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Abstract: The characterization of molten corium–concrete interaction (MCCI) has increasingly be-
come a cause of concern because, in the case of a severe nuclear accident, the core could meltdown
and release radiation into the environment. The objective of this study was to determine the thermo-
chemical impact of metal content in the corium and analyze the effect of corium metal content on
ablation depth, corium temperature, its viscosity and surface heat flux, and production of hydrogen,
carbon monoxide, and carbon dioxide. The governing heat transfer equations were solved while
considering the various thermochemical reactions in the existing numerical code in a comprehensive
way. The developed MCCI model in CORQUENCH was validated against the data available in the
literature. Our findings showed that the composition of corium, especially its metal content, has a
noticeable effect on mitigating or aggravating the ablation depth and nuclear reactor integrity. We
observed that during molten corium–concrete interaction, zirconium plays a significant role and its
presence can increase the ablation depth exponentially from 18.5 to 139 cm in the investigated case
study. It was found that the presence of zirconium in the corium instigated various thermochemical
reactions continuously, and thus the injected water, instead of quenching the molten corium, enhances
the temperature by facilitating exothermic reactions. Additionally, due to the presence of zirconium,
the production of hydrogen and carbon monoxide increases by 45 and 52 times, respectively and
the generation of carbon dioxide becomes zero because the zirconium reacts with carbon dioxide
continuously, converting it to carbon monoxide.

Keywords: molten corium–concrete interaction; ablation depth; melt/corium metal content; corium
temperature; water injection

1. Introduction

Understanding molten corium–concrete interaction is of fundamental importance in
the safety assessment of a reactor. During a major nuclear accident, melt/corium may
originate in a nuclear reactor. This corium is a combination of fuel, cladding, and reactor
structural elements. The interaction of this melt/corium with the concrete is identified
as molten corium–concrete interaction. This melt/corium may breach out of the reactor
bowl and be exposed to the concrete cemented at the sidewalls and bottommost part of
the nuclear reactor. The properties of molten corium are controlled by several parameters
such as the type of the coolant and the time it is introduced into the reactor. However,
if the reactor cavity is pre-filled with coolant (water) before the occurrence of a severe
accident, the molten corium would first encounter water and then the cemented concrete.
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Moreover, the physical illustrations of the core debris cooling in the presence of overlying
water are shown in Figure 1a,b. Amidu et al. [1] investigated the failure of the reactor
pressure vessel and suggested mitigating strategies and various assessment methods. They
mentioned that in the case of a boiling crisis, the reactor vessel fails near the beltline due to
a process known as the focusing effect. Farmer [2] observed that the molten corium divides
into fragments/debris of various sizes depending upon coolant properties and different
cooling mechanisms. Similarly, this interaction could escalate the amount of heat transfer
and would yield a substantial amount of steam. Thus, the conversion of water into steam
transfers a significant amount of heat. However, this substantial amount of heat transfer
could lead to a steam explosion and compromise the integrity of the reactor structure.
Moreover, the molten corium fragments sinking to the bottom of the reactor could lead
to the formation of a particle bed. This particle bed is formed due to the entrainment of
molten corium through the permeable crust, as shown in Figure 1b. Thus, it is essential to
determine the various mechanisms and processes that lead to the formation of the particle
bed. This approach helps to estimate the layer particle size, porosity, and permeability [2].

Figure 1. Schematic of molten corium–concrete interaction: (a) view with conduction-limited upper
crust at the molten corium–water interface; (b) view with water ingression and molten corium
eruption cooling mechanisms [2].

It is important to mention that the various parameters controlling the formation of
particle bed are estimated by the deposition and precipitation of disintegrated particles.
However, the uncertainty grows with the advancement of these activities. Even when maxi-
mum heat is not removed at the initial phase of the accident, the corium cooling mechanism
becomes highly ambiguous. Moreover, with the current level of MCCI understanding and
experimental limitations, it is not possible to determine the uncertainties of the MCCI [3].
Thus, we do not consider the coolant pre-filled condition with the relative formation of
the particle bed in this study. Similarly, after an accident, the molten corium could spread
out overwhelmingly to the surroundings of the nuclear reactor [2]. Thus, concrete ablation
could occur, even in the early stages of a nuclear accident. These consequences make
it necessary to simulate the MCCI for nuclear power plants to determine the control of
concrete ablation with the injection of coolant into the reactor cavity. The current findings
utilizing the proposed modeling approach would improve the selection of power plants’
design components, such as concrete, cooling systems, and coolant properties, thereby
reducing the risk of damage due to MCCI.

Over the last few decades, several studies investigating different aspects of thermal-
hydraulics components and various modeling approaches related to nuclear power plants
have been conducted [4–16]. However, the safety of nuclear reactors and various inci-
dent plans has not received the required numerical consideration to reduce MCCI and
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the various factors affecting it [17]. By comparison, several MCCI experiments have been
performed by various governments and organizations for different nuclear reactor cav-
ity conditions, such as COTELS, COMET-L3, ECOKATS-2, MACE, MCCI, SWISS, and
WETCOR. Refs. [18–22] conducted WETCOR and SWISS experiments at Sandia National
Laboratory (SNL). COTELS was performed by Maruyama et al. [23]. Alsmeyer et al. [24],
after various experiments, performed the ECOKATS-2 in the EU. At Argonne National
Laboratory, [25,26] performed a series of experiments known as MACE. Similarly, [27] per-
formed COMET-L3; VULCANO was performed by [28]; MOCKA was performed by [29].
However, due to the explosion risk of stream and hydrogen, pre-filled nuclear reactor
cavity experiments have still not been attempted to date.

