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ABSTRACT

The paper presents the mathematical modelling angboter simulation of static mechanical response
of a PWR fuel assembly, with the help of the firstement code “CAST3M” [6] developed by CEA.
In PWR core analysis, the fuel assemblies presaminear behaviour, which can be explained by the
variations of stiffness due to the contact andstipping between fuel rods and spacer grids as agll
to the loss of contact of the rods. In the firstt e this paper, a rod-to-grid contact model, lobase

the Coulomb law and constituted of non-linear gggirand hinges, is developed to simulate the
holding system of fuel rods inside the grid cellfie results of simulation showed a quite good
agreement with the numerical reference model. Téeorsd part aims at applying the domain
decomposition methods to the modelling of the asslembly with the proposed contact model. Due to
geometric complexity of the fuel assemblies, thpraximation by finite element method leads to a
large number of unknowns. The resolution of thisteyn would be prohibitively expensive with the
available computation power. By using the domainodgposition methods we are able to reduce a
significant amount of computational time and refiglie memory requirement from the advantage of
parallel computing.

INTRODUCTION

The nuclear fuel assembly is one of the major corapts of a pressurized water reactor (PWR).
During the service in the core, it has to withstémdradiation, high temperatures, mechanical $oad
and corrosion environment with minimal changestifine@ss characteristics and geometry. For the
designer and maintenance purposes, the numericdlod® are generally applied to study their
behaviour under different operation conditionshbwbdrmal and accidental. The first aim of this pape
is to present a rod-to-grid contact model whichsiltates sufficient local phenomena to be predictiv
but remains simple enough to be used in a wholedssembly simulation. On the second part, the
application of the domain decomposition methodhéomodelling of fuel assembly is realised, which
shows the potential to reduce the computationad tamd relieve the memory requirement from the
advantage of parallel computing.

PWR FUEL ASSEMBLY DESCRIPTION

A nuclear fuel assembly of PWR is composed of tvadmparts. One portion consists of the fuel rods
containing fuel pellets. They are cylindrical mbtaltubes about 4 meters long and form an
arrangement of 14x14 to17x17. The other part costie support structure of the fuel rods, inclgdin
10 to 11 spacer grids, 24 guide tubes as well gerupnd lower tie plates. The spacer grids are
designed to hold a minimum gap between fuel rodsltw the cooler flow and to contribute to the
lateral stiffness of the assembly. The fuel rods mwaintained in the spacer grids by springs and
dimples.

EXPERIMENTAL BEHAVIOUR

To study the mechanical behaviour of the PWR fgekmbly, many tests have been performed on the
single assembly. During these tests, the boundandittons imposed at both ends of the fuel
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assembly are similar to those existing in the dataee and a load is applied to the middle gride Th
deflection at middle grid is measured and is ptbtersus load level. The results show that the
assembly stiffness decreases when loading becomgkserhThe global behaviour of the PWR fuel
assembly is nonlinear and shows hysteresis. Theagrhenon comes principally from the interactions
between fuel rods and spacer grids, like impadadjrng, or combines impact and sliding motions,
including friction.

NON LINEAR LINK MODEL BETWEEN GRIDSAND FUEL RODS

Three-dimensional beam-to-shell model is considametthis study, with the beams representing the
fuel rods and the shells representing the mearepdathe grids. For each cell of the spacer gnere
spring or dimple is assumed to be a single pdipt (= 1, ..., N. N defines the number of springs and
dimples in one cell), fixed on the wall of the cellhis is illustrated in Fig.1. The poiRf (I =
1,...,N.) refers to the normal projection of the supporinp6j on the tube’s surface. The projection
of the pointgs; andP; respectively on the mid-surface of the shell aredakis of the beam are noted
G; andP/, characterized by the distancgsndr (radius of the beam). The movements@f andP,

are conditioned by the Mindlin-Reissner theory tlick plates as well as the Euler-Bernoulli beam
theory. In the current work an attempt is made rappse a model which describes the interactions
between the rod and N supports in one cell.

grid

PN
N
I

Figure 1. Fuel rod support model

Constitutive laws for contact and friction interactions
In order to formulate contact conditions, a locabminate system is associated to each support
pointG,. It consists of a normal direction froPpto G;, denotedi(G,), an axial direction of the beam

t1(Gp), as well as the third direction defined YG,;) = n(G;) %X t;(G;). The normal and tangential
distances betwedfy andP,, defined as thg, (G;) and g;(G,;) are expressed as follows :

9n(G) = (u(G;) — u(P), n(Gy)) < 0. (1)

9:(G) = (u(G) - ﬂ(Pl)) — gn(G)T(GY) (2)

A constitutive law for normal contact is consideredrder to link normal reactiorfg to theg, (G;)
measured at contact points. We use the form oflpyelaav, which is regularized by a linear part for

very small penetrations with stiffneks in order to stabilize the contact algorithm (see E).

