We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 185,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



10

Simulation of Ex-Vessel Steam Explosion

Matjaz Leskovar
JoZef Stefan Institute
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1. Introduction

A steam explosion is a type of a fuel-coolant interaction (FCI), which results from the rapid
and intense heat transfer that may follow the interaction between the molten material and
the coolant (Berthoud, 2000; Corradini et al., 1988; Sehgal et al., 2008; Turland and Dobson,
1996). Such an interaction can occur when the melt is poured into the coolant, when the
coolant is injected into the melt or when the melt and the coolant interact as stratified layers.
As seen in Fig. 1, the steam explosion phenomenon is divided into the premixing and
explosion phase. The explosion phase is further commonly divided into the triggering,
propagation and expansion phases. The premixing phase covers the interaction of the melt
with the coolant prior the steam explosion. At the interaction the coolant vaporizes around
the melt-coolant interface, creating a vapour film (i.e. film boiling regime due to high melt
temperature). The system may remain in the meta-stable state for a period ranging from a
tenth of a second up to a few seconds. During this time the continuous melt (e.g. jet) is
fragmented into melt droplets of the order of several mm in diameter, which may be further
fragmented by the coarse break up process into melt droplets of the order of mm in
diameter. If during the meta-stable state a local vapour film destabilization occurs, the steam
explosion may be triggered due to the melt-coolant contact. A spontaneous destabilization
could occur due to random processes or other reasons, e.g. when the melt contacts
surrounding structures or if the water entrapped in the melt is rapidly vaporised. The
destabilization can be induced artificially by applying an external trigger (e.g. chemical
explosion, high pressure gas capsule). The destabilization causes the fine fragmentation of
the melt droplets into fragments of the order of some 10 pm in diameter. The fine
fragmentation process rapidly increases the melt surface area, vaporizing more coolant and
increasing the local vapour pressure. This fast vapour formation due to the fine
fragmentation spatially propagates throughout the melt-coolant mixture causing the whole
region to become pressurized by the coolant vapour. If the concentration of the melt in the
mixture is large enough and enough coolant is available, then the propagation velocity of
the interaction front may rapidly escalate and the interaction may be sustained by energy
released behind the interaction front. Subsequently, the high pressure region behind the
interaction front expands and performs work on its surrounding. The time scale for the
steam explosion phase itself is in the order of ms.
Major limitations of the steam explosion strength are due to:
e The limitation of the mass of the melt in the premixture. The mass of the melt in the
premixture is limited due to the incomplete melt inflow and the incomplete melt
fragmentation.
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e The void production in the premixing phase. The presence of void hinders the steam
explosion propagation and escalation due to the void compressibility and due to water
depletion.

e  The melt solidification during the premixing phase. The fine fragmentation during the
explosion phase is limited due to the solidification of melt droplets.
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Fig. 1. Schematic illustration of the processes during the steam explosion phenomenon,
starting with the melt pour into the coolant.

1.1 Steam explosion issue and nuclear safety

A steam explosion may occur during a hypothetical core melt accident in a light water
reactor (LWR) nuclear power plant, when the molten corium interacts with the water
(Corradini et al., 1988; Sehgal, 2006; Sehgal et al., 2008; Theofanous, 1995). Potentially severe
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dynamic loadings on surrounding systems, structures and components could be induced by
pressure peaks in the order of 100 MPa and duration in the order of ms. Steam explosions
can therefore jeopardize the reactor vessel and the containment integrity (Esmaili and
Khatib-Rahbar, 2005). Direct or by-passed loss of the containment integrity can lead to
radioactive material release into the environment, threatening the safety of the general
public. Consequently, the understanding of the steam explosion phenomenon is very
important for nuclear safety.

As seen in Fig.2, several FCI situations in LWR were identified in which a steam explosion
could occur (Sehgal et al., 2008). An in-vessel FCI could occur when the molten corium is
poured into water in the lower head of the reactor pressure vessel (poured FCI) or when the
relocated melt in the lower head is flooded (stratified FCI). In-vessel FCI may result in a
steam explosion which causes the failure of the upper or lower head of the pressure vessel.
When the molten corium melts through the vessel, the melt is poured into the cavity. An ex-
vessel steam explosion can occur if the cavity is already filled with water (poured FCI) or if
the cavity is flooded after the relocation of the melt in the cavity (stratified FCI).

in-vessel: poured in-vessel: stratified ex-vessel: poured ex-vessel: stratified

reactor vessel _

cavity

Fig. 2. Various FCI scenarios in LWR reactors.

In the past, the issue of in-vessel steam explosions causing the upper head failure of the
reactor vessel was mainly concerned in LWR (WASH-1400, 1975). In this so called alpha
mode containment failure it is considered that the ejected upper head could endanger the
containment integrity. International reviews of the alpha mode failure probability and
experimental investigations have indicated that the upper head and bolts can withstand the
in-vessel steam explosion (Corradini et al., 1988; Krieg et al., 2003; Sehgal et al., 2008).

The importance of the poured in-vessel and ex-vessel steam explosions was recognized also
by the OECD (Organisation for Economic Co-operation and Development), which started
the SERENA (Steam Explosion Resolution for Nuclear Applications) Phase 1 research
programme in the year 2002 (OECD/NEA, 2007). The objective of the SERENA programme
was to evaluate the capabilities of FCI codes in predicting steam explosion induced loads,
reaching consensus on the understanding of important FCI processes relevant to the reactor
simulations, and to propose confirmatory research to bring the predictability of steam
explosion energetics to required levels for risk management. Two main outcomes were
obtained. First, the calculated loads are far below the capacity of a typical intact reactor
vessel in case of an in-vessel steam explosion. However, for ex-vessel poured steam
explosions the programme outcome was that the calculated loads are partly above the
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capacity of typical reactor cavity walls. But due to the large scatter of the simulation results,
which reflects the deficiency in the steam explosion phenomenon understanding and
uncertainties on modelling and scaling, the safety margins for ex-vessel steam explosions
could not be quantified reliably. To resolve the remaining open issues on the FCI processes
and their effect on ex-vessel steam explosion energetics, the SERENA Phase 2 was launched
at the end of the year 2007 (OECD/NEA, 2008). The main objective is to reduce the
uncertainties on the coolant void and the material effect in FCI. The second phase comprises
an experimental and an analytical program. The aim of the experimental program is to
clarify the nature of prototypic material having mild steam explosion characteristics and to
provide innovative experimental data for code validation, aiming to reduce the scatter of
code predictions and to enhance the geometrical extrapolation capabilities of FCI codes to
cover reactor situations. The aim of the comprehensive analytical program is to increase the
capability of FCI models and codes for use in reactor analyses.

