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Abstract — The latest investigations of Fukushima Daiichi Unit 1 have demonstrated that corium attack to
the pedestal walls and pedestal floor has occurred in Fukushima Daiichi Unit 1 to a certain extent. The
results of past analytical benchmarks, such as the Organisation for Economic Co-operation and
Development (OECD)/Nuclear Energy Agency (NEA) Benchmark Study of the Accident at the Fukushima
Daiichi Nuclear Power Plant (BSAF project), have agreed with this finding. However, the latest investiga-
tion does not show evidence of unlimited molten core—concrete interaction (MCCI), which is one of the
main discrepancies from the BSAF project.

More recently a MCCI benchmark has been launched in the context of the OECD/NEA project ARC-F
(Analysis of Information from Reactor Building and Containment Vessels of Fukushima Daiichi Nuclear Power
Station). In the benchmark, common geometry, boundary, and initial conditions have been selected among all
the participants. The results show an improved agreement among different codes for what concerns overall
erosion, corium temperature, and hydrogen generation, confirming that to some extent, the earlier scatter
found in these variables came from differences in the MCCI scenario modeled by each partner.

However, common unlimited erosion, not observed by onsite visual inspections, is still predicted.
Understanding the origin of this deviation might provide insights into boundary conditions, model draw-
backs, or ill-posed assumptions that might need to be revisited (e.g. interfacial temperature, effective heat
transfer coefficients, concrete heat transfer). In this paper, a summary of the overall results and a discussion
of modeling and boundary conditions is presented to disclose the results of the activity and the future steps
to be taken in the OECD/NEA project FACE (Fukushima Daiichi Nuclear Power Station Accident
Information Collection and Evaluation).

Keywords — Fukushima Daiichi, MCCI, corium, concrete, benchmark, OECD/NEA ARC-F.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION then, analyses of the accident have multiplied, and have
been performed in a variety of analytical, experimental,

It has been over 13 years since the accident occurred  and computational ways. The legacy work of computa-

at the Fukushima Daiichi Nuclear Power Station. Since  tional analysis of the accident using severe accident (SA)
codes is represented by the Organisation for Economic
*E-mail: marco@n.t.u-tokyo.ac.jp Co-operation and Development (OECD)/Nuclear Energy
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Agency (NEA) Benchmark Study of the Accident at
Fukushima Daiichi Nuclear Power Station (BSAF)
phase 1 and phase 2.1'™¥

The project highlighted uncertainties concerning the
timing and magnitude of key events, such as containment
failure events, core relocation events in the reactor pres-
sure vessel (RPV), RPV rupture events, and corium relo-
cation events onto the cavity floor.!"! During phase 2,
several uncertainties that remained concerning fission
product (FP) behavior were extensively covered by the
activity.

One striking result of both BSAF phases was the
extensive progression of molten core—concrete interaction
(MCCI) for most of the codes, with unlimited erosion
until 500 h, which was not confirmed by any evidence at
the damaged nuclear plant.

Indeed, recent inspections (in February 2022,
March 2022, May 2022,!®) and April 20231 of the
Fukushima Daiichi primary containment vessel (PCV)
in Unit 1 have provided the latest direct evidence that
the overall MCCI progression represents a prediction
error. The final shape of the eroded cavity might
therefore appear different from that estimated by SA
codes. The inspection has also introduced additional
points of reflection not considered in the past, for
example, the creation of layers of debris outside the
pedestal and the identification of large areas where the
concrete disintegrated while the rebar remains rela-
tively intact.

In a subsequent project of the OECD/NEA, named
Analysis of Information from Reactor Buildings and
Containment Vessels of Fukushima Daiichi Nuclear Power
Station (ARC-F), some of the issues identified in the BSAF
project were further investigated by subgroups free to orga-
nize activities to clarify outstanding issues. In particular,
group 3 of the ARC-F was dedicated to the MCCI analysis
targeting the issue of unlimited concrete erosion predicted
by SA codes. Group 3 included seven organizations,
namely, Commissariat a I’Energie Atomique (CEA),
Centre for Energy, Environmental and Technological
Research (CIEMAT), Gesellschaft fiir Anlagen- und
Reaktorsicherheit (GRS), Institute of Applied Energy
(IAE), Institute for Radiation Protection and Nuclear
Safety (IRSN), Japan Nuclear Regulatory Authority
(NRA), and Sandia National Laboratories (SNL), all of
which had previously participated in the BSAF project.
The group was led by the University of Tokyo.

