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SUMMARY

Computer program ﬁTO]{LE has been developed for the purpose of predicting irradiation behaviour of fuel pins in
a fuel subassembly under steady\ state conditions in LMFBR cores.

This report describes the analytical models and numerical procedures together with some typical results obtained
by fthe code.

ﬁTOILE is programmed with the FORTRAN-IV capable of treating up to 271 fuel pins in a subassembly, and up to
20 turns of spiral wires.

The finite eleglent method is employed in the code to perform the three-dimensional structural analysis of the full
bundle model. In ‘order to represent the non-linear stiffness caused by contacts and separatiohs between adjacent pins,
a new joint element has been developed.

A model for treating the effect of wire tension is included in the code to simulate the pin and wire mechanical
interaction caused by different dimensional change between the wire and the fuel cladding during irradiation.

With the finite element method for discretization of the structural equations, a set of non-linear equations is
obtained. To solve the non-linear equations, an iteration technique is used. Two iteration loops are used, one is the
outer iteration loop concerning the non-linearity due to wire tension, and another is the inner iteration loop concern-
ing the non-linearity due to contact and separation. For the acceleration of inner iteration, the Newton-Raphson
method is adopted. In each iteration step, the linear matrix equation, which is often the king size matrix equation,
must be reconstructed and then solved. To solve the linear matrix equation, the block successive over-relaxation
method is adopted.

To see the effect of wire tension, some analyses were made on the two subassemblies containing 169 and 37 fuel
pins respectively. As a result, it was shown that there were significant effects of wire tension on the equilibrium con-
figuration of fuel pins in both cases.

This work was performed under the sponsorship of Toshiba Corporation.
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1. Introduction

The influences of temperature gradients, neutron fluence gradients and irradiation induced
creep lead individually to different bowing behaviours effects of all fuel pins in a fuel
subassembly of a fast reactor. Subsequent contacts between neighbouring fuel pins result
in forces of different strength. Eventually all fuel pins will be rearrangsd in such a way
that an equilibrium of forces between all fuel pins is achieved. The determination of this
equlibrium configuration is of high significance especially from a safety point of view.

In wire-wrapped type fuel pins as shown in Fig. 1, there exist tension forces’in spiral
wires, which are generated in fabrication processes and by temperature difference between
the fuel cladding and the spiral wire. Based on the results of the post irradiation experi-
ments in the fast reactor Phenix, it was recently reported that these tension forces would
play significant roles in forming the equilibrium configuratiom /1/.

In the present study, therefore, a theoretical approach, which tfakes account of the wire
tension effect by means of the finite element method, is proposed to assess the three—
dimensional equilibrium configuration of fuel pins in a fuel subassembly under steady state
condition. A computer program ETOTLE has been developed with this theoretical appreoach. The
code is capable of treating 19 to 271 fuel pins in a fuel subassembly, and the maximum number
of turns of spiral wire is 20.

In the first part of this paper, the basic model of the problem and the discretization by
means of the finite element method ave described. The solution algorithm of the program
ETOILE is briefly presented in the second part. In the last part, comparisons are made

between ETOILE resulsts obtained with and without the effecte of wire tension féicesa

2, Theoretical Formulation

2.1 Analytical Model

2.1.1 Geometrical Model

A fairly simple model for fuel pins is employed to achieve a reasonable compuier econbmyn
Each single circular pin is comsidered to be & beam. Each beam is axially subdivided into
six finite eléments per one wire turn as indicated in Fig. 2. This finite element is repre~
sented by a three-dimensiomnal isoparametric element with six-degrees of freedom per each
nodal point {(designated by @ in Fig. 2).

A joint element is‘incorporated to represent the non-linear stiffness caused by contacts'
and separations of piﬁsa These elements are ﬁlaced between adjacent nodal points in each

nodal pléné where contacts between adjacent elements are most likely to cccur (Fig. 3).
2.1.2 Physical Model

The beam element is assumed to consist of a homogeneous, isotropic and elastic material,
and adequately described by a small-deformation theory /2/.

The joint element /3/ is defined under the following assumptions:
(1) There is no resistance against net tension in the normal direction.
(2) There is high resistance against compression.

(3) Friction effect is ignored.
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The wire tension effect is considered by means of the surface integrations of the reac-
tion forces due to wire tensions. The tension of each wire is dependent on the state of the
deflections of the corresponding beam elements from normal position. Hence, an iteration

technique has to be used. A simple iteration method is adopted in ETOILE.

