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Introduction

% SG tubes in PWRs have an important safety role.

% Some SG tubes have experienced some PWSCCs.

s PWSCC growth can cause leakage of reactor coolant and
SG tube rupture.

“» PWSCC growth behavior and burst pressure of SG tube
should be evaluated to assess structural integrity.
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Introduction

s The PWSCC assessment procedures (ASME Code Sec.XI,
EPRI SGMP) are based on the empirical models for
single flaw.

“+ The procedures aren't sufficient for the multiple
PWSCCs.

< Flaw modeling (alignment and combination rules) has
been used to evaluate the multiple PWSCCs.

= Are alignment and combination rules applicable?
 For experimental validation, series of burst test performed.

=» Parametric study based on burst test.
% Test geometry (particularly flaw depth) so limited that FE
damage analysis were carried out.

=» Parametric study based on FE damage analysis.



Alignment & Proximity Rules in Various Codes

 Alignment rule ' >  Proximity rule
ASME | H<I125
5 mm ‘. Ieff:|1+S+|2
NDI: H <12.5 mm H L
Grwoth: H < 10mm, 1f S <5 mm / 0 / aeﬁ=max(a1,a2)
ISME H <25, ifS >5mm ——ksle——
Fracture : H <12.5 mm S
WES H <0.5min (/,, £,) for through-wall flaws ASME, JSME | S <0.5 max(al’ a2)
- H <min (a,, a,) for surface flaws S (1) 1 /) T 05
i <min or a or a >VU.
H <0.5(0+0, 1,72 111 2712
API 579 Gt 2 B3 7910 | 0 foray /1y or ay/1, <05
H <0.5(040) & S < 0.5+ <) 1717 272
. —a- Py ( D
BS 7910 | D <0.5(/,+() L . )
| ) e @) FKM 'S <min(l, l,)
FKM D <0.5(0,+(y) (@) S
N iy a : depth
Al6 D <0.5¢+) S API579,A16 | S <0.5(l +1,)
GB/T D <min ({, (,,) for through-wall flaws
19624 D <min (a,,a,) tor surface flaws
RSE-M i___[j"} Interaction rectangles

 Non-re-characterized flaw

or

leg=1,+S+1, leg=1,-S+1,

The flaws are treated as each single flaw.

a.g—max(a,,a,)
KEM345:411, PVP2009-77068, JPVT-041403, BS7910 (7.1.2.2), ASME XI (IWA-3000), API579 (9.3.6.5), A16 (3250)




Burst Pressure Experiment (CHOSUN Univ.)

J. W. Kim and K. H. Eom, Burst Test on the Steam Generator Tube with Multiple Part through-wall flaws, ASME Conference
Proceedings, 2015, PVP2015-45273.
« From burst pressure test

~>Interaction effect of multiple PTW flaws on the failure of SG tubes were evaluated

 Cases of multiple PTW flaws

- Collinear axial flaws // non-aligned axial flaws // parallel axial PTW flaws are tested

0 AS L S%AC Lo m, L %ACT L s L s L ) 2 t ‘| i_l_d 2

AS: L=6.3,12.7, 25.4, 50.8mm (single flaw)
AC: L=6.3/6.3mm(s;=1,2,5mm) & 25.4/25.4mm(s,=1,2mm) Rectangular shape with d/t=0.5
ACT: L=6.3/6.3/6.3mm(s;=s,=2mm) & 12.7/25.4/12.7mm(s,;=s,=1mm)

AN L La ANT L : L, } Ly : AP Li-L; APT Li=L»=L;
3 30 3/ h
—_h

AN: L=6.3/6.3mm(l,=1,2,15mm) & 25.4/25.4mm(l,=1,2,15mm)  Ap: 1.=6.3/6.3mm(l,=1mm) & 25.4/25.4mm(l,=1mm)
ANT: L=6.3/6.3/6.3mm(l,=1,2mm) & 12.7/25.4/12.7mm(l,=1mm) ANT: |.=6.3/6.3/6.3mm(l,=1mm/I,=2,15,30mm)

