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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 several computer codes validated on expe-
rimental data. The experimental programmes were undertaken by several countries and consisted generally in
simplified small-scale test-facilities representing reactors: APRICOT [1], FTR and CBR detail scale models [2],
STROVA [3], COVA [4,5,6,7,8], WINCON [9] and MARA.

Based on a 1/30 scale model of the Superphenix reactor, the French programme MARA in \olved ten tests of
gradual complexity due to the addition of internal deformable structures:
• MARA 1 and 2 [10] considered a vessel partially filled with water and closed by a rigid roof,
• MARA 4 [11] represented the main core support structures,
• MARA 8 and 9 [12] were closed by a flexible roof,
• MARA 10 [13] included the core support structures and a simplified represen tation of the above core structure.
The MARS test [14] rested on a 1/20 scale mock-up including all the significali internal components.

A lot of computer codes were used in the world to simulate HCDA. For instance, in the United States, not
less than seven codes were available: PISCES 2 DELK [15], REXCO [16], MICE, ICECO, ICEPEL, STRAW and
SADCAT [17].

In Europe, several 2D axisymmetric computer codes were used. They were progressively improved in order
to be able to perform more realistic HCDA simulations. First, the finite difference SURBOUM code [18], from
Belgonucléaire and AWRE-Aldermaston, w as capable to model uncompressible fluid and thin shells. It was
replaced by the finite difference SEURBNUK code [19] developed by JRC-Ispra and AWRE-Aldermaston, whic h
could model compressible fluids. As the fluid-structure coupling adopted in this code was very simple (separate
resolution of the fluid and structure motions), the code was finally coupled to the finite element EURDYN code for
the structure calculation [20,21]. The lagrangian finite difference ASTARTE code [22], developed by the ENEA,
could compute compressible fluids and thin shells of simple geometry .

In France, two 2D axisymmetric computer codes specialised in HCD A computations were developed b/ the
CEA-Cadarache. The CASSIOPEE code [23] modeled uncompressible fluids with an eulerian description and
thin shells with a lagrangian description. It used a weak coupling and rezonings based on the ALE method.

The lagrangian SIRIUS code [24] described fluids and thick structures with the finite difference method and
thin structures with the finite element method. The fluid-structure coupling was realised by a slide-line technique
and rezonings were performed during calculation because the internal structure presence caused high distortion
of the fluid meshes. The SIRIUS code [25,10] was validated on the MARA programme [26,27].

At the end of the 80s, it was preferred to add a specific HCDA sodium-bubble-argon tri-componen t constitutive
law [28] to the general ALE fast dynamics finite element CASTEM-PLEXUS code. The HCDA constitutive law
was qualified [29] on the CONT benchmark [30].

In order to demonstrate the CASTEM-PLEXUS capability to predict the behaviour of real reactors [31,32],
axisymmetric computations of the MARA series w ere 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 whidi might be eliminated by
increasing the fineness of the mesh [33]. On the contrary, the prediction of the MARS structure displacements
and strains was overestimated [34].

This conservatism was supposed to come from the fact that several MARS non axisymmetric structures lile core
elements, pumps and heat exchangers were not represented in the CASTEM-PLEXUS model. These structures,
acting as porous barriers, had a protective effect on the containment by absorbing energy and slowing down the
fluid impacting the containment.

For these reasons, we developped in CASTEM-PLEXUS a new HCDA constitutive law taking into account the
presence of the internal structures (without meshing them) by means of an equivalent porosity method [35,36,37]
and we simulated the MARS test another time [38,39] with the new HCD A constituti-vs law. This paper presents
the numerical results relative to the structure behaviour during the accident. The results are described through
the evolution of several variables versus time: deformed shape of the structures and the mesh, displacements,
stresses and plastic strains.
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DEFORMED SHAPE

The deformed shape of the mesh and of the structures is displayed versus time on the figures 1 and 2. The first
structures to deform are the neutron shielding and the in-pile plate of the Core Cover Plug. In fact, they are the
structures closest to the explosive charge and consequently the first ones to be impacted by the shock wave. We
also observe at 0.2 ms a slight buckling of the lower part of the CCP external and intermediate cylinders and a
small radial displacement of the baffle.

l"

TIKE • l . S ms

TIKE • 10 m» TIME - 11 mo

4

1 i

;KE • a tDi

i

i

iu1

M ' i

BUtd"*"

Fig. 1: Deformed shape of the mesh
At 0.4 ms, the deformations of the previous quoted structures become more pronounced. The diagrid and the

main vessel bottom deform downwards, mainly near the symmetry axis. The lo wer part of the internal vessel
begins moving down.

All the CCP horizontal plates move up. The in-pile shell edge deforms more than the central part because of
the violent thrust of the water and bubble gas trying to escape by the free space between the in-pile shell and
the neutron shielding. The CCP spacer plates deform more at the level of the internal and intermediate vertical
cylinders than at the centre and at the edge. The cylinders are pushed upwards by the shock wave impact on the
in-pile shell. As the in-pile shell is not linked to the external cylinder, the upward thrust is exerted locally.

