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Summary

The vessel and the different internal baffles of a pool type LMFBR are thin axisymmetric
shells separated by narrow sodium sheets.

Unfortunately important internal components like intermediate heat exchangers and prima-
ry pumps, are located unsymmetrically and coupled to the shells both mechanically and though
the fluid-structure interaction effect due to the sodium of the hot and cold collectors.

Generally axisymmetric models are used to performe the seismic analysis of the reactor.
The strong 3 D features of the internals makes this axisymmetric modelisation difficult and
uncertain. A more exact calculation is therefore necessary to put into evidence the 3 D
effects and to adjust the 2 D models. The great complexity of the problem dont allow a com-
plete 3 D finite element computation. Therefore we have chosen a substructure procedure using
the TRISTANA computet code.

The 3 D structure is divided into axisymmetric substructures characterized by their
natural modes and then connected one to another (the variables of the connected problem are
the modal components and the connection forces).

This. paper presents the specific method used to calculate the coupling effects of the
natural modes of the different substructures due to the 3 D fluid volumes, and the first
results of the seismic analysis of the internals:

Actually the calculation of the assembled structure is not yet achieved. However some
intermediate results are given : natural modes of the substructures, coupling coefficients

due to the fluid.
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1. Introduction

The initial version of TRISTANA computer code allowed only mechanical connections (cha-
racterized by a flexibility matrix) between substructures. This version is described in
details in reference [1].

After a brief recall of the method, we will present the new improvement of the code
concerning the calculation of the coupling effects due to an incompressible fluid and its

application to the seismic 3 D analysis of a pool type LMFBR.

2. Substructuration procedure developped in TRISTANA computer code

Complete structure is divided into independant substructures. Procedure consists of
assembling the substructures by some link forces located at connection points. Substructures
are characterized by their free natural modes : the modal basis is calculated without any
boundary condition at connected nodes. The dynamic equations of the complete structure are
projected on the free modal basis and the variables of the problem become modal contributions
and link forces. The error due to the modal basis troncation is corrected by using the re-
sults of a static calculation : in fact, the static responses of each substructure to forces
located at the connection points allow to obtain at each connection equivalent flexibility
coefficients and then to represent correctly the local strains in spite of the modal tronca-
tion.

The global equation becomes :
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KG and MG are the diagonal matrix of generalised stiffnesses and masses of the free
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substructures, KL is the matrix of the connection flexibility coefficients, A is the pro-
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jection matrix (on the modal basis) of the relative displacements of connection points,

AT

is the transposed matrix, o the vector of modal contributions, F the vector of link for-
ces, fe the vector of external forces (projected on the substructure modes).

To get more informations see reference [2].

This method is particularly adapted to the dynamic calculaticn of systems made of simple
substructures (as axisymmetrical shells) tridimensionnally connected one to another at a few

points.

3. Fluid coupling formalism in TRISTANA computer code

a. Coupled equations of substructures connected one to another by incompressible fluid

volume
We use here an "acoustical" formulation (see reference [3]). Incompressible and
unviscous fluid is defined by vector T such as : T = vector of the fluctuating pressure p
at each node of the fluid.
Substructures relative displacements are defined by vector X. It must be noted that X
may include some fluid pressure variables if the studied substructure contains itself inter-
nal fluid volumes.

7T and X verify the set of equations :
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where K 1is the stiffness matrix of substructures

M is the mass matrix of substructures

My is the mass matrix of the fluid

Mc is the fluid structure coupling matrix

Foxt @nd Fg  are external seismic force vectors associated respectively to the subs-
tructures masses and to the fluid mass.

Note : The first line of (2) corresponds to the dynamic equations of the substructures.

The second line of (2) corresponds to the discretised Laplace equation of the fluid.

b. Modal projection of (2)

Vector X can be projected on the complete basis of natural modes of the substructu—
res.
X = Ao with o vector of modal contributions
A matrix of modal displacements.
We have :
K = ATkA
M, = ATMA using the chapter 2 notations.

System (2) is projected on the natural modes and after elimination of X, it becomes :
B . T .- T
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Let introduce the auxiliary variable T = ATMCTI' (projection of pressure forces on natural

1

modes). Using matrix B = - AT MC ML_ MCTA, system (3) can be written

oo = = — T
K o + -7 = =
GO" MGOL T Fext . Fext A Fext
.. 2y _ with o -1 (4)
-0 + F =-B
o B " Ffs fs A MC ML Ffs

B is a symmetrical matrix, its dimensions are (n,n) if n is the number of substructure
natural modes. In our applications n can be taken much smaller than the number of pressure
variables in a classic 3 D modelisation of the coupling £luid.

Matrix B "physically" corresponds to an additionnal mass matrix : its coefficient bij
represents the generalised added mass on the j mode associated to the normalized displacement
on the i mode of the substructure walls (see reference [4]).

(1) and (4) have the same feature. In the case of fluid coupling, vector T corresponds
to vector F (connection force vector), and mass matrix B corresponds to stiffness matrix KL,

When substructures are also mechanically connected, we obtain the general system :
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Practically this method needs 3 steps :
- calculation of substructures modes
—- calculation of B ccefficients by solving Laplace equation in 3 D fluid volume with the

different modal wall displacements and projecting pressure fields on the different modes
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shapes.