A benchmark numerical study was executed by [30], who used physical models on
VVER1000 that reported the creation of hot molten corium inside the reactor. Bixler and
Nathan [31] simulated the Peach Bottom nuclear power plant and performed an MCCI
analysis. Spengler [32] performed the scale-up of MCCI from a small-scale experiment
scale to a nuclear reactor scale. To forecast the molten corium cooling behavior and
change in its properties, different models and/or simulators have been developed in the
past: Bradley et al. [33] developed CORCON-Mod3; MEDICIS and MAAP were modeled
by [34]; SOCRAT was developed by [35]; Polidoro et al. [36] modeled CORIMUM-2D,
and Farmer [2] developed CORQUENCH. Amidu [1] and Amidu [37] developed various
models in OpenFoam and investigated the influence of water ingression and a melt eruption
model in Melcor.

In this research, we used the CORQUENCH code to determine and forecast the various
processes involved in MCCI. CORQUENCH has the capability to perform multi-nodal
analysis and can use various models to simulate MCCI. These models include the corium
eruption model, water ingression model, corium-concrete thermal model, and ablation of
concrete model. In 2018, Farmer developed them after performing various MCCI-based
experiments. One of the notable of these experiments is the Melt Attack and Coolability
Experiment (MACE); these are some of the most extensive MCCI experimental programs
and are reported by Farmer et al. [38,39]. The goal of MACE is to estimate the corium
cooling characteristics under circumstances similar to those in a nuclear reactor. They
found that the melt quenching took place by injecting water. However, in performing
the M-0 test, they witnessed that a crust originated on the surface of corium with the
introduction of water. It was also observed that the formation of solid crust obstructed
the contact of injected water with corium. To validate the formation of solid crust and its
stability, Farmer [40] increased the size of the experiment to 120 × 120 × 20 cm, known
as the M-3b test. After executing the MACE research program, they performed MCCI
experiments at ANL, which were completed in 2010. The goal of performing MCCI
experiments was to develop an experimental database and to define various corium-related
cooling mechanisms. In order to mitigate the damage caused by MCCI during a severe
nuclear accident, Khurshid et al. [41] determined the effects of melt/corium temperature,
the composition of concrete, and water injection time on MCCI. They found that material
with high solidus and liquidus temperature could mitigate the concrete ablation and could
act as a shield due to their high thermal resilience characteristics.

It is important to mention that the various MCCI experiments showed that the safety
of a nuclear reactor during an accident is immensely affected by an increase in axial depth
of concrete ablation. Therefore, to confirm the ability of the model developed in this study,
the depth of concrete ablation in axial and radial directions should be compared with the
experimental data. From various molten corium–concrete interaction experiments, we
selected CCI-2 and SURC-2 to validate the developed model with the experimental data
because these molten corium–concrete interaction experiments were executed under BWR
and PWR conditions, siliceous and LCS-based concrete, and dry and dry-late flooding. The
schematic adopted in this study for analyzing the effect of corium composition on concrete
ablation is shown in Figure 2. Primarily, the composition of melt/corium is analyzed
in detail, because the composition dictates the corium temperature and sources of heat,
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including the generation by fission reaction and generation through corium oxidation. Thus,
it is important to understand the effect of various metals on corium–concrete interaction.
The developed model can be effectively utilized to analyze the molten corium–concrete
interaction with the change in corium composition in nuclear power plants. It is important
to mention that, to date, the material selection during the reactor design stage is based
on mechanical and heat transfer properties, and melting point values. The current study
aimed to assess the effects of such materials during a severe accident and thus minimize
the severe consequences in the case of an accident in a real nuclear reactor.

Figure 2. Flowchart to determine the effect of corium composition on MCCI analysis.

2. Modeling Corium Composition, Viscosity, Heat Transfer, and Ablation

The composition of corium is one of the most important parameters as it defines the
corium temperature, sources of heat, including the generation of heat by fission reaction
and generation of heat by corium oxidation, and the thermal energy produced in the
thermochemical reaction concerning silicon dioxide and metals such as zirconium, iron,
and chromium. The various reactions modeled in this study are depicted in Table 1. This
table describes stoichiometric factors of different chemical reactions used to model the
correlation of the oxidizing agents (CO2, H2O, and SiO2) and the metals present in the
corium. To simulate the effect of various gas-related chemical reactions, it is assumed that
the metal oxidizes gradually first with zirconium, followed by silicon and chromium, and
lastly with iron. The different terms in the energy conservation equation for molten corium
include energy terms for source and sinks for the overlying atmosphere and concrete. The
energy conservation equation for molten corium is as follows [2]:

e = 1
m
{
−me + χm,UO2 mqdec − Abht(Tm − Tt)− Abhb(Tm − Tb)− Ashs(Tm − Ts)

+EH2O
(

Abmb,H2O + Asms,H2O
)
+ ECO2

(
Abmb,CO2 + Asms,CO2

)
+ESiO2

(
Abmb,SiO2 + Asms, SiO2

)
+
(
1− χcng,g

)
ρconecon,d(Abηb + Asηs)− Ab(〈ρe〉bδb + 〈ρe〉tδt)

−As〈ρe〉sδs − Xcρsol,meηs(δb + δt)− 〈ρe〉s AC Hm − Abmente

+mcoreecorem}

(1)

where m is the mass of melt/corium zone ith constituent, e is the enthalpy of melt/corium
(J/kg), χ is the weight fraction, Ab is the basemat surface area in the axial direction, which is
presumed to be equal to the melt pool top surface area), ecore is the corium specific enthalpy
draining out of the reactor vessel, As is the melt/corium surface area in contact with the
radial surface of concrete, Tm is the molten corium temperature, econ,d is the concrete
enthalpy at the decomposition temperature, EH2O is the metal reaction heat (undergoing
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oxidation by H2O), ECO2 is the metal reaction heat (undergoing oxidation by CO2), h is
the interfacial heat transfer coefficient, ESiO2 is the zirconium reaction heat (undergoing
oxidation by SiO2), and qdec is the molten corium heat decay level (W/kg fuel).