& 25.4/25.4/25.4mm(l,=1mm/I,=2,15,30mm)




Net-Section Collapse Load Approach

For tube with axial single flaw

EPRI PP =0.58(YS +UTS)%(A— L dj A=1.104 for Actual flaw

Experimental pressure, P, , (MPa)

i Lot t A=1  for EDM Slot
M,=(1-aa/Mt)/(1-alt 1.82¢c
s (YS+UTS) t p = Jia-aly) A=
ANL Pe = 2 Rt
f a=1+(alt? (1-1/M)
2 MpR,
_____________________________ M =0.614+0.4814 +0.386e1-2%*
I -
N I . s N [ . .

: S Axial single flaw 1 LS Axial single flaw ;
| L i | L e J
; a sob L=6.3,12.7,25.4,50.8 mm N g/ sob L=6.3,12.7,25.4,50.8 mm _
; . . . .

L 1 L .
1 =2 =2 A |
I 0 [ y = n ]
1 Ry g5] RT ' ] R 4t RT =z
1 ~ - 3 - L
! g m : g : ' ]
| ‘ L
1A 40f . 1 1 @ 40 _ -
: g L | 1 g-‘ L .

. ; .
| L L
1 5 i 12 351 C ]
| N ~—
L9 [ 1 9 [ ]
1 = | EPRI L= | ANL

D] 30 ........................ (D] 30 ........................

E A 30 35 40 45 50 55 | A 30 35 40 45 50 55
! :
! |

EPRI, Steam Generator Degradation Specific Management Flaw Handbook, 2001, EPRI 1001191.
ANL, Validation of Failure and Leak-Rate Correlations for Stress Corrosion Cracks in Steam Generator Tubes, 2002, NUREG/ CR-6774.



Parametric Study
based on Experiment

Various depth effect on burst pressure
. Collinear axial flaws
. Non-aligned axial flaws

. Parallel axial flaws



Multiple Flaws Assessment based on Experiment

Collinear axial flaws

L L L L L
|<—1>| S1 |‘—2>| or |‘—1>| S; |<—2>| S, |‘—3>|
e o P
Cases of collinear axial flaws
No. EPRI -
ﬂ‘;fN Li | L | Ls| s | 52 [ExplASME, JSME| APIs79, | £ | Axial colinear flaws
< BS7910 Al6, FKM \2_/ 500 © ASME, JSME, BS7910
. [ m  API579, Al6, FKM
AC_A | 2 |63]63 1 49.8(46.2 41.8 Q5| Single aw £ oo
450
AC B | 2 63|63 2 49.8(46.2 41.6 g
= [ - B
AC C | 2 |63]63 5 52.2(46.2 408| Z a0} RT e .
AC D | 2 |6.3(25.4 1 40.9[39.7| Not [39.1 =2 "=
ACE | 2 [254|254] | 1| [a24fze7|mPined3g sl Pref | 5 a4
AC_F | 2 [25.4[25.4 2 42.739.7| min(Py) 38.3| Ler= | .3 | EPRI
2‘—i+28i ‘1)30- RN L S T
AC G 2 |25.4|25.4 3 43.8|39.7 38.2 5: 30 35 40 45 50 55
ACT_A| 3 [63(6.3|63| 2 | 2 [46.9/46.2 40.0 Experimental pressure, Py, (MPa)
ACT B| 3 [12.725.4{12.7| 1 | 1 [41.539.7 38.3
o A AN =
v #80| #E = = combined flaw®] 2+d SIi



