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Abstract

The paper presents the wain features of the numerical and experimental methods applied
by the Fast Reactor Department of ENEA to the seismic verification of the core of the Italian
PEC fast reactor test facility, which is in advanced construction at the Brasimone site. It al
so points out the problems which in general remain open in the fast reactor core seismic anal-
ysis. The aim 1s to contribule Luwards a generally arceprahie philosophy on core seismic veri-
fication techniques and suggest items of possible co-operation for future developments.

1. Introduction

One of the main objectives of the design of nuclear plants in countries in which earthqua
kes are real events is to satisfy the seismic safety and operational requirements. This is es-
pecially true for a fast reactor, in which the presence of flexible structures may lead to con
siderable amplification of the seismic motion of safety relevant components /1/. For these rea
sons the greatest care is devoted by the Fast Reactor Department of ENEA to the seismic verifi
cation analysis of the PEC fast reactor test facility, which is in advanced construction at
the Brasimone site /2,3/. Particular attention is obviously paid to the core, which largely af
fects the safety of the reactor in an earthquake /4,5,6/.

Due to the large reference earthquakes, the considerable flexibility of the vessel suppor
ting structure and core elements, and the presence of non-negligible gaps among these elements
and in their feet, sophisticated aumerical and experimental techniques had to be developed for
the analysis of the PEC core response to the horizontal earthquake components.

After a brief description of the PEC core and some remarks on the requirements to be sat=
isfied in an earthquake, the paper will deal with the mentioned methods, with the aim of con -
tributing towards a generally acceptable philosophy bn core selsmic verification, ln Fact, no
well defined procedures exist yet on this subjent, although a great amount of work has heen
carried out and published: the available papers (see, for instance, those presented at the two
last SMiRT Conferences /4-11/} do mot provide a clear and complete comparison of the methods
applied in the various countries. For the abowe vited purposes, the paper will also point ont
the open problems, which need further studies, possibly in the Framework of a wide internatio—
nal co-operation.

2. The PEC core

The PEC core is characterized by an outer diameter of 2.5 m and an overall element height
of 3 m. It is surrounded by three neutronic shields, the most interior one having an inmer dia
meter of 2.75 m. 622 elements of different types are present ia the core most probable configu
ration. The 78 fuel elements surround the test channel, which occupies, when it is inserted ,
the seven uwost central diagrid positions,

Two levels of pads are fitted to the core elements: beside the original ones, located clo
se to the element midplane, a second set of pads was recently applied at 2.6 m from element ba
se (above the active zone), to reduce internal core clearances (and thus, element seismic rela
tive motions) to very small (although non-zero) values : this limits neutronic-seismic interac
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tion effects to an acceptable level (see ref. /12/).

The core inner elements are arranged in groups of seven forced together at the contacting
pads,

The control rod absorbers are inserted into guide-tubes (fixed to the vessel plug through
the Control Rod Drive Mechanism) in the upper part, and enter guide elements located in the co
re in the lower part /13/. B

A "core-restraint" ring was recently inserted in the vessel at the core element upper pad
level, in order to reduce overall core seismic motion and thus, to allow scram to be guarant —
eed during earthquake: the clearance beltween this ring and the core is small but not zero for
handling reasons /12/,

3. Seismic safety and operational requirem

Two reference earthquakes are defined for PEC /1/: the earthquake TSS ("Terremoto di Sicg
ro Spegnimento"), corresponding to the American SSE and characterized by a maximum ground acce
leration of 0.3 g in the horizontal directions, and the earthquake 3TSS, 4TSS represents the
normally acceptable earthquake, taking into account economical aspects. For this earthquake,
damages may be accepted only on components which can be inspected and easily repaired. PEC has
to withstand five 3TSS (for components remaining in the reactor during its whole life) and one
TSS.

With repard to the core, the safety philosophy implies that the following requirements ha
ve to be satisfied for the horizontal earthquake component, up to TSS :

- the rapid automatic insertion (during and after the earthquake) of a number of control rods
sufficient to shut down the reactor has to be guaranteed ;

- deformations or ruptures of core elements, which may hinder the element cooling, have to be
avoided ;

= fuel element compaction has to be limited, in order to reduce neutronic-seismic interaction
to an acceptable level,

Furthermore, the core elements should not be damaged by any earthquake less than 1TSS, or
at least,their replacement should be guaranteed.

