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Evaluation of Limit Loads for Surface Cracks in the
Steam Generator Tube
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Abstract

Operating experience of steam generators has shown that cracks of various morphology frequently
occur in the steam genecrator tubes. These cracked tubes can stay in service if it is proved that the
tubes have sufficient safety margin to preclude the risk of burst .and leak. Therefore, integrity
assessment using exact limit load solutions is very important for safe operation of the steam generators.
This paper provides global and local limit load solutions for surface cracks in the steam generator
tubes. Such solutions are developed based on three-dimensional (3-D) finite element analyses assuming
elastic-perfectly plastic material behavior. For the crack location, both axial and circumferential surface
cracks, and for each case, both external and intemal cracks are considered. The resulting global and
local limit load solutions are given in polynomial forms, and thus can be simply used in practical

integrity assessment of the steam generator tubes.
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Table 1 Geometry and dimensions for axial
surface cracks in free span

R/t alt p=c¢//R.t | Crack Location
79 0.25, 0.5, 2.0, 3.4, | External Surface
) 0.75, 0.9 40, 6.7 Internal Surface

¥
H X

oz

Fig. 1 FE model for axial external surface crack in
free span

Table 2 Geometry and dimensions for circumfer-
ential surface cracks in free span

R/t at P Crack Location
0.5,0.75,

8.4 3.0, 3.8, 4.8 | Lxtermal Surface

0.9 Internal Surface

Table 3 Geometry and dimensions for axial
surface cracks in u-bend

R/t|Rpend/Rom aft o Crack Location
54! 85 0.5, 2.0, | Ext. & Int. Surface
) " 10.75, 0.9|4.0, 5.7|at Intrados, Extrados

Fig. 2 FE model for axial external surface crack in
intrados of u-bend
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Table 4 Geometry and dimensions for circumfer-
ential surface cracks in u-bend

R/t Rgend/Rim a/t p Crack Location
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Fig. 3 Prediction of limit loads for axial external
surface cracks in free span

-
s

FASEE Wl weh kel o]zt
A71E sy frake dE5AEE Jehgloh
A 2o EASAE
do] ALx R FUFIEY vlAsIAE AY
FAET L ZH FAstF 8
vebth mg 5 @A EFe] A 8
314 ZAxe} EPRI %9 % Belgatom HH& &
g Ale F9 Yol 2 oo FHEA vn
& dxjsle 5 AwAQ dF AFS 97 B
799 Ao frAbstATh

Fig. 4= froasidoz 33 A9 @485
S vl Aoz, ¥ Pl %t Ao
7} 7lE s #E AR FHEA @dAEtF
o A FAF Aoz JeEged, 35 @A)
o A4E ol FUH AFE B
s 2 8)2 HEtasdy AxE 4 AY
st T AT dISHoRA, FF FE
gAgde] EAste Awe AT d54
21<p<6.7 2 025<a/4<0.9 Wolr AdH
2 Fdo A, AEEAX FHsHA HEY
& 98 Ao woAT)

e
1)
4

ol rf

_{

Py, = (PR,)/(ost) = A+ Bo+ G’ (8)
d7]A, A4 A, B CE Table 59 2t}

42 NP e gHAA

Table 20 7]&=% 3N 5d F
o sl FItessiy 2 FEA
sle T3 dAEFS dgAH"
£ A= Fig 59 2ok

Y
=
Bl o
e
=

o
o

<4
o
/

J

Normalized Limit Load, Py
4
/

8 /=025 (Internal) — a/t=0.25 (External) T
& ah=05 (Internal)  ----a4=0.5 (Externalj

® a/=075 (Internal) "~ - a/t=0.75 (External)

¢ 0/1=09 (Internal) —-a/t=09 (External)

1 2

o
1

0

3 4 5

Shape Fuctor, p=c Rt
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Table 5 Coefficients of the limit load equations

Region

Solution .
Crack Type Coefficients
Type

Free
Span

A=1.4536—1.7943 (a/t) +2.3765 (a/t)? — 1.2434 (a1 )?
Global | B=—0.0270-0.0736 (a/t) —0.1198 (a/%)?
External C=0.0022 4+ 0.0044 (a/t) +0.0116 (a/t)?

Surface A =1.2036—0.6416 (a/t) —0.5563 (a/t)’

Local | B=0.0127—0.2875(a/t) +0.9346 (a/t)? — 1.2454 (a/t)> +0.5857 {a/t)*
c=0

A =1.1607+0.0196 (a/t) —0.3596 (a/t)*

Global | B=-0.0183-0.0986 (a/t) —0.1181 (a/t)*

Internal C'=0.0024+5.861x107%(a/t) +0.0171 (a/t)*

Surface A=15766—23.2588 (a/t) +4.2108 (a/t)? — 2.6325 (a/t)® .

