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F.B.R. Core Mock-up RAPSODIE

H - NUMERICAL MODELS

To study the behaviour of LMFBR cores excited by a seism, tests have been performed on the RAPSODIE core
mock-up. The aim of this paper is to present the numerical models used to interprète these tests and the
comparisons between calculations and experimental results.

INTRODUCTION
1. LMFBR cores are composed of several hundred

of beams, embedded in a diagrid, separated by small
gaps and immersed in a fluid. Each type of beam
(fuel and blanket assembly, steel reflector,
neutronic shield element) have different vibratory
properties. The seismic excitation applied to the
diagrid induces shocks between subassemblies and a
non linear behaviour of the core. The main
phenomena influencing the core response are the
impacts between subassemblies and the fluid
structure interaction inside the core.

2. To study the seismic behaviour, tests have been
performed on the core mock-up P.APSODIE. The
main results of these tests, influence of the fluid, of
the level of excitation and of the restrained ring are
presented in réf. [ij and [Zj . This paper at temps
to present the different numerical models developed
to interpret these tests, pointing out the
modélisation of the impacts and the modélisation of
the global fluid structure interaction.

DESCRIPTION OF THE MOCK-UP
3. The core mock-up RAPSODIE (see fig. 1 and a

detailed description in [z] , [4] , [5j ! is composed
by 91 fuel assemblies located at the canter of the
mock-up (1 central assembly and 5 rows around) and
180 neutronic shield elements, surrounding the fuel
assemblies (4 rows). In order to perform tests in
water the mock-up is surrounded by a stiff vessel.

4. The mock-up is excited by a seism
corresponding to the OBE of SPXI corrected by the
scale factor of the mock-up to keep the same
maximal velocity. The response spectrum of the
seism presents a peak at 12 Hz.

BACK-GROUND
5. The main effects which influence the response

of the core are :
- the impacts between subassemblies. A simple

calculation at OBE level, shows that in air the
maximal value of the displacement of one fuel
assembly alone (i.e. a linear behaviour without
shock) or of one neutronic shield element is smaller
than the displacement observed for each of them in
the tests. For the neutronic shield elements, this
phenomenon may be explained by the fact that their
motion is imposed through the interaction between

the two types of elements : the neutronic shield
elements are pushed by the fuel assemblies.

- The fluid effect. The test results show that
the fluid effect modifies the response of the core
(modification of the frequencies, reduction of the
level of displacements). The fluid couples the
motion of each subassembly ( [iZJ , [l3j , [l4J )
(inertial coupling), this aspect may be represented
through an additional mass matrix. This fluid has
also a local influence during the impacts between
subassemblies : when two subassemblies are going to
impact, the thin fluid film separating them is
squeezed, inducing locally a great velocity of the
fluid [3j . Due to this important fluid motion, loses
of energy occur (viscosity effect, quadratic
dissipative effect) which, up to now, has not been
represented in details in the numerical core models,
but only through an additional local damper, acting
during the impact.

6. Two numerical models have been developed
to analyse the core behaviour : a nonlinear model
which is well adapted to take into account the
impacts phenomena and an homegeneous model
allowing to represent the fluid effect in the global
motion of the core.

NONLINEAR MODEL

Calculations in air
7. To represent the impact phenomena a

nonlinear model has been developed for a bundle of
assemblies. Each assembly is represented by its first
eigenmodes [?] and [lO] with free boundary
conditions at the impact points. The impacts
phenomena are represented by a nonlinear spring
system acting only during the impact. Its stiffness
must take into account two aspects : the local
deformation of the assembly at the shock point and
the truncation effect of the modal basis. A
dissipation of energy due to the impact may be
represented by an additional shock damper placed in
parallel with the shock stiffness. Similar approaches
are used in fl5J .

8. Two types of calculations have been
performed :

9. Modélisation of the central row only, we
suppose in this case that the motion of the central
row alone is representative of the motion of this
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row inside the core, which is equivalent, that the
interactions between adjacent row have no
significant influence on the central row motion. This
approach has been used historically for the first
calculations with the computer code CORALIE
( M i M » [9] i DO)). The core diameter is
composed by 11 fuel assemblies surrounded by 8
neutronic shield elements, each fuel assembly, (resp.
neutronic shield element) is represented by 4 (resp.
2) modes. The impacts are supposed to be located at
the pad level, at the top of subassemblies and at the
link between the spike and the upper part of the
diagi-id.