Table 1. Thermochemical reactions applied in CORQUENCH.

Oxidation Based Chemical Reactions Component ith γSiO2
i γH2O

i γCO2
i

Zr + 2H2O → ZrO2 + 2H2
Zr + 2CO2 → ZrO2 + 2CO

Zr − Fcond(1+FSi)MZr
2MSiO2

− FZr MZr
2MH2O

− FZr MZr
2MCO2

ZrO2
Fcond(1+FSi)MZrO2

2MSiO2

FZr MZrO2
2MH2O

FZr MZrO2
2MCO2

Gas Phase:
Si + 2H2O → SiO2 + 2H2
Si + 2CO2 → SiO2 + 2CO

Condensed Phase:
Zr + SiO2 → ZrO2 + Si(l) (T ≤ 2784)

Zr + 2SiO2 → ZrO2 + 2SiO(g) (T > 2784)

Si Fcond FSi MSi
2MSiO2

− FSi MSi
2MH2O

FSi MSi
2MCO2

SiO2 −Fcond
FSi MSiO2
2MH2O

FZr MSiO2
2MCO2

2Cr + 3H2O → Cr2O3 + 3H2
2Cr + 3CO2 → Cr2O3 + 3CO

Cr 0 − 2FCr MCr
3MH2O

− 2FCr MCr
3MCO2

Cr2O3 0 FCr MCr2O3
3MH2O

FCr MCr2O3
2MCO2

Fe + H2O → FeO + H2
Fe + CO2 → FeO + CO

Fe 0 − FFe MFeO
MH2O

− FFe MFe
MCO2

FeO 0 FFe MFeO
3MH2O

FFe MFeO
2MCO2

It is important to mention that during MCCI, the mixture viscosity increases due to the
concrete inclusion into the molten corium. The molten corium viscosity during MCCI can
be determined by the following numerical models. These models are derived by [42,43]:

µ = µc

(
1− Vsol

Vsol,max

)−2.5Vsol,max(
µd+0.4µc

µd+µc )

(2)

µ = µc

 1 + 1
2

Vsol
Vsol,max(

1− Vsol
Vsol,max

)4

 (3)

where Vsol,max is the solid-phase packing fraction used to determine the viscosity of molten
corium, µ. Here µc is the continuous phase viscosity, µd is the dispersed phase viscosity,
and they are as follows:

µc = Vliq,mµm(T) + Vliq,oµo(T), (4)

µd = Vsol,mµm(Tsol,m) + Vsolo,oµo(Tsol,o). (5)

It is important to mention that the high viscosity of the molten corium leads to a
decrease in transition velocity. This reduces the convective heat transfer of the molten
corium. Moreover, the high viscous molten corium leads to a decrease in the mass of
molten corium that could escape through the crack/vents formed in the crust, consequently
reducing the cooling efficiency.

When molten corium encounters the cold concrete, after reacting and dissolving a
portion of it, a layer of the crust can form on the surface. This solid layer acts as an insulator,
reducing the overall heat transfer process. The three different options used to model
concrete ablation consist of the following models

a. Dry-out concrete model;
b. Dry-out transient concrete model;
c. Ablation quasi-steady concrete model.
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It is imperative to mention that dry-out and dry-out transient concrete models deter-
mine the transfer of heat by the process of conduction to the cemented concrete. Moreover,
the dry-out concrete model ignores the early transient heating of the concrete surface.
However, the dry-out transient concrete model describes all the transient phases. Moreover,
the ablation quasi-steady concrete model considers the conventional models for the transfer
of heat, ignoring the conduction of heat from the backside of the ablation front. Thus,
an accepted approach to estimate the crust growth on the surface of melt/corium and
various failure processes is to use the dry-out transient concrete model [2]. After concrete
ablation, a new layer of the crust can form on the surface of melt/corium. This crust can
either be permeable where the slag is instigated on the top of melt/corium, or it may be
impermeable if a film of slag originates at the bottom of the molten corium. In the case of
the impermeable crust, the slag film interrupts the heat transfer from the bottom (crust to
concrete). Thus, the thermal distribution through the crust is given as:

T(x) = Ts,I −
(

Ts, f rz − Ts,I

δs
+

.
Qs,cδs

2ks,c

)
x−

.
Qs,c

2ks,c
x2 (6)

where T(x = 0) = Ts,I and T(x = δs) = Ts, f rz,
.

Qs,c is the volumetric decay heat in the crust
and is assumed to be uniformly distributed across the crust.

It is essential to mention that the heat transfer coefficients for molten corium to concrete
can be estimated by one of the following two approaches: the slag film model or the
Kutateladze and Malenkov model proposed by [44,45], respectively. These models estimate
the thermal resistance offered by the film of slag formed during MCCI. The coefficient of
heat transfer for the axial direction can be derived using these aforementioned models:

ht =


1.5× 10−3

( cmPj
kmg

)2/3 km
Lλ

, j < jtr

1.5× 10−3
( cmPj

kmg

)2/3( jtr
j

)2/3 km
Lλ

, j ≥ jtr
(7)

where cm is the specific heat for molten corium, P is the system pressure, km is the
thermal conductivity of molten corium, jtr is the transition velocity, and is calculated
by 4.3× 10−4 σm /µm and Lλ is the Laplace constant, which is calculated by the follow-
ing equation:

Lλ =

√
σm

g
(
ρm − ρg

) (8)

where σm is the melt/corium surface tension, and ρm is the density of molten corium and
ρg is the density of sparging gas.

