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ABSTRACT

Several radioactive releases from the containment took place during all the events leading up to Fukushima
Daiichi endstate. Radionuclides released into the environment may differ in their composition or chemical
form depending on the unit involved in the discharge and depending on the course of the accident. These
differences may result from the path of the radionuclides from the core to the environment (e.g. through
suppression pool water) and from the chemical and physical properties within the reactor core and the
containment.

On March 14™ and 15" 2011, spherical glassy Cs-bearing microparticles (type-A CsMP) were collected for
the first time. These microparticles might result from molten core-concrete interaction (MCCI) inside Unit
2, where the Zircaloy from the fuel cladding interacted with the SiO, of the concrete pedestal at high
temperature. The result of this interaction is a significant release of silica-rich gases or aerosols from the
melt pool, which condense in colder locations.

Calculations using ThermoCalc with OECD/NEA’s database TAF-ID version 11 were performed on the
thermodynamics of vaporization during an MCCI to find correlations between the chemical and physical
properties of the reactor atmosphere and the chemical composition of type-A CsMP. Data from ORIGEN2
and MELCOR calculations were used to estimate the core melt and atmosphere composition at the assumed
time of the reactor pressure vessel failure.

The vapour temperature at which type-A CsMP may have condensed in the containment has been evaluated.
Using Fe/Si, U/Si and Cs/Si ratios in the observed CsMP as an indicator for vapour composition, this
suggests that type-A CsMP originate from condensation of vapours around 2000-2200°C from a low
oxidised composition of corium, rich in zirconium and poor in stainless steel.
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1. INTRODUCTION

In March 2011, 3 Units of the Fukushima Daiichi Nuclear Power Station (FDNPS) experienced severe
accidents triggered by a magnitude 9.0 earthquake followed by a tsunami, causing a station black-out and
loss of coolant to the reactor fuel. The reactor core’s heat-up and degradation finally resulted in airborne
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radioactive releases onto Japanese lands and into the Pacific Ocean [1]. Air dose rate monitoring and soil
contamination surveys were carried out following the accident to investigate the magnitude of the releases.
Cs®3 and Cs'* (half-lives of 2.07 years and 30.08 years respectively [2]) are among the most volatile and
abundant fission products of a reactor core [3]. It has been estimated that the total release of Cs**’ caused
by FDNPS ranges from 20.1 to 53.1 PBq [4]. Chemical forms and properties of radionuclides can vary
depending on their source or their path from the molten fuel pellet into the atmosphere, and have a significant
impact on their behaviour in the environment.

A research team located in Tsukuba city, Ibaraki prefecture (Japan), 170 km southwest of FDNPS,
discovered a new kind of radioactive particles collected on an atmospheric filter [5]. The study reports Si-
rich spherical particles with a diameter around 2 um and containing radiocesium. Further analysis confirmed
the amorphous SiO, matrix of these Cesium-bearing microparticles (CsMP) in addition to the presence of
other major elements (Cs, K, Rb, Fe, Zn, Na, etc.) [6] and very recent work also reports a high content in C
[7] or the presence of segregated phases of U [8]. Due to this silica matrix, CsSMP have a very low solubility
and a high stability in the environment [9] or in the respiratory system [10], [11]. Analyses of surface soil
samples estimate that CsMP can account for 30% of the total Cs radioactivity in the trajectory of major
plumes and even more than 40% of the total Cs radioactivity at some specific sampling sites [12].

Motivated by major environment and health concerns, research has been actively conducted on CsMP to
assess their composition, solubility, abundance, etc. [6]. However, the physical phenomena leading to their
formation are still fraught with many uncertainties that affect our understanding of the cesium
phenomenology during the accident. With a view to improving the knowledge of their generation process,
this article reports thermodynamic calculations using compositions and results from the OECD/NEA-
Benchmark Study of the Accident at Fukushima Daiichi Nuclear Power Station (BSAF) project [13].

2. HYPOTHESIS AND DATA INPUT PARAMETERS
2.1. Database and Calculation Software

2.1.1. Database

The calculations are carried out using the Thermodynamics of Advanced Fuels — International Database
(TAF-ID) version 11 developed by OECD/NEA. The TAF-ID was created using the CALPHAD method
[14] and is designed for calculations on nuclear fuels. Fission products (FP) and structural materials are also
considered to provide results under normal operation and accidental conditions of a reactor core [15]. A
total of 43 elements are available in the TAF-ID.