From 0.6 ms, the upper part of the internal vessel and the porous area start moving away owing to the water
horizontal thrust at that time. As the porosity method developed to deal with the massive components is only
available with an eulerian description, the grid inside the zone remains regular. The upper torospherical part of
the main vessel also begins moving away.

Between 0.8 and 2 ms, we observe a huge distortion of the neutron shielding and of the baffle because of the
large flows of the pressurised bubble gas out of the central zone. The neutron shielding top opens completely



while the baffle and the lower part of the internal vessel deform at mid-height. The in-pile shell bends at once at
the edge owing to the fluid escaping by the free channel and at the centre because of the vertical fluid thrust.

In the Core Cover Plug, the external cylinder buckles just below the heat-insulation plate level. The spacer
plate deformation becomes more regular: the highest up ward displacement is located at the centre and the lowest
displacement near the external vessel. The embedment of the spacer plates with the external cylinder induces an
extra-rigidity and thus limits the vertical motion of the plates.

The diagrid and the vessel bottom continue moving down. The main vessel goes down more under the diagrid
than under the CSS. The base of the internal vessel upper part deforms whereas the porous zone moves back
inwards: the water flows partially go round the porous area so that water flows converge towards the internal
vessel upper part and remain trapped between the porous area and the internal vessel. A lower bulge starts
forming in the part of the torospherical main vessel above the collar, owing to the water flows going up along the
main vessel and between both vessels. The Core Support Structure does not move laterally because it is supposed
rigid.
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Fig. 2: Deformed shape of the structures
From 3 to 5 ms, the deformation of the in ternal structures increases. The displacements of the neutron shielding,

of the baffle and the lower part of the internal vessel become maximum at that time. The deformation of structures
in the lower part of the test-facility seems to remain constant: diagrid, core support structure, main vessel bottom.
On the contrary, the structures in the upper part of the test-facility suffer large increasing deformations. For
instance, the opening at the top of the internal vessel increases and the upper part of the porous area deforms
due to the propelling and rebound of argon against the main vessel top.

The core cover plug crushes partially against the heat-insulation; the upper spacer plate goes up and compresses
the fluid below the lower plate of the heat-insulation. The lower plate representing the heat-insulation starts
bending and going up. The upward motion of the CCP pulls up the massive structures of the top closure and we
observe the constitution of a sort of stair. The small rotating plug, located next to the CCP, goes up more than
the large rotating plug. The roof slab just starts moving at 5 ms.



Between 6 and 9 ms, owing to the compression of the argon gas in the top corner at the junction of the top
closure with the main vessel and owing to the going down of the gas in the channel between the two vessels,
an upper bulge forms in the upper part of the vessel near the roof. The upper part of the main vessel mo\es
away, what extends the rubber-ring band joining the roof base to the main vessel. Progressively, the upper bulge
progresses downward in relation with the downward flow of the pressurised argon and water coming from the roof.
At 9 ms, the upper bulge extends from the junction with the roof to the level of the internal vessel intermediate
part.

The upward thrust of water expelled during the expansion of the bubble gas leads to an important deformation
of the set of structures composing the top closure. As the shells joining the different parts of the closure do not
resist so much as the massive structures, a deformation in stairs appears clearly. The rotating plugs keep their
original shape whereas the joining rings are completely out of shape. The roof slab deforms at the level of the
two pieces of different thickness. The thicker piece rotates and moves more than the thinner one as this last one
is tied up to the hanging device. This device, whose bottom extremity is locked, rotates to allow the going up of
the roof slab.

The porous area bends now in the reverse direction, compared with previously. As it is impacted by the bubble
gas escaping from the central area, the lower part of the porous area moves away. In the core cover plug, as the
fluid flows change direction and orient downwards, the lower spacer plate and the in-pile shell come closer at
the centre and at the edge. The internal and intermediate cylinders succeed in maintaining a certain distance
between both plates at mid-radius of the CCP.

From 10 to 17 ms, the upper bulge takes a pointed shape just above the level of the channel between both
vessels. The bulge reaches a maximum extension at 13 ms. The deformation of the internal structures slightly
decreases in the central area of the mock-up: the neutron shielding, the baffle and the internal vessel lower part
move away because the whirlpool formation pushes fluids in the spaces between these structures.

As the pressurised fluid in the channel between the vessels goes down, the top closure moves slightly back
downwards and the hanging device stops rotating and turns back. The porous area goes on bending under the
impact of the whirlpool. The base of the porous area follows the deformed shape of the intermediate part of the
internal vessel from 13 ms.

In the CCP, the depressurisation enables a global decompression of the structure set. The upper spacer plate
moves away from the heat-insulation and the lower spacer plate moves away from the in-pile shell except at the
edge.

RADIAL DISPLACEMENTS OF THE STRUCTURES
The figure 3 shows the radial displacements of the structures. The first displacements appear in the lower part

of the neutron shielding and of the baffle at 0.24 ms: both structures mo\e away under the impact of the shock
wave.

