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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.

n France, a large experimental programme MARA/MARS (Louv et, 1989) (Bour, 1989) was undertaken
the 80s to estimate the mechanical consequences of an HCDA and to validate the SIRIUS computer
le used at that time for the numerical simulations.[Based oifa 1/30 scale model of the Superphenix

reactor, the French programme MARA in volves teTTTests pf'gradual complexity due to the addition of
internal deformable structures:
• MARA 1 and 2 consider a vessel partially filled wjjjt'water and closed by a rigid roof (Acker, 1981),
• MARA 4 represents the main core support structures (Smith, 1985),
• MARA 8 and 9 are closed by a flexible roof,(Fiche, 1985),
• MARA 10 includes the core support strucfjffes and a simplified represen tation of the above core structure
(Louvet, 1987).
The MARS test (Falgayrettes, 1983) re^ts on a 1/20 scale mock-up including all the significait internal
components.

At the end of the 80s, it was preferred to add a HCDA sodium-bubble-argon tri-componen t constitu-
tive law (Lepareux, 1991) (Lepareux, 1993) to the general ALE fast dynamics finite element CASTEM-
PLEXUS code rather than going on developping and using the specialised SIRIUS code. The experimental
results of the MARA programme w ere used in the 90s to validate and qualify the CASTEM-PLEXUS
code.

A first series of computations of the tests MARA 8, MARA 10 (Cariou, 1993) and MARS (Cariou, 1997)
was realised. The simulations 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 - but the prediction
of the MARS structure displacemen ts and strains was overestimated.

This conservatism was supposed to come from the fact that several MARS non axisymm etric structures
like 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 mock-up 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 (Robbe1, 1999) (Robbe*,
1999) (Robbe0, 2001).

In other respects, the process used for dealing with the fluid-structure coupling in CASTEM-PLEXUS
was improved. Thus a second series of simulations of the tests MARA8 (Robbe0, 2000) (Robbe6, 2000)
and MARA10 (Robbec, 2000) (Robbe'', 2000) was realised. A simulation of the test MARS (Robbee, 2000)
(Robbe', 2000) was carried out too with the same simplified represen tation of the peripheral structures
as in (Cariou, 1997) in order to estimate the improvement provided by the new fluid-structure coupling.

This paper presents a third numerical simulation of the MARS test with the CASTEM-PLEXUS
code.{Compared v/j/Ch the second simulation, the peripheral structures (heat exchangers and pumps) are
described by mejms of an homogenization model. The MARS test-facilit y and the numerical model are
described in (Robbeb, 200^^]The paper is focused on the analysis of the numerical results concerning
the escalation and the propagation of the explosion. The results are described through the evolution of
several variables versus time: pressure, gas presence fraction and fluid speed.

PRESSURE
The figure 1 presents the pressure versus time in the whole mock-up. Initially, the water and argon are

at the atmospheric pressure whereas the explosive charge simulating the bubble gas is at 288 MPa. From
0.02 ms, a pressure wave issued from the bubble zone expands spherically.
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Fig. 1: Pressure

At 0.06 ms, the pressure wave hits the nearest structures: the lateral shielding, the in-pile shell of the
Core Cover Plug (CCP) and the diagrid. At 0.1 ms, the pressure wave has gone farther than the central
structures and impacts the baffle and the second spacer plate of the CCP. In a first time, the diagrid
holds back the propagation of lite pressure wave. The pressure level lias fallen to approximately 60 MPa
at 0.1 ms.
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At 0.14 ms, the pressure wave has succeeded in accelerating the water below the diagrid and the

pressure wave continues its progression downwards but with a lower level of 12 MPa. In the upper part,
the pressure wave continues its spherical propagation and impacts the lower part of the internal vessel. At
0.18 ms, the pressure wave hits the upper spacer plate of the CCP. The highest pressure is located in the
bottom of the central zone because of the confinement imposed by the central structures. Consequently
the lateral shielding and the diagrid are the structures most in demand. A small depressurisation appears
in the centre of the initial bubble zone and between the in-pile shell and the lower spacer plate of the
CCP.

