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The release of ﬁssion product and salt compounds from a molten salt reactor fuel under accident conditions was investigated with coupled computer simulations. The thermodynamic modeling of the salt
and ﬁssion product mixture was performed in The Gibbs Energy Minimization Software GEMS and the
obtained compound vapor pressures were exchanged with the severe accident code MELCOR, where the
evaporation from a salt surface located at the bottom of a conﬁnement building was simulated. The fuel
salt considered in the simulations was LiF-ThF4-UF4 with ﬁssion products Cs and I. The composition of
the fuel salt material was obtained from an equilibrium fuel cycle simulation of the salt using the EQL0D
routine coupled to the Serpent 2 code. The results were compared to simulations using pure compound
vapor pressures in the evaporation simulations. It was observed that by modeling the salt mixing the
release of ﬁssion products and salt materials was reduced when compared to the pure compound
simulations. The mixing effects in the salt, when compared to the pure compound simulation also
affected evaporation temperatures and therefore the timing of the release of compounds. In an additional
simulation in which the depressurization of the conﬁnement was considered, the total evaporated mass
of compounds increased due to increased mass transfer at the salt surface. The simulation process
described in this paper can be used for a more comprehensive accident analysis of molten salt reactors
once the detailed description of the reactor conﬁnement and accident sequences are available and more
ﬁssion product elements have been added to the analysis.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Formation and transport of radioactive vapors and aerosol particles play a key role in the source term evaluation in severe nuclear
accidents. In a typical Light Water Reactor (LWR), most of the
Fission Products (FPs) transported in the Reactor Coolant System
(RCS) will be in particulate form. Most notable non aerosol FPs are
the noble gases Xe and Kr and iodine, which can form molecular I2
or organic iodine compounds, which exist in vapor phase in the RCS
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or in the containment building. The behavior of FP compounds
depends, for example, on the concentration of the different species
and on the thermal-hydraulic conditions, like temperature and
pressure, of the RCS and the containment. Most of today’s severe
accident analysis codes have been developed for LWRs. They
feature, for example, models for the release of radioactive material
from the degraded and molten LWR fuel, chemistry of volatile
species and aerosol formation and transport. By simulating the
mechanisms of the aerosol formation and their transport in the
plant alongside the vapor phase species evolution, the source term
in the containment structure can be estimated.
In a Molten Salt Reactor (MSR), the fuel can be dissolved in the
salt that also acts as the reactor coolant. One of the MSR designs is
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Abbreviations and symbols
FP
LWR
MSR
MSFR
EFPY
RCS
TDB
VP
m
C
t

Fission Product
Light Water Reactor
Molten Salt Reactor
Molten Salt Fast Reactor
Effective Full Power Year
Reactor Coolant System
ThermoDynamic Database
Vapor Pressure
Mass (kg)
concentration (kg/m3)
time (s)

the Molten Salt Fast Reactor (MSFR), which features a fast neutron
spectrum, operation in the thorium cycle [1] and uses LiF-ThF4-UF4
(77.5-20-2.5 mol%) as a fuel salt. Because of its completely different
design principles compared to LWRs, the release of radioactive
material in an accident condition would look fundamentally
different in the MSR compared to an LWR. In a typical LWR, the FPs
and actinides are released from the fuel rods to the surrounding
coolant after the cladding failure. Integral severe accident simulation codes typically use semi-empirical models such as the CORSOR
models in MELCOR [2] or ELSA module in ASTEC [3] to model
radionuclide release during the core degradation. In an MSR however, the accident conditions could lead to a heat-up of the core and
release of radioactive materials by evaporation from the already
liquid molten salt fuel. After being released from the molten salt,
the vapor phase materials can condense to form aerosols whose
transport in the fuel circuit and in the conﬁnement will contribute
to the radioactive source term.
The most extensive experimental studies on ﬁssion product
migration in an MSR were conducted during the Molten Salt
Reactor Experiment (MSRE) at the Oak Ridge National Laboratory
[4]. Several tests on FP behavior in MSRE were performed during
the reactor operation. The samples were collected from the pump
bowl salt and gas. The main conclusions of the investigators were
that FPs Rb, Cs, Sr, Ba, the lanthanides and Y and Zr remain soluble
in the salt. However, from the above mentioned elements, 89Sr and
137
Cs isotopes are formed through noble gas precursors 89Kr and
137
Xe, which are insoluble in the salt. The study indicated that these
materials existed also outside the fuel. Additionally, the salt sampling in the MSRE indicated that 45e71% of the 131I was not contained in the fuel salt. Also only 1% of the 131I was found in the gas
samples, leaving a signiﬁcant amount of iodine unaccounted for.
Additionally, Nb, Mo, Tc, Ru, Ag, Sb and Te were found insoluble in
the fuel salt with most of them deposited (plated out) on the metal
or graphite surfaces and only 1e20% of them remained in the salt.
For more details, please refer to Ref. [4].
After MSRE, investigations on the FP behavior in MSRs have
been scarce. Related to the MSFR, several experimental and
analytical studies have been performed to determine the thermodynamic properties of the fuel salt with Cs and I additives [5e7].