At 0.6 ms, the whole neutron shielding is moving away. The radial displacement increases in the baffle. The
lower part of the internal vessel starts going away because the water is propelled horizontally against the structure
by the shock wave. On the one hand, we note a slight outward displacement of the upper part of the internal vessel
and of the main vessel a little above mid-height because of the water impacting both structures perpendicularly.

On the other hand, the main vessel top moves slightly inwards near the fixing with the roof because the top
closure starts going up and rotating under the impact of the upward directed water. As the massive roof slab is
much more rigid than the vessel shell, the roof in rotation pulls the vessel what causes this inward motion.

In the Core Cover Plug, the edges of the spacer plates in contact with the external cylinder move slightly
inwards. When the in-pile shell is pushed up by the high pressure bubble in the central area, that produces a
local upward motion of the spacer plates at the intersection with the internal and intermediate cylinders. The
upward motion of the central part of the spacer plates pulls inwards the extremities of the spacer plates which
cannot follow the upward motion due to the rigid link with the external cylinder.

From 1 to 1.5 ms, the previous radial displacemen ts become more marked. In the CCP, due to the upward
motion of the spacer plates, the intermediate cylinder is shifted slightly inwards. The external cylinder surrounding
the CCP bends at its top extremity because of the thrust of the water propelled up against the heat-insulation.
As the heat-insulation lower plate is more rigid than the external cylinder, the water thrust induces the cylinder
bending rather than the heat-insulation bending.

An inward displacement is detected in the main vessel at the junction with the collar supporting the core
support structure. The downward bending of the main vessel bottom under the diagrid at 1 ms induces a local
extension of the vessel which pulls downards and slightly inwards the vessel part located under the CSS. At 1.5
ms, the inward displacement has almost desappeared because the water moves along the vessel towards the collar.
The consequence is that the vessel bottom bending becomes more regular and only vertical.

At 2 ms, the neutron shielding, the baffle and the internal vessel lower part reach respectively a maximum
radial displacement of 60 mm at the top, 45 mm half-w ay up and 25 mm half-way up. The main vessel cotinues
moving away and reaches a maximum displacement of 15 mm at the level just behy the channel separating both
vessels. In the CCP, the external cylinder bulge under the heat-insulation is still present.



W e observe inwards displacements:
• at the main vessel top and the extremity of the CCP spacer plates for the same reasons as before,
• in the intermediate part of the internal vessel because the bubble gas going out from the central zone hurls
water against the internal vessel intermediate part, causes an outward bending of the vessel upper part and an
upward bending of the vessel intermediate part; this upward displacement induces a small inmrd shift of the
structure,
• in the main vessel above the connection with the collar because the downward displacement of the vessel bottom
under the diagrid and the CSS (caused by the downward water thrust in that closed area) pulls down the main
vessel torospherical part above the collar." the vessel looses partially its rounded shape owing to the downward
extension.
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Fig. 3: Radial structure displacements

At 3 and 4 ms, we observe globally the same radial displacements. In the CCP, the value and the location of
the displacements remain identical as previously. In the main vessel, the inwards displacement above the collar
connection grows, the outwards displacement at mid-height does not evolve and the inwards displacemert at the
top decreases.

The propelling of a large quantity of bubble gas out of the central zone does not change the neutron shielding
opening which was already maximum. As the gas is hurled against the internal vessel, it flattens the round corner
joining the lower and intermediate parts of the internal vessel. Therefore we observe an outward displacement of
the internal vessel intermediate part next to the corner.

The baffle top turns slightly back towards the symmetry axis. As the whipping of this very flexible shell had
already brought closer the extremities of the baffle and neutron shielding, the violent expulsion of the bubble
gas tilts a bit more the baffle top. This phenomenon is due to heigh t difference between the tall shielding and
the short baffle. Besides, fluid is pushed down between the neutron shielding and the baffle what accentuates the
baffle bending at mid-height.
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From 5 to 8 ms, the radial displacemen t of the neutron shielding remains constant. The baffle top opens

outwards because the fluid previously pushed between the baffle and the shielding rebounds against the core
support structure. By flowing up and going out of the space between both shells, the fluid forces the baffle top
to move away.

The radial displacements decrease in the lower and intermediate parts of the internal vessel because the fluid
flows change direction: before 5 ms, outward directed fluid coming from the moc k-up centre impacted the iiternal
vessel from above; from 5 ms, the internal vessel is impacted from below by water inward directed which has
rebounded against the main vessel. Concerning the internal vessel upper part, the outward radial displacement
reaches a maximum extent of about 15 mm at 7 ms. In that area, the fluid is propelled almost horizon tally against
the internal vessel.

The radial displacements at the extremities of the CCP spacer plates and in the main vessel above the collar
connection remain constant from 5 ms until the end of the computation.

In the main vessel, the inward displacement at the top desappears because important fluid flow passes over
the internal vessel top and impacts perpendicularly the main vessel top. From 6 ms, the main vessel top moes
outwards because the fluid starts flowing down in the channel between both vessels: an upper bulge creates. As
the fluid flows down in the channel, the upper bulge moves down too and extends. Progressively the upper bulge
joins the lower bulge at the level of the channel base.