The focus has on dry MCCI, as very little water is
considered to have effectively reached the pedestal floor
during the first 10 to 11 days of MCCL™! The activity
was organized similarly to what was done for the in-

@ANS

vessel degradation, in-depth investigation between the
MAAP and MELCOR codes, named Crosswalk.['"]

Namely, geometry, boundary, and initial conditions
were agreed on by all the participants and evaluated
based on existing data or previous analyses of the
BSAF project. In this exercise, the realistic evolution of
removed power at the top boundary, which represents the
only energy loss, was fixed for all computations. Primary
simulation results on concrete vertical and radial erosion
and debris temperature were compared, as well as sec-
ondary results represented by heat fluxes from the debris
(e.g., radiation, convection), which were considered
necessary for a thorough evaluation of the computations.
The modeling of the heat transfer network was investi-
gated between different codes in order to highlight differ-
ences in the erosion pattern.

Il. SUMMARY OF BSAF PHASE 2 MCCI PROGRESSION
(UNIT 1)

The results of the vertical and lateral erosion for BSAF
phase 2 are shown in Fig. 1 and discussed in detail in Refs.
[2,11,12]. The vertical erosion shows an unlimited trend for
all calculations. Differences in the onset and extent of ero-
sion reflect differences in the timing of RPV failure and
total discharged mass, which are presented in Table I. The
lateral erosion shows the same trend for all the calculations.
Those with flat behavior did not calculate lateral erosion and
should not be taken into consideration.

In addition, all codes, except TOLBIAC-ICB,
showed a negligible effect of the water injection when
erosion continued beyond 270 h, up to 500 h, when
alternative water injection became effective.

In the activity proposed for group 3 of the ARC-F, it
was decided to evaluate the codes’ response to
a simplified geometry (i.e., one single sump) with con-
trolled initial and boundary conditions in a dry MCCI
progression (i.e., no water injection). The objective of the
activity was to confirm the general tendency of the codes
to compute an unlimited concrete erosion and identify the
main models and parameters responsible.

IIl. ARC-F GROUP 3 SPECIFICATIONS

lIl.LA. Geometry

The geometry decided for the benchmark was one of
the two sumps existing in the pedestal. Sumps are used to
accumulate water dripping from the lower head during
normal operation. Heat exchangers exist in the sump to

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024
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Fig. 1. BSAF phase 2 results for the MCCI vertical erosion for Unit 1: (a) vertical and (b) lateral, where the time axis is presented

in logarithmic scale.

cool down the accumulated water. Sumps are considered
as the main source of MCCI since the large volume-to-
surface ratio generates larger heat fluxes, and thus, are
more difficult to cool than the thinner MCCI layer over
the pedestal basemat. The dimensions of the sump are
reported in Fig. 2. The debris is injected in the middle of
the sump. If one of the codes accounted for debris swel-
ling due to gas generation, it was allowed to increase the
height of the sump sufficiently to avoid debris overflow.

l11.B. Boundary and Initial Conditions

The calculation was assumed to start at time 12.5 h
after scram with instantaneous debris injection at this
time. The problem was simulated until 270 h after
scram without any water injection. No stratification was
assumed in the debris. The cavity pressure was assumed
equal to 0.7 MPa, and the surrounding gas temperature
was assumed to be equal to 438.0 K and composed of
inert cases, such as nitrogen.

IIl.B.1. Initial Debris Composition

The initial mass and composition of the debris were
fundamental to defining the amount of oxidation that took
place in the MCCI calculations and the overall properties
of the corium. The initial composition depended on the
history of the core degradation; hence, it was not known.
In addition, the composition of the stainless steel and its
oxide form were fundamental to controlling the oxidation
processes and not known a priori. In the benchmark, it
was agreed to employ the characteristics of the degraded
state obtained with SNL’s MELCOR code in the analysis
of Unit 1 during BSAF phase 2021 a5 being representative

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024

of a plausible accident scenario. These corium and stain-
less steel (and their oxides) compositions are presented in
Tables II and III.