They concentrate mainly on the species cesium ﬂuoride (CsF) and
cesium iodide (CsI), which are considered as the most stable forms
of these FPs in the MSR fuel [7]. These investigations show that Cs is
retained in the molten salt as CsF, but CsI solubility in a LiFeThF4
salt is limited. Additionally, evaporation of Cs and I from FLiNaK salt
has been recently studied. Taira et al. [8] studied the evaporation of
Cs and I using mass spectrometry and concluded that CsI is retained
by the salt with CsI/FLiNaK mixtures 1e100 mol. With larger CsI
concentrations (CsI/FLiNaK mixture more than 10%), CsI may not be
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fully dissolved in a temperature range 823 Ke11173 K used in the
experiments. Furthermore, gas phase KI formation was observed
indicating a reaction between the fuel salt and CsI to form new
iodine compound. Sekiguchi et al. [9] measured vapor pressures of
salt compounds Cs and I using different CsI, CsF to FliNaK salt ratios.
They concluded that CsI was not well retained in the salt whereas
CsF activity coefﬁcients indicated better retention [9]. CsI is
considered to be one of the most important species transporting
iodine in the conditions of LWR severe accident [10]. Its volatility in
the molten salt, indicated by the experiments described above,
requires its consideration also in the MSR accident analysis.
In this study, the volatility of the MSFR fuel and FP species in
accident conditions was evaluated by coupling two simulation
tools: the MELCOR 2.2 severe accident code and the GEMS thermodynamic modeling package. A simpliﬁed model of an accident
condition, where the fuel salt is drained from the fuel casing onto
the ﬂoor of a conﬁnement with nitrogen atmosphere was created,
and release of ﬁssion product and salt material from the surface of a
molten salt pool was modeled. MELCOR was used to model the
evaporation process and the thermal-hydraulic conditions in the
conﬁnement and GEMS for obtaining the salt/FP speciation. For
accurate thermodynamic simulations, a model of the mixed salt/FP
liquid was created with GEMS and validated against the available
literature data. The FP elements considered in this study were Cs
and I, and the initial concentration of ﬁssion product and salt
species was obtained from the simulations of the equilibrium fuel
cycle of the MSFR. The description of FP chemistry in the standalone MELCOR code is limited. For example, condensation/evaporation processes are modeled using predetermined list of
equilibrium vapor pressures. To investigate the validity of this
simpliﬁed approach in MSRs, the results obtained with the coupled
MELCOR/GEMS will be compared to standalone MELCOR simulations using pure compound vapor pressures for the evaporating
species, obtained from the literature. As a sensitivity analysis,
additional simulations using different thermal-hydraulic boundary
conditions in the conﬁnement were performed.
To the best of the authors’ knowledge, the work presented in
this paper is the ﬁrst attempt towards a more realistic modeling of
the radionuclide release from the MSR under severe accident
conditions. Not many details exist on the design and geometry of
the MSFR containment/conﬁnement building. Geometry for a
decay heat removal system in MSR was suggested by Wang et al.
[11] and the design of the MSFR conﬁnement barriers was presented at the conclusion of the EU SAMOFAR project [12]. The
conﬁnement volume, overall geometry and the initial and boundary conditions of the model will have an effect on the activity
release and transport modeling. In this work however, our focus
was to develop a release model for the MSR fuel that takes into
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account the salt chemistry and its effects on the salt and FP volatility. Thus, once the more detailed information of the conﬁnement
building and the accident sequence will be available, the release
model described in this paper can be applied for a more detailed
analysis of the radionuclide transport and source term evolution in
MSR accidents.
2. Methods and tools
The following sections describe the simulation tools and models
used in this study. Brief introduction of MELCOR, GEMS and EQL0D
codes is provided and the MSR conﬁnement evaporation model
along with the thermodynamic modeling of the salt are described.
2.1. Fission product composition in MSFR fuel: EQL0D routine
The EQL0D routine [13,14] was applied to simulate the equilibrium isotropic fuel salt composition in MSFR and to obtain the
initial salt composition for the evaporation simulations. The routine
was initially designed for equilibrium fuel cycle calculations but it is
also capable of simulating fuel evolution over a ﬁnite number of
steps, similar to a standard depletion code.
EQpL0D uses two loops:
1. an outer loop in which Serpent 2 [15] is called and the burn-up
matrices for the system are created, and
2. an inner loop in which the system is solved and batch-wise
processes (refueling operations, redox and criticality control)
are performed.
The role of the outer loop is to update cross-section and neutron
ﬂux data; the inner loop depletes materials and refuels them. In the
equilibrium mode, the inner and outer loops are executed until the
selected convergence criteria are fulﬁlled and equilibrium is
reached. As a typical criterion, the changes of selected actinide
isotope concentration need to be below 105 or 106 of the relative
concentration. In the general mode, each loop is ran several times
according to user input.
Depletion matrices for burnable materials and analog reaction
rates for criticality search are obtained from