A TEST METHOD TO CHARACTERIZE INNER ReDIUS U-
BENDS TO DETERMINE THE PRESENCE AND DEGREE OF "OPPOSITE
SIDE TRANSITION” DEFECTS, AND TO PROVIDE A BASELINE
EDDY CURRENT TEST FOR FUTURE EXAMINATIONS.,

B. DEVELOP IMPROVED TEST METHODS TO BETTER DETECT STRESS
CORROSION CRACKING AT THE OPPOSITE SIDE TRANSTTION,



TANGENT POINT
SCC
ROW 1 TUBE LEAKAGE

NECESSARY
ENVIRONMENT

PRIMARY WATER

METALLURGICAL|
STRUCTURE
SUSCEPTIBILITY

STRESS |

"OPPOSITE SIDE

"CORIOU” CRACKING TRANSITION” DEFECH]
|
MINOR SUSPECT MAJCR
Bl
HUNTINGTON SMD i
METALLURGICAL MECHANICAL METALLURGICA[] MECHANICAL
CONDITION PROPERTIES CONDITION PROPERTIES

J




Row 1 IN-600 Inner Rapius U-BenD TUBES PRONE TO STRESS
CORROSION CRACKING CAN BE CHARACTERIZED BY:

1. THE PRESENCE OF A MAJOR "OppPosITE SiDE TRANSITION”,
2. SuscepTiBLE InNconnNeEL 600 METALLURGICAL CONDITION.
3.  PHysicaL proPerTIES OF InconeL 600 (1.E., HARDNESS).

4, MANUFACTURED BY WESTINGHOUSE SpeciAL™¢ MeTALs Division,



EvaLuation oF SequovyAH U-2 Row 1 TuBING (MANUFACTURED BY
WESTINGHOUSE AND HUNTINGTON ALLOYS) MECHANICAL PROPERTIES
COMPARED TO MECHANICAL PROPERTIES COMFARED TO MECHANICAL
PROPERTIES ASSOCIATED WITH FAILED INNER RADIUS TUBES.

Davip F. GoetcHeus (TVA)
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Table 2. Comparison of wall thickness (mils) and Knoop Hardness (500g) for three tubes
with x-ray indicatione and three without at various approximate ~ngulac
positions on a straight leg.

Tube/Leg Wall Thickness Hardnees (mid-wall)
135° 180 225 Avg. 90 135 180 225 270 Avg.
(Extrados) (Extrados)

R1-C6 '§ 57 55 54 55.3 219.8 233.9 245.0 234.7 216.7 230.0
Cold* - (Rb = 93)

b

k:
R1-C7 A 57 57 55 56.3 186.7 187.3 178.2 178 183.2 182.7 (Re- 83)
Hot** >

n
R1-C26 X 56 57 -6 56.3 199.6 190.4 185.2 201.8 206.3 196.6(Rb=87)
Hot**

5
R1-C10 ‘E 59 60 57 58.66 179.1 186.4 183.1 180.4 186.1 183.0 6{5=gi)
Cold* g

E
R1-C13 - 52 . 52 s4 52,7 187.8  183.1 187.8 186.5  190.8  187.2(Rp=85)
Hot*x* -y p

1
R1-C22 % 59 57 55 57.0 181.3 185.2 183.5 * 176.8 181.3 181.6
Cold** g (Rb = 83)

* Opposite Transition
*% Smooth Transition



Mechanical Property Analysis
For Trojan, Westinghouse Manufactured,
Huntington Alloy Manufactured, and Model 51 Tubes

Ultimate Yield
Strength Strength Elongation Carbon Hardness
Population (Ksi) (Ksi) (%) w/0 RB

Model 51
Tubing
(800 heats) 101.7 5.2 39.5 0.035 B5.7

Affected
Trojan tubing
(18 heats) 104.3 58.6 38.4 0.037 87.6

Sequoyah

Huntington

tubing

(avg. of

15 heats) 101.7 56.0 37.8 86.3
(range 81-91)

Sequoyah

Westinghouse

Tubing

(avg. of

41 heats) 102.7 57.0 38.4 87.1
(range 81-91)

Removed Troian Tubes

RIC 6 g 93.0
Cold p-

L

&)
RIZ 7 = 83.0
Hot =

=
RIC 26 = 87.1
Hot s

(=4

=]
RI-C10 8 = 83.0
Cold §
RI-C13 L = 85.5
Hot >

[}

- 4
RI-C22 = 83.0
Cold J ¢



QUANTITATIVE ASSESSMENT OF STRESSES ASSOCIATED WITH Row 1
U-BEenp Tuse FAILURES.
J. Ep WiLson (TVA)




BULGED OUT, THIN AREA
(See view A-A)
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QUANTITATIVE ASSESSMENT OF THE STRESSES ASSGCIATED WITH
Row 1 U-Benp Tuse FAILURES

