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The cornerstone of severe accident strategy of Nordic BWRs is to flood the reactor cavity for the long-term
coolability of an ex-vessel debris bed. As a prerequisite of the long-term coolability, the hot debris bed
formed from fuel coolant interactions (FCI) should be quenched. In the present study, coupling of the
MELCOR and COCOMO codes is realized with the aim to analyze the quench process of an ex-vessel debris
bed under prototypical condition of a Nordic BWR. In this coupled simulation, MELCOR performs an inte-
gral analysis of accident progression, and COCOMO performs the thermal–hydraulic analysis of the debris
bed in the flooded cavity. The effective diameter of the particles is investigated. The discussion on the
bed’s shape shows a significant effect on the propagation of the quench front, due to different flow pat-
terns. Compared with MELCOR standalone simulation, the coupled simulation predicts earlier cavity pool
saturation and containment venting.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

During a severe accident of the light water reactor, the reactor
core would gradually heat up, degrade and relocate into the lower
plenum of the vessel. The coriumwould be discharged to the cavity
when the lower head failure occurs. The severe accident strategy
employed by Nordic BWR is to flood the cavity into a deep water
pool. The discharged corium melt from the vessel would breakup
and fragment into small particles in the cavity pool, and subse-
quently form a particulate debris bed on the cavity floor. The ulti-
mate goal of the severe accident strategy is to remove the residual
decay power for a long time, in order to stabilize the accident pro-
gression and avoid further debris heat-up and even re-melting.

The coolability of debris beds during severe accidents has
attracted much attention in the past decades. Investigations have
been performed for coolability of the debris bed formed inside
the vessel lower plenum (Huang and Ma, 2019a; Yakush et al.,
2014; Yakush et al., 2013; Yakush and Kudinov, 2016), and inside
the cavity pool (Chen and Ma, 2020; Huang and Ma, 2018a). The
‘‘dryout” heat flux or power density, considered as the debris bed
maximum capability for the decay removal, has received extensive
studies both on experiment and model development (Hu and
Theofanous, 1991; Lipinski, 1982; Thakre et al., 2014). However,
these studies normally assume the initial condition as a thermal
equilibrium state between the debris bed and the saturated water
pool. However, the quench process, which is the prerequisite to
reach the thermal equilibrium state, lacks the attention. When
the debris bed is formed, the initial high temperature difference
between the debris bed and the coolant leads to intense boiling
on the particle surface, and the inner porous zones of the bed
would be dry by the intense evaporation. Before the water
quenches the local dry zones inside the debris bed, the thermal
equilibrium may not exist locally. Then the temperature of the
dry particles would continuously increase due to the decay power.
It is essential to know how the quench front propagates in the deb-
ris bed, and whether the hot and dry zones inside the bed could be
quenched before re-melting.

During the debris bed quench process, the large temperature
difference between solid particles and water, and the complex
two-phase flow pattern bring difficulties for experimental mea-
surement and modelling. Several experiments on the quench of
hot particle bed with either top or bottom flooding have provided
valuable observations (Cho et al., 1984; Tung and Dhir, 1987; Tutu
et al., 1984). More recently, the DEBRIS facility investigated the
quench of hot and dry debris bed in a cylindrical test section with
induction heating. The tests compared both top and bottom inflow
conditions for the reflooding of the hot and dry debris beds, and
characterized the total quenching time (Schäfer et al., 2006). The
PEARL facility was featured with the large bed scale and the pres-
ence of a lateral bypass at the periphery. The tests provided
insights of debris bed quench, and valuable data for model devel-
opment and validation (Chikhi and Fichot, 2017).

Analytical or empirical correlations were proposed based on
experimental observations and simplified assumptions (Chikhi
and Fichot, 2017; Tung and Dhir, 1987; Tutu et al., 1984). These
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Nomenclature

cp isobaric specific heat [J/(kg∙K)]
D Diameter (m)
e specific internal energy (J/kg)
g gravitational acceleration constant (m/s2)
hfg latent heat of vaporization (J/kg)
h heat transfer coefficient [W/(m2�K)]
i specific enthalpy (J/kg)
Ja Jakob number
k conductivity [W/(m�K)]
K friction coefficient
L thickness of the bed (m)
Nu Nusselt number
p pressure (Pa)
Pr Prandtl number
Q heat flux (W/m2)
Re Reynolds number
s saturation
T temperature (K)
t time (s)
v velocity
W weight function

Greek letters
C mass transfer rate [kg/(m3�s)]

e porosity
l dynamic viscosity [kg/(m�s)]
q density (kg/m3)
r surface tension (N/m)

Subscripts
b bubble
g gas
l liquid
max maximum
min minimum
p particle
rel relative
s solid
sat saturation

Superscripts
B bubby flow
D droplet flow
evap evaporation
FB Film boiling
PB pool boiling
trans transition
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correlations are one-dimensional, which focus on merely global
parameters, e.g. the steam flow rate or the quench front velocity.
To obtain more details e.g. the flow field, local temperature tran-
sient etc., the numerical codes are needed to perform the multi-
dimensional simulation. COCOMO code by IKE University of Stutt-
gart is developed with the specific aim to solve the boiling heat
transfer of particulate debris bed in reactors. It is capable to per-
form the numerical simulation for debris bed quench and long-
term coolability. Extensive studies have performed to systemati-
cally validate the COCOMO code with DEBRIS, PEARL, COOLOCE,
and POMECO experiments (Bürger et al., 2006; Huang and Ma,
2018a; Huang and Ma, 2018b; Takasuo et al., 2012). In the present
study, the COCOMO code is used to perform the numerical simula-
tion for the quench process of the prototypical ex-vessel debris
bed, for the safety analysis of the severe accident strategy of Nordic
BWR.