For this study, the TAF-ID was chosen for its greater number of elements and particularly the availability
of nitrogen and cesium, in addition to major elements related to severe accident studies.

2.1.2. Calculation software

The software chosen for the thermodynamic calculations is Thermo-Calc (versions 2017b and 2019a).
Thermo-Calc is a calculation software based on the CALPHAD method that is compatible with the TAF-
ID [15].

2.2. Hypothesis

2.2.1. Generation process

Knowledge about the generation process of CsMP is still unclear but several hypotheses have been put
forward. The silica matrix implies that the generation process must include an abundant source of silicon. It
could be stainless steel from the reactor pressure vessel (RPV) and from the structural materials [16],
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insulating materials from the primary loop [17], atomisation of high-efficiency particulate air filters [18] or
concrete from the pedestal after lower head failure (LHF) [9], [19], [20].

Molten core-concrete interaction (MCCI) is a likely source of silicon as Units 1 to 3 experienced lower head
failure and experimental work showed that MCCI produces a significant amount of silica-rich aerosols that
may have CsMP characteristics [21], [22]. When hot non-oxidised zirconium from the fuel rod cladding hits
the concrete pedestal, a highly exothermic chemical reaction takes place [23].

Zr + Si0, - Si+ Zr0, + 2.1 M /kg of Zr (D

This reaction occurs simultaneously with an incomplete reaction forming SiO() instead of Si as the
temperature increases [24].

Zr +2-Si0, - 2 Si0gy + Zr0, )

With a sufficient oxygen partial pressure, the oxidation of silicon can then be complete and form silica.
Once gaseous silicon species are generated in a hot location, their migration by convection to a colder
location of the primary containment vessel (PCV) causes condensation to form microparticles of amorphous
silica through homogeneous or heterogeneous nucleation. At the same time, other volatile species such as
Cs (possibly as CsOH) or Fe (possibly as an oxide) may be trapped inside the growing particles (Figure 1).
The entrainment of droplets from bubble burst from the melt pool might be a source of aerosol during MCCI,
but the composition of CsMP would be much more similar to the corium composition [22].
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Figure 1. Possible generation mechanism of CsMP.

2.2.2. Unit of origin

During the FDNPS accident, units 1 (1F1), 2 (1F2) and 3 (1F3) underwent a loss of coolant in the primary
loop, resulting in partial or complete meltdown of the reactor core [1]. Through the burnup ratio of each fuel

3/15



assembly, the ORIGEN2 code indicates the assembly specific and average amount of radionuclides in each
reactor core and spent fuel pool [25]. Nuclear fuel of a reactor core is never entirely renewed with each
reloading, but rather partly as well as relocated to optimise energy recovery from the fuel. Thus,
radionuclides amount varies significantly depending on subassembly history. In the case of a partially
melted core, it is therefore imprecise to infer the local amount of radionuclides from a global perspective.
However, analytical results from the ORIGEN2 code show that on March 11, the average ***Cs/**’Cs activity
ratios for 1F1, 1F2 and 1F3 were 0.941, 1.08 and 1.05, respectively [25]. Therefore, the so-called type-A
CsMP (i.e. those with a diameter below 10 um and a high specific radioactivity [6]) have been associated
with 1F2 or 1F3 as their **Cs/*¥'Cs activity ratio is generally higher than 1.0 even though heterogeneities
exist in each of the three reactor cores. It is currently uncertain whether type-A CsMP are from 1F2, 1F3 or
both. A TEPCO report yet refers to a glassy particle identifiable as a Type-A CsMP, found on the operating
floor of the Unit 2 reactor building [26]. In this study, therefore, 1F2 is considered as the hypothetical unit
of origin of CsMP for calculation.

2.2.3. Choice of elemental tracers

Quantitative or semi-quantitative chemical analyses of major species in CsMP have been reported in
references [7], [27], [28]. The chemical composition of CsMP can be considered as an indicator of the
chemical conditions prevailing in the reactor at the time they were formed. Thus, gas phase thermodynamic
calculations could be used as a forensic tool to determine the chemical and physical conditions inside the
reactor.

In the following work, Si, Fe, U, and Cs are used as chemical tracers to determine, through thermodynamic
calculations, the temperature that provides a vapour composition consistent with actual CsMP composition.
These major chemical elements of the reactor core and structure could also be selected based on their
availability in the TAF-ID, their availability in the literature on CsMP chemical analysis and the ability to
guantify the initial content of this element in the melt pool involved in the MCCI.

