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ABSTRACT

This research is devoted to the construction of a reduced-order computational model for non-
linear dynamical structures which are characterized by the presence of numerous local elastic
modes in the low-frequency band. Therefore these structures have a high modal density in the
low-frequency band and the use of the classical modal analysis method is not suited here. We
propose to construct a reduced-order computational model using a small-dimension basis of a
space of global displacements, which is constructed a priori by solving an unusual eigenvalue
problem. Then the reduced-order computational model allows the nonlinear dynamical re-
sponse to be predicted with a good accuracy on the stiff part of the structure. The methodol ogy
isapplied to a complex industrial structure which is made up of a row of seven fuel assemblies
with possibility of collisions between grids and which is submitted to a seismic loading.
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1 INTRODUCTION

This paper is devoted to the construction of a reduced-ard®tel for nonlinear dynamical
structures having numerous local elastic modes in the tegriency (LF) range. This paper
focuses specifically on localized non-linearities suchlastie stops. We are interested in the
nonlinear response of structures which are made up of a mgister structure coupled with
several flexible substructures. Such structures are dieaized by the fact that they present in
the LF band, both classical global elastic modes but also/riuaral elastic modes. Moreover,
the structure we consider is modelled with a large finite eletmodel and has several localized
nonlinearities (such as elastic stops). As a consequéreapn-linear transient response has to
be constructed using a small time step for the integratiberse in order to correctly capture
the nonlinear effects in the non-linear transient respoii$en, the direct construction of the
non-linear transient response is a very challenging issdéteerefore the computational model
has to be reduced. Due to the high modal density of the stestunder consideration, the
classical reductionl] consisting in using the elastic modes of the underlyingdinpart of the
nonlinear dynamical system is not suited here. Since we waobnstruct a small-dimension
reduced-order computational model which has the capabolipredict the nonlinear dynamical
responses on the stiff part for which the local displacesard negligible, we have to construct
the reduced-order computational model using a basis adlaptthe prediction of the global
displacements and therefore, we have to filter the localaligments in the construction of the
basis.

Recently, a new method has been proposed to construct aeckduder computational
model in linear structural dynamics for structures havingherous local elastic modes in the
low-frequency bandd]. In this method, a basis of the global displacements spadedasis
of the local displacements space are calculated by solwoguhusual eigenvalues problems.
The elements of these two bases are not constituted of tla eisistic modes. The eigenvalue
problem, allowing a basis of the global displacements spade constructed, is constructed
by introducing a kinematic reduction for the kinetic enexglyile the elastic energy is kept
exact. In this paper, this method will be used to construcisisof the global displacements
space and then to deduce the reduced-order computationtdl mbthe nonlinear dynamical
structure. Therefore, the contributions of the local dispinents of the structure observed on
the stiff part are neglected in the research presented here.

2 CONSTRUCTION OF THE REDUCED-ORDER COMPUTATIONAL MODEL

We are interested in predicting the transient responsefiwéa-dimensional nonlinear damped
structure, with localized nonlinearities, and occupyirtgpanded domaifu.

The methodology proposed i€][consists in introducing a kinematic reduction of the
structural kinetic energy. In a first step, the domaiis partitioned intaz; disjoint subdomains
(2;. In a second step, this decomposition is used to constrecptbjection linear operator
u — h"(u) defined by

ngy
{h"(u)}(x) = Z 1o, () mi/Q p(x)u(x) dz', Q)
j=1 J V8
in whichz — 1q,(x) = 1if x isin Q; and= 0 otherwise, wheren; is the total mass of
subdomairt2; and wherep(z) is the mass density. This operator carries out an average of
the displacements with respect to the mass density in edmfosain (kinematic reduction).
We then introduce thén x m) matrix [H"] relative to the finite element discretization of the
projection operatoh” defined by Eq.1). Then, the(m x m) projected mass matrifM"] is
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constructed such th@l"] = [H"])T[M][H"].
The basis of the global displacements space is made up oblingons? of the gen-
eralized eigenvalue problem
[Klp? = M [M']e? ()

in which the stiffness matrix is kept exact while the massrix@t projected. The computation
of the eigenvectors is carried out using an adapted subsjeaaton algorithm $]. This algo-
rithm avoid the assembly of matr{¥I"] which is a full matrix. If needed, a basis of the local
displacements space can also be constructed and compmebasis of global displacements

(see B)).
The reduced-order computational model is obtained usmgtbjection of displacement
vectorU(¢) on the subspace spanned by the familyf, ..., 5 } of real vectors associated

with then, first eigenvalues < A\{ < ... < A . Then, then,-order approximatiofi,, (¢) of
U(t) is written as

U, () = D_#fa°(t) 3
j=1
in which ¢?(t) = (q{(t),...,q3 (t)). The vectorg’(t) is solution of the following nonlinear
reduced matrix equation
[M]qo(t) + [D]go(t) + [K]g?(t) + f™(q°(t), (1)) = f(t) .t €]0,T], (4)

with the initial conditionsg?(0) = q¢(0) = 0, in which[M], [D] and[K] are the(n, x n,) gen-
eralized mass, damping and stiffness matrices, wfiérgs the vector of the generalized forces
and wherefN"(q?(t), q7(t)) is the vector of the generalized nonlinear forces. The dycam
systems we are interested in this paper are made up of femeigters of global displacements.
Consequently, the size of the nonlinear reduced-order otatipnal model defined by EqBY

is very small.

3 APPLICATION

In this Section, we present an industrial application ofrtiethodology which consists in the
dynamical analysis of a row of seven fuel assemblies witlsibdgy of collisions between grids
and submitted to a seismic loading. A fuel assembly is a glesiducture which is made up of
264 flexible fuel rods,25 stiff guide tubes andO0 stiff grids which hold the tubes in position.
The guide tubes are soldered to the grids while the fuel roel$ideed to the grids by springs.
The row of assemblies is made up of seven fuel assembliedu€hassemblies are linked each
to the others by the rigid containment building on which ambgeneous seismic displacement
is imposed. The mesh of the finite element model is plottedign E The finite element
model has313, 908 elements and, 147,060 DOFs and there ar&l, 548 elastic modes in the
band[0,400] Hz. The possible contact grid/grid and grid/containmesttaken into account
by introducing160 elastic stops. Each grid has a left elastic stop and a rigistielstop, the
containment building hai) elastic stops face to rightmost assembly grids Hndlastic stops
face to leftmost assembly grids.

Each fuel assembly of the row is decomposed irto slices yielding700 subdomains.
For the band0 , 400] Hz, the reduced-order computational model is constructgd245 global
eigenvectors (instead 61, 548 elastic modes which would be required with a classical modal
analysis). We are interested in the nonlinear transieativel displacement of the row of as-
semblies.

The nonlinear relative response is calculated in the iatefmne [0, 19.48] s using an
explicit Euler integration scheme with an integration tistep10—° s. For an observation point,
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Figure 1: Finite element mesh of a row of fuel assembliesd&iblue) and guide tubes (red).
The fuel rods are not plotted.

the relative transient displacements (for the convergavitierespect to the number of global
eigenvectors has been analysed) is plotted inZig.
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Figure 2. Relative transient displacement.
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