The initial temperature of the debris was assumed
following the SNL data as 1481.346 K. Based on its
overall composition, the corium density was evaluated
as 7647.3 kg/m’>.

IIl.B.2. Initial Concrete Composition and Properties

The initial composition of the concrete of Fukushima
Daiichi was investigated by local inspections after the
accident and reported by the Japan Atomic Energy
Agency (JAEA) and CEA as in Table IV. As reported,
the concrete in Fukushima Daiichi is of basaltic composi-
tion. Basaltic concrete, as well as other siliceous con-
cretes, does not contain calcium carbonate; hence,
during the degradation and decomposition, only water,
in the form of steam, is released in a gaseous form.
Metals can eventually be oxidized by gaseous steam to
generate hydrogen.

Even though uncertainties still remain, this character-
istic of siliceous concretes might create a preferential
lateral rather than vertical erosion, which could harm
the structures in the containment, such as the one of the
Mark I reactor type with a narrow pedestal holding the
pressure vessel..'* This aspect remains unclear, however,
as reported in the Vulcano VF-Ul MCCI test'”! per-
formed with this concrete, which showed a preferential
vertical ablation.?®! For this reason, to simplify the com-
parison, isotropic erosion was first considered in the
analysis.

The evaluation of the rebar content was more com-
plicated, as this value changes depending on the location

@ANS
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in the pedestal. Indeed, some structures are more rein-
forced than others. An evaluation was done by NRA, and
a value of 3.8% based on weight was selected as an
average value, while the range of reinforcement was
estimated to be between 1.0% to 12.0%. The concrete
ablation temperature and energy were evaluated by IRSN
based on the concrete composition reported previously.
The ablation temperature was evaluated as 1541.0 K and
the ablation energy as 1779 klJ/kg using the thermody-
namic NUCLEA database.!*!

Even if the ablation concept is a simplification from
the point of view of physics, it is usually defined as the
process at the concrete interface in which the decompo-
sition products of concrete become incorporated into the
core melt or debris. It is expected that this process is
characterized by a temperature at which material
detaches from the concrete surface. In our evaluation,
the ablation energy represents the total heat that is
necessary to bring concrete from room temperature to
1541 K (at which 50% of the concrete volume is liquid).
The initial concrete temperature was assumed to be
300 K. Concrete density was assumed in all calculations
to be equal to 2400 kg/m>.

IIl.B.3. Decay Heat

Decay heat must account for the mass of volatile FPs
that were released from the fuel during heat up, mostly
noble gases, cesium, and iodine. As the released amount
is hard to evaluate analytically, the data computed during
the BSAF phase 2 project by SNL were taken as refer-
ence. SNL provided the total decay heat in the pedestal,
which was normalized depending on the mass of debris
contained in a single sump. The values are reported in
Fig. 3.

IIl.B.4. Power Loss at the Top Surface

To make sure that boundary conditions were exactly
the same for all the codes, it was decided to also impose
the top boundary heat loss. As every code considers the
contribution for the top heat loss differently (a combina-
tion of radiation and convection), it was not possible to
fix the physical parameters, such as the surrounding tem-
perature and emissivity. This curve was estimated by
SNL based on its previous BSAF analyses.

The heat loss curve is presented in Fig. 3 in compar-
ison with the decay heat, and it shows that the imposed
heat loss is always smaller than the decay heat. Even
though this approach is ideally the most appropriate, it
can create too many constraints for the models, hence in

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024
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(a)

Fig. 2. Geometry to be studied in the ARC-F benchmark by group 3: (a) side view and (b) top view.

future phases of the activities more physics-based bound-
ary conditions will be applied.