The prototypical ex-vessel debris bed is related to the severe
accident progression. For instance, the in-vessel accident progres-
sion could affect the amount and the temperature of the melt when
it releases to cavity, and vessel failure time could affect the decay
power of the ex-vessel debris bed. In order to acquire a reliable sce-
nario of the prototypical ex-vessel debris bed, a MELCOR/COCOMO
coupling interface is developed in the present study. Due to the
lumped-parameter feature of the MELCOR code, the models imple-
mented in MELCOR is normally parametric and empirical. Many
researchers have developed the coupled simulation of MELCOR
with other codes to extend the MELCOR capability and acquire
more local details. For instance, MELCOR has been coupled with
other codes such as GASFLOW for hydrogen distribution in contain-
ment (Szabó et al., 2014), REALAP5 for modeling the thermosiphon
loop (Huang and Ma, 2019a), and PECM model in OpenFOAM for
molten core material in the lower head (Dietrich, 2016).

This paper is organized as follows. Section 2 introduces the
MELCOR and COCOMO code, specifically the comparison of CAV
package of MELCOR with COCOMO code. Section 3 shows the
development of the coupling interface for MELCOR/COCOMO. Sec-
2

tion 4 presents the results and discussions on the coupled simula-
tion applied on Nordic BWR. Section 5 draws the conclusion.
2. Simulation codes

MELCOR, as an integral system code for the severe accident sim-
ulation, contains the model to simulate the ex-vessel corium
behavior. However, the model implemented in MELCOR is not
applicable for the particulate debris bed, which is expected to form
in the deep cavity pool of Nordic BWR during severe accident. This
section provides a brief comparison of the models implemented in
MELCOR and COCOMO code, in order to illustrate the motivation to
develop the coupled simulation.
2.1. MELCOR models

The MELCOR simulation of the severe accident of a light water
reactor is achieved by the cooperation of packages implemented
in the MELCOR code. Each package models a specific portion of
the accident phenomena or program control. The behavior of the
corium in the cavity is modelled with the Cavity (CAV) package,
including the effect of heat transfer, concrete ablation, cavity shape
change, gas generation, and debris/gas chemistry. The CAV package
considers an axisymmetric system of the concrete cavity retaining
corium in one or several layers, as depicted in Fig. 1. Once the cor-
ium is deposited in the CAV package, it is assumed to cover the
entire area of the cavity floor instantaneously.

For energy conservation, the corium layer is treated in a lumped
way that each layer is averaged with one temperature. Thus, it is a
one-dimensional system for heat transfer. There is conduction or
natural convection models to calculate the heat transfer between
the interfaces. A bounding control volume is used as the boundary
condition for the top surface of the corium. It means that the cool-
ing process of the corium by the pool only occurs on the top sur-
face. An implemented pool boiling curve is used to calculate the
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Fig. 1. Schematic of MELCOR CAV package model.

Table 1
Heat transfer correlations.

Heat
flux

Correlations

Qs;l Satisfy both: (i)Ts < Tsat; (ii) liquid is continuous

Nus;l ¼ 2þ 0:6Re1=2l Pr1=3l

Qs;g Satisfy both: (i)Ts > Tsat; (ii) gas is continuous

Nus;g ¼ 2þ 0:6Re1=2g Pr1=3l

Qs;sat Pool boilingTs � TFB
min :TFB

min ¼ Tsat þ 17K

hPB
s;sat ¼

c3p;l � ll � Ts � Tsatð Þ2

ig;sat � il;sat
� �2 � 0:012Prlð Þ3 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffirl

g ql�qgð Þ
q

Film boiling Ts � TPB
max: T

PB
max ¼ TFB

min þ 100K

NuFB
l;sat ¼ 0:67 �

qg � g � ql � qg

� �
� Di0sat � D3

p

lg � kg � Ts � Tsatð Þ

0
@

1
A

1=4

where modified latent

heat

Di0sat ¼ ig;sat � il;sat
� � � 1þ 0:968� 0:163

Prg

� 	
� Ja


 �
Ja ¼ cp;g � Ts � Tsatð Þ

ig;sat � il;sat
Transition region TFB

min < Ts < TPB
max:

htrans
s;sat ¼ 1�W Tsð Þ½ � � hPB

s;sat TFB
min

� �
þW Tsð Þ � hFB

s;sat TPB
max

� �
W Tsð Þ ¼ Ts � TFB

min

TPB
max � TFB

min

Ql;sat Bubbly flow:NuB
l;sat ¼ 2þ 0:6Re1=2l;relPr

1=3
l

Droplet flow:NuD
l;sat ¼ 10

Qg;sat Bubbly flow:

NuB
g;sat ¼ 10

Droplet flow:

NuD
g;sat ¼ 2þ 0:738Re1=2g;relPr

1=3
g
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heat loss. Then, the continuity of the heat flux determines the tem-
perature of the corium layers.