Due to the high risk significance of the steam explosion phenomenon for the containment
integrity, the ex-vessel FCI issue is one of the six high priority safety issues, which were
identified in the EU (European Union) network of excellence SARNET (Severe Accident
Research NETwork of Excellence) Phase 1 (Albiol et al., 2008; Schwinges et al., 2010). The
purpose of the SARNET network of excellence, which was founded in the year 2004, is to
integrate European research capabilities on severe accidents in order to enhance the safety
for the existing and future nuclear power plants. In the beginning of the year 2009 the
follow-up SARNET Phase 2 was started. The purpose of the second phase is to focus on
those safety issues, which were classified with high priority in the first phase. Beside the
issue of ex-vessel FCI also the issues of the corium and debris coolability, the molten
corium-concrete interaction, the hydrogen mixing and combustion in the containment and
the source term are investigated.

The issue of stratified steam explosions is not considered being as important as steam
explosions occurring after the pouring of the melt into water. Namely, the mass of the melt
which can participate in the mixing process is limited in stratified cases if compared with
the premixture melt mass in pouring cases (Sehgal et al., 2008).

The final goal of the FCI research related to nuclear safety is to bring the predictability of the
steam explosion strength to required levels for the risk assessment in LWR. This is necessary
for the risk management to be able to implement the optimal severe accident management
approaches (e.g. flooding of reactor cavity, in-vessel retention, core catcher).

This chapter focuses on the simulation of poured ex-vessel steam explosions, which are of
greatest interest. With the FCI code MC3D (Meignen and Picchi, 2005) different scenarios of
ex-vessel steam explosions in a typical pressurized water reactor cavity were analyzed to get
additional insight in the ex-vessel steam explosion behaviour and the resulting pressure
loads. A parametric study was performed varying the location of the melt release (central,
right and left side melt pour), the cavity water subcooling, the primary system overpressure
at vessel failure and the triggering time for explosion calculations. The main purpose of the
study was to establish the influence of the varied parameters on the FCI behaviour, to
determine the most challenging cases and to estimate the expected pressure loadings on the
cavity walls. For the most challenging central, right side and left side melt pour scenarios,
according to the performed simulations, a detailed analysis of the explosion simulation
results was performed. In addition, the influence of the jet breakup modelling and the melt
droplets solidification on the FCI process was analyzed.
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First, the applied FCI modelling approach is described and the analyzed ex-vessel FCI
scenarios are given. Then the various premixing and explosion phase simulation results are
presented and the most challenging cases established. For the most challenging cases a more
detailed analysis is provided. Finally, for the most challenging central melt pour case the
influence of the jet breakup modelling and the melt droplets solidification on the simulation
results is analyzed and discussed.

2. Modelling

The simulations were performed with the MC3D computer code, which is being developed
by IRSN, France (Meignen and Picchi, 2005). MC3D is a multidimensional Eulerian code
devoted to study multiphase and multi-constituent flows in the field of nuclear safety. It has
been built with the FCI calculations in mind. It is, however, able to calculate very different
situations and has a rather wide field of potential applications. MC3D is a set of two FCI
codes with a common numeric solver, one for the premixing phase and one for the
explosion phase (i.e. triggering phase, propagation phase and initial stage of expansion
phase). In general, the steam explosion simulation with MC3D is being carried out in two
steps. In the first step, the distributions of the melt, water and vapour phases at steam
explosion triggering are calculated with the premixing module. And in the succeeding
second step, the escalation and propagation of the steam explosion through the premixture
are calculated with the explosion module, using the premixing simulation results as initial
conditions and applying a trigger.

The MC3D premixing module focuses on the modelling of the molten fuel jet, its
fragmentation into large drops, the coarse fragmentation of these drops and the heat
transfer between the melt and the coolant (Meignen, 2005). The fuel is described by two
fields, the “continuous” fuel field (e.g. fuel jet or molten pool) and the “droplets” fuel field
(melt droplets), considering the possible continuous or dispersed state of the fuel. The fuel is
transferred between both fields during jet breakup and coalescence. In MC3D two jet
breakup models are provided, a global model and a local model. In the global model the jet
fragmentation rate is deduced from the comparison to a standard case (i.e. typical
conditions in FARO experiments (Magallon and Huhtiniemi, 2001)) and the size of the
created droplets is a user parameter. In the local model the jet fragmentation rate and the
size of the created droplets are calculated based on local velocities applying the Kelvin
Helmholtz instability model. Since the local model is very sensitive and in the process of
being improved, the reference calculations were performed using the global jet breakup
model. The diameter of the created droplets was set to 4 mm, what is the typical size of the
melt droplets in the FARO experiments (Magallon and Huhtiniemi, 2001).

The explosion module focuses on the fine fragmentation of the melt droplets, generated
during premixing, and the heat exchange between the produced fragments and the coolant
(Meignen, 2005). In this module the “continuous” fuel field is not present, but there are two
fields related to the dispersed fuel, i.e. the “droplets” fuel field and the “fragments” fuel
field. During the fine fragmentation process the fuel is transferred from the “droplets” field
to the “fragments” field. Both fine fragmentation processes, i.e. thermal fragmentation,
resulting from the destabilization of the vapour film around the melt droplets, and
hydrodynamic fragmentation, resulting from the velocity differences between the melt
droplets and the surrounding medium, are considered. The diameter of the created
fragments, which is a user parameter, was set to the code standard value 100 um, which is
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based on KROTOS experiments (Huhtiniemi et al., 1999). The explosion is triggered by
applying a user defined initial local pressure pulse. The trigger pressure was set to 2 MPa
and prescribed to a single mesh cell, as explained in Section 3.1. Simulations showed that the
triggering strength has no significant influence on the explosion strength, once the trigger is
strong enough that it can trigger the explosion.

In MC3D it is conservatively assumed that the melt droplets are completely molten if their
bulk temperature is higher than the corium solidus temperature. This overpredicts the
ability of corium droplets to efficiently participate in the explosion, since in reality, during
premixing, a crust is formed on the corium droplets before the droplet bulk temperature
drops below the solidus temperature (Huhtiniemi et al.,, 1999; Dinh, 2007). This crust
inhibits the fine fragmentation process and if the crust is thick enough it completely
prevents it.