TABLE II

Debris Mass Composition Employed in the
ARC-F Group 3 Benchmark

Component Mass (kg)
Stainless steel 5380.60
Stainless steel oxide 458.63
Zr 2106.67
71O, 2356.24
U0, 9222.18
Total 19524.32

1.45m

>
>

TOP VIEW

WGy

<
<

(b)

IV. DETAILS OF THE CODE MODELING

IV.A. Heat Transfer Network

The codes employed by the participants in the exercise
are presented in Table V. The main quantities governing
heat transfer from the corium pool to the concrete, and
hence its erosion, are the temperature of the corium pool
T,.e;; and the ablation temperature 7, which was fixed in
our problem (see Sec. I11.B.2). The codes can be divided
into those that do not consider the crust formation at the
corium/concrete interface and those that take it into account,
as reported in Table V. Codes in the first group, such as
ASTEC/MEDICIS, assume that the convective heat transfer
coefficient (HTC) from the corium pool to the concrete is

governed by the BALI correlation,*'**! which reads
TABLE III
-0
Stainless Steel and Stainless Steel Oxide Compositions c 3 0.105 —025
Employed in the ARC-F Group 3 Benchmark heony = 20.50 | 7——— (I /ng]™ " [ney /3] )
(Pl Pg)g
Element Mass (kg) Percent (1)
Stainless Cr 1100.00 20.4% where
steel Ni 471.70 8.8%
. Fe 3808.90 70.8% h = convective HTC between the corium pool and
Stainless FeO 363.60 79.3% the concrete (W/m2~K)
steel Cr,03 47.52 10.4%
oxide NiO 47.52 10.4% A = corium conductive HTC (W/m-K)
TABLE IV
Fukushima Daiichi Unit 1 Concrete Composition
Compound Al,O4 CaO SiO, H,O Fe 05
Weight (%) 15.4% 12.8% 62.5% 3.3% 6.0%
NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024 @ANS
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0.9

——Decay Heat [MW]

—&—Power Loss [MW]
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150 200 250

Time [h]

Fig. 3. Decay heat and top boundary power loss imposed in the simulation.

o = corium surface tension (N/m)
p; = corium density (kg/m?)
p, = gas density (kg/m?)

g = gravitational acceleration (m/s?)

J, = gas superficial velocity, which accounts for the
gas due to the total ablation (bottom and
side) (m/s)

p = dynamic viscosity (kg/m-s)
¢, = heat capacity of corium (J/kg-K).

The direct use of such a correlation would result in
large heat transfer at the wall, hence the no-crust approach
usually includes the effect of a slug layer (Fig. 5a), which
reduces the heat transfer across the concrete boundary. The
slug HTC has never been measured; hence, generally
a constant value is assumed. In this calculation, it was
equal to 300 W/m?K. The overall heat balance on the
corium pool in ASTEC/MEDICIS is controlled by the

heat transfer network assuming two different HTCs for
the slag hgy,, and the corium pool h,,, given by the
BALI correlation. Hence, an effective HTC is defined as

1
hey =

hslag

(2)

heony

The MCCI model in AC2/COCOSYS is similar, but
employs an even more simplified approach in which the
effective HTC is not provided by Eq. (1), but provided as
a constant input parameter. The latter approach assumes that
Rgiag << Mcomy, 5O that the impact of A, may be neglected in
Eq. (1). For AC2/COCOSYS, hyjug = hog; which is assumed
to be 50 W/m?K. Despite the MCCI model in COCOSYS
being successfully validated versus experiments with oxidic
corium using Az in the range of 100 to 300 W/m’K, the
reduced value of 50 W/m’K was taken here since it is not
possible to directly impose a heat flux at the top surface.
Instead, the desired top surface heat flux was approximated
in COCOSYS by a reduced A,z value, resulting in elevated

TABLE V

Summary of Codes and Institutes Participating in the OECD/NEA ARC-F Project

Code Name

Institute

Crust Formation on the Concrete
Interface

ASTEC/MEDICIS*
TOLBIAC-ICB!3!
AC2/COCOSYSH®
MELCOR/CORQUENCH!!7-'#!

IRSN (France)

CEA (France)

GRS (Germany)

SNL (United States),

CIEMAT (Spain), NRA (Japan)

Not considered
Considered

Not considered
Not considered

@ANS
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corium temperatures and elevated surface temperatures for
radiation. Comparisons of these HTCs toward the concrete
are presented in Fig. 4, where AC2/COCOSYS is indeed
constant and MEDICIS HTC decreases from the value
300 W/m’K to around 100 W/m’K.

For TOLBIAC-ICB, a crust was assumed to exist at the
interface between the corium and the concrete. Two model
assumptions were available for the interface conditions.
According to the first assumption, the interface could be in
thermodynamic equilibrium with the corium pool (the so-
called equilibrium crust model), where the pool/crust inter-
face temperature is equal to the liquidus temperature at the
pool composition and the composition of the crust increment
is that of the solid in equilibrium with the corium pool
composition.

