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Abstract

In case of a Hypothetical Core Disruptive Accident (HCDA) in a Liquid Metal Reactor, the interaction
between fuel and liquid sodium creates a high pressure gas bubble in the core. The violent expansion of this
bubble loads the vessel and the internal structures, whose deformation is important. The experimental test
MARS simulates a HCDA in a small scale mock-up containing all the significant internal components of a
Fast Breeder Reactor. The test-facility is filled with water topped by an argon blanket and the explosion
is generated by an explosive charge.

This paper presents a numerical simulation of the test with the CASTEM-PLEXUS code. The top
closure 1s represented by massive structures. The main internal structures are described by shells while
the peripheral massive structures are taken into account with a pressure loss because their geometry is
too complicated to mesh them. The computed results are compared to the experimental results and the
ones obtained in a previous numerical simulation with the CASTEM-PLEXUS code.

1 INTRODUCTION

In case of a Hypothetical Core Disruptive Accident (HCDA) in a Liquid Metal Reactor, the
interaction between fuel and liquid sodium creates a high pressure gas bubble in the core. The
violent expansion of this bubble loads the vessel and the internal structures, whose deformation
is important.

During the 70s and 80s, the LMFBR integrity was studied with codes specially devoted
to the analysis of transient loads resulting from a HCDA: PISCES 2 DELK (Cowler, 1979),
REXCO (Chang, 1974), MICE, ICECO, ICEPEL, STRAW and SADCAT (Chang, 1977), SUR-
BOUM (Stiévenart, 1975), SEURBNUK/EURDYN (Cameron, 1977) (Smith, 1983) (Smith,
1987), ASTARTE (Cigarini, 1983), CASSIOPEE (Graveleau, 1979), SIRIUS...

In order to validate these codes, experimental programmes and benchmarks were undertaken
by several countries : COVA (Hoskin, 1978) (Holtbecker, 1977) (Albertini, 1984) (Wenger, 1987)
(Kendall, 1980), APRICOT (West, 1980), WINCON (Sidoli, 1988), STROVA (Kendall, 1986),
CONT (Benuzzi, 1987), MARA...

The french code SIRIUS (Blanchet, 1981) (Daneri, 1981) (Acker, 1981) was validated on the
french experimental programme MARA (Louvet, 1989) (Bour, 1989). Based on a 1/30 scale
model of the Superphenix reactor, the French programme MARA-MARS involved eleven tests
of gradual complexity due to the addition of internal deformable structures:

e MARA 1 and 2 considered a vessel partially filled with water and closed by a rigid roof (Acker,
1981),
1
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e MARA 4 represented the main core support structures (Smith, 1985),

e MARA 8 and 9 were closed by a flexible roof (Fiche, 1985),

e MARA 10 included the core support structures (CSS) and a simplified representation of the
above core structure (ACS) (Louvet, 1987).

The MARS test (Falgayrettes, 1983) rested on a 1/20 scale mock-up including all the significant
internal components.

As other codes using a Lagrangian approach, SIRIUS needed rezonings during calculation be-
cause the internal structure presence caused high distortion of the fluid meshes. Finite differences
were used for the sodium and the roof and finite elements for the thin vessel. As the argon and
the bubble were not meshed, a law related volume to pressure.

At the end of the 80s, it was preferred to add a specific HCDA sodium-bubble-argon tri-
component constitutive law (Lepareux, 1991) to the general ALE fast dynamics finite element
CASTEM-PLEXUS code. The HCDA constitutive law was qualified (Casadei, 1989) on the
CONT benchmark.

In order to demonstrate the CASTEM-PLEXUS capability to predict the behaviour of real
reactors (Lepareux, 1993) (Cariou®, 1997), axisymmetric computations of the MARA series were
confronted with the experimental results. The computations performed at the beginning of the
90s showed a rather good agreement between the experimental and computed results for the
MARA 8 and MARA 10 tests even if there were some discrepancies (Cariou, 1993). On the
contrary, the prediction of the MARS structure displacements and strains was overestimated
(Cariou®, 1997).

As the process used for dealing with the fluid-structure coupling was improved since then and
as this process improved the precision of the results for the tests MARAS and MARA10, it was
undertaken another comparison between the experimental results of the MARS test with a finer
size of the mesh.

This paper presents the numerical simulation of the MARS test with the CASTEM-PLEXUS
code. The top closure is represented by massive structures. The main internal structures are
described by shells while the peripheral massive structures are taken into account with a pressure
loss because their geometry is too complicated to mesh them. The computation uses the new
process for the fluid-structure treatment. After a brief presentation of the MARS test-facility,
the paper is focused on the numerical models, the analysis of the results computed by the code
CASTEM-PLEXUS and a comparison with the experimental results and the previous numerical
results computed by CASTEM-PLEXUS.

2 DESCRIPTION OF THE MARS TEST-FACILITY

The primary circuit of the Superphenix reactor (Fig. 1) is a "pool” design (NERSA, 1987).
The whole core, primary pumps and intermediate heat exchangers are enclosed in the main
reactor vessel which is made of stainless steel and welded to the roof slab. The main reactor
vessel is encased in a safety vessel also made of stainless steel.

The MARS experiment (Fig. 2) was realised at the CEA-Cadarache in order to simulate a
HCDA in a 1/20 scale mock-up of the Superphenix reactor block. The main vessel (1 m diameter

and 1 m height) includes all the significant internal components of the reactor (Falgayrettes,
1983).