The top closure goes up from 5 ms under the thrust of the fluid impacting the whole closure; this up ward
motion is accompanied by a rotation of the top closure around the locked point at the bottom extremity of the
hanging device. The rotation induces an inward displacement of the top closure, more marked near the external
radius than in the centre. That rotation explains the inward displacement recorded at the bottom of the large
rotating plug, on the lower half-height of the roof slab and at the top of the hanging device.

Between 9 and 10 ms, we observe a rise of the outwards radial displacements in the main vessel at mid-height
of the channel and at the top of the baffle. The inwards displacement in the roof slab and the large rotating plug
increases too. The displacement of the internal vessel decreases slightly because the fluid flowing in the channel
pushes the internal vessel inwards. The displacement of the neutron shielding remains constant.

From 11 to 12 ms, the radial displacemen ts increase at the level of the main vessel upper bulge and at the baffle
top. They reach respectively a maximum of 35 mm and 25 mm at 12 ms. The in ward displacements decrease in
the top closure as the closure rotates back: the fluid moves back downwards after having rebounded against the
closure. Under the effect of the whirlpool formation, the internal vessel intermediate part bends: near the upper
part, the shell moves up and inwards because it is pushed by the fluid coming from the channel and flowing below
the plate; near the lower part, the intermediate plate conserves its outwards displacement.

From 13 to 17 ms, the inward radial displacement in the top closure, induced by the closure rotation, decreases
in the roof slab. There is no more radial displacement in the large rotating plug and the hanging device. Elsewhere
the displacements remain constant.

VERTICAL DISPLACEMENTS OF THE STRUCTURES
The figure 4 presents the vertical displacements of the structures. The first structures to displace vertically are

the Core Cover Plug and the diagrid. These structures are the nearest ones from the central explosive charge.
The in-pile shell is pushed up by the explosive pressure while the diagrid moves downwards. The base of the
neutron shielding suffers a small downward displacement caused by the radial opening of the structure. At 0.4
ms, we also observe a downward motion of the main vessel bottom just under the diagrid.

At 0.8 ms, the diagrid continues going down because of the impact of water hurled downwards by the explosion.
Almost all the main vessel mo\es down because the whole vessel is pulled down by the high thrust on its base.
As the vessel top is vertically blocked by the embedment of the handling device, the downward deformation is
proportional to the distance from the top.

In the CCP, the in-pile shell being pushed up, it drags in its upward motion the internal and intermediate
cylinders simulating the pipes and the part of the spacer plates between the symmetry axis and the in termediate
cylinder. The external cylinder does not move as it is not directly linked to the in-pile shell. Due to the radial
opening of the lateral structures (neutron shielding, lower part and top of the internal vessel), we also notice a
downward displacement of these structures.

From 1.2 to 1.6 ms, the downward deformations increase in the diagrid, the main vessel and the neutron
shielding. These deformations extend to the whole Core Support Structure and the collar, the whole upper part
of the internal vessel and the majority of the intermediate part of this vessel. As the CSS is attached to the
vessel bottom, the accentuation of the downward motion of the vessel causes in turn the downward motion of the
attached structures. The only exception concerns the baffle: the water motions in that area involves a rounded
deformation and a stretching of the shell.

In the CCP, we note an upward motion more importan t at the centre than near the external cylinder. Because
of the upward thrust of the water inside the CCP, the internal and intermediate cylinders stretch and the spacer
plates deform more at the centre (where they are free to move) than at the edge (where they are linfed to the
external cylinder). As the external cylinder buckles just under the top-closure level, we observe a shortening of
the cylinder and thus an upward displacement of the structure.
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Between 2 and 2.8 ms, the downward displacements of the main vessel, core support structure and collar,

diagrid, neutron shielding and lower part of the internal vessel become more pronounced. The diagrid centre and
the neutron shielding top reach a maxim um displacement of -30 mm downwards at 2.8 ms. The CSS displacemen t
is around -10 mm. The junction of the lower and intermediate parts of the internal vessel suffers a maximim
displacement of about -20 mm.

The whole CCP part plunging inside the fluid goes on moving upwards. The very flexible baffle continues
stretching and moving up because of the upwards thrust of the fluid which rebounded against the CSS. The
internal vessel intermediate part stops moving down because of the upward motion of the water below this vessel.
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Pig. 4: Vertical structure displacements
From 3.2 to 3.6 ms, the deformations of the diagrid, neutron shielding, baffle, CSS and collar remain constan t.

Owing to the upward fluid flow in the channel between both vessels, the upper part of the internal vessel moves
back upwards. The CCP part plunged into the fluid continues going up because of the water flows oriented
upwards inside the CCP; these flows contribute to push up the upper spacer plate as well as the heat-insulation
lower plate and to crash the external cylinder bulge due to the buckling against the top closure. At 3.6 ms, the
lower plate of the CCP heat-insulation starts going up too.