To be able to perform a series of simulations of different ex-vessel steam explosion
scenarios, the reactor cavity was modelled in a simplified 2D geometry, as is common
practise (Meignen et al., 2003; Kawabata, 2004; Esmaili and Khatib-Rahbar, 2005; Moriyama
et al., 2006; OECD/NEA, 2007). The 2D geometry has to be appropriately defined to assure
that the 2D simulation results reflect qualitatively and quantitatively as closely as possible
the conditions in a real 3D reactor cavity. Therefore, the simulations were performed with
two different 2D representations of a typical pressurized water reactor cavity: the 2D axial
symmetric model (Fig. 3) and the 2D slice model (Fig. 4). The 2D axial symmetric model is
limited on the treatment of axial symmetric phenomena in the cylindrical part of the reactor
cavity directly below the reactor pressure vessel and around it. Consequently, the venting
through the instrument tunnel cannot be directly considered, and therefore conservatively
was not considered. Contrary to the axial symmetric model, which treats only part of the

Reactor pres

Reactor cavity wall

Fig. 3. Geometry and mesh of 2D axial symmetric model of reactor cavity for central melt
pour. The scales in horizontal and vertical directions are different.
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reactor cavity, the 2D slice model treats the whole reactor cavity. However it does not take
into account the 3D geometry and the 3D nature of the phenomena. So the cylindrical part of
the reactor cavity and the cylindrical reactor pressure vessel are not treated as cylinders but
as planparallel infinite plates. A similar approach was applied by Esmaili and Khatib-
Rahbar (2005). In the 2D slice model the height of the cavity opening on the left side (Fig. 4)
was adjusted to match the opening area per reactor cavity width of the real 3D reactor cavity
geometry.

The cavity geometry and dimensions were set in accordance with a typical pressurized
water reactor cavity. In the models the dimensions of the cavity are: length x = 10.5 m,
radius of cylindrical part r = 2.5 m, height z ~ 13 m, and the mesh sizes are: 2D axial
symmetric model —25%35 cells (Fig. 3), 2D slice model: right side melt pour —62x39 cells and
left side melt pour—77x39 cells (Fig. 4). In regions, which are more important for the
modelling of the FCI phenomena, the numerical mesh was adequately refined; therefore the
meshes for the right and left side melt pour are not identical (Fig. 4). The initial pressure in
the domain was set to the containment pressure and a constant pressure boundary condition
at the cavity openings was applied.

Fig. 4. Geometry and mesh of 2D slice model of reactor cavity for left and right side melt
pour. The scales in horizontal and vertical directions are different.

3. Simulation

3.1 Simulated cases

In the performed ex-vessel steam explosion study, a spectrum of relevant scenarios has been
analyzed to establish the influence and importance of different accident conditions on the
FCI outcome and to eventually capture the most severe steam explosions. The simulations
have been performed in two steps. In the first step, the premixing phase of the FCI process
has been simulated for selected scenarios and then, in the succeeding second step, the
explosion phase simulations have been performed by triggering the so established
premixtures at different times.

As revealed in the MASCA experiments, the melt pool in the lower head may gradually
stratify in three layers of different melt composition, i.e. a molten oxidic pool with a light
metal layer on top and a heavy metal layer below (Seiler et al.,, 2007). Therefore the
composition of the poured melt is expected to depend on the location of the reactor vessel
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failure. The melt composition has an important influence on the triggerability and the
energetics of the steam explosion (Huhtiniemi et al., 1999; Corradini, 1991). This material
effect is still not understood in detail, and the uncertainties in its modelling and scaling are
large. Therefore a conservative approach was applied, comprising artificial triggering and
neglecting the inhibiting effects of the melt droplets crust formation on the fine
fragmentation process, as explained in Section 2. Beside the melt composition, also the melt
temperature is expected to depend on the vessel failure location. The temperature of the
molten oxidic pool is estimated to be around 3000 K (OECD/NEA, 2007), whereas the
temperature of the metal layer on top is estimated to be around 2100 K (Esmaili and Khatib-
Rahbar, 2005). The melt temperature defines the thermal energy, which is potentially
available to be partially transferred to mechanical work during the steam explosion. Due to
modelling uncertainties and uncertainties in the composition and temperature of the poured
melt it was however decided to perform all simulations with the same melt composition, i.e.
the standard MC3D oxidic corium (Table 1), and the same initial melt temperature of
3000 K. By this the influence of the varied parameters may be established more directly.

The premixing phase simulations have been performed for the cases presented in Table 2.
The initial conditions were set reasonably according to expected conditions at vessel failure
during a severe accident in a typical pressurized water reactor. They are comparable to the
conditions used in the ex-vessel reactor simulations in the OECD programme SERENA
phase 1, where a central melt pour was analyzed (OECD/NEA, 2007). Central and side melt
pours were considered and a parametric analysis was performed varying the primary
system overpressure (0 MPa, 0.2 MPa) and the water temperature (60-100 °C). The water
saturation temperature at the assumed 0.15 MPa containment pressure is 111.4 °C, so the
cavity water subcooling was in the range of 11.4-51.4 K. The simulated cases were denoted
with three designators defined in Table 2 (e.g. case C2-60 is a central melt pour at 0.2 MPa
primary system overpressure into cavity water with a temperature 60 °C).

Property Value
Liquidus temperature 2800 K
Solidus temperature 2700 K

Latent heat 3.608x105 J/kg
Specific heat—liquid 520 J/kg/K
Specific heat—solid 380]J/kg/K
Density 8000 kg/m?3
Thermal conductivity 288 W/m/K
Dynamic viscosity 0.008 Pa/s

Table 1. Physical properties of applied standard MC3D oxidic corium.

The premixing phase was simulated 10 s after the start of the melt release. For each
premixing simulation, a number of explosion simulations were performed triggering the
explosion at different times. The explosion triggering times (Table 3) were selected so that
the most important stages of the case specific melt releases were captured. In the central
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melt pour cases with 0.2 MPa primary system overpressure (C2), when most melt was
released from the reactor vessel, gas started to flow out of the vessel opening and dispersing
the melt jet. To capture this phenomenon the explosion was triggered also at that time. The
side melt pour cases with a depressurized primary system (R0, LO) were not triggered before
1.5 s, since about 1 s was needed for the melt to reach the water surface.

