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ABSTRACT: Creep buckling analyses for two important components of 500 MWe
Prototype Fast Breeder Reactor (PFBR), viz. Intermediate Heat Exchanger (IHX) and Inner
Vessel (IV), are reported in this paper. The INCA code of CASTEM system is used for the
large displacement elasto-plastic-creep analysis of IHX shell. As a first step, INCA is
validated for a typical benchmark problem dealing with the creep buckling of a tube under
external pressure. Prediction of INCA is also compared with the results obtained using Hoff’s
theory. For IV, considering the prohibitively high computational cost for the actual analysis,
a simplified analysis which involves only large displacement elastoplastic buckling analysis
is performed using ‘isochronous stress strain curve approach’. From both of these analysis,
it has been inferred that creep buckling failure mode is not of great concern in the design of
PFBR components. It has also been concluded from the analysis that Creep Cross Over Curve
given in RCC-MR is applicable for creep buckling failure mode also.

1 INTRODUCTION

Buckling in general is animportant failure mode to be considered inthe pool type fast reactor
design. This is due to the use of large sized thin walled shell structures in the reactor. The
buckling analysis is performed taking into account plasticity, large displacement, geometric
imperfection etc. The INCA code of CASTEM system is widely used for the buckling analysis
of PFBR components (Damodaran 1991,1993,1995). For the investigation of instantaneous
buckling analysis, the effect of creep need not be considered. However for the high
temperature components operating in the creep range, it is essential to take into account the
effects of creep on critical buckling load with the aim of satisfying the specified design code
limits for creep buckling.

Creep buckling investigation calls for very complex treatment for handling creep effects as
well as geometric nonlinearities in the instability analysis. The analysis needs sophisticated
constitutive model and further it should be performed for long time duration. However in
an FBR there are not many components which need to be investigated for the risk of creep
buckling. Particularly for PFBR, IHX and I'V are the main components which are susceptible
to creep buckling. Creep buckling analysis has been done for these components using INCA
code of CASTEM system. For the IHX, one of'its shells only need to be analysed. Analysis
has been done for the same by elasto-plastic creep large displacement method. But for IV,
considering the requirement of prohibitively high computational cost, a simplified approach
employing isochronous stress strain curve (Calson 1954) is used. Based on these analyses,
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design curves are drawn for various possible operating temperature of the plant and buckling
strength reduction dueto creep effects are expressed as a function of temperature. Apart from
using these data for verifying the design code limits, they are also used for deriving a general
conclusion that the creep cross over curve givenin RCC-MR canbe applied for checking the
neccessity of creep buckling analysis.

Use of INCA code for creep buckling analysis is not reported in the literature. Hence a
standard benchmark problem dealing with a long tube subjected to external pressure is
analysed for creep buckling. INCA predictions are compared with experimental values and
comparison is also made with Hoff’s theory (Hoff 1959).

2 CODE PROCEDURES

In order to protect the components against buckling risks, design codes (RCC-MR and
ASME) prescribe appropriate factors of safety depending on the safety classifications. In the
context of buckling, the factor of safety is termed as load factor and it is defined as the ratio
between the load at which buckling occurs at the end of service life to the actual load during
service. The concept of load factor is applied for both instantaneous and time dependent
buckling failure modes. As per this (ASME-1989), to protect against instantaneous buckling,
it is required to have a load factor of 3, 2.5 and 1.5 for level A & B, level C and level D
operating conditions respectively. But for time dependent load controlled buckling, the
corresponding load factorsare 1.5, 1.5 and 1.25 at the end oflife. In order to check for creep
buckling risks in accordance with code rules it is required to determine critical buckling loads
at the end of design life taking into account the effects of imperfection, elastoplasticity and
creep.

3 ANALYSIS APPROACH

The principle aim of creep buckling analysis is determination of critical time under the given
loading conditions. For the problem of cylindrical shell under external pressure, Hoff’s
method can be used which gives a closed form expression for critical time (Hoff 1959). The
load in the structure is adjusted so that the time to collapse is a design life whichis 2x10° h
for PFBR components (30 years with 75% load factor). For the complex structures, a direct
method for finding out critical time s a large displacement elasto-plastic creep analysis. From
the displacement history it is possible to derive time to buckle. A simplified approach which
can be followed is isochronous stress strain curve approach. Isochornous curves are useful
means of presenting creep data. Such curves depict the total straini.e. elastic, platic and creep
strain which will occur at any stress level during the period for which each curve is
constructed. Asper thisapproach, elasto-plasticbuckling analysis should be performed using
isochronous curve for the time corresponding to the life time of the component instead of
hot tensile curve at the respective temperature.