The main vessel, of variable thickness (0.8 to 1.6 mm), was an assembly of a cylindrical part
and of a two part torospherical bottom. The cylindrical part was made of 316L stainless steel
whereas the bottom was made of 304L stainless steel. The two inner vessels were modelled, as
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well as the anti-convecting device and the main vessel cooling system.
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Fig. 1: The Superphenix reactor

mark 1: roof

mark 2: large rotating plug

mark 3: small rotating plug

mark 4: core cover plug

mark 5: main vessel

mark 6: internal vessels

mark 7: core support structures
mark 8: diagrid support

mark 9: core and neutron shieldings
mark 10: pumps and heat exchangers
mark 11: core catcher

Fig. 2: The MARS test-facility

The core cover plug was a rather complicated structure, despite simplifications compared
with the reactor geometry: the model included the top plate, the in-pile shell with its pipes,
the spacer plates and the heat-insulation. The core catcher was composed of the catcher plate,
support structure, vertical flanges, chimney and spacing feet.

The lateral neutron shielding was represented by four radially split shells and their supporting
structures. The mass of the unmelted part of the core was simulated by a mixing of aluminium
cylinders and steel hexagons fixed into two AG3 aluminium plates. The strongback and the
diagrid support were respectively represented by a non-axisymmetric ring and a cylinder.
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The roof slab was constituted by two circular plates of different thickness to simulate the
reactor roof stiffness. Openings were drilled to enable the passage of the large components and
the two rotating plugs were concentrically off as in the reactor.

The main components inserted through the roof slab were modelled: four primary pumps, eight
intermediate heat exchangers, four emergency cooling exchangers and two integrated purification
devices. The various supporting rings (roof slab, core support structure, large components) and
joining rings (between the roof slab and the rotating plugs) were represented.

The mass deficit of the mock-up cover simulation was compensated by lead plates providing
additional weights on the cover. The safety vessel, the dome, the biological shield plates and the
handling machine were represented only by their inertia using lead plates. Rubber-ring bands
simulated the heat-insulating material between the roof and the main vessel and the gas intervals
of the roof slab.

The thin structures (inner vessels, baffles, lateral neutron shielding, main components, emer-
gency heat exchangers, core cover plug, core catcher, core, joining and supporting rings) were
mainly made of 304L stainless steel in order to simulate the austenistic steel of the reactor struc-
tures. The massive structures and those made of heterogeneous materials (roof slab, rotating
plugs, core support structure, diagrid support) were made of A5 aluminium. The top plate of
the core cover plug was made of A42 aluminium.

The sodium coolant at operating conditions was simulated by water at 20°C. The cover gas
of the mock-up was the same as in the reactor (argon).

The test was fired using a 80 g low density low pressure explosive charge of L.54/16 compo-
sition (David, 1978). The charge mass was chosen to simulate the 800 MJ full scale mechanical
energy release used in the reference HCDA in the Superphenix reactor. The explosive charge
was supported by the base of the core cover plug.

The whole test was well instrumented with:
e 19 pressure transducers fitted on the roof slab and the rotating plugs,
e 5 accelerometers placed on the reactor cover,
e 24 strain gauges attached on the main vessel, roof slab support ring and cover joining rings,
e 3 high speed cameras used to obtain displacements of the main vessel, roof slab and large plug,
small plug and core cover plug,
e residual deformations were evaluated by measuring, before and after the firing, mesh sizes of
the grid drawn on the different structures.

3 NUMERICAL MODELING OF THE TEST-FACILITY
CASTEM-PLEXUS (Chavant, 1979) (Hoffmann, 1984) (Robbe, 1994) (Robbe®, 1999) is a

general fast dynamics finite element code devoted to the analysis of problems involving fast
transients. It can deal with fluids and structures with a possibility of coupling. A specific CDA
constitutive law was implemented in the code in order to be able to represent precisely this kind
of explosion.

Owing to the symmetry of the mock-up, an axisymmetric representation was chosen for the
numerical simulation of the MARS test-facility with the CASTEM-PLEXUS computer code.
The external structures were modeled by shells or massive structures and the main internal
structures were described with a classical shell model. The peripheral structures were globally
taken into account by means of a pressure loss.

The model includes a representation of the main vessel with three thin shells of different
thickness and made of different materials for the cylindrical part and the torospherical part of
the vessel. The top of the test-facility is described by massive elements for the roof, the small
rotating plug and the large rotating plug. The massive fixings hanging the test-facility to the
rigid frame are represented by a cylindrical shell at the extremity of the roof.

4
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The top closure is assimilated to an axisymmetric structure for the needs of the numerical
simulation. The openings in the roof for the passage of the components (pumps, heat exchangers)
are simply accounted for by the mass they remove to the roof. Local masses on the top of the roof
and on the small and large rotating plugs are added to consider the mass of the instrumentation
and of the lead plates compensating the mass deficit of the MARS mock-up in relation to the
real reactor. The additional local mass at the centre of the roof top also includes the mass of
the internal components (pumps, heat exchangers, purification devices). Another local mass is
placed at the edge of the roof to simulate the lead plates used in the test-facility to describe the
inertia of the safety vessel, the dome, the biological shield plates and the handling machine.

The core cover plug was simplified. The upper part is modeled by the top plate and three
plates simulate the heat and neutronic insulation. The in-pile shell and the three spacer plates
are also meshed. The pipes are assimilated to two cylinders. The external shell surrounding the
plug is also represented.