« Non-aligned axial flaws

L L
— —
b or b
f— f— f—
L') L? L?
Cases of non-aligned axial flaws 55—
EPRI & [ Axial non-aligned flaws
';'IZ;;S‘C Li | Lz | Ls| | |Exp| ASME, [ BS7910,A16, | = sof © ASMESSME
JSME | API579, FKM . ;___'___Sing]eﬂ’aw Th
[ma} :
AN A| 2 |63|63 1 |50.0|42.2 _ AL 450 £ o«
Al |gned q)“ [ Not aligned flaw S :
ANB | 2 |63]6.3 2 [49.3]|42.2 E I PT 7 e
ANC| 2 [63]6.3 15 |50.3| 46.2 Not aligned @ 40 o -
AN D | 2 [25.4|254 1 [43.2]383 & |
— Aligned 9 35l
AN _E | 2 |25.4|25.4 2 |42.5/383 2
= = EPRI
AN_F | 2 |[25.4]25.4 15 [42.3(39.7| N 1383 | Aligned | B 50kl . . .
3 |6.3[63|63| 1 |48.2]40.6 : = =3 . =
ANT_A 3(6.3]6. 2| 40. .
= _ Experimental pressure, Pg,, (MPa)
ANT B| 3 |6.3(6.3|63| 2 |49.3|40.6 Aligned :
ANT C| 3 |12.7|25.4|12.7| 1 |42.5|38.3

Aligned flaw: Py ef, Lett =L
Non aligned flaws: min(Py ;)



e Parallel axial flaws

L

'

Iy

or

Cases of parallel axial flaws

No.oft - 1, Exp. EF)R|3IS7910 A6
flaws ASME, JSME | /0120 e
AP A | 2 |63 1 53.8 | 46.2
AP B | 2 |254] 1 43.2(39.7 Aligned
APT A| 3 |63]| 1 | 2 [51.8(46.2
APTB| 3 [63] 1 | 15 |49.3[46.2
= Non aligned
APT C| 3 [63] 1 | 30 |50.6/46.2
APT D | 3 [254| 1 | 2 |44.4[39.7 Aligned
APT E| 3 |254| 1 | 15 |41.6|39.7 al'i\g:f; 4 |39.7| Aligned
APT F| 3 |254| 1 | 30 [42.6]39.7 Aligned

[>: 15 mm = 90° Xl kI, 30 mm = 180° ¥ XI XI
W FFO| 40|V 201 88 52 HAHIB0 S A

A

=
2
oL |

Predicted pressure, Py, (MPa)

h
N

Lh

I~

B
=

(U]
N

(US)
]

10

g ALO[o] 2+A0fl Wit MSE A0 SIH X 24 21 2
0~32 © : Positive / 32~128 © : Negative / 128 ° Q|&} : S& # L

| Axial parallel flaws
ol ‘ . }-l-{ I=2,/15,38mm

: 1 mm I mm 90° 1807

- ©  All codes Lo o
St : - -

PR Single flaw o

+ - Size of flaws

i _ =63

i 0w o

E EPRI
30 35 40 45 50 55

Experimental pressure, P, (MPa)

S. 1. Moon el al, Fatigue Fract. Enging. Mater. Struct., 2006, Vol.29, pp.623-631



Ductile Failure Simulation Method
and Application to SG tube Burst Test

J. Y Jeon, Y. J. Kim and J. W. Kim, Burst Pressure Prediction of Cracked Steam Generator
Tube using FE Damage Analysis, ASME Conference Proceedings, 2015, PVP2015-45401.
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Stress-Modified Fracture Strain and Ductile Damage Model

e McClintock, FA (1968)

e . e Rice, JR, Tracey, DM (1969
» Stress-modified fracture strain model e Hancoek JW- M yacken(zie, A)C (1976)

e Mackenzie, A, Hancock, ], Brown, D

: _ ”
Inelastic strain . (1977)
Local crack-tip field o z * Hancock, JW, Cqwling, MJ, (1980)

e 2 > .g Gm201+62+63

: =
— fé Stress triaxiality

L

=

—

ef = Aexp(—CG—m] +B
\ .