The second available model assumes that the crust,
which has the composition of the melt at the time at
which it was solidifying (nonequilibrium stable crusts),
remains stable and that the interface temperature is never-
theless at liquidus temperature.'”>) What is important to
stress is that both these physical assumptions impose an
interface temperature equal to the liquidus temperature
contrary to the other codes.

In TOLBIAC-ICB, the HTC at the pool/concrete inter-
face is computed considering the convective heat flux from
the pool at 7,,,, to the interface at 77;,,;q,s (Whose convective
lateral and vertical heat transfers are given by BALI correla-
tions involving the concrete released gas superficial
velocity®!) and the released decay power inside the formed
crust. As observed in Fig. 5, the order of magnitude of the
bottom HTC obtained with TOLBIAC-ICB is in good agree-
ment with the AC2/COCOSYS result, whereas the long-term

103 ,
—CEA
—GRS
— RSN
102 1l

\ e

v ) m\\\r{,

50 100 150 200 250
Time [h]

(a)

Bottom HTC [W/m%/K]

Fig. 4. (a) Bottom effective HTC and (b) lateral effective HTC.
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lateral HTC value was closer to the ASTEC/MEDICIS value.
It should be noted that the decay power in the crust was
considered and had a great influence on the MCCI transient.

Indeed for a transient lasting several days with a pool
solidifying, the crust thickness becomes large, incorpor-
ating most of the residual power, and this phenomenon is
not negligible in the overall energy balance.l**?* In
TOLBIAC-ICB, the reduced temperature difference
between the pool and the liquidus temperatures (com-
pared to the other codes) was balanced by larger convec-
tive HTCs in the pool, as observed in Fig. 4b. The slag
layer was not considered because the temperature at the
concrete interface was the liquidus temperature, as pre-
sented in Fig. 6, so no solid could exist inside the pool.

The second model assumes a deviation from thermo-
dynamic equilibrium (the so called nonequilibrium crust
model) and considers a slag layer between the concrete and
the crust, as in ASTEC/MEDICIS and AC2/COCOSYS,
but as it is not the reference model, it was not considered in
this benchmark. For the heat balance on the top surface, the
computation was slightly more complicated, and it
involved two cases presented in Figs. 5b and Sc. Initially,
the crust did not exist in the codes ASTEC/MEDICIS and
AC2/COCOSYS, and the heat flux was dependent on the
upper convective HTC to the top surface and the tempera-
ture difference between the corium pool and the top surface
T;op- However, in case Ty, falls below the corium solidifi-
cation temperature, a crust is formed, and the interface
temperature 7;,, (between the pool and the crust) is
assumed to be equal to this solidification temperature.

In AC2/COCOSYS the solidification temperature
was assumed to be equal to the solidus temperature,

10°

—CEA
—GRS

—IRSN

—_
o
n

Lateral HTC [W/m2/K]

50 100 150 200 250
Time [h]

(b)
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whereas in MEDICIS the solidification temperature was
evaluated between the pool liquidus and solidus tempera-
tures according to the value of the threshold liquid
volume fraction equal to 50%.

The MELCOR code had an approach similar to the
one presented in AC2 and MEDICIS, however, details
were not provided in the project.

In the TOLBIAC-ICB case, due to upper radiation and
even more in case of water reflooding, a crust formed also at
the upper corium pool surface. As already explained, these
pool interfaces were at the liquidus temperature related to the
pool composition (Fig. 6). One difference between
TOLBIAC-ICB and the other codes is that in TOLBIAC-
ICB, this crust existed from the beginning of the transient.