4 VALIDATION

A long cylindrical shell of 40 mm diameter and 3.3 mm thickness is subjected to external
pressure. The operating temperature is 1223 K. Time to collapse is determined for different
ovalities and pressures. The Norton’s creep law with the constants 1.38x10'* and 6.58 is
used. Analysisofthe shell has beendone withINCA by elastoplastic large displacement creep
analysis. For this, a subroutine CREEPLAW hasbeenadded tothe INCAto takecreep effects
into account. The results are depicted in the following table. The INCA prediction is very
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much satisfatory.

Table-1. Critical time of cylindrical shell under external pressure

S.No Ovality  Pressure Time to collapse (h)

(MPa) Experiment Hoff INCA
1 0.0260 3.50 287 294.59 290.90
2 0.0253  3.50 300 308.04 305.01
3 0.0207 3.50 406 417.04 410.87
4 0.0160  3.50 556 580.03 565.71
5 0.0144 4.00 334 342.45 337.15
6 0.0139 4.00 274 281.63 277.71
7 0.0100 4.50 172 177.09 175.05

4 ANALYSIS OF PFBR COMPONENTS
4.1 Analysis of IHX

IHX is a shell and tube type of heat exchanger with removable tube bundle (Figure 1). One
of the shells with 444 mm diameter and 14 mm thickness is subjected to external pressure
of 0.85 MPa due to secondary sodium pressure at creep regime (783 K). Buckling analysis
is performed with INCA and Hoff’s method. Initial ovality of 0.1 % diameter is assumed. The
primary creep law at 783 K as given below is employed.

£=1x10" x o*%™

Applied pressure is varied so asto obtain the time to collapse as 2x10°h. The analysisindicated
that the shell buckles at the end of 2x10°h under the pressure of 1.35 MPa. This corresponds
to a load factor of 1.59 on the design pressure of 0.85 MPa, This is more than the code
requirement of 1.5 for the normal operating condition.

The predictions of INCA code compare well with the predictions with Hoff's method
(Figure 2). To perform analysis with Hoff’s method a program CREBUCK has been written.
This program takes primary region of creep also into account by time hardening technique.
A parametric study has been performed by varying temperature. At each temperature,
instantaneous buckling pressure q_ is computed first for various combinations of h/a
(thickness/radius) and ovality. Then the reduction in buckling strength after various hold
times is determined. All the data are placed on one curve in the Figure 3. It has been found
in this figure that there was a linear relationship between g/q_ and log(t_). q, is the critical
instantaneous buckling pressure in which the effects of h/a ratio and ovality are absorbed.

4.1 Analysis of IV

1V separates hot and cold sodium pools in PFBR (Figure 4). The design of this component
involves complex thermal hydraulics calculations, simultaneous presence of mechanical and
thermal loads. During the normal operation, the IV is subjected to mechanical loads
originating from the self weight of the vessel, weight of the stand pipes and sodium pressure.
In addition to this there is a radial temperature gradient of 60 K and axial thermal gradient
of 1.2 K/m near the lower bend portion.

IV has been analysed for creep buckling by isochronous stress strain curve approach using
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the INCA code. As a first step towards this, an elasto-plastic analysis has been performed
for the IV with loads increased in steps. After this, the plastic buckling analysis is performed
at different load factors. For the analysis bilinear form of isochronous stress strain curves are
used (Figure 5). At each load step, buckling load multiplier is calculated for different
circumferencial modes (Figure 6). Each curve shows a minitnum value for load multiplier at
some particular wave number. Buckling load is determined by the load step at which the
minimum in the curve of load multiplier vs wave number reaches the value of 1 for load
multiplier. Buckling mode is defined by the wave number at which the load multiplier is
minimum in the curve and the minimum of which just touches 1 for load multiplier. A critical
buckling mode shape of IV at 798 K is shown in Figure 7.

4.3 Results and discussions

Based on the analysis of THX and IV which are under the potential threat of creep buckling
in PFBR, a curve has been drawn which depicts the relationship between temperature and
load factor (Figures 8 and 9) to buckle after 2x10° h. The load factor is expressed in terms
the values corresponding to instantaneous buckling load in these figures. From the curves
it is possible to predict whether the component is under the risk of creep buckling once the
operating temperature is known by ensuring neccessary load factor depending upon the
situation. From the Figure 9, it is noted that IV has required load factor of 1.5 upto the
temperature of 833 K. Hence there is no fear of creep buckling.

Apart from the above, the analysis has also indicated that the creep effect on buckling can
be ignored if the operating temperature and hold time lies in the non-creep regime of Creep
Cross Over Curve (CCOC) of RCC-MR.

5 CONCLUSION

The INCA code has been validated for creep buckling analysis. By way of demonstrating
that IV and IHX (these are important components in PFBR from the creep buckling point
of view) are free from risk of creep buckling, a general conclusion can be derived that there
is no concern of creep buckling for fast reactor components. Creep Cross Over Curve of
RCC-MR which is constructed based on only creep deformation and creep rupture, can be
applied to take into account creep buckling failure mode also.
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