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Summary

Nuclear stability dictates that the geometry of the core be closely controlled at all times.

This means that a core deformation, caused by dynamic condition like the seismic motion,
could determine, to a large or small extent, a radial inward displacement, and be accompanied
by a possible insertion of reactivity.

This safety issues is therefore of meaningful importance particularly for the next generation
LMRs core design because of high inertia of the metal coolant.

In the PAR 2012-2014 the deformations of core (and restraint system) geometry caused by
dynamic perturbations has been investigated. In particular in doing that it was referred to the
Advanced Lead Fast Reactor European Demonstrator - ALFRED (300 MWth).

After a revision of the state of art, found to be lack of such a type of study, an analytical and
numerical investigation was carried out.

The core compaction issues were treated by means of a deterministic approach;. In this
framework numerical analyses have been performed by the finite element MSC©Marc code to
simulate the mechanical behaviour of the overall reactor system and, specifically, of the most
important components constituting the inner vessel, such as the lower and upper grid, the inner
vessel, the support skirt, the assemblies, etc.

Due to the complexity of modelling and especially due to the limitation of calculation resources
available to solve such a type of complex phenomenon, the substructure approach was adopted.
A special attention, of course, was paid to those solicitations that could deform the behaviour of
core system and of each fuel assembly: therefore the propagation of seismic loading from the
ground to the fuel elements was analysed.

Indeed, suitable boundary and initial conditions, such as that one related to the fuel mass, the
restrictions imposed by the geometrical in-structures connections and restraints, etc. have been
assumed to adequately simulate the dynamic response of structures. To characterize the
interaction among the components, surface-to-surface contact condition has been implemented
along with the “deformable body” one.

In addition, the mesh was designed to be appropriate for the purpose of the analysis; due to the
nature of the problem it is significantly finer, with a more refinement at areas where high stress

gradients or large deformation gradients are expected.



The results indicate that stresses overcome the yielding limit particularly in the upper part of the
inner vessel, close to the flange support, in the upper grid and in the annular area neighbouring
the nozzle penetration. In this latter case it was observed that the section ovalizes, highlighting
therefore that a circumferential buckling is occurring. All these zones plasticize largely as an
obvious consequence of the prolonged stress state without any cycling (dynamic) relaxation.
The assemblies undergo to a bending deformation that looks like the beam inflexion type. This
is a consequence of length of the elements, the larger deformation of which is localized at half
height of the structures.

The displacement varies along the vertical axis (direction of main flexibility of structure)

reaching at some instant a maximum value of about 9 cm.



1. Introduction

One of the objectives of advanced liquid metal reactors (LMR) is to maximize the safety of
reactors in any design and (beyond) design condition for all plants lifetime, so LMR designs are
expected to significantly increase the safety [1] [2].

As indicated in the PAR 2012-13, to attain this intent becomes important also the knowledge of
the core behaviour, especially in deformed configuration, because of its safety relevant aspects,
particularly related to the reactivity excursion, fuel life prediction, etc.

Nuclear stability considerations dictate that the geometry of the core be closely controlled at all
times: therefore any modification of it must be predictable, compatible with the requirements of
the interfacing reactor systems and safely manageable by means of (intrinsic and engineered)
control mechanisms. The compaction of core assemblies is so a crucial aspect of the core
system design because of the consequences and effects (e.g. loss of flow, etc.) on the net
reactivity, especially, during transient conditions caused by external events [3][4]. In fact, as a
result of a ground motion, the core assemblies may distort in the axial (along the height), radial
and circumferential directions, as shown in Figure 1: generally the deformation is radially

inward (flexion + constraint on pads), of small or large extent.

2008 X
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Figure 1 — Scheme of core compaction.

It is notably necessary to ensure that [2]:
- in any situation, a large compaction of the fissile material must be prevented/avoided. It
shall be demonstrated that the reactor must safely shut down without any insertion problem

of control rods.



- Core cooling capacity of the core assemblies must be demonstrated under dynamic loading.
- Material containment is assured, particularly during earthquake;

- it must be demonstrated that the fuel pins are not damaged [4].