Table | was compiled from the chemical analysis carried out on 37 type-A CsMP [7]. This table provides
the target range (between maximum and minimum) that vapour composition should achieve in order to
match with the CsMP composition.

Table I. Minimum, median and maximum values of Fe/Si, U/Si and Cs/Si atomic ratios based on the
chemical analysis of 37 CsMP [7].

Element Minimum Median (spherical) Median (non-spherical) Maximum
Fe/Si 0.10 0.23 0.19 0.33

U/Si - 0.0015 0.0021 0.014
Cs/Si 0.019 0.069 0.077 0.23

2.3. Data Input Parameters

2.3.1. Reactive atmosphere composition and physical properties

In the first few years after the accident, it was unclear whether Unit 2 RPV experienced an LHF and whether
the fuel had completely or partially relocated on the concrete pedestal [29]. Later, camera inspections of the
Unit 2 PCV showed fuel debris on the concrete pedestal and confirmed the RPV failure [30]. There are still
many uncertainties about the timing LHF occurred, some institutes of the BSAF project estimated that it
happened between 83 and 129 hours after scram, but the first isolated CsSMP were collected between 78 and
90 hours after scram.

In normal operation, PCV are filled with nitrogen at atmospheric pressure to prevent explosion in case of
hydrogen build-up. However, during core degradation, Unit 2 PCV experienced pressure rise due to venting
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and eventually leak from the RPV. Measurements show that the PCV pressure varied between 1 bar(a) and
7 bar(a) from scram to the RPV failure. Gas vented from the RPV to the PCV are initially only composed
of water vapour but can progressively contain hydrogen from Zircaloy oxidation and gaseous fission
products after cladding failure. MELCOR code calculations have been performed by Sandia National
Laboratories” teams to study the progression of the accident in Unit 2 and LHF has been estimated to occur
at about 91.5 hours after scram. These calculations suggest that the composition of the atmosphere in the
PCV was mostly water vapour during this period and less than 1% of nitrogen and hydrogen.

However, the exact LHF time and the proportion of nitrogen, hydrogen and water vapour in the atmosphere
are uncertain and the PCV atmosphere has to be estimated to perform the following thermodynamic
calculations. Hence, the sensitivity analysis evaluates the influence of the atmosphere composition on the
gas phase composition (3.1).

2.3.2. Corium composition

A large amount of Si and Zr should be available for the assumed chemical reactions (1) and (2), and the
corium is highly unlikely to be fully oxidised when hitting the concrete. Table 1l and Table 1 list in-vessel
and ex-vessel compositions from the BSAF project (1F2). The KAERI composition is not used as it consists
only of stainless steel and its oxides [13].

2.3.3. Concrete composition

The concrete used for the FDNPS building is a basaltic concrete. Its composition has been estimated from
the analysis of samples collected on 1F1 reactor building : SiO; = 59.6%wt., AlO3; = 14.7%, CaO =
12.2%, H,0 = 7.8% et Fe;03; = 5.7% [31].

Table I1. Unit 2 in-vessel corium composition (data from chart [13]).

Institutes Average

Species CIEMAT CRIEPI IAE IBRAE KAERI All Except

(%.wt) institutes | IBRAE
(Cil) &

KAERI

(Ci2)

uo; 55 30 16 49 0 30 34
Zr 29 52 16 51 0 30 32
ZrO; 10 6 45 0 0 12 20
SSf 5 10 9 0 86 22 8
SS Oxides 0 0 12 0 14 5 4
B4C 1 2 2 0 0 1 2

Table I11. Unit 2 ex-vessel corium composition (data from chart [13]).

* Results kindly provided by David L. Luxat from Sandia National Laboratories from MELCOR code calculations.
T Stainless steel (type 304)
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Institutes Average | Initial
Species IBRAE IRSN JAEA All Inv.
(%.wt) institutes | (Ce2)
(Cel)
uo: 40 53 48 47 52
Zr 9 6 6 7 17
ZrO, 10 24 19 18 0
SS 41 17 27 28 31

3. RESULTS

3.1. Sensitivity Analysis

In addition to corium composition and MCCI progression rate (i.e. in-vessel corium/concrete ratio), three
uncertain parameters were identified as possibly influencing the results: system pressure (i.e. PCV pressure),
atmosphere composition (i.e. H,O vapour and H; fraction in nitrogen) and the mass ratio between the corium
and the atmosphere in interaction with the corium. The sensitivity is evaluated by the temperature change
for which an Fe/Si ratio of 0.30, hereinafter referred to as the reference value (RV), is reached. This ratio is
close to the upper value of the valid range of Fe/Si ratio for environmental CsMP (Table I).