From 4 to 9 ms, the main v essel bottom and the diagrid stop moving down and start moving bak upwards due
to the rebound of the water against the vessel bottom and the reversal of the water flow under the diagrid. The
upward motion of the vessel bottom pulls up the rest of the main vessel, the collar and the CSS, as veil as the
neutron shielding, the baffle and the internal vessel lower part. The upper part of the internal vessel buckles and
bends downwards due to the downward flow of fluid coming from the top closure and passing over the internal
vessel to go inside the channel between the two vessels.

The CCP continues moving up towards the heat-insulation; the external cylinder upper part is partially crashed
against the top closure. The in-pile shell is pushed up by the bubble gas expanding from the central zone and the
fluid inside the CCP is hurled upwards and impacts the upper spacer plate. As a consequence, the in-pile shell,
the internal cylinder and the central part of the spacer plates reach a maximum displacement of 100 mm at 9 ms.
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The water and argon vertical thrust along the top closure induces a rotation of the top closure around the fixed

point at the extremity of the hanging device. Therefore we observe an upward displacement of the top closure,
more importan t near the symmetry axis than near the closure edge. The deformation occurs b y stairs: the joining
rings being much flexible than the massive structures, the pieces shift up mainly at the ring level. The maximum
displacement is observed in the lower heat-insulation plate; at 8 ms, the displacement reaches 30 mm in that
plate, about 20 mm in the small and large rotating plugs and in the other plates sim ulating the heat-insulation.

From 10 to 12 ms, the main vessel, the diagrid, the neutron shielding and the internal vessel lower part keep
on moving back upwards because the water flows slow down below the diagrid. The baffle top continues moving
up and deforms more or less like rubber under the contradictory fluid flows due to the whirlpool formation and
the upward flow between the neutron shielding and the internal vessel lower part after the rebound of the fluid
against the CSS.

In spite of the downward flows in the channel between both vessels, the intermediate and upper parts of the
internal vessel move up because of the upward thrust of the water flowing below the internal vessel. The formation
of the upper bulge contributes to pull up the main vessel part located between the collar junction and the bottom
of the channel.

In the CCP, the fluid flows reverse and orient downwards, so that they push down the spacer plates. Conse-
quently the whole CCP moves back down. With the formation of the whirlpool just abo ve the baffle, the fluid is
attracted from below the top closure; the top closure compression stops and the structures mow back.

From 14 to 17 ms, the whirlpool pushes violently fluid inside the central area. The diagrid moves dcvvn again
due to the fluid impact. The neutron shielding top and the in-pile shell edge mow away too. The fluid impact
against the diagrid causes a downward motion of the water below the diagrid. When this w ater impacts the vessel
bottom, the main vessel goes down once again, what pulls down the structure set attached to the vessel.

The fluid inside the CCP rebounds against the spacer plates and goes up a second time. In parallel, the fluid
propelled inside the central area pushes upwards the CCP base. Consequently the whole CCP (spacer plates,
cylinders and heat-insulation) moves up another time. The pressurised fluid escapes by the perforated part of the
external cylinder below the top closure and spreads under the top closure which moves up again.

V ON MISES STRESSES IN THE STRICTURES
The figure 5 shows the stresses in the external and internal structures. The first stresses appear at 0.08 ms

in the neutron shielding, the in-pile shell and the bottom of the CCP internal and intermediate cylinders. They
correspond to the impact of the pressure wave on the structures limiting the central area.

At 0.2 ms, the baffle and the internal vessel lower part are submitted to stresses because the pressure wave has
impacted these structures. As the pressurised zone goes until the base of the CCP heat-insulation, the complete
part of the CCP plunging into the fluid is submitted to stresses, with local higher values at the junctions between
plates and cylinders.

At 0.3 ms, the new zones submitted to stresses are the main vessel bottom and the intermediate part of the
internal vessel owing to the shock wave progression towards the vessel. The stresses decrease in the CCP internal
cylinder and at the centre of the spacer plates because of the pressure decrease in that area. The ring joining the
upper heat-insulation plate to the top of the small rotating plug is also submitted to stresses due to the up wards
sliding of the CCP relatively to the massive rotating plug.

From 0.4 to 0.5 ms, the stress level goes on increasing in the neutron shielding, the baffle, the internal vessel,
the collar and the main vessel from the collar attachment to the roof junction. The stress increase is caused
by an important speed of about 20 m/s of the water hurled against the structures in that area. After having
reached a maximum stress of 600 MP a at the main vessel bottom at 0.4 ms, the stress level decreases due to the
depressurisation of the area below the diagrid.

High stress spots appear in the main vessel at the collar attachment and at the connection between the
torospherical and the cylindrical pieces of the vessel (different thickness of the vessel in both parts). In the CCP,
the stresses rise at the junctions between the plates and the cylinders because the fluid going up pushes and
deforms the plates. On the contrary, the stresses decrease in the cylinder upper part because the internal and
intermediate cylinders are not coupled to the fluid and consequently do not suffer from the fluid upward flews.