In consideration of that, the dynamic behaviour of the core assemblies [5] [6] [7] (and restraint
system) geometry of the ALFRED reactor is investigated in this study with respect to seismic
event. This assessment will give information for the safety control of the reactor and the

upgrading of the core region design.

1.1. Problems to be addressed in the core compaction

As indicated in [3] the several sources of dynamic loading that could determine the core
compaction may be originated by the internal or external accidents. In this latter case the most
important source of solicitation is the earthquake event. As for the Fast Reactor concerns,
major threats are related/arise from the large amount of metal coolant retained in the vessel
pool: the inertia force caused by the seismic solicitation impacting on the internal structures
might deform at less or large extent them. As a consequence of that a (partial) loss of flow
(LOF) from fuel sub-channels, nominally may occur determining possibly an increase of the
fission rates (notably in the “even” nuclides, having a threshold fission cross section) and a
reduction of the capture rates. A rapid insertion of reactivity may occur determining instability
of reactor.

Since it is not possible to exclude core compaction by design, it becomes important to limit the
compaction, through passive, simple and reliable means, so that the associated reactivity
insertion can be safely managed. The three fundamental safety functions to take into account in
core design are [3] [4][7]:

+ Reactivity control: it must be demonstrated that under any kind of possible dynamic loading
the core volume will not be decreased above a given limit. To limit the possible insertion of
reactivity, relative movements between fissile subassemblies and absorber rods should be
limited, and fuel pins break prevented. Moreover, it shall be demonstrated that the control rods
are able to fall within the core during a dynamic excitation;

* Removal of heat from the core: under dynamic loading, it must be demonstrated that the

cooling capacity of the assemblies is not hindered,;



» Radioactive material containment: mainly under seismic loading, it must be demonstrated
that the fuel pins are not damaged to a level at which significant radioactive release from the

core to the primary coolant could occur.



2. CORE COMPACTION ANALYSIS

2.1. System design

Figure 2 illustrates the configuration and location of major components in the ALFRED reactor.
The Reactor Vessel (RV) adopts a compact pool type solution with a simplified and innovative
primary circuit characterized by the integration of all the internals, such as the Steam
Generators (SGs), Primary Pumps (PPs), etc. The primary system design temperature ranges
between 400°C and 480°C, while the design pressure is about 1 bar (primary system not
pressurized). The operational condition range of the secondary side, entering the RV through
the SG tubes, is between 335°C and 450°C at about 18 MPa.

The reactor vessel, having 8 m internal diameter, the skirt and SGs outlet are made of SA 240

316LN, whereas SGs support box and the base plate are made of SA 516 Gr 70 carbon steel [7].

Core region

1“‘:“ ‘u :‘ E
W »'» I

Figure 2 — Advanced Lead-cooled Fast Reactor European Demonstrator - ALFRED scheme [3].

Core assemblies are axially positioned and supported by upper and lower core support plates.
The bottom core diagrid is constituted by two horizontal perforated plates connected and
stiffened by vertical spokes; plates holes are the housing of FAs foots while the plates distance
allows guaranteeing the verticality of FAs.

The upper plate seems a box structure as the lower grid but more stiff. It has the function to
hold down the Fuel Assemblies during the reactor operation. Furthermore, upper restraints



allow to maintain the vertical position and guaranteeing the correct positioning and insertion of
the control and safety rods systems.

Lateral supports are also provided at two elevations by the core barrel.

2.2. ALFRED core design

The reactor core is made of 171 Fuel Assemblies surrounded by a shroud of 108 Dummy
Elements (Figure 3), in which 16 control elements are included [12].

Figure 3 shows a planar view of the arrangement of assemblies of the ALFRED core. The
active zone of the Fuel Assembly is yet defined and each hexagonal FA contains 127 pins; the main

dimensions of which are reported in Figure 4.

@ 171 Fuel Assemblies
{) 4 Safety Rods

{) 12 Control Rods

() 108 Dummy Elements

127 PIN —1E
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Figure 4 — Hexagonal FA geometry (the dimensions are in mm) (a), and an overview of the
element parts (b) [12].

Moreover as indicated in [12], the FA structure of ALFRED is made up of the following parts

(from the bottom to the top):

* The Spike, to guarantee the lead flow inlet both into the FA sub-channels and into the by-
pass region between adjacent FAs.

