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Summary
Benchmarking work was recently performed for theué of molten corium concrete
interaction (MCCI). A synthesis is given here. tincerns first the 2D CCI-2 test with a
homogeneous pool and a limestone concrete, whick wged for a blind benchmark.
Secondly, the COMET-L2 and COMET-L3 2D experimadnta stratified configuration were
used as a post-test (L2) and a blind-test (L3) berack. More details are given here for the
recent benchmark considering a matrix of four r@acéses, with both a homogeneous and a
stratified configuration, and with both a limesta&d a siliceous concrete. A short overview
is given on the different models used in the codms] the consistency between the
benchmark actions on experiments and reactor mitsats discussed. Finally, the major
uncertainties concerning MCCI are also pointed out.

A. INTRODUCTION

In the hypothetical event of a severe accident iRressurized Water Reactor, corium, a
mixture of molten materials issued from the fudhdding and structural elements, may
appear in the reactor core. In some scenariogjroois assumed to melt through the reactor
pressure vessel and spread over the concrete biagktha reactor pit. Molten Core Concrete
Interaction (MCCI) then occurs, characterized byparete ablation. The main question that
has to be addressed is whether and when the cavilrmake its way through the basemat
since it would lead to a failure of the containmdrite MCCI phenomena occurring in case of
an oxide corium pool have been largely investigdtetuncertainties still remain. The main
remaining issues are on one hand the partition dextateral and axial ablation in a mixed
pool, and on the other hand the ablation behavioarstratified pool with oxide and metallic
layers.

An overview of the models included in the principaltles is first given, with emphasis on the
interfacial conditions at the bottom and side wallsone hand, and at the interface between
two stratified layers on the other hand. Then, soesent 2D experimental data are presented,
and the corresponding benchmarks results are disdusA subsequent part describes
benchmark results from reactor calculations peréatrfor different pool configurations and
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for two concrete types. Finally, MCCI sub-items ugopg additional investigations on
experimental and modelling aspects are pointed out.

B. CODESAND MODELS

A detailed review of the MCCI models and codes vexently made by Allelein and Birger
[1]. A short presentation of the codes was alsemiv a paper presenting the COMET-L2-L3
benchmark [2]. Hence only some elements are giega: hn table 1 the list of organisations
with codes used for the different benchmarks arddreaces; in table 2 main features of

models and assumptions used in the codes in particu heat transfer phenomena.

Organisation Code Referenge CCI-2 COMET-L2-L3 Reactor
benchmark benchmark benchmark

AREVA COSACO [3] X X
CEA TOLBIAC-ICB [4] X X X
EDF TOLBIAC-ICB [4] X X
FZK WECHSL [5] X X
GRS ASTEC/MEDICIS [6] X X X
GRS WEX [7] X X
IRSN ASTEC/MEDICIS [6] X X X
UPM MELCOR [8] X X
VTT MELCOR [8] X
VTT CORQUENCH [9] X

Table 1: Codesused in the different benchmarkswith reference for the code description.

ASTEC/ ASTEC/ WECHSL
TOLBIAC-
Code MEDICIS MEDICIS COSACO | CORQUENCH MELCOR ICB
by GRS by IRSN WEX
Correlation Depending on
Heat transfer at ' BALI [10] + Kutateladze P .I g
. from exp. BALI slag layer BALI the existing
concrete/pool side slag layer [14]
results gas flow
Correlation Depending on
Heat transfer at BALI + sla L
from exp. 9 BALI Kutateladze | Kutateladze BALI | the existing
concrete/pool bottom layer
results gas flow
Correlation i Depending on
Heat transfer at Modified L
. from exp. BALI BALI Kutateladze , BALI the existing
pool upper interface Kutateladze
results gas flow
Heat transfer at based on
. . Greene [11] Greene BALI not used Greeng BAL| Werle exp.
oxide/metal interface
[15]
Pool/crust 0.8Tjiguiqust | Not used in
. Tool quidus Teol Tsoi Tiquidus | Tsot <Tine <Ti
interface temperaturé solidus 0-2Tsolidus the model solidus solidus liquidus sol="Tint =1llig
- I | fract | I fract I
Crust composition poo . poo . refrac gry poo . poo - retrac pry poo -
composition | composition | material | composition | composition| material | composition
Tsolidus and assuming
Tliquidus vs. oxide| Roche [12] NUCLEA ~|COSCHEM Roche ideal NUCLEA input data
. data base | data base . data base
composition solutions
L modified -
Stratification ) Specific | BALISE
. not used BALISE density not used P o not used
criterion model criterion