The joining rings between the roof slab and the three plugs are formed, in the mock-up, by
concentric and cylindrical plates linked by a bridle at their top extremity. They are represented
with thin shells made of aluminium and joining the top of the massive structures. Complementary
shell elements made of rubber and joining the base of the massive structures were added to
prevent the going up of argon in the free slits.

The heat-insulating material between the roof and the main vessel is represented by an ho-
rizontal rubber-ring band joining the roof base to the main vessel and preventing the upwards
motion of argon in the empty slit. The main vessel, hung to the roof in the MARS test-facility,
is fixed rigidly to the roof in the numerical model.

In the centre of the test-facility, the strongback, the neutron shielding support, the support
of the baffles and of the internal vessel being fitted together, they are described by a single rigid
structure, that we will call the Core Support Structure (CSS). This structure is assimilated to
an axisymmetric shell of constant thickness, allocating to it an equivalent mass corresponding
to the mass of all the structures. The CSS is supposed to be rigid and to transmit the totality of
the forces to the structures fixed on it. The CSS is attached to the vessel by a cylindrical collar.

The diagrid support is represented by a thin shell. The core is not meshed: it is simply taken
into account by an added mass spread along the diagrid. The diagrid support is fixed to the
core support structure by a swivel link. Concerning the four shells schematizing the neutron
shielding in the MARS mock-up, only the central one is modeled. This shell governs the fluid
port between the core cover plug and the neutron shielding. The three other shells are taken
into account by a local added mass located at the base of the first neutron shielding shell.

The baffles surrounding the outer neutron shielding are assimilated to an axisymmetric struc-
ture and represented by a vertical shell. The internal vessel is composed of two shells. Only the
central one is meshed; the second one is simply described by an additional local mass at the base
of the meshed internal vessel. The shielding, the baffle shell, the internal vessel are embedded
on the Core Support Structure.

The core catcher is not meshed because its complex geometry would impose a lot of shells
of small dimensions and therefore a very fine local meshing, not compatible with the rest of
the model. Consequently, the core catcher is represented by an added mass spreaded along the
bottom of the main vessel.

The behaviour of the structures previously quoted is generally described with isotropic elastic-
plastic constitutive laws. However elastic laws are used to describe the rubber elements of weak
resistance joining the different parts of the roof and the plugs, the internal and medium cylinders
schematizing the pipes of the core cover plug whose constitutive law is approximated by means
of an homogenization of the non-axisymmetric structures. The core support structure behaviour
is also supposed linear elastic.
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The presence of the internal components (pumps and heat exchangers) are taken into account
in a global way in both models. The components are represented by a pressure loss applied
along a cylinder located at the average radius of the components. This pressure loss coeflicient
is estimated from (Idel’Cik, 1986) and by supposing that a cylindrical obstacle partially blocks
up the port. The surface of this obstacle is given by the ratio between the solid section and the
total section for a 1 radian angle.

The figure 3 and 4 present the complete mesh of the MARS test and the structure represen-
tation.

T
T

(IR

Fig. 3: Mesh of the MARS test Fig. 4: Mesh of the structures
In case of a HCDA, the internal fluids are sodium, argon and a gas bubble. In the MARS test,
the sodium and bubble are respectively replaced by water and an explosive charge. Water and

argon are initially at the atmospheric pressure whereas the explosive charge induces an initial
pressure of 288 MPa in the bubble area.

The characteristics taken into the numerical model are:

e Water :p=998.3 kg/m® sound speed C'= 1550 m/s p(®) = 10° Pa
e Argon :p=1.658kg/m® A=c¢,/c, =1.67 p® = 10° Pa
e Explosive charge :p =400 kg/m?®  polytropic coef. n = 1.322 A= 1.24 p©) = 2.88108% Pa

In CASTEM-PLEXUS, the fluids and solid structures can be described with an Eulerian,
Lagrangian or A.L.E. (Arbitrary Lagrange Euler) approach. In the models, all the structures
are represented with the lagrangian description and the mesh follows the deformation of the
structures. The bubble zone is kept fixed. Indeed if the bubble grid was ALE, the mesh would
deform very much because of the expansion of the bubble gas due to its very high initial pressure
and this large deformation would entail numerical difficulties to carry out the computation.
Moreover, the fixed bubble grid is used as a reference for the updating of the ALE surrounding
mesh. The water and the argon are described with an ALE modeling: the fluid grid is updated
according to the deformation of the neighbouring structures.

Two kinds of fluid-structure coupling are available in the CASTEM-PLEXUS code. Their main
differences lie in the definition of the local normal vector used to write the coupling relations
between the freedom degrees of the fluid and the solid. The first fluid-structure coupling (FS2D
instruction) requires the definition of coupling elements by the user and imposes to the fluid
nodes to have the same displacements as the structure nodes. However, there is no automatic
actualisation of the ALE grid for the elements other than the ones on the coupled lines.

The second coupling (FSA instruction) goes without coupling elements; the code considers
directly the fluid and solid nodes in contact and writes relations allowing a possible tangential
movement of the fluid in relation to the structure. The FSA coupling is well adapted to complex
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geometries but it often implies a user intervention to pilot the displacements of the fluid ALE
grid.

The FSA coupling was adopted for the MARS test because the presence of the internal struc-
tures involved large local displacements of the fluid grid. In the previous CASTEM-PLEXUS
computations (Cariou, 1997), the FS2D coupling was used because the FSA coupling was deve-
loped later. However, in the current model, a FS2D coupling persists in a local area.