10. This modélisation supplied good correlations
with the test results at different levels of
excitation.

- for the maximal displacements (fig. 2).
- for the time histories and the frequency

contents (response spectra) (fig. 3).
Which show that the core physical behaviour is

well represented.
11. Calculation on the whole core. A model of

the whole core has been developped in the computer
code CA.STEM ZOOO developped by the CEA.. This
model allows to calculate the bidirectional response
of the core, excited by a bidirectional horizontal
seism. The principle of this model is similar to the
previous one. Each assembly which is represented by
its eigen modes, but this time, in the two horizontal
directions, may impact against each of its six
neighbours. The modélisation of impacts is identical
with that used in the Central row model (same
positions and same values of gaps, shock stiffnesses
and dampers). It is to notice that the procedures
have been developped so that the needed data are
supplied to the code in a way well adapted to the
F.B.R. core geometry.

12. Using a modal representation of the
assemblies, leads to have diagonal mass and
stiffness matrices. If there were no shocks, the
equations of motion would be uncoupled. Shocks
couple these equations, nevertheless to keep them
formally un-coupled the nonlinear forces are
introduced af. 'He right handside of the equations as
external load*. The motion equations are integrated
in using an explicit algorithm avoiding iterations for
the calculations of impact forces and so reducing
the CPU time.

13. The results of the calculations are the
displacements and the stresses at any point of the
subassemblies and the impact forces as functions of
the time. Moreover CASTEM 2000 allows to
represent at any time the core deformation and the
impacts forces between subassemblies.

14. An application has been made with the
RAPSODIE geometry (100 % QBE in air). As the
excitation is parallel to the diameter of the mock-
up, due to the symetry of the structure the
modélisation of the half core is sufficient. The
modélisation of the assemblies is the same as in the
central row model, even for the damping
coefficients which had been adjusted in the previous
model to get the best correlations with the
experiments on the maximal values of th«
displacements.

15. The maximal displacements of each assembly
during the seism are presented on fig. 4 and a
comparison with the experimental results on fig. 5.
We can see a good agreement for the variation of
displacement from the central row to the external
one, nevertheless, better correlations could be get

by modifying the damping coefficients, this work is
in progress actually.

16. The core deformation has been plotted at a
time when all fuel assemblies have closed the gaps
at the head and are pushing the neutronic shield
element (fig. 6). The bidirectional response of the
core due do the interaction between the adjacent
rows may be easily observed.

17. On the central row the discrepancies on the
time histories and on the frequency contents are
small between the two models ; the 2D calculations
give slighty bet tar correlations with the tests
results, (fig. 7).

18. Calculation in water. To represent the global
fluid structure interaction, we could calculate the
complete added mass matrix. In practice such a
method is not applied due to the difficulty (size of
the problem to solve) to determine this matrix,
which is full and couples the motion of one
subassembly to the motion of all other assemblies.
The projection of this matrix on the modal basis
couples all modes together. First, based on the
central row calculation, a simple modélisation of
the fluid effect has been adopted : the eigen
frequency of the assemblies are modified (added
mass effect) to adjust the lessening of 15 % on the
frequencies. The fluid coupling is only taken into
account between two adjacent assemblies by using
coupling masses deduced from experiences on a
small bridle ( [l2] and [l3] ). It is to notice also
that the added and coupling masses are equal for all
assemblies of the same type, independently of their
position in the core and uniformely distributed on
the length of the assemblies. The fluid couples also
the motion of the core with the motion of the vessel
surrounding the core ; as this vessel is very stiff, its
relative motion to the diagrid is supposed to be null.
Nevertheless, it is necessary to consider the forces
on the vessel due to the pressure in the fluid. As this
vessel is not represented in this model, it is
necessary to modify the seismic coefficients.

19- Such model supplies acceptable agreement
with test results, for maximal displacements on the
central row (fig. 8) and for the time history of the
central fuel assembly (fig. 9). The correlation
becomes bad (especially for the time history) for
external assemblies for which impacts are strong.

20. Nevertheless in this calculation the
interactions between rows (shocks and fluid
coupling) are not modelled, this could explain the
differences with the experimental results. To
improve the correlation, we could perform, on the
same principle, calculations on the whole core. The
fluid modélisation would be always approximated,
using added and coupling masses from [l2J and
[13] between one assembly and its six surrounding

neighbours.
21. To represent in a more refined way, the fluid

structure interaction in the global motion of the
core, in keeping only a small number of D.O.F., the
homogénéisation method is an interesting
alternative approach, which moreover allows to
represent the coupling between the core and the
surrounding vessel.

HOMOGENEOUS MODEL

Linear behaviour
22. This method cons it s in replacing the physical

heterogeneous medium (the assemblies and the
surrounding fluid) by an homogeneous equivalent
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medium, which macroscopic characteristics are
determined from the resolution of a set of problems
on the elementary cell of the bundle. Similar
approaches have been proposed for PWR cores (15,
16, 17). A simplified method to determine the
homogeneous medium has been also proposed for
F.B.R. cores in [14] .