criterion [13

Table 2: Codes main models and assumptions. WEX is based on the WECHSL code, with
some modified models including new heat transfeffaoents.
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C. THE CCI-2BENCHMARK

The benchmarking work concerning CCI-2 test wadopered within the OECD-MCCI
project. The results are not yet open. They weesented at a MCCI Project seminar [17].
The most interesting results concerning code coisgas are the blind calculations
performed before the experiment. They were perfdrméth the same data for all
participants. However, the final input data for thenulation of the experiment were
significantly modified after the experiment (in pamlar melt mass involved in the interaction
and concrete composition). Therefore, the compariddhe blind calculation results with the
experimental results is of reduced interest, sisame results highly depend on the melt
composition. A comparison of the code results wiith final input data was not organized.
Only the results obtained by participants involwedhe SARNET program are summarized
here.

Very large temperature differences (Fig. 1a) arseoled for the different codes, with three
kinds of initial behaviour: sharp increase, graddalcrease and sharp decrease. This
behaviour is related to the condition that is usedthe heat transfer between melt and
concrete. An interfacial temperature equal to iheidlus temperature gives an increase of the
melt temperature because the initial temperaturdowger than the calculated liquidus
temperature. On the opposite, an interfacial teatpes equal to the solidus temperature gives
an initial decrease of the melt temperature. Afteout one hour, a regular evolution of the
melt temperature is reached. At the time waterasrgd on the melt, a rapid decrease is
observed in some codes.
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a/ melt temperature versus time. b/ ablation depth versus time.

Fig. 1 CCI-2 benchmark.

The initial ablation rate differs depending on tbede, and it is connected to the melt
temperature behaviour. After about one hour, tHatialn rates are less dispersed (Fig. 1b).
The final shape of the cavity mainly depends ondheice made by the code user: either
isotropic heat transfer (which corresponds to whas$ observed in the experiment) or radial
heat transfer higher than axial heat transfer.

D. THECOMET-L2-L3 BENCHMARK

D1. COMET-L2 and L 3 experiments

The COMET-L2 test [18] was performed at Forschuegzim Karlsruhe in the frame of the
LACOMERA project of the 8 European Framework Programme. The melt is compeited
oxide (alumina and calcia) and metal (iron and elickThe heating power is concentrated in
the bottom metal layer and was switched off autccally at 1015 s. The bottom flooding of
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the crucible started at 1440 s. The COMET-L3 t&8{ fliffers from COMET-L2 mainly by a
top flooding that occurs at 800 s. After an inij@riod of about 100 s until end of overheat,
characterized by an isotropic and fast ablatiosteady state regime is reached, with a faster
axial ablation compared to the lateral ablatiorct@a2 to 3), which is in agreement with the
results of the BETA experiments at a low power dgij20].

A summary of the benchmark results is presented. Ene detailed results are given by

Spindler et al. [2].

D2. COMET-L2 benchmark results
The COMET-L2 test was used for a post test bencknidre same input data were used by

all the participants.
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Fig. 2 COMET-L2 benchmark. CEA and IRSN presentbadse calculation and calculations
with a modified model for a better agreement with éxperimental results.

The scatter between the calculated metal tempesatisr about 150 K, but six results are
between 1750 and 1780 K. The scatter between tide demperatures is larger: about 450 K
at 1000 s. There are no bulk temperature measutsrf@ncomparison. There is also a large
scatter concerning the ablation depth, but it cannoticed that, after the first phase
corresponding to the initial overheat, the ablatrate is similar for all the codes. Finally,
when compared to the experimental results, it i;mébthat the maximum axial ablation is
underestimated.