As the diagrid is merely put down on the Core Support Structure and as both structures are
not rigidly linked, the diagrid extremity is linked to the CSS by a swivel contact. Consequently,
there are two different structure nodes at the same location (the one pertaining to the diagrid
and the other to the CSS) whereas there is only one fluid node facing the two structure ones.
This configuration cannot be processed by the FSA coupling. Therefore a FS2D coupling was
settled down at the connection between the diagrid, the core support structure and the fluid
between the radial shielding and the CSS.

The boundary conditions are:
e Complete blocking of the base of the fixing shell hanging the mock-up to the rigid frame,
e No rotation of all the nodes of the top closure at the intersection between the massive structures
and the shells: links between the joining rings and the roof slab and the small and large rotating
plugs, link between the roof and the main vessel top, links at the extremities of the heat-insulating
material between the roof and the main vessel, link between the roof edge and the fixing shell,
e No horizontal displacement and no rotation of the structure nodes located on the symmetry
axis (core cover plug, diagrid, vessel) and of the nodes of the plates simulating the heat and
neutronic insulation of the core cover plug,
e No horizontal displacement of the fluid nodes on the symmetry axis,
e No horizontal displacement of the core support structure,
e Vertical displacement of the core support structure equal to the vertical displacement of the
point at the intersection between the collar and the vessel,
e Same vertical displacement for the four plates simulating the heat and neutronic insulation of
the core cover plug.

To link a shell to a massive structure, it is necessary to impose identical displacements for the
nodes of the shell extremity and of the massive structure facing each other. Are concerned the
diagrid and the CSS, the roof and the fixing shell, the roof and the main vessel, the joining rings
of the top closure.

The FSA coupling cannot be used for the nodes at the top extremity of the neutron shielding
and the baffle because the code cannot define the local normal vector to a point in an opened
medium. Therefore the FSA coupling is used all along both shells except at the top extremity.
Identical displacements are then imposed for the solid node at the top edge of the shell and the
facing fluid node.

In order to help the code to calculate correctly the ALE mesh updating in the areas of high
fluid speed or high pressure variations, the user has to define relations governing the local
displacement of the mesh. Three governing lines were set up.

The first line imposes to the fluid nodes between the lower plate of the core cover plug and
the neutron shielding top to stay aligned between both structure nodes during the displacement
of the structures. This relation prevents a large deformation of the ALE grid due to the huge
flow of the fluid going out from the central zone. Besides, this line is used as a reference for the
updating of the fluid in the central zone.

Two lines impose to the fluid nodes between the lateral shielding top and the baffle and
between the baffle and the internal vessel to stay aligned between the structure nodes. These
lines prevent a distortion of the fluid mesh due the large local motions of the structures in that
area.
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Inside the core cover plug, there is no fluid-structure coupling defined between the internal
structures of the plug and the fluid because the fluid can cross the pipes simulated by vertical
cylinders. No fluid coupling is defined between the upper part of the external shell surrounding
the plug and the fluid because this shell was perforated in the test-facility and fluid could pass
from the plug to the rest of the mock-up. Consequently, in order to preserve a regular meshing
inside the core cover plug, the fluid nodes on the vertical lines between the lower plate simulating
the heat and neutronic insulation and the upper spacer plate have to stay aligned between the
structure nodes of both plates.

4 DESCRIPTION OF THE RESULTS

In this part, we try to present a synthesis of the results computed with the current version
of CASTEM-PLEXUS. Initially, all the fluids are at rest in the whole mock-up. The bubble gas
located in the centre is at a pressure of 288 MPa. The argon layer laying just below the roof and
the water filling the rest of the test-facility are at the atmospheric pressure.

The pressurised gas starts expanding since the beginning of the computation, thus inducing
the propagation of a shock wave through the mock-up. At 0.06 ms, the shock wave impacts the
lateral neutron shielding and the CCP in-pile shell. Both structures are submitted to stresses.
The fluid in the central area is propelled towards the nearest structures with a speed of about
200 m/s, uniform in all the directions.

The shock wave hits the diagrid support, the baffle and the two lower CCP spacer plates at
0.1 ms and the internal vessel lower part at 0.14 ms. The bubble gas expands a little in the
central area. The water out of the central zone is accelerated outwards. The bubble gas speed is
around 120 m/s whereas the speed of the water in motion is between 20 and 40 m/s.

The structures in the pressurised area are submitted to stresses and start moving away. Ho-
wever there is one exception: because of the swivel link between the diagrid support and the
Core Support Structure, the diagrid bends immediately and the stresses increase very little in
the structure.

The shock wave impacts the upper CCP spacer plate and the main vessel bottom at 0.2
ms. The fluid in the central zone orients mainly towards the free space between the neutron
shielding and the in-pile shell. The fluid rebounds against the diagrid and then orients towards
the shielding which suffers a local radial displacement a little above its base.

In the rest of the mock-up, the fluid continues its spherical expansion. Radial displacements
and plastic strains are observed in the shielding and the baffle. Vertical displacements and plastic
strains are noted in the lower part of the CCP and in the diagrid.

Between 0.22 and 0.4 ms, the shock wave splashes along the main vessel in the area filled with
water, at the bottom under the diagrid as well as in the torospherical and cylindrical parts from
the collar junction to the top. The bubble gas goes on expanding in the central area. The water
is still accelerated outwards and impacts almost all the structures.