A,B,C = material constants

Stress triaxiality (¢ _/c )

 Incremental damage (Ductility exhaustion)
ef

5 2 2 2
Ao AP = %J(Aalp - Aag) ¥ (Asg - Agg) ¥ (Aeg - Aa{’)

e Local fracture =2 Am= o, (= 1) (cf) Miner’s rule in high-cycle fatigue
12



Failure Simulation using Finite Element Analysis

« From FE analysis Om _ C1+02 +03
> Calculate stress triaxiality and plastic strain increment ~ ©e , 3¢
. . : Ag
- Calculate incremental damage due to plastic strain Ao = —5
ef

- When accumulated damage becomes critical
® =2 A0 F 0O

» Reducing yield surface at integration point 10
» Implemented into ABAQUS (UHARD)

800
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R PR ||| E decreasing slope|\i

e®(ee(ee|ee @@ K : g o

RN NOR | |OB® @@ Crac . 200f Conventional c:all?e
- propagation ~ ~ - Proposed \

Vo

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Strain

cf) Element removal, Cohesive zone element, Node release

[ » Element size effect on simulation results J

13



14

Comparison of FE with Experiment

5 - T . - T <
Alloy690TT, RT
~
E r 4
efecte tube tensile test
E | Defected SG tube tensil
= Test data
= 3 = FE result (with damage) ™ |
7}
=i
L
>
m 2r _
-
Q
<
L] 1 L ]
(@]
n

0.0 0.5 1.0 .5 20 25 3.0 Ieess
Displacement (mm)

0.6 80 ———r———7r 7
5 ~ . .
e £t Comparison of FE
> 0.4} L . S J
5. \ _ = 70}  with experiment A -
& (a,/0),,=037 = : 1
= 02 1 E
(% 0.1 FE result mﬁ 60 B T
--------- Average value D] L
00002 04 06 08 10 o
Equivalent Plastic Strain a A |
|72] L i

1 Mulli‘-axiul ilraclurclslrain I 8 50 X Bl =
08 o '
':;30.6 ?qf) 40: @ Axial _
2 04l 2 [ L Complex ]
g S | 4 Circumferential |
= 0.2 Gm 830. g R e e e g

B e =aexp| -1o— |, a=1402 A~ “30 40 50 60 70 80
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Stress Triaxiality (U,,,/O".) EXpel'lmeIltal pI'GSSllI'e, PExp. (MPa)



Parametric Study
based on Finite Element Analysis

Various depth effect on burst pressure
1. Single surface flaw

2. Collinear axial flaws
3

. Parallel axial flaws
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Single Flaw Assessment based on FEA

« Single axial flaw that have various depth

o]
o

& | Axial single flaw ]

T0F L =6.3,12.7,25.4,50.8 mm j

| L | = ]

| | S o [om a0l ]

AT OO o at=03 L :

& an05 oL .

L sol v at=07 ]

o : |

i‘ L ..i % A v ]

= 40 4 ’

2 | ; ‘ | 1d 2 __gl" v

% 30_' ]

Rectangular shape with I ’ EPRI ]

— (D] 20 ------------------- ]
d/t=0.1, 0.3, 0.5, 0.7 O;: 20 30 40 50 60 70 80

Predicted pressure, P, (MPa)
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Multiple Flaws Assessment based on FEA