Due to the upward directed thrust of the water impacting the top closure in the area around the CCP, the
stresses increase in the ring joining both rotating plugs. The stress concentration in the rings is the reason of the
top closure deformation in stair shape. As the massive pieces of the closure are very strong and rigid, they cannot
deform and the stresses remain low. The core support structure being very thick, the stress level remains very
low in this structure. The stresses remain limited in the diagrid support because the structure bends immediately
due to the swivel link.

From 0.6 to 1.2 ms, the stresses increase in the neutron shielding and the baffle because, at that time, the high
pressure bubble gas starts escaping from the central zone and thus exerts a thrust on the neighbouring structures.
The stresses remain unchanged in the internal vessel lower part but decrease in the intermediate part and at the
top of the upper part due to the pressure decrease in that area.
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The stresses raise in the main vessel bottom and the collar because the water is hurled continuously against

the vessel bottom since 0.3 ms. A maxim um stress level of 600 MPa is reached at the vessel bottom at 1.2 ms.
A high stress spot appears at the junction between the vessel and the collar because the connection of the main
vessel with the rigid Core Support Structure prevents a free deformation of the vessel under the water thrust.

Above the collar, the stresses raise at 0.8 ms in the main vessel because of the arrival of a pressure wave hitting
the vessel and rebounding on it. Then the stresses go down again when the pressure wave goes away from the
vessel. In the vertical part of the main vessel, the stresses decrease slightly because the fluid speeds are much
lower in the channel than previously.

In the CCP, the stresses fall due to the local pressure fall in the surrounding fluid. Owing to the high thrust of
the fluid hurled against the top closure, the joining rings suffer a regular stress increase. The hanging device is
also submitted to stresses: the upward thrust against the top closure tends to make rotate the top closure around
the fixed lower extremity of the hanging device.
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Fig. 5: Von Mises stresses
Until 1.6 ms, the stresses increase in the neutron shielding: they reach a maximum of 650 MPa at the top of

the shell at 1.6 ms. The stresses continue raising in the baffle at mid-height and remain constant in the lower
part of the internal vessel. Between 1.6 and 2 ms, the stresses decrease in the three structures as the pressure in
the central area and between the vertical shells decreases at that time.

From 1.2 to 2 ms, the location of the maxim um stress in the main vessel bottom moes towards the collar,
following the fluid flowing along the vessel towards the collar. The high stress spot at the collar junction persists.
The stress in the rest of the main vessel evolves according to the fluid pressure evolution. The stresses decrease at
1.6 ms when the pressure wave goes away from the main vessel towards the internal vessel. At 2 ms, the stresses
increase again due to the going back of the pressure wave.

The stresses raise in the internal vessel intermediate part because the pressure wave rebounds between both
vessels. On the contrary, the stresses decrease in the upper part of the internal vessel due to the low pressure in
that area at that time.



In the CCP, the stresses remain limited in the internal and intermediate cylinders. The stresses fall in the
spacer plates and even in the in-pile shell due to the low local pressure at that time. However, we can observe
the presence of stress concentration at the junctions of the three spacer plates with the external cylinder. These
local high stress spots reach a maximum value of 750 MPa at 1.6 ms; they are caused by the deformation of the
spacer plates whose upward motion is limited by their embedment on the external cylinder.

In the lower heat-insulation plate, the stresses raise because the fluid inside the CCP is propelled upwards
against the heat insulation. A maximum stress level of 200 MRi is reached at 2 ms. Simultaneously, the external
cylinder zone just below the heat-insulation is submitted to a high stress increase (500 MP a) in relation with the
local buckling of the cylinder.

In the top closure, the stresses go on increasing in the two joining rings between the rotating plugs and the
roof. The stresses are maximum at 2 ms and readi 500 MPa between the rotating plugs and 800 MPa between
the large plug and the roof. This increase comes from the fluid flows under the top closure towards the closure
outer limit. The stresses also increase in the hanging device and in the rubber band joining the roof to the main
vessel, owing to the top closure rotation around the lower extremity of the hanging device.

Between 3 and 5 ms, the stress level is mudi lower in the neutron shielding and in the in-pile shell than at
2 ms, as the free space between both structures is considerably enlarged. As the CCP external cylinder reaches
a maximum crushed position at 3 ms and the shielding top a maxim um radial displacemeh at 2 ms, the space
between both structures is maximum since 3 ms and remains constant until 10 ms.

In the baffle, a maximum stress level of 550 MPais reached at 3 ms at the shell top. At that instant, the panahe
of high pressure bubble gas escaping from the central area hits head-on the baffle top with high velocities. Between
4 and 5 ms, the stresses decrease in the baffle in relation with the fluid speed decrease in that area.

In the internal vessel, the stresses fall in the lower part and raise in the intermediate and upper parts because
the pressurised area is located in the upper part of the mock-up between 3 and 5 ms.