Two structure areas are protected: the main vessel below the CSS because the water cannot
flow directly in the space between both structures, and the roof because of the presence of the
argon layer. The argon layer is compressed upwards and pushed towards the corner joining the
roof to the main vessel.

The majority of the internal structures suffers deformations: the neutron shielding, the baffle
and the internal vessel bend slightly above their base, the diagrid support bends as well as the
part of the main vessel located just under the diagrid. In the CCP, the in-pile shell being pushed
up, the CCP vertical cylinders impose a bending to the spacer plates. Besides, the intermediate
and external CCP cylinders suffer buckling in their lower part.
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From 0.4 to 1 ms, the shock wave ends impacting the main vessel cylindrical part and then
the pressurised water area goes down along the vessel until the collar junction. The bubble gas
continues expanding in the central zone and it arrives at the free space between the neutron
shielding and the in-pile shell. In the rest of the mock-up, the water is hurled spherically: all the
structures are submitted to the water impact. The argon flows horizontally along the top closure
towards the main vessel. All the shell structures (others than the top closure) are submitted to
stresses and suffer deformations.

From 1 to 3 ms, the pressure decreases in the central area because the bubble gas starts
coming out of the confined central zone. The maximum fluid speeds are recorded in the free
space between the neutron shielding and the in-pile shell: around 90 m/s. The pressure decreases
in the CCP too because the water thrown upwards flows out of the plug by the perforated part
of the CCP external cylinder (this part is located between the upper spacer plate and the lower
heat-insulation plate).

The water under the diagrid continues impacting the main vessel bottom and then flows
along the vessel in direction of the collar. Consequently, a pressurised area forms under the
Core Support Structure. The water below the internal vessel, after having rebounded against
the collar, moves up towards and in the channel between the two vessels.

Between the CCP and the internal vessel, the bubble hurls water violently towards the small
and large rotating plugs, towards the internal vessel intermediate and upper parts and in the
space between the neutron shielding and the baffle. At 3 ms, a pressurised area creates along
the internal vessel. The water flows lead to a compression and a concentration of the argon in
the top corner: a pressure peak of 8 MPa is recorded at the junction with the main vessel.

During this time interval, the neutron shielding reaches a maximum opening of 64 mm, a
maximum stress of 650 MPa at the top and a maximum plastic strain of 40 %. The baffle moves
away of 37 mm at mid-height and suffers a plastic strain of 35 %. The top of the lower part of the
internal vessel moves away until a maximum displacement of 18 mm. The diagrid support and
the main vessel bottom continue their downward displacement. The CCP in-pile shell and spacer
plates continue their upward motion because of the effect of the fluid thrust at the junction with
the heat-insulation plate. Owing to the fluid splashing against the top closure, the small rotating
plug begins going up.

Between 3 and 5 ms, the pressurised area along the internal vessel is propelled upwards.
Pressure peaks are noted below the top closure: 5.5 MPa and 7 MPa at 3.5 ms at the centre and
at the extremity of the heat-insulation plate, 7.5 MPa and 6.5 MPa at 4 ms under the small and
large rotating plugs.

The bubble going out of the central area expands between the CCP and the internal vessel. It
pushes water upwards along the CCP and the internal vessel upper part. The maximum speeds
are now located out of the central area, in the bubble panache expanding in the mock-up. The
argon starts orienting from the top corner to the channel between both vessels. The water below
the internal vessel rebounds on the main vessel and goes back towards the intermediate part of
the internal vessel. Meanwhile the water below the diagrid and the CSS is pushed back by the
collar presence and orients towards the diagrid.

Besides of the previous structure deformations, we can observe a bending of the lower CCP
heat-insulation plate, the complete crushing of the external cylinder bulge against the top closure,
an upward displacement of the large rotating plug and the bending of the intermediate part of
the internal vessel.

Maximum vertical displacements are reached in the main vessel at about 4 ms: -21 mm at the
bottom and -10 mm at the junction with the collar. The diagrid support presents a maximum
vertical displacement of -31 mm at 3.5 ms. The formation of the main vessel upper bulge and of
the internal vessel upper bulge begins around 5 ms.

9



Numerical Methods in Continuum Mechanics 2000, Liptovsky Jan, Slovak Republic

From 5 to 8 ms, the bubble gas goes on expanding out of the central zone. The size of the
bubble panache is maximum at 8 ms, just before the formation of the whirlpool between the
CCP and the internal vessel. The water below the diagrid moves along the main vessel from the
collar to the diagrid, thus causing a going back of the diagrid support.

Below the internal vessel, the water moves upwards along the main vessel and impacts the
intermediate part of the internal vessel. In the channel, the water goes up at the base while the
argon goes down at the top, thus causing the formation of the main vessel upper bulge. As the
argon pressure is higher than the water one, the bulge goes down following the going down of
the argon in the channel.

The bubble gas continues propelling water against the internal vessel upper part, what induces
a maximum radial displacement of 9.7 mm at the top at 7 ms and 11.5 mm at the upper bulge
level at 7.5 ms.

From 8 to 13 ms, a whirlpool forms between the CCP and the internal vessel. The bubble
panache stops its progression due to the resistance of the compressed water and turns round
itself. This twirling movement pulls water from the top closure and from along the internal
vessel. Argon and water are attracted from below the small rotating plug to the CCP and the
fluid flow inside the CCP reverses.

The argon inserted in the channel between the vessels continues its downward progression and
pushes down the water inside the channel as well as the water lower along the main vessel. The
main vessel upper bulge moves down and reaches a maximum amplitude at 12 ms.