Parameter Value Designator
Standard MC3D oxidic corium

Melt camiposition (properties presented in Table 1) /
Melt temperature 3000 K /
Melt level 1.25m /
Melt mass 50t /
Free fall 0.44 m /
Water level 3m /
Cavity radius 25m /
Annulus thickness 011 m /
Containment pressure 0.15 MPa /
Melt pour location Central (Fig. 3) C
Right (Fig. 4) R
Left (Fig. 4) L
Reactor vessel opening size Central pour: radius 0.2m /
p & Side pour: height 0.2 m
Primary system overpressure 0 MPa 0
0.2 MPa 2
Water temperature 100 °C (11.4 K subcooling) 100
80 °C (31.4 K subcooling) 80
60 °C (51.4 K subcooling) 60
Melt volume flow rate for central pour 0.62 m3/s (0 bar overpressure) /
(estimated) 1.08 m3/s (2 bar overpressure)
Melt velocity at water contact for 5.75m/s (0 bar overpressure) /
central pour (estimated) 9.12 m/s (2 bar overpressure)

Table 2. Initial conditions for simulated premixing cases (also some estimations of the melt
volume flow rate and the melt velocity at water contact are provided).
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In addition to the triggering times listed in Table 3, for each simulated premixing case the
explosions were triggered also at additional times when the calculated explosivity criteria
were the highest. The explosivity criteria were based on the volume of liquid melt drops in
contact with water as

%

criterion1:V] = Z oy
cells
criterion2:V, = Z a,V,, 1)

cellswith e, >0.3

c, V.,

m-c
a; +

C;= min(l,max(O,Lm)j, o, = % ,
0.4 o +a,

where the symbols «;, a,, @, denote the liquid water, void and liquid melt droplets
volume fractions, and V, is the mesh cell volume. The explosivity criteria actually represent
the volume of liquid melt drops in cells where the water content is high enough that the
melt may efficiently participate in the steam explosion, and so are a good measure for the
expected strength of the steam explosion. In this way it was tried to capture the strongest
steam explosions. For the most explosive central melt pour case, e.g. case C2-60 (presented
in the next section), a series of explosion simulations were performed triggering the
explosion every 0.2 s during the whole simulated premixing duration in order to get a better
insight in the influence of the triggering time on the steam explosion outcome. The
explosion phase was simulated 0.1 s after triggering, capturing the significant loading
events. The explosion was triggered in the cell, where the local cell explosivity criterion 2
(Eq. 1) was the highest (Meignen and Picchi, 2005).

Cases Triggering times (s)

Co 0.5 1 / 2 / 5 10
2 0.5 1 / 2 / 5 6.5 10
RO, LO A / 1.5 2 3 5 10
R2, L2 0.5 1 / 2 3 5 10

Table 3. Triggering times for explosion phase simulations.

3.2 Simulation results

The premixing and explosion simulations were performed with the code MC3D version
3.5 with patch 1 on a network of PC computers with Windows operating system, having
altogether about 30 processors, using the Condor distributed computing system. So a
number of simulations could be performed simultaneously, each simulation running on
its own processor. To establish the best model parameters enabling stable calculations,
first a number of test simulations were performed. In Table 4 some computing
information regarding stability and CPU times of simulations is provided. The water
subcooling had the largest influence on the stability of the simulations. At a water
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temperature of 50 °C (subcooling ~60 K), the premixing simulations diverged already
shortly after melt-water contact. The stability of premixing simulations could be
significantly increased by increasing the minimum bubble diameter from the default 0.5
mm to higher values, whereas this did not work for explosion simulations. So, if the
premixing simulations did not converge, the minimum bubble diameter was increased
gradually (to 1 mm, 2 mm) up to 5 mm, where most of the problematic simulations
remained stable over the whole simulation time. By increasing the minimum bubble
diameter, the surface area for condensation in subcooled conditions is reduced and so the
heat transfer terms are less stiff, which has a benevolent influence on the numerical
stability. Since the minimum bubble diameter influences the physics of the bubbly flow
regime and the subsequent explosion phase, it was strived to perform the simulations
with an as small as possible reasonable minimum bubble diameter.

In Fig. 5, the calculated explosivity criteria (Eq. 1) during premixing are presented for
some representative simulated cases. In general, the explosivity criteria are highest in the
beginning of the simulation, when the melt jet enters the water and the void build up is
still low (Figs. 3 and 4). The later evolution of the explosivity criteria however is case
specific. In the depressurized central cases (CO, Fig. 5a) and the pressurized side cases (R2
and L2, Figs. 5d and 5f) the explosivity criteria remain low until the end of the simulation
due to the void buildup. In the pressurized side cases the explosivity criteria at later
stages are additionally reduced since after about 3 s the melt level in the reactor vessel is
reduced to the lower boundary of the vessel opening and so only small amounts of melt
are ejected from the vessel after that time. In the pressurized central cases (C2, Fig. 5b),
after about 5 s when most of the melt is already released from the vessel, gas starts to flow
with high velocity out of the reactor vessel and dispersing the melt jet. Due to the
increased melt dispersal, more melt droplets are created, what results in an increase of the
explosivity criteria (Fig. 5b). In the depressurized side cases (RO and L0, Fig. 5c and 5e),
more explosivity criteria peaks occur during the melt release since, due to the pressure
buildup in the reactor cavity, the melt outflow from the reactor vessel is interrupted and
so the melt release occurs in intervals. Each melt release interval produces one explosivity
criteria peak.

Parameter Stability CPU time
(more stable to less stable) (shorter time to longer time)
Central < Right < Left
) ) Premixing: C: ~day, L:
Melt pour location Central > Right > Left —week

Explosion: C: ~hour, L: ~day

Primary system
overpressure

Water temperature 100 °C > 80 °C > 60 °C /

0 bar > 2 bar /

Table 4. Stability and CPU times of performed simulations.
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Fig. 5. Explosivity criteria during premixing for representative central (top), right (middle)
and left (bottom) pour cases at a depressurized (left) and pressurized (right) primary
system.
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In Fig. 6, the calculated maximum pressures in the cavity and maximum pressure impulses
(integral of pressure over simulation time) at the cavity walls (cavity floor and vertical
walls) are presented for the performed explosion phase simulations. The time axis denotes
the explosion triggering times. In the calculation of the pressure impulses, the initial
containment pressure was subtracted from the calculated absolute pressure since the
dynamic pressure loads on the cavity walls are caused by the pressure difference. For some
cases (e.g. case C0-60) more points are plotted at the same triggering time. This means that,
in these cases, more premixing simulations were performed for the same conditions, using
different minimum bubble diameters in the calculations, mostly due to convergence
problems during premixing or later during the explosion simulation, and so on the figures
the available explosion simulation results based on different premixing simulations are
presented. By this an impression of the uncertainty of the calculation results may be
obtained. The variation of the results for different minimum bubble diameters is quite large,
e.g. in case C0-60 the variation of the maximum pressure and pressure impulse (Fig. 6a-b)
for the triggering times around 1 s is up to a factor of two. It turns out that the influence of
the minimum bubble diameter on the pressure loads is stochastic, what reveals the
complexity of the FCI process. Some explosion simulations did not converge, and the results
for these cases are consequently not presented in the graphs.