D3. COMET-L3 benchmark results

The COMET-L3 test was used for a blind test bencknthe experimental results were not
known when the calculations were performed, butsimme code, the model modifications
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tested in order to get a better agreement with COME were used for the simulation of
COMET-L3. The results are presented on figures 3.
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Fig. 3 COMET-L3 benchmark.

The top flooding at 800 s is sensitive for one al@ted temperature only. It can be observed
that the scatter of the calculated oxide and megalperatures is reduced compared to
COMET-L2, because fitting of some parameters on EDNL2. In the initial phase, some
codes give a heat transfer from the oxide layénéametal layer and the others from the metal
to the oxide. In the second phase, before floodatigcodes predict heat transfer from the
metal to the oxide. After flooding, some codes draek a heat transfer from the oxide to the
metal.

For production of gas through oxidation of the mé&ger (H, and CO) the scatter is large,
with about a factor 5 between the larger and theetovalues. There is also a large scatter
concerning the ablation depth. Some codes givdtseshich are similar to the experimental
results. Some others overestimate the axial ablairothe lateral ablation, and the ablated
volume.

E. THE REACTOR BENCHMARK

The wide range of predicted basemat failure timasined in previous parametrical studies
([6], [21]), and also the benchmarking work conaagnMCCI experiments, point out the
interest of performing a reactor benchmark on timg lterm MCCI phase. The objectives are
to compare code reactor results and to identify thajor uncertainties in physical
assumptions and models used in available coddhidmpaper, more details are given on this
reactor benchmarking work, in comparison to the psevious cases, because they have not
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yet been presented elsewhere. However only a suynofathis work, performed within
SARNET, and coordinated by D. Dimov and M. Crangaiven here.

E.1 Calculation conditions

A simplified geometry is used, with a cylindricaactor pit of radius 3 m and basemat axial
thickness 6 m. The lateral basemat thickness isn@sd to be infinite: no limitation of lateral
ablation before the axial melt-through is considefBhe initial corium inventory in oxides
and metals and the decay power evolution are typicéhat of BWR. Two cases of pool
configuration under dry conditions are considegetixed homogeneous pool and a case with
a stratified configuration or with a configuratia@volution. Two types of concretes are
addressed: a siliceous concrete with 64 %,Si8 % CaO and 10 % GQveight fractions
and a limestone concrete with 25 % §i@2 % CaO and 25 % GQveight fraction. The
calculations are pursued until axial melt-through.

E.2 Homogeneous pool, limestone concr ete

Some results are presented in figures 4. The femaperature scatter is about 350 K. The use
of a pool/crust interface temperature near theidiggiin IRSN and CEA calculations gives a
melt temperature that increases after about 2 daysireas a regular decrease is obtained for
the other codes, with an interface temperatureesponding to the solidus. Such a long term
increase of reactor pool temperature was not obdarvrelevant experiments such as CCI-2,
and indeed the simulations of CCI-2 by CEA and IRS$Nw a decreasing temperature. The
reason is the liquidus temperature versus pool ositipn, as given by GEMINI, which
depends on the presence of magnesia (CCI-2) dipregent reactor case) and also increases
at later times in the reactor case due to the highlated concrete fraction not reached in the
CCI2 experiment.

Temperature, K

CEA

m’ \‘
% RSN
-
1700 nﬁ:‘*-m ,,,,,,, |
PR Jge =

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 18 20
Time, Days Time, Days

a/ pool temperature versus time b/ axial ablation depth versus time

Fig. 4 Reactor benchmark, homogeneous pool, limestoncrete.

As far as concrete ablation is concerned, a redscatiering is found up to a 4m ablated axial
depth reached at a time between 4 and 5.5 daysperlscattering appears at later times on

the axial ablation. Similar cavity shapes are fowvith lateral and axial ablations close to
each other.

E.3 Homogeneous pool, siliceous concr ete

Some results are presented in figures 5. Againbthle pool temperature differences are
reflecting the different choices for the melt/crugkrface. The scatter is around 300 K. The
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temperature increase in the CEA curve is an attefae to the GEMINI coupling.
Differences in axial ablation start earlier than limestone concrete and amplify with time.
However similar cavity shapes with a nearly isoicagblation are found by the codes in case
of siliceous concrete except for MELCOR with a deraladial ablation.