The water under the diagrid and the CSS slows down. Due to the water flow reversal in the
mock-up bottom, the downward displacements of the main vessel and of the diagrid support come
back from 4 to about 13 ms. The upward displacement of the top closure reaches a maximum
value around 9 ms: 18 mm for the small rotating plug, 16 mm for the large plug, 11 mm for the
roof at mid-length. Afterwards these upwards motions decrease because the whirlpool pulls the
fluid instead of pushing it. However we observe a second pressure peak under the top closure at
10 ms, at the time of flow rebound and reversal on the top closure.

Between 14 and 17 ms, the whirlpool becomes independent from the rest of the fluid: it twirls
on its own axis in the middle of water. No more bubble gas goes out from the central area. On
the contrary, the whirlpool hurls back water and bubble gas inside the central area. These fluids
impact violently the diagrid support and push up a bit more the in-pile shell. The fluid speeds
become high again in the central area: up to 100 m/s.

The argon bag expands in the channel, along the top closure and in the CCP. The structure
displacements remain constant in some cases (neutron shielding, internal vessel) or increase again
in other cases (diagrid support, in-pile shell, main vessel bottom, top closure).

Later, the alternate fluid and structure motions are probably continuing because of the fluid
rebounds against the structures. But progressively the fluid flows and the displacement amplitude
will probably decrease and oscillate around stable location.

5 COMPARISON WITH THE EXPERIMENTAL RESULTS
AND WITH PREVIOUS NUMERICAL RESULTS

The purpose of our computations consists in qualifying the CASTEM-PLEXUS code for the
computation of Core Disruptive Accidents and to estimate the progress realised in the modeling
of the accident. Thus the current numerical results are compared with the experimental results
and previous numerical results computed with the CASTEM-PLEXUS code (Cariou, 1993). The
main differences with the previous CASTEM-PLEXUS computations lay on the mesh fineness
(Fig. 5) and the treatment of the fluid-structure coupling.
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Fig. 5: Mesh used in the previous

CASTEM-PLEXUS computation
Fig. 8: Location of the points used to describe

the main vessel upper bulge

The comparison concerns:
e the vertical displacement of the main vessel base,
e the radial displacement of the main vessel at the junction with the collar,
e the hoop strain of the vessel upper bulge,
e the vertical displacement of the roof,
e the vertical displacement of the diagrid support,
e the vertical displacement of the in-pile shell,
e the radial displacement of the lateral neutron shielding,
e the radial displacement of the baffle top,
e the radial displacement of the internal vessel at the top of the lower part and at the bulge level
in the upper part,
e the impact pressure under the large rotating plug and under the roof and the instant of
maximum.

The figures 6, 7 and 9 to 14 present respectively the vertical displacements of the main vessel
at the bottom and at the junction with the collar, of the CCP heat-insulation lower plate, of the
small and large rotating plugs, of the roof, of the diagrid support and of the CCP in-pile shell.
The figures 15 to 19 show the radial displacements of the upper bulge of the main vessel, of the
neutron shielding, of the baffle and of the internal vessel (lower and upper parts). The figures
20 to 22 display the pressure under the top closure. The table 1 presents a synthesis of the results.
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Vertical displacement (mm) Vertical displacement (mm)
5.0 5.0
0.0 —— Bottom of the main vessel ] 25 —— Junction of the main
vessel and the collar
0.0
-5.0
-25
-10.0
-5.0
-15.0 -
-7.5
-20.0 [
0.0 -10.0
Time (ms) Time (ms)
-25.0 - - - -125 - - -
0.0 50 10.0 15.0 0.0 5.0 100 15.0

Fig. 6: Vertical displacement at the bottom of  Fig. 7: Vertical displacement of point at the
the main vessel junction between the main vessel and the collar

Regarding the behaviour of the main vessel, the prediction of the new computations is down-
right better for the bottom displacement. Compared with the experimental results, the new
computed displacements present an error of 50 % for the maximum value and 22 % at the end
whereas the old predictions presented errors of about 150 %. At the junction with the collar,
the computer displacements have not changed and still present an error of 66 %.

Concerning the upper bulge, the figure 8 displays the points where were recorded the evolution
of the displacement versus time in the new CASTEM-PLEXUS computation. The comparison
with the experimental data and with the previous computation concerns the area of the points
3 and 4. So the new computed result is more or less the same as the old computed one. It shows
a discrepancy of about 100 % with the experimental one.

However, with the new simulation, we observe a going down of the fluid inside the channel bet-
ween both vessels and the upper bulge follows the going down of the inner fluid. The maximum
radial displacement is recorded for the points 5 and 6, just above the bottom of the channel. In
the previous simulation, the upper bulge stayed located at the top of the mock-up, just under
the roof: in the absence of several element layers in the channel, the FS2D coupling did not
allow large fluid flows in the channel.