2.2. Numerical models of COCOMO code

COCOMO code is developed by IKE, University of Stuttgart
(Bürger et al., 2006). It has the capability to simulate the boiling-
off and multi-phase flow during the cooling process of a hot partic-
ulate debris bed in the lower head or in the reactor cavity, during a
severe accident. As a numerical code, it solves the conservation
equations for three phases separately, including particles in solid
phase and coolant in liquid and gas phase. The non-equilibrium
interactions between phases are considered.

Extensive validation works against experiments have confirmed
the capability of the COCOMO simulation on quench process of hot
particle beds. Early validation studies have been performed against
the bottom-flooding quenching experiment of Tutu et al. (1984),
with the concern on temperature development and heat flux at
bed top (Bürger et al., 2006). The validation against DEBRIS exper-
iment showed good agreement on the quench front propagation
for top-flooding experiment (Schäfer et al., 2006). A recent valida-
tion work has been performed against PEARL experiment, which
features a large scale quench process of hot particles with the pres-
ence of a bypass. Results showed good agreement in terms of sev-
eral key parameters, such as velocity of the quench front and
production rate of steam (Huang and Ma, 2018b).

2.2.1. Momentum equations
The particulate debris bed is treated as a fixed matrix of high-

permeability porous mediumwith user-defined porosity and parti-
cle size, and coolant can ingress into the porous zones. It is
assumed that the dominating forces for the coolant fluids flowing
in the porous medium are (i) the friction forces between fluids
and solid particles; (ii) the interfacial drag between liquid and
gas phase; (iii) pressure gradient; and (iv) buoyancy force. The
momentum conservation equations for the coolant fluids are sim-
plified by neglecting the inertial terms of the temporal and spatial
derivatives of the velocity, and considering only four dominating
forces in Eqs. (1) and (2).

Kgs v!g þ Kgl

1� sð Þ v!g � v!l

� �
¼ �rpg þ qg g

! ð1Þ

Kls v!l þ Kgl

s
v!g � v!l

� �
¼ �rpl þ ql g

! ð2Þ

In the equations from the left to the right, four terms represent
the four dominating forces mentioned above. For the friction coef-
ficient (Kgs, Kls) and the interfacial drag coefficient Kgl, several
empirical models are implemented in the COCOMO code, including
(i) Lipinski mode (Lipinski, 1982), (ii) Reed model (Reed, 1982), (iii)
Hu & Theofanous model (Hu and Theofanous, 1991),(iv) Schulen-
3

berg & Müller model (Schulenberg and Müller, 1986), (v) Tung &
Dhir model (Tung and Dhir, 1988), and (vi) modified Tung & Dhir
model. The first three models are developed from Ergun’s equation
(Ergun, 1952), which is the single-phase friction law in the porous
medium. The Ergun’s equation is extended into two-phase by
introducing relative permeability and passability, with different
forms. The detailed forms of the model can be found in our previ-
ous studies (Huang and Ma, 2018a; Huang and Ma, 2018b). The
validation of these two-phase friction models implemented in
the COCOMO code were performed with experiments by the
POMECO-FL facility, of which the result shows that the Reed model
has the best agreement. (Huang and Ma, 2018b). Thus, the Reed
model is used in the present study for the friction coefficients.

2.2.2. Energy equations
The energy equations for coolant in gas phase and liquid phase,

and for particles in solid phase are listed in the following equations
(3)~(5), respectively.

@

@t
e 1� sð Þqgeg þr e 1� sð Þqg vg

�!ig
� �

¼ r kgrTg
� �þ Qs;g � Qg;sat þ Cevapig;sat ð3Þ

@

@t
esqlel þr esqlv l

!il
� �

¼ r klrTlð Þ þ Qs;l � Ql;sat � Cevapil;sat ð4Þ

@

@t
qses ¼ r ksrTsð Þ þ QDecay

s � Qs;g � Qs;l ð5Þ

The heat transfers from solid particles to the liquid, gas and
interface are considered separately with conditions listed in
Table 1. For the boiling heat transfer of solid particles, a minimum
film boiling temperature is defined as TFB

min ¼ Tsat þ 17K , and a max-

imum pool boiling temperature is defined as TPB
max ¼ T

FB

min þ 100K.

When solid temperature is below TFB
min, pool boiling is assumed.

When solid temperature is above TPB
max, pure film boiling is

assumed. In the transient zone, the heat transfer coefficient is
obtained by linear interpolation.
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Fig. 3. The coupling framework of MELCOR/COCOMO.
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As for the heat transfer between interface and liquid or gas bulk,
the two-phase flow is separated into three regimes based on the
liquid fraction, denoted by s. As default: when s > 0.7: liquid phase
is the continuous field and in bubbly flow; when s < 0.3: gas phase
is the continuous field and in droplet flow; when 0.3 < s < 0.7: bub-
bly flow and droplet co-exist, and it is weighted by the liquid frac-
tion. The diameters of bubbles Db, dropletsDd and solid particles
Dpare assumed with the relationship: Db ¼ Dd ¼ 0:125Dp.
3. Coupling of MELCOR and COCOMO

Due to the absent capability of MELCOR to model the ex-vessel
cooling of particulate debris bed, this paper intends to develop a
coupled simulation to extend the MELCOR capability. The coupled
simulation adopts COCOMO code to simulate the thermal hydrau-
lics of the debris bed, and MELCOR code to perform the integral
simulation of the severe accident progression.

