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Abstract

This paper proposes engineering estimation equations for the maximum deflection of a cylinder subject to
bending under elastic-plastic and elastic-creep conditions. Being based on the reference stress approach, the
proposed equations are simple to use and can accommodate general tensile and creep behaviours. Validation
against detailed 3-D FE results using actual stress-strain data and realistic creep-deformation data shows
excellent agreement, which provides confidence in the use of the proposed equation. Based on the proposed
equations, together with information on in-service inspection data, discussion is given how to estimate future
time-dependent and time-independent deflection of the CANDU pressure tube. Thus the present result would
be valuable information for integrity assessment of the CANDU pressure tube.
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Table 1 Summary of FE calculations for the present

work
Loading
condition Rlw L "
o 10R, 1,3,5,10
Pure SR, 1,3,5,10
bending s 10R, 1,3,5,10
5R, 1,3,5,10

Table 2 Comparison of elastic FE deflection results with
those estimated using the theoretical solution,

Eq. (D
Theoretical | ABAQUS | Difference
Rbw | L (mm) (,,,,(,3) %)
10 10R, 10.07 10.04 0.3
SR, 2.52 248 1.6
15 10R, 9.46 943 0.3
5R, 2.37 2.33 1.7

Table 3 Values of the h-function, determined from
elastic-plastic FE results

Rufw L h(n=1) | A(n=3) | Hn=5) | k(n=10)
10R, | 6.633 6.943 6.953 6.939
10 5R, 3.265 3.363 3.373 3.367
10R, | 6.536 | 6.836 6.852 6.866
15 SR, 3.214 | 3.310 3.325 3.331
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Fig. 3 A typical 3-D FE model for R,/w=10, employed in
the present elastic-plastic FE analysis
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Fig. 5 True stress-strain data for the SA312 TP316
stainless steel (288°C), employed in the present
elastic-plastic FE analysis for validation

g3 o= 28 S H(MPa)olth,
22432 A8 Z PAL g go] xPEG®

e =ka"t? + mo"t
k=7.43x10"" ;m=1.908x10""" ;n=5.4; p=2.364
(21)

A7]A, o A& S (MPa)o)7, ri= A ZHbour)o]t}.

g9 IYZ HAL AR AHASde
ABAQUS ZR 8 g of &3l AF NAZFLE A
ke 4= gl whdd) 1321 A X ol 2
z2k-3zF AR E P2 53 g2 dut FX H3F
= A3t FYE A4S FYPsie FSde
ABAQUS XZ =239 ALga Ao gl
“CREEP"E A[g-3to] #4-& +331%ch

8% AL z7)d AASARAEY 10%9)
gFsle 7IAA FFEFY EAE)S Jhe g4
WL FPstn, ofF dFS AN FAA
AAM A &4 38X e P90 #
QAT AL Fig 33 FLsich

3.2 siMZH D}

Fig. 62 324 ©4A4 f{Fgxsires F3b
Ao AYFL B =FdA AMEA AAE F
oA Ay AFF AL 15), A as)em
T AFe waste yepd Rolrh AP HFLS
24 AQFor Fardgstd veldlon, 9
EREE ANVARAER F2A55 e Uehy
Aok 2ol vER whe} o] E =FoM ANF
A A FEH Aoz T AAFL 3x)
4 FEass|y Aol 2 JAsih

Fig. 72 3x¢l #4382 faassiyos
T AHE B =R AAG gEd gE=



316 s - BEA -

40

O  FE results
Prediction

30

20

518

10

0.0 0.5 1.0 1.5 2.0

MM,

Fig. 6 Comparison of the maximum deflection from the
elastic-plastic FE analysis, with the present
prediction

AR ANAE 162 (1g)oz Tt A9}
vludte Yehd Aot €iA M9 59
FY8A AFFL ¢ AYFez Fadsisty
yetliglen], Ajzbe AE¥l A ZHredistribution
time)?! 1,2 FarPsste) Jelydch gukA o
2 AR e b Zo] B4 HWIHEAH
YT WY Fo] ZolA e Aoz HAdHArpW?

(7 M
gc(arej"tred)=ge =Tef;aref ='A4_aa (22)

2gol Uehd uish 2ol B AFolH A
ANG 2oL AWF ANNoE T Ane 3
92 gl Bl 33U FYaxHA Ao
2 9Astel Byl YFRA.

4. E E

A9 gg-g3ez zddA
T AddY Ad AFFS
gtd A S AEA AN
A e Fx2gd MdL 7
dAdadel i SN &
AeA A Pt st F&atA A8 F
g AR & onz KA 3T FuH G
EA ALt folsith. EY $H-WMIE
TH 2 LAY Jdo] g o|FHE T3
i AA deoleE AMgetEE o] dHE )
2 29 F 9on, REJIY BH # 2
g EAol H& stwsich AAE ALY
e AZE7) A8 AA $H-9YE d
olelg} -9 ©lojElE AHE A F
S28A Ae} Addoz T AAE vl
Rqod, AL Aort Mz 2 dA&GH.