IV.B. Abhlation Rate

The main result of the MCCI progression is represented
by the ablation rates. This was also the variable of interest to
investigate the reason for the unlimited erosion in the BSAF

Depending on the modeling assumptions and the
variables considered in the energy balances, the ablation
rate models show differences. The ablation rate in
MEDICIS and AC2 is presented in Eq. (3),

heﬁ”(Tpool - Tablation)
AHablps,canc

dxablation _
dt

, 03)

Vablation =

where

hey = effective HTC in Eq. (1)

AH,;,, = ablation concrete energy, defined as
A]_Iabl = hconc(Tablation) - hconc(TO)
with Ty = 300 K [J/kg]
heone(Tapiation) = specific enthalpy of the concrete
at T, ablation

heone(To) = specific enthalpy of the concrete at T,

Ps.conc = density of the solid concrete at 7o

. . . . . 3
phase 2 results, which was the motivation for this exercise. [kg/m’].
MOLTEN POOL
(CONVECTIVE LIQUID REGION)
/_- TpOOI
Tablation :
(a)
Ttop Ttop
Nl QR R, " _
I (no crust) CRU§I Bm@ Tintertace = Tsolidificat
G hconv, top(Tpaol'Ttop) I

MOLTEN POOL
(effective heat transfer coefficient)

Tpool

(b)

MOLTEN POOL

(effective heat transfer coefficien

q= hconv,top(Tpoal' solidiﬁcalion)

Tpool

(c)

Fig. 5. Schematic view of the heat transfer network employed in the ASTEC/MEDICIS code and the COCOSYS/AC2 code: (a)
heat balance on the concrete side and (b) and (c) two different states on the top surface.
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MOLTEN POOL

CONCRETE CRUST

(CONVECTIVE LIQUID REGION)

Ttop

CRUST g&m 777777777 Tinterface = Tliql

Tinterface = Tliquidus
Tablation H

—]

MOLTEN POOL
(CONVECTIVE LIQUID REGION)

Tpool

Fig. 6. Schematic view of the heat transfer network employed in the TOLBIAC-ICB code.

Hence the ablation energy provided in the exercise
was effectively defined, including the heat increment and
the latent heat of phase change.

On the other hand, the definition in TOLBIAC-ICB
is expressed in Eq. (4),

- dxablation
Vablation = dt

Ptowards concrete

AHablPsponc + pl.conccpl,conc (Tpool - Tabl)

(4)

This expression derives from an energy balance on a given
volume of concrete whose enthalpy, receiving the heat flux
D romards conerare (W), evolves from h,,(To) at solid state to
heone( Tpoo1) at liquid state. In Eq. 4),
AHablps,conc = Ps,conc (hconc,solid(Tabl) - hcanc,solid(TO) + L) 5
with L the enthalpy of phase change (J/Kg). ©,ards concrete
gathers the heat flux released by the pool and the part released
by the crust (owing to its decay power),

Prowards concrete = heony (TPOOI - Tliquidué‘)

+ QeClﬂSt ) (5)
where
Neony = convective HTC inside the pool
Thiquiaus = liquidus temperature at the pool

composition

density and specific heat of the
liquid concrete, respectively

P1.cones Cpl.conc =

Q = crust volumetric decay heat power
(W/m®)

equst = thickness of crust (m).
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Different from Eq. (3), Eq. (4) employed by
TOLBIAC-ICB considers the heat increment of the liquid
concrete from the ablation temperature to the corium
temperature when evaluating the energy balance on the
pool (initially at 7,,,;) with the incoming molten concrete
at Taptation-

In MEDICIS and AC2, Eq. (3) is used to calculate
the mass flux of the liquid and gaseous concrete decom-
position products entering the melt layer at 7, and then
the new melt layer temperature is iteratively solved for
each time step, taking all mass and energy fluxes into and
out of the melt layer into account.

V. COMPARISON OF RESULTS

Figure 7a presents the molten corium pool tempera-
ture evolution for all the codes. The corium pool tem-
perature, whose initial value was about 1482 K, had an
initial spike increase up to over 2600 K due to oxidations
of the metals contained in the initial debris. Once the
chemical reactions of the metals initially present in the
corium ceased and the decay heat reduced, the tempera-
ture also reduced. It is noticeable that the temperature of
the melt was always above the ablation temperature, i.e.,
1541.0 K.

Considering Eq. (3), this result demonstrates why the
erosion rate is always greater than zero, resulting in the
unlimited erosion experienced in BASF phase 2 and in
this exercise as well. The corium temperature evolution
was relatively similar in all calculations, which asympto-
tically tended toward the ablation temperature, except for
the TOLBIAC-ICB code in the CEA case, which can be
attributed to the different boundary condition assump-
tions of the interface temperature at 77,,;4,s. The assump-
tion that the interface temperature is equal to Tjiguiqus
indeed tends to generate a larger pool temperature.

