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Restrained Bending Effect by the Support Plate on the Steam Generator Tube
with Circumferential Cracks
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Abstract

The steam generator in a nuclear power plant is a large heat exchanger that uses heat from a reactor to
generate steam to drive the turbine generator. Rupture of a steam generator tube can result in release of fission
products to environment outside. Therefore, an accurate integrity assessment of the steam generator tubes
with cracks is of great importance for maintaining the safety of a nuclear power plant. The steam generator
tubes are supported at regular intervals by support plates and rotations of the tubes are restrained. Although it
has been reported that the limit load for a circumferential crack is significantly affected by boundary condition
of the tube, existing limit load solutions do not consider the restraining effect of support plate correctly. In
addition, there are no limit load solutions for circumferential cracks in U-bend region with the effect of the
support plate. This paper provides detailed limit load solutions for circumferential cracks in top of tube sheet
and the U-bend regions of the steam generator tube with the actual boundary conditions to simulate the
restraining effect of the support plate. Such solutions are developed based on three dimensional finite element
analyses. The resulting limit load solutions are given in a polynomial form, and thus can be simply used in
practical integrity assessment of the steam generator tubes.
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Fig. 2 Schematic of the boundary conditions for top of
the tube sheet region
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Table 1 Geometry and dimensions of TTS region with
circumferential through-wall cracks

Crack
(SI’;) (nfm) R,/t| 26(Deg.) | Location ggxl::il?t?g]
(NCL=L,/L)
Free
0, 90, ;
8.99 |1,000| 8.4 | 140, 180, 002'(5)0(5)’5 lg‘:’t‘r‘;‘;i’ #
250, 300 Bending

Table 2 Tensile properties of the tube material

Young’s | Poisson’s Yield Tensile
Modulus Ratio Strength (oys) | Strength (oyrs)

195GPa 0.3 278.7MPa 653.5MPa
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Fig. 3 Typical FE model with a circumferential through-
wall crack in the TTS region (NCL=0.005)
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Fig. 4 Prediction of limit loads for the TTS region
under free bending condition
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Fig. 5 Prediction of limit loads for the TTS region
under restrained bending condition
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Fig. 6 Comparison of limit loads for the TTS region
under two boundary conditions
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Table 3 Geometry and dimensions of U-bend region with
circumferential through-wall cracks
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Fig. 7 Schematic of the U-bend region

A3 A" HAAAM ¥y F Jdg 75

F9 232 mARGod, sFxdos

3 2g
5

3% (end cap force)S =5 nEIqrh

o £ 2
o 22 gt

3.3 s 25t

Fig. 99} Fig. 102 Af-53% 2 AFFY AA=
Zo dlal fdessfjydoz 23 AT E F
3 SH e B 73 A ving ot &
53 279 A 2FZAHI) EX3HA Fol 8
A7 eSS F&3 gFEvie o=,
Fig. 99} Z=AI3 wie} o] {a LA E F3l
T 9% 2 WE Ex Fho 9 gAsEFS
BN F@sA A FIF AR YER
oun}, A didt AASFHE FAEHGTH

T FEFasA Ao Millerd dFAE
g8 dxts FEZ4o] 1002 o]l FHo A=
Z dAsA . olEd At ddzol 100% o]
A dF 0 2L dAsIFo #d9 A

Fig. 8 Typical FE model with a circumferential through-
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Fig. 9 Prediction of limit loads for the U-bend region
under free bending condition
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Fig. 10 Prediction of limit loads for the U-bend region
under restrained bending condition
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Fig. 11 Comparison of FE limit loads for type A and type
B tubes

FUEg gd A TV AL WA AAw] FHAT 4F 283

EP P
§=—1 R, H,(—)" 10
(E +a€0 m Z(PD) ( )

o7]4, §:COD, mm

F,= 2(6—")[1 + A{4.55(ﬁ)‘45 + 47(5‘1)3 1
¥ 4 w

0, = o[1+%i:—;:(:—:)2 1{t+(P1 P,)?)]
F, =1+ A[5.3303(0/ 7)"* +18.773(6/ x)***)
A=[0.125(R,, /1)-0.25]"%
a, n : Ramberg-Osgood 75
G, =P/2R,t
0,6 HE $E 2 Fx UYPE
P: & 8F,N
P, =20,R, f[r — - 2sin"}(0.55in )]

o]t}

Fig. 12& #¥0o] dE#9 F AFHNCL= 0.5)
o EAjats A%l sl FEL4sd L F3HH
oz 7§ CcODE g Aolth Fig. 12(a)°ll
EAIG vte} ol FEzbo] 9= A I8 L
Aoz 3 CODE Zahoor W & ZAxel
Z dHsGen, AAzDN WE Folrt A9
At ol s AIE Fig 6o =AE UL 7
o] #4d7Zto] 100% wlgto 2 AL u FABIF
uxe AAzA 9o FAde Agx A9
AEs= Aotk A Fig. 12(b) EAIF vlet
Zol #gzto] & S AAZXALE copol &
g oA Aoz JEgd & AREE 22
of disl F#& copst AEFY 2ol it gholl
Hs) 433 A BrAEAed, o Aol
Bolx olft AAHe o& FPAT 537
d dol ZALste FUSEHE TAAA FEER
L JAsl7] WEQA Aoz o=

