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ABSTRACT

In the casa of & Hypothetical Clore [Hsruptive Accdent (HCDA) in a Liguid Metal Fast Hreader
Reactor, it 13 assumed that the core of the nuclear reactor has melted partially and that the chemical
interaction batwesan molten fuel and liquid sodium has created a high-pressure gas bubble in the cora
The violent expansion of this bubhble loads and deforms the reactor vessel, thus endangering the safaty
of the muclear plant. The experimental test MARAS simulates the explosive phenomenon in & mock-up
included in a flexible vessel with a flexible roof. This paper presents a numerical simulation of the test
and a comparizon of the computed results with the experimental results and previous numerical ones,

1 INTRODUCTION

Ta ensure a high safety lavel in French nuclear power plants, safaty anthorities require plant designers
to take into consideration several cases of hypothetical ssvere accidents which the plant must be able
to withstand. The aim iz to guarantee that even a core-melt aecident would not require any stringent
countarmeasures such as evacuation or relocation of the population beyond the immediate vicinity of
the plant.

For the Liguid Metal Fast Breader Heactors (LMFER). one of the severe accdents envisaged i= a
Hypothetical Core Disruptive Accident (HC A ). The scenario supposes that the core of the reactor
has melted partially due toan accident. The chemical interaction of molten fuel with the liguid sodium
nsad tao cool the reactar core very quickly produces a high quantity of gaseous components.

A high-pressure gas bubble forms in the core centre. The explosive expansion of this bubble leads
to an overloading of the reactor veasel and its internal structures. To avoid the releass of radioactive
products in the plant containment, the integrity of the reactor vessal must be maintained.

[ruring the Tils and 8k, several conntries contributed to the understanding of the ronsaquences of
a HODA . They undertook several experimental programmes or developed computer codes espacially
devoted to the analysis of the transient loads resulting from a HODA. The codes generally aimed at
simulating & HC DA in the reactor in order to demonstrate its capacity to withstand such an accident.
The axperimantal programmes had more varied objectives.

The STROVA and COVA programmes were dedicated to the wvalidation of the computer codes.
The STROVA programme |17| consisted in applying well-defined transient loads to a variety of metal
structures | repressntative of t he reactor roof and the com ponents of the reactor vessal jand in comparing
the experimental results with those computed by the EURDYYN structural dynamics code,

The COVA programme (O Crde VAlidation ) |15] [14] |2] relied on a series of axperiments parformed in
cylindrical tanks, starting with simple tests and increasing in complexity in such a way that only one
new feature was introduced at a time. Thi=s programme aimed at validating [41] |16] the ASTARTE

and SEURBNUK codes.



The WINCON and MARA programmes involved tests of gradual complexity which were based on
smal-scale replicas of reactora. The interest of the WINCON programme (WINfrith CONtainment )

|3%] was both to understand the influence of the presence of each internal structure in the global
responze of the reactor and to validate the SEUBN UK and EURDYN codes.

Based on a 1/%0 scale model of the Superphenix reactor, the French programme MARA invalved
ten testa of gradual complexity due to the suceessive addition of internal deformahble structures:
o MARA 1 and 2 considered a vessal partially filled with water and topped with a rigid roof [1].
# MARA 4 representad the main core suppart structures |3,
o MARA % and 9 used a flaxible roaf |13,
o MARA 10 included the core support structures and a simplfied representation of the stroctures
ahove the core |23).

The French SIRIUS coda |4 |10] was validated on the MARA programme [24] |3]. Like other modes
using a Lagrangian approach, SIRIUS required rezoning during caleolation because the deformation of
the internal structures causad a great distortion of the fluid meshes. Sodium and the thick structures
[the roof ) were described with the Finite Difference Meathod while the Finite Element Method was nsed
for the thin structures { the vessel). Argon and the bubble were not meshed, but taken into account by
& law computing volume versus pressure.

At the and of the 8k, it was preferred to add a spacific HCDA sodinm-bubble-argon tri-component
constitutive law || to the general fast dynamics finite alement CASTEM-PLEXUS code. The HC DA
oonstitutive law was validated || by the CONT benchmark |3).

In order to demonstratethe capability of CASTEM-PLEXUS to predict t he behaviour of real reactors
[21] |7]. axisymmetrical computations of the MARA =series were confronted with the experimental
results. The computations performed at the beginning of the %k showed a rather good agresment
between the experimental and computed results for the MARA 8 and MARA 10 testa |§]. However,
mimerical resulta showed some discrepancies which might be eliminated by increasing the fineness of
the mesh. Afterwards, the CASTEM-FLEXUS code was merged with the FLEXIS-3C code to extend
the capacities of hoth codes: the result was the EUROPLEXTUS code.

At the end of the 9k, the mesh of the MARA 8 model was refined and a more detailed analysis
af reaults was undertook |#1] |#4] |$2] [#3]. This simulation presented results in closer agresment
with the MARA 8 test. In parallel, simulations of the MARA 1) were carried out with an im proved
fluid-st rueture coupling; they showed that the numerical results were battar with this new coupling.

To conclude the MARA 8 test, we undertook recently another simulation with the fine mesh and
the new fluid-structure coupling. In addition. owing to the increased possibilities of computers, it
was possible to carry out the simulation for a longer period of physical time. After a brief presenta-
tion of the MARA 8 mock-up and of the EUROGPLEXUS code, this paper foruses on the numerical
maodel, the analysis of the numerical results and a comparison of the current mumerical results with the
exparimental results and with the previously computed ones,

2 DESCRIPTION OF THE MARAS MOCK-UP

In France, the two Liguid Metal Fast Bresder Reactors (LMFBR) Phenix and Superphenix {see Fig.
L) are based on an integrated design: the entire primary circuit of the reactor (core. pumps, heat
exchangers, ete.) #8 inchided inside the reactor vessel. The exchanges with the secondary cireuit are
limited to some pipes crassing the reactor roof. The main advantage of this design is to maintain the
majority of the radioarctive elments inzide the reactor vessel and to imit the possible contacts betwesn
air and the radioactive sodinum of the primary crenit. As sodiom is lammable on contact with air, a
blanket of inert gas { argon ) isolates the sodium in the reactor block from the reactor roof.

The MARA programme was defined and realised at the CEA-Cadarache in the 80 in order to
msimulate a Hypothetical Core DEroptive Accident in simplified small-scale models of the Supsrphenix
reactor block. The characteristics of the MARA mock-ups ware |6
# a scake factor of 1 /30 for all dimensions and thicknesses,
® an axisymmetrical geometry.



In order to carry out tests at ambient temperature and to avoid fire problems linked to sodium
handling, liquid =odium was replaced by water in tests since both components have similar densities

and viscosities. Argon was replaced by air, and the bubble expansion was simulated by an explosive
SOUTCE,

Al tests of the MARA series were fired using a 45 g low-density low-pressure explosive charge of
L54/ 16i composition |11] leading to at least a 1000 MJ full-scale energy release |24|. Vessals wersa filled
with water leaving a 4.4 cm air gap [12]. The vessels of all the tests were identical and made of 31 steal
1.2 mm thick. Between the junction with the core support plate and the junction with the internal

heat axchangera, the thickness was reduced locally to 0.9 mm and 1.1 mm in arder to simulata a pinned
attachment with the diagrid.

