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ABSTRACT 

A new analytical method is introduced for determining the core distortion and mechanical behavior in fast breeder 
reactors (FBRs). In this method, a folded plate structure divided into many shell elements is used to describe each single 
hexagonal sub-assembly duct. In this paper, the numerical model of the ARKAS_cellule code is introduced, and a validation 
result of the code is presented by means of comparison with the experimental values obtained by NNC (in the UK) using an 
ex-reactor rig named CRUPER, in which a cluster of 91 short ducts is compacted by moving 30 rams, mounted surrounding 
the cluster, toward the center of the cluster step by step with seven intervals. All of the ram loads and the duct gaps are 
measured for each interval. 

INTRODUCTION 

It is known that clusters of sub-assemblies in an FBR core undergo gradual structural distortion due to the combined 
effects of thermal expansion and irradiation-induced swelling and creep. This core bowing may cause several significant 
problems, such as reactivity changes due to the core geometrical configuration varying from one state to another and a 
life-limitation of sub-assemblies to assure structural integrity against inter-sub-assembly loads and to satisfy the requirement 
that withdrawal forces during refueling operations are less than the withdrawal capacity of the refueling machine. 

To overcome these problems, several codes [ 1] [2] have been developed in the world. However, almost all these codes 
treat each hexagonal sub-assembly (SA) by using a simple beam model, in which the bending mode is treated by a beam and 
the cross-sectional distortion mode caused by contact loads is described by six independent springs. The authors think this 
simple beam model is inadequate for representing the cross-sectional distortion of hexagonally shaped duct by contact loads. 
To overcome the fault, the CRAMP [3] code of UK employs an advanced beam model in which the cross-sectional distortion 
mode is described by six dependent springs whose stiffnesses are coupled. 

The objective of this study is to develop a more detailed analytical code named ARKAS_cellule by treating each single 
sub-assembly by using many shell elements. From comparing the ram loads between measured values by CRUPER and 
calculated values by ARKAS_cellule, it is confirmed that the new code gives reasonable results. 

ANALYTICAL MODEL 

Review of ARKAS Code 
One of us (Nakagawa) developed a three-dimensional core bowing analysis code named ARKAS; the first paper on this 

topic was presented at SMiRT-6 [4] in 1981 and a more detailed paper was published in Nuclear Technology [5] in 1986. The 
validity of the code was confirmed respecting IAEA benchmark problems [2] in the IWGFR Coordinated Research 
Programme (CRP) in 1984-1989 and it was confirmed that the predictions by ARKAS agreed very well with the average 
values obtained by 11 core mechanics codes from 9 countries participating in CRP and the experimental data defined for 
validation problems based on Japanese ex-reactor 2-D thermo-elastic experiments [6][7]. In Japan ex-reactor 3-D core 
bowing experiments including sub-assembly withdrawal test were performed under the sponsorship of JAPCO in 1993-1997. 
Comparisons between these measured and calculated values by ARKAS concerning inter-sub-assembly pad loads, 
sub-assembly displacements and withdrawal force change during refueling operations indicated that ARKAS might be 
adaptable to core bowing analysis for core design under normal operating and refueling conditions [8][9]. 

ARKAS is a 3D finite element code having two models to describe each hexagonal SA duct. As shown in Fig. 1, one is 
the simple beam model and the other the (simple) shell model. In the first phase, a simple shell model was developed in 
which hexagonal ducts consisting of six thin plates are axially subdivided into a user-specified number [4][5]. In 
consideration of computational cost, the simple beam model was added to the ARKAS code when the validation work was 
performed in CRP and this model was used in the subsequent code validations. At the validation with sub-assembly 
withdrawal test data the simple beam model was improved in order to predict required forces for withdrawing (or inserting) 
an SA from (into) the core arrays, considering axial movement of a fuel-exchanging machine. The improved code is named 
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The authors think the simple beam model is inadequate for representing the cross-sectional distortion of hexagonally 