The CIEMAT composition is used as a reference composition for the sensitivity analysis for its intermediate
behaviour among the others in the following calculations.

3.1.1. System pressure

Fluctuations in system pressure do not appear to have a significant impact on the RV in the range of 1-7 bar
(abs). The RV temperature varies between 1898°C and 1895°C, which is a 0.1% variation from the average
absolute temperature. The pressure change is consequently considered as a negligible effect on the
temperature at which the Fe/Si ratio reaches the optimal composition for CSMP generation (Figure 2).

3.1.2. Atmosphere composition

The analysis has been firstly conducted with the only consideration of H,O and N in the atmosphere. It
shows that the composition of the PCV atmosphere should have a H,O content greater than 15% for the
calculation to reach the RV at a temperature of silicon-rich vapour generation. From 15% to 100% H-0, the
RV temperature differs from the average absolute temperature by only 0.6%. Then, H, was added up to 10%
in the composition of the atmosphere and the RV temperature also differs from the average absolute
temperature by less than 1%. Therefore, calculations should be performed with more than 15% H,O, which
is consistent with the accident scenario and the proportion of H, does not seem to affect deeply the
calculations (Figure 2).

3.1.3. Mass ratio between corium and atmosphere in the control volume

The amount of atmosphere considered in our control volume is the mass of atmosphere being in equilibrium
with our chemical reaction as an approximation to kinetic effects in the real case MCCI. The analysis on the
mass ratio between corium and atmosphere is conducted for a ratio greater than 0.25 because either
calculations do not converge for lower ratios or they provide inconsistent results in terms of temperature
(Figure 2).
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Figure 2. Sensibility analysis on three parameters considering a fixed Fe/Si ratio of 0.30.

3.1.4. Forms of Si, Fe, U and Cs in the gas phase

The assumption of using Fe/Si, U/Si and Cs/Si as indicators suggests that all forms of Si, Fe, U and Cs
contribute to the CsMP generation process. To support this hypothesis, calculations on the CIEMAT
composition were performed to study gas species and their proportions (species below 0.01% of the gas
phase were ignored).

The major Si species in the gas phase are SiO and SiO,. They are considered to fully participate in the
generation process of the silica matrix composing the CsMP. The major Fe species in the gas phase are Fe
and FeO. It has been analysed that Fe mainly exists as a divalent cation in CsMP (except on the surface
layer, possibly due to weathering in the environment) as well as in its oxidation state in the FeO molecule
[32]. The metallic Fe, like SiO, is likely to be oxidised in the humid atmosphere, which also leads to the
formation of iron oxides. The major U species in the gas phase are UO; and UQs, these oxides are likely to
directly participate in the low fraction included in CsMP. Calculations imply that Cs only occurs
significantly in the gas in its atomic form. The literature reports the existence of CsOH in a humid
atmosphere, but as the temperature increases, CsOH tends to dissociate (around 1800°C-2200°C), especially
when the atmosphere is rather reducing [33]. In conjunction with other elements not considered in these
calculations, Cs can usually also form other species such as Csl, CsxMo0,0,, CsxByO,, CsxRuyO;, etc. [34].
Csl is a major concern as | is also a significant FP, but experiments showed that in steam atmosphere, only
10% of Cs would form Csl against 90% CsOH [35].

3.2. Evaluation of CsMP’s Temperature of Generation without FP

As MCCI occurs, only a fraction of the corium, concrete, and gas participate in the reaction at any given
time. Although these calculations are performed in thermodynamic equilibrium, by considering a fraction
of each component of the system, an approximation of the kinetic effect can be achieved. The following
calculations consider three cases according to the fraction of concrete in the system, representing a local
corium-concrete interface condition. In the following calculations, Cs is not primarily a part of the corium
composition, since the inventory fraction that might have been involved in the interaction is highly
uncertain. In particular, cesium aerosols or cesium deposits on concrete surfaces may have been part of the
thermodynamic system.