The second approach to calculate the heat transfer coefficients is to assume that a film
of gas instigates with the dissolution of concrete covering the concrete surface. Thus, the
heat transfer between melt and the gas film takes place through convection and radiation.
In this case, the development of a crust on the surface of the melt/corium is determined
by solving the equation of energy balance. The third technique is the Sevón correlation
based on CCI experiments, where the coefficients of heat transfer are determined directly
from the melt/corium. In this approach, the gas velocity (superficial) is estimated using the
data from the literature (experimental data). It was found that the radial coefficients of heat
transfer change, subject to the composition of concrete. Nevertheless, the axial coefficient
of heat transfer remains unchanged for concrete having siliceous and limestone as basic
components. Moreover, the axial heat transfer coefficient is a function of the superficial gas
velocity, which is given as:

ht = 2906vg + 49 (9)

The injection of water for quenching the molten corium leads to several cooling
mechanisms such as ingression of water, corium bulk cooling, crust breach, and corium
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eruption. The bulk cooling of molten corium is a phenomenon that occurs before the crust
instigation on the melt/corium surface. As soon as the gas is produced, the MCCI escalates
and the increase in boiling increases the interface area between corium and water. For
extreme conditions [39], estimated the entire sum of heat transfer by injecting coolant and
the coefficient of radial heat transfer by:

q′′wat = A

(
ke∆Tsat

δ f b
+ q′′r

)
(10)

hr = σste f εm

(
T2

t,I + T2
sat

)
(Tt,I + Tsat) (11)

where δfb is the gas film thickness, consisting of various non-condensable gases and water
vapors, which are components of the gas film produced during MCCI, ∆Tsat is the surface
superheat comparative to the point of water saturation. With the constant flow of water, a
stable crust forms, and the molten corium remains insulated under the surface of the crust.
Thus, melt/corium can only be quenched if the injected water starts flowing through the
cracks formed in the crust. However, with the production of gas, the crust could break
apart, allowing the ingression of water, leading to thinning of the boundary (thermal)
between the crust and molten corium. In theory, this process can improve the transfer of
heat via conduction. The overall heat flux for such cases is estimated by [25]:

q′′c,dry ≥ kt,c

(
Tt, f rz + Tsat

)
δt

+
(Qt,cδt)

2
ρvhlv j (12)

To define the crust dry-out limits, the CORQUENCH package allows several model
choices. One of these is the Jones model, which is a user-defined crust permeability
subroutine to estimate the dry-out heat flux [46]. The Lister/Epstein model is the second
model and is the modified version of the model suggested by [25]. It is essential to state
that the permeability of crust has an important impact on determining heat transfer with
the ingression of water. However, it was mentioned by [47] that the permeability of the
crust is empirically calculated; thus, its exact value cannot be determined for a certain
case. Therefore, the model given below is used to estimate the dry-out heat flux unless the
permeability of the crust is stated [25]:

q′′c,dry = Cdry

(
∆elv(ρl − ρv)g

δt

)5/13
(

Nk2
t,c(∆esat)

2

Ct,c∆ecrack

)4/13(
αc,exp[Tt, f rz − (Tsat +

σt, f

αt.exEt,y
)]

)15/13
(13)

where Cdry is the empirical constant (user-specified), ∆esat is the crust specific enthalpy
change upon quench from the Tt, f rz to Tsat, ∆ecrack is the crust specific enthalpy change
upon cooldown from Tt, f rz to Tcrack, σt, f is the crust tensile strength, αt,ex is the crust linear
expansion coefficient, Et,y is the crust elastic modulus, N is the numerical constant with a
value of 0.1 K-m1/2, σt, f represents crust tensile strength, Et,y is the crust elastic modulus,
and subscripts l and v denote coolant liquid and vapor phases, respectively.

In the MACE experiments, the generation of gas was observed moving towards the
surface. With the pressure buildup, this gas moved through the cracks, thereby expanding
them. When this happens, the melt/corium comes in contact with the coolant (injected
water), which leads to the formation of a particle bed. Thus, this phenomenon may lead
to the molten corium eruption and an increase in heat transfer. Thus, the eruption of
melt/corium occurs once the thermal energy created by the melt/corium is more than
the thermal energy removed from the pool of molten corium. Additionally, the scattering
of molten corium is determined after its eruption, and this calculation is based on the
hypothesis that the entrainment of molten corium is relative to the product of the coefficient
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of molten corium entrainment and the generated gases’ volumetric flow rate (see [2] for
further details).

jm = Kent j (14)

The proportionality constant (Kent) in Equation (14) can be obtained in three different
ways: by a user-defined function; as a relation derived from a model developed by [48];
and from the ANL corium eruption model proposed by [49]. Kent developed by Ricou–
Spalding [48] and Farmer [49] are given as:

Kent = E
(

ρg

ρm

)1/2

(Ricou–Spalding) (15)

Kent =

.
mhN′′h

ρm j
(ANL corium eruption model) (16)

where N′′h represent crust hole site density. Farmer [2] mentioned that the M-3b experiment
using the Ricou–Spalding model and the ANL molten corium eruption model estimated
the same depth of ablation. In this research, we utilized the ANL corium eruption model
to determine the entrainment coefficient for corium. In such cases, the corium mass flow
rate across the formed cracks and the volume of heat flux by the injection of coolant is
estimated by:

.
mh = ρmµm

πD2
h

4
=

πρm(ρt,c − ρm)gD4
h

128µm
(17)

q′′ent = ρm jm∆em,sat (18)

Next, we used the Lipinski model, proposed by Lipinski in 1980, to calculate the heat
flux from the particle bed (dry-out) when it is exposed to the water (coolant), and it is
defined as:

q′′bed,dry =
0.756∆elv[

1 +
(

ρm
ρl

)1/4
]2

√√√√ gρvρl Dbedα3
bed

(1− αbed)
[
1 + 6σl(1−αbed

gDbedρl Hbedαbed

] (19)

Spencer et al. [50] performed several experiments known as corium coolant mixing
(CCM) at ANL. They considered the particle size to be 0.28 cm and to have 0.4 cm2 bed
porosity. Moreover, it was observed by [51] that the rupture of crust occurred with an
increase in stresses after coolant injection. Thus, various cooling mechanisms can occur
repeatedly when injected water and molten corium interact with each other. For modeling
the crust formation on the surface of melt/corium, two approaches can be used to develop
the model. The first is to estimate the crust failure by supposing the anchoring of the crust
and the formation of cracks in it. In the second, it is assumed that the crust is floating.
It was observed by [38,39] that crust anchoring would happen irrespective of the cavity
size. In contrast, [45] determined the crust breach using the applied stress on the crust
surface and predicted that the melt/corium would be quenched after 180 min. However,
this process would decrease the transfer of heat if water is injected from the top and can
increase the concrete ablation rate.

