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a b s t r a c t

In the present study, the cavity module of the MELCOR code is used for the simulation of molten corium
concrete interaction (MCCI) during the late phase of postulated large break loss of coolant (LB-LOCA)
accident in the APR1400 reactor design. Using the molten corium composition data from previous
MELCOR Simulation of APR1400 under LB-LOCA accident, the ex-vessel phases of the accident sequences
with long-termMCCI are recalculated with stand-alone cavity package of the MELCOR code to investigate
the impact of water ingression and melt eruption models which were hitherto absent in MELCOR code.
Significant changes in the MCCI behaviors in terms of the heat transfer rates, amount of gases released,
and maximum cavity ablation depths are observed and reported in this study. Most especially, the
incorporation of these models in the new release of MELCOR code has led to the reduction of the
maximum ablation depth in radial and axial directions by ~38% and ~32%, respectively. These impacts are
substantial enough to change the conclusions earlier reached by researchers who had used the older
versions of the MELCOR code for their studies. and it could also impact the estimated cost of the severe
accident mitigation system in the APR1400 reactor.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

During a postulated severe accident event, the integrity of the
reactor pressure vessel is compromised, molten corium is relocated
from the Reactor Pressure Vessel (RPV) to the reactor cavity. Attack
on the concrete materials by themolten corium commonly referred
to as Molten Corium Concrete Interaction (MCCI) could lead to the
cavity Basemat Melt Through (BMT) situation where radioactive
materials could be released into the environment. The safety
analysis of this kind of accident scenario became much more
important after the unfortunate 2011 Fukushima accident. In
addition to the potential release of radioactive materials, a large
amount of non-condensable and combustible gases are generated
in the course of concrete decomposition by molten corium inter-
action. These gases could potentially raise the containment pres-
sure and thereby compromise its integrity. However, owing to the
idu), yacine.addad@ku.ac.ae

by Elsevier Korea LLC. This is an
limitation of experimental study of these phenomena due to severe
temperature conditions, the use of computational code becomes
inevitable and therefore, the reliability of such computational code
has to be assured through the number of dominant phenomena
captured using mechanistic models in such computational code.

For the ex-vessel stage of the severe accident progression, one of
the prominent computational codes for the prediction of the MCCI
is the cavity module (CAV package) of the MELCOR code which is
essentially COCORNMOD-3 codewithmodification in the numerics
and mechanistic models. Another common computational code for
the prediction of the MCCI is the CORQUENCH code. One of the key
distinguishing features of the above-mentioned computational
codes are the mechanistic models for water ingression and melt
eruption phenomena which were previously absent in the cavity
module (CAV package) of MELCOR code but have been always
present in CORQUENCH code. The motivation for this work is to
investigate the retention of corium materials within the reactor
cavity under MCCI condition for APR1400 with a focus on the an-
alyses of the effect of the water ingression and melt eruption
models on the heat transfer behavior during the MCCI especially in
terms of the ablation depths of the cavity in both radial and axial
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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directions. This way, it will be shownwhether the incorporation of
the CORQUENCH coolability models for water ingression and melt
eruption into the cavity module of the MELCOR code, where it was
missing, should be of serious concern.

2. Phenomenology and mathematical models

The molten corium concrete interaction is majorly a thermal
process and can be regarded as quasi-steady for much of the period
of the reactor accident. Thus, debris behavior and concrete ablation
are represented by conservation energy with heat transfer relations
as closure relations. There are two sources of heat in MCCI viz:
decay heat from the debris and heat from chemical reactions in the
concrete. One part of this heat is transferred to the top surface
while the remaining part goes to the concrete floor. Heat flux to the
concrete floor is used for the concrete decomposition, generation of
water vapor and carbon dioxide, and melting of the residual oxide.
The ablated concrete provides additional molten oxide and molten
concrete from the reinforcing bars in the concrete to the debris
pool. A more in-depth description of the complex processes
involved in molten corium concrete interaction can be found in the
cavity module (CAV package) reference manual of the MELCOR
code [1,2]. However, detailed descriptions of the mathematical
models of the two phenomena of interest (water ingression and
melt eruption) are also provided in this study.