The strength of the steam explosion depends on the mass of melt droplets, which can
efficiently participate in the steam explosion - that is the mass of liquid melt droplets in
regions with high water content. In Fig. 7 the mass of liquid melt droplets in regions with
different void fractions is presented for the most explosive cases during premixing. In the
side melt pour cases, represented by 2D slice models (Fig. 4), in the mass calculation a slice
of 1 m thickness was considered, what corresponds to a side melt pour through a fish mouth
opening with a length of about 1 m. During the premixing phase some tons of melt droplets
are formed in the considered scenarios (curve “Total”). A significant amount of these melt
droplets are frozen (compare curves “Total” and “<100%”) and so can not participate in the
steam explosion since they are not able to undergo fine fragmentation. In addition, most of
the liquid corium droplets are in regions with a high void content (compare curves “<100%”
and “<60%”), whereas for the steam explosion development enough water has to be
available for vaporization and for enabling the fine fragmentation process. It is estimated
that the void fraction has to be at least below about 60% for a steam explosion escalation to
develop. Despite these limiting factors, there are still (depending on scenario and triggering
time) up to some hundreds of kilograms of liquid corium droplets available to participate in
the energetic FCI process, resulting in severe pressure loads (Fig. 6).

The pressure curves and pressure impulse curves (Fig. 6) are reasonably correlated to the
corresponding explosivity criteria curves (Fig. 5) and mass of liquid melt droplets curves
(Fig. 7), as was expected. The results for the central melt pour cases show that, in the
initial stage of the melt pour, stronger explosions mainly occur for higher cavity water
subcooling and higher melt pour driving pressure. The reason for this could be that
higher water subcooling results in less void build up and that higher driving pressure
increases the melt fragmentation. On the contrary, at the later stage of the simulations,
stronger explosions mainly occur for lower water subcooling, probably due to less droplet
solidification with lower water subcooling. But the influence of the water subcooling on
the explosion strength is not very clear, indicating that in the considered subcooling range
the effects of void build up and melt droplets solidification nearly compensate. The
results of the side melt pour cases reveal that stronger explosions may be expected with a
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Fig. 6. Calculated maximum pressures in the cavity (left) and maximum pressure impulses
at the cavity walls (right) for performed explosion phase simulations. The time axis denotes

the explosion triggering times.
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depressurized primary system. The reason for this could be that with a pressurized
primary system the melt is ejected sidewards on the cavity wall, sliding then into water at
the wall, which hinders the formation of an extensive premixture. Moreover, with a
pressurized system, already a tenth of a second after the start of the melt release gas starts
to flow through the vessel opening into the cavity and pushes the water through the
instrument tunnel out of the cavity, creating a highly voided region below the reactor
vessel. For the side melt pour cases the influence of the water subcooling on the steam
explosion strength seems to be somewhat stochastic, probably due to compensation
effects of void buildup and melt droplets solidification in combination with the complex
melt release dynamics.

In general, the highest pressures and pressure impulses were reached in the initial stage of
the melt release (Fig. 6, Table 5). The highest pressure was obtained in case C2-60 (nearly
300 MPa) and the highest pressure impulse in case R0-80 (nearly 0.7 MPa-s). The maximum
pressure and the maximum pressure impulse present only a rough measure of the steam
explosion strength. To reveal the real damage potential of a steam explosion, the space and
time development of the pressure field has to be analysed. Therefore for the most explosive
central and side melt pour cases a detailed analysis was performed. As the criteria for
establishing the most explosive cases, the maximum pressure impulse was taken (Table 5).
For the central melt pour case the highest maximum pressure impulse was predicted for
case C2-80, but since in case C2-60 the maximum pressure impulse is only slightly lower and
remains high over a wide triggering time window (Fig. 6b), the latter was chosen for the
detailed analysis.

Pour location Maximum pressure Maximum impulse
p (MPa) Case I (MPa-s) Case
C 293.7 C2-60 0.47 C2-80
105.1 R0O-60 0.66 R0-80
L 116.1 L2-80 0.40 L0-60

Table 5. Maximum pressures in the cavity and maximum pressure impulses at the cavity
walls (cavity floor included) for different melt pour locations.

3.3 Detailed analysis

The detailed analysis of the explosion simulation results was performed for the most
explosive central (C2-60), right side (R0-80) and left side (L0-60) melt pour cases. For each
melt pour case the pressure field, the corium fraction and the liquid water fraction during
the explosion were investigated in detail and the pressure development with corresponding
pressure impulses at different wall locations was analyzed. Here only the main results are
briefly presented.

In the central melt pour case C2-60, soon after the triggering of the explosion a high pressure
peak occurs in the centre of the cavity floor. This high pressure peak of short duration is
created due to geometrical reasons, since the pressure field build up in the outer premixture
region is focused in the central part of the cavity due to the applied 2D cylindrical geometry.
Consequently this high pressure peak can not be considered as realistic for a 3D explosion.
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Fig. 7. Mass of liquid corium droplets in regions with different void fractions during
premixing. The results are presented for regions with a void fraction below 20% (<20%) up
to regions with a void fraction below 100% (<100%). In addition also the total (liquid and
solid) corium droplets mass is presented (Total).
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The highest calculated pressure on the vertical wall is much lower, only up to about 35 MPa.
The maximum pressure impulse on the vertical wall (0.22 MPa:s) is about half of that
calculated in the centre of the cavity floor (0.41 MPa-s). In the right side melt pour case R0-80
the highest pressure is reached at the bottom of the right wall (up to 46 MPa; see Fig. 4 for
wall position), but it decreases quickly with height, so that at higher elevations the
maximum pressure remains below 20 MPa. The whole cavity remains pressurized at around
5 MPa at the end of the explosion simulation, and there is no indication of a pressure
decrease. Therefore, the pressure impulses at the walls are very high (0.66 MPa-s on the right
wall) and rise at the end of the simulation. In the left side melt pour case L0-60 the highest
pressure, nearly 90 MPa, is achieved on the cavity floor below the middle wall, where the
premixture conditions are most favourable for the steam explosion escalation. The peak
pressures on the cavity walls are much lower, only about 23 MPa. Similar to the right side
melt pour case, the cavity remains pressurized at nearly 5 MPa at the end of the explosion
simulation, and there is no indication of a pressure decrease. However the highest
calculated pressure impulses on the walls are lower (0.34 MPa:s on the right wall; see Fig. 4
for wall position) due to the distance between the premixture, formed in the middle of the
cavity, and the cavity walls.