In MARAS, a flexible roof of 443 steal 10 mm thick was clampad to the roof support |[12]. The
veasal was welded to a flange balted to the roof support. The external dimensions of the MARA 8
mock-up were a height of 35 em and a radius of 3% em. The mock-up (s=e Fig. 2) did not include
internal structures. The explosive charge was hung from the roof centra.

The mock-up was well instrumented |13] with:

# 7 pressure transducers fitted under the roof at different radu,

# & astrain gauges placed on the upper and lower sides of the roaof at three radial locations (centre,
mid-radina and near the adgs),

# fi strain gauges attached at three main locations on the vessal (upper bulge, charge lavel and basa)
to obtain axial and hoop strains,

# 2 high-spead cameras used to obtain displacements of the roof and the vessal (upper bulge and base).
The residual deformations were evaluated by measuring, before and after the firing, the mesh sizes of
the grid drawn on the vessel and the roof.

3 DESCRIPTION OF THE EUROPLEXUS COMPUTER CODE
AND OF THE HCDA CONSTITUTIVE LAW

EUVRCPLEXUS i a general computer code [#] |13] [23]. co-developad by CEA-Saclay and JRC-
Epra, for the analysis of fast transient phenomena. EURCOPLEXUS results from the merging of the
CASTEM-PLEXUS and PLEXIS-3C codes. It can perform 1D, 20} or 31} structure caleulations as
required. The main fields dealt with are impacts |27|, explosions |[26] |28] [29] |33] |46, pipe circuoits
[V&] |14) |#0] |37], hydrodynamics |40 and robats |[22).

EUVRCPLEXUS is based on the Finite Element Method. Time integration is explicit and the formu-
lation can be Lagrangian, Eolerian or Arbitrary Lagrange Euler (A LE). The code can take into account
various non-linearities related to materials or geometry. EU ROPLEXU S caleolates successively, ateach
time step, the mass conservation, the total energy conservation only if neaded, the material constitutive
law and finally the momentum conservation law.

The HODA constitutive law of the EURCOPLEXUS mde supposes that the sodium-argon-bubble
mixture is homogeneons in each mesh. Each constituent is described by a apacific law, and it is assumed
that the presence of the other constituents does not affect the constitutive law of sach one. Thermal
transfars batwesn constituents during the axplosion are assumed to be negligible. As a consequence of
thi= simplification, the rode doss not use the enargy equation for the resolution of HC DA problems.

The mass conservation is ensured by balancing the flows crossing the mesh boundary during the

time step. Then the code solves the weak formulation of the momentum equation:
Mass conservation A1) = A1) 4 A pfin-ndl)
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In the Finite Element Maodel, the nodal variables ( velority, acceleration, ete.) are identical for the
thres constituents of the HODA law. (dn the contrary, the elementary variables | pressure, density,
ate.) depend on several parametars: the partial variables of each constituent, the presence fraction =
af constituents, ate. The quantities related to each constituant (e for argon, b for bubble, # for sodium
and o for sodinm vapour) are indicated with a subacript. (puantities without subscript are related to
the homogeneous mixture, and index g is related to the gas mixture.

For instance, the mixture density iz obtained hy:
A= 0 By 4+ M By 40, B+ 0y By
The pressure of the gas mixture p, is the sum of the partial pressures:

P}nﬂ! _plﬂHJ_'_pl"'-”:' T_.,"lllﬂﬂﬂ (1]

The void fraction o iz obtained from the ratios between the relative density ¢ of a com ponent [density
related to the total volume of the mesh) and the absolute density of the compaonent:

ba_h_d_d_ by
Pa P P Py Ps
The fluid mixture iz described by the constitutive laws of each component [21].
# Arzon is assumed to be a parfect gas with an adiabatic bahaviour:

ll:'-l"tﬂ‘ 1)
f.l}t“‘ 1) =pLﬂJ e t_'{]
{n}
Pa

whera A, is the heat capacity ratio e, fe,
# The bubble & considered as a parfert gas whose behaviour follows & polytropic law:
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The axpanent. 75 can have any positive value. For instance, g4 = 1 for an isothermal law or gu = Ay for

an adiabatic law,
# Sodinm can exist both in a liquid phase and a gaseous phase bacanse of the possibility of cavitation.
The diphasic sodium iz supposed to be at saturation conditions, and its temperature is assumed to be

constant. The liguid is submitted to the pressure

it = i) = )4 7 (a4 — pl) (5)

with ', the sound velocity in sodium. The vapour only depends on the initial tam perature 7197
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EUVRCOPLEXUS computes the average density and the concentration of each constituent from the
mass conservation for each fraction. Then the pressure of the mixture is obtained by successive itera-
tions. The iterative process computes:

The sodinm denzity from (5) by estimating approxmately p}-ﬂ‘ " at the beginning of the time step,
The vaid fraction and then the argon and bubble densities from (2),

The argon pressure from | 3).

The bubble pressure from (4),

The pressure mixture from (1.

4 NUMERICAL MODELING OF THE MOCK-UFP

The MARAS mock-up is composed of stroctures and Auids interacting with each other. The mock-up
includes a flaxible wessal with a flexible roof. Structures are assumed to be thin and flexible enough to
ha represanted by shells.

e

(rwing to the symmetry of the mock-up, an axisym metrical representation was used for the numerical
simulation. Figure § presents the mesh used for the mimerical simulation.

In cazeof a HC DA, the internal fluids are sodium, argon and a gas bubble. In thetest, these fluids are
respectively replaced by water, air and an explosive charge. Water and air are initially at atmospheric
pressure, whereas the explosive charge induces an initial pressure of 165 MPa in the bubble area.

The characteristics includad in the numerical model are:

» Watar rp= 183 kg/m3 sound speed ' = 155 m/s  p!" = 10° Pa

* Air rp= L2006 kg /m3 A =e,fe, =14 pi™ = 1)® Pa

® Explasive charge @ p= 400 kg/m3  polytropic coaf. 5= A= 124 p" = 1§46 10® Pa

In EURCPLEXUS, fluids and structures can be described with an Enlerian. Lagrangian or &.L.E.

approach. In the current numerical simolation, all the stroctures are represented with a Lagrangian
deacription and the mesh follows the deformation of atructures. The grid of water and air is governad
by an ALE model: it is updated according to the deformation of the neighbouring structures. The
bubble zaone iz kept fixed. Indeed if the bubble grid were ALE, the mesh would deform very much
because of the expansion of the bubble gas at a very high initial pressure and this large deformation
would entail numerical difficulties to carry out the computation. Moreaver, the fixed bubble grid is
usad as a reference for the updating of the ALE surrounding mesh.

Twao kinds of fluid-strocture coupling are available in the EUROPLEXUS code. Their main differ-
ences come from the definition of the local normal vector usad to write the coupling relations betwean
the freadom degrees of fluid and solid. The first fluid-structure conpling (FS20F instruction) requires
the definition of coupling elements by the user, which assignz the same displacements to the fluid nodes
and the strocture nodes facing each other. The main drawback of this coupling lies in the absence of
automatic artualisation of the ALE grid for the alements other than the ones on the conpled lines.

The sacond coupling (FSA instruction ) does not require coupling elements; the code considera directly
the fluid and solid nodes in contact and writes relations allbowing a possible tangential fluid flow
relatively to the structure location. The FSA coupling is well adapted to complex seometries buot
it often implies a user intervention to pilot the displacements of the fuid ALE grid.

