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ABSTRACT

The Fast Reactor Cores consist of several hundred rather flexible and
long elements of different type (fuel elements, neutron shield elements,etc.)
supported by a grid and separated by small gaps.

Since elements of different type have a different vibrational behaviour,
contacts will occur between them in case of a strong excitation, such as that
due to a seismic event.

A detailed non-linear analysis is necessary in order to accurately pre-
dict the core element seismic response, to verify that in case of earthquake
a rapid introduction of control rods is still possible and the requirements
on the element integrity are satisfied, and finally, to allow the definition
of a sufficiently correct simplified linear core model to be used for the who
le reactor seismic calculations. For these reasons, the computer program CO-
RALIE was developed in collaboration between CNEN and CEA. The code performs
the vibrational and dynamic analysis for one or more rows of core elements,
assumed to be equivalent to beams with gap restraint effects and internal
non-linearities included in viscous damping.

The impact forces are simulated by systems of springs and dampers,which
start acting as soon as local contact occurs. The dynamic calculations are
performed by use of modal analysis, with an explicit iterative procedure. Ac
celeration at the base support grid and eventually a prescribed motion for
some elements at an upper axial location can be assumed, together with local
forces,static contacts and non zero initial conditions.

The procedure used in CORALIE was found to be very stable, even in case
of a large number of elements. A criterion for fixing the optimum time-step
value was defined. This criterion also demonstrates that CORALIE is very
well optimized.

An extensive discussion on the validation of CORALIE will be presented
in a future paper. Here only a few examples of comparisons between computed
and experimental results are shown. Anyway , these examples are enough to

show that the agreement between calculations and measurements is very good.



1. Introduction

Shocks occur on some structures, in case of dynamic excitation such as
that due to vibrations or seismic events, which do not produce significant
geometrical modifications. Thus, a detailed description of the impact local
physics is not necessary for evaluating the dynamic response of such
structures.

An important example of the mentioned kind of structures is the Fast
Reactor core, which can be represented as a bundle of beams (core elements)
fixed at the base and free at the top, separated by small gaps. Since ra-
ther flexible elements of different type - thus with different frequencies-
are present in the Fast Reactor core, contacts will occur between them in
case of a strong excitation.

For the Fast Reactor core, a detailed non-linear analysis is particular
1y necessary, in order to accurately predict the core element seismic re-
sponse, to verify that in case of earthquake a rapid introduction of the con
trol rods is still possible and the requirements on the element integrity
are satisfied, and finally, to allow the definition of a sufficiently cor-
rect simplified linear core model to be used for the whole reactor seismic
calculations.

For these reasons, the computer program CORALIE was developed in colla-
boration between CNEN and CEA /1/. In order to test the code, a suitable
experimental program was carried out at CEA /2/. Measurements are also in
progress in Italy at the ISMES Laboratories /2/.

The present work deals mainly with the description of the mathematical
models applied in CORALIE for the solution of shock problems. However, a
few examples of comparisons between calculations and measurements are also

included in the paper.

2. Capabilities of CORALIE

CORALIE is a computer program for the structural bi-dimensional beam
analysis by means of the finite-element method. Static and dynamic calcu-
lations are possible, in elastic, plastic or thermo-elastic conditions .
The dynamic calculations can be carried out with a B-Newmark - type di-
rect integration method, or by means of modal analysis, after evaluating
the normal modes (this last procedure was derived from that of the CNEN
computer code OPAGAS /3/).

In the dynamic calculations performed with modal analysis, bundles of
parallel beams with equal or different length can be studied. Uniform ac-
celeration at the beam bundle base, and eventually, a prescribed motion at
an upper axial location for some beams may be assumed, as well as local for
ces, forced static contacts and non-zero initial conditions.

The main purpose of the calculations with modal analysis is to evaluate
the effects of impacts occurring among beams or between a beam and a rigid
wall in case of dynamic excitation. The axial locations at which contacts

are possible have to be defined by the user of CORALIE. Local contacts at
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prescribed nodes as well as distributed shock zones can be assumed. For eve
Yy beam, possible contacts can be defined with any fixed number of adjacent
beams. This allows analysing , for example, the case of two or more paral-
lel rows of beams, provided that transverse effects are neglected.

The normal modes can be evaluated by use of a different finite-element
discretization for each different beam type. This discretization is normal-
ly rather fine, in order to allow the best approximation of the profiles of
the geometric and mechanical parameters. On the contrary, the dynamic cal-
culations are carried out at a few axial locations, equal for all beams,the
values of the normal modes at these positions being obtained by interpola-
tion of the initial modes (cubic for the modal deformations). This procedu-
re helps in optimizing the code and making easy its use.

The introduction of rigid walls allows the description of the interac-
tion between the element foot and the support grid,that of the rigid body mo
des allows the study of the motion of a beam on two supports, such as a
steam generator tube passing through two grids. Furthermore,the possibility
of assuming two supports allows applying the code to the analysis of the
Light Water Reactor core also.