« Collinear axial flaws O el )Or()k_%—_ﬂk#ﬁk#%)

i s >
Cases of collinear axial flaws
No. of EPRI
0.0
alt flaws Ly | Lo | Ls | s1 | s2 | FE | ASME, JSME, API579, ——
BS/O10 AL FKM | 3 I Axial colinear flaws
01 |2 | 63]63 2 75.6 | 68.2 67.3 =1
“ 1 2 [ 6363 5 75.7 | 68.2 67.1 = '’ ASME, JSME, BS7910 ]
2 [63]63 1 60.5 | 57.2 54.6 = = 01 ¢ 03
03| 2 |63]63 2 60.5 [ 57.2 54.4 Q:S 60F A 05 v 07 ;
®
2 6.3 | 6.3 5 60.8 | 57.2 54.0 ! P single flaw 8.'@
2 1 49.0 | 46.2 41.8 O 5ok ]
2 | 63|63 2 49.6 | 46.2 41.6 > i - RT
2 5 50.3 | 46.2 40.8 v S
O [ B
05| 2 [ 63254 1 44.0 [ 39.7 39.1 g 40¢ A.%& EPRI -
2 1 44.0 [ 39.7 38.3 [ -
e [
2 | 254|254 2 44.0 [ 39.7 38.3 | Combined | & 30f o AP1579O’ f‘lg’ F(SVI-
2 5 44.0 | 39.7 Not 66.6 2 | Y > = -
2 | 63 ] 63 1 40.6 | 35.2 | combined [29.1]| P = 0 - . 0.5 v 07
07| 2 [63]63 2 415]35.2 28.7 A 720 30 40 50 60 70 80
2 [ 6363 5 428]35.2]| min(PL)) [27.7] Ler= .
2 |254]254 1 58.3 | 53.3 525| 3Li+3Si Predicted pressure, P, (MPa)
03| 2 [254]254 2 58.4 | 53.3 52.5
2 [25.4]254 5 58.3 | 53.3 52.4
2 [25.4]254 1 44.0 [ 39.7 38.3
05| 2 |254]254 2 44,0 | 39.7 38.3
2 |254]254 5 440 | 39.7 38.2
2 | 254254 1 31.9 | 26.1 24.2
07| 2 [254]254 2 32.1]26.1 24.1
2 [25.4]254 5 32.3[ 26.1 24.0
o5 |3 6363163 2 | 2 [494]462 40.0
' 3 [127]254]127] 1 [ 1 441397 38.3




« Parallel axial flaws =
1
Cases of collinear axial flaws

No. of EPRI
alt flaws L h l BSIATT codes
0.5 2 6.3 1 54.9 46.2
0.5 2 6.3 2 53.3 46.2
0.5 2 6.3 5 51.0 46.2
0.7 2 6.3 1 46.1 35.2
0.7 2 6.3 2 45.2 35.2
0.7 2 6.3 5 43.2 35.2
0.5 2 25.4 1 47.2 39.7
0.5 3 6.3 1 2 53.6 46.2
0.5 3 6.3 1 15 50.3 46.2
0.5 3 6.3 1 30 50.4 46.2
0.5 3 254 1 2 45.8 39.7
0.5 3 25.4 1 15 43.6 39.7
0.5 3 25.4 1 30 43.8 39.7

[>: 15 mm = 90° Xl kI, 30 mm = 180° HXI Xl
W HFO| 20Vl 201 88 F52 HAHIB0 S A
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o .
S Axial parallel flaws
2 70F All codes
=, [
. [ m 05 o 07
2 60F :
A, P single flaw
o _F
= 50F -
= [ mmm < Size of flaws
A - S =63
D) i i
E—d 40 -.. "7 Size of ﬂszT
- ! 2 =254
8 30' S\izeofﬂaws
% : =63 EPRI
820|||||
A, 20 30 40 50 60 70

Predicted pressure, P, (MPa)

80



Conclusions

< Applicability of net-section collapse loads for multiple circumferential
cracked pipes
- Systematic analysis using FE damage analysis
- FE damage analysis validated against existing pipe test data
- Generate maximum loads for more general cases
(crack depth and length)
- Comparison with estimated NSC loads

s Comparison shows that
- Good agreement for two symmetrical surface crack cases
- For asymmetric cases, deeper crack tends to be more dominant

s More parametric study might be needed ?
- Need experts’ help for careful selection of cases
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Thank you very much!
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