In Table 6 the maximum calculated pressures and pressure impulses at the vertical cavity
walls are given for the most explosive central (C2-60), right side (R0-80) and left side (L0-60)
melt pour scenarios. As expected, the maximum calculated vertical wall pressures are
significantly lower than the maximum calculated pressures in the cavity (Table 5) since the
pressure is reduced during the propagation from the explosion region to the cavity walls.
The maximum pressure impulses are predicted on the cavity walls, which are closest to the
explosion. For the central and left side pours this is the cavity floor, and for the right side
pour this is the right wall. Therefore for the central and left side pours the maximum
pressure impulses in Table 6 are lower than those in Table 5, where also the cavity floor was
considered. This reduction is more expressive for the central pour than for the left side pour
since due to the cylindrical geometry of the central pour the pressure wave weakens faster
and venting is more efficient.

The pressure impulses were calculated as the integral of the excess pressure (initial
containment pressure subtracted) over the entire explosion simulation time. The planned
explosion simulation time was 0.1 s, but due to stability problems some simulations stopped
earlier, and in these cases consequently a shorter integration period had to be applied. The
explosion simulation of the most explosive central pour case (C2-60, triggered at 1.4 s) was
stable, but the most explosive right (R0-80, triggered at 2 s) and left (L0-60, triggered at 2 s)
side pour calculations became unstable at about 0.08 s and 0.06 s, respectively, and so the
corresponding pressure impulses consider this shorter periods.

The pressure impulse is a good measure to estimate the destructive consequences of a steam
explosion if it considers the period with significant loading events. The lasting pressure load
capacity of a typical pressurized water reactor cavity is estimated to be of the order of some
MPa (based on Meignen (2004) and Hessheimer (2006) it was roughly estimated that lasting
pressures of about 3 MPa could cause some damage to the cavity). The cavity may
withstand also higher pressures if their duration is short enough. In this case the
experienced pressure impulse is the decisive factor (Smith, 1994). It is estimated that a
pressure impulse of the order of some tens of kPa-s may induce some damage to the cavity
(OECD/NEA, 2007). However it should be stressed that for an accurate assessment of the
damage caused by a steam explosion the real pressure history has to be taken into account.
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For the mutual comparison of calculation results it is mainly important that for the
calculation of the pressure impulse the same integration period is used. But for the
assessment of the damage potential, the pressure impulse is only meaningful if it is
calculated over the period, when the pressure exceeds the lasting pressure load capacity of
the cavity. Therefore in Table 6 also the estimated maximum pressure impulses considering
only the period of significant loading, when the pressure exceeds about 5 MPa (set
arbitrarily) are given. By setting the cut-off pressure to ~5 MPa and reasonably applying it,
the long lasting cavity pressurization in the side pour cases was not taken into account in
the pressure impulse calculation. It may be observed that also the so determined pressure
impulses are high. In the central pour case the maximum “significant loading” pressure
impulse builds up in the bottom region of the cylindrical wall, when the pressure shock
reaches the wall soon after explosion triggering. In the right side pour case the maximum
“significant loading” pressure impulse builds up at the right wall in the region below the
annulus, when the phases mixture is violently pushed through it, and in the left side pour it
builds up at the right wall, when the water is pushed in the region between the reactor
vessel and the cavity wall.

Pour location Maximum pressure Maximum impulse (MPa-s)
p (MPa) Entire simulation Significant loading
C 36.3 0.22 (0.1 s) ~0.16
R 45.7 0.66 (~0.08 s) ~0.56
L 23.0 0.34 (~0.06 s) ~0.19

Table 6. Maximum pressures and pressure impulses at the vertical cavity walls for different
melt pour locations and different pressure integration periods.

4. Sensitivity study

For the most explosive central melt pour case C2-60 the influence of the jet breakup
modelling and the melt droplets solidification on the FCI process was analyzed to get an
impression about the uncertainty of the simulation results.

4.1 Influence of jet breakup modelling

In MC3D two jet breakup models are provided (Meignen and Picchi, 2005). The first model
is a global model, which is based on the hypothesis that the fragmentation can be obtained
through a correlation considering only the local physical properties of the fuel, liquid and
vapour, whereas the local velocities have not to be calculated. The second model is a fully
local model, which is based on the Kelvin-Helmholtz instability model considering also the
local velocities.

The global model is, strictly speaking, applicable only for single large very hot jets in a water
pool, so that the fragmentation is due to the friction of the vapour film, whose characteristics
are governed mainly by buoyant forces. The model was validated on FARO steam explosion
tests (Magallon and Huhtiniemi, 2001), so extrapolations to situations far from those of
FARO are questionable. In the model, the volumetric jet fragmentation rate to droplets is
deduced from the comparison to a standard case as
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where for the standard case typical FARO conditions are chosen: reference fragmentation
rate ['j = 0.1 m3/m?/s, jet temperature T, = 3000 K, vapor viscosity u,, =103 kg/m/s, jet
density p, = 8000 kg/m?3 and jet surface tension o, = 0.5 N-m. The diameter of the created
drops is a user input parameter, with the default value of d4;=4 mm.