The ablation rates depend on the heat transfer Imati¢he top surface and at the interfaces
between pool and concrete: heat transfer coeft€iand interface temperatures. In case of a
siliceous concrete, the models selected in theerdifft codes lead to larger deviations
compared to LCS concrete. In other words the ladgriations are due to the larger
uncertainty in two-dimensional ablation for silicesoconcrete.

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16
Time, Days Time, Days

. b/ axial ablation depth versus time
a/ pool temperature versus time

Fig. 5 Reactor benchmark, homogeneous pool, silieeoncrete.

E.4 Stratified pool, limestone concr ete

Some results are presented in figures 6.

Stratification

A fixed stratified configuration is used in caseFK (WECHSL) and GRS (MEDICIS). For
IRSN (MEDICIS) the pool is first stratified with rred above, then the pool is mixed when
the density of the layers are close, and the mosiratified again with metal at the bottom; for
IRSN (MEDICIS), the stratified regime stops at abaul days, when all metal is oxidized.
For CEA (TOLBIAC), the pool is first homogeneousedio the high initial gas flow rate;
when the BALISE criterion is reached in this cadtidn (low gas flow rate, high density
difference), there is no more metal enough to alktvatification and the pool remains
homogeneous, and the results are the same asdihiaseed with the homogeneous pool.
Pool temperatures

The oxide layer temperature is again dependent@mibdel used for the pool/crust interface.
In the stratified regime with metal at the bottahe bulk metal temperature is either higher or
lower or close to the oxide temperature dependingtlee code. Metal solidification is
predicted before one day by FZK (WECHSL). For tigeo codes, it is delayed or hindered,
due to the high interlayer heat transfer exchange.

Concrete ablation and cavity shape

Compared to the case with a homogeneous meltgarlacattering in axial ablation results is
observed. The axial ablation reaches 4 m within®4&5 days and 6 m within 3.7 to 13 days.
The specific cavity shape obtained by IRSN (MEDIC&8d UPM (MELCOR) is due to the
initial stratified configuration with metal aboviie decay power is focussed from the oxide
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layer to the metal layer located above and hendeettateral metal/concrete interface causing
a large initial lateral cavity expansion. At thepopite, the initial axial ablation is faster in

case of a fixed stratified metal/oxide configuratiovith metal at the bottom from the

beginning. The less axially elongated cavity in FAKECHSL) calculation compared to

GRS (MEDICIS) is explained by the lower oxide/metedat transfer coefficient used by

WECHSL.
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Fig. 6 Reactor benchmark, stratified pool, limestooncrete.

E.5 Stratified pool, siliceous concrete

Some results are presented in figures 7.

Stratification

With siliceous concrete, the oxidation of the méagker is slower due to a lower gas release.
For CEA (TOLBIAC), stratification occurs at about60days and the pool remains in a
stratified configuration. For IRSN also (MEDICIShe pool remains stratified.

Pool temperatures

The scatter is very large (600 K at 2 days). Agaithe stratified regime with metal at the
bottom, the bulk metal temperature is either higitdower or close to the oxide temperature
depending on the code, and metal solidificatiorpiisdicted at about one day by FZK
(WECHSL). The sudden variation of the metal temppegeaby IRSN (MEDICIS) is due the
switch from a stratified pool to a mixed oxide/metaol and backwards. The rather high
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metal temperature for CEA (TOLBIAC) is due to thettbm layer composition given by
GEMINI, with about 8 % weight fraction oxide and 92metal.

Concrete ablation and cavity shape

Three results give an axial melt through at abodays, even if the shape of the cavity at this
time is different. The specific cavity shape obeginby IRSN (MEDICIS) and UPM
(MELCOR) is again due to the initial stratified diguration with metal above. The effect of
the interlayer heat transfer coefficient is cleahen it is high (GRS, IRSN, UPM), a large
part of the decay heat is transferred to the bottoatal layer, and the bottom ablation is
increased. When it is low, the bottom ablation he metal layer is reduced and the melt
through time is largely increased (about 6 timesvben IRSN and CEA). Compared to the
situation with limestone concrete, the bottom abfatis faster for IRSN, because the
configuration remains stratified.
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Fig. 7 Reactor benchmark, stratified pool, siliceeancrete.