The pressure wave keeps a spherical shape until 0.22 ms. From 0.26 ms, the shape of the pressurised
area changes because its expansion is limited by the main vessel at the bottom and the presence of the
argon layer at the top. Depressurised zones are created in the bottom of the central zone (previously the
most pressurised water area) and in the middle of the CCP. At 0.26 ms, the pressure wave impacts the
bottom of the main vessel.

At 0.3 ms, the pressure wave has completely gone round the Core Support Structure and is hitting the
torospherical part of the main vessel, located above the collar. The maximum pressure is 25 MP a below
the diagrid and 18 MPa at the level of the internal vessel. The bottom of the central zone, the bottom
of the space between the lateral shielding and the baffle, and the CCP top are depressurised. The argon
layer always remains at a low pressure because of the compressibility of the gas.

At 0.34 ms, the pressure wave continues its lateral progression and hits the cylindrical part of the main
vessel. Since 0.38 ms, the average pressure is mudi lower in the whole mock-up. The maxim um pressure is
12 MPa in the central zone and against the upper part of the internal vessel. The final step of propagation
of the pressure wave leads to a sort of queue which impacts both intermediate and upper parts of the
internal vessel.

From 0.42 to 0.8 ms, the pressure decreases in the whole mock-up. The pressurised areas remain
concentrated in the central zone (with a maximum pressure level inferior to 10 MPa), between the radial
shielding and the internal vessel lower part and later in the Core Cover Plug and against the main vessel.

Between 1.2 and 3.2 ms, the pressure decreases in the central zone and below the diagrid. The pressurised
area next to the main vessel goes up progressively along the vessel and damps. Due to the expansion of
the bubble gas out of the central zone, a weak pressure wave propagates from the channel formed by the
shielding top and the in-pile shell through the space between the large space between the CCP and the
internal vessel.

From 3.4 to 4.7 ms, the pressure of the w ater contained inside the CCP increases, owing to the important
crushing of the CCP against the heat-insulation plate topping the CCP. Simultaneously, the violent
expansion of the high pressure bubble out of the central area pushes the water and argon first against
the top closure and then laterally along the top closure towards the main vessel. The compression of the
water and argon causes the formation of a pressurised area under the top closure. The top layer initially
filled with argon is become as pressurised as the rest of the mock-up and the argon has been pushed out
of this zone by the expelled water.

Between 4.7 and 6.2 ms, the pressurised area is shifted towards the main vessel due to the accumulation
of fluid against the internal vessel. It is stopped by the upper part of the internal vessel and the top corner
at the junction of the main vessel with the roof slab. In parallel, as the bubble gas expansion pushes
fluid between the Core Support Structure and the internal vessel, another pressurised area appears just
above the CSS. Another pressurised zone is formed below the intermediate part of the internal vessel: it
probably comes from the downwards acceleration of the water below the internal vessel by the downward
deformation of the vessel and then from the water rebounds against the different structures. After 7 ms,
the pressure becomes lower than 5 MPa.

GAS FRACTION
The figures 2 to 4 show respectively the general volumic presence fraction of the gas, the massic presence

fractions of the bubble and of the argon. Initially, the mock-up is filled with liquid water except in the
centre where is located the explosive charge and below the top closure which shelters the argon layer.