The local model is based on the Kelvin-Helmholtz instability model, which was modified to
take into account the multiphase aspect. In the model the volumetric jet fragmentation rate
is calculated with

2
C -N pjpumb(vj _vamb) _ijmax(pj +pumb)
e P+ Pat '

_3 pjpamb (vj_vamb)2

k =
3 p] * Pambp 0]-

max 4

where subscript j stands for the jet and subscript amb for the ambient fluid, which properties
are calculated by different ways of averaging. N is the jet fragmentation parameter with
an expected value between 1 and 6. Direct comparisons with FARO experiments lead to use
N = 2. In this model, the diameter of the created drops d, is related to the wavelength 1
of the instability, which is established from the wave number k. (Eq.3)

%:Nﬂ,izgﬂ. 4)

max
N, is the droplet diameter parameter with an expected value between 0.1 and 0.5; the
recommend value, based on comparisons with FARO experiments, is N, =0.2.
In the sensitivity study, performed for the most explosive central melt pour case C2-60, the
global model with default parameters and the local model, using different values for the jet
fragmentation and droplet diameter parameters, were applied. The performed simulation
cases are presented in Table 7.
In Fig. 8a the time evolution of the jet and droplets mass during the jet breakup is presented
for the simulated cases, applying different jet breakup models and model parameters. As
expected, the jet fragmentation rate depends on the jet fragmentation parameter (Eq. 3). In
case KH-2_02, in the beginning of the simulation the jet fragmentation rate is about two
times larger than in the simulation using the global jet breakup model. In case KH-1_10, the
jet fragmentation rate is about the same as with the global model. In case KH-2_02 after
about 2.5 s a sort of runaway jet breakup reaction starts, voiding the premixture and
expelling the droplets through the annulus and vessel out of the simulation domain.
Beside the mass of droplets in the premixture, an important FCI parameter is the size of
droplets, since it determines the droplets surface area for heat transfer. In Fig. 8b the
development of the droplets mean Sauter diameter is presented. The Sauter diameter is
defined as the diameter of a sphere that has the same volume/surface area ratio as the
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particle of interest. In the global model the size of the created droplets is a user parameter,
and the default value of 4 mm was chosen in the simulation. So the initial mean Sauter
diameter was 4 mm, and decreased to 3 mm during the simulation due to coarse drop
breakup. The size of the droplets created with the local jet breakup model is in the initial
stage of the jet penetration into water much smaller. Only about 0.3-0.5 mm in case
KH-2_02. This is significantly lower than was measured in the FARO experiments, where
the typical droplet size was in the range of 3-5 mm (Magallon and Huhtiniemi, 2001). But it
should be stressed that in FARO experiments the conditions were different. In the analyzed
reactor case the primary system is slightly pressurized, so the melt pour is pressure driven
resulting in higher melt water penetration velocities than in FARO experiments. In case
KH-1_10 the mean Sauter diameter is as expected larger (about 0.5-0.8 mm), but still much
smaller than obtained with the global model.
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Fig. 8. Jet and droplets mass (left) and droplets mean Sauter diameter (right) during jet
breakup for simulated cases (jet breakup model: Global, KH-2_02, KH-1_10).

Case Model Parameter
Default
Global Global Fragmentation rate: I'y = 0.1 m3/m2/s

Droplets diameter: d; =4 mm

Default
KH-2 02 Local Jet fragmentation parameter: N F= 2

Droplet diameter parameter: N,;=0.2

KH-1_10 Local N;=1, N;=10

Table 7. Applied models and model parameters in sensitivity study.
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The strength of the steam explosion depends on the mass of droplets, which can efficiently
participate in the steam explosion - that is the mass of liquid droplets in regions with high
water content. In Fig. 9 the mass of liquid droplets in regions with different void fractions is
presented during premixing. It may be observed that most of the melt drops are frozen and
so can not participate in the steam explosion since they are not able to undergo fine
fragmentation (compare curves “Total” and “<100%”). Most of the liquid droplets are in
regions with a high void content (compare curves “<100%” and “<60%”). If it is assumed
that the void fraction has to be at least below 60% that the melt drops can efficiently
participate in the steam explosion process, the mass of melt which can participate in the
explosion (active melt mass) is the following: for case Global up to ~1000 kg, for case KH-
2 02 up to ~100 kg and for case KH-1_10 up to ~1000 kg. In case KH-2_02 during the jet
breakup process very small droplets are created (Fig. 8b) resulting in a highly voided
premixture (Fig. 9b) due to increased heat transfer. Therefore the active melt mass is so
small. In case KH-1_10 larger droplets are formed (Fig. 8b) resulting in a less voided region
(Fig. 9c) and consequently in a larger active melt mass.

In Fig. 10 the maximum calculated pressures in the cavity and the maximum calculated
pressure impulses at the cavity walls are presented for the simulated cases. Some explosion
simulations did not start, since no trigger location was found (too voided premixture in
regions with liquid melt droplets), and some simulations did not converge. The results for
these cases are consequently not presented in the graphs (e.g. case KH-2_02 between 3 and 9
seconds).

It may be observed that the selection of the jet breakup models and their parameters has a
significant influence on the strength of the steam explosion. As expected, the pressure
impulse curves (Fig. 10b) reasonably reflect the premixture conditions presented in Fig. 9. In
general the largest pressure loads are obtained for explosions triggered at times when the
mass of liquid melt in low voided regions is high. The highest maximum pressures were
reached in case Global (nearly 300 MPa) since large droplets were created already in the
beginning of the simulation (Fig. 8b) resulting in an initially less voided premixture, which
is due to the low compressibility capable to build up so high pressures, when the pressure
wave travels from the outer premixture region towards the centre of the 2D axial symmetric
simulation domain. As expected, the lowest pressure impulses were obtained in case
KH-2_02 (up to 0.11 MPa-s) due the smallest melt droplets (Fig. 8b) resulting in a highly
voided premixture. The maximum calculated pressures and pressure impulses for the
simulated cases are listed in Table 8.

Case Maximum pressure (MPa) Maximum impulse (MPa-s)
Global 293.7 0.42
KH-2_02 15.1 0.11
KH-1_10 78.3 0.23

Table 8. Maximum pressures in the cavity and maximum pressure impulses at the cavity
walls (cavity floor included) for different jet breakup models.
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Fig. 9. Mass of liquid corium droplets in regions with different void fractions during
premixing. The results are presented for regions with a void fraction below 20% (<20%) up

to regions with a void fractions below 100% (<100%). In addition also the total (liquid and
solid) corium droplets mass is presented (Total).
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Fig. 10. Calculated maximum pressures in the cavity (left) and maximum pressure impulses
at the cavity walls (right) for performed explosion phase simulations (jet breakup model:
Global, KH-2_02, KH-1_10). The time axis denotes the explosion triggering times.