As illustrated in Fig. 2, the left part shows the MELCOR nodaliza-
tion of the containment of a reference Nordic BWR. The lower dry-
well is flooded into a deep water pool during a postulated severe
accident, where the released molten corium from the vessel would
form a debris bed. The right part of the figure shows the computa-
tional domain of the COCOMO simulation, which is the pool region
in the lower drywell. After vessel failure is predicted in MELCOR,
the coupling interface is activated and COCOMO start to simulate
the debris bed cooling as a substitution of CAV package of MELCOR.
The Fuel Dispersal Interactions (FDI) package of MELCOR is acti-
vated to calculate the energy transfer from corium to the pool dur-
ing settling process, with a parametric model. In order to avoid the
CAV calculation in MELCOR in the coupled simulation, a zero trans-
lation matrix for the mass transfer from COR package to CAV pack-
age is used to vanish the corium mass once it is released from the
vessel. The coupled simulation exchanges information between
two codes. MELCOR sends the pressure and the pool temperature
to COCOMO as the initial and boundary conditions, and also sends
decay power as the heat source of the debris bed. COCOMO sends
the heat transfer rate to MELCOR as the energy source of the pool
for calculation of the thermal–hydraulic response in the
containment.

The coupled simulation framework requires four modules, as
shown in Fig. 3. Other than MELCOR and COCOMO code, there is
a communication program MPIEXEC and an external coupling pro-
gram DINAMO. MPIEXEC is a MPI based coupling interface for MEL-
COR, developed by Sandia National Laboratories (Young et al.,
2004). It controls the execution of the coupled codes and coordi-
nates the data exchange. DINAMO (Direct Interface for Adding
Models) is developed by KIT, with the specific aim to couple new
Reactor 
Vessel

Upper
drywell

Wetwell

Lower 
drywell

MELCOR

• Pressure of cavi
• Temperature of c
• Decay power de

• Heat transfer ra

Fig. 2. MELCOR/COCOMO coupled
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models to MELCOR code (Dietrich, 2016). It consists of two major
functions: (i) the coupling routines which enable the communica-
tion with MELCOR via the MPIEXEC program, and (ii) an interface
which allows for the integration of new models into the source
code as well as an easy communication with external programs.
The development of the coupled simulation framework of MEL-
COR/COCOMO is achieved by integrating the DINAMO source code
with the COCOMO source code together. A new executable is com-
piled, containing both the coupling interface and the COCOMO
code. Therefore, the data exchange from the coupling interface to
the COCOMO side could be accomplished internally and fast, rather
than via external files.

The synchronization logic for data exchange between two codes
is shown in Fig. 4. Two horizontal time axes represent the advance-
ment of the calculation process for MELCOR and COCOMO, in green
and blue respectively. The interval of the time axes indicates the
length of the time step for each advancement. The number above
the green axis or below the blue axis denotes the order of the
advancing steps during the coupling calculation. MELCOR first
starts the simulation of the severe accident progression of a reactor
from scram. After MELCOR predicts the vessel failure, data from
MELCOR is sent to COCOMO for initialization. MELCOR runs for
one timestep with time interval Dt1, and it suspends at the end
of this timestep. The coupling interface sends the time interval
Dt1 to COCOMO and triggers the start of COCOMO simulation.
COCOMO code runs several timesteps (e.g. Dt2 ~ Dt5 in the figure),
until COCOMO and MELCOR meet at the same time point. Two
codes then exchange data at this time point, which is the end of
Dt1 for MELCOR and at the end of Dt5 for COCOMO. Then the cou-
pled simulation proceeds for the next cycle.
4. Application and discussion

The coupled simulation is applied to a reference Nordic BWR
with a hypothetical station blackout (SBO) scenario (Chen et al.,
2019). The reference Nordic BWR has the thermal power of
3900MW during normal operation. The lower drywell is a cylindri-
cal chamber with a radius of 6.1 m, as shown in the left part of
Fig. 2. As a severe accident mitigation strategy, the lower drywell
COCOMO

ty
avity pool

nsity of the bed

te to the pool

simulation and data exchange.
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Fig. 4. Synchronization logic for data exchange.

Table 2
MELCOR predictions of the corium com-
position in CAV.

Composition Mass percentage

UO2 48.9%
Zr 12.1%
ZrO2 4.9%
Stainless steel 33.1%
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is flooded after SBO, with subcooled water from the surrounding
lower wetwell, in order to cool the released molten corium from
the vessel. The water pool depth is around 7 m. A study shows that
if a thin melt jet (e.g. jet diameter 10 ~ 20 cm) is released into a
deep water pool (e.g. depth > 5 m), a significant breakup of the
melt and formation of debris bed is expected (Rahman, 2013). In
the present study, it is assumed all molten corium well-
fragmented in the pool of lower drywell, and a debris bed formed
on the floor.
4.1. MELCOR standalone simulation