Between 0.02 and 0.2 ms, the bubble gas grows spherically and remains in the central area confined by
the presence of the diagrid support, lateral neutron shielding and in-pile plate of the core cover plug. At
0.2 ms, the argon layer starts being compressed upwards in the CCP and below the small rotating plug
because of the arrival of the pressure wave impacting the top closure.
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Fig. 2: Gas presence fraction

From 0,4 ms, besides of the expansion of the bubble gas, we observe the vaporisation of water in the
areas which become depressurised after the passing of the pressure wave. For instance, the water at the
bottom of the central area and at the top of the CCP vaporises at 04 ms while the pressure level decreases
there until the initial atmospheric pressure.
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Pig. 3: Bubble presence fraction
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Fig. A: Argon presence fraction

Between 0.8 and 2 rns, water steams in large areas of the test-facility: below the diagrid, under the top
rlosure. in the porous area, between the porous area and the CCP, above the upper spacer plate in the
CCP and also just along the vertical structures (the lateral shielding, the baffle and the lower part of the
internal vessel).
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All these areas are at a low pressure when the water vaporises. But since the pressure increases again,

the steam condenses. It is the case in the fluid area below the internal vessel: between 0.8 and 1.2 ms,
the water vaporises owing to the very low pressure and since 1.6 ms, the steam condenses because the
pressurised area located above the CSS is moving up, thus increasing the local pressure level.

Meanwhile, the pressurised bubble gas continues its expansion in the central area. At 1.2 ms, the bubble
gas is shifted upward. The bottom of the central area is filled with liquid water which is trapped by the
confinement and the blocking-up due to the bubble growth. In that zone, the water remains liquid due to
the pressure increase caused by the bubble expansion. From 1.6 ms, the bubble gas starts escaping out
of the central zone by the free channel between the neutron shielding top and the CCP base.

Between 0.2 and 1 ms, the argon layer is progressively compressed upwards against the top closure
because of the thrust of the liquid water ejected from the central area and because of the creation of
steam just below the argon layer. From 1.6 to 4 ms, the argon is pushed and concentrated in the top
corner near the junction of the roof and the main vessel because the high pressure bubble gas going out
the central area pushes the liquid water which in turn pushes the argon.

Between 3 and 10 ms, the bubble gas expands out of the central zone. A large panache forms between
the external cylinder surrounding the CCP and the internal vessel. Simultaneously, the argon is first
compressed in the top corner until 5 ms and then the argon expands along the top closure and along
the upper part of the main vessel. This argon expansion is due to the general pressure decrease in the
test-facility from 6 ms.

In parallel, the water continues vaporising below the diagrid because of the local pressure fall. At 3
ms, the gaseous rate is maxim um in the porous area. It seems that, from 1 to 3 ms, the steam spreaded
between the CCP and the internal vessel upper part gathers progressively in the porous zone. After 4 ms,
the steam condenses in the porous zone and in the vicinity of the neutron shielding, the baffle and the
internal vessel because the expansion of the bubble gas out of the central zone causes a pressure raise.

From 10 to 17 ms, the bubble gas stops expanding out of the central area due to the formation of a
fluid whirlpool between the core cover plug and the internal vessel. One must remark that the bubble
gas never comes into the porous area. Due to the whirlpool, the bubble gas is pushed back in the central
area and expands downwards in this confined zone. At 17 ms, the bubble gas fills almost completely the
central area. The trapped water is concentrated at the bottom along the diagrid and the symmetry axis.

The bubble gas which went out of the central zone goes slightly away from the CCP and the neutron
shielding top and forms a tore which swirls round in the middle of water. Some gas goes down along the
neutron shielding and remains trapped between the shielding and the baffle.

Argon continues expanding from the top corner along the top closure and along the main vessel. Later
argon gathers in two areas, thus forming a sort of bag in the Core Cover Plug and a second bag near the
top of the main vessel. This second argon bag is at the origin of the formation of a bulge in the upper
part of the main vessel.

Finally, because of the pressure fall below the diagrid and the CSS, water vaporises along the main
vessel bottom and under the diagrid.

FLUID VELOCITY
The figures 5 and 6 show the fluid velocity with vectors to indicate the fluid direction and with a

colour map to give an idea of the value of the local velocities. The fluid is initially at rest in the whole
test-facility. Since 0.02 ms, the bubble gas in the mock-up centre expands spherically with a velocity of
200 m/s.