2.1.3 Boundary Conditions

In a LMFBR fuel assembly, permenent cross-sectional deformation of the hexagonal duct is
induced by the following two mechanisms: (1) void swelling and (2) bulging in-plane bend-
ing mode due to irradiation and thermal creep under the coolant pressure gradient across the
duct wall. This deformation can be computed by means of the simplified method proposed by
D. P. Chan /4/.

The mechanical equilibrium 2t any time step is analyzed under the following boundary con-

ditions:
(1) The bottoms of fuel pins are fixed,
P

(2) The positions of the inner faces of the duct wall are fixed a2t the positions correspond-

ing to the permanent deformation up to the time step.

2.2 Finite Element Procedure /5/

2.2.1 Derivation of Explicit non-linear equations.

With the principle of virtual work, the equilibrium equation, in the presence of contact

non-linearities, initial strains and wire tensions, is obtained in the matrix notation as
T . T
B g dV -~ |, N tdA=20 1
fv J Jal L ()

where ? is the strain shape function matrix, 0 the stress vector, N the displacement shape
function matrix and t the force vector imposed on fuel pin surface due to the wire tension.
The superscript T indicates the transpose of the matrix, fV dV the integral taken over the
whole volume and IA dA over the whole surface of all fuel pins.

The displacement vector u and the total strain vector € are expressed in terms of the

nodal displacement vector r as

u=Nrt ; e=Lu=LNvr =B~ (2)
where L is a suitable linear operator.
The stress-strain relation for the beam elements is written as
270 €0 <)

where D, is an elasticity matrix and €5 is the initial strain vector summing up thermal,
swelling and creep strains. A similar relation for the joint elements is approximated using

differential notation as

do = Djde (4)
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where

Dy > 0 at contract state

Dy =0, at separated state
Let the following non-linear equation represent above equation.
o= Dy(r) € (5)

Substitution of eq.(2), (3) and (5) into eq.(l) gives explicit non-linear equation relat-

ing total nodal displacement vector v with total load vector f(r).

Ke + Ky(x)x = £(x) (6)
where
Ee .
Go-f Woeseaw-L [ 5 1 P o
Vc e=1 V(Ce)

G = [ 5 o
V3
Eg
CL [ T e
e=1 Vge)

£(x) =f ND e(r)da + f Bl D, g, dV

Ao Ve
Ee T T
(e)
~ L[ a8 0 Pu) o
e=1 Ac Vc

The subscript c indicates values corresponding to the beam elements, J to the joint

elements, and the superscript (e) to the finite element (e). E is the total number of the

finite elements.

2.2.2 Iteration Technique

To solve the nmon-linear eq.(6), two iteration loops are adopted. One is the outer itera-
tion loop concerning E(E) and another is the inmer iteration loop concerning (gc + gj(g)),

For the outer iteration, a2 simple iteration method is adopted, in which the nodal force
vector shown by the first integral in the summation of eq.(9) is caleculated repeatedly for

the deformed shapes of the fuel pins in each step of outer iteration until comvergence is

obtained.
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For the inner iteration, the Newton-Raphson method /5/ is adopted, in which a linear
matrix equation representing the tangential stiffness characteristics of eq.(6) is solved
repeatedly until convergence is obtained. The linear matrix equation, which is the king size

matrix equation in this problem, is solved with the block successive over-relaxation method

/6/.

2.3 Derivation of Stiffness Matrix

2.3.1 Beam element

For the stiffness matrix of a beam element shown by the last integral of eq.(7), a common

element is adopted /7/.
2.3.2 Joint element

This section aims to derive the stiffness matrix of a joint element shown by the last
integral of eq.(8).

Fig.4 shows the configuration of the adjacent fuel pins in the initial state and in the
deformed state at some nodal plane. Where (y', z') and (y", z") represent the local co-
ordinate. Yi and Zi indicate the positions of fuel pins in the global co-ordinate.

In addition to the previously mentioned assumptions in Section 2.1.2., the following
assumption is adopted.

If the contact occures on any plane slightly above or below a nodal plane, it is
assumed that the contact occures on the corresponding nodal plane.

From this assumption, we can assume that the spiral wire is located just between the two
adjacent pins (indicated by dotted circle in Fig. 4). Thus, the following criterion is

obtained to judge the occurrence of contacts.

Ly,2 = /(AYy - AY2)2 + (GAP + AZy - Oz3)2
L1,2 £ Ry + Ry +d contact state (10)
Ly,2 > Ry + Ry +d separated state

where GAP is the distance between 07 and 09 in the initial state, Ri is the radius of the
fuel pin i in the deformed state and d is the diameter of the spiral wire in the deformed

state.

in the local co-ordinate (y", z'") is

(e)

For the deformed state, the stiffness matrix KJ

described as

o 0 0 0
@ _| 0 EKn 0 -Kn
~J 6 0 0 o0
0 ~Kn O Kn
Kn = Kin at contact state
(11)
Kn = 0 at separated state
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where Kin is the compression stiffness of a fuel pin. In the above eg., the order of the
freedoms is (vy, w3, vy, wy), where vj is the translational displacement to the v axis of
the nodal point i, and W; to the z" axis.