In the CASTEM-PLEXUS simulations performed in the 9= ||, only the FS2I} coupling was avail
able. For the previous EUVRCOPLEXUS simulation [35]. the FS2[} coupling was conserved as the goal
was to ohserve the influence of a thinner mesh. In the current simulation, the FSA coupling was
adopted to test the influence of the oupling on the precision of reanlts.

In arder to prevent call crashing in the air zone during the ALE mesh updating, a ralation governing
the local displacement of the air mesh is defined by the user. This line manages the interface hatwean
the water zone and the air layer. The fluid nodes at the interface are forced to remain aligned. Due to
the difference of compressibility between air and water, the air zone might auffer a crushing of some
eells during the axplosion in the absence of this governing line.



Boundary conditions wera:
# Mo horizontal displacement on the symmetry axis,
# Mo rotation of the two vessel and roof nodes located on the symmetry axis,
# (lomplete hlocking of the node in the top right-hand corner at the junction batwean the vessal and
the roof.

5 RESULTS

The intarpretation of the numerical results iz based on the analysis of pressure, gas fraction, fluid
spead. radial and wertical displacements, stresses and strains wersus time. The evolution of thess
varinbles is presented on images showing the state of the internal fluids or structures at different times.

5.1 Pressure

Fressure is presented in Fig. 4. Initially, fluid iz at atmospheric pressure, apart from the high-
prassure gas bubhle in the centre of the mock-up. Initial pressure induced by the explosive charge
simulating the gas bubhble iz equal to 165 MPa. The pressurised zone expands spherically, causing the
propagation of a pressure wave. [huring the expansion, the average pressure of the pressurised zone
decreases in inverse proportion to the increase in volume. After (L0& ma, pressure in this zone goes
down to 33 MPa.

The first contact of the pressure wave with the mock-up structures orcurs at the vessel base after
.13 ms. As a consequence, the downward expansion of the pressurised area is stopped by the vessal
base, and the expansion continues laterally along the vessal base. Owing to the pressure wave rebound
againat the vessel base, the pressurised mone is pushed back upwards and a low-pressure zone appears
ahove the vessal basa, The low-pressure zone appears first next to the symmetry axis (at .16 ma) and
spreads progressively laterally and upwards. Pressurein this area is approximately equal to atmospheric
pressure.

The pressure wave comes into contact with the lateral wall of the vessel after (1.22 ms. At that time,
the pressurised area & divided into four zones:
# Mear the vessel, a high-pressure zone (about 200 MPa) due to the splashing of the pressure wave
againat the vessal iz ohsarved,
# In the annular strip batwean 1 /2 and 3 / 4 of the vessal radius, pressure is lower (7-8 MPa).,
# A second pressurised area appears in the periphery of the central zone; this zone is spherical and its
pressure 15 equal to about 14 MPa,
# In the middle of the mock-up. pressure is lower and equal to 7 MPa.

In a firat time, pressurization comes from the the propagation of the acoustic shock wawve. This
phass ends after approximately at (1.3 ms since the acoustic wave crashes against the lateral wall of
the vessel Because the air layer absorbs the excess pressure at the top of the mock-up. the pressure
wave does not bounce back against the roof. Then a serond pressurization phase appears, izaued from
the acceleration of fluids.

From 0.32 to 0.5 ms, the central hydraulic pressure wave expands and contacts the vessal bottom,
inducing a pressure increase up to 12 MPa near the bottom while pressure is equal to only about 3

MFa in the middle.

The pressurized area at the bottom extends progressively along the vessal base towards the lateral
wall. When fluid impacts the battom right-hand corner, it splashes and different hydraulic waves start
propagating in different directions. At {).72 ms, a firat reflected wave propagates backwards horizontally
along the vessal base. At (.78 ms, a second reflacted wave orients diagonally inwards while a third
wave propagates upwards along the lateral wall.

Maamwhile, tha cantral pressurised area expands to some extent and pressure decreases in the middle
af this zone. At (L84 ma, the centre of the mock-up is depressurised {1 MPa) and surrounded by a

2.5 MPa sphere. The diagonally reflacted wawve joina the central wave and the bottom reflected wave
arrives at the symmetry axis.



Betwean (1.9 and 1.2 ms, due to the projection of fluid from the centre of the mock-up towards the
vessal base and the lateral wall, the fluid already present in this area cannot flow inwards and thus
pressure increasss. [he pressurised area extends from mid-radius to the lateral wall and the vessel
basa. The average pressure iz equal to 3 MPa but, at one location, pressure reaches 16 MPa.

As fluid orients progressively upwards near the lateral wall and as fluid alko impacts the roof near
the symmetry axis, the pressurised area spreads upwards along the lateral wall and below the roof. At
2.4 ms, the pressurised area has a spherical shape with a depressurised centre. Pressure iz distributed
along the vessal hass and the lateral wall and from the symmetry axia to mid-radius belw the roof.

Betwesn 2.4 and 33 ms. as fluid orients preferentially upwards and a bit dowmwards, pressure
concentrates in the upper and lower parts of the mock-up. Half-way up, the mock-up is depressurised.
At 3.3 ms, pressure iz bocalised in the bottom left-hand corner limited by the wessel bottom and the
symmetry axis and in the top right-hand corner limitad by the roof and the lateral wall. At that time,
fluid iz expelled from the centre towards the top and bottom parts of the mock-up. As fluid cannaot
flow from both corners, pressure increase in these areas.

From 4 to 5 ma, the fluid flows are illustrated by the evolution of the pressure map: fluid is expalled
from the top right-hand corner towards the top left-hand corner. Clonsaquently, a displacement of the
pressurised area below the roof is observed towards the symmetry axis and a pressure peak up to 18
MPa in the top left-hand corner at 4.4 ms.

Afterwards, pressure & very low in the mock-up and it is more difficult to follow the pressure
evalution.

5.2 (3a= [raclion

Figure 5 presents the volomic presence fraction of gas. In order to interprat correctly the presance
af each constituant, the massic presance fractions of the bubble and air are deacribed in Figs. 6 and 7.

Initially, the gas & located in the middle of the mock-up | the bubble) and below the roof {air). The
zas bubble expands spherically until 1.8 m=. During the passing of the acoustic wave (until 0.3 ms),
water remains liquid. Due to the depressurisation following the aconstic wave passing, water vaporises
alightly and steam trails are observed in the depressurisad areas:

# Abhove the vessel base at about (1.3 ms,

# Roughly between mid-radius and the lateral wall and below the air layer.

The air layer remains unchanged as long as the shock wave does not reach the upper part of the mock-
up. From (1.2 ms, the hottom of the air layer begina to be compressed upwards near the symmetry
axis.

From 1.8 to 2 ms, the bubble goes on expanding but no longer uniformly. As the bubble gas flows
preferentially along the wertical axis and horizontally, the presence fraction of the bubhble iz lower
along thesa three directions than in the other directions. Steam condenses and the gas bubhle baromes
aurrounded only by liquid water. Progressivaly, the air layer is compressad upwards and pushed towards
tha top right-hand corner.

From 2 to 4.5 ma, the bubble gas goes on expanding but mainly shifts npwarda as water rebonnds on
the vesse| base and pushes the bubble upwards. Water is fully Liguid everywhers, At about 4 ms, the
air is completaly flattaned in the top right-hand corner and the size of the air bag has become minim al.

