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L INTRODUCTION

In the structural design of FBR components which are subjected to the severe
thermal transient of ligquid sodium, the prevention of progressive deformation
by thermal ratcheting must be carefully considered. Ratcheting behavior
under thermal stress alone has been paid attention recently. The ratcheting
of hollow cylinders subjected to an axial movement of longitudinal
temperature distribution is well known as a representative case. This type
of thermal ratcheting is more important for FBR component design than
ratcheting under primary stress loading because primary stress in ¥FBR
components is low, As for this type of plastic ratcheting, the ratcheting
mechanism, which is based on hoop membrane stress, was clarified and a
estimation method of ratcheting strain was proposed by wada et al {(1989).

However, further study on a detailed mechanism of this ratcheting revealed
that a modification of the estimation method was necessary. 1In this paper, a
detailed estimation method of ratcheting strain is proposed by improving the
method above,

2 THE BASIC ESTIMATION EQUATION

In the case of a cylinder subjected to an axially moving temperature
distribution, thermal stress without primary stress may cause prograssive
deformation of the radius of the cylinder. Wada =t al studied on this
thermal ratcheting analytically and experimentally, and clarified the
ratcheting machanism. 2an estimation equation of the thermal ratcheting was
proposed in the case of movements of temperature distribution as follows:

legl = 2(logml-oy) /E (1)

where €R : ratcheting hoop strain per cycle
96m : hoop membrane stress by elastic analysis
Uy : yield strecs
E : Young's modulus

This equation was introducad assuming that axial bending stress and primary
stress could be neglected.
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J MODIFICATION OF THE EQUATION
3.1 Consideration of the Effect of 3Axial Bending Stress

To evaluate ratcheting under the complicated loading of actual LMFBR
components, further study supported by the Japan Atomic Power Company [JAPC)
has been conducted. In this study, numerical results show the
underestimation of ratcheting strain by eg. (1) in the case of comparatively
low hoop membrane stress and high axial bending stress. Because of this
fact, it became necessary to consider the effect of axial bzsnding stress on
the ratcheting hoop strain.

To take this effect inteo account, a simplified model with the following
assumptions is introduced:

(a) Materials have elastic-fully-plastic properties.

(b} Axial membrane stress is zero,

{c) The ratic of axial bending strain to hoop membrane strain is
constant.

(d} Stress redistribution through the thickness has rezached a
stable state after sufficient plasticity.

The stress profiles of the hoop stress U0 (x) and the axial stress Oz (x)
through thickness t must satisfy the follewing eguations (wnere % is the non
dimensionagl distance from the center of the thickness divided by £; -1/2 = x
= 1/2):

Mises' yield condition:

092 + 022 + (0g ~03)2 = 2042 (2)
Flow rules:
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where
1 : Loaded axial bending strain S

(twice the axial bhending strain)
9 : Loaded hoop membrane strain
eg : Axial membrane strain cbtained from eg. (5)
k ¢ A function of % obtained from eg. (2), (3}, and (4)

Feom eg, (2) through (5); ©0, Oz 0p, and k are solved as functions of €1, £2,
¥, and Oy as follows.
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EQ = — —/—e&3 (6)
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a2 = 2keix {7}
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o = k{ —§~'82+81X) (8)
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k? = 20,2 / {6812x1+—5-‘822} (9)

Under the conditions above, materials at all points through the thickness
has reached yielding. Therefore, the equivalent yield stress Jyis described
as follows;:
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The effect of bending stress on the hoop membrane stress and starin
relation is schematically shown in Fig. 1. The ratio cf the eguivalent yield
stress 6;’ to the uniaxial yield stress is shown in Fig. 2 as a function of
£l/e2.