@ANS
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Temperature [K]
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Time [h]
(a)

Temperature difference [K]
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Time [h]

(b)

Fig. 7. Corium temperature variation: (a) whole temperature variation from 12.5 to 270 h and (b) temperature difference in
Eq. (3) for all codes except for TOLBIAC-ICB, which used Eq. (4).

The temperature difference in Eq. (3), that is to say
Tyoo1 = Tupiation» 18 plotted in Fig. 7b for all codes, except
for TOLBIAC-ICB, where T,,0; = Tiiguiaus 15 plotted
according to Eq. (4). It is insightful from Fig. 7b that
the temperature difference in TOLBIAC-ICB, which
drives the ablation velocity, is around two orders of
magnitude lower than in the other codes, but as already
discussed, the HTC is larger in the TOLBIAC-ICB simu-
lation than in the other codes.

Despite the corium pool temperature differences
among some simulations, it is remarkable that the cavity
erosion pattern, vertically and radially, is very similar
among all the simulations, as presented in Fig. 8. This
can be explained by the fact that the ablation rate is
directly controlled by the flux to the concrete, which
results from an energy balance over the pool. One
exception is represented by the CIEMAT result, as it
did not assume isotropic conditions. The same conclu-
sion is supported by the ablation rate evolution pre-
sented in Fig. 9, which shows a very similar trend for
all calculations.

-
o
T

Erosion Depth [m]

4
5

SNL

50 100 150 200 250
Time [h]

(a)

Fig. 8. Maximum concrete erosion (a) vertically and (b) radially.
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This good agreement of the results, whatever the mod-
eling assumptions adopted, implies that the major point
controlling ablation is the energy balance on the corium
pool and the distribution of heat fluxes (lateral, vertical),
which have been assumed to be isotropic in this work.

Further investigation of the role of the crust could be
expanded in the future, including a comparison with codes
such as CORQUENCH,'*! where the option to consider the
crust formation is included but with different assumptions for
the solidification temperature, which is assumed to be the
solidus point. Typical CORQUENCH results show that in the
long term, the crust becomes thinner and thinner until its
complete disappearance. This result depends on the assump-
tion of the solidification or freezing temperature on the crust
boundary. Indeed, with a concrete weight percent above 12%,
the T,,iq.s Of the mixture drops below the decomposition
temperature, creating the possibility for the crust to melt
away in a long transient. Such a situation could not be gener-
ated with the assumption of solidification temperature equal
t0 Thjiguiaus> as the temperature gradient across the crust would
be always positive.

Erosion Radius [m]

100 150 200 250
Time [h]

(b)
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Fig. 9. Vertical ablation velocity.

The prediction of unlimited erosion is also clearly
visible when plotting the total mass and the volume of
eroded concrete presented in Fig. 10. In particular,
a nonzero ablation rate (time derivative of the ablation
depth) was observed on all calculations, even at £ =270 h.
The total erosion mass was consistent among calculations
showing a lower value, approximately half for CIEMAT,
which assumed preferential side erosion.

The continuous erosion also affected the generation
of ex-vessel hydrogen, which was estimated, based on the

4
15)(10
—CEA
——CIEMAT
——GRS
. ——IRSN
g NRA
o 10f|—sNL
o
[&]
c
o
[&]
ks
=
0 | ]
50 100 150 200 250
Time [h]

(a)

whole discussion, to be overpredicted. The overall gen-
eration is shown in Fig. 11a. In the figure, we noticed an
initial larger trend in the generation, which was asso-
ciated with the oxidation of metals like Zr that were
present in the original discharged corium. Eventually
the generation rate becomes similar for every code,
except for CIEMAT, which showed consistently an
almost half-generation rate. This hydrogen generation
was associated with the persistent oxidation of continu-
ously exposed rebar. In some calculations, such as CEA,

50— cEa ~
——CIEMAT
——GRS

&40 r|—IRSN

£ NRA

g ——SNL

(0]

5 30

c

o

(&)

k]

o 20f

£

=

S

10+
0 1 1 1
50 100 150 200 250
Time [h]

(b)

Fig. 10. (a) Mass of eroded concrete and (b) volume of eroded concrete.
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Fig. 11. (a) Hydrogen generation and (b) generation of iron oxide (including rebar).