» The Bottom Shroud, in which the core active zone is included.

= The Funnel, in correspondence of the outlet region.

= The Upper Shroud, above the outlet region, allows overcoming the lead free level.

= The Ballast, in the upper zone, maintains the FAs in position during the refuelling operation.

= The Upper Head allows to guarantee the correct position during normal operating condition,

and the connection of FAs to the refuelling machine during refuelling operations.

2.3.Strategy to core compaction analysis

In the PAR 2012 and PAR 2013, with reference to the earthquake event, a preliminary
methodology capable to simulate the dynamic behaviour of the inner vessel/core region was set
up along with a preliminary evaluation of the effects caused by the core compaction. In the

methodological approach the following several steps have been identified:

1. Definition of the peak ground acceleration of the input earthquake, since effective isolation
characteristics would be obtained by the chosen artificial seismic waves. The input PGA was
consistent with requirements requested by the NRC RG 1.60 Rev. 1 and 2. The seismic

solicitation in terms of time histories of accelerations are showed in Figure 5.
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. Definition of type and number of isolators based on a fixed frequency. To this purpose
HDRB isolators type (2 s isolation period), have been considered and represented by means

of an iso-elastic approach.

. Seismic analysis of the isolated reactor building (RB) of LMR, having 44 m diameter, 48.5
m height and about 1 m wall thickness. The layout considered in this assessment was the
same proposed for the ELSY project since the design of Alfred has not to date involved the

part relating to the building of the reactor.

. Dynamic analysis of the reactor vessel including some simplified components (Figure 6).
The dynamic behaviour is of course the result of the transmission of dynamic loads
propagated through the RB.

. Analysis of the global dynamic response of the inner cylindrical vessel (Figure 7).

. Investigation of dynamic behaviour of fuel assemblies. A detailed model of FAs has been
implemented in order to determine the deformation and deflection they undergo under the
reference seismic solicitation, that during the propagation from the ground to the upper

restraints of IC amplifies along the vertical direction of 40% (Figure 9).
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Figure 6 — FEM model of the RV.
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Figure 7 — FEM model of the inner cylindrical vessel: view (a) and vertical section (b).
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3. Core Compaction Analysis

In respect to the past approach based on the two dimensional modelling [13]+[20], in this study
a 3D modelling was adopted. Therefore to evaluate the effects of the compaction on FAs an
adequate 3D solid model including fuel assemblies, screws, upper and bottom plates along with
the spacer grid, and IC shell has been set up and implemented.

Because of the geometrical complexity of the structure to represent and considering that some
design data are currently missing, some assumptions have been made mainly for what
concerned the geometrical shape and restraints characteristics.

Furthermore to reduce the computational costs (more than 4 days calculation in multiprocessor
workstation) it was decided to execute the analyses on a symmetric model profiting of the fact
that the full model has a double symmetry Figure 8.

Suitable boundary conditions have been imposed: the double symmetry condition was applied
at the centre line of the structure along the vertical axis; clamp restraints was instead adopted
for the diagrid foots and for the upper part of upper plate and IC shell.

No piping or primary coolant was considered at this stage.
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Figure 8 —Model of the inner cylindrical vessel with FAs
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The model consists of more than 68.0003-D solid brick. The development and upgrading of the
modelling profit of the sensitivity analysis results carried out in Lo Frano, 2014.

In the following a brief description of the model components is given.

3.1. Description of components

The lower grid is a 550 mm height cylindrical shell, with 3420 mm external diameter and 100

mm thickness. It was supposed to be made of austenitic stainless steel AISI 304. This
component, showed in Figure 9, is enclosed by two identical cylindrical perforated plates, each
one 100 mm thick. The distance between the two plates is guaranteed through an internal grid
with an hexagonal geometry.

On the lateral surface are obtained eight holes, four of which are used for the insertion of plugs
that allow to connect the lower grid to the bottom part of the inner vessel.

Spacer grid

Lower plate

Figure 9 — Details of the lower grid model with plates and spacer grid.

The inner vessel is a cylindrical shell of diameter variable along the overall height.