An advanced estimation equation is obtained using this eguivalent yield
stregs as follows:

lerl = 2(logl - @)/E (11)

3.2 Consideration of the Effect of Primary Stress

Ths wall of a FBR reactor vessel in the vieinity of the sodium free surface
suffers moderate primary stress dus to weighit, stc. The sffect of this
primary stress was also considered to establish estimation procedures. The
combination of primary axial tensile stress op and thermal strain was modeled
ag shown in Fig. 3. Eg. {(5) must be modified as follows:
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Where A = g1/e3, and P = gp/e3.

If the value of A is assumed, the value of P is obtained numerically from
eqg. {l2). The modified hoop membrane yield stress is obtained from following
equation using the values of A and 2.

1
oy {(2?+1)—g— +x) dx
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: 1 1
2 “2\/3X2+3(P+1)_——;g+3(92+p+1)~——~
A az

By substituting this yield stress for that of eq. {12), the ratcheting
strain considering the primary stress effect can be calculated. The non-
ratecheting region is narrowed by the effect of primary stress as shown in
Fig. 4,



4 PROPOSAL OF A DESIGN PROCEDURE USING A RATCHET DIAGRAM

Ratcheting diagram are so convenient for designers that most design codes
adopt them., However, the diagram as shown in Fig. 4 is complicated due to
the three parameters of primary stress, bending stress, and hoop membrane
stress. Therefore, the horizontal parameter of the diagram is modified by
adding primary stress to the hoop membrane stress. Fig. 5 shows the relation
of the ratcheting limitation from this modification and from precise
calculations using eg. (13). From Fig. 5, the modified diagram is
conservative if primary stress is low (< 0.2 oy)like FBRs.

As a result, design procedures using a ratchet diagram to estimate
ratcheting strain are proposed as follows:

legl 2(iogy! ~ Oy)/E
2(logml/0y - Gy/oy)-0y/E

Z:0y/E = Z:Sy/E (14)

H
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where the % parameter is derived from the diagram as shown in Fig. 6.
In the diagram, the X and Y parameters are defined as follows:

L
1

= <Pp + Pp + Um>payx/Sy (15)

¥

<Q - Qm>gr/Sy : (16}
This diagram is based on the following egquation:
V3 v/ AZ+3+a

£=2 (% — {n ) 17
( 2a a2e3—2a (17)

where A(= e1/ea) is assumed to be determined from elastic analysis as
follows:

B o= (1 - v2)y/x {18)

and the adequacy of this assumption is verified by comparisons with inelastic
analyses.

5 DISCUSSION

To verify the model of the effect of axial bending stress, the predictions of
the proposed equations were compared with the results of an elasto-plastic
FEM analysis. Hoop membrane stress calculated by elastic analysis was 1,01
Oyn

The comparison of the hoop stress distribution is shown in Fig. 7. The
predicted distribution corresponds well with the results of the FEM analysis.

The hoop membrane stress and strain relation was compared in Fig.8. The
behavicr predicted by the model alse simulates the FEM results.

The predicted ratcheting strain is improved from 1.14 X 10~5 to 4.72 X
10~% when the strain by FEM analysis is 4.24 ¥ 10-4 for the first cycle.

The ratcheting strain predicted by the proposed sstimation eq. (11) is
compared with numerical results in Fig. 9. The proposed procedure improves
the prediction of ratcheting strain in the case of including axial bending
stress.



& COMCLUSION

{1} 7The estimation eguations of thermal ratcheting of a hellow cylinder
subjected to an axial movement of temperature distribution are improwved
by a theoretical model considering the effects of axial bending stress
and primary stress.

(2} A new =stimation procedure for design uss isg proposed based on the
improved squaticns. :

{3} Stress distribution through the wall thickness, stresg-strain hysterisis
and ratcheting strain analytically derived from the model are compared
with numerical results, and the adequacy of the proposed method is
verified.

activities in thig study has been performed as a part of joint reserch and
development projects £or DFBR under sponsorship of the 9 Japanese electric
pover companies, Electric Power Develepment Co., Ltd. and the Japan Atomic
Power Company.
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