3 B of Adde] AAz
o FASA 9F0F 7
CODE dZ3lr] Yslles A4 A ZAx
AL & wAsoltt & Aoz wasHE o wd
o 7]1&d AAE coOD d&ELe AHFFY &
Ao A AezA AdHd HLA CODE
@7lslez Lo Folr "agh oz Azt
"c} oo diE tiotozA B =Fda A
AGFY A I AL AlEste A EE
PHE 78 3T olE AHFTY =z dF 4
(10) ¥ FxsF(P,) ol did3hd Fig. 12(b)oll
TAIG vle} ol AFFY HAFZAN s 2ot
AAH coDE d=g + Yt



284 a5 Ade - 259
0.03
a FE COD (Free Bending) y
O FE COD (Restrained Bending) A
0.025 Ff oo Zahoor (Original) A
——- Zahoor (Modified) A
002 | &
- 2]
E ]
< 2]
8 0.015 Y
&) ) 8
o0t e
0.005 |
0 L . L L
0 3 6 9 12 15 18
Pressure (MPa)
(a) 26=90 Deg.
1
a FE COD (Free Bending)
0 FE COD (Restrained Bending) ;i
o H Zahoor (Original) A
— Zahoor (Modified)
&
’é‘ 0.6
E N
5 /
O 04 a
[in]
s o
R A <o
s}
02 o 5D
5]
0 .
[ 3 6 9 12 15 18
Pressure (MPa)

(b) 26=180 Deg.

Fig. 12 COD prediction results for the TTS region under

two boundary conditions
5.8 B
A7y BEFLol EAFD ulgrel g3}

£ 271847 Ades didez AXEY §9
g2 B 23S Festd 93 2o

1 A L U-3IR EA 4F8Y 749 @
AsFH FEdgRds AAzHA we 34
w3ttt

@) AAB 4 FIAY FFS ALH9
P, ¢ 94X 2 Avld w ol

@) 7120 ALY AFFY 236 AT @A
3% daUEe B5A 4E573F%E RojzR A
Aol H& A A Fo7t dasih

.;g

ok

848y - 293

4) f2esdd 2A%e =0z v 2 UF
Yrol G GARF AE4L
e ddwe A2THA 2
sl @AsE L FIQREL
=

B2

(1) Cochet, B., 1991, "Steam Generator Tube Integrity,"
EPRI NP-6865L, Vol. 1.

(2) Frederick, G. and Hemnalsteen, P., 1990, "Belgian
Approach to Steam Generator Tube Plugging for
Primary Water Stress Corrosion Cracking," EPRI NP-
6626SD.

(3) Majumdar, S., Bakhtiari, S., Kasza, K. and Park, J.
Y., 2002, "Validation of Failure and Leak-Rate
Correlations for Stress Corrosion Cracks in Steam
Generator Tubes," NUREG/CR-6774.

(4) Kim, H. S., Kim, J. S, Jin, T. E., Kim, H. D. and
Chung, H. S., 2004, "Burst Pressure Evaluation for
Through-wall Cracked Tubes in the Steam Generator,"
Trans. of the KSME(4), Vol. 28, No. 7, pp. 1006~1013.

(5) Miller, A. G, 1988, "Review of Limit Loads of
Structures Containing Defects," International Journal
of Pressure Vessels and Piping, Vol. 32, pp. 197~327.

(6) Zahoor, A., 1989, "Ductile Fracture Handbook,"
EPRI NP-6301-D.

(7) Kim, Y. J., Shim, D. J., Huh, N. S. and Kim, Y. J,,
2002, "Plastic Limit Pressures for Cracked Pipes using
Finite Element Limit Analyses,” International Journal
of Pressure Vessels and Piping, Vol. 79, pp. 321~330.

(8) Kanninen, M. F., Marshall, C. W, Simonen, F. A.
and Wilkowski, G M., 1976, "Mechanical Fracture
Predictions for Sensitized Stainless Steel Piping with
Circumferential Cracks,” EPRI NP-192.

(9) Kastner, W., Roehrich, E., Schmitt, W., Steinbuch,
R., 1981, "Critical Crack Sizes in Ductile Piping,"
International Journal of Pressure Vessels and Piping,
Vol. 9, pp. 197~219.

(10) Wang, X. and Reinhardt, W., 2003, "On the
Assessment of Through-Wall Circumferential Cracks
in Steam Generator Tubes with Tube Supports,”
Journal of Pressure Vessel Technology, Vol. 125, pp.
85~90.

(11) ABAQUS Inc., 2005, "ABAQUS Ver. 6.5-1 User’s
Manual."

(12) Begley, J., Keating, R., 1997, "Depth-Based
Structural Analysis Methods for Steam Generator
Circumferential Indications," EPRI TR-107197-P1.

(13) Sattari-Far, I, 1994, "Finite Element Analysis of
Limit Loads :for Surface Cracks in Plates,"
International Journal of Pressure Vessels and Piping,
Vol. 57, pp. 237~243.