Based on the insight garnered from experimental observation, it
was reported by Farmer et al. [3] that after crust formation, water
can penetrate the debris by crack mechanisms to provide sufficient
augmentation to the otherwise conduction-limited heat transfer
process to remove decay heat. Three processes by which water
could penetrate (shown in Fig. 1) into the debris have been iden-
tified through an experiment by Farmer et al. [3].

The first process is water ingression through interconnected
porosity or cracks (Fig. 1). This process relies on crack propagation
through the material, and as such is highly dependent upon the
mechanical properties, since thermal stress is a key factor. The
second process is particle bed formation through melt eruptions. In
this case, concrete decomposition gases entrain melt droplets into
the overlying coolant as they pass through the crust. The third
process is the mechanical breach of a suspended crust where the
thick crust that forms from water ingression could bond to the
reactor cavity wall, eventually causing melt to separate from the
crust as the MCCI continues downwards. The models for the first
two processes (water ingression into the top crust, and the
Fig. 1. Corium-concrete interaction with water ingre
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possibility of melt eruption through the top crust into the water to
form an overlying layer) have been incorporated into the new
release of MELCOR code version 2.2.18109. These two phenomena
provide extra cooling for the molten debris.

2.1. Water ingression model

The water ingression model was adapted from the model
developed by Epstein [4] which was based on the work of Lister [5]
which bordered on the water ingression into molten lava. It has
been observed in the OECD/MACE/MCCI experiments [6] that water
can penetrate a crust through crevices present in the crust. This
could effectively reduce the conduction zone in the crust. Thewater
ingression model allows water into the crust layer based on the
criterion that the top heat flux is less than a dry out heat flux (q}dry).

The dryout heat flux is defined as:

q}dry ¼Cdry

2
4�hlvðrl � rvÞg

vv

�5
 
Ndryk2cDe

2
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cpDecr
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½aTðTcr � TsatÞ�15=13
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where q}dry(W/m2), Cdry, hlv(J/kg), rl(kg/m
3), rv(kg/m

3), g(m/s2),

vv(m2/s), Ndry(K-m
1/2), kc(W/mK), Desat(J/kg), cp(J/kg-K), Decr(J/kg),

aT (1/K), Tcr(K),and Tsat(K) represent the dryout heat flux, dimen-
sionless empirical constant, heat of vaporization of water, the
density of water, density of steam, gravitation constant, dynamic
viscosity of steam, numerical constant, the thermal conductivity of
crust, change in specific enthalpy from melt to saturation temper-
ature, the specific heat capacity of melt, changes in specific
enthalpy from crack temperature to saturation temperature, coef-
ficient of thermal expansion for melt, crack temperature, and
saturation temperature, respectively. The variables in Eq. (1) with
their respective values or how they are computed are summarized
in Table 1.

The material properties in the CAV package are those of the
stand-alone CORCON code. They include internally consistent
specific heats, enthalpies, and chemical potentials for a large
number of condensed and gaseous species, based on fits to JANAF
[12] and other data. All enthalpies are based on the JANAF ther-
mochemical reference point. All heats of reaction are therefore
implicitly contained in the enthalpy data. Also included are data on
thermal expansivity and density, thermal conductivity, viscosity,
ssion and melt eruption cooling mechanism [3].



Table 1
Definition of parameters of the water ingression model.

Variable
Parameters

Description Values

rl (kg/m
3) The density of water 960

hlv (J/kg) Heat of vaporization of water Thermochemical table [12]
rv (kg/m

3) Density of steam 0.59
g (m/s2) Gravitation constant 9.8
vv (m2/s) Dynamic viscosity of steam 1.29 � 10�5

Ndry (K-m1/2) Numerical constant 0.1
kc (W/mK) Thermal conductivity of crust Thermochemical table [12]
Desat (J/kg) Change in specific enthalpy from melt to saturation temperature Thermochemical table [12]
cp(J/kg-K) Specific heat capacity of melt Mass-weighted averages of the constituent properties
aT (1/K) Coefficient of thermal expansion for melt Mass-weighted averages of the constituent properties
Decr(J/kg) Change in specific enthalpy from crack temperature to saturation

temperature
Thermochemical table [12]