F. COMPARISON OF THE BENCHMARKSRESULTS

The interest of the benchmarking work presented tsethat the same experimental input data
are used by the patrticipants, even if, in case@tZ; it is not the final experimental data.
What can be examined here is the consistency betweele assumptions used for
experiments and those retained for reactor caseggetctor predictions being the purpose of
the codes development.

Homogeneous configuration
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Concerning the homogeneous configuration, the fugference concerns the initial
interaction. Before a steady state regime is redicpeculiarities depending on the initial
temperature and on the heating process exist irexperiments. These effects are more or
less well simulated with the codes, depending enntiedel (liquidus or solidus at interface),
but it is not very important, since for the reactases the initial effects are not significant
compared to the long term behaviour.

The second point is the common large scatter obthie temperature for the experiment and
reactor benchmarks, depending on the pool/crustfate model used: either close to liquidus
or to solidus. However, the codes validation matioxv includes the CCI-2 test, and they are
able to calculate the CCI-2 bulk temperature. Tifferénce with the result of the benchmark
is that they use the modified final input data, abs0 some fitting of the heat transfer
parameters ([22] for GRS with MEDICIS, [23] for IRSvith MEDICIS, [24] for CEA with
TOLBIAC-ICB). But the consequence is that for teactor case the same models have to be
used as those used for the experimental casesrtNelsss, in spite of the fitting of model
parameters against the CCI-2 test, significant aleations on the bulk temperature appear
at least in the long term phase in the reactor c@sen with a homogeneous pool and
limestone concrete as in CCI-2.

As far as ablation rate is concerned, the maireisgre is the distribution of the input power
between the upper pool surface, the side conanegeface and the bottom concrete interface.
For CCI-2, an isotropic power split correspondsh® experiment, but we know it is not the
case for all kinds of concrete ([25] for the CCstie [26] for the VULCANO tests). This
power split is one of the major uncertainties tha not yet solved for MCCI, even if some
new perspectives are now proposed ([23], [27],)[28]

Stratified configuration

Concerning the stratified configuration, the conmguar between the COMET-L2-L3
benchmark and the reactor benchmark is not contplstétable, because the input power is
not located in the same layer, and there is no fication of the pool configuration during the
tests. However, the bulk temperature scatter ggelaand also the axial and radial ablations.

A second major uncertainty concerns the heat teansbefficients between two stratified
layers: enhanced compared to the pool/wall heattea, or of the same order of magnitude?
In case it is high, the influence of an initialadification with metal above, and the time of
layer inversion are also important for the timewial melt through.

G. CONCLUSIONS

The recent benchmarking work concerning corium petecinteraction in 2D geometry is
summarized: CCI-2 test, COMET-L2 and COMET-L3 tastshe frame of SARNET, and

finally the reactor case benchmarking work perfainby SARNET partners and analysed
through a SARNET mobility detachment. A large smatis found concerning the bulk
temperature, which is related to the interfacialdelobetween pool and crust: interfacial
temperature close either to the liquidus or to sbkdus. Concerning the lateral and axial
ablations, it depends on the model or directly ba thoice of the code user. A global
consistency is then reached between the experiamehteactor case.

The major uncertainties that are pointed out inseéhenalyses concern mainly the
pool/concrete interface model and the heat fluxtribigtion along lateral and bottom

interfaces in case of a fixed homogeneous pooligor#tion. In case stratification is allowed,
they concern the initial pool configuration assuimmé and subsequent configuration
evolution models, and the interlayer heat transfer.
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The benchmark analyses presented here show comsigotine high interest of further work
concerning modelling and code validation againsilakle 2D MCCI experiments, as well as
a performance of additional real material experitwemith siliceous concrete, where code
discrepancies are larger and axial ablation kisetiay be faster.
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