Local B=—0.0138—0.0029 (a/% ) +0.0095 (a/t)*

C=0

Axial

A = 6.9941 — 23.9700 (/%) + 31.5366 (a/t )2 — 13.2799 (a/t )
Global | B=—28477+11.4789 (a/t) —14.9199 {a/t)*+6.2129 (a/t)*
External C'=0.2669 — 1.0530 (a/t) + 1.3384 (a4 )% — 0.5588 (a/t)*

Surface A =—8.6268 +38.9795 (a/% ) — 48.0007 (a/t)* +17.648 (a/t)*
Local B=4.2771 —16.0000 (a/t) +18.7761 (a/t)? — 6.7442 (a/t)?
C=—0.3644 +1.3610 (a/t) — 1.5451 (a/2 )2 +0.5486 (a /% )*

A =159136 —57.6548 (a/t) + 72.8111 (a4 )* — 20.6152 (a/t )
Global | B=—6.5462+25.3923 (a/t) — 31.8729 (a/t)? +12.8541 (a4 )*
Internal C=0.6180—2.3399 (a/t) +2.8557 (a/t)*— 1.1817 (a/t)*
Surface A =—18.6578+ 82.2082 (a/t) — 109.1828 (a/t ) + 45.6324 (a/t )
Local | B=7.5563—31.0530(a/t) +40.0496 (a/t)*—16.5530 (a/t)?
=—0.7027 +2.8757 (a/t) — 3.7159 (a,/4)% 4 1.5429 (a/t)®

Circ.

U-Bend

A =57161—20.7647 {a/t) + 29.0028 (a/t)? — 13.2130 (a/t)*
Global | B=—16809+7.2492(a/t) — 10.4093 (a/t)* + 4.6463 (a/t)*
External C=0.1434— 06211 (a/t) +0.8927 (a/t)> —0.3987 (at)?

Surface A =5.2935—21.0389 (a/t) +29.2619 (a /% )2 — 13.5164 (a/t)*
Local | B=—14412+6.3759 (a/t) —9.1705 (a/t)* + 4.2358 (a1 )?
C=0.1310-0.5822(a/t) +0.8394 (a/t)*—0.3882 (a /% )
A=4.5475—14.6174 (a/t) +19.7633 (a/t )* — 8.9522 (a2 )®
Global | B=—16205+6.5646 (a/t)—9.0769 (a/t)*+3.9382 (ast)®
Internal C=0.1546 —0.6238 (a/t) + 0.8469 (a/t)?—0.3614 (a/t)?
Surface A =49363—18.8125 (a/t) +26.2708 (a/t)? — 12.3947 (a/t)®
Local | B=—1.1027+4.8065 (a/t) —7.1318 (a/t)%+3.4280 (a/t)®
C'=0.0786 — 0.3445 (a/t) +0.5199 (a/t)> — 0.2540 (a1 )*

Axial

A= 27.0086 — 106.2722 (a/t) + 142.4798 (a/t)® — 62.1964 (a/t )°
Global | B =-—12.0296+ 49.3533 (a/t) — 66.2358 (a/t )% + 28.9300 (a /4 )?
External C=1.3748 —5.6502 (a/t ) +7.6086 (a/t)?—3.3438 (a/%)®
Surface A =9.3036 —36.6730 (a/t) +50.1871 (a/t )2 — 22.8177 (a/t)°
Local B =—3.7263+15.3710 (a/t) — 20.7016 (a/% )2 +9.0569 (a /% )*
C=0.4641—1.8891 (a/t) + 25108 (a/t)2—1.0858 (a/t)*

A =—27.5656 4 120.5136 (a/%) — 166.5015 (a/t)* + 75.3873 (a/t)?
Global | B =13.9281—59.3275 (a/t) + 83.0336 (a/t)* — 38.0598 (a/t)*
Internal C=—1.3241 +5.7863 (a/t ) — 8.2844 (a/t)* +3.8577 (a/t)®
Surface A = 387566 — 163.3972 (a/% ) + 230.5927 (a4 )* — 105.9521 (a4)?
Local | B=—14.0879+62.0431(a/%) —89.2914 (a/t)* + 41.3361 (a/t)?
C=1.3461—6.0421 (a/t) +8.8062 (a/t )2 — 4.1102 (a/%)®

Circ.




998 285 - A3 -
AN ARE A dAsE A dolH

AA ] ol FrFaasME T3 7T AY
dAGF HIYE 498 & o, A
A dF AgS A Ve FHY ZUdAd
o B¢ Y

EY IR dA8F Bf FEeady 29
T @9 Zol 3 Hold FAA dduH 2
Ao, ANLY dF4E Algstd T3
AT A3 vEFAY Aoz YHyTh
ANL AA 2] o]2d HEFH J5FF2 &

5TE A4 FUsHA BAT PlAE 4

Fg 3o 9IFe A wgstA ZHU
fgoz FAHJGS? B 2y EASA =
ggtont UR EuFde ALx AutAd 4F
AFE g% g9A<EY A+ AT

Fig. 6& #8228z g 7 @A}F

B

Normalized Limit Load, Py,
o

o
1

o
>

-

-~~~ ANL (Local)
—— FEA (Global)
—— FEA (Local)

O Test (Global)

& Test (Local)

0

[ 0.1 02 03 04 05 0.6 07 08 09 ]
at
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Fig. 6 Comparison of local limit loads for circ.
surface cracks in free span
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Fig. 7 Prediction of limit loads for axial internal
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