Betwean 4.5 and 8 ma, as the upward progression of the bubble is limited by the roof, the bubhble
spreads preferentially sideways. [me to the expansion of the bubble, the loral gas ratio decreases.
Therae iz a gaseouns layer above the vessel base which may be composed of steam. The air bag in the
top right-hand corner is pushed back by the extarnal structures of the mock-up and the air expands
along the roof. At & ma, two air baga are obsarved: one remaining in the top right-hand corner and a
sarond one near the symmaetry axis.

From # to 14 ma, the central bubble gas divides into two parts with a diagonal cot. The separation
corresponds to violent water flows arented towards the centre of the mock-up. The concentration
af the bubble gas is higher in the uppar bag than in the lower bag. Little by little, the lower bag
dizappears whereas the upper bag spreads downwards. At 14 ms, the bubble bag has a "S" shapa.



Thesteam layer along the vessel base persista. The air bag near the symmetry axis blurs progressively.
The air bag in the top right-hand corner expands downwards along the lateral wall.

U'ntil 20) m=, the bubble gas goes on extending downwards with the same "5" shape. The central
part of the "5" heromes thiner while gas concentrates in the "S" extramities. [ue to the compression
exerted by the dowmward arrival of the pressurised bubble, the steam layer at the bottom condenses,
The air layer expands mare and more horizontally along the roof and vertically along the lateral wall.

5.3 Fluid velocity

Figure 8 shows the local flow orientation in the mock-up. Figure 9 indicates the intansity of velodity.
Initially, all the fluids are at rest. From (.02 ms, the explosion violantly expels the bubhble zas and
water in the vicinity from the central area. The fluid velodty is very high: up to 260 m/a. Until (.12
ms, fluid moves with a uniformly spherical velocity. At that time, the vessel base is impacted by fluid.

From .12 to 0.4 ms, the explosive gas and water continue to expand radially and upwards at a rate
going from 13 m/=in the centreof the mock-up to 410 m/a near the vessal basa. The full vessal basa is
impacted after (1.2 ms, the lataral wall and the roof after 1.4 ms. The norm of the velocity i= no longer
uniform. The valocity iz very high (up to M) m =) on the symmetry axis= in the bubble area. The
wvelodty is higher in the centre, at the bottom near the vessal base and juat below the air layer than
near the lateral wall and in the air layer. In the air zone, velocities are oriented upwards and remain
limited to 1-30 m /=,

From 0.5 to 1.5 ma, the bubble gas and water go on expanding spherically in the centre. Near the
lateral wall, fluid starts deviating and flows alowly upwards. The fluid trapped in the bottom right-hand
oorner starts flowing along the vessal base towards the central axis. At the top of the mock-up, the air
iz pushed harizontally towards the top right-hand corner joining the vessal and the roof. Velocities are
higher:

# In the centre upwards and downwards along the vertical axis (180 m/a),
# (In a sphera whosa radiuz is equal to 1 /3 of the vessal radius (80 m/z),
# In a horizontal channel at mid-height joining the centre ta the aphera.

Betwean 1.5 and 3 ma, several fluid orientation changes occur. The fluid in the centre startas moving
npwards. The fluid in the lower part of the mock-up flows towards the symmetry axis and concentrates
in the hottom laft-hand corner. Speads are much higher in the upper part of the mock-up (up to 6
m /2 than in the lower part (less than 20 m/s). Water flows upwards along the lateral wall and in the
upper part of the mock-up near the symmetry axis. The air and water below the roof are propelled
towards the top right-hand corner with speeds up to 200 m/s in the corner.

Betwean 3.5 and 4.5 ms. fluid orients massively from the bottom towards the top of the mock-up.
Some kind of sharing line appears at mid-radins: the fluid in the centre flows towards the aymmetry
axis and then upwards with a rotating motion while the fluid in the periphery flows alightly outwards
and mainly upwards. High speeds {up to 140 m/s) are recorded in the middle of the mock-up. Near
the top of the lateral wall, water flows outwards and impacts the wall horizontally what will induce
tha formation of A upper bulge. The sharing line continues in the upper part of the mock-up: while
the watar located near the vessal flows towards the vessal, the water at mid-radins goes back towards
the symmetry axis. Cilobally, the velocties near the vessal are much lower than in the centre, The air
iz atill hurled horizontally along the roof towards the top right-hand corner.

From 5 ta 1) ms, batwesn the axis and mid-radius, water globally flows towardsthe mock-up centra,
thus inducing the baginning of a twirling flow with speeds reaching 80 m/as. Near the lateral wall,
water rehounds on the roof and goes down along the wall. Below the roof, thare are two contradictory
flows: along the roof, air flows outwards whereas just below water and air flow inwarda.

Between 11 and 15 mas, flows change direction very locally in the centra. The fluid coming from the
top flows towards the centra. Just abova the middle of the mock-up, the bubble goes upwards near the
axis and downwards with a rotating mation at a quartar of the radius. Just below mid-height, the fluid
at a quarter of the radius is ejected with an out-down orientation. The fluid pushed by the previously
cited flow & expelled with an in-down orientation towards the bottom left-hand corner. Both flows
reproduce a "8" shape. Along the lateral wall, fluid flows down and continues inwards along the vessel
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base. Below the roof, the sharing line is located at one third of the radius, a0 that air and water flows
towards both top corners. The highest welorities are located in the bottom left part of the mock-up
and are lower than 35 m/s.

From 16 to 20 ms, the cantral flows orient more and more upwards near the axis while fluid whirls
round at mid-radius. In the lower part, fluid completely changes direction and now flows downwards,
moes outwards along the vessal base and finally goes up along the lateral wall. Below the roof, the
air orients outwards; the concentration in the top right-hand corner induces the formation of an air
whirlpool. Velocities are lower than 30 m /s in the whole mock-up.

5.4 The deformed shape

The deformed shape of the mash is pressnted in Fig. 1. The first deformation ocours in the bubhble
area quite immediately and then in the vicinity of the bubble area. After 1.5 ms, the caells balow the
bubble and the vessel base lower due to the pressure wave impact and the fluid acceleration. The vessel
base deformation increases throughout the computation and representa the most important structure
displacement. The bottom right-hand corner of the vessal bacomes more rounded and opens as it is
pulled down by the vessal basa. Laterally, eells at mid-radina present a kind of bending and cornars
harome more rounded. Below the air layer, the calls are compressed upwards near the symmetry axis.

Betwean 0.5 and 2 ma, we note the same global deformation of inner cells. The vessel base lowers
first near the symmetry axis and then it flattens from the axis to mid-radius as the location of the
impact of fluid shifts along the vessal. The battom right-hand cornar beromes complately ronnded.
The lataral wall starta deforming radially: a large bulge appears approximately half-way up the heaight
of the mock-up bacause of the impact, parpendicularly to tha vessal, of fluid expelled from the mock-up
centre. The roof starts going up near the symmetry axis.

From 2to 3.5 ms, as the fluid thrust on the vessel base concentrates towards the symmetry axis, the
vezsal hase points down near the axis. The upward flows along the lateral wall induce an extension
af the area concerned by the lower bulge. A= fluid flows concentrate in the top right-hand corner, a
sacond bulge (called upper bulze) appears at 3.5 ma in the upper part of the vessal near the junction
with the roof. Progressively, the entire roof is lifted, due to the upward thrust of the fluid coming from
the central part of the mock-up. The deformation is maximal on the symmetry axis and decreases

towards the roof edge.