Vertical displacement (mm) Vertical displacement (mm)
30.0 T T T 20.0
25.0
15.0 -
20.0
15.0 - 10.0 -
Small rotating plug
10.0 - y 50 L
/" Lower heat-insulation ! ’ Top left corner
5.0 7 plate of the core cover plug ~ Top right cormer
Centre 0.0 ~~~~ Bottom right corner
0.0 b _
- Extremity ) Bottom left corner
Time (ms) Time (ms)
-5.0 L . L 50 . . .
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
Fig. 9: Vertical displacement of the CCP Fig. 10: Vertical displacement of the small
heat-insulation lower plate rotating plug
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Vertical displacement (mm) Vertical displacement (mm)

20.0 12.0
100 L Roof (from the plug Top left

15.0 - to the main vessel) ;7 corner
8.0 § 1

% - Bottom left
L corner
10.0 + 60
4 4.0
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50 ¢ g

2.0
f —— Top left g
Op feft comer - Top middle
- Top right corner 0.0 . Bottom middle
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Time (ms) Time (ms)
50 : ‘ : 4.0 : ‘ :
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0
Fig. 11: Vertical displacement of the large Fig. 12: Vertical displacement of the roof

rotating plug

About the vertical displacement of the top closure, the maximum value is computed in the
small rotating plug. It is almost identical in the whole plug and around 17 - 18 mm. The
displacement of the large rotating plug is a bit lower: between 14 and 16 mm. In the roof the
maximum displacement is noted at the junction with the large rotating plug and is around 11
mm. At mid-distance between the plug junction and the main vessel, the displacement reaches
a maximum of 7 mm whereas near the vessel the maximum value is no more than 3.5mm. The
values noted in the different components confirm the deformation in stairs of the top closure
with a vertical gap of some millimetres between two massive components.

For the comparison of the vertical displacement of the roof, we suppose that the concerned
point is the one located on the roof at the joining ring limit with the rotating plug. The new
results are a bit better than the old CASTEM-PLEXUS results but they remain far from the
experimental results regarding the maximum displacement (100 % error). However the final
displacement is quite correct.

Concerning the diagrid support displacement, we note a maximum displacement of 31 mm at
3.5 ms and a final displacement in the range 15 - 20 mm after 12 ms. The computed final value
seems to be a bit better than the old CASTEM-PLEXUS one. As the old calculation lasted
20 ms of physical time whereas the new one was stopped at 17 ms, the conclusion about the
improvement of the result is not sure.

Vertical displacement (mm) Vertical displacement (mm)
5.0 T T T 110.0 T
0.0 N
90.0 -
-5.0 —— Diagrid support (centre)
~10.0 | 700 1 In—pile shell of the core cover plug
-15.0 50.0 | —— Centre
Junction with the internal cylinder
-20.0
800 - _ Junction with the intermediate cylinder |
-25.0 -
10.0 HJ T Edee
-30.0 |
Time (ms) Time (ms)
-35.0 - - . -10.0 - - .
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0

Fig. 13: Vertical displacement of the diagrid Fig. 14: Vertical displacement of the CCP
support in-pile shell
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The comparison of the CCP in-pile shell vertical displacement shows, on the contrary, a neat
improvement of the result precision. The error between the computed result and the experimen-
tal one fell from 28 % to 9 %. The reason of this improvement comes from the mesh fineness. In
the new simulation, the mesh fineness is twice the one of the old computation. Consequently, in
the new simulation, the CCP shells seems much more flexible than in the old simulation. The
buckling of the external cylinder is more marked and thus the vertical displacement of the whole
core cover plug is increased.

Radial displacement (mm) 80.0 Radial displacement (mm)

40.0

Point 6

Upper bulge
30.0 /
of the main vessel

60.0 -

o frm e PO - 40.0 | /|
20.0 - gl ] Neutron shielding

] 200 — Top
100 F /7 e g . |
i - Mid-height
oo~ e e — Y
g 0.0
0.0 =S
e Point 1
Time (ms)
i -20.0 : . .
100 ‘ ‘ Time (ms) 0.0 5.0 10.0 15.0 20.0
~0.0 5.0 10.0 15.0

Fig. 16: Radial displacement of the neutron

Fig. 15: Radial displacement of the upper bulge shielding

on the main vessel

The radial displacement of the lateral neutron shielding top is higher than the one computed
previously. But, in that case, the prediction is less precise than the old one. If the old prediction
was almost exact, the new one presents 24 lines of shielding was represented in the simulation
and thus the single shell is less rigid than the set of four shieldings.

Concerning the baffle radial displacement, the new simulation shows an error of 53 %. It is
difficult to compare the old and new predictions because, in the old one, the baffle was comple-
tely blocked from the base to mid-height while, in the new simulation, the baffle can move freely.
Considering that condition, it is normal to observe a larger displacement in the new simulation
than in the old one.

Radial displacement (mm) Radial displacement (mm)
40.0 20.0
300 | i 15.0 [
25.0
{ 10.0 -
200 | ——  Top of the lower part
i of the internal vessel
15.0 |
50
100 -/ Baffle
T
5.0 op 0.0
00 - Mid-height ] ‘
Time (ms) Time (ms)
-5.0 : . . -5.0 : . .
0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0

Fig. 17: Radial displacement of the baffle Fig. 18: Radial displacement of the top of the
internal vessel lower part

Regarding the radial displacements of the internal vessel, the new simulation is in a better
agreement with the experiment than the old simulation. In the new simulation, the results fit
exactly for the prediction of the displacement at the top of the lower part of the internal vessel
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as well for the maximum value as for the final value, and also for the prediction of the bulge
formed in the upper part of the internal vessel.