Finally, it is worth pointing out that no fluid-structure interaction
can be assumed in the code, yet. However, the introduction of a suitable mo.

del is under progress.

3. Solution technique

3.1 Basic equations
nsn

In case of support excitation, the absolute displacement of beam "i",

Xti’ is:

Xti(z"t) = Xsi(z’t)+xi(z’t)’ (1)

where Xsi(z,t) is the pseudostatic displacement and Xi(z,t) the additional
displacement due to the dynamic effects (inertia and damping) /4/.

Since CORALIE can analyse beams supported at the base and eventually,
at an axial upper location also (let us say 1i)’ the pseudostatic displace-

ment is calculated as:

X3 (200) = Yp(0) + v, () [¥py(0) - (0] (2)
YB and YTi being the displacements at the base and at z = li’ respectively,
and v; 2 suitable shape function (yi(z) = 0 if only the base is excited)
/4l

The additional displacement Xy (z,t) is obtained by solving the follo-
wing equation (valid if the effects of shearing deformations and rotary

inertia are negligible and in case of absence of liquid around the beams):

2 2 2
3% X, X 3 3° X 2 3°X
1 . : .
My =+, w, b, — 2 — g, 1, ——|+ 2> g 1, —% |-
atz It It 3 z ot 322 9z l 9 z
= q;(z,t) + g oo (z,8) + p, (z,£) = F. (z,t) (3)
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where Ei(z) is the Young's modulus, Ii(z) the moment of inertia pi(z) the 11
near mass, aj and bj, the viscous damping coefficients, qi (z,t) the force di

rectly applied, qieff(z’t) the effective loading, due to support excitation:
qieff(z’t) =-ui(z) {YB(t) + Yi(z)~ [YTi(t) - YB(tﬂ} (4)

and pi(z,t) the dynamic component of the total impact force acting on beam

mi,

py(z,0) = I f;:(2,1) (5)

(fij = contact force between beams "i" and "ji").

By applying the finite-element method, eq. (3) can be written in the equi-

valent form:
M, X (£) + CLox(e) * K, X (t) = F . (t)> (6)

where Mi is the mass matrix, Ci the damping matrix, Ki the stiffness matrix
and Fi(t) the total force vector.

Since Ni degrees of freedom are associated to system (6), Ni normal modes
¢in are obtained by solving the homogeneous equations associated to (6), due
to the hypothesis in viscous damping made in eq. (3). More precisely, the
¢in(z) are calculated by solving the following equation:

2 -
1 % T MY 05, =0 (N

The displacement vector Xi can always be decomposed on the normal modes:

Xi(t’pi) = ? ¢in oL (t,pi) s (8)
where the modal coefficients a, are functions of the time and the contact
forces, according to the procedure applied in CORALIE.

By projecting egs. (6) on the normal modes the following equation is

obtained for the modal coefficients:

. . 2 B .
%in ¥ 2Min Yin %gn * g %4n T Fyp/Mine )
where P is the angular frequency, nn the fraction of critical damping:
2
= +
Nin T (2 F by ) 205, (1o

Min and Fin the generalised mass and the generalized total force, respective-

ly (Li = length of beam "i"):

2
M, = J;. pi(2) ¢, (2)7 dz (11)
1

in

F. = J; F.(z,t) ¢, (2) dz. (12)
i
3.2 Calculation of modal coefficients

Eq: (9) can be solved analytically (by means of the Duhamel integral),
if the contact forces are assumed to be known. For low damping values (lower

than 207) the modal coefficients are:
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1 € “Min win(t-T)

[ = . si .

in(t’pi) M. w. (e sin [win(g Tﬂ ' Fin(T’pi) }odr o+

in “in )
(o]
“Min “in ©

+ . . i .

e {Ain sin (win t) + B, - cos <win t) 3, (13)

Ain and Bin being coefficients depending on the initial conditions /2/.

At each time step, after calculating the modal coefficients, the displa-
cements are obtained with the equation:
i
Xp(ep) = I ey ag(epy) (14)

which deffers from (8) due to the fact that only the first ﬁi modes are taken
into account.

The procedure used in CORALIE for the evaluation of LT is such that at
each instant t the pi—profiles are really known for t <.t - At (At = integri
tion step). For what concerns the interval [E -At, EJ , the iterative proce
dure applied is again such that at each iteration the p;~s are known. A de-
tailed description of the methods used for solving eq. (13) is given in Ref.
/2/.

It is worth pointing out that in CORALIE it is possible to make use of a
constant integration time step or to reduce the step during the shocks. It
was verified that it is not necessary to calculate the exact instants at
which shocks begin and términate /3/. Therefore the calculations can be car-
ried out by assuming two time steps,one corresponding to the absence of
shock being multiple of the other: this allows avoiding'the frequent use .of

expensive library functions.