3. Results
3.1. MCCI Model Justification/Validation

The modeling of MCCI is a complex process because it depends on several physical and
chemical phenomena; for instance: (a) decay heat; (b) melt mass flux after a failed nuclear
reactor; (c) thermochemical reactions during MCCI that produce H2O and CO2; (d) chemical
reactions among different metals present in the melt/corium, such as zirconium, iron,
chromium, and silicon; (e) heat transfer to slag and its movement through the melt/corium;
and (f) heat transfer to the surroundings. Therefore, it is essential to justify a numerical
model by validating it against experimental data. Thus, we present the justification of the
MCCI model developed in CORQUENCH with the experimental data from the literature.
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3.2. Validation with MCCI Data (Experimental)

We utilized CCI-2 and SURC-2 from OECD/MCCI and NRC-SNL, respectively, to val-
idate the ability of the MCCI model developed in this research. The different melt/corium
and concrete properties for CCI-2 and SURC-2 are provided in Tables 2–5.

Table 2. Concrete composition and its properties for CCI-2 [2].

Component CCI-2

Concrete composition (Wt %)

CO2 30.42

CaO 26.42

SiO2 22.01

MgO 11.71

H2O 4.46

Al2O3 2.54

Fe2O3 1.42

K2O 0.56

Na2O 0.32

TiO2 0.14

Concrete Properties

Solidus temperature (K) 1393

Liquidus temperature (K) 1568

Ablation temperature (K) 1500

Fraction H2O liberated 1.00

Fraction CO2 liberated 1.00

Table 3. Melt/corium composition and its thermal properties for CCI-2.

Component CCI-2

Composition of melt/corium (Kg)

U2O 242.48

ZrO2 99.60

Cr 25.64

SiO2 13.56

CaO 12.52

MgO 4.56

Al2O3 1.64

Zr 0

Fe 0

Total 400.0

Melt Temperature (K)
Initial melt temperature 2150

Outer structure temperature 750
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Table 4. Melt/corium composition and its thermal properties for SURC-2.

Component SURC-2

Composition of melt/corium (kg)

UO2 140.9

ZrO2 46.1

Zr 16.9

Total 203.9

Melt Temperature (K)
Initial melt temperature 2600

Outer structure temperature 900

Table 5. Concrete composition and its properties for SURC-2.

Component SURC-2

Composition of Concrete (Wt %)

SiO2 57.90

CaO 13.80

Al2O3 7.20

H2O 5.00

Fe2O3 4.40

MgO 4.00

K2O 3.80

CO2 1.50

Na2O 1.40

TiO2 0.80

Properties of Concrete

Solidus temperature (K) 1350

Liquidus temperature (K) 1650

Ablation temperature (K) 1500

Fraction H2O liberated 0.68

Fraction CO2 liberated 1.00

3.3. CCI-2 from OECD/MCCI

The CCI-2 experiment was executed for a 50× 50 cm geometry with a limestone/common
sand concrete (LCS) block having a total melt/corium mass of 400 kg. This experiment
was performed for 300 min and then coolant was injected. The flowchart to determine the
effects of melt/corium composition on MCCI is shown in Figure 2. Figures 3–5 present the
comparison of melt/corium temperature and ablation front location, and the prediction of
heat flux against the experimental data.

Figure 3 depicts the ablation depth for the CCI-2 experiment in the axial direction.
In this study, we used the ablation depth to determine the integrity of the reactor and its
containment. It is evident from this figure that sudden concrete ablation takes place once
the melt/corium interacts with the concrete. However, the various models shown in the
figure show that all the suggested models used in the developed model have a gradual
(linear) increase in ablation. The ablation depth increases from zero to 20.5 cm, 22.2 cm,
and 25.4 cm, for the dry-out concrete model without crust formation, the dry-out concrete
model with crust formation, and quasi-steady concrete decomposition model, respectively.
Although all models predict a similar trend, it is apparent from the various predictions that
the quasi-steady concrete decomposition model results in a profile adjacent to that of the
experimental data.

It is also obvious from the results presented in Figure 3 that the ablation depth becomes
constant with the coolant injection, thus indicating that the concrete ablation has stopped.
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However, the results show that, before the injection of coolant at 300 min, the conduction
of heat gradually decreases because the heat energy is disbursed during the process of
concrete ablation.

Figure 3. Comparison of CCI-2 experimental concrete axial ablation data with the developed model.

Figure 4. Comparison of CCI-2 experimental surface heat flux data with the developed model after
injection of water at 300 min.

It is important to mention that the heat flux from the top boundary of the melt/corium
pool is an important parameter. The experimental measurements during CCI-2 show
that this heat flux from the top of the melt/corium pool almost remains at zero before
coolant injection (which starts at 300 min), after which there is a spike and then a gradual
hyperbolic decline in the heat flux. By comparison, all proposed models as shown in
Figure 4 show a constant value of 378 kW/m2 until 424 min. It is speculated that this heat
flux prediction causes a discrepancy between experimental data of CCI-2 and the ablation
depth predictions shown earlier in Figure 3. Moreover, we believe that, with the injection
of coolant, the discrepancy occurs due to the formation of a layer of the solid crust that
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develops on the surface of melt/corium (at around 305 min). After this transient, the crust
thickness increases by constant coolant injection until the melt/corium is finally quenched
at 424 min. Thus, with the end of MCCI, the trends in the ablation depth of experimental
data and the model predictions become alike because the heat flux is equivalent.