It is therefore evident that, in order to demonstrate that the above mentioned require-
ments are satisfied, it ig necessary to calculate correctly, for both TSS and $TSS, the seis -
mic motion time-histories of the core elements at various axial levels (beside that of the co-
re diagrid), to determine the consequences of such displacements in terms of strains at the ele
ment feet, response of the shutdown system and core volume variations, and to evaluate clement
shroud deformations due to element impacts. These studies have to be performed in both the ca—
se of presence of the test channel,and that of replacement of the test channel by a group of 7
elements; furthermore, both initial and end-of-1life distorted core geometries have to be analy
sed.

4. The computer program CORALIE

The PEC core seismic analysis is particularly complicated due to clearances between adja-
cent elements and between the external elements and the core-restraint ring, allowing shocks
to occur among these. Moreover, strong fluid-structure interaction effects are present, due to
the small distances among elements and between the core and the neutronic shields. Finally,the
dynamic behaviour of each single element is also non~linear, due to internal mobile parts and
presence of clearance in the feet.

Thus, a numerical Fechnique Eor the dynanic core non—linear analysis has been developed
and implemented in the computer program CORALLE /4,7/. This work lins been carried out in colla
boration with CEA, due to the Fant that a nuiérical tool was alse needed for the Superphenix-1
core seismic analysis. Tn CORALLE the shocks are simulated hy systems of springs and dampers,
the action of which starts as sqon as local tontacts oceur, and the fluid effects can be des —
cribed by an increase of wiscuus damping and (after the recent improvements of CEA) the intro—
duction of a complete addid mass makrix,

The features of CORALIE have been described in the mentioned references /4,7/; however,it
appears important to discuss, in the next paragraphs, some limitations of the program and some
problems in its application.
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5. Core excitation

To analyse the fast reactor core seismic response it is necessary, in general, to calcula
te core diagrid acceleration time-histories for both reference earthquakes. Furthermore,in the
case of PEC the analysis of the core configuration containing the test channel requires that
also the plug acceleration time-histories are determined. (According to ref. /20/, due to PEC
high vessel wall stiffness, we assume that the relative motions among the plug, restraint-ring
and diagrid are negligible in the reference system fixed to the diagrid itself).

The evaluation of the mentioned time-histories is performed by NIRA with linear calculat-
ions of the whole reactor block. More precisely, as described in /5/, to take into account the
strong effects of the vessel-core seismic interaction characterizing PEC, they are obtained
through iteration of the NIRA linear calculations and those, non-linear, performed by ENEA for
the single core with CORALIE : this implies the definition of an equivalent linear core model,
obtained at each iteration step linearizing the CORALIE response. It is worth noting that in
the case of PEC the final linear core model features appear to depend on the excitation level
(TSS or 4TSS), core configuration (presence or absence of the test channel) and assumptions
made with regard to fluid effects (see ref. [12/)-

Up to now reference has been made to only one (artificial) time-history at the level of
the vessel supporting structure, for each of the two reference earthquakes. However, we intend
to investigate the "shape" effect of the excitation on the core response (some studies have
been initiated). Furthermore, we also intend to investigate the effects of the uncertainties
related to the linear core model, i.e. both those depending on definition modalities of the mo
dels and those alfecliug Lle CORALIE rcsponsc which ic linearived ra ahFain snch models (§ 137,

6. Analysed core configurations

The CORALIE analysis can be carried out only assuming that the core response is negligi -
ble in the direction normal to the excitation. This assumption was introduced according to the
results of experiments carried out by CEA for a large core configuration, which had shown that
the maximum displacements of the elements of a central row (i.e. those located on a core diame
ter)are very similar in the case of excitation of the whole core and that of excitation of the
single central row /4,7/. Furthermore the data measured in the CEA experiments with excitation
of the whole core have been shown to be in excellent agreement with the numerical results cal-
culated for the single central row, in the case of two earthquake directions, normal to each o
ther (i.e. that normal to hexcan flats and that normal to hexcan corners) /4,7/. Finally, the
core response has been found to be very similar for the two excitation directioms.

Thus, the PEC core design calculations are normally carried out on the two single central
rows of core elements corresponding to the the two previously cited earthquake directions /12/.
Anyway, calculations are also performed for other single rows of elements, in order to check
che conservatism of the central row calculations and to obtain information on the control-rod
guide-elements, which are not present in central rows /12/. Furthermore, some calculations ha-
ve been performed with preliminary data and in the case that the test channel is replaced by a
group of seven elements, for core configurations of up to nine rows: these have confirmed (wi-
thin the limits of validity of the assumption of negligible transverse response) that the sin-
gle central row approach is adequate for the core geometry analysed in that study /15/.