From 4 to 6 ms. the mesh deformation concentrates in the upper part of the mock-up. The upper
bulge shifta and extends a little downwards: as fluid is still lowing up along the lateral wall and as its
evacuation along the roof ia very limited, the vessel wall bends. The deformation i= concentrated in a
small area but its amplitude is more important than the one of the lower bulge. Due to the upward
flow, the ALE updating of mesh leads to a compression of some celk in the initial air layer balow the

roaof,

From & to 20 ma, the cell shape beromes more regular in the upper part of the mock-up. Globally
the mesh does not evolwe much.

5.5 Hadial displacements of structures

Figure 11 shows the radial displacements of structures. The first displacement appears at the hottom
af the lateral wall, just above the bottom right-hand corner: it is equal to about 5 mm after 1.5 ms.
Then the deformed zone extends upwards and the maximum displacement shifts at one third of the
height of the lateral wall from the bottom right-hand corner. The maximal displacement reaches
approximately 16 mm after 2 ms. This radial displacement corresponds to the formation of the bwer
bulge in the lateral wall.

A serond radial displacement appears in the vessal base at mid-radius from L5 ms. The size of the
deformed zone and the value of the displacement increase until 3 ms. At that time, the displacement
reaches a maximal value of 7 mm. Then the radial displacement remains constant. This displacement
romes from the downward deformation of the vesssl bass,



A third radial displacement occurs in the upper part of the lateral wall from 3.5 ms. The extension
of the deformed area and the amplitude of the displacement increass until 5 ms. At that time the
maximal value reaches 2) mm. Then this displacement remains constant until the end of t he simulation.
This displacement is duae to the creation of the upper bulga in the lataral wall.

No radial displacement is observed in the roof because of the modeling. the node in the top right-hand
oorner heing completaly bloched.

5.6 Vertical displacements of structures

Vertical displacemant= are shown in Fig. 12. A downwards displacement is obsarved in the vessal
base during the whole simulation. It starta near the symmetry axis and extends progressively to the
whaole vessal bass., The maximal amplitude, aqual to 5% mm, is reached at 3 ms and remains constant
until the and of the computation. This displacement corresponds to the downwards deformation of the
vessal base,

From 2.5 ms, an upwards displacement occurs in the roof. It starts on the symmetry axis and extends
towards the roof edge. The maximal value & obsarved on the symmetry axis and i= egual to about 30
mm fram fi m=s. The distribution of displacemeants= in the roof evalves slightly afterwards: displacement
moes on increasing until 1) ms before decreasing a little. This upwards displacement is due to the roof
lift under the upward fluid throst.

Betwean 1.5 and 3.5 ms. the lower part of the lateral wall moves down. The wall & pulled down by
the downward bending of the vessal basa. The size of the subsided area extents until 3 ms to reach
half-way up. then the deformed size reduces and finally disappears. This lowering remains limited to
5 mm.

At 4 ma, the lateral wall takes again its initial location: it is in equilibrinom betwean the downward
thrust exarted on the vessel base and the upward thrust applied to the top right-hand corner. From
4.5 ms, the upper part of the lateral wall and then the full lateral wall are pulled upwards, probably
a3 a monssquence of the upwards fluid flows along the wall and of the upper bulge formation. This
displacement tannot be caused by the roof lift owing to the complete blocking of the point in the top
right-hand corner. The displacement amplitude remaina limited to 5 mm.

5.7 Von Mises siresses in structures

Figure 134 illustrates the evolution of stresses vearsus time. Stresses appear first in the vessel hasa,
near the symmetry axis, when the pressure wave hits the vessel base and then propagates along the
vessal, Stresses reach wery quickly 300 MPa near the symmetry axis and remain constant at that
location until 0.3 ma.

The whols vessal hase and the whaole lateral wall become submitted to stresses from 0.2 ms and .25
ma, respactively. The stress ncrease coincdes with the arrival of the acoustic pressure wave. From
.24 ms, three high stress spots appear near the bottom right-hand corner. These spots correspond to
the junctions between the two vessel parts of reduced thickness and the rest of the vessel

Betwean 1.3 ma and 0.4 ms, if stresses dacreaseslightly in the vessal base, they increasa in the lataral
wall and concentrate in the bottom right-hand corner. During this phase, the passing of the acoustic
pressure 15 ended and the expansion of the hydraulic wave is still limited to the centre of the mock-up.

From 0.4 to 1.5 ms, atresses increase in the whala vessal due to the massive splashing of fluid against
tha lateral wall and the vessal basa. The average valne of stresses is around 500 MPain the vessal hase
and 300 MPa in the lateral wall. From (.8 ms, two spots of higher intensity appears in the upper part
af the lateral wall; they coincide with a curve change of the shell induced by the farmation of the lower
bulge. In the bottom corner, stresses are much higher as the corner i= opening due to the downward
tension exartad by the vessel base lowering, Stresses reach 700 MPa in the corner, with local spota of
L1y M Fa and 1300 MFa at the top and bottom junctions of t hickness changes surrounding the corner.
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Between 1.6 and 2.4 ms, as the maximum impact of flows against the vessel base shifts from mid-
radius towards the symmetry axis, stresses decrease in the vessel base between mid-radius and the
bottom corner. Stresses remain constant in the bottom right-hand corner and in the upper part of
tha lateral wall. At the battom of the lateral wall, the stress level decreases slightly as fluid flows
changes direction: they stop impacting the wall perpendicularly and arient rather upwards. Due to
the impact of the roof by upwards flows, stresses appear first near the symmetry axis at 1.6 ms and
extend progressively to the entire roof.

U'ntil 3.2 ms, stresses @o on decreasing in the vessal base. However, due to the final concentration
of fluid near the symmetry axis, stresses present a temporarily local rise at 3 ms near the axis. In the
bottom right-hand corner. stresses start decreasing after 4.2 ma. The three high atrass spata in the
vessal base disappear. Whereas stresses decrease in the lower part of the lateral wall, they increase
in the upper part. Indeed, fluid along the lateral wall flows wpwards and concentrate near the top
right-hand corner. The formation of the upper bulgeis preceded by a stress increass and the formation
af thres high stress spots. The junction batwesn the vessel and the roof beromes a plastic knescap.
Stresses in the roof increase and their distribution becomes more regular: about 300 MPa at 3.2 ma.

Between 3.2 and 5 ms, stresses reduce progressively in the vessal base and the lower part of the
lateral wall. In the upper part of the mock-up, stresses increase until 4 ms and then start decreasing.
The streas level reaches a highest value of 900 MPa at 4 ms in the three spots located in the upper part
af the lateral wall. Apart in the top right-hand corner where fluid still impacts the lateral wall, fluid
globally flows towards the centre of the mock-up after it has rebounded on the external stroctures.
This is the reason why stresses globally decrease in the vessal and the roaf.

Betwean i and 10) ma, stresses derrease considerably as flows are globally oriented inwards. Stresses
remain lower than 200 MPa in the roof and in the vessel base and 1530 MPa in the lower part of the
lataral wall. Structures present two hinges with higher atresses. In the top right-hand corner, stresses
decrease progressively from 400 down to 300 MPa. In the bottom right-hand corner, stresses remain
constant and equal to 400 MPa.