& SPRING BACK OF THE BULGED OUT, THIN REGION AFTER RELEASING
THE MANDREL BALL PRESSURE RESULTS IN COMPRESSIVE RESIDUAL
STRESSES IN THIS AREA, TENSILE RESIDUAL STRESSES THEN
OCCUR AT THE TRANSITION REGION TO MAINTAIN EQUILIBRIUM,
THIS IS WHERE MOST TUBE FAILURES ARE KNOWN TO INITIATE,

r DIFFERENTIAL PRESSURE LOADING ACROSS THE TUBE WALL
TENDS TO ROUND UP THE CROSS SECTION AT THE BULGED OUT,
THIN REGION, THIS RESULTS IN THE NEARLY ROUND TRANSITION
REGION BEING THE STRONG BACK WHICH PICKS UP MORE OF THE
TENSILE LOAD IN THE HOOP DIRECTION,

3. THE MAGNITUDE OF THE TENSILE RESIDUAL S7?ESS AND THE
TENSILE PRESSURE STRESS AT THE TRANSITIOW REGION WHERE
MOST TUBE FAILURES ARE KNOWN TO INITIATE 1S DIRECTLY
RELATED TO THE DEGREE OF OUT-OF-ROUNDPNESS AND THINNING
OF THE BULGED OUT AREA.




Review oF CALIBRATION TuBeES SIMULATING VARIATIONS OF "OPPOSITE

Sipe TrRansiTions” DerecTs AssocIATED WITH Row 1 U-Benp LeAkAGE,

Davip F, GoetcHeurs (TVA)
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INNER RADIUS U-BEND TEST PROGRAM CALIBRATION TUBES

Percent Reduction in Wall Thickness
Tube 1019-~1

Tube 1019-2

Tube 1019-3

Tube 1019-4

Tube UB-I1

Tube UB-III

Ovality Data
Tube 1019-1
Tube 1019-2
Tube 1019-3
Tube 1019-4
Tube UB-I
Tube UB-III

EDM Notches
Tube 1019-1
Tube 1019-2
Tube 1019-3
Tube 1019-4
Tube UB-I

Tube UB-III

5



INNER RADIUS U-BEND TEST PROGRAM CALIBRATION TUBES
1.0 Percent Reduction in Wall Mckncan
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INNER RADIUS U-BEND TEST PROGRAM CALIBRATION TUBES

2.0 Ovality Data
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AND OPPOSITE TRANSITION, /ERO POSITIONS CORRESPOND TO INTRADOS TRANSITIONS
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NO - 0
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S I T RN W . |

-0.¢" 0 0.5 1.0 L5 2.0 Apex.
Smooth Transition
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1.5 1.0 0.5 0~
Opposite Transition

OVALITY DATA For Trouan Tures P1-C6, P1-(22, aqn TVA CaLieraTion Tuse UB-1 AT SMOu.d TRANSITION, APEX,

AD OPPOSITE TRANSITION.

ZERO PQSITIONS CORRLSPOND TO INTRADOS TRANSITIONS



INNER RADIUS U-BEND TEST PROCRAM CALIBRATION TUBES

3.0 M Notches



oPPOSITE"
A TRANSITION

INTRADOS EXTRADOS
rmol%ou TRANSITION
4 -
INTEFNAL EDM NOTCH— || —~
LOCA™ED EELOW BULGE ;
| SEE .4OTE NO. | ?
7 | W07777// 7/ 777 ///A
lsuwoar | -
PLATE :
-»jﬂﬁtaj
NOTES
. TUBE D(NOTCH DEPTH)
3.1 1019 40%T
3.2 10190  30%T
3.3 I0IS-II 50%T
3., 108"V 60%T
L=4xD

w=,005
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. NOTCHES
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EDM NOTCHES -
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EDM NOTCH i
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|~ | | —LOCATED END
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'
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NOTE

I. NOTCHES
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2.L=4xD

A
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3 INTERNAL — A
EDM NOTCHES
~ 050" WALL SINGLE INTERNAL— ||—(||)
EDM NOTCH |/

L

!
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TO END Wi
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|
|
Pty OVERLAP
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SUMMARY OF CALIBRATION TUBES

EDDY CURRENT TEST CALIBRATION TUBES DEVELOPED BY TVA SIMULATE
ACCURATELY THE FOLLOWING VARIABLES:

1. ActuAL MopeL 51 STEAM GENERATOR ROW 1 BEND RADIUS 2.188
- IN.

2. AcTuAL MopeL 51 OUTSIDE DIAMETER

3.  SIMULATE VARIATIONS OF “OPPOSITE SIDE TRANSITION”
OVALITY CONSISTANT WITH FAILED TUBES REMOVED FROM
TROJAN NUCLEAR PLANT

4., PERCENT REDUCTION IN AREA ASSOCIATED WITH OPPOSITE SIDE

TRANSITIONS WAS 167 - 20%., TVA CALIBRATION TUBES HAVE
157 - 25% REDUCTION IN AREA,

MAJOR DIFFERENCE IN TVA CALIBRATION TUBES

1. WALL THIckNESS OF TVA CALIBRATION TUBES HAVE .050 IN.
AND WESTINGHOUSE STATES THE MINIMUM WALL THICKNESS USED
ON MoDeEL 51 STEAM GENERATORS WAS ,052 IN.