4.2 Influence of melt droplets solidification

In the explosion simulations it was assumed that the corium droplets in the premixture can
potentially undergo fine fragmentation, and so contribute to the explosion escalation, if the
droplets bulk temperature is higher than the corium solidus temperature. This overpredicts
the ability of corium droplets to efficient participate in the explosion, since in reality, during
premixing, a crust is formed on the corium droplets much earlier than the droplets bulk
temperature drops below the solidus temperature (Huhtiniemi et al., 1999; Dinh, 2007). This
crust inhibits the fine fragmentation process and if the crust is thick enough it completely
prevents it. To find out the impact of the melt droplets solidification on the explosion
results, for the most explosive central melt pour case C2-60 additional explosion simulations
were performed, considering different corium droplet bulk temperatures, below which the
fine fragmentation process is suppressed. In this parametric study for the minimum fine
fragmentation temperatures (MFFT) the corium solidus temperature 2700 K (default), the
liquidus temperature 2800 K and the temperature 2750 K in-between were taken. The
simulation results are presented in Fig. 11.

It may be observed that MFFT has a significant influence on the strength of the steam
explosion. As is summarized in Table 9, both, the maximum pressure in the cavity and the
maximum pressure impulse at the cavity walls, decrease with increasing MFFT. This was
expected, since with a higher MFFT a smaller fraction of the corium in the premixture is hot
enough to fulfil the strained temperature criterion for fine fragmentation, and consequently
a smaller fraction of the corium in the premixture can potentially participate in the explosion
process.

In Fig. 12 the time evolution of the mass of hot corium droplets, with the bulk temperature
higher than MFFT, in regions with different void fractions is presented during premixing.
During premixing nearly 8000 kg of corium droplets are formed (curve “Total”). The mass
of hot corium droplets, which are potentially available to participate in the explosion (curves
“<100%"), depends on the selected MFFT, and is up to ~3000 kg for MFFT 2700 K, up to
~2500 kg for MFFT 2750 K, and up to ~2000 kg for MFFT 2800 K. The hot corium droplets
can efficiently participate in the explosion only in regions with enough water available for
vaporization and for enabling the fine fragmentation process, which is essential for the
steam explosion development. Therefore a better indicator for the expected strength of the
resulting explosion is the available mass of hot droplets in regions, where the void fraction
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is not too large, that is in regions, where the vapour fraction is below 60% (active melt mass).
The so established corium droplet masses are much lower, up to ~900 kg for MFFT 2700 K,
up to ~600 kg for MFFT 2750 K and up to ~300 kg for MFFT 2800 K. These differences in the
active melt masses are reasonable reflected in the calculated pressure loads presented in
Fig.11 and Table 9.
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Fig. 11. Calculated maximum pressures in the cavity (left) and maximum pressure impulses
at the cavity walls (right) for performed explosion phase simulations (minimum fine
fragmentation temperature: 2700 K, 2750 K, 2800 K). The time axis denotes the explosion
triggering times.

Minimum fine fragmentation Maximum Maximum
temperature (K) pressure (MPa) impulse (MPa-s)
2700 293.7 0.42
2750 235.0 0.21
2800 114.7 0.11

Table 9. Maximum pressures in the cavity and maximum pressure impulses at the cavity
walls (cavity floor included) for different minimum fine fragmentation temperatures.
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Fig. 12. Mass of corium droplets with the bulk temperature above the given minimum fine
fragmentation temperature (MFFT) in regions with different void fractions during
premixing. The results are presented for regions with a void fraction below 20% (<20%) up
to regions with a void fractions below 100% (<100%). In addition also the total (liquid and
solid) corium droplets mass is presented (Total).
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5. Conclusions

An assessment of ex-vessel steam explosion pressure loads in a typical pressurized water
reactor cavity was performed with the FCI code MC3D. To be able to perform a series of
simulations, the reactor cavity was modelled in a simplified 2D geometry, trying to assure
that the 2D simulation results reflect qualitatively and quantitatively as closely as possible
the conditions in a real reactor cavity. A spectrum of relevant scenarios has been analyzed
and a sensitivity study has been performed addressing the influence of the jet breakup
modelling and the melt droplets solidification on the FCI process.

The simulation results revealed that the strongest steam explosions may be expected in the
initial stage of the melt release, when the void build up is not so extensive. The results for
the central melt pour cases showed that, in the initial stage of the melt pour, stronger
explosions mainly occur for higher water subcooling and higher primary system
overpressure. An explanation for this could be that higher water subcooling results in less
void build up and that higher driving pressure increases the melt fragmentation. At the later
stage of the simulations, stronger explosions mainly occur for lower subcooling, probably
due to less droplet solidification with lower water subcooling. However the influence of the
water subcooling on the explosion strength is not very clear, indicating that in the
considered subcooling range the effects of void build up and melt droplets solidification
nearly compensate. The results of the side melt pour cases revealed that stronger explosions
may be expected with a depressurized primary system, since with a pressurized primary
system the melt is ejected sideward on the cavity wall hindering the formation of an
extensive premixture; moreover gas flows through the vessel opening into the cavity
forming a highly voided region below the reactor vessel.

The high calculated pressure loads in the side pour cases could be attributed to the used 2D
slice modelling of the reactor cavity, where the melt is released in the form of an infinite
wide curtain and the explosion is triggered through the whole width of that curtain. This is
quite conservative since, due to the 2D treatment, venting and pressure relief is
underpredicted and the explosion development is overpredicted. So the performed side
pour simulations should be regarded more as providing some basic qualitative insight in the
FCI behaviour for side pour scenarios. For a more reliable estimation of the expected
pressure loads in side pour scenarios a 3D modelling approach would be needed. The
central pour cases are closer to the reality since for a central melt pour the 2D axial
symmetric representation is quite suitable. So the reliability of central pour simulation
results is higher than the reliability of side pour simulation results.

The sensitivity study revealed that the jet breakup and the melt droplets solidification have
a significant influence on the strength of the steam explosion, and consequently have to be
adequately modelled. Especially the correct establishment of the size of the created melt
droplets during jet breakup is crucial, since the droplets size defines the melt surface area
for heat transfer, which governs the melt droplets solidification and the void build. Both, the
melt droplets solidification and the void build up may significantly reduce the strength of
the steam explosion, as demonstrated by the preformed simulations.

The nature of FCI is very complex and already small modelling changes can have a
significant influence on the simulation results. Therefore additional experimental and
analytical work is needed, as being carried out in the OECD programme SERENA phase 2
and in the network of excellence SARNET-2 within the 7th EU framework program, to be
able to reliably extrapolate the various experimental findings to reactor conditions and to
perform reliable reactor simulations.
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