In the main vessel bottom, the stress level and the stress location are linked to the pressure wave rebounds
and the pressure damping. When the pressure w ave impacts the collar at 3 ms, a maxim um stress of 600 MS is
located in the collar vicinity. As the pressure wave is reflected towards the symmetry axis, the maximum stress
shifts towards the axis too. The collar being flexible, it absorbs partially the pressure impact by deforming and
the reflected wave is lower than the incident one. Consequently, the stress level is lower in the main vessel at 4
ms than at 3 ms. The port under the diagrid being larger than the one under the CSS, the pressure and thus the
stresses become lower at 5 ms under the diagrid than at 3 ms under the CSS.

Above the collar, the stresses go on increasing until 3 ms in the torospherical part of the main vessel because the
impact of the pressure wave hitting the collar is partially transmitted to the other side of the vessel. Afterwards
the stresses decrease regularly in that vessel part as the water pressure remains low in the vicinity.

In the cylindrical part of the main vessel, the stresses decrease first at 3 ms before increasing again. The reason
is that the fluid is propelled upwards against the top closure at 3 ms whereas it flows along the closure towards
the main vessel from 4 ms.

In the CCP, the stress level is rather weak, except at the connections of the cylinders with the spacer plates
and the lower heat-insulation plate. At 3 ms, the high stress spots at the edge of the spacer plates are due
to the important upward fluid flow which bend the plates. The stress level increase at the junction with the
heat-insulation comes from the buckling of the external cylinder.

At 4 ms, the upward fluid flow slows down in the CCP so that the stresses decrease in the spacer plates. But
the propelling of the bubble gas out of the central area pushes fluid along the CCP what causes a radial thrust on
the external cylinder and thus a persistent stress concentration at the plate junction with the external cylinder.
The fluid thrust under the lower heat-insulation plate leads to a bending and a regular stress increase in the
plate.

At 5 ms, as the fluid flows out of the CCP towards the small rotating plug, the stresses decrease at once in the
heat-insulation and in the external cylinder top. However, stress spots at the base of the external cylinder are
the consequence of the expansion of the high pressure bubble gas out of the central zone.

The stresses increase in the upper rings joining the massive pieces of the top closure due to the vertical thrust
on the central part of the top closure: the porous zone protects partially the outer part of the roof by orienting
the fluid flows upwards and not diagonally. The stress level remains constant in the hanging device as the fluid
flows under the roof are damped. The stresses raise in the rubber band joining the roof to the main vessel; this
band extends during the formation of the main v essel upper bulge due to the fluid flows in the channel between
both vessels.

From 6 to 17 ms, the stresses decrease in the main v essel bottom because of the pressure fall in the area between
the diagrid and the main vessel. The stress concentration at the junction with the collar alternately increases and
decreases according to the rebounds of the water between the main and internal vessels.

The stresses also decrease in the main vessel part located above the collar due to the progressive pressure
decrease in the area between both vessels. However, the cylindrical upper part of the main vessel continues to
suffer stresses up to 600 MPa at the level of the upper bulge. In the internal vessel, the stresses decrease because
the formation of the whirlpool attracts fluid from the vicinity of the internal vessel towards the baffle, what causes
a decrease of the pressure exerted on the vessel.
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The baffle is submitted to high stresses (up to 600 MP a) at 6 ms. At that time, the baffle is pushed awjt at

once by the bubble gas going out from the central zone and by the mixture of bubble gas and water between
the shielding and the baffle after it rebounded on the CSS. After a stress decrease from 8 to 10 ms, the stresses
increase again at 12 ms at the base of the baffle because the fluid hits locally the shell with a perpendicular
speed. From 14 to 17 ms, the fluid moves down in the space between the shielding and the baffle and thus causes
a stress increase in the rest of the baffle.

From 4 to 17 ms, the small whirlpool in the cen tral zone exerting a thrust against the neutron shielding at
mid-height, stresses are observed at mid-height of the shielding. The stress level depends on the orientation of
the fluid impacting the shell.

In the CCP, the stresses remain very weak in the internal and intermediate cylinders due to the absence of
fluid-structure coupling. The in-pile shell and the spacer plates remain submitted to more or less constan t stresses
caused by the thrust of the fluid whirling in the central zone. The stress level at the junctions of the spacer plates
with the external cylinder is linked at once to the orientation of the fluid flow inside the plug and to the pressure
exerted on the cylinder by the large whirlpool.

In parallel with the vertical displacement in stairs of the top closure, we observe, in the joining rings, a stress
decrease between 8 and 10 ms, a stress increase at 12 ms folio wed by a decrease. In the hanging device, the
stresses increase until 8 ms and then decrease until the end of the computation. The general stress level fall from
12 ms is due to the pressure decrease under the closure. The highest stresses (900 MP a) are observed in the ring
between the roof and the large rotating plug: as the roof slab is larger than the three plugs, its deformation is
more limited than the one of the plugs and thus the stresses are concentrated in the nearest ring.

The stress level remains very low in the rigid structures (massive structures of the top closure, thick shell such
as the CSS). In the diagrid support, the stresses remain limited because the diagrid becomes almost immediately
plastic and suffers large deformations compared to the stress level.

