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Abstrackt

The paper deals with the recent numerical analysis carried out to evaluate the core seis-
mic response of the Italian PEC fast reactor. After some notes on the improvements of the ite-
rative procedure applied for taking into account the strong effects of the vessel-core seismic
interaction, it stresses the consequences of our studies in terms ot feed-backs on the design
and presents the main results of the analysis carried out with up-to-date data, pointing out
their use for the structural and functional verification of the shutdown system and core elem-
ents, as well as for the evaluation of reactivity insertion in an earthquake.

1. Introduction

As pointed out in ref. /1/, a considerable effort is devoted by the Fast Reactor Departm-
ent of ENEA to the seismic verification of the core of the Italian fast reactor test facility
(see the brief description of the PEC core in /1/). The core seismic calculations are perform—
ed by ENEA with the non-linear computer program CORALIE /2/; furthermore, a procedure which it
erates the CORALIE calculations and those, linear, carried out by NIRA for the whole reactor -
block is applied to take into account the strong effects of the vessel-core seismic interacti~
on. These effects are rather strong in the case of PEC due to the large mass associated with
the core and considerable flexibility of the vessel supporting structure (we remember that PEC
is a semi-integrated loop-type reactor) /3/.

The first results of the calculations carried out for the analysis of the vessel-core sei
smic interaction were presented at the Chicago SMiRT Conference /3/, together with the featur-
es of the iterative procedure, while the methods of CORALIE are described in the paper of ref.
/2/, presented at the Paris SMiRT Conference. Moreover, both subjects are summarized in paper
/1/, presented at this conference. Thus, this work will deal with the continuation of the nume
rical analysis of ref. /3/, stressing the consequences in terms of feed-backs on the design ;
then, it will present the improvements applied to the iterative procedure to reduce the number
of iteration steps; finally, it will report the main numerical results of the analysis carried
out with up—to-date data, pointing out their use for relevant experimental tests.

2. The iterative procedure

A simplified flow-chart ot the iterative procedure applied to take into account the eff -
ects of the vessel-core seismic interaction is shown by Fig. 1/3/. This figure indicates that
a linear core model has to be defined at each iteration step in order to allow the linear reac
tor-block calculations to be performed. The model for the second and subsequent iterations is
obtained by linearizing the transfer functions between the diagrid acceleration and reaction
loads Lransmitted by thie core Lo the vessel, which are calculated on the basis of the CORALIE
results as described in ref. /3/.

With regard to the first iteration linear core model, rough assumptions have to be made ,
due to lack of precise information on the core response at such an iteration step: the effects
of these assumptions will be discussed in the following sections.
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3, Calculations with preliminary data

The calculations of ref. /3/ had been carried oul referring to earthquake TSS (correspong
ing to the American SSE /1/) and using preliminary data with regard to the geometry, vibratio-
nal behaviour and shock data of the core elements. Furthermore, only the case that the test
channel is replaced by a group of seven elements had been analysed (see /1/) . Such calculati-
ons had been performed for both the case of unrestrained core (corresponding to the original
design solution), and those of a single restraint ring at the level of the contacting pads (1o
cated close to element midplane) and a double restraint, i.e. a design solution with a second
restrainl ring al about 2.5 m from element base. In the case of double restraint a second set
of thick pads had been also applied to the reflecting and neutron shielding elements at the up
per pad level., The restrained core solutions had been analysed in order to investigate the pos
sibility of improving core response by limiting core element motions (the clearances between
the rings and the core weresmall but not zero for handling reasons).

The aforementioned calculations have been subsequently completed refining the analysis of
the double restraint solution, and extending the study to the case of a single restraint at
the upper level /4/.