3.3 Calculation of contact forces

Is is supposed that on the beam lateral surfaces systems of springs and
dampers are present, which start acting as soon as local contact begins.. This
means the assumption of interpenetration between two beams at the nodes at
which shocks occur. The value of this interpenetration has no physical mea-
ning, but it is used for calculating the contact force.

The contact force between beams "i" and "j" at the axial location z and

the time tm’ i.e. in the middle of the time interval [tm—l/z’ tm+1/2] , and
at iteration k + 1 is calculated by:

k+1 k k .

f” (z,tm)= 5.'(z,tm){ kij(z)'s..(z’tm)'SIgn[Gij(O)] +

1] 1] 1]

k °k _ ok ]}
. gij (z,tm) Cij(z) [Xti(z’tm) th(z,tm) +
(15)

+ [1 - B?j(z,tm)]~ Kij(z)'lsoij(Z)" sign [Gij(o)],
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where kij is the contact spring constant, cij the contact damper constant,

6ij the static gap value (> 0), Sij the dynamic interpenetration:

k k k .
sij(z’tm)= [Xti(z,tm)-xtj(z,tm)]-s1gn [6ij(0)] -

0ij the static interpenetration, Bij a parameter which is equal to 1 in case
of local contact and to zero in the opposite case, and, finally Eij a parame-

Gij(Z) (16)

>

s

ter being equal to 1 only in the compressive phase of the shock spring (in
this phase only an action of the shock damping forces is assumed)and zero in
the opposite case.

The static interpenetration Soij is defined in order to simulate a static
contact and is taken equal to zero if this contact does not exist. The gap
value Sij(z) is always positive, except in the case of static contact, in
which it is zero. The last term of eq. (15) is a fictitious force, acting on
the couples of beams which are forced in static conditions, in case that the

se beams separate during the excitation.

3.4 Iterative procedure

As previously pointed out, for the calculation of the displacements itis
assumed that the contact force is known in the middle of each time interval
[tm-l/Z - tm+1/2]' Since this force depends on the displacement valges, it
is necessary to make use of an iterative procedure (see eq.(l5) ). More pre-
cisely the contact force is computed at each iteration by means of the ari-
and of

thmetically averaged values of the displacements at t and t

m-1/2
the average velocity, evaluated in the preceeding iteration /2/.

m+1/2

3.5 Remarks on the shock parameters.

It was pointed out in Par. 3.2 that only the first ﬁi modes are used in
the modal analysis for each beam. Thus it is necessary to add, to the shock
spring flexibility, that due to the modes which are neglected in the analysis
(these modes can be represented by a spring connected in series to the pre-
ceeding one). In fact, in comparison to this flexibility, that due to the
shock might be even negligible in case of very rigid impacts. The method used
in CORALIE for evaluating the flexibility due to the neglected modes was deri
ved from /5/ and is described in detail in /2/. This method is based on the
assumption that the high order modes give only a static contribution, applied

locally at the shock locations.

3.6 Remarks on the solution stability

Various studies were carried out to investigate the stability of the solu
tion of CORALIE /2,3/ .The procedure used was always found to be very stable,
even in case of a large number of elements (up to 77).

A criterion was found for fixing the optimum time step value, Atlim:

At .o (Tmin/z)/B, ) (17)
where ’1‘min is the minimum value of the vibration periods corresponding to the
neglected modes /2/.

In case of analysis of two beams only, with just one mode taken into ac-
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count, T /2 corresponds practically to the contact time /2/: this demonstra

min
tes that CORALIE is very well optimized, because it would not be possible to

obtain a correct solution with less of three points per half-period.

4, Experimental Validation of CORALIE

Experiments for testing the procedures of CORALIE were carried out at the
CEA Nuclear Center of Saclay on the RAPSODIE mock-up, wusing up to 91 RAPSO-
DIE fuel elements and 180 neutron shield elements. These measurements were
performed in air and water, at various intensities of the base acceleration,
applied in two normal directions /6/. An experimental study was started in
Italy, as well (at the ISMES Laboratories) /2/.

Figs. 1 and 2 show two examples fo comparisons between calculations and
measurements performed in air at two levels of excitation at Saclay /2/ (an
extensive discussion on the validation of CORALIE will be presented in a fu
ture paper). Fig. 1 refers to the case of excitation normal to the flats of
the hexagonal fuel elements, while fig. 2 corresponds to the case of exicita
tion along the corners. Both figures show the maximum measured and calcula-
ted displacements at the top of the central row of elements parallel to the
direction of the excitation, against the element index.

The figures show that the agreement between CORALIE calculations and mea
surements is very good. Such good agreement was found at all other different

levels of excitation.

5. Conclusions

The stability and the optimization of the proceduresapplied in the compu
ter program CORALIE, together with the good agreement obtained between cal-
culations and measurements, indicate that the code is a very good tool
for the analysis of shock phenomena such as those occurring in the Fast Reac
tor Core during seismic excitation.

The introduction in the code of a suitable fluid-structure interaction mo

del, which is under progress, will allow an even wider use of the code.
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