At 0.1 ms, the bubble gas continues to expand but the speeds are no more uniform in all the directions.
A very high vertical speed is observed on the symmetry axis because the horizon tal blocking condition
imposed for the elements on the axis is equivalent to a rigid wall. Therefore the pressure peak along
the axis is twice the average pressure in the bubble zone, what explains the high speeds of the bubble
elements on the axis.

In the central area limited by the diagrid, the neutron shielding and the in-pile plate of the Core Cover
Plug, the velocities decrease in the lower part because of the diagrid presence preventing the downward
water flows. On the contrary, the lateral and upward velocities in the central zone remain high. The
bubble gas hits the central structures at 0.1 ms.
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Fig. 5: Fluid speed
At 0.16 ms, the pressure wave succeeds in accelerating the water located at the periphery of the central

zone: between the neutron shielding and the internal vessel lower part, in the lower part of the core cover
plug and along the axis of the free space between the shielding and the CCP. The water impacts the
baffle at about 0.12 ms and the lower part of the internal vessel at 0.16 ms, perpendicularly to the shells.
Due to the expansion of the pressurised area, the maximum bubble gas speeds fall to 140 m/s near the



central zone exit.
From 0.2 to 0.3 ms, the bubble gas in the central zone is mainly directed upwards and radially. The

bubble gas impacts the neutron shielding with a speed up to 80 m/s. Owing to the diagrid presence, the
downward motion slows down and the bubble gas begins a rotating motion upward directed. The bubble
expansion pushes upwards the in-pile plate of the CCP and radially the shielding which goes away under
the fluid thrust.

The water moves away spherically in almost the whole mock-up. In the CCP, the water moves upwards
and has impacted all the spacer plates at 0.22 ms. The water located under the diagrid starts impacting
the vessel bottom at 0.3 ms.

Between 0.38 and 0.46 ms, the water continues its spherical expansion. The water hits the main vessel
bottom perpendicularly with an average speed of 30 m/s. Besides, the water impacts the upper part of
the main vessel from the collar supporting the CSS to almost the main v essel top.

The water impacts progressively all the top closure, starting from the CCP heat-insulation lower plate
with a maximum speed of 40 m/s and hitting afterwards both rotating plugs and the roof slab. At the
top of the channel between both vessels, we can note a small water flow passing over the internal vessel
towards the porous area.

From 0.54 to 0.8 ms, the bubble gas continues expanding in the central area, thus impacting all the
central structures. But the bubble gas moves preferentially towards the free channel, with a speed of
about 100 m/s, to escape out of the central area.

Between the CCP and the internal vessel, the water continues moving away spherically and impacting
all the structures. The water flows at the inner interface of the porous zone are oriented upwards along
the interface. On the contrary, the water flows inside the porous area are oriented diagonally and cross the
porous area. It seems that the interface acts as a shield and deviates partially the flow. In the CCP top,
the argon is hurled horizontally towards the external cylinder what causes the bending of the cylinder at
the junction with the heat-insulation plate.

From 1 to 2.4 ms, the bubble gas goes on escaping by the free channel with velocities up to 90 m/s.
The bubble gas continues pushing away the neutron shielding, pushing down the diagrid and pushing
up the in-pile shell. Out of the central area, the water hits the baffle and the base of the internal vessel
perpendicularly to the structures. Below the diagrid, the water moves down towards the vessel bottom
and then flows along the main vessel towards the collar.

Above the baffle and the internal vessel, the bubble gas expels the water mainly upwards but also
laterally along the intermediate part of the internal vessel. Part of this water crosses the lower part of
the porous zone while the rest flows along the inner interface of the porous area.

Below the internal vessel, the water first goes toward the torospherical part of the main vessel and later
flows upwards towards the top closure by the channel between the main vessel and the internal vessel.
While the w ater tends to pass over the internal vessel top to go out of the channel, the argon flows in the
reverse direction but between this water layer and the top closure.