Figure 5. Comparison of CCI-2 experimental melt/corium data with the developed model.

The comparisons of the melt/corium temperature and its various predictions with
the developed models against the CCI-2 experimental data are shown in Figure 5. It
can be observed that, although all models captured the correct trend in the temperature
decay, the dry-out concrete model with the formation of crust shows the finest match with
the empirical data. The analysis of experimental data of CCI-2 shows that melt/corium
temperature decreases gradually until the time of coolant injection. At 300 min, when
coolant is injected, all models show a sharp decrease in temperature from 1818 to about
1600 K. However, the experimental data show an increase in melt temperature from 1818 to
1873 K at 300 and 350 min, respectively. Thus, after that, the temperature immediately drops
to 1670 K at 425 min. It is observed from Figure 5 that the heat flux from the melt/corium
increases rapidly with the injection of water.

3.4. SURC-2 from SNL

The SURC-2 test was performed in Sandia National Laboratory to evaluate the molten
corium–concrete interaction. This test is a 1-D experiment with a cylindrical cavity of 40 cm
diameter. We selected this test to validate the model in CORQUENCH because it was
executed for a dry cavity under PWR conditions. Thus, this experiment can provide ac-
ceptable particulars to model various thermal-hydraulic processes. Moreover, the SURC-2
was executed on the core with oxide material and, thus, it varies from the others. Addi-
tionally, it is an experimental setup having a cylindrical layout with inserts of MgO at the
sidewalls. They used tungsten susceptors as a heat source to create the melt/corium; these
tungsten susceptors were positioned at numerous axial positions inside the experimental
arrangement. The composition of corium and its maximum temperature used to perform
the SURC-2 are provided in Table 4.

Furthermore, the various properties of concrete and its composition are depicted in
Table 5, showing that the concrete used in the SURC-2 is basaltic concrete. The comparisons
of the model results and the experimental data are shown in Figures 6–8. These figures
show the comparison of melt/corium temperature, ablation front location, superficial
velocity of produced gas, and heat flux. It is evident from the various predictions that



Energies 2022, 15, 3387 13 of 24

the melt/corium temperature in the initial phase of the experiment is somewhat altered
from the experimental data. Nonetheless, the trend is comparable, as shown in Figure 7.
It is perceived that the temperature of melt/corium increases with zirconium oxidation,
resulting in an increase in the melt solidus temperature. It is imperative to mention that we
considered the core and cladding mixture to be fully oxidized.

Eventually, the concentration of the oxidized (UO2-ZrO2) solid-phase diagram reaches
the estimated solid concentration with the phase diagram that is oxidized. This in-
cludes the different products made by the decomposition of concrete. After reaching
this point, the solid concentration reduces because of the slag generation and its move-
ment into melt/corium. Thus, this slag instigation also reduces the overall ablation and
its severe effects because zirconium concentration in the melt/corium decreases, which
prompts ablation.

Figure 6. Comparison of SURC-2 experimental concrete axial ablation data with the developed model.

Figure 7. Comparison of SURC-2 experimental heat flux data with the developed model.
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Figure 8. Comparison of SURC-2 experimental melt/corium temperature data (SURC-2) with the
developed model.

It is essential to highlight that predicting MCCI is a complicated process because
there are several unknowns and various occurrences that take place throughout the whole
process. Therefore, the numerical modeling showed various inconsistencies due to the
underlying assumptions of the unknown physical uncertainties. From the results, it is
evident that the discrepancies in predicting the temperature of melt/corium occurred in
the early phases. Nevertheless, in the later phase, the archived experimental data and their
modeling show that the melt temperature, the ablation depth, and its various calculations
for SURC-2 were carried out with acceptable accuracy.

4. Prediction of Metal Composition on MCCI

In this study, an integrated model was developed in CORQUENCH to simulate the
interaction of concrete and molten corium. After the validation of the model developed in
this study, we performed sensitivity to analyze the effect of melt/corium composition on
MCCI, sensitivity analyses were performed by [52,53] but they ignored the effect of metal
composition on MCCI. It should be noted here that the composition of melt/corium was
taken from the CCI experiments [2]. Four specific composition cases were considered as
tabulated in Table 6. It is important to mention that Cases-1, 2, 3, and 4 correspond to CCI-2,
CCI-3, CCI-4, and CCI-5, respectively.

Moreover, it is important to mention that one cannot use hypothetical data and must
rely on the real/measured composition of molten corium to analyze the effect of the metal
content of corium. Moreover, the composition of corium is the most uncertain parameter
that hugely affects the corium temperature and sources of heat, including the generation of
heat by fission reaction and generation of heat via corium oxidation.

The detailed impact of melt/corium composition on concrete ablation depth, surface
heat flux, melt/corium temperature, melt/corium viscosity, and instigation of hydrogen,
carbon monoxide, and carbon dioxide are discussed next. Figure 9a depicts the effect of
melt composition on the depth of ablation during MCCI. It is important to mention that
Case-3 corium is composed of 13.82 kg zirconium and 8.97 kg iron, which are 4.6% and
3.0%, respectively, of the total mass of the melt/corium. It is obvious from the results
shown in Figure 9a that the maximum ablation depth that occurred after the injection of
coolant at 300 min is 138 cm for Case-3 because of the presence of zirconium and iron since
other cases do not have these constituents. In contrast, for Case-1, Case-2, and Case-4, the
ablation remains constant at a depth of 18.4 cm only. It is worth mentioning here that all the
corium compositions shown in Table 4 contain chromium, but the adverse effect occurred
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only in Case-3, which contains zirconium and iron. This shows that the use of chromium is
safe as compared to zirconium and iron.