Radial displacement (mm) Pressure (MPa)

14.0 8.0

12.0 -
——— Centre of the heat-insulation

10.0 - ; ) 6.0 |- - Edge of the heat-insulation

8.0

60 r 40 |

Internal vessel upper part

—— Top
20
- Upper bulge 201
0.0
Time (ms) Time (ms)
-2.0 L L L \ -
0.0 5.0 10.0 15.0 0.0 L ! !
0.0 5.0 10.0 15.0
Fig. 19: Radial displacement of internal vessel Fig. 20: Pressure under the CCP
upper part
Pressure (MPa) Pressure (MPa)
8.0 T T T 8.0
—— Roof (left)
—— Centre of the small plug
6.0 I 6.0 - . ROOF (middle)
-~ Centre of the large plug
---- Roof (right)
40 - 40 F
20 20 |
Time (ms) e Time (ms)
0.0 J‘ "

0.0 5.0 10.0 15.0 0.0 5‘.0 16.0 15.0

Fig. 21: Pressure under the two rotating plugs Fig. 22: Pressure under the roof

About the pressure peaks observed under the top closure, the new simulation is more precise
than the old one. Even if the pressure level computed by CASTEM-PLEXUS remains much
lower than the measured one (3.6 MPa instead of 19.4 MPa under the large rotating plug and
3.4 MPa instead of 5.4 MPa under the roof), the new simulation computes pressures equal to
twice the previous computed ones. Besides, the instant of maximum is more precise for the
pressure under the roof.

In the simulation, we can observe a high pressure peak up to 8 MPa in the corner formed
by the roof and the main vessel. This peak value is approximately twice the average pressure
elsewhere under the top closure due to the rebound of the shock wave against the wall.

Globally, the new simulation is in a better agreement than the old one, except regarding
the prediction of the lateral neutron shielding and the baffle radial displacements. In the new
simulation, the structure displacements and deformations are higher. That comes, at once, from
the mesh refining because the structures meshed finely seem to be more flexible than with rough
mesh and from the FSA coupling which allows tangential fluid flows along the shells.

In some cases, the new predictions fit very well with the experimental measures: in the case of
the final roof displacement and of both upper and lower part internal vessel radial displacements.
Nevertheless, the computed results would worth some more improvement for many structures.
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6 CONCLUSION

In that paper, we present a computation of a Hypothetical Core Disruptive Accident in the
MARS test-facility which is a small scale replica of a Fast Breeder Reactor. This mock-up
contains all the internal structures of the reactor block. The fluids intervening in the real accident
were replaced by water, argon and an explosive charge in the experiment.

In the numerical model, the majority of the structures are represented by shells or massive
structures. However, the internal structures of complex geometry in the area of the internal
vessels are simply taken into account by a pressure loss. The internal fluids are described by
the specific CDA constitutive law implemented on purpose in the CASTEM-PLEXUS code for
computing this kind of explosion.

The explosive wave propagates from the centre of the mock-up towards the main vessel and
the top closure. The passing of the pressure wave loads and deforms the internal structures and
then the external ones. The structures most in demand are the neutron shielding and the core
cover plug because of their proximity with the pressurised area.

The high pressure gas bubble in the central part of the mock-up expands in the rest of the
test-facility, thus pushing away the top of the neutron shielding and the in-pile shell. The argon
layer under the top closure is pushed below the roof and in the channel between the internal
and main vessels. A bulge forms in the upper part of the main vessel during the passing of the
pressurised fluid in the channel.

During the explosion, the water contained into the mock-up is accelerated and hurled against
the structures. In particular, the water impacts perpendicularly the main vessel and the top
closure. The water thrust leads to a large deformation of the main vessel bottom. The fluid
impacting the top closure causes a deformation in stairs (more important at the centre than at
the edge) linked to the lower rigidity of the joining rings linking the massive slabs (plugs and
roof).

A comparison of the computed results was performed with the experimental results, as well
as previous results issued from the code CASTEM-PLEXUS. The main difference between both
CASTEM-PLEXUS models lays in the treatment of the fluid-structure coupling and the mesh
refinement. The results showed that the current model is in a better agreement with the MARS
results than the old model. However, the simulation still shows some discrepancies which might
come from the simplified modeling of the peripheral components.

In order to predict the influence of the peripheral structures (pumps, heat exchangers) acting
as porous barriers and consequently having a protective effect on the containment by absorbing
energy and slowing down the fluid impacting the containment, we developped in CASTEM-
PLEXUS a new HCDA model taking into account the presence of the internal structures (without
meshing them) by means of an equivalent porosity method (Robbe”, 1999) (Robbe®, 1999). This
model has been applied to predict the MARS test.
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Experiment Old CP computations | New CP computations
Maximum | Final | Maximum | Final | Maximum |  Final
Main vessel bottom Vert. displacement (mm) -14 -9 -34 -26 -21 -11
Junction main vessel-collar | Vert. displacement (mm) -6 -10 -10
Main vessel upper bulge Hoop strain (%) 2.4 1.9 4.8 4.4 44 4.2
Roof Vert. displacement (mm) 5.5 5 12 5 11 |
Diagrid support Vert. displacement (mm) -18 -23 -31 -20
CCP in-pile shell Vert. displacement (mm) 97 70 70 102 88
Neutron shielding Radial displacement (mm) 34 50 33 64 62
Baffle Radial displacement (mm) 15 14 25 23
Internal vessel Radial displacement (mm) 19 15 10 185 14
of the lower part top
Radial displacement (mm) 10 15 115 10.5
of the upper part bulge
Pressure under the Max. pressure (MPa) 19.4 3.6 6.4
large rotating plug Instant of max (ms) 3 3 4
Pressure under the Max. pressure (MPa) 5.4 2 34
roof in the argon Instant of max (ms) 4.1 7 4

Table 1: Comparison between the experimental results and the results computed by

CASTEM-PLEXUS
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