GRS, and IRSN, the hydrogen generation reduced after
around 150 to 200 h. This reduction was driven by the
decreasing temperature, and hence, reduced Fe oxidation
kinetics, as shown in Fig. 11b.

V1. DISCUSSION OF THE UNLIMITED EROSION

The results obtained in this benchmark demonstrated that
a wide variety of lumped parameter codes dealing with MCCI
will predict unlimited concrete erosion assuming the debris

—CEA
——CIEMAT
—GRS
—IRSN
NRA

3 2 -

1 0
Radial [m]

(@)

0
Radial [m]

accumulating in the sump in dry conditions. From the heat
balance point of view, this result could be simply explained by
saying that the heat losses at the corium pool boundaries are
always lower than the residual heat source in the pool repre-
sented by the decay heat. This condition leads the predicted
ablation at 270 h, from the beginning of the accident, to
exceed the size of the pedestal walls, as shown qualitatively
in Fig. 12. Due to the tridimensionality of the pedestal inter-
nals, two pictures are presented. Figure 12a shows a cross
section of the eroded area cutting between the two sumps.
Figure 12b shows a circle of eroded concrete centered in the

Fig. 12. (a) Cross section of the predicted erosion configuration in comparison with the pedestal walls and (b) top view of the

predicted erosion around the sumps.
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sump of a radius equal to the predicted value by the codes,
around 2 m, as reported in Fig. 8. Figures 12a and 12b show
that the prediction of all the codes would result in a pedestal
wall not capable of supporting the whole reactor, which is
conversely the evidence obtained by the internal inspections.

It was considered that there may be three contributions
that need to be taken into deeper consideration for a more
realistic simulation. First, the decay heat employed in the
simulation (presented in Fig. 3) might be overpredicted, as
debate still exists about the amount of semivolatile gases
released from hot corium. Second, the heat losses from the
surface might be larger than what we computed, in particular,
in case the ablation temperature of the concrete was higher
than what was assumed, maintaining a larger debris tempera-
ture. Finally, the heat losses to the concrete, at the moment
considered adiabatic, might not be negligible in such a long
transient and could represent a continuous heat sink to limit
and eventually stop the erosion.

Work is ongoing to estimate the heat flux introduced
by the consideration of the heat conduction through the
concrete with online and offline modeling. Future work in
the subsequent FACE (Fukushima Daiichi Nuclear Power
Station Accident Information Collection and Evaluation)
project of the OECD/NEA will address these three main
uncertainties, which is to say, the initial decay heat in the
debris, the decomposition temperature and energy, and
the heat losses due to conduction in the concrete.

Vil. CONCLUSION

The present work provided interesting insights into
MCCI modeling in SA codes. The most significant ones
are highlighted here:

1. The results of the main parameters were very
consistent between the codes once the same boundary
conditions and initial conditions were provided.

2. The erosion and ablation rates were modeled
consistently in the different codes considered in this
benchmark, despite some observable differences.

3. Assuming a crust formation between the molten
materials and concrete, for example, does affect the tem-
perature of the molten pool, but it does not significantly
affect the final concrete erosion magnitude.

4. Given the models’ validation against the avail-
able database, the continuous erosion indicated that in the
long run (no experiments have addressed times as long as
those in Fukushima Daiichi), the models included in this
investigation did not capture the balance between heat
losses and decay heat that the evidence indicated.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2024

5. It is worth noting that, beyond erosion depth,
this deviation in the long-term behavior of MCCI models
might influence other aspects, such as combustible gas
production or FP release. However, given that it is pos-
tulated that this would be a long-run effect, neither the
PCV atmosphere composition nor the potential source
term would be heavily changed in the short term.

According to the these highlights, three main points
have been identified for future investigation: (1) the over-
all decay heat, (2) the concrete decomposition tempera-
ture and associated energy, and (3) the heat flux due to
conduction through concrete. Work is ongoing in
a subsequent project to the OECD/NEA ARC-F to con-
sider each of these issues through sensitivity analyses.
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