Tcr (K) Crack temperature Computed using Eq. (2)
Tsat (K) Saturation temperature Thermochemical table [12]
stens (Pa) Tensile strength of the crust 6:77� 107

E (Pa) Young's modulus for the crust 1:25� 1011

Ts (K) Melt solidus temperature Mole-weighted combination of the solidus/liquidus temperatures of
constituents

Cdry Empirical constant The reference manual does not give any value for the constant
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and surface tension. The properties (specific heat capacity, thermal
expansion coefficient … etc.) of the melt are mass-weighted aver-
ages of the constituent (Zr, ZrO2, UO2 … etc.) properties.

The mechanical properties (tensile strength, elastic modulus)
are essential for estimating the crust dryout limit. Thus, the crack
temperature is estimated using Eq. (2)

Tcr ¼ Ts þ stens
aTE

(2)

According to Eq. (2), the crack temperature depends on the
solidus temperature. Solidus and liquidus temperatures of
coriumeconcrete mixtures depend on the composition of the
mixture and are currently computed as the mole-weighted com-
bination of the solidus/liquidus temperatures determined by
considering every binary combination of material pairs in the
mixture. The tensile strength of the crust stensðPaÞ ¼ 6:77� 107Pa,
and Young's modulus for the crust E ¼ 1:25� 1011Pa. This water
ingression model is implemented in the CAV package by adding a
new crust layer to the CORCON model. This layer sits on top of the
existing melt layer in CORCON and mass is transferred from the
melt layer by a dynamic crust model which replaces the present
static top crust model in the melt layer.
2.2. Melt eruption model

After the formation of a stable crust layer, the potential melt
eruption phenomenon could provide enhancement of the molten
debris cooling rate. By this process, melt droplets are entrained in
the sparging concrete decomposition gases through the crust. The
model is implemented in CAV by adding a new debris layer to the
CORCON model. This layer sits on top of the new crust layer added
for the water ingression model. Mass can be transferred to the
debris layer through the crust from the melt layer via a melt ejec-
tion model. The entrained melts are then accumulated on the top
surface of the crust and quenched by the overlying water pool. The
melt eruption model is given by Eq. (3) and is used to capture the
transfer of entrained melt from the debris, through the crust, to the
upper surface of the crust. The rate of mass transfer is proportional
to the gas sparging rate given by Eq. (3).

Jmelt ¼KentJgas (3)

where Jmelt(m/s), Kent , and Jgas(m/s) represent themelt ejection rate,
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entrainment coefficient, and gas sparging rate. The entrainment
coefficient (Kent) is computed using the Ricou-Spalding correlation
[7] which is defined by Eq. (4).

Kent ¼ Eent

�
rgas
rmelt

�1=2

(4)

where Eent , rgas(kg/m
3), and rmelt(kg/m

3) represent the user input
entrainment constant (default value is 0.08), gas density, and melt
density, respectively.

What determines the occurrence of the melt eruption is
whether the gas velocity is higher than the minimum gas velocity
(Eq. (5)) required to maintain active pores on the crust surface. This
is applicable for a crust presumed to be floating on the melt

Jmin ¼
kðrc � rmÞg

mg
(5)

where Jmin(m/s), k(m2), rc(kg/m
3), and mg(Pa-s), represent the

minimum gas flow rate, crust permeability, crust density, and gas
viscosity, respectively. The permeability is determined from the
dryout heat flux using the correlation of Jones et al. [8] given by Eq.
(6).

k¼
2mvq}dry

rvhlvðrl � rvÞg
(6)

This means that the permeability of the crust (if sufficient
enough) determines whether to vent the gas flow from corium-
concrete interaction through permeable structure under the
applied pressure head by the overlying crust.
3. Problem description and input parameters for MCCI
simulation

The APR1400 reactor cavity is designed to accommodate and
evacuate heat from relocated core debris during a postulated severe
accident. The large cavity flow area allows for a spreading of the
core debris, thus enhancing its coolability within the reactor cavity
region. The free volume of the cavity is ~963m3, and the cavity floor
comprises an area of ~80 m2 that is available for corium spreading
[9]. For the APR1400 concrete, the concrete composition is close to
SIL or CORCON-I concrete. The previous MELCOR simulation of



Table 3
Summary of the input parameters for APR1400.