The MELCOR standalone simulation was first carried out, in
order to obtain the released corium mass and composition for
defining the debris bed in COCOMO code, and to compare with
the coupled simulation. The standalone simulation predicts that
the vessel failure occurs at approximately 6.0 h after reactor scram.
The temperature and the mass of the debris calculated from the
MELCOR CAV package are plotted in Fig. 5. It can be found that
the corium release from the vessel is quite fast due to the gross fail-
ure of the lower head, with 298ton corium relocated in the cavity
in around 30 min. The composition of the debris is listed in Table 2.
Due to the one-layer assumption in the CAV package, the entire
debris has the same temperature. The temperature decreases fast
during the corium relocation period, and it gradually slows down.
MELCOR predicts that the debris layer is still at high temperature
above 1000 K at 20 h after vessel failure.
Fig. 5. MELCOR predictions of the corium temperature and mass in CAV.
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4.2. MELCOR/COCOMO coupled simulation

4.2.1. Simulation settings
In the coupled simulation, the computational domain of

COCOMO code is in an axisymmetric coordinate as shown in
Fig. 6. It covers the entire pool region of the cavity. The upper
boundary is an open boundary set with the containment pressure
as a variance of time, provided byMELCOR. The initial pool temper-
ature is set as 324 K, which is the cavity pool temperature at vessel
failure time provided by MELCOR.

The red region of Fig. 6 shows an example of debris bed defined
with a conical shape. The debris bed has total mass of 298 tons. The
debris is treated as a mixture of materials with specific mass per-
centages as listed in Table 2. The density of the mixture is calcu-
lated as the average density of all materials weighted by their
mass percentages. Thermal properties such as heat capacity and
thermal conductivity for each material are as functions of temper-
ature. For the thermal properties of the mixture, they are calcu-
lated as the weighted average of the functions based on the mass
percentages of the materials. The density and thermal properties
of each material are from (Humphries et al., 2017). The oxidation
of metal material is not considered. The debris particles are
assumed to remain solid phase in current calculations. The re-
melting of the debris and the further melt infiltration in the debris
bed is the consequent phenomena if the debris bed could not be
cooled, which may influence the molten core concrete interaction
(MCCI) and the integrity of containment. The modelling of re-
melting and melt infiltration is being investigated in other
researches (Mohsen Hoseyni et al., 2021) and it is out of the scope
of present study.

The decay power of the debris bed defined in COCOMO is pro-
vided by MELCOR simulation. In MELCOR, a normalized decay
power curve for BWR is implemented and used in current study.
The total decay power of Nordic BWR and the decay power of
the debris bed in cavity are plotted as a variance of time after
Fig. 6. Computational domain of COCOMO code.
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reactor scram in Fig. 7. The decay power of the debris bed in cavity
only includes the part that is generated by the unreleased fission
products. It is lower than the total decay power curve because part
of the radioactive fission products is released with aerosols or dis-
solved in the pool.

Many previous investigations assume a uniform definition of
initial bed temperature. For instance, 1273 K is used for a prototyp-
ical debris bed of a reference Nordic-type BWRwith thermal power
of 2100 MW (Huang and Ma, 2018a). Besides, in a simulation study
of jet release in a BWR scenario, the average temperature of the
settled particles is between 1500 K and 1700 K (Rahman, 2013).
In the present study, the initial debris bed temperature is esti-
mated based on the MELCOR prediction. From MELCOR data out-
put, the total energy of all corium, the energy loss during corium
release and the mass of each composition can be obtained directly
as a variance of time. The initial bed temperature is treated as the
temperature of all corium, averaged from the total energy at the
vessel failure time minus the energy loss during corium settling
as predicted by FDI package. As a result, the initial temperature
is 1854 K.

It should be noted that the calculation of initial temperature is
based on the assumption that all corium is released to the cavity
immediately at vessel failure time. However, in MELCOR simula-
tion, the corium release process is in 30 min. This means in the
coupled simulation, extra energy is introduced to the system, due
to the co-exist of unreleased corium inside vessel in MELCOR and
the debris bed in COCOMO during the corium release time. This
is the limitation of our current simulation tool. The current simu-
lation is conservative.

Other debris bed properties such as the particle size, the shape
of debris bed, and the bed porosity are quite uncertain due to the
stochastic process of debris bed formation. Our previous study
shows that the debris bed coolability is influenced by these prop-
erties (Chen and Ma, 2020). They are discussed as following:

The computational models normally treat the particles in the
debris bed as spherical. A concept of an effective diameter has been
promoted to describe a complex debris bed with only one diame-
ter. It is expected to use the effective diameter of particles in the
computational model equations for simplification. Extensive stud-
ies have performed but could not find a unified formula due to its
complexity. According to previous researches, the Sauter mean
diameter (surface-average) is able to represent the effective parti-
cle dimeter for the pressure drop through a debris bed. While for
the dryout prediction of the debris bed, the effective diameter
should be lower than the Sauter mean diameter (Chikhi et al.,
2014). Some examples for the Sauter mean diameter of debris
Fig. 7. Total decay power and the decay power of the debris bed in cavity.
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simulate material are: 1.75 mm for sand particles used in
POMECO-FL tests (Li et al., 2012), and 1.77 mm for irregular gravel
(Al2O3) used in COOLOCE tests (Takasuo, 2015). A simulation study
shows the Sauter mean diameter of debris bed as a result of BWR
jet fragmentation is 1.6 ~ 1.9 mm (Rahman, 2013).