As for the friction, we use a Coulomb’s law inclngia small reversible elastic displacement with
stiffnessk, before sliding occurs.

IFell +puF, <0 (3)
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WhereF, is the friction force ang is the coefficient of friction.

E, IFzl

plE| |--

llgzl

Figure 2. Law of normal (left) and tangential (right) behavior.

Finite element implementation

Normal and tangential forces at contact points H@een expressed as functions of the displacements
of the pairs of contact particlé& andP;. With the kinematical model employed, the disptaeat
i(G,) at particleG; on shell can be written as:

u(G) = u(G)) + 216D - 4)
Whereii(G;) andB;(G;) are respectively the translation and the rotatioihthe mid-surface of the
shell at particle G;/. These two kinematical vector fields are approxedausing a finite element

interpolation. If the shell element has 8 nodes,ititerpolated kinematical vectors can be expreased
follows:

u(G)) = Li=1,8%i(G)) U, (5)
B(G]) = Xi=18%:(G)) B (6)
WhereY; is the shape functions associated to the i-th nafdéhe element, and;, B; are the

kinematical vectors defined at this node. Finalhg interpolated displacement of the partigjes
written as:

u(G) = Yiz18 Vi (G U; + 2 X218 ¥i(G) B;. (7)

Supposing that the portion of the rod which woultkiact with the grid contains M 2-nodes beam
elements, the displacemar(P,) of the particle?, can be obtained by the same way:

u(P) = Yj=1,m+1 ®j(P) U] + rXj=1M+1 q)j(Pl*)Ej- (8)

With ®; the shape functions and tﬁg Ej the kinematical vectors associated to the j-thenofdthe
beam element which interacts with the grid.

Glaobal algorithm
For each loading increment, one loop is dedicatetthe fixed point algorithm in order to determine
contact points, contact status and the associatesl toordinate system associated. When these

quantities are fixed, a Newton Raphson algorithosed to solve the nonlinear mechanical problem.

Numerical solutions
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The application to the static analysis on a spacier with 264 rods and 25 guide tubes has been
performed. The rods are arranged in 17 rows andtaiaed in each cell of the grid by 2 springs and 4
dimples. There is one rod which is much longer tham others (see Fig.3). The guide tubes are
welded to the spacer grid and clamped at both éddsmpose a bending force to the long rod.

Figure 3. 17X17 spacer grid finite element model

The simulation has been realised with the helpheffinite element code “CAST3M” developed by
CEA. Each cell of the grid is represented by aro8enshell element, the rods are described with 2-
node beam elements and the interactions in eatlameekimulated by the non-linear link model as
described before.

In Fig.4, the computational solution is plotted @rgraph which gives the bending moment versus
rotation of the long rod. It is compared with thanrerical results of a reference model which
considers each point of contact as a link elem@éiit,Javailable in the code CAST3M. The reference
model has been validated by experimental experidheppears that our model is able to predict the
behaviour of the structure in the linear and noedr region. The transition phases correspondeto th
stages where rods begin to loose contact with dispf slide inside the grid cells.

Figure 4. Moment vs. rotation of the long rod

APPLYING THE DOMAIN DECOMPOSITION METHODSTO THE MODELLING OF THE
FUEL ASSEMBLY

I ntroduction
Due to the geometric complexity of PWR fuel assessbhlthe approximation by the finite element

method leads to a large nonlinear system. Thisimesl problem is generally characterized by large
computational times. So the substructuring methelich are efficient on parallel computer with
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adapted preconditioner are appreciated. The aitineoivork is to present application of the Balancing
Domain Decomposition (BDD) method to solve thisediggic system. The BDD method was
developed from the Neumann-Neumann preconditiohBrecRoeck and Le Tallec [1] by Mandel [2],
who has modified the algorithm by adding a coammblpm with few unknowns per subdomain.
Solving the coarse problem in each iteration cowidis the solution between the subdomains and
prevents any slow-down when increasing the numbsulodomains.