Parameter Values

Corium mass, kg 187,000
Cavity radius, m 5.057
Cavity area, m2 80.36
Initial corium temperature, K 2843
Time after scrams, sec 10,000
System pressure, MPa 0.1
Coolant mass, kg 577,000
Coolant flooding time, sec 10,000
Coolant temperature, K 373 (saturated)
Concrete type CORCON-I
Concrete density, kg/m3 2340
Initial concrete temperature, K 300
Concrete solidus temperature, K 1350
Concrete liquidus temperature, K 1650
Concrete ablation temperature, K 1450

M.A. Amidu and Y. Addad Nuclear Engineering and Technology 54 (2022) 1508e1515
severe accident progression in APR1400 for a large-break loss-of-
coolant accident by Lim et al. [10] is selected as a base case in this
study. In this study, the Lim et al. [10] simulation data is recalcu-
lated with a stand-alone cavity module of the MELCOR code with
the assumptions that neither action of depressurization nor
flooding of the cavity for ex-vessel cooling is taken to contain the
molten coriumwithin the reactor pressure vessel. Thus, the melt is
expected to be released at about 10,000 s (following the reactor
scram) from the lower plenum of the reactor pressure vessel to the
cavity. It is further assumed that 100% of the molten debris mate-
rials present in the reactor pressure vessel, relocate to the reactor
cavity. The predicted masses of the composition of the molten
debris are shown in Table 2. For the nominal reactor operating
power of 4666 MWth, the molten corium that relocated to the
cavity after 10,000 s has an initial temperature of 2843 K (see Lim
et al. [10]) and subsequent decay heat is modeled according to ANS
79 decay heat curve. The input parameters of the cavity module
(CAV package) of the MELCOR code for APR1400 are summarized in
Table 3 and the modeling options selected for phenomena present
in the MCCI are also summarized in Table 4.

A typical model of reactor cavity in MELCOR code is shown in
Fig. 2 where RW, RAD, HIT, and HBB represent the cavity outer
radius, inner radius, axial depth, and axial wall thickness, respec-
tively. The geometry of the reactor cavity wall is cylindrical and a
number of body points along the cavity wall can be set so that heat
flux to concrete at these body points can be used to compute the
local ablation rate as shown in Fig. 2(a). A total of 95 body points are
used in this study with 30 body points at the bottom wall, 10 body
points defining the corner, and 55 body points at the radial wall of
the cavity. Concrete ablations result in newly calculated positions of
the body points. Therefore, the concrete ablation depth can be
computed using the change of positions of the body point where
concrete ablates. Additionally, the physical system considered by
cavity models in MELCOR consists of an axisymmetric concrete
cavity, a multilayered debris pool, and a set of boundary conditions
provided by control volume hydrodynamic (CVH) at the top surface
of the debris as can be seen in Fig. 2(b). Based on the APR1400
design parameters, the input parameters representing the shape of
the cavity: RW, RAD, HIT, and HBB are 7.557 m, 5.057 m, 12 m, and
2.5 m, respectively.
4. Discussion of results and conclusion

The water ingression model has been previously validated in
MELCOR/CORCON-MOD3 code by Sevon [13] against CCI-2 and CCI-
3 experimental data as shown in Fig. 3. The water ingression model
gave a good prediction of the CCI-2 experimental data with only 9%
underestimation of the cumulative steam flow rate. However, for
the CCI-3 experiment the water ingression model overestimated
the coolability by 45%. The effect of the water ingression model on
the predicted concrete ablation cannot be compared with the
experimental data because flooding had little effect on ablation in
CCI experiments since the experiments ended soon after the vessel
Table 2
Molten corium composition from Lim et al. [10] and Amidu et al.
[11].