The argon located between the CCP and the main vessel is crashed against the top closure by the
water impact. As a consequence, the argon flows horizontally against the top closure either towards the
CCP or in direction of the main vessel. In the core cover plug, the water remains oriented upwards what
causes the formation of a bulge at the intersection of the external cylinder and the heat-insulation plate.

From 3 to 5 ms, the bubble gas goes out of the cen tral area violently. The highest speeds are observed,
for the bubble gas, in the free channel and, for the water, in the upper part of the mock-up because the
water is accelerated up by the bubble expansion. Below the diagrid, the water flow reverses: the water
rebounds on the main vessel and the collar and goes back towards the diagrid.

Between the neutron shielding and the baffle, some bubble gas and water are pushed down, rebound
on the CSS and finally move up. Between the baffle and the lower part of the internal vessel, we observe
a similar phenomenon, except that, as the interval between both shells is more narrow, we observe
simultaneously a downward fluid thrust at the top and the rebound of the fluid with an upward motion
at the bottom.

Below the top closure, the water flows orient progressively towards the top corner. If the porous area
was able to deviate part of the flow for a certain time, it is now transparent for the fluid which crosses
the porous zone as easily as the rest of the mock-up. We note high horizontal speeds of about 80 m/s just
under the top closure which are due to the argon motion outwards.
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Fig. 6: Fluid spee<l
The water and argon flows coming from below the top closure are now able to balance the water thrust

in the channel. Consequently all the fluid (lows are oriented outwards and push radially the main vessel:
this phenomenon will lead to the formation of an upper bulge at the vessel top.

From 6 to 8 ms, the bubble gas keeps on being expelled violently (with speed up to 90 m/s) from
the central area and expanding in the water area above the baffle. The resistance provided by the water



oooe
already located in that zone causes a deflection of the jet downwards. By crushing the fluid just above the
intermediate part of the internal vessel, the jet causes the sliding and the propelling of the fluid towards
the CPP. In turn, the evicted fluid attracts up the bubble gas and the water which were trapped between
the neutron shielding and the internal vessel.

Simultaneously, the bubble gas jet propels up the water which was located above the bubble panache.
The water flowing along the CCP exerts an inwards thrust on the external cylinder. So the water in the
CCP continues to be hurled upwards, but with slower velocities, and we observe an orientation of water
and argon towards the symmetry axis in the upper part of the CCP. Afterwards, the fluid in the CCP
rebounds against the symmetry axis and orien ts horizontally outwards.

Under the diagrid, the water which rebounded on the main vessel bottom, moves up towards the diagrid.
Below the internal vessel, the water decelerates and changes direction: the water near the internal vessel
moves back towards this vessel and the water near the main vessel moves up along the vessel. In the
channel between both vessels, the concentration of water coming from below the internal vessel and of
argon and water coming from the top corner, leads to an horizon tal thrust outward directed on the main
vessel and causes the formation of a vessel bulge. As the thrust of the top fluid is higher than the one of
the bottom fluid, the bulge goes down progressively along the wall.

From 9 to 11 ms, a large whirlpool forms abo ve the baffle due to the expulsion of the bubble gas out of
the central area. The bubble gas is ejected diagonally through the free channel and then turns down at
about mid-radius of the mock-up. The whirlpool propels water against the top closure. Then this water
rebounds and goes back along the CCP external cylinder. Finally the whirlpool pulls water from the
whole upper part of the mock-up and from the spaces between the neutron shielding and the baffle and
between the baffle and the internal vessel. The highest speeds are still noted for the bubble gas jet but
they remain limited to 40 m/s.

Simultaneously, a second smaller whirlpool creates in the central zone: the bubble gas moves up towards
the free channel but it is partially turned away inwards along the in-pile shell, and downwards along the
symmetry axis before the cycle starts again. Under the diagrid, the water slows down. In the channel
limited by both vessels, the water changes direction: the water moves down because of the high thrust
due to the fluid coming from the roof. Below the internal vessel, the water either flows up along the main
vessel or is deviated along the intermediate part of the vessel.