Eppy CurreNnT TESTING To CHARACTERIZE Sequoyad U-2 Row 1
U-Benps 1o DeTerMming THE Presence AND Decree ofF "OpposiTE SiDE
TRANSITION” DEFECTS AND BAseLINE Eppy CuRRenT TesT.

Stozo NariTAa (C&L EncrR., TVA CONTRACTOR)



ORI ECTIVES

l]- Deteer Anp CharAcTERIZE Severiry OF
Orposite Sipe TRANSITIoNS

z]- DeveeT Ano CharacTeRizE Derth OF CRAcking
AT AN Oprosite Sipe TRANSITiON



APPROACH

Usine MucTiFrequency Ebbdy Cugpent L NSTRUMENTATION @

- DeTeer Anp CHAracTERizE OProsite Sipe TBANSITieN

Witk Sinewe FEEQuEch Cloo kaz )

?:]' Suppeess OPposite Sipe TRANSiTIon Sienac By
Mixine Two DirrFerentT FREQuencies ( 240 knz AND
loo khe ). Detecr Anp CHARAcTERIZE CRACKING

Wirh Mixeo SjenAc.




RESuULTS

\]-Goon Detection AND CHARACTER |z ATion 7F
OpPrsite  Sibe TRANSITION.

2- Poor Crack DerecrasiciTy, No ChaRAcTERizATION
OF Ceack DertH.



MOCK-UP OF SHORT RADIUS U-BEND

574" - 876"

7" -

oD

.850" -

.852"

WAL

'/__- L T, A....l-_- e
At Least
2"
S
. JE

Jewelers

sawcut
100%

Thru-wall

2 ol s
/////;Ehcﬁus \\

ocganes

One leg
at least
4" long
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CLASSIFICATION OF OPPOSITE SIDE TRANSITIONS

LARGE LOOP AMPLITUDE (veus) CLASS i FicATioN
.0 € AMPLITUPEL .} Miner Qprsite Sice TRANSITiaN
I.] £ AMPLITUDE < |.3 Suspect Oprosite Sipe TRANSITION

AMPLITUDE 2 1.3 Mmser Opiosiie Sibe “TRANS TioN
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Summary oF TVA Inner RaDIus PROGRAM,
Davip F. Goetcueus (TVA)



SUYARY AND RECOMEIDATIONS

1. Two nEcessARy conDITIONS FOR Row 1 Tancent Point SCC can BE
IDENTIFIED, THE DEGREE OF "OPPOSITE SIDE TRANSITION” A'D
MANUFACTURE BY SMD CAN BE USED TO IDENTIFY THE SUSCEPTIBILITY
OF TUBES TO FAILURE., I[DENTIFICATION OF TUBES BY THIS METHOD
WOULD BE CONSERVATIVE, SINCE THE METALLURGICAL STRUCTURE
CANNOT BE CHARACTERIZED AS TO ITS suscept BM.:7: 10 SCC,
TUBES MAY BE IDENTIFIED THAT HAVE A METALLURGICAL STRUCTURE
mune 1o SCC.

2. PRow 1 Tancent PoINT TuBe FAILURE MORPHOLOGY IS ASSOCIATED
WITH THE DEGREE OF "OPPoSITE SIDE TRANSITION” AND THE
ASSOCIATED STRESSES.

3. ComvercIALLY AVAILABLE ECT METHODS CAN BE USED TO CHARACTERIZE
Row 1 Tuees’ proPensiTY To SCC.

4, ECT METHODS ARE CURRENTLY BEING DEVELOPED BY EPRI anp TVA 10
IMPROVE CRACK DETECTION AT U-BenT TANGENT PoInTs. THESE
IMPROVED TECHNIQUES WILL BE AVAILABLE FOR SequoyaH UniTs 1 .
AND 2 AT THE FIRST REFUELING OUTAGE.

5. TesTing oF Sequovad UNIT 2 Row 1 TUBES HAS IDENTIFIED:

5 Magor "OpposITE SIDE TRANSISTIONS”
18 SuspecT "OpposiTE SiDE TRANSITIONS”
32 Minor "OpposiTE SIDE TRANSITIONS”

ALL MAJOR "OPPOSITE SIDE TRANSITIONS” WILL BE INSPECTED AT THE FIRST
REFUELING OUTAGE FOR SCC. Ir SCC 1S DETECTED, THEN ALL SUSPECT
TRANSITIONS WILL BE INSPECTED.