Constituent Materials Mass [kg]

UO2 120000
ZrO2 100000
Zr 20000
FeO 6000
Fe 3000
Cr 1000
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was flooded. The default heat transfer parameters of the MELCOR/
CORCON-MOD3 code without water ingression include the multi-
plication of the boiling heat transfer coefficient by 10 and the
thermal conductivity of oxides and metals by 5. These multipliers
were supposed to account for water ingression enhancement, but
the users’ guide [2] emphasizes that these multipliers are para-
metric control, not models.

The incipience of the water ingression into the crust is indicated
by the condition that the dryout heat flux (predicted by Eq. (1)) is
greater than the crust's upper surface heat flux. This condition is
met throughout right from the beginning but becomes noticeable
after about 2500 s as shown in Fig. 4(a). Also, Fig. 4(b) shows the
evolution of the crust (in terms of its mass) which becomes fully
formed and stable at about 7500 s. The additional heat transfer
associated with the water ingression mechanism is also shown in
Fig. 4(a) which is an improvement over the conduction-limited heat
transfer presents in a situation when the water ingression phe-
nomenon is not considered. This augmentation of the heat transfer
(extra cooling effect) is reflected in the upper surface temperature
of the crust as can be seen in Fig. 4(c) where the upper surface
temperature of the crust with the water ingression model is lower
than that without water ingression model. On the contrary,
following the stable crust formation, the melt eruption phenome-
non does not occur because the integral superficial gas velocity
(Jgas) is not up to theminimum gas velocity (Jmin) thereby producing
a zero for the superficial gas velocity of the entrained melt (Jmelt)
into the overlying water pool as shown in Fig. 4(d). Thus, melt
eruption cooling is nonexistent under the severe accident condition
of APR1400 simulated in this study.

Interestingly, the fraction of the decay heat and chemical reac-
tion heat removed through the water ingression phenomenon re-
sults in the reduction of the heat loss to the concrete and heat loss
to the water pool as can be seen in Fig. 5(a). The accompanying
effect of the presence of water ingression phenomenon during
molten-corium concrete interaction is the substantial reduction of
the ablation depth as depicted by the cavity profile shown in
Fig. 5(b). This explains the disparity between MELCOR and COR-
QUENCH codes in terms of the predicted ablation depth which was
earlier observed by Park et al. [9]. Besides, Fig. 5(c) indicates that
the water ingression phenomenon also causes a significant reduc-
tion in the amount (mass) of water vapor (H2O) and carbon dioxide
(CO2) gases released to the containment environment. There is no
difference in the amount of the hydrogen (H2) and carbon mon-
oxide (CO) gases released with and without water ingression and
melt eruptionmodels. This is because these gases (H2 and CO) come
from the oxidation of metals in the debris, unlikewater vapor (H2O)
and carbon dioxide (CO2) that come from the decomposition of the



Table 4
Summary of modeling assumption in the cavity package of MELCOR code.

Phenomena Modeling options

Melt-concrete heat transfer model Bradley slag film model
Debris layering and mixing Enforced complete mixing (Homogeneous)
Upward heat transfer 1. Convection (by air)

2. Thermal radiation
3. Boiling curve (if water is present)

Heat generation 1. Decay heat
2. Chemical reaction

Ablation model Quasi-steady
Void fraction Brockmann correlations
Melt solid fraction Linear interpolation of Melt solidus and liquid temperature
Solids impact on viscosity Kunitz model
Available geometry 2-D all bodies including 2-D cylinder

Fig. 2. (a)Shape of reactor cavity, and (b) schematic of the debris layers used in MELCOR simulation [1].

Fig. 3. Validation of water ingression model by Sevon [11]: (a) CCI-2; (b) CCI-3 experiments.
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concrete under the thermal load of the molten corium. Thus, the
coolability enhancement introduced by the water ingression and
melt eruption model slows down the decomposition of the con-
crete, hence the reduction of the amount of water vapor (H2O) and
carbon dioxide (CO2) released. Whereas this coolability enhance-
ment does not affect the amount of Hydrogen (H2) gas and carbon
monoxide (CO) gas. The comparison between the predicted
maximum ablation depths (shown in Fig. 5(d)) of the cavity with
the presence and absence of water ingression phenomena shows
that the maximum ablation depth in radial and axial directions get
reduced by ~38% and ~32%, respectively when the water ingression
model is used. Further reduction of these parameters could have
taken place had it been that the melt eruption phenomenon also
1512
occurred.
Moreover, to check the influence of the thermal resistance be-