3.2.1. Corium-rich system

A corium rich system is simulated by a Si/Zr molar ratio of 0.10 (3.2wt% concrete for the CIEMAT
composition). For each corium composition (cf. Table 1l & Table I1l), this early phase MCCI simulation
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does not reach a result that could explain CsMP fabrication. In fact, the target range was reached for some
compositions but at temperatures below 1000°C when Si, Fe and U releases are not significant enough to
generate the particles. CsMP being mainly made of silica, this configuration may not provide enough Si for
the reactions to occur.

3.2.2. Si-Zr equimolar system

This case is simulated by a Si/Zr molar ratio of 1 (25 to 50wt% concrete for all of the in-vessel compositions
except IAE and KAERI).

Fe is a relevant tracer as a major element in CsMP. Moreover, Fe benefits from a consequent feedback on
its thermodynamic behaviour since it has been a major concern for industrial development. Figure 3a shows
that in the scope of this study, only four compositions reach the Fe/Si target range. These corium
compositions are only in-vessel compositions, hence with a lower content in stainless steel (except KAERI)
than ex-vessel compositions, implying that the initial stainless steel content and the oxidation rate may
influence directly the Fe/Si ratio in the gas and has to be moderate to satisfy the criteria. Except for the
IBRAE composition, the Fe/Si molar ratio in the gas phase appears to remain in the target range from its
entry temperature to the end of the calculation range. It should be noted that the IBRAE composition is a
simplified composition since it consists only of uranium oxide and non-oxidised zirconium, thus essential
components participating in the chemical reactions such as stainless steel, stainless steel oxides, zirconia
and boron carbide are missing. The Ci2 average in-vessel composition and the CRIEPI composition have a
Zr content significantly different but show a pretty similar behaviour between 1900°C and 2600°C, meaning
that the stainless steel content is more likely to be the only parameter affecting the Fe/Si ratio value, without
influence of the silicon aerosols generation. At these conditions, it seems that CSMP may have been
generated at a temperature above 1800-1900°C. Also, these results do not seem to show a clear upper
temperature limit, but MCCI may occur at lower temperature than fuel melting temperature since concrete
ablation can generally exist below 1500°C [23]. The temperature is highly dependent on the heat dissipation
and production rate. These parameters are especially influenced by the debris physical configuration, the
cooling efficiency (in case of cooling system at least partly operating, notwithstanding thermal radiation
heat losses), the time elapsed from reactor scram, the exothermic oxidation reactions rate, etc.

Uranium is also a relevant tracer as its single source origin can be clearly identified. However, unlike Fe, U
is a minor element in CsMP requiring high-precision instrumentation to be quantified or even detected in
some particles. U has been identified as a segregated phase in some particles due to the capture of more
minute particles in suspension in the atmosphere during CsMP growth [8]. This could influence
measurements on the average concentration of U in environmental particles. The low concentration in other
materials from the core such as Zr suggests that U inclusions do not originate from melt droplets or particle
entrainment. It is more likely that these U particles are also a result of volatilized materials at high
temperature [36]. Figure 3b shows that no composition reaches the maximum content of CsMP in U. One
or several parameters in the composition yet have a significant influence on the U/Si ratio, as its value varies
significantly depending on the corium composition. The initial U content does not seem to have a substantial
influence since CRIEPI, as well as Cil and Ci2 average compositions contain almost the same amount of U
but have a different behaviour. It is more likely that the environment drives these fluctuations since the
corium oxidation rate appears to affect the U/Si ratio significantly: among these five corium compositions,
the highest the Zr/ZrO, mass ratio in the composition is, the lowest the U/Si ratio in the gas phase is, with
the only exception of the IAE composition which has the lowest Zr/ZrO, mass ratio. This exception is
justified by the fact that the IAE composition is the only one containing stainless steel oxides while the
others contain only metallic stainless steel. This result agrees with the U-O binary diagram suggesting that
the vaporisation temperature of uranium oxides decreases with the increasing oxygen rate in the system
[37]. Even if target U/Si ratio values are not reached for any composition, the CRIEPI composition approach
closely the upper value around 2200°C.
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Figure 3. Temperature dependence of Fe/Si (a) and U/Si (b) molar ratio in the gas phase at Si/Zr=1
for different corium composition.

3.2.3. Concrete rich system

The concrete rich system is simulated by a Si/Zr ratio of 10, which represents more than 75wt% concrete
for most compositions (66wt% for the IAE composition). It may represent a local composition near the
corium-concrete interface or a more advanced phase of MCCI.