The ex-vessel debris bed is formed as the consequence of the
corium jet release and fragmentation, which is a highly compli-
cated and stochastic process. There remain large uncertainties on
the final shape of a prototypical debris bed on the cavity floor.
The probable shape of the debris bed as a result of a single jet is
a heap-like (conical) shape, as observed in DEFOR tests
(Karbojian et al., 2009). Moreover, the self-leveling of the debris
bed may occur due to the intense boiling of the coolant during
the quench process, which reduces the debris bed slope angle
(Hilali, 2019).

The theoretical minimum value for the porosity of a homoge-
nous particulate bed is around 0.36. However, for the ex-vessel
debris bed with irregular particles, the porosity would be uncer-
tain. The artificially packed particulate bed is usually compact with
small porosity, as measured in experiments e.g. POMECO tests:
0.29 ~ 0.41 (Li et al., 2012), and COOLOCE tests: 0.375 ~ 0.4
(Takasuo, 2016). In jet fragmentation experiments, the porosity is
normally larger, e.g. CCM tests: 0.53 ~ 0.68 (Spencer et al., 1994),
and DEFOR tests: 0.57 ~ 0.71 (Kudinov et al., 2013). Previous sim-
ulation works normally use porosity at around 0.4, e.g. 0.4 in
(Rahman, 2013; Takasuo et al., 2015; and Huang and Ma, 2019b),
and 0.42 in (Huang and Ma, 2018a) and (Ma and Dinh, 2010).

In order to quantify the effect of mesh volume to the quench
simulation by COCOMO code, a test case is simulated with three
meshes as listed in Table 3. The debris bed properties of the test
case are set with homogenous particle diameter of 2.5 mm, a con-
ical shape with central height of 3 m, and porosity of 0.42. The time
for the debris bed to cool to the pool temperature is listed in
Table 3. We consider the time difference between mesh No. 2
and 3 is acceptable. Taking the computational efficiency into
account, the mesh No.2 is selected in the following simulations.

4.2.2. Effective particle diameter
The particle morphology as the result of melt jet fragmentation

observed from CCM tests is major spherical-like, with a typical
diameter of 3 mm (Lindholm, 2002). FARO test series show that
the particle size is a distribution in the order of millimeter. How-
ever, for different test conditions, the measured distributions are
not the same (Magallon and Huhtiniemi, 2001). Some relationships
could be observed from the experiments, for example, the occur-
rence of the steam explosion would cause the existence of more
small particles.

The COCOMO code allows the definition of the particle diameter
with a specific value in each mesh cell. Based on this capability, the
effective particle diameter of a debris bed for the quench process is
investigated. The distribution of particle size in the present study
uses the measurements from FARO test L31. The FARO tests were
aimed to investigate the corium jet breakup and fragmentation
in a water pool. They were performed with prototypical corium
material comprising a mixture of 80% UO2 and 20% ZrO2. Different
system pressure and pool saturation was tested. The corium melt
mass in L31 test was 92 kg. The melt was released into a highly
Table 3
Mesh independency test.

Mesh No. Mesh size Quench time (s) Difference

1 50�50 5958.0 –
2 75�75 6384.8 6.68%
3 100�100 6700.4 4.71%



Fig. 9. Computational domain of the debris bed in cavity pool.

Table 4
Definitions of mean diameter for spherical particles with inhomogeneous size.

Symbol Name Expression Sampling from L31
distribution

dn Count mean diameter
P

nidiP
ni

0.37 ~ 0.54 mm

dl Length mean diameter P
nid

2
iP

nidi

0.73 ~ 1.09 mm

ds Surface mean diameter P
nid

3
iP

nid
2
i

2.07 ~ 2.51 mm

dv Volume mean diameter P
nid

4
iP

nid
3
i

4.36 ~ 4.80 mm
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subcooled pool with pool temperature 291 K, and the initial pres-
sure 2.2 bar. It was found in L31 test that all corium was well-
fragmented and a particulate debris bed was formed (Magallon
and Huhtiniemi, 2001). The test condition of L31 is very similar
with the Nordic BWR scenario in the present study. Thus, the dis-
tribution of particle size from L31 is considered.

The particles of L31 were separated into three layers for mea-
surement. Each layer was sieved independently. Thus, three distri-
butions of particle size were obtained regarding three layers, as
plotted in Fig. 8. The data for the top, middle and bottom distribu-
tion are collected from (Lindholm, 2002). The data for the total dis-
tribution are collected from (Magallon and Huhtiniemi, 2001). A
rough estimation indicates that three layers were probably equal
in mass. A stratification can be found that the top layer has higher
proportion of small particles, while the bottom layer has relatively
lower proportion of small particles.

The computational domain of COCOMO is shown in Fig. 9, with
the axis of symmetry on the left boundary. The shape of debris bed
is considered to be conical, which is likely as the result of the single
jet release from the central bottom of the vessel. There are no clear
evidences on the critical angle of repose for particulate debris. In a
previous study on the particulate debris phenomenon effect, an
uncertainty is considered for the critical angle of repose within
the range of (22�, 35�Þ; see (Basso et al., 2016). The maximum limit
value is adopted as the slope angle in our simulation, which is 35�.
The bed porosity is assumed as 0.42.

Each layer is defined with a particle size profile, which is sam-
pled from the corresponding particle size distribution in Fig. 8. In
order to reduce the sampling error, the sampling is performedmul-
tiple times. There are several definitions of mean diameter for par-
ticles with inhomogeneous size. For spherical particles, four
definitions are listed in Table 4. The Sauter mean diameter as men-
tioned above is the surface mean diameter. The mean diameter
ranges for the sampled cases are also listed in the Table 4.