23. The method to derive the equations of the
homogeneous medium (described in details in [6J ,
[T] > DO ) consists in representing the main
parameters of the problem (pressure in the fluid and
displacement of the assemblies) by locally periodic
functions, i.e. functions which mean variations at
the scale of the unit cell are small in front of the
local periodic perturbations in the cell. Then these
functions are expanded in increasing power of e ( e is
the characteristic length of the cell).

24. The equations of the homogeneous medium
may be written :

div (A grad p) - (Y*/c2) ô2p/ôt!

- o div (D u)

(H + o B) li K u = - D grad p

(1)

( 2 )

where :
- A, B, D are tensors depending of the macrocrospic

characteristics of the medium,
- K,M are respectively the stiffness and the mass

matrix of the assemblies,
- PO and c are the density of the fluid and the sound
velocity in the fluid,
- Y* is the fluid area in the unit cell,
- u and p are the displacements of the assemblies

and the pressure in the fluid.
25. From the previous equations, the eigen modes

of the homogenized medium are calculated and are
used to represent the bundle motion in the dynamic
calculation.

Application to mock-up RAPSODIE
26. This method has been applied to the

geometry of the RAPSODIE mock-up. Two models
have been realised ; the first one is an axisymetric
model (in this case the mock-up which is hexagonal
is assimilated to a cylinder). Eigen modes (Fourrier
modes n = 1) have been calculated. This model
allows to represent for the frequencies the effect of
lessening due to the fluid [&] . The second model
represents a cross section of the mock-up in a plan
orthogonal to the axis. In this model the assemblies
are modelled by a mass and a stiffness representing
the characteristics of their first eigenmode. As for
the previous model, this one represents also the
lessening effect due to the fluid on the frequencies.
The results show two types of modes :

- Modes corresponding to a global motion of
one type of elements, the other elements having
small displacements. Their frequencies are 6,5 Hz
for the modes associated with the fuel motion and
16,5 Hz for that one associated with the neutronic
shield elements. These modes may be excited by a
seism (fig. 10).

- Modes corresponding to local opposite phase
motion of some elements (fig. 9). These modes
cannot be directly excited by a seism but will have a
great importance for the study of impacts (fig. 11).

27. These models are well adapted to represent
the bundle behaviour at low level of excitation when
the impacts between subassemblies are not
important because in the homogeneous medium
impacts phenomena are not taken into account [8] .
At high level of excitation (OBE level), the
amplitude of the shield elements motion which are
pushed by the fuel assemblies is underestimated.

28. An amelioration of this formulation consists
in introducing a modélisation of the impacts
between assemblies.

Nonlinear calculation
29* The modélisation of shocks in the formulation

of the homogeneous medium has two aspects :
- At the boundary between two homogeneous

media (one representing the fuel assembly, the
second representing the neutronic shield elements),
in the linear formulation we assume only the
continuity of the pressure field. It is necessary to
represent the mechanical interaction between the
two types of elements through a unilateral link.

- Inside the medium to represent the shocks
between assemblies of the same type. An approach
consists in introducing in the formulation of the
homogeneous medium a global modélisation of the
shocks. First we need a shock criterion to know
locally whether the assemblies are impacting or not.
We get this condition in expanding at the first order
the displacement of two adjacent assemblies and we
write that their relative displacement is less that
the gap between them. This condition may be
expressed for a shock in the direction n (n is a unit
vector) :

I M. P —9 —9

grad u n < - j/e (3)

( j is the gap between two assemblies)

30. When there is no shock (criterion not
verified) the linear formulation of the medium is
still available (eqs. 1 and 2). During a shock eq. 1 is
not modified, but in eq. 2 describing the dynamic
behaviour of the assemblies, we must add in the
right handside a force representing a mean value of
the impact force. As in the nonlinear model, this
force is deduced in modelling the impact through a
nonlinear shock stiffness system.

31. The implementation of this shock model is in
progress in the computer code CASTEM 2000.

CONCLUSION

32. Theoretical models have been developped to
interpret the seismic tests performed on the mock-
up RAPSODIE.

33. The nonlinear model represents correctly the
in air behaviour (impacts) but uses a simplified
modélisation of the fluid (lessening of frequency
through added mass, coupling masses between only
adjacent subassemblies, modification of the seismic
coefficients) which does not allow to represent in a
realistic way the in water core behaviour. The
homogeneous model, in which the impacts will be
represented, will allow to make global calculations
of the core. Results of this last model could be used
as an input for a local nonlinear model of a small
bundle of assemblies.
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