shaped duct by contact loads. The distortion seemed to have important effects on core features, and these effects appeared to 
be particularly marked in the case of an anticipated transient without scram (ATWS) such as an unprotected loss of flow 
(ULOF) event. During a ULOF transient SA loading pads (Above Core Loading Pads: ACLPs) mounted at the axial level 
above the active core are expanded by thermal expansion due to rising temperature caused by increasing the reactor 
power-to-flow ratio (P/F). And eventually the above core restraint plane (ACRP) at the level of ACLPs is radially expanded if 
almost all the gaps between ACLPs are closed at the normal operating conditions (P/F=1). This axial plane expansion makes 
the active core expand radially and then eventually negative reactivity feedback is obtained during a ULOF transient. We 
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suggested that the magnitude of this negative reactivity feedback depended on the contact stiffness of the ACLP [ 10], which 
is thought to vary according to the number of contact faces [11]. This is why we think the simple beam model is inadequate 
for the analysis in the case of ATWS events. 

To solve this problem, we have improved on the original shell model o f  the original ARKAS code by developing 
ARKAS_cellule, a detailed shell model code which treats each sub-assembly by using many shell elements. 

Model of ARKAS_celIule Code 
Figure 2 shows the analysis model of the ARKAS_cellule code using a finite element method. To represent the 

non-linear stiffness arising from contact between neighboring surfaces, a fictitious element called a joint element is placed at 
each contact surface. This element also has the ability to represent frictional effects and to describe the state of partial, or 
angled, contact. 

The core bowing analysis is a novel and difficult non-linear problem because it involves analyzing the non-linear 
iteration of hundreds of SAs separated by gaps which may open or close. To solve the non-linear equations, the 
ARKAS_cellule code adopts the Newton-Raphson method, in which a linear matrix equation representing the tangential 
stiffness characteristic of the nonlinear equations at each non-linear iteration step is solved repeatedly until convergence is 
obtained. Therefore, for obtaining a first running code, the key point is to find a method that reduces the computing time 
required for solving the linear matrix equation. In view of the fact that the nodal displacements of nodal points aside from the 
joint elements are unnecessary in reforming the linear matrix equation at each non-linear iteration step, a substructure method, 
which was introduced in making the original ARKAS code by one of us (Nakagawa), is also adopted for the ARKAS_cellule 
code. The new technique employing a substructure method is summarized below. 

Let r = r n be an approximate solution for a global displacement vector; then an improved solution can be obtained by 
solving the following linear equation for Ar n : 

KT(rn)Ar n : [ f  -e(rn)] (1) 

where r n is the nth approximate solution for the global displacement vector (unknown value); K r (r)  is the tangential 
matrix for global stiffness matrix on r ; f is the global load vector (known value), and P ( r )  is the global force vector 
required to deform the nodal points from their initial position to displacement r. The term "global" means the summation over 
all the finite elements in the model. 

The tangential matrix K r (r)  can be divided into two terms as 

K r (r) = K c + K j  (r) (2) 

in which K c is the global stiffness (linear) matrix for all SAs and K j ( r )  is the global stiffness (non-linear) matrix for all 
joint elements. Substitution of Eq.(2) into Eq.(1) gives a linear equation to be solved. 

[Kc + Kj(r)]~krn = [f -e(rn)] (3) 

The resulting displacement r "÷l (= r" + Ar") leads to a new set of linearized equations, which are solved again for 
Ar "÷~ . This procedure has to be repeated until the residual force vector, represented by the right-hand side of Eq.(3), 
converges on zero. 

The nodal displacements of nodal points aside from the joint elements are unnecessary in reforming the linear matrix 
equation at each non-linear iteration step, because the non-linear terms in Eq.(3) . . . . .  such as Kj (r) . . . . .  can be obtained 
only from the displacements of the joint nodes that are common to joint elements. Therefore, in this new technique 
employing a substructure method, instead of directly solving Eq.(3), the following contracted equations consisting of the 
retained freedoms are solved: 

- (4) 

where 
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(6) 