The coupled simulation is performed for all these sampled
cases. As representative, the case with the maximummean particle
diameter is selected to show the temperature distributions at dif-
ferent time, in Fig. 10. The debris bed surface is marked with a solid
grey line in each plot. The coolant velocity vector is marked with
white dotted arrows for gas phase, and green solid arrows for liq-
uid phase. With the liquid coolant penetration into the bed from
the surface, water is heated into steam in the hot bed. The steam
flows upwards and exits from the top of the bed. The natural circu-
lation is formed in the pool. The hot debris bed (in red) is quenched
gradually, and the quench front propagates from the surface near
bottom to the central top of the bed.
Fig. 8. FARO L31 test particle size distribution.
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Fig. 11 shows the quenched bed mass fraction with time, for
two sampled cases with inhomogeneous particle size plotted in
blue solid lines: (a) the case with the maximum mean diameter;
and (b) the case with the minimum mean diameter. In each plot,
the result is compared with the scenario when the debris bed is
defined with homogenous particle size: the red dash-dotted line
representing the homogenous particle diameter defined as the
Sauter mean diameter of the inhomogeneous case, and the black
dashed line representing the homogenous particle diameter
defined as 1.1 times the Sauter mean diameter of the inhomoge-
neous case. The lines in the figure are similar to logarithm function,
which indicates a gradual decrease of quench rate with time. The
black dashed lines are on the left side of red dash-dotted lines,
which shows that the homogenous bed with larger particle diam-
eter is quenched faster. It is because the larger particle diameter
leads to smaller friction, which promotes the coolant flow penetra-
tion inside the debris bed. The sampled cases with inhomogeneous
diameter (blue solid lines) are more close to the black dashed lines.
Therefore, if one diameter is used to describe the inhomogeneous
case regarding the quenched mass fraction, the effective particle
diameter would be suggested larger than the Sauter mean diame-
ter, to be more precise, approximately 10% larger than the Sauter
mean diameter according to the simulation.

In order to quantify the local temperature increase, the max-
imum temperature and the fraction of bed mass with certain
temperature increases are listed in Table 5. Two homogenous
cases are also listed as comparison, which are the 1.1 times the
maximum and minimum Sauter mean dimeter, also used in
Fig. 11. The inhomogeneous cases generally have approximately
one third of the bed with temperature increase over 100 K, and
less than 5% of the bed with temperature increase over 400 K.



Fig. 10. Temperature distribution of the debris bed during quench.

(a) Maximum mean diameter case (b) Minimum mean diameter case

Fig. 11. Quenched mass fraction with time.
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The homogenous case with particle diameter of 2.76 mm is
within the inhomogeneous case range, while the 2.28 mm case
is higher than the range. It means the 2.28 mm case predicts a
more severe situation than any of the inhomogeneous cases.
The result indicates that the effective particle diameter using
10% larger than the Sauter mean diameter would be conservative
enough to represent the variance of bed maximum temperature
with time.

4.2.3. Effect of debris bed shape
Considering the uncertainty on the shape of debris bed, and the

possible self-leveling of the debris bed, three scenarios of bed
shapes are discussed. Fig. 12 shows the computational domain of
these three scenarios. Case A is the same in previous discussion.
Case B has a smaller slope angle, which is the minimum limit of
critical repose angle uncertainty considered in (Basso et al.,
2016). Case C is an ideal and extreme assumption that all particles
fully cover the entire cavity floor with the same thickness of the
Table 5
Maximum temperature and mass fraction of debris bed with certain temperature increase

Case Homo

Maximum temperature increase 505 K
Mass fraction of debris bed with temperature increase 100 K 33.4%

200 K 14.5%
300 K 5.2%
400 K 1.1%
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bed. The debris beds in three cases are assumed to be homogenous
with porosity 0.42. The effective diameter is selected as the middle
value of the two homogenous cases in Table 5, which is considered
to be 2.5 mm.

The temperature distribution for three cases is shown in
Figs. 13–15. Case A and B have similar quench front propagation,
also similar with the inhomogeneous case in Fig. 10. Case C is quite
different. The one-dimensional quench front is observed along the
axial direction from the top of the bed to the bottom. The velocity
of coolant is generally in 1D. The downward liquid flow is hindered
by the upward steam flow. The flat and homogenous debris bed
like case C is also called 1D debris bed. Correspondingly, the conical
debris bed e.g. case A and B are 2D debris beds, due to the 2D cool-
ant flow pattern.

The maximum temperature of the debris bed occurs at the place
where the liquid coolant could penetrate last. For 2D beds, the
maximum temperature is located on the central top of the bed.
While for 1D bed, the maximum temperature is located at the
s.

genous 2.76 mm Homogenous 2.28 mm Inhomogeneous cases

684 K 429 ~ 581 K
39.5% 29.3%~37.9%
20.9% 10.9%~18.9%
10.9% 3.6%~8.0%
4.9% 0.3% ~ 2.3%



Fig. 12. The computational domains for three cases with different bed shapes.

Fig. 13. Temperature distribution for Case A.