In spite of the above mentioned justifications, however, the single row analysis certain-
1y introduces some uncertainties; furthermore it makes it difficult to simulate correctly the
fluid coupling among elements through a complete added mass matrix (§ 8), and for PEC, the pre
sence of the test channel (in this case parametric rums and calculations with three elewent
rows are in progress). Finally, the single row approach makes it impossible to use CORALIE for
the evaluation of reactivity insertion due to an earthquake in a realistic (i.e. not too con -
servative) way.

7. Number of modes

The computer code CORALTE makes use of modal analysis. Only the first two modes are usual
1y assumed for the PEC core elements, because the natural frequency values corresponding to
the third mode are largely outside the frequency range characterizing seismic excitations.
The validity of this procedure has been confirmed by the results of runs performed with wup
to six modes for each element /12/. Anyway, we intend to perform further checks, by use of
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an option of CORALIE which allows a quasi-static correction of the computed response to be ap-
plied for taking into account the effects of the shock-induced excitation of the neglected mo-
des (Lhe method of correcting the shock stittness, applied in previous studies to account for
these effects /5/, has been found to lead to uncorrect results for the PEC restrained core, es
pecially with regard to the maximum shock forces, see § 11).

8. Fluid effects

Up to now, due to lack of more precise information specific for the PEC geometry, the so-
dium effects have been taken into account by an increase of element linear mass and damping
coefficients measured in air /12/.

More precisely, the linear mass is increased by 567 in order to reduce maximum core res -
ponse frequency to 80% of the value corresponding to absence of sodium effects, thus averaging
the available experimental data obtained for other core geometries /7,8/. This assumption has
been found to lead for PEC (also taking into account vessel-core interaction) to conservative
results with respect to those obtained by neglecting all added mass effects /12/. More accura-—
te methods, capable to evaluate the single terms of the added mass matrix /16/, have not been
applied, because these neglect the fluid motions in the vertical direction, which should be of
the same order of magnitute as the horizontal ones . Furthermore, the use of a complete added
mass matrix (beside the difficulty of a correct measurement) would imply the necessity of ex—
pensive 3D calculations of the whole core (which are not possible with CORALIE), because the
coupling effects among each core element and the surrounding element rings do not vanish with
increasing distance from the element /16/ and because it does not appear reasonable to try to
define some kind of equivalent coupling coefficients applicable to the single row analysis, Fi
nally, for a correct analysis of the PEC core with fluid-coupling effects, also those related
to the vessel and internal shields should be taken into account (see the dimensions of the co—
re and internal shield in § 2).

Moreover,with regard to damping, we have assumed that the fluid applies an additive cor -
rection to the fractions of critical damping with respect to the values in air,A|L=4Z : this
is in agreement with the results of the fluid-structure interaction measurements performed by
Belgonucléaire / 1/. It should be noted, however, that these data are certainly conservative,
because our recent tests performed in water with single prototype mock-ups and couples of the
PEC core elements show that the presence of fluid inside elements and in the interspace betw -
een feet and cans leads already to an increase of damping Aq of about 2+3% /14/ (in the
tests of Belgonucléaire the core elements were simulated by solid blocks).

Finally, it is worth citing that we have started experiments for a correct evaluation of
the fluid-structure interaction effects in the PEC core, which will allow to check the adequa-
¢y of the cited assumptions in the final calculations /14/. In these tests core configurations
of up to 19 (at least) elements are analysed, the first purpose being to determine the global
effect of fluid on displacements, frequency response and damping, both related to internal co-
re phenomena and (possibly) interaction with the vessel.

9. Llement vibrational parameters

The natural frequencies and the associated vibrational parameters of the PEC core assemb—
lies are calculated by means of the finite—element method. Double-contact restraints are assu-
med at element feet, Beside the linear mass corrections mentioned in § 8, corrections are also
applied to the theoretical stiffness (especially in the feet, to account for foot-can clearan-
ce effects) : these are estimated on the basis of the results of the dynamic experiments car -
ried out on prototype mock-ups of the PEC core elements in air and water (see refs./6,12,14/),
We note that we refer to isostatic models of the single assemblies, instead of trying to simu-
late with CORALIE the non-linear effects of thec clearance in the foot, because of the too many
uncertainties which affect (in our opinion) the parameters characterizing the non-linear rest-
raints., It is obvious, however, that our method does not allow the strains at the element feet
to be correctly calculated with CORALIE. Anyway, to determine these, specific experiments are
performed on the basis of the computed maximum displacements /17/: the measured values are cer
tainly more correct than those which could by computed through any CORALIE calculation with
the assumption of one-dimensional stress and strain fields made in the code.