All these calculations have demonstrated the adequacy of the iterative procedure in both
the case of unrestrained core and those of restraints /3,4/. However, a large number of iterat
ions (nine, at least) was necessary in the presence of the upper restraint (Tab. I). Furthermo
re, the results of the analysis of ref. /3/ show that a single restraint located close to elej
ment midplane does not improve core seismic response, while those of the study of ref. /4/ de-
monstrate that the upper restraint has a positive effect on the response of the elements to
which a second set of padsis applied (the lower ring of the double-restraint structure appears
useless again : in fact, no contact has been detected in /4/ between this ring and the core)

4. Improvements of the iterative procedure

Due to the fact that the design solution with a core-restraint ring located close to core
element top had appeared to be that most promising for limiting core seismic motions, a study
has been carried out to reduce the large number of iterations which was necessary in such a ca
se to reach convergence. This study, described in detail in ref. /5/, has demonstrated that -
the reason of the slow convergence in the calculations of refs. /3,4/ lies in the assumption
made in these calculations for the definition of the first iteration linear core models:these,
in fact, led to very conservative results in the first iteration runs with CORALIE (Tab.I). Tt
has been found that first iteration results which are much closer to the convergence solution
(Tab. I) can be achieved with the following procedure
(a) Two calculations of the whole reactor-block are performed with the two first iteration 1li-
near core models of Fig. 2 (the first one with free elements and the second with elements
hinged to one another at the two pad levels and to the diagrid at the restraint level). In
these first iteration calculations increased values of the fractions of critical damping ,
Ne= 157, have to be assumed, instead of those used in the CORALIE runs (q= 5%, see /1/).

(b) The two acceleration time-histories obtained according to item (a) are averaged at each ti
me t, providing the excitation to be applied in the CORALIE first iterationm run.

We note that the increase of damping in the first iteration reactor-block analysis simula
tes shock effects on frequency response, while the core stiffening due to impacts against the
restraint ring is approximated by the mentioned average of time-histories.

It has been verified that, with the above cited methods the convergence procedure becomes
much faster: in fact, as shown by ref. /5/ and Tab. I, only 4+5 iterations are necessary, in-
stead of the previous 9411

5. First modifications of the design

Due to the results of the preceding paragraphs, modifications have been applied to the
PEC design. More precisely, a restraint ring (with a distance of 9.3 mm from the external core
elements) has been inserted in the vessel at about 2.6 m from element base (i.e. very close to
the axial level assumed in the preliminary calculations); furthermore, a second set of pads
has been applied to all core elements at the restraint level /1/. Such modifications have been
decided mainly to limit displacements of the control-rod guide-elements to values compatible
with scram requirements /6/. The upper pad design has been such as to reduce internmal gaps (i.
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e. the seismic motion inside the restraint ring) as much as possible without any risk of hand-
ling problems : in fact, the thicker pads (providing gaps among assemblies of 0.5 mm) have be-
en applied to the reflecting and neutron shielding elements, while those on fuel elements were
thinner (gaps of 1.9 mm).

Furthermore, all element feet have been modified, in order to eliminate the stress peacks
detected in the previous calculations /4/ and guarantee that upset limits are satisfied in the
case of earthquake 3TSS /1,7/.

6. Calculations at TSS with up-to-date data

In 1984, the calculations for the PEC core seismic verification were repeated, for the
previously mentioned restraint solution, with up-to-date data. More precisely, beside taking
into account the design modifications described in § 5
(a) isostatic double contact restraints have been assumed in the feet of all core elements, to

gether with corrections of the stiffness values of the feet and (for reflecting elements)
zones of the internal tubes containing the nickel blocks, according to our experimental re
sults on single elements at the highest excitation levels /8,9/;

(b) the added mass effects due to sodium have been partially (but conservatively) taken into ac
count by increasing element linear mass in such a way as to reduce maximum frequency core
response to 80% the value corresponding to absence of sodium (see ref. /1/);

(¢) the shock model has been corrected to account for shock stiffness values according to
3D static calculations, and shock damping /1/.