- calculation of the connected structure by solving (5) using TRISTANA code.

4, Description of substructures, main hypothesis used in the model

The internal structures of a pool type LMFBR are mainly composed of concentric axisymme-
tric vessels (see figure 1). This symmetry is destroyed by the components (8 heat exchangers,
4 primary pumps) and their associated crossings fixed on the redans around the core. Cros-
sings and components are composed of axisymmetric shells. Therefore the complete structure
can be divided into axisymmetric substructures. The different substructures are :
1°) Heat exchanger and its two crossings, internal sodium and sodium in thin sheets coupling

exchanger and crossings (see figure 3).

20

Primary pump and its two crossings internal sodium and sodium in thin sheets coupling

pump and crossings (see figure 4).

3°) All the other structures of the reactor, that is : concrete "hot ring", roof slab, safety
and main vessels, diagrid and core support plate, core (modelised by equivalent oscilla-
tors), toroidal and conical redans and all their baffles (see figure 5). Moreover all the
sodium volumes and sodium sheets are modelised except the sodium volume of the hot col-
lector which will be calculated using the previously described method because of its
strong 3 D geometry. This volume couples the substructures 1, 2, 3.
Following hypothesis has been mainly used for the calculation : we assume 2 plans of

symmetry for the general structure (see figure 2). Only one quarter of the structure with

adapted boundary conditions will consequently be considered.

5. Free substructure natural modes analysis

a. Introduction

Axisymmetric substructure modes are characterized by an azimuthal number n (cos nf
and sin nf) and by an axial number m. If horizontal seismic motions are studied, it is only
necessary to calculate the modes with harmonic variation n = 1. In the case of important 3 D
features modes with harmonic variation n # 1 must be taken into account. First the mode sha-
pes and natural frequencies may be modified in comparison with a simple 2 D approach. Second
the horizontal seismic excitation may strongly act on the n # 1 modes and consequently the
fluctuating pressure field in the fluid volume. This last point is very important concerning
the instability analysis of the thin baffles.

The following calculations have been carried out with AQUAMODE computer code (ref. [5]).

b. Substructure "pump and crossings"

Troncation frequency is taken at 40 Hz (0 € n < 6). The structure has free boundary
condition. Excepted the vV = 0 Hz translation and rotation modes, we find 30 modes, and
lowest natural frequency is 2,7 Hz and corresponds to a mode n = 2 (conical redan crossing

movement) .

c. Substructure "exchanger and crossings"

Troncation frequency was taken at 40 Hz (0 ¥ n < 9). There is free boundary condition
on the structure. Except the modes with natural frequency v = 0 Hz the lowest mode frequency

is 1,1 Hz (n = 2). 57 modes have been calculated.

d. Substructure "internal structures of the reactor without components"

We suppose there is no soil-structure interaction (soil assumed to be rigid). Tronca-
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tion frequency is taken at 20 Hz and n < 1 7 (this troncation is available to correctly re-
present modes with natural frequency < 8 Hz). Natural modes with an harmonic variation in

cos n® and n odd number are only calculated because of the 2 plans of symmetry. A big density
of modes is found (more than 300 modes). The lowest mode frequency is 0,33 Hz (n = 3, exter-
nal shroud of the conical redan movement). The modes n = 1 with an important modal mass have
natural frequencies between 4 and 5,1 HEz and between 7,2 and 8,3 Hz (they correspond to move-

ments of the whole structure).

6. Links modelisation

a. Stiffness coupling

52 connection points represent the links between crossings and redans.
12 connection points represent the links between components ‘and-the roof slab.

2 connection points represent the links between pump and diagrid.

b. Coupling between substructures by hot collector sodium volume

A 3 D modelisation of the sodium volume has been carried out (see figure 6) with the
following boundary conditions
p = 0 at free surface (gravity effects are neglected)
n =1 and n = 2 modal displacement of crossings wall
n =1t n= 11 modal displacement of baffle wall.
Fluctuating pressure fields are calculated by BILBO computer code (reference [6]) and spatial
integration are made to obtain B matrix coefficients.
To illustrate the importance of inertial 3 D coupling, we present the table of bij
coefficient corresponding to a translation mode (n = 1) of the pump crossing and a n # 1 mode
of the baffle.

azimuthal number n of natural mode of the baffle

1 3 5 7 9 11

b,.

Imljl 0,97 | 0,80 | 0,57 | 0,39 | 0,28 | 0,21
o

with m = pump added mass in infinite fluid = fluid density X pump external volume.
The table shows that the b coefficients are a non neglectable fraction of the mass of
the components and then must have an important effect concerning the excitation of the n # 1

modes of baffles.

7. Conclusion

We have presented a substructure method to calculate the 3 D behaviour of complex cou-
pled fluid-structure systems and its application to the seismic study of LMFBR internals.

The intermediate results of this study show the great complexity of this problem and
emphasize the 3 D fluid effects.

Presently the calculation of the complete structure is in progress. The obtained results
will be useful to adjust simpler 2 D axisymmetric modelisations and also to get a better

knowledge of the fluctuating pressure fields generated influid by seismic movements.
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Meridian mesh General view of redans, shrouds and
crossings (quarter of structure)

FIGURE 5 : INTERNAL STRUCTURES MODELISATION
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