Table 6. Composition of different corium used for thermochemical analysis.

S.No Constituent
Case-1 Case-2 Case-3 Case-4

Mass (kg) Percentage Mass (kg) Percentage Mass (kg) Percentage Mass (kg) Percentage

1 UO2 242.5 60.6 211.4 56.3 169.4 56.5 332.3 56.3

2 ZrO2 99.6 24.9 86.8 23.1 64.5 21.5 136.5 23.1

3 SiO2 13.6 3.4 41.9 11.2 12.2 4.1 65.9 11.2

4 Al2O3 1.6 0.4 2.4 0.6 1.5 0.5 3.8 0.6

5 MgO 4.6 1.1 0.5 0.1 4.1 1.4 0.7 0.1

6 CaO 12.5 3.1 8.3 2.2 11.2 3.7 13.0 2.2

7 Cr 25.6 6.4 24.1 6.4 14.1 4.7 37.8 6.4

8 Zr 0.0 0.0 0.0 0.0 13.8 4.6 0.0 0.0

9 Fe 0.0 0.0 0.0 0.0 9.0 3.0 0.0 0.0

Total 400.0 100.0 375.4 100.0 300 100.0 590.0 1.0

Figure 9. Effect of melt/corium composition during MCCI at 425 min on (a) ablation depth and
(b) surface heat flux.
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Moreover, coolant injection has no quenching effect on melt/corium. These findings
show that the metal content of molten corium plays a very important role during MCCI.
Thus, it is recommended that all modern reactors should be designed with a comprehensive
analysis of metals used in the construction of the reactor and its various parts. Figure 9b
describes the effect of melt composition on surface heat flux during MCCI. It can be
observed from the results that, after the injection of water at 300 min, Case-1, Case-2, and
Case-4 peak at about 1600 kW/m2. However, for Case-3, no change was observed in the
profile of the surface heat flux, even after the injection of coolant, which remained constant
at 376 kW/m2. This behavior shows that, for Case-1, Case-2, and Case-4, the injected
coolant instantaneously decreases the temperature of melt/corium. However, for Case-3,
instead of quenching the melt/corium, the injected water enhances its temperature by
facilitating exothermic reactions, thereby generating explosive gases such as hydrogen and
carbon monoxide, as shown in Table 1 earlier.

The effect of melt/corium composition on molten corium thermal behavior is shown
in Figure 10a. It is evident from this figure that, with the increase in time, the temperature
of melt/corium decreases for Case-1, Case-2, and Case-4. However, for the Case-3 compo-
sition, the temperature of molten corium increases continuously. This steady increase in
temperature is speculated to be because of the thermochemical reaction that is continuously
taking place due to the presence of zirconium and iron.

Figure 10. Effect of melt/corium composition during MCCI at 425 min on (a) temperature of corium
and (b) molten corium viscosity.
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It is also apparent from Figure 10a that, after the injection of coolant, the melt tempera-
ture for Case-1, Case-2, and Case-4 drop significantly from 1870 to 1500 K, but for Case-3 it
increases from 2320 K at 300 min to 2330 K at 350 min. This increase in the temperature of
molten corium is also the reason for the increase in ablation depth for Case-3 composition,
as was shown in Figure 9a earlier.

Figure 10b displays the effect of melt composition on the viscosity of the molten
corium/melt. It is obvious from the results presented in this figure that, over time, the
viscosity of Case-1, Case-2, and Case-4 increases as their temperature decreases. However,
for Case-3, due to the exothermic chemical reactions, not only does its temperature increase
over time but its viscosity also decreases. An increase in local temperature for this com-
position and a decrease in viscosity leads to increased ablation depth, as was shown in
Figure 9a earlier.

Figure 11 shows the production of various gases during molten corium–concrete
interaction. It should be noted here that, for comparison purposes, other than the corium
composition, all other parameters such as design, initial temperature, etc. were kept
constant. It was observed that the presence of metals, such as zirconium and iron in
Case-3, had a substantial influence on the production of explosive (H2 and CO) and other
(CO2) gases. Figure 11a shows that, for Case-1, Case-2, and Case-4 corium composition,
only 1200 moles of hydrogen were produced. However, for Case-3 corium composition,
54,000 moles of hydrogen were formed. This significant increase in hydrogen production is
only due to the presence of zirconium and iron.

Similarly, Figure 11b shows that, for Case-3 corium, 142,000 moles of carbon monoxide
were produced. However, for Case-1, Case-2, and Case-4, only 2710 moles of carbon
monoxide were formed. Figure 11c displays the production of carbon dioxide with various
corium compositions. The CO2 is generally considered to be the gas that mitigates the
concrete ablation, decreases the temperature of melt/corium, and increases the viscosity
of the melt. It can be observed that, for Case-1 corium, 500 moles of CO2 were produced,
whereas, for Case-2 and Case-4, 573 moles of carbon dioxide were produced. However,
for Case-3, the amount of CO2 generation was almost zero because the produced carbon
dioxide is converted into carbon monoxide gas, as shown in Table 1. The analysis shows
that the presence of zirconium and iron is critical in the conversion of fire extinguisher gas
(CO2) to explosive gas (CO). Therefore, it is important to design the reactor such that the
concentration of metals, especially zirconium and iron, is reduced to the minimum.
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Figure 11. Effect of melt/corium composition during MCCI at 425 min on the production of (a) hy-
drogen gas, (b) carbon monoxide, and (c) carbon dioxide gas.