To obtain the stiffness matrix in the global co-ovdinate (y, z), the transformation of

@ 13
the co-ordinate from (y", 2') to (y, z) is imposed on gﬁ?)u Fimally, the joint stiffness

matrix ggf) in the global co-ovrdinate (y,z) is obtained =as
Kns?® KnSC -Kn§® ~Kn§C
K(‘(‘?) - KnC® -KnSC ~KnC?
- Rns? ¥nSC
L (Symmetry) Kac?
with
§ = gin q, C = cos o (12)

where o is the rotational angle observing from the Z" axis to the Z axis.

For the joint element represinting the pin to duct contact, a similar equation is obtained.

3. The Program ETOILE

ETOILE code has been developed according to the mathematical method explained so far.

Fig.5 shows the block chart of ETOILE. In addition to the two iteration Lloops explained
in Sec.2.2.2, the time step loop is incorporated to anzlyze fuel pin deformations during
irradiation.

The basic input to the code is the fuel subassembly geometry, the material properties,
and the temperature and nuetron flux distributions. The code hasthe capability of linking up
with the subchannel code, such as COBRA IV /8/, through peripheral files ss shown with broken
lines in Fig.5.

To improve the creep velaxation calculation, the computations of creep and swelling
strains are repeated at some intervals im each time-step under the assumptionms that the nodal
displacements are unchanged in the time step.

To save the computer time required for the iteration loop associated with contact and
separation, the substructure method /5/ /9/ is adopted. 1In the part of the contact &
separation loop in Fig.5, the freedoms of the translational and rotational displacement of

x—compenent are eliminated.

4, Sample calculations

4.1 Application to a Fuel Assembly of & Prototype Fast Breeder Reactor

Fig.6 shows the schematic configuration of the calculation condition, A spiral wire is
wrapped nine times, so that the number of the nodal plame is 55. The number of fuel pims in
a subassembly is 169. The total number of elements is 39,655 (the beam element; 9,295, the
joint element; 30,360). The total number of freedoms is 55,770.

Calculations were performed for two cases, the thermal bowing problems with and without
wire effects.

Fig.7 shows the displacement profiles for the two cases in a nodal plane 52 (the axial
distance of which is about 270cm from the lower fixed boundary). The solid circles show the

pin positions after deformations, while broken circles show the initial positions. The
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directions of the displacement of the pins are indicated by arrows. TFig.8 shows the lateral
displacement profiles for the two cases in a row of pins along a line A-B shown in Fig.6.

The solid lines show the pin positions after deformatiom, while broken lines show the initial
positions. The signs, <+, indicate the contact positions. From Fig.7 and Fig.8, the effect

of wire tension is seen to affect significantly the equilibrium pin configurations.

4.2 Application to a 37 Pin Bundle during irradiation

To see the wire temsion effect during irradiation, the irradiation bowing problems with
and without wire effect were calculated for a fuel subassembly containing 37 fuel pins.

Fig.9 shows the schematic configuration of the calculation condition.

The computation started with normal configulation of fuel pins and followed 3 years’
full power operation and then ended with power shut down. Blackburn equation /10/ was used
for thermal creep and Gilbert equation /11/ for irradiation creep. The swelling equation
for the fuel claddings and the spiral wires were HEDEL MARK 6 equation /12/ multiplied by
0.3, and 0.15, respectively in order to re?resent rather sever mechanical interaction
between cladding and wire spacer, both of which are made of low swelling material.

Fig.1l0 shows the lateral displacement profiles for two cases in a row of pins along a
line C~D shown in Fig.9.

From Fig.10, it is evident that the effect of wire tension is seen to affect signif-

icantly the equilibrium pin configurations.

5. Conclusion

A new model has been presented for the prediction of an equilibrium configuration of
fuel pins in a fuel subassembly under steady state conditions in LMFBR cores.

A three-dimensional finite element code ETOILE has been programmed according to the
newly developed model /13/ /14/. The code can simulate the mechanical properties in a
cluster of up to 271 fuel pins during irradiation, taking into account the effects of spiral
wire tension.

From sample calculations, it was confirmed that the present code is capable of a
reasonable simulation of mechanical behaviours of fuel pins during irradiation. And,
especially, it was shown that there are significant effects of wire temsion on the fuel pin

equilibrium configuration.
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