2 =RdAAEe Hd AI3FLe Ao

ka o
+F = Ho
op AL
ol b~

m<
°‘_vﬁ_t
M

i

b4
i, ol

A

Hlo g A

il
X

2
2

$ox

el

A RAT - o) FE
8
O  FEresults
p Prediction
Power-law creep law
%Q 4 [e)
<
2
0 1 il
0 1 2 3 4 5
Y L.
(@

55

O FE resuits
Prediction

Primary-Secondary creep law

0 1 i i
0 2 4 6 8
",
(b)
20
o]
O  FE results
Prediction
15F

Secondary-Tertiary creep law o

38

Fig. 7 Comparison of the maximum deflection from the
elastic-creep FE analysis, with the present
prediction: (a) the power-law creep law, (b) the
primary-secondary creep law and (c) the
secondary-tertiary creep law

By

g3 slwe) AYF ANE Asstd 9
SyaE tdstel Ar) Az b ohy
Ahe RE AAAY) AAFE AvE F

Skl o
—tr
ax
oft

3
o



7Y RHES Feste

CANDU & #e] 74, 2&=9 abd x4} 4
& 12d g9 FT-AY dog Vet 4
#ol AF, 7te A2z Wty Fo= AY FY
ZAEE Teatd 4 (16)E ol &3td FHA
AUZ AGFE A5 £ Uk £ JHE A2
Fo A st 24 Beo= o2 A
7149 38 mHEJ ALY g4 WSS
‘_%3ﬂHxVWP”°i%%}¢2F%ﬂﬂH
AR @] AL 247 Iz <
& AFF Foeg yeholxn.

l—l)l

o

<l
¢

ol
2 =
—_

2
—_

Bay 0 94-29T 20l
.35t Nacm AdRE A%
AEA AN 0w,

© et
[
2
|
ﬁ\l_‘ >

¥2
=

s
B~
o
wd
u
oX
lu
Ac)

Aol A 7
g o 53
Ade 7w

R
5

|o et Rl
ey =

o 43
£ oo
R
rlr
>
LT

2,32 (m

>
o

232

@) B =2 ANGE AP AL g
&4 9 3T ol ¢ gAn BAso

7 =glo}
@ Aols] 72 W «F S CANDU D
o AAA ke 8 el A48 = Yo

fAH AT F37)
, oldl #A

Ut MUY AWF A5 ol AEE FHA AN 317

(1) Xim, Y.J., Kwak, S.L., Lee, J.S. and Park, Y.W., 2003,
“Integrity Evaluation System of CANDU Reactor
Pressure Tube,” KSME International Journal, Vol. 17,
No. 7, pp. 947~957.

(2) Domizzi, G, Enrique, R.A., Ovejero-Garcia, J. and
Buscaglia, G.C., 1996, “Blister Growth in Zirconium
Alloys: Experimentation and Modeling,” Journal of
Nuclear Materials, Vol. 229, pp. 36~47.

(3) CSA, 1994, “Periodic Inspection of CANDU Nuclear
Power Plant Components,” CAN/CSA-N285.4.

(4) Perny, RK. and Marriot, D.L., 1995, “Design for
Creep,” 2™ Edition, Chapman & Hall, London, UK,
pp. 111~121.

(5) Crandall, S.H., Dahl, N.C. and Lardner, T.J., 1978,
“An Introduction to the Mechanics of Solids,” 2™
Edition, McGraw-Hill, Inc., pp. 511~576.

(6) Miller, A.G, 1988, “Review of Limit Loads of
Structures Containing Defects,” International Journal
of Pressure Vessels and Piping, Vol. 32, pp. 191~327.

(7) “ABAQUS User’s manual,” Hibbitt, Karlsson &
Sorensen, Inc., 1999.

(8) AFCEN, 1985, “RCC-MR: Design and Construction
Rules for Mechanical Components of FBR Nuclear
Islands,” Paris.

(9) Kim, Y.J,, 2001, “Contour Integral Calculations for
Generalised Creep Laws within  ABAQUS,”
International Journal of Pressure Vessels and Piping,
Vol. 78, No. 10, pp. 661~666.

(10) Webster, GA. and Ainsworth, R.A., 1994, “High
Temperature Components Life Assessment,” Chapman
& Hall, London, UK, pp. 110~111.

(11) Ross-Ross, P.A. and Fidleris, V., 1973, “Design
Basis for Creep of Zirconium Alloy Components in a
Fast Neutron Flux,” Paper C216/73, International
Conference on Creep and Fatigue, Philadelphia, USA.