BDD method applied to the solution of linear systems

We first recall briefly the algorithm to solve thirear problems(U = F following [2]. K represents
the global stiffness matrix] indicates the global degrees of freedom, Arithplies the external
forces. The local degrees of freedom of subdomMgiis U,, and the corresponding stiffness matrix is
notedk,,. Let N, denote the mapping matrix with entries 0 or 1, theenhavel/,, = N,,U. Write local
stiffness matrix:

A, B
K,="" ""]. 9
i <B€ An> ®

WhereA,, corresponds to degrees of freedom on the interfficgubdomain n. By eliminating the
remaining degrees of freedom, we obtain the redegstém:

SUF = FF (10)
WhereUr are the interface degrees of freedom. The matisxt€e Schur complement:

-1

§= Zn NnSnNriiL , Sp=Ap — BnAn B‘)EL . (11)

If we write &, = (£, F.)', with &, corresponding to the force at the interface ohesabdomain,
andE, corresponding to the force inside each subdonhain: t

- = B

Fr = YXnNp (Fn — By A, Fn) (12)
The system (10) is solved by a preconditioned aatg gradient algorithm which has a two level
Neumann-Neumann preconditioner. To construct tlee@rditioner, we have to define the coarse
space:

H={veVv:v=Y,N,D,U,, U, €ImZ,}. (13)

With, ¥, N,D, N} = I,KerS, c Im Z;, andVthe space of vectors of degrees of freedom on the
interfaceT. Then the preconditiondf~! can be written as:

M~1SUr = PTSUr + (I — P)(Z Ny SoNE (I — P)TSUr. (14)
Where P indicates the projection of le spdgénto the coarse space H.
Adaptation of the BDD method in the case of frictional contact problems
As we have seen in the previous section, the mécdildrehaviour of a PWR fuel assembly is highly
nonlinear due to the interaction between the gaiod the rods. The solution of this static problem
generates at each load increment or time step Bnean system solved by the classical Newton's

method. The BDD method can be applied as precondits in two ways: the BDD nonlinear inside
[3], and the BDD nonlinear outside [4], describadrig. 5, where NL is nonlinear system and L for
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the linearized systemF} andAF}, correspond respectively to the residual forcedfalthe interfac€
and inside subdomain.

Application to friction contact problems

In this section, we show the application of thege methods to determine the mechanical behaviour
of a fuel assembly part. The application relatesh® same case as described in previous section
‘Numerical solutions. The structure is decomposed in 9 subdomainsKggé). From this numerical
experiment, we analyse the convergence behavialedivo different methods. The results show that
for the BDD nonlinear outside method, the numbdteshtions of the interface solver, Preconditioned
conjugate gradient (PCG), is stable for each Newteration (see Table.1). However, the BDD
nonlinear inside presents the disadvantage fosyaem concerned. This might be due to the fatt tha
the friction contacts can appear everywhere irsthecture, which makes interface solver, Generdlize
minimal residual method (GMRES) with the two le"dumann-Neumann preconditioner, display the
convergence difficulties.

Local Newton Solver Krylov
Solvers Newton (PCG) Assembly
______________ Linearized AUI‘)
i ! ] : ! — I
o VTS LT (A VT I TR | , | L]
| IAF L) . I AFE I
LT e P TR N T ot
NL (TR (R T I A I L L
! I ! ! I | I
| - | —— I —— { I — ]
GMRES iterationi Newton iteration i
ULt = UL+ AU- U5 = UL + AUL

Figure 5. Scheme of the BDD nonlinear inside method (left) and outside method (right) for a time
step

subdomains

domain decomposition
interface

Figure 6. Substructuration of the spacer grid in 9 subdomains.

Table 1: Results of BDD nonlinear inside (left) and BDD nonlinear outside(right).

Time step | Iteration GMRES Time step | Iteration GMRES
/Moment(Nm) | (for each Newton method) /Moment(Nm) | (for each Newton method)

A 20 A 13
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B 30 B 13
C - C 13
D - D 13
E - E 13

CONCLUSION

A nonlinear rod-to-grid contact model has been pseg, in order to simulate the static mechanical
behaviour of the PWR fuel assembly. This modelas@nts the progressive movement between rods
inside grids taking into account friction. The carpon of the static behaviour of this model with a
numerical reference one performed on a fuel assemait shows a quite good agreement. The
application of the balanced decomposition domaithows to fuel assembly simulation illustrates a
possibility to reduce the computational time anieve the memory requirement by realizing parallel
computing.
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