Betwean 11 and 14 ms. stresses remain relatively constant in the roof: 150 MPa from the axis to
mid-radina and 200 MPa from mid-radius to the top right-hand corner. Stresses increass in the upper
part of the lateral wall to reach locally 700 MPa at 14 ms. Stresses are a higher near the top right-
hand corner because flows under the roof are separated by asharing line: the flows in the left part are
ariented towards the symmetry axis and then deviate downwards whereas the flows in the right part
are oriented outwards and remain trapped in the corner,

In the lower part of the lateral wall, st resses remain lower than 150 MPa. In the vessel basae, st resses
remain lower than 200 MPa, except at two points. Stresses at the point located at 1/3 of radius reach
0 MPa while stresses at the point located at 2/3 of radins reach 45 MPa. These two high-stress
points are the consequence of the central whirlpool in *8° which impacts the vessel base approximately
at mid-radius.

Betwean 14 and 1fi ma, we note a global stress increase which reaches a maximom at 15 ms, followed
by a stress decrease. Stresses reach 900 MPa at the two spots in the upper part of the lateral wall.
Thizs stress peak is the consequence of the contimious accumulation of fluid in the top right-hand corner
from & to 15 ma. As fluid compressad in the corner auceeeds in flowing down along the wall from 16
ma, stresses atart decreasing from that tima.

Simultaneonsly, the vessel base and the bottom right-hand corner are submitted to a high increase
af stresses as the central "S° flows propel violently fluid againat the vessel base. Stresses reach 700
MFa at 15 main the bottom right-hand corner and 500 M Pa not far from the symmetry axis. As the
central flow leads to the formation of a whirlpoaol twirling around its own axis from 16 ms, the vessal
hase becomes less in demand from that time and stresses decrease in the vessel base from 16 ms.

From 17 ma, atresses bacome much lower in all structures. They are globally incloded in 150 to 200
MFa. exeept in the bottam right-hand corner where & high stress point persists at 250-300 MFPa.
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5.8 Plastic strains in structures

Figure 14 pressnts the plastic strains. The firat plastic strains happen after (14 msin the veasel hase
near the symmetry axis, at the battom of the lateral wall, in the bottom right-hand corner and in the
top right-hand corner. Thesa strains correspond respactively to the lowering of the vessal basa, to the
formation of the lower bulge in the lateral wall, to the opening of the hottom right-hand corner and to
the impact of fluid in the top right-hand corner.

From 0.8 to 1.6 ms, plastic strains increass in the vesssl, particularly:
# in the half part of the vessel bass comprised between the symmetry axis and mid-radivs as this part
i= close to the bubble area and directly submitted to the impact of fluid expelled from the central area,
# in the bottom right-hand corner where one point acts as a kneecap and allows the opening of the
corner: plastic strains concentrate at that point and the part of the vessel base comprieed betwesn
mid-radins and the bottom right-hand corner seems to be protectad,
# in the lower part of the lateral wall, what coincdes with the formation of the vessel base

Betwean 1.6 and 2.5 ma, plastic strains increase slightly in the lateral wall to reach §i % at the laval
af the lower bulge. The strain increase in the vessel base and the bottom corner is much higher. A
maximal plastic atrain of & % iz reached in the bottom right-hand corner after 2.5 ma and persists until
the end of the simulation: this strain corresponds to the opening of the bottom right-hand corner and
is reached very locally. In the rest of the bottom corner, the plasticity level remains lower than 3 %
and part of the vessel vase never suffars plasticity. As the downward fluid impact on the vessel base is
concentrated on a small area located approxmately at one third of radius betwean 2 and 2.5 ms, thera
15 & neat increase of the plastic strains up to 10 % in that area of the vessal basa,

Betwean 2.5 and 3.5 ms. plastic strains increase in the vessel base near the symmetry axis as the
maximal impact of fluid shifted towards the axis. Maximal plastic strains. equal to 16 % in the vessal
base on the symmetry axis, are reachad after 3 ma. Due to the compression of fluid in the top right-
hand corner, the upper part of the lateral wall suffers increasing plastic strains which will lead to the
formation of the uppar bulge.

From 4 to 6 ms, plasticity increases mainly in the upper part of the lateral wall. The point located
in the top right-hand corner becomes a plastic kneacap whaose plasticity level reaches % %. In parallel,
two points located on both sides of the upper bulge suffer high plastic strains. Their maximal valie is
equal to 16 % and coincides with the location of the maximal radial displacement of the lateral wall.
Theroof starts auffering plastic strains from 4 ma near the symmetry axis and from 5.5 msin the close
vicinity of the top right-hand corner. From 4 to fi ms, plastic strains progress in the roof from the axis
towards the edge. Flastic strains in the roof remain maximal on the symmetry axis whare thay reach
2%

Betwean §i and 20 ma. there ia no evolution of the plastic strains in the structures surrounding
the mock-up. Fluid impacts on the external structures after i ma are not violent enough to induce
additional plastic strains.

6 COMPARISON WITH THE EXPERIMENTAL RESULTS AND
WITH PREVIOUS NUMERICAL RESULTS

The purpose of our com putations consists in validating the HODA constitutive law of the EL KO-
FLEXUS codeand in estimating the progress realised in the modeling of the accident. Thus the current
mumerical results are compared with the experimental results and the previous numerical results com-
puted with the codes SIRIUS |12]. CASTEM-FLEXUS [f] and EUROPLEXUS (7).

The comparison concerns:

# The vertical displacement of the vessel base and the instant of the maximal displacement,

# The hoop strain of the vessal upper bulge, the instant of the maximal strain and the distance to the
roof,

# Tha hoop strain of the vessal lower bulge and the instant of the maximal strain,

# The vertical displacement of the roof and the instant of the maximal displacemeant,

# The impact pressure on the roof and the instant of the maximal pressurs,
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Figures 15 and 1fi present the vertical displacements of the vessel base (on the symmetry axis) and
the roof (in the centre and at mid-radiua) for the EUROPLEXUS computations. Figures 17 and 18
show the maximal radial displacements for the upper bulge and the lower bulge for the EUROFP LEXTUS
computations. Previons EURCPLEXUS results between () and 7 ms are indicated with bold lines and
current EUVROPLEXUS results between {) and ) ms are drawn with narrow lines,

Figures 1% and ) display pressure for the MARAS experiment and for the CASTEM-PLEXTS
calculations, respectively. The pressure computed by EUROFPLEXUS iz presented in Figa. 21 to
25. Previous EURCOPLEXUS results are drawn with baold lines and current results with narrow lines.
Results are collected in Tahle 1. The CASTEM-PLEXUS computations, the ald EUROPLEXUS ones
and the new EUROPLEXUS ones are noted CP, EF1 and EP2 in this tabla.

The SIRIUS results used for the comparison correspond to computations based on dynamic strain-
stresa curves [12]. The main difference batwean the old EUROPLEXUS and CASTEM-PLEXUS com-
putations comes from the mesh fineness, The new EUROPLEXUS simulation benefita from improwve-
menta in the treatment of the fluid-=structure conpling. Figure 26 illnstrates the mash used in the
CASTEM-PLEXUS simulation. The mesh used for both EUROPLEXUS computations is shown in
Fiz. 3. Figures 27 and 28 present the deformed shape of the mesh at the end of the previous and
orrent EUROFPLEXUS simulations. Figures 29 to 42 show & comparison of the flow orientations at
Ams and 7 ms for both old and new EUROFELEXUS simulations.