Up to now, according to a first set of experimental results /6,12/, natural frequency va-
lues independent of excitation level have been assumed in the design calculations. However, the
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most recent measured data, referring to excitation levels up to TSS, indicate the necessity of
making use, in the final calculatioms, of different values for TSS and 3TSS (especially for
the elements with large clearance in the foot); furthermore, an uncertainty range has to be as
sociated to such values /14/.

With regard to the test channel, an equivalent beam, defined by NIRA through a detailed a
nalysis, is used in the CORALIE calculations: this beam is supported at both diagrid and plug.

10, Damping values

Constant values of the fractions of critical damping, m*= 5%, have been assumed up to now
for all elements and all modes, for both TSS and 4TSS, These correspond to the assumption of n
= 1% in air and as mentioned,Aﬂ‘= 49 due to sodium effects ( § 8). However, similar to Aq_,the
experimental tests performed on prototype core element mock-ups have shown that the assumed Q
values in air are normally conservative, especially for the elements with large foot-can clear
ance /14/. Thus, for the final PEC core calculations, less conservative N* values will be used.
These will be different for the different elements and for the two reference earthquakes : in
fact, damping values appear to decrease with increasing excitation up to TSS /14/.

11. Shock parameters

The shock spring constants are obtained by means of 3D static calculations estimating
shroud deformations and from the results of experiments /17/. Due to the small gaps among core
elements at the two pad levels, the assumption of two opposite equally loaded hexcan flats is u
sually taken to determine these parameters : in fact, this assumption leads certainly to cons-
ervative element displacements for the PEC restrained core. However, while the conservatism re
lated to absolute displacements is acceptable for a correct structural and functional verifica
tion of the core elements and shutdown system, that characterizing core volume variations is
not acceptable, due to non-negligible effects of shroud deformations on these variations: thus
for reactivity insertion evaluations, higher shock stiffness values are assumed in the CORALIE
runs, which take into account the contact map evaluated statically at the time of maximum core
compaction /18/.

With regard to the effects of the shock-induced excitation of the high-order modes,neglec
ted in the CORALIE modal analysis, the method of accounting for these by correcting shock stif
frness /4,5/ is not adopted any more for PEC, after the recent considerable reduction of gap VE
lues among elements. In fact, such correction applies only to the case that the shocks are not
simultaneous (by the way, this is implicitly excluded by the assumption made for assessing the
shock spring values). Furthermore, as mentioned in § 7, calculations carried out with up to 6
modes have shown that such correction leads to rather uncorrect results : this is especially
true for the shock forces, which would be underestimated for fuel elements /12/.

Finally, the shock damping values are calculated from the shock spring comstants with the
method of ref. /7/ (based on energy balance considerations) ,assuming a restitution coefficient
of 557 and measured shock durations /19/ : it is worth citing that the validity of the method
is now being checked through a re-analysis of the measured data, because the shock damping va-
lues have a considerable effect on the maximum shock forces in the PEC case /19/.

12. Integration time-step values

Various parametric studies have been carried out to assess the correct integration time
step value, At. These have shown that a rather small value, At= 0.4 ms, is necessary for the
PEC core geometry to obtain an adequate response in terms of displacements and core volume va-
riations and an even lower value, At= 0.1+0.2 ms to determine maximum shock forces correctly.
Thus, in the actual PEC core calculations, At= 0.1 ws is assumed.

13. Notes on the linear core models

The features of the linear core models adopted for PEC have been described in /5/. Tt is
worth noting that, for estrapolating the CORALIE results from the single central row of elem -
ents to the whole core, it is now assumed thal the average motion of cach type of elements and
impact forces acting on the restraint ring are equal in all rows. The effect of other possible
assumptions are being investigated; if necessary, appropriate uncertainty parameters will be
associated to core excitation in the final calculations. Furthermore, the study of the effects
of the uncertainties related to core element data (i.e. frequencies, damping,etc.) is also in
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progress, together with some work on vessel-core coupling due to sodium effects /15,20/,
14. Use of the results

The results of the numerical and experimental studies of the PEC core have been applied
(a) to the structural and functiomal verification of the shutdown system ;
(b) to the structural and functiomal verification of the single elements (feet and shrouds) ;
(c) to the numerical studies performed for evaluating reactivity insertion in an earthquake,
With regard to items (a) and (b) specific papers are presented to this Conference /13,17/,
while the first results concerning item (c) have been discussed in ref. /18/. We only note. on
neutrouic~seismic interaction, that a static approach has been used for TSS, making reference
to dynamic analysis only for the evaluation of average hexcan deformations to be applied in
the static calculations; on the contrary, a dynamic approach is used for the case of 3T8S
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