Here, subscript j indicates values of retained freedoms and r those of reduced freedoms. The superscript g indicates 
values corresponding to SA(g). GB is the total number of SAs and Ej is the total number of joint elements. The matrix 

f,. (e) for k'(~> is obtained by eliminating the matrix coefficients corresponding to reduced freedoms from the stiffness matrix . .z ~,~j 

joint element e. The vector h(~)[rn(~)]is the force required to deform joint element e from its initial position to rj 

displacement rs(") The matrices ~'(g) g(g) to(g) and ~'(g) • - , . n ~ ,  ""R j r ,  " ' B r r '  " 'nr j  are the submatrices obtained by subdividing the stiffness 

matrix K~ g) for SA(g) into parts according to the "retained" and "reduced" freedoms. After the non-linear solution rj is 

obtained, the reduced freedoms can be calculated as 

G 

g=l 

g=l 

In solving the contracted matrix Eq.(4), the 
reduced size of the matrix makes it possible to 
reduce the calculation time to near ly( i /N)  3 and 
the computer storage capacity to almost 
( l /N)  2 compared with directly calculating matrix 
Eq.(3). ( 1/N means the reduction ratio, namely the 
ratio of the number of unknowns in Eq.(4) to that 
in Eq.(3).) 

EXPERIMENTAL DATA 

In the UK, the AEA CHARDIS 
(Charge/Discharge) rig and NNC's CRUPER (Core 
Restraint Uni-Planar Experimental Rig) were the 
two main experimental facilities for investigating 
the behaviour of an array of interacting 
sub-assemblies. Since our object in this study is to 
use the CRUPER measured value as the validation 
data for the ARKAS_cellule code, the CRUPER 
experiments [12] are summarized below. 

The purpose of the CRUPER experiments 
was to study the compaction sequence in arrays of 
hexagons. CRUPER was designed to simulate 
compaction of sub-assemblies at the above core 
restraint plane. In an operating reactor, this would 
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occur after sub-assemblies subject to high bowing induced by 
radial thermal and flux gradients, i.e. those on the core/breeder 
boundary, move their tops radially outwards thereby reducing the 
gaps at the upper restraint plane and inducing their centers to 
move radially inwards. 

To study compaction sequences in arrays of sub-assemblies, 
CRUPER represented a horizontal slice through a fast reactor 
core containing a restraint plane. The model represented 91 
'sub-assemblies' (in five rings) of the UK commercial fast reactor 
(CDFR) core, which could be compacted by 30 peripheral rams 
(Figure 3). The CRUPER rig is shown in Figure 4. Each 
"subassembly" wrapper (duct) was just 600 mm long as shown in 
the left-hand portion of Figure 5. Flat-to-flat distance of the 
wrapper was 141.2 mm and the wall thickness was 3.2 mm. Load 
pads were attached at mid-height. These were shimmed to 
maintain small tolerances respecting the across-pads dimension. 
The gap between adjacent loads pads was nominally 1 mm when 
the rig was in a "relaxed" condition. All the 91 short wrappers 
were supported on a rigid base plate through a flexible mount 
comprising six rods fastened to a plate rigidly attached to each 
end of the wrapper and at their mid point fixed by a plate to a 
permanently mounted rigid central stalk (see the left-hand portion 
of Figure 5). The loads pads were "molycoated" giving a pad to 
pad friction coefficient of 0.15. 

The first phase tests, applied as the validation data in this 
study, assessed the peripheral loads under a symmetrical 
compaction. In the tests, the 30 peripheral rams were moved in 

Fig.4 General View of CRUPER 
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the radial direction toward the array center with seven intervals. For each interval of the seven compaction states, 
measurements were performed for the inter-wrapper gaps within the array and the loads and displacements for each ram. 

VALIDATION RESULTS 

ARKAS_cellule Analysis 
As shown in the left-hand portion of Figure 5, the CRUPER wrappers were supported by six flexing rods which gave an 

average combined flexibility of 17 mrn/kN, though individual wrappers showed variations up to + 50%. For ARKAS_cellule 
analysis, this value was translated into two suitable sliding stiffnesses at the top and bottom ends of the wrappers. Figure 5 
shows the geometrical configuration of a wrapper of CRUPER and the calculation model of the ARKAS_cellule code. 
Young's modulus and Poisson's ratio for the ARKAS_cellule analysis are also shown in Fig.5. 

Calculations were performed under the consideration of changing gap sizes between the peripheral wrappers and the 
array outer boundary faces to fit the measured displacements for each ram in each of the seven compactions. 