By comparing figures presenting the displacements computed with EURCOPFLEXUS, it appears that
the vertical displacements are & hit higher on the symmetry axis with the new simulation. Cin the
oontrary, the radial displacements are lowar for the lower bulge and identical for the upper bulge. By
oomparing the shape of the deformed meshes, it seama that the new fluid-structure coupling softens
structures; deformations are more marked and evaolve more locally.

(loncerning the vesss| base, the vertical displacements on the symmetry axis are higher with the
current simulation than the ones izsued from the previous EUROPLEXUS computation. The current
results are less precise than the ones computed with all the previous simulations. The new ELRCO-
FLEXUS results present a 27 % error for the maximal vertical displacement and a 15 % error for
the final displacement. The previous EURDPLEX US simulation was much precie: 15 % and 3.8 the
SIRIUS ones (2 % error). Regarding the instant of the maximal displacement, the precision increases

slightly from the CASTEM-PLEXUS simulation to the new EUROPLEXUS one, but the SIRIUS
aimulation was the hest one.

Regarding the hoop atrain of the upper bulge, the new simulation superimposas axactly with the
one issued from the previous EUROPLEXUS simulation. Consequently, the maximal hoop strain is
identical {24 % error). [hue to the longer duration of the new simulation, the final strain is a bit mare
accurate than the one computed previously with EURCPLEXUS. These results are less precise than
the CASTEM-FLEXUS ones (11 % error ) whereas the CASTEM-PLEXUS simulation used a rougher
mesh and a simpler fluid-structure coupling. But globally the EUROPLEX US and CASTEM-PLEXTUS

regults are more precise than the SIRIUS ones (30 % arror).

The instant corresponding to the larger upper bulge is a bit late for the EUROPLEXUS and
CASTEM-PLEXUS caleulations (between 5.3 and 5.6i ma instead of 5.0 ma in the test) while the
time computed by SIRIUS is correct [ 5.1 ma). Concerning the distance between the upper bulge and
tha roof (4.8 tm in the exparimental dewica), we can note a neat improvement from the CASTEM-
FLEXUS simulation (7.3 em) to the new EURCPLEXUS simulation (6.0 cm). However, these results
are not a0 good as the ones indicated by SIRIUS as this code found almost the right value (5.0 cm).

(loncerning the strain of the lower bulge, the three CASTEM-PLEXUS and EUROPLEXUS simu-
lations indicate resnlts in the same order of magnitude and similar to the experimental results (6 %
arrar for the maximal strain and 4.7 % arror for the final strain). These results are much battar than
tha SIRIUS ones (18 % error). The instant corresponding to the maximal strain is identical for the
thres PLEXUS simulations. It i3 less precise than the ones assessed by SIRIUS which fits sxactly with
the teat.

L4



The roof displacement calculated on the symmetry axis increases from the CASTEM-PLEXUS to
the current EUROPLEXUS simulation. As a consequence, the maximal displacement is closer to the
experimental value { 7.8 % error) but the final displacement is less precise (10.7 % error). Hegarding
the displacement at mid-radius, the current EUROPLEXUS results fit quite well with the MARA 5
test, as well for the maximal displacemeant as for the final one. The SIRIUS results ware the best ones
regarding the roof displacements; nevertheless, the last EURCOPLEXUS estimations are vary close to
the SIRIU'S ones. Cloncerning the time of the maximal displacement, the thres codes provide results
very close to the experimental result. Globally, the prediction of the roof behaviour was improved by
the new simulation,

(loncerning the pressure under the roof, the CASTEM-PLEXUS and EUVROPLEXUS simuolations
were able to represent the two experimental peaks. The instant of the maximal pressure for sach peak
fits perfectly with the experimental results, but the peak amplitude is not correct. The computed first
peak iz much lower and much larger than the exparimental one (5.2 MPa in the centre, 5.5 MPa at
ane quarter of the radius, 4.2 M Pa batwesn mid-radiuz and the roof adge in the new EURCOPLEXTS
simulation, instead of 18 MPa in the test). Nevertheless, we can remark that the amplitude of the
first peak ncreases from the CASTEM-PLEXUS to the last EUROPLEXUS simulation. Ewven if the
mumerical prediction remains much lower than the sxperimental value, it appears that the mesh and
fluid-st ructure coupling improvements lead to an improvement of the pressure results.

Far the sarond peak. the computation shows a hizgh and thin peak in the centra (22 MFPa) and larger
peaks elsawhara (fi.2 MPa) whareas the test presenta a succession of small peaks. Apart from the
centre, the top value of the simulated second peak presents a good similarity with the exparimental
values,

(}ne can remark that, on the symmetry axis, thesscond peak has a very different shape from anywhere
alae under the roof. The amplitude of the computed second peak in the roof centre 18 & consequence
af the high vertical speeds ohsarved for the fluid on the symmetry axis.

To summarise, the new simulation improved the prediction of the roof displacement, the final dis-
placement of the upper hulge, the pressure undar the roof and the distance to the roof of the upper
bulge. Estimations concerning the lower bulge and the instants of maximums globally did nat change.
The pradiction of the vessal base displacement worsans.

By comparing the EUROPLEXUS astimation with the test, it appears that the displacements com-
puted for the roof and of the lower bulge are in good agreement with the expariment whereas the anes
pradicted for the upper bulge and the vessal base are not good.

Regarding the pressure at the centre of the roaof, the maximal values computed seem to be reverased
between hoth peaks. In the MARA 8 test, the high pressure peak corresponds to the impact of
the acoustic wave whersas, in the EURCOPLEXUS simulation, it corresponds to the impact of fluid
splashing on the roof. If one compares the sacond peaks obsarved in the experiment and in the
simulation anywhere elze than on the symmetry axis, the results are in a good agreement.

It iz not easy to concude about the agreement or not of the simulated pressures with the test
becanse (‘ariou indicated in ref. |fi| that the pressure measurement in the mock-up lacked preciion.
That conld partially explain the differences hetwean the computed and experiment al results. Moreover,
a3 the pressure computed with SIRIUS is not available in [12], it iz difficult to assess the precision of
the simulation without reliable refarence data.

The comparison with the SIRIUS results shows that, in some cases, the EURODPLEXUS results are
hattar than the SIRIUS ones and. in other cases, the SIKIUS results fit better with the experimental
ones,

(ilobally, the results issued from the EUROPLEXUS simulation are a bit better than the CASTEM-
PLEXUS ones. Some discrepancies persist and thers i3 no obvious method to improve them. But the
zaps ohsarved are relatively limited. Tharefore, we can conclude that the four sets of numerical results
are in good agreement with the teat.

14



7 DISCUSSION
In this part, a synthesis of the results computed with the current EUROPLEXUS model is presented.

Initially, air and water are at atmospheric pressure whereas pressurein the central bubble is equal to
1fifi M Pa. All fluids are at rest. The gas bubble starts expanding immediately and an acoustic pressura
wave propagates spherically.

The water in the periphery of the bubble iz accalerated with speeds up to 200 m /s at (.02 ms at the

interfare water-bubble. The pressure wave impacts the vessel base at (.14 ms. cavsing a lowering of
the vessal base. Stresses increase in the base but the behaviour of the base remains elastic.