The main values of the diameter and thickness are, respectively, 3320 mm and 50 mm; the
height is 9070 mm. Figure 11 shows the detailed model of the overall inner vessel: its lower
portion has a diameter slightly greater than the main value in order to allow the insertion of the
lower grid, while in the middle part of this structure it can be seen a further increase in the

diameter and thickness due to the presence of eight outlet nozzles.
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In this study the piping, connecting the inner vessel, through the nozzles, to the pump are not
represented in order to reduce the number of the element of the overall model and subsequently
reduce the computational cost of each analysis. In its upper part, finally, is present an inner

flange that allows to support the upper grid.

The upper grid (Figure 10) is a 1000 mm high and 60 mm thick cylindrical shell, enclosed at

the ends by two perforated cylindrical plates.
The diameter of the holes in the upper plate is 20 mm, while the one of the holes in the lower
plate is 90 mm. An inner grid separates the two plates, its geometrical shape is similar to that

one of the lower grid.
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Figure 10 — Details of the upper grid model with plates and spacer grid.

A middle height positioned crown surrounds the upper grid, at the base of the crown twenty
holes are obtained for the insertion of the screws used for the connection of the upper grid to the
inner vessel.

Like the other components, also the upper grid is assumed to be made of AISI 304 steel.

The upper grid and inner vessel are linked together by means of twenty screws, as it is possible to

observe in a detail of the model implemented and shown in Figure 11.

The inner vessel is linked at the bottom of the reactor vessel through the diagrid, which anchors
it (in a removable way) on the inner bottom surface of the reactor vessel. The diagrid has a
truncated cone profile; the circumferential surface has several openings in order to allow the
coolant lead to flow upward. Both the inner vessel and the support skirt are supposed to be
made in AISI 304 steel.
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Each fuel assembly has an hexagonal shape which contains 295 total fuel element, as shown in
Figure 12. It is 8.15 m long and about 171 mm width. The pitch between two adjacent assembly
is 171 mm, while the gap is 5 mm (Figure 12 b). The FAs are also restrained to each other’s in
order to avoid/limit vibrations. The FAs has been assumed to be made of T91 (yielding value of
375 MPa). The spike (bottom part of the assembly) has 0.115 m diameter. It is inserted for
about 1 m into the bottom plate allowing lead to flow into the sub-channels: it restrains FAs to
the bottom plate. The ballast, linked to the upper plate, together with the Upper Head represents

instead the upper restraints.
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Figure 11 — Details of the bottom part of the inner vessel with lower late and diagrid.
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Figure 12 —Vertical section and orthographic views of the fuel assemblies.

In order to correctly simulate the dynamic behaviour of the structure taking into account the
interaction between the different components, single-side contact was also assumed. This was
used to easily set the contact type and the contact detection method between all contact body
pairs defined in the contact table. A contact table was created so to represent the existing
touching at the beginning and during the analysis. The minimum contact distance (below which
two bodies get contact) was assumed 10™ m.

The mechanical properties adopted are consistent with the operation conditions (1 bar and
480°C): for steel the yielding stress and the Young modulus are calculated accordingly to the

correlations of Figure 13.
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Figure 13 — Stress-strain curve (a) and Young’s modulus (b) vs. temperature.
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4. Discussion of results

In what follows the results obtained are herein presented and discussed.

They are in terms of acceleration, stress and displacement as shown in the diagrams and
distribution of Figure 14 + Figure 17: the inward displacement, with respect to the nominal
position, heightens the radial deformation resulting in the compaction.

The contact forces determines a change of the compression rigidity of structures, and influences
the deformation of the element cross-section and subsequently the stress state in the structures
thickness.

The structure, hit by the seismic motion, amplifies the input acceleration (0.21 g and 0.28 g at
the upper plate and IC restraints) that reaches 7 m/s? and 5 7 m/s? respectively at the radial
peripheral and central FAs positioned along x axis (Figure 14). Vibrations also characterises the
response of considered structures: high spikes (f > 65 Hz) are also visible in the acceleration

time history showed in the Figure 14 below.
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Figure 14 — FAs acceleration time history.

Analysing the Von Mises stress behaviour at the same FAs, it is possible to observe that the

stress sometimes overcome the yielding for a prolonged time duration.