Comparison of CRUPER and ARKAS_celIule Results 
The comparative calculations of the contact pattern (i.e. residual gaps) and the loads on the outer wrapper (i.e. ram 

loads) were for a symmetrical compaction. Non-friction calculation is compared with experimental results below. The 
sensitivity to the pad friction coefficient is also briefly discussed. 

Ram loads during the compaction sequence are shown in Fig. 6 for the purpose of comparing the ARKAS_cellule 
analysis with the CRUPER results. The distributions of the measured and calculated ram loads are compared in the 
scattergram in Fig. 7. Ram loads show good agreement at low compaction states where the array is flexible. As multiface 
loading of the wrappers occurs and the stiffness of the array increases, ARKAS_cellule and CRUPER results diverge at a 
number of rams. Table 1 compares predicted ram loads with the measured ones, at Interval 7 (full compaction). The relative 
difference between the results is also tabulated. The mean relative difference is +8.2% with a standard deviation of 25.5%. 
Only odd ram position such as No.13 shows poor agreement, at other locations the maximum error is less than 40% at 
interval 7. Friction calculation using the friction coefficient of 0.15 shows that the mean relative difference is reduced to 
+3.2% with a standard deviation of 24.4%. 

The distributions of the measured and calculated inter-wrapper gaps are compared in the scattergram in Fig. 8. All gaps 
are closed at Interval 7 (full compaction) for measured and calculated results. At Interval 3, the mismatch mean and standard 
deviation are -0.05 mm and 0.12 mm, respectively. Approximately 80% of the gaps are within the tolerance band of _+ 0.15 
m m .  

A comparison between the ARKAS_cellule analysis and the Phase 1 CRUPER experiments shows that the pattern of the 
build up of face loads and the reduction gap sizes during the compaction sequence can be simulated with good agreement. 

SUMMARY AND CONCLUSION 

A new analytical method has been presented and the ARKAS_cellule code has been developed for determining the core 
distortion and mechanical behavior in fast breeder reactors (FBRs). A validation of the code is performed by means of a 
comparison with the experimental values obtained by an ex-reactor rig CRUPER. Through the validation presented here, it is 
clarified that the predictions made by ARKAS_cellule agree well with the measured loads and inter-wrapper gaps during the 
compaction sequence. Therefore, it is confirmed that the new model gives adequate results. The ARKAS_cellule code will be 
an effective tool for analyzing or evaluating the core mechanical behavior, and will be particularly useful for the analysis Of 
ATWS when distortions of pads have important effects. 
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Table 1 Comparison of CRUPER and ARI~S_cel lule  
Ram Loads at Full Compaction 

CRUPER 
Measured 

Experimental 
Radial Load 

Ram kN 
1 3 74 
2 3 68 
3 4 2 3  
4 3 8 3  
5 2 05 
6 3 29 
7 3 99 
8 4 34 
9 3 8 8  
10 3 87 
11 2 5 9  
12 5 59 
13 2 18 
14 2.92 
15 3.24 
16 3.79 
17 4.47 
18 3.51 
19 4.47 
20 2.11 
21 6.28 
22 2.67 
23 4.24 
24 3.13 
25 2.71 
26 4 .261  
27 3.51 i 
28 ~ 3.70 
29 4.41 
30 , 3.62 

Mean Relative Difference(°~)  
Sample Standard Deviatuion(%) 

ARKAS_ce l lu le  Results 

Resolved Percentage 
Radial Load Relative 

kN Difference(%) 
3.70 -1.0 
3.94 7.0 
4.20 -0.6 
4.63 21.0 
2.36 15.2 
2.27 -30.9 
4.87 22.0 
4.87 12.2 
3.95 1.9 
3.36 -13.1 
3.50 35.2 
3.74 -33.1 
4.40 102.0 
3.99 36.6 
2.63 -18.8 
3.85 1.6 
4.38 -2.0 
3.41 -2.9 
4.77 6.6 
2.84 34.5 
5.05 -19.6 
3.44 29.0 
4.11 -3.0 
3.93 25.6 
3.44 26.9 
3.27 -23.2 
3.91 11.4 
3.80 2.7 
4.26 -3.3 
3.84 6.0 

8.2 
25.5 
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