From 01.14 ms to (.28 ma, the pressure wave moves laterally. It crashes against the lateral wall from
0.2 ma. The main impact accurs in the lower part of the wall, what induces a radial bending of the
wall from the bottom right-hand corner to mid-height. Stresses increase particularly in the bottom
right-hand corner.

Betwean 0.3 ms and 1.5 ms, a hydraulic pressure wave propagates through the mock-up. It corre-
sponds to the expansion of the gas bubble. Until L3 ms, the bubble expands spherically and fluid
impacts the entire external structures. Water vaporises slightly due to & temporary pressure decrease
near the lateral wall.

At 0.5 ms, the hydraulic wave impacts the vassal base for the second time. Stresses increase again
near the aymmetry axis and strains in the vessel base start becoming plastic. Between (1.5 and (.75 ma,
the pressure wave moves radially along the vessel base towards the bottom right-hand corner. The air
layer starta baing compressed upwards against the roof by the water propelled outwards by the bubhla
expansion. Stresses increase especially in the bottom right-hand corner and plastic strains appear in
the corner and in the lower part of the lateral wall.

Betwean 0.8 and 1.5 ma, the pressure wave goes up along the lateral wall. Due to the expansion of
the gaz bubhble, the centre of the bubble beromes depressurized and the bubble density increases in the
periphery of the initial bubble location. Besides, steam condenses near the lateral wall and the violent
compression of the air layer near the aym metry axis induces a horizontal expulsion of air along the roof
towards the lateral wall,

(loncerning structure deformations, the vessal base continues to lower, particularly at one third of
the radius. The lateral wall bends radially, which causes the faormation of a lower bulge. The roof
starta rising near the symmetry axis. The entire vessal undergoes plastic strains while the roof is atill
spared,

Betwesan 1.5 and 3.5 ms, the bubble expands vertically, especially upwards. After water rebounded
on the hattom right-hand corner, it shares into thres flows:
# (Jne goes back along the vessel base and pushes water towards the symmetry axis, causing a local
lowering of the vessel base versus the location of the maximal impact,
# Another goes up along the lateral wall, what increases the lower bulge deformation (the maximal
radial dizplacement of the lower bulge iz reached at about 2 ms),
# The last one rebounds towards the centre of the mock-up and pushes upwards all the fluid in the
centre; a8 & consequence, the roof undergoss a first pressure peak and bends upwards, and the air bag
iz atrongly compreased in the top right-hand corner.

Batwean 4 and 5 ms, the bubble goes on extending upwards and the gas concentrates in the top of
the panache. The fluid flows massively upwards with a sort of sharing line at mid-radius. The fluid on
the right side flows upwards and partly outwards, whereas the floid on the left side converges towards
the centre, which contributes to push up the gas bubhble.

Along the roof. fluid iz deviated from the axis towards the roof edge. The convergence, towards the
top right-hand corner, of the horizontal flows balow the roof and of the upwards flows along the lateral
wall leads to a high and localised bending of the upper part of the lateral wall. The roof undergoes a
sarond pressure peak around 4 ms. The maximal vertical displacements of the vessel base and the roof
are recorded at 3.2 ms and 4.6 ms, respectivaely.



From % to & mas, the tentral gaseous area diffuses in the vicinity and the gas bubble spreads hori-
montally and then slightly downwards and outwards. The fluid located in the vicinity of the external
atructures is propelled towards the centre and concentrates in the middle of the mock-up. Therefors,
two flows form in the middle: an upwards flow near the symmetry axis and a downwards-outwards
flow a hit farther.

[1ue to the depressurisation ocouring next to structures, the air bad starts expanding and goes back
imwards along the roof and moves slightly down along the wall. The upper bulge baromes a bit maore
marksd radially and extends a bit downwards. The maximal radial displacement iz reached at 5.5 ms
for the upper bulge. Simultanecnsly, the roof & hiftad.

Betwean % and 14 ms, the central upwards flow continues along the symmetry axiz while the
downwards-outwards one at mid-radins takes an undulate shape (a sort of "5") under the effact of
two contradictory forces. The fluid flowing up along the axizs shifts the flow at mid-radius, whareas the
fluid coming from the roof ar the lateral wall pulls imwards the flow at mid-radius.

In the centre of the mock-up, the zas bubble splits up into two bags under the influence of hoth
central flows in opposite directions. Little by little, the lower bag disintegrates and the upper bag takes
an "5" shape. The air bag in the top right-hand corner inflates becanse the air below the roof flows
bhack towards the corner and bacanse of the depressurisation near structures, Cilobally, the external
structures do not deform more: the final deformed shape of the mock-up & reached at 10 ms.

After 15 ms, the bubble expands. stretches upwards and downwards but kesps its "8" shape. A
whirlpool forms at the base of the "8". Air below the roof flows towards the top right-hand corner and
than deviates dowmwards along the lateral wall. The air bag extands.

At A ms, the resistance of water leads to the formation of a whirlpool in the air zone, just below the
top right-hand corner. Stresses decrease in structures and become lower than 250 MPa after ) ma.

8 CONCLUSION

In thi= paper, & computation of the XA KA test simulating a Hypothetical Core Disroptive Accident
iz presented. The test consists in an explosion inside a stesl vessel with a flexible roof. An explosive
charge i= placed in the middle of the mock-up. The vesaal is filled with water, topped by an air layer
halow the roof. A specific HCDA constitutive law has been developed m the EUROPLEXUS code to
simulate this kind of explosion.

The code computed successfully the explosion during ) ma of physical time. The simulation shows
the propagation of & pressure wave from the explosive zone towards the external vessal. A large saseons
zone appears in the middle of the mack-up. The pressure wave impacts first the vessel base and then
tha lateral wall. A large lowar bulge forms in the lowar part of the vessel lateral wall.

Then water ia pushed back by the vessel, goes upwards and impacts the roof. The roof undergoes
two high-pressure peaks and is lifted. The air layer is expalled in the top right-hand corner by the
npwards flows of water. 4 serond bulge appears in the upper part of lateral wall.

A romparison is realised between the experimental results and numerical results provided by several
computations: two simulations with the EUROPLEXUS code, one with the CASTEM-PLEXUS coda,
and one with the SIRIUS code. GGlobally the results of the four simulations are in good agresment with
the experimental results,

The new EURZPLEXUS simulation improves the accuracy of assessments in some parts of the
structures. But some discrepancies persist in other parts and there is no obvious solution to get a
better precizion.

Cienerally speaking, the new fluid-structure coupling tested in the current simulation improves much
the glabal mesh deformation and changes considerably the flow orientations in the mock-up after the
rebound of the fluid azainat the stroctures.
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Fig. 23 Pressure under the roof (mid-radins)
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Fiz. 25 Pressure under the roof (near the Fig. ¥ Mash of the old CASTEM-PLEXUS

vessel ) calculations



Fiz. 27: Daformed mesh at the and of the

pravious EUROPLEXUS simulation
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Fig. 31: Flows at 3 ms for the corrent
EUROPLEXUS simulation

Fig. 28: Deformed mesh at the and of the

current EUROPLEX S simulation

Fig. & Flowa at 7 ma for the previous

EUVROPLEXUS simulation

Fiz. 32: Flows at 7 ms for the current
EUVROPLEXUS simulation
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Table 1: Comparison betwesn the exparimental reaults and the results computed by SIRIUS,
CASTEM-PLEXUS and EUROPLEXUS