Fig. 14. Temperature distribution for Case B.
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bottom layer. The maximum temperature of the debris bed is plot-
ted as a variance of time in Fig. 16. The same temperature increase
is found at around the first quarter. Then Case C is fully quenched.
The debris bed with larger slope angle (Case A) tends to take longer
time to quench. Fig. 17 shows the mass fraction of the debris bed
with a temperature increase higher than the corresponding x-
axis value. Although the maximum temperature for Case A, B and
C reaches 2446 K (592 K increase), 2315 K (461 K increase), and
9

1961 K (107 K increase), there is only very small portion of debris
bed that could reach that value of temperature. Less than 3% mass
has the temperature increase of 400 K for Case A, and 300 K for
Case B.

The mass fraction of quenched debris bed is plotted in Fig. 18.
Compared with Case A and B, Case C has a relatively faster quench
rate. There seems to be a linear relationship between the quenched
mass fraction and the time for case C, due to its 1D quench front



Fig. 15. Temperature distribution for Case C.

Fig. 16. Bed maximum temperature for Case A, B and C.

Fig. 17. Mass fraction of the debris bed with the temperature increase for Case A, B
and C.

Fig. 18. Mass fraction of quenched debris bed with time for Case A, B and C.

Fig. 19. Energy transfer rate from debris bed to cavity pool for Case A, B and C.
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propagation. Based on above observations, there is a trend that
with the decrease of bed slope angle (from Case A to C), it takes less
time to quench and has lower temperature increase. Therefore, the
self-leveling would promote the debris bed quench. Our simulation
without the consideration of debris bed self-leveling would be
conservative.

The energy transfer rate from debris bed to the pool calculated
by COCOMO is provided to MELCOR as the energy source of the
cavity pool. The total energy of the debris bed to be removed by
the pool is the same for all three cases, since they have the same
initial temperature and decay power. However, the energy transfer
rate is quite different as plotted in Fig. 19. The energy transfer rate
of 2D beds (Case A and B) gradually decreases and approaches the
10
decay power. While 1D bed (Case C) keeps at higher energy trans-
fer rate at the beginning than other two cases. Then, the energy
transfer rate suddenly drops to the decay power level when 1D
bed is fully quenched.

The containment pressure calculated by MELCOR is plotted in
Fig. 20, including three coupled simulation cases and the MELCOR
standalone case. After vessel failure, the highly subcooled cavity
pool is heated with the energy from COCOMO in the coupled sim-
ulation, or from the CAV package in MELCOR standalone simula-
tion. After the pool is saturated, the containment pressure
increases fast due to the steam generated from the pool. The con-
tainment venting is triggered when the pressure reaches the criti-
cal value, and then pressure drops. Among the coupled
simulations, only minor differences can be found. Compared with
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Fig. 20. Containment pressure for MELCOR standalone and coupled cases.
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the coupled simulations, MELCOR standalone simulation predicts a
later time to reach the cavity pool saturation and the containment
venting. Coupled simulations predict the debris beds are fully
quenched to the pool temperature in around one hours. While
the MELCOR standalone simulation predicts that the debris in
CAV package is still at high temperature of 1000 K at 10 h after ves-
sel failure. There is faster energy transferred from the debris bed to
the pool in the coupled simulations, and thus it promotes the faster
pressure transient.
5. Conclusions

The coupling of MELCOR and COCOMO is developed to extend
the MELCOR capability for analysis of ex-vessel debris bed coola-
bility, in order to satisfy the contemporary need on the analysis
of quenching process for ex-vessel debris beds formed in postu-
lated severe accidents of Nordic BWR. In the coupling approach,
the COCOMO code is employed to simulate the thermal-
hydraulics of a debris bed in the cavity, while MELCOR is used to
simulate the accident progression and response in the entire reac-
tor system.

The station blackout (SBO) scenario is considered as the initiat-
ing event of postulated severe accidents in the BWR. In the coupled
simulation, the debris bed defined in the COCOMO simulation is
based on the specific discharge of mass, composition and temper-
ature of corium into the cavity predicted by the MELCOR simula-
tion. The other properties of the debris bed such as porosity,
particle size distribution and bed geometry are given by available
data in literature or assumptions. The effects of some bed proper-
ties on the quench process are discussed.

A conical inhomogeneous debris bed is assumed to be packed
with spherical particulate debris which have the same particle size
distribution measured in the FARO L31 test. In the coupled simula-
tion, it is found that the effective particle diameter employed for
the prototypical debris bed should be approximately 10% larger
than the Sauter mean diameter of the debris particles, in order to
have the same mass-averaged quench rate and the maximum tem-
perature increase.

The coupled simulations with varied debris bed configurations
indicate that the propagation of quench front is driven by flow pat-
terns inside the debris beds. With a decrease in slope angle of deb-
ris bed, the debris bed is quenched faster. The 1D debris bed with
zero slope angle reaches the maximum quench rate. Compared
with the MELCOR standalone analysis, the coupled simulation pre-
dicts earlier points in time to reach the cavity pool saturation and
to activate containment venting.

It should be noted that the process of debris bed formation
(e.g., settlement of debris particles on the floor of the cavity and
11
evolution of debris bed geometry) is not captured in current study,
although it could be influential to the quench. The possible
chemical reactions, e.g., the oxidation of Zr, is also neglected in
the present study. Modeling of these phenomena would be the
focus of future studies.
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