In this configuration, the different compositions seem to have more similar behaviour (explained by the
dilution of corium in the concrete) with a smaller temperature variation for the same Fe/Si ratio value (Figure
4a). All of the in-vessel compositions enter the target range between 1900°C and 2100°C and most of them
remain within the valid Fe/Si ratio range (Table I) up to 3000°C. Except IAE and Cil compositions, the
median values are reached in the range of 2000-2200°C.

A higher content in the concrete also causes a reduction in the U content in the gas phase. Figure 4b shows
that the temperature range for a valid U/Si ratio (Table I) value starts at a higher temperature. Most of the
in-vessel compositions are close to the U/Si ratio median values around 2500-2600°C.

Calculations on ex-vessel compositions never reach any target range, this confirms expectations based on
the equations (1) and (2), that a low oxidation state like in-vessel compositions favours Si rich gases and
aerosols generation (Figure 3Figure 4).

@ )

_ . S— -
- e - W/Si median value (sph.) — ci1 CRIEPI (in-v) === IBRAE (ex-v]

[— ——- U/Si median value (non-sph.) —— Ci2 —— 1AE (in-v) ——- IRSN (ex-v)
rrrrr Mazximum Ufsi —— CIEMAT (in-v)  —— IBRAE (in-v)

sl molar ratio in gas phase

Sihnn SOOI

Fe/Si molar ratio in gas phase
o s
0
s

Fe/Si median value (sph.) - Maximum Fe/Si  —— CIEMAT (inv) —— IBRAE fin-v)
-~ Fe/Si median value {non-sph.) cil CRIEPI fin-v)  —— IRSN {ex-v}
oo Minimum Fe/si — a2 “— IAE (inv)

000 4 y . . y — it s s e e S = T o ——
1600 1800 2000 2200 0 2600 2800 3000 1600 1800 2000 2200 2400 2600 2800 3000

2401
Temperature {C) Temperature {°C)

Figure 4. Temperature dependence of Fe/Si (a) and U/Si (b) molar ratio in the gas phase at Si/Zr=10
for different corium composition.

3.3. Adding Cs

The inventory of Cs in the reactor core of unit 2 (3 days after scram) was calculated to be about 1.9x10? kg
(all Cs isotopes included), which corresponds to 2.1x10° % of the total mass of U in the core [25].
Considering the BSAF conclusions on unit 2, it was estimated for most of the institutes that the mass fraction
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of the total Cs inventory vaporised from fuel (or fuel debris) does not exceed 3% in the dry well and 10%
in the water of the suppression chamber by gas sparging [38].

For further calculations, the CIEMAT in-vessel composition was chosen as the reference composition as a
compromise for its intermediate behaviour in Fe/Si analysis among all other satisfactory compositions. The
true content of Cs participating in the generation process of CsMP is hardly definable, in particular since Cs
may have been deposited on the concrete prior to corium relocation or Cs may have participated in other
chemical reactions. Thus, two hypothetical cases are considered in Figure 5: 100% (in case of local high
concentration) and 1% of the total Cs inventory of the reactor core (3 days after scram). Both of these cases
are extreme values of Cs content; the real situation is supposedly between these two cases. These
calculations suggest that the temperature should be between 1650°C and 2300°C for the vapor to have a
suitable composition in Cs (Figure 5). However, it seems that the proportion of Cs that has been involved

in the reaction could be significantly influenced by a few hundreds of degrees of the corium melt
temperature.
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Figure 5. Temperature dependence of Cs/Si molar ratio in the gas phase at Si/Zr=1 for CIEMAT
composition.
4. DISCUSSION

It should be noted that because temperature is a kinetic factor and all of these calculations were done at local

thermodynamic equilibrium, they should give an accurate estimate. High temperatures are typically in favor
of thermodynamic equilibrium.

In the case of an equimolar Si-Zr composition, the gas phase seems to be too rich in U species and neither
composition reaches the target range. Corium heterogeneity could cause a Zircaloy-rich fraction and that is
impoverished in uranium oxide to be at the origin of CsMP generation according to the chemical reactions
between Zr and SiO,. Thus, U concentration would be significantly lower in the vapours. This assumption
is supported by the CRIEPI composition calculations (highest Zr/UQ; ratio) showing the lowest U/Si ratio.