5. Iron and Zirconium Effect on MCCI

The results presented in the previous section showed that the composition of corium
would cause a severe nuclear accident if the corium has the composition of Case-3. The anal-
ysis showed that Case-3 has two extra metals in comparison to other cases, i.e., zirconium
and iron. Therefore, in this section, the effect of the presence of zirconium and iron in the
molten corium and its influence on MCCI was obtained through running the developed
model in CORQUENCH while considering four different scenarios:

(1) With Fe and Zr;
(2) Without Fe and Zr;
(3) With Fe and without Zr;
(4) Without Fe and With Zr.
The different parameters analyzed that can affect MCCI include ablation depth, surface

heat flux, molten corium temperature, and viscosity. The concentration of hydrogen, carbon
monoxide and carbon dioxide were also determined for these four scenarios, and the
results are depicted in Figures 12–14. From these figures, it is evident that the severe effects
occurred only in those scenarios of Case-3, which contains zirconium (scenarios 1 and 4).
The results presented in Figure 12a show that, for these two scenarios, the ablation depth
increased to 138 cm at the water injection time, which is 300 min. However, for the case
where both iron and zirconium are absent (scenario 2) and the case where iron is present
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but zirconium is missing (scenario 3), the ablation depth stays at a depth of 22.6 cm at
300 min. This shows that the use of iron is safe as compared to zirconium.

The effect of melt/corium composition on molten corium thermal behavior for the
four different scenarios of zirconium and iron is presented in Figure 13a. It is evident
from the figure that, with time, the temperature of melt/corium decreases significantly
from 1870 to 1500 K for scenarios 2 and 3. However, for scenarios that contain zirconium
(scenarios 1 and 4), the temperature of molten corium increases continuously from 2320 K
at 300 min to 2330 K at 350 min. This steady increase in temperature is speculated to
be because of the thermochemical reaction that is continuously taking place due to the
presence of zirconium. Moreover, the effect of melt composition on the viscosity of the
molten corium/melt for the four different combinations of zirconium and iron is depicted
in Figure 13b. It is obvious from the results presented in this figure that, over time, the
viscosity of scenarios 2 and 3 increases as their temperature decreases. However, due to the
exothermic chemical reactions, the melt temperature increases over time, and thus melt
viscosity decreases for scenarios 1 and 4.

Figure 12b shows the effect of melt composition on surface heat flux during MCCI.
It can be observed from the results that, for the case where both iron and zirconium are
absent (scenario 2) and the case where iron is present but zirconium is missing (scenario 3),
a peak occurs of about 1600 kW/m2. However, for the scenarios of Case-3 that contain
zirconium (scenarios 1 and 4), no change was observed in the profile of the surface heat
flux, which remained constant at 376 kW/m2, after the injection of water.

Figure 14 displays the production of various gases for the four different scenarios of
zirconium and iron. It is evident from the results presented in this figure that the presence
of zirconium had a substantial influence on the production of explosive gases such as H2
and CO, and non-combustible gases such as CO2. Figure 14a shows that scenarios 2 and 3
produce only 1200 moles of hydrogen. However, for scenarios 1 and 4, the amount of
hydrogen produced is 54,000 moles. This significant increase in hydrogen production is
only due to the presence of zirconium.

Figure 12. Cont.
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Figure 12. Effect of Fe, Zr, and their various combinations during MCCI at 425 min on (a) ablation
depth and (b) surface heat flux.

Figure 13. Effect of Fe, Zr, and their various combinations during MCCI at 425 min on (a) molten
corium temperature and (b) molten corium viscosity.
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Figure 14. Effect of Fe, Zr, and their various combinations during MCCI at 425 min on the production
of (a) hydrogen gas, (b) carbon monoxide gas, and (c) carbon dioxide gas.

Similarly, Figure 14b shows that, for scenarios 1 and 4, the amount of carbon monoxide
produced is 142,000 moles. However, for scenarios 2 and 3, only 2710 moles of carbon
monoxide were produced. Moreover, the production of carbon dioxide for the four different
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scenarios of zirconium and iron is presented in Figure 14c. It can be observed that, for
scenarios 2 and 3, the total number of moles of carbon dioxide produced is 500. However, for
scenarios 1 and 4, the amount of CO2 generation is almost zero due to chemical reactions of
produced carbon dioxide with zirconium that convert carbon dioxide into carbon monoxide
gas. The analysis shows that the presence of zirconium is critical in the conversion of fire
extinguisher gas (CO2) to explosive gas (CO). However, zirconium is used in the cladding,
so it is not possible to remove it. Therefore, it is suggested to design the reactor and develop
alloys to reduce the use of metals, especially zirconium, to a minimum.

6. Conclusions

Concerning previous attempts to quantify molten corium–concrete interaction, this
work emphasizes the importance of thermochemical modeling to characterize the effect of
corium composition, especially its metal content. It was found that the proposed approach
can be utilized as an effective tool to estimate the molten corium–concrete interaction before
and after a nuclear power plant accident. We analyzed the change in ablation depth in
response to the effect of melt/corium composition with four different corium constituents
and performed a detailed sensitivity analysis of two metals in the worst-case scenario. It
was concluded that the corium composition is the foremost controlling factor to mitigate
ablation in the case of a nuclear accident. Our findings show that the concentration of
zirconium has a significant role during molten corium–concrete interaction. The percentage
of zirconium was limited to just 4.6% of the total mass of corium. However, it was found that
the presence of zirconium increased the ablation depth from 18.5 to 139 cm. Moreover, the
viscosity of corium remains low in the presence of zirconium due to the constant increase
in corium temperature because of continuous thermochemical reactions. Additionally, the
production of hydrogen and carbon monoxide increases by 45 and 52 times, respectively,
and the generation of carbon dioxide becomes zero, because the zirconium constantly
reacts with carbon dioxide, converting it to carbon monoxide. Moreover, it was also found
that, if zirconium is present in the corium, the water after its injection would not quench
the molten corium. However, it would increase the corium temperature by facilitating
exothermic reactions. The ablation of concrete during MCCI is a very case-dependent
mechanism as it is controlled by the solidus, liquidus, and ablation temperature of concrete.
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