tween the melt and the concrete on the prediction of the concrete
ablation considering thewater ingression andmelt eruptionmodels,
the gas film model is considered in addition to the slag film model
earlier used (see Table 2) for the melt-concrete heat transfer process.
The gas film model assumes that the debris is separated from the
concrete by gas film and the heat transfer process is analogous to
either the Taylor-instability-bubbling film boiling or attached-flow
film boiling depending on the inclination. In contrast, the Bradley
slag film model was developed based on the transient growth and
removal of debris. However, the prediction of the concrete ablation
using the slag film model slightly deviates from that of the gas film



Fig. 4. (a) Water ingression parameters, (b) Mass of crust layer, (c) Upper crust surface temperature, and (d) Melt eruption parameters.
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model as can be seen in Fig. 6(a). The slag filmmodel predicts higher
ablation depth in the radial direction while the gas film model pre-
dicts high ablation in the axial direction Also, a 2-layer (oxide layer
and metallic layer) pool mixing modeling option has been consid-
ered in contrast to earlier used single-layer homogeneous mixing
modeling option (see Table 2). The separation of the melt does not
have a substantial effect on the ablation of the concrete as can be
seen in Fig. 6(b). Model for the stratification of layers causes lower
ablation in the radial directionwhile the homogeneous mixing gives
lower ablation in the axial direction.

5. Conclusion

This work tests the water ingression and melts eruption models
that are newly added to the MELCOR code. Previously, Sevon [13]
had shown that the water ingression model performed satisfacto-
rily against CCI experimental data [14] that involved the release of
gas bubbles from the concrete to the melt. The melt coolability of
the CCI-2 experiment was reported to be predicted well while that
of CCI-3 was somewhat overpredicted. However, the validation of
the water ingression and melt eruption models in terms of the
ablation rate of the concrete could not be performed. This is
because the CCI experiments were conducted with late flooding
and high concrete content in the melt at the flooding time. It would
have been insightful to validate the water ingression and melt
eruption model against MCCI experiments with early flooding but
no suitable experiment was found. Thus, more suitable experi-
mental work is required for the detailed validation of these new
coolability models. Nonetheless, the impact of these new models
on the ablation rate of the reactor cavity of APR1400 reactors under
1513
a severe accident condition initiated by the late phase of postulated
large break loss of coolant (LB-LOCA) is performed in this study.

Thus, a MELCOR code ver. 2.2.18019 which includes the imple-
mentation of the new water ingression and melt eruption models
in the cavity package is used for the simulation of the MCCI
behavior of the APR1400 reactor cavity during the late phase of
postulated severe accident scenario. Significant changes in the
MCCI behaviors in terms of the heat transfer, amount of gases
released, and maximum cavity ablation depths are observed and
reported in this study. Specifically, the amount of water vapor and
carbon dioxide gases released are substantially increased while the
concrete ablation depths in both the radial and axial directions are
noticeably reduced. These changes are substantial enough to
change the conclusions earlier reached by researchers who had
used the old versions of the MELCOR code which do not have water
ingression and melt eruption model for their studies. The imple-
mentation of these twomodels in the cavity module of theMELCOR
code essentially changes the previous assumption in the older
version of the MELCOR code that the crust layer is only permeable
to gases produced by the decomposition of the concrete. This im-
plies that the crust is not only permeable to the released gases from
concrete decomposition but also water and entrained melt. The
implementation of this kind of mechanistic model in the MELCOR
code is essential for its paradigm shift from parametric models to
ensure the best estimation from the code and this would further
reduce the uncertainties in the code.
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Fig. 6. (a) Effect of the melt-concrete interface heat transfer model, (b) Effect of the melt mixing assumptions.

Fig. 5. (a) Energy loss by debris pool, (b) Cavity profile, (c) Masses of gas released, and (d) Maximum ablation depths.
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