The iterative procedure has been applied, again only for TSS, making use of the improved
techniques described in § 4. Damping values n= 5% have been mantained in the CORALIE rums acc-—
ording to /1/. Also in this case, only four iterations have been necessary to reach convergen-—
ce (TPab. IT and Fig. 3): this confirms the adequacy of the improvement applied to the iterati-
ve procedure.

7.First calculations for } TSS

Referring to the convergence solution obtained for TSS with up-to-date data, some first
calculations have been also performed for excitations appearing close to 3TSS. More precisely,
this earthquake has been simulated assuming 60% the TSS diagrid acceleration,according to pre-
vious studies with the assumption that the linear core model is independent of excitation lev-
el /5/. This has led to the first iteration results of Tab, III.

8. Use of the previous results

The analysis described in § 6 and § 7 has allowed the excitation time-histories for the
seismic experiments of the shutdown system to be determined for both TSS and 3TSS /6/. Further
more, the excitation for the most recent seismic experiments on core elements could also be e;
aluated /10,11/, together with a first set of data (maximum displacement and shock force valu-
es) recently used in the tests for the structural and functiomal verification of the core
elements /7/ (we note, about shock forces, that these are considerably increased by the pres-—
ence of the restraint). Finally, the study on neutronic-seismic interaction could be started.

It is worth citing that the analysis of § 6 and § 7 had to be limited to the single cent-
ral row with hexcan flats normal to excitation direction /1/ (Fig. 4).: this was due to urgen-
cy of starting the experiments.

9. Conservatism of the results obtained for TSS

Further calculations have been carried out for TSS, after those of § 6, in order to check
the conservatism of the previous results, especially with regard to displacements of the cont-
rol-rod guide-elements (the excitation applied to the experiments of the shutdown system refer
red to adjacent elements, because no control-rods are present in central rows /1/). More prec?
sely, the response of core element rows parallel to the central one and containing control - B
rods has been evaluated, together with that of the central row with excitation normal to hex-—
can corners (Fig. 4). These calculations have confirmed the adequacy of the central row ana
lysis, as Tab.III indicates for the control-rods. -

10. Vessel—-core seismic interaction for } TSS

In order to evaluate the conservatism of the results previously obtained for } TSS, the
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vessel-core seismic interaction effects have been determined correclty also for this earthqua-
ke, The iteration has been started from the CORALIE response obtained with the assumption of
607 the TSS diagrid acceleration (§ 7). Only two further iterationms have been necessary to a-
chieve convergence (see Fig.3 and Tab.III).

It is worth noting that the convergence solution obtained for 3§TSS corresponds to a seism
ic response which is considerably lower than that obtained in the first runs of § 7. This con-
clusion has been confirmed by the results of further calculations, performed for other core el
ement rows, as for TSS (Tab. III).

11. Most recent design modifications

Very recently, further modifications have been applied to core elements, to reduce reacti
vity insertion in an earthquake to an acceptable level.This has been decided on the basis of
the results of dynamic calculations, carried out as usual for the single central row /12/. The
se have shown that in the case of TSS a complete compaction of the fuel elements occurs in
this row at both pad levels, due to the presence of the restraint ring. Thus, the thickness of
the contacting pads has been considerably increased in the fuel elements (especially at the up
per level, at which the new gaps are 0.5 mm). TFurthermore, hexcan stiffness of the fuel elem-—
ents has been considerably increased at upper pad level, in order to minimize the contribution
of hexcan deformation to element compaction. Finally, the upper pad thickness has been reduced
on neutron shielding elements, because of the negative effect of such pads on core compaction,
detected in the calculations /12/ (small pads, providing gaps of 2 mm, have been mantained in
order to guarantee the conservatism of the experiments performed for the shutdown system and
core elements /6,7/; see Tab., ITI).