PLASTIC STRAINS OF THE STRUCTURES
The figure 16 shows the plastic strains of the structures versus time. At 0.2 ms, the whole neutron shielding has

become plastic and the baffle starts becoming plastic, due to the impact of the shock wave on these structures
from respectively 0.06 and 0.1 ms.

At 0.3 ms, the plastic strains increase in both structures. The diagrid support edge near the CSS suffers plastic
strains because of the shock wave impact on the structure since 0.1 ms. As the structure is relatively thick, its
deformation is much smaller than the one of the shielding. The in-pile shell, the lower and upper spacer plates,
as well as the lower part of the CCP external cylinder present small plastic strains caused by the upward rising
of the CCP pushed up by the shock wave.

From 0.4 to 0.8 ms, the strain level raises in the previous quoted structures. The part of the main vessel bottom
under the diagrid becomes plastic because the shock wave hits it at 0.26 ms; since this instant, the water under
the diagrid is propelled towards the vessel.

The lower part of the internal vessel suffers plastic strains from 0.4 ms: the shell is impacted b y the shock wave
from 0.14 ms. The whole cylindrical part of the main vessel become plastic from 0.6 ms due to the impact of the
shock wave since 0.34 ms. In the CCP, the junction of the spacer plates and the external cylinder suffer plastic
strains since 0.6 ms because of the violent fluid thrust on the spacer plates: the plates present a high bending
from 0.8 ms.

Between 1 and 1.2 ms, the plastic level increases greatly in the neutron shielding, the baffle and the diagrid
support. The strains increase too in the lower part of the internal vessel, in the CCP, in the bottom and the
cylindrical part of the main vessel. Plastic strains appear in the CCP external cylinder below the heat-insulation
at the location of the shell buckling. The ring joining the two rotating plugs becomes plastic due to the high fluid
thrust under the top closure.

Between 1.6 and 5 ms, the strain level raises mainly in the neutron shielding, the baffle, the ring between
both rotating plugs and the junction of the CCP external cylinder with the heat-insulation plate. In the neutron
shielding, the strain level reaches a maximum of 40 % at 1.6 ms at the shell top. In the baffle, the maximum level
is obtained at 2.2 ms at mid-height. The strains increase more moderately in the diagrid, the internal vessel lower
part, the main vessel bottom and upper part. A maxim um plastic strain level of 8 % is reached at the centre of
the diagrid support at 1.6 ms and in the whole lower part of the internal vessel at 4 ms.

From 1.6 ms, plastic strains appear in the ring joining the large plug to the roof due to the motion of the
pressurised fluid from the CCP towards the main vessel. The heat-insulation plate becomes plastic from 3 ms at
the junction with the cylinder; the maximum strain level is reached at 5 ms. At 4 ms, the centre of the heat-
insulation plate presents some plastic strains due to the high thrust exerted by the fluid hurled and compressed
under the plate.

From 6 to 17 ms, the plastic strains remain constan t in the neutron shielding, the baffle, the diagrid, the main
vessel bottom and the majority of the CCP. The strains increase in the internal vessel at the junction between
the lower and intermediate parts because the whirlpool causes a bending of the intermediate part by pulling the
fluid along the vessel intermediate part.
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The plastic strains also increase in the main vessel cylindrical part because of the formation of the upper bulge:

the fluid flowing down in the channel between both vessels deforms the main vessel. In relation with the fluid
flowing from the roof to the base of the channel, the plastic strains extend from the top to the bottom of the
cylindrical part of the main vessel. A uniform plastic strain of about 8 % is reached in the main vessel at the
height of the channel.

In the two rings joining the rotating plugs and the roof slab, the plastic level increases until 14 ms because
of the fluid flows below the top closure, generated by the whirlpool. Maximum plastic strains of 14 % and 20 %
are observed at 14 ms, respectively in the ring between the small and large rotating plugs and between the large
plug and the roof slab.
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Fig. 6: Plastic strains

CONCLUSION
This paper presents the results, concerning the structures, of a numerical simulation of the test with the

CASTEM-PLEXUS code. The results are analysed by means of the evolution versus time of the deformed shape,
displacements, plastic strains and stresses in the external and internal structures of the test-facility.

The main vessel is modeled by a shell and the top closure by massive structures. The main internal structures
are described by shells while the peripheral massive structures are homogenized with the surrounding fluid because
their geometry is too complicated to be meshed.

The expansion of the bubble gas simulating the explosive charge causes the propagation of a shock wave from
the centre of the mock-up towards the main vessel and the top closure. The passing of the pressure ware 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.

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
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large deformation of the main v essel bottom. The fluid impacting the top closure causes a deformation in stairs
(more important at the centre than at the edge) linled to the lower rigidity of the rings joining the massive slabs
(plugs and roof).

The argon layer, initially located below the top closure, is pushed away near the junction of the top closure
with the main vessel. It escapes from this confined area by flowing down in the narrow channel between the
internal and main vessels. This flow deforms both vessels and causes the formation of a bulge in the upper part
of the main vessel.

A comparison of the numerical results with the experimental results and with the previous numerical sirmlations
is presented in [40].
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