Below the roof, we notice two contradictory fluid flows: along the roof, argon moves horizontally out-
wards or inwards according to its location whereas, on the element layers below, argon and water are
pulled downwards by the large whirlpool. In the CCP, the upwards water flow stops and turns back: the
water is propelled downwards. Owing to the impact of argon, coming from the top closure, against the
external cylinder top, the argon and water located in the CCP corner are violently expelled inwards.

From 12 to 14 ms, the fluid in the central area keeps on twirling. The large whirlpool above the baffle
pulls fluid from the top of the mock-up and from the porous area and projects it in the central area. As
the whirlpool also pushes fluid in the space between the shielding and the baffle and as the fluid bounces
against the CSS, the flows concentrate in direction of the baffle at one third of the shell height.

Below the diagrid, the water flows slow down considerably. The water in the channel between both
vessels is still oriented downwards; it pushes down the water along the main vessel and along the inter-
mediate part of the internal vessel. Above the internal vessel and the baffle, all the water is pulled by the
whirlpool and converges towards it. Along the top closure, the argon rebounds against the walls (exter-
nal cylinder of the CCP or main vessel). In the CCP, the fluid expelled from the top corner, rebounds
against the symmetry axis and mo ves once again towards the external cylinder. In the rest of the CCP,
the downward flows slow down.

Between 15 and 17 ms, the large whirlpool turns away independently from the rest of the fluid. The
bubble gas in the central area remains confined in that area: the large whirlpool prevents the going out of
more gas and the whirlpool pushes down fluid inside the confined area. The fluid inside the central area
is mainly oriented downwards. Its impact on the diagrid causes a downward motion of the water below
the diagrid. As the fluid entering in the central area exerts an upward thrust on the CCP, the water
inside the CCP changes direction and moves up once again. At the CCP top, the water and the argon
alternately rebound against the symmetry axis and the external cylinder.

The whirlpool pulls water and argon from the top closure. The fluid flows down along the internal vessel
and along the external cylinder surrounding the CCP. In the top corner, the argon gas flowing outwards
along the top closure goes inwards passing above the internal vessel top. The whirlpool pushes the water
pulled along the internal vessel inside the spaces between the neutron shielding and the internal vessel
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base. In the channel limited by the two vessels, some of the trapped fluid is sent up over the internal
vessel top and the rest of the fluid is sent down along the main vessel.

CONCLUSION
This paper presents a numerical sim ulation of the test with the CASTEM-PLEXUS code. The results

are analysed by means of the evolution versus time of the pressure, the presence fractions of the three
fluids confined inside the reactor block and the velocities.

Initially, the pressure is 1 bar eveywhere, except in the centre of the mock-up, at the location of the
explosive charge. The explosion of the charge causes the propagation of a shock wave through the whole
mock-up. The pressure is the highest in the central area containing the explosive charge owing to the
extreme confinemen t imposed by the presence of the neutron shielding, the core support plate and the
core cover plug. After the expansion of the pressure wave in the test-facility, the wave rebounds on the
external structures (reactor vessel and top closure) before to damp.

The high pressure gas bubble simulating the explosive charge expands first in the central part of the
mock-up; then it escapes from this confined area by the narrow channel between the neutron shielding
top and the base of the Core Cover Plug and expands in the part of the test-facility located above the
baffles and the lower part of the internal vessel. The gas bubble expansion pushes away the water, initially
present at that location. The argon layer under the top closure is pushed below the roof and in the channel
between the internal and main vessels.

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. Due to
the rebound of water against the external structures and to the thrust exerted by the high pressure gas
bubble going out from the central area, we observe the formation of a large whirlpool in the upper part
of the mock-up.

The behaviour of the internal and external structures of the reactor block during the explosion is
described in (Robbec, 2001). A comparison of the numerical results with the experimental results and
with previous numerical simulations is also presented in (Robbetf, 2001).
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