12. Most recent calculations

Calculations based on the previously described final core element geometry have been star
ted. A detailed description of this analysis will be provided in a future paper. Thus, only a
few remarks are reported here,
(a) Shock parameters. In the most recent calculations experimental values /7/ are used for def
ining shock stiffness ( for more details see /1/). -
(b) Number of modes. Two modes have been found to be sufficient, as shown by Figs.5 and 6.
() Effect of the neglected modes. The correction of shock stiffness to account for shock indE

ced excitation has been found to lead for PEC to very uncorrect results, especially as con
cerns shock forces (see ref. /1/ and Figs. 5 and 6).

(d) Vessel-core seismic interaction. Some further iterations had to be performed to take into
account the effects of the last modifications. Also the effects of recent correction of

vessel schematisation according to /13/ have been considered.

(e) Added mass effect. The assumption made on added mass due to sodium (§ 6) has been found to
lead to conservative results (see vef. /1/ and Fig. 7).

(£) Test channel. Calculations for the core configuration with the test channel have been ini-
Eiated, starting from the final excitation obtained in the case core without test channel.
Iterations have to be performed, because the linear core model features appear to be consi
derably affected by the presence of the test chanmnel. N

=

(g) Element displacements. The maximum displacements of core elements appear to be rather low-

er than those previously evaluated (see, for instance, those of the control-rod guide-elem-
ents in Tab. IID. This demonstrates the reliability of the experimental results obtained
with data based on the previous geometry, with regard to scram feasibility and element
foot integrity.

(h) Shock forces. Due to higher stiffness, larger shock force values have been calculated for
fuel elements at upper pad level. However,further experiments on the new hexcans have been
positively concluded /7/.

(i) Reactivity insertion. A specific discussion of this topic is contained in ref. /12/. Some

remarks are also reported in /1/.
13. Conclusions

The developments of the numerical analysis carried out for the PEC core seismic verifica-
tion have been shortly described,pointing out the consequences of such analysis in terms of
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feed-backs on the design, and the use of results for relevant experiments. It has been shown

that

the data applied in these experiments are adequate inspite of the recent further modifi-

cations applied to core elements.
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Tab.I: Effects of the iterative procedure on PEC core Tab.TT: Maximum top
element maximum displacements (mm) calculated for TSS displacements ( mm )
at top level in the case of a core-restraint at 2.5 m computed according to
from element base. Calculations with preliminary data first modifications

Original procedure Improved procedure Case of TSS Cage of iTSS
1.2, 3. 4. 5.6, 7. 8, 9. 10 11 1o 2.3, &, 5. 1. %o 3. . 5. 6. 1. 2. 1.
Central fuel elem 31 30 18 17 16 17 23 19 16 15 1§ 20 20 17 15 15 j16 35 36 36 15 15 32 26 25
Porced fuel elem 4136 39 26 24 21 21 25 24 21 22 22 27 23 22 22 22 49 35 36 38 17 37 3125 25
Normal refl. elem 4§37 41 27 25 22 23 25 24 23 22 22 26 24 23 22 22 52 33 34 35 33 33]] 28 23 23
Neutron shield. =14J380 26 23 16 16 15 19 15 14 15 15 21 18 18 15 15 227 27 28 27 27 22 18 18
Fuel elem, in decadf24 26 28 15 15 I3 16 14 13 14 14 16 17 16 14 14 7 24 25 26 25 250 20 17 17

Tab.IIL: Maximum displacements of control rods at upper pads (mm) referring
to both the first and final design modifications. Comparison with the values
applied to the TSS and } TSS shutdown experiments

Eicst design modifications final modifications
[EARTHQUAKE |EXCITATION ESCTITATION NURMAL TO HEXCAN FLATS H'WJ\NS\‘F:!IEE EXCITATION NORMAL
LEVEL DIRECTION central row (roa index from core conter [EXCITATION TO HEXCAN FLATS
(shutdown exp. 1, 4, 5, central row

158 positive 3 26 27 25 27
negative | Inot calculated 26 24 22 25
} 188 positive 25 1 16 12 16
negative not calculated 13 14 14 16
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