Equivalent Von Hises Stress (=xlel) [Pa]

3.415

Limit
stress

Time (=10} [s]
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Figure 15 — FAs VVon Mises stress vs. time.

This clear indicates that these components are plasticising; precisely a wide plasticisation
appears in correspondence of the upper part of the upper plate, at the nozzle penetration area of
the inner cylindrical vessel even if smaller plasticised area appears in and along the overall
structure.

In addition the area surrounding the nozzle penetration ovalizes: this means that a
circumferential buckling is occurring; to avoid which an upgrading of design will be necessary.
The horizontal displacement of the FAs is ranging from 1 to 8 cm (Figure 16); the mean vertical
displacement is instead about 2.5 cm. The complex deformed shape along the FA elements is
characterised by an inflexion which determine the inward displacement, as shown in Figure 17.
Finally taking into account that the gap between two adjacent assembly is 5 mm it is possible to
conclude that the compaction is affecting mostly part of FAs (and LOFA could therefore

occur).
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Figure 16 — FAs horizontal displacements.
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Figure 17 — FAs deformed shape.

It is important to emphasize that in this study there was no comparison with experimental data;
this is due to the fact that to date no such data are available in the scientific literature neither
specific experiments have not been conducted on the phenomenon studied.

Future development are also needed to investigate deeply the effects on the fuel element taking
into account the constraints of the pad, such as the variation of the cross-section flexibility or

that of the mechanical properties with the temperature along the height and radius, etc.
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5. Conclusion

The core compaction phenomenon was studied with reference to the ALFRED reactor geometry
and taking into account the influence of contact between structures.
Because of the complexity of the geometry of internals and considering the limitation imposed
by the lack of information related to the geometrical shape of some components, the design data
and some restraint characteristics, the dynamic of the core region necessarily has been made on
a 3-D model of the IC.
Suitable boundary conditions have been imposed: the double symmetry condition was applied
at the centre line of the structure along the vertical axis; clamp restraints was instead adopted
for the diagrid foots and for the upper part of upper plate and IC shell.
No piping or primary coolant was considered at this stage.
In order to correctly simulate the dynamic behaviour of the structure taking into account the
interaction between the different components, single-side contact was also assumed. This was
used to easily set the contact type and the contact detection method between all contact body
pairs defined in the contact table. A contact table was created so to represent the existing
touching at the beginning and during the analysis. The minimum contact distance (below which
two bodies get contact) was assumed 10-5 m.
The mechanical properties adopted are consistent with the operation conditions (1 bar and
480°C).
The results indicate:
- the contact forces determines a change of the compression rigidity of structures, and
influences the deformation of the element cross-section;
- the input acceleration (0.21 g and 0.28 g at the upper plate and IC restraints) amplifies till
to at reach 7 m/s?> and 5 7 m/s® respectively at the radial peripheral and central FAs
positioned along x axis.
- Vibrations also appear and characterise the response of structures with high spikes at f >
65 Hz.
- Von Mises stress that sometimes overcomes the yielding for a prolonged time duration,
indicates that plasticization at small or large extent occurs.
- The horizontal displacement ranges from about 2 to 9 cm (going from the bottom to the

upper plate).
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It was also observed that the lower and upper plate did not suffer a wide plasticization, the
opposite occurs instead in the nozzle-piping region that, for the geometry considered, undergoes
large deformations that would unavoidably influence the normal reactor operation.

taking into account that the gap between two adjacent assembly is 5 mm it is possible to
conclude that the compaction is affecting mostly part of FAs (and LOFA could therefore
occur).

Further insights are needed for a better understanding of the phenomenon also in consideration

of the other factors not considered in this study.

24



References

[1] N. Moussallam, B. Bosco, S. Beils, Industrial model for the dynamic behavior of Liquid
Metal Fast Breeder Reactor (LMFBR) core, Transactions of SMiRT21, 6-11 November,
New Delhi, India, 2011.

[2] S. A. Kamal and Y. Orechwa, Bowing of Core Assemblies in Advanced Liquid Metal Fast
Reactors, Joint ASME/ANS Nuclear Power Conference, Philadelphia, 20-23 July, 1986.

[3] R. Lo Frano, G. Forasassi, A. Sanfiornezo, Assessment of the structural-dynamic effects
caused by the core compaction, PAR 2013, CERSE-UNIPI RL 1537/2014, 2014.

[4] R. Lo Frano, A. Sanfiornezo, Analysis of the core compaction phenomenon, Proceedings of
23" Int. Conference on Nuclear Engineering, Chiba, Japan May 17-21, 2015.

[5] Moussallam, N. et al., 2011, Industrial model for the dynamic behaviour of Liquid Metal
Fast Breeder Reactor (LMFBR) core, Transactions of SMiRT21, New Delhi, India, 2011.

[6] Kamal, S. A., and Orechwa Y., 1986, Bowing of core assemblies in advanced Liquid Metal
Fast Reactors, Joint ASME/ANS Nuclear Power Conf., Philadelphia, 20-23 July, 1986.

[7] Lo Frano, R. et al., 2014, Proceedings of the ASME 2014 Small Modular Reactors

[8] IAEA, Evaluation of seismic safety for existing nuclear installations, IAEA safety standards
series No. NS-G-2.13, 20009.

[9] R. Lo Frano, G. Forasassi, Preliminary Assessment of the Fluid-structure Interaction Effects
in a Gen IV LMR, Proceedings of 9" International Conference on Heat Transfer, Fluid
Mechanics and Thermodynamics, Malta, 16-18 July 2012.

[10] V. Mourogov, P. E. Juhn, J. Kupitz, A. Rineiskii, Liquid-metal-cooled-fast reactor
(LMFR) development and IAEA activities, Energy, 23, Issues 7-8, 637-648, 1998.

[11] W. E. Pennell, Core restraint system design and analysis, Nuclear engineering

symposium, Cambridge, Massachusetts, USA, Jan 1971.

[12] LEADER FPT7th project, Mechanical design and drawings of ETDR pin/assembly/core,
LEADER_DOCO054-2011, 2011.

[13] IAEA, Intercomparison of liquid metal fast reactor seismic analysis codes - Volume 2:
Verification and improvement of reactor core seismic analysis codes using core mock-up

experiments, Proc. of Research Co-ordination Meeting, September 1994.

25



[14] J. F. Sigrist and D. Broc, Dynamic Analysis of a Tube Bundle with Fluid-Structure
Interaction Modeling using a Homogenisation Method, Computer Methods in Applied
Mechanics and Engineering, 197 (9-12), 1080-1099, 2008.

[15] A. Martelli, J. Gauvain, A. Bernard, Non Linear Dynamic and Seismic Analysis of Fast
Reactor Cores: 1. Theoretical Model, Transactions, SMIRT 6, Paris, 1981.

[16] Y. Shinaora, T. Shimogo, Vibration of Square and Hexagonal Cylinders in a Liquid,
Journal of Pressure Vessel Technology, August, vol. 103, 233-239, 1981.

[17] A. Preumont, A. Pay, A. Decauwers, The Seismic Analysis of a free standing FBR core,
Nuclear Engineering and Design, 103, 199-210, 1987.

[18] M. Morishita, K. lwata, Seismic Behavior of a free-standing core in a large LMFBR,
Nuclear Engineering and Design, 140, 309-318, 1993.

[19] G-H. Koo, J-H Lee, Fluid Effects on the Core Seismic Behavior of a Liquid Metal
Reactor, KSME International Journal, VVol. 18, No 12, 2125-2136, 2004.

[20] B. Fontaine, Seismic Analysis of LMFBR reactor cores, SYMPHONY mockup, SMIRT
14, August, 1997.

[21]N. Moussallam, G. Deuilhé, B. Bosco et al., Design of liquid metal fast breeder reactor
(LMFBR) core under dynamic loading, Transactions, SMiRT 22, August, 2013.

[22] P. G. Reinhall, K. Park, W. R. Albrecht, Analysis of mechanical bowing phenomena of
fuel assemblies in passively safe advanced liquid—metal reactors, Nuclear Technology, 83,
197-204, 1988.

[23] K. Tsukimori, H. Negishi, Development of ‘Pad Element’ for detailed core deformation
analyses and its verification, Nuclear Engineering and Design, 213, 141-156, 2002.

26