Temperatures with a U/Si ratio value in the target range (Figure 4b) match with upper temperatures for the
Fe/Si ratio (Figure 3a and Figure 4a). Over several decades, numerous MCCI experiments have been
performed to study interactions and temperatures of interactions. In the CCI-2 test from the Melt Attack and
Coolability Experiments (MACE) program of the Argonne National Laboratories, the corium was firstl
melted by a thermite reaction reaching 2000°C and interacting with a limestone/common sand concrete. The
decay heat was simulated by direct Joule effect heating. Before water addition began, the melt temperature
had decreased from approximately 1900°C at the start of the experiment to 1540°C after 300 minutes [39].
The VBU-7 test was carried out in the VULCANO facility as part of a collaboration between CEA and VTT
to study corium interaction with ferro-siliceous concrete (composition very similar to 1F siliceous concrete).
The corium was melted in a plasma arc furnace and the decay heat was brought by induction heating. The
melt temperature in this test started out at around 2250 °C and decreased to 1550 °C after 80 minutes of
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interaction [40]. An early phase MCCI is thought to have a melt temperature close to 2500°C due to the
high decay heat from FP and the exothermic oxidation reactions. At the interface, the observed experimental
temperature is usually lower than the suggested temperature value from Figure 4b. However, Zr oxidation
that is likely to be involved in CsMP generation could locally generate a high enough temperature due to
the exothermicity of the reaction between Zr and SiO,. Then, gas generation could create sufficient
convection in the melt pool to continuously bring Zr to the interface and maintain the generation process
going until the oxidation rate of Zr and the concrete fraction in the melt are too high to keep the temperature
sufficiently high and maintain the reaction between silica and Zr. MOCKA testing at KIT has also shown
local metallic Zr and Fe residues, showing that Zr oxidation is not complete after several hours of bulk
MCCI reactions [41]. Calculations performed at the thermodynamic equilibrium cannot replicate this
specific observation.

Calculations also show that the stainless steel content directly affects the Fe/Si ratio. Two reasons for a low
content of stainless steel in corium have been identified. The low amount of debris could be justified by a
limited ablation of the internal structures, resulting in a low amount of stainless steel in the melt; or, the
melt could undergo heterogeneities creating a region depleted in stainless steel and rich in Zr in favour of
this behaviour. Fe content of the melt could also be increased by the dissolution of the steel from the
reinforced concrete of the pedestal as observed in MOCKA experiments [41].

Calculations on aluminum were also performed but do not appear in the results as the Al/Si molar ratio was
at best 10 times below the literature median values. This suggest that the modelling of the interactions of Al
with the other species of the corium may suffer from an inaccurate modelling, since experiments showed
that Al seems quite volatile [20].

As reported by Miura et al. [42], type-A CsMP are very likely to result from condensation of SiO vapours,
especially due to their spherical shape. However, the authors conclude that the silicon of type-A CsMP
comes from the eluting of the suppression chamber paint (Si < 5 wt%). Calculations reported in this present
work show that a rather Si rich system would be more suitable for CsSMP mass production along with a
corresponding chemical composition. This statement goes in the same direction of an IRID report which
asserts that the SiO2/K0 ratio from the paint is significantly different from the average composition ratio
of CsMP, concluding that the paint could not be the only source of silicon for CSMP generation [43].

5. CONCLUSION

Equilibrium vapour compositions and Fe/Si, U/Si and Cs/Si vapour ratios during a simulated MCCI test
were calculated and compared with analyses of spherical condensation particles from the simulation and
also with actual type-A CsMP compositions. These preliminary experiments in VITI have indeed confirmed
the possible synthesis of CsMP simulants by direct vaporisation mechanisms during the MCCI processes
[20], although other multistage mechanisms such as mixing and coagulation of aerosols are also highly
likely. These initial tests show that MCCI is likely to be responsible for the generation of CsMP. If the
chemical composition of CsMP can be considered as an indicator of the atmosphere at the time of their
formation, the corium composition that led to their generation may more closely correspond to an in-vessel
corium with a low oxidation state. The calculations also suggest that the temperature was around 2000-
2200°C, higher than the interface temperature of an MCCI that probably falls below 2000°C after the initial
stages, possibly in a heavy metal (fuel debris) zone, that is rich in zirconium and relatively poor in stainless
steel at the interface with concrete.

This paper is also preliminary work for a set of trials to be carried out at the experimental facility VITI of

the PLINIUS platform at the CEA Cadarache [44]. These calculations contribute to extend the set estimated
experimental parameters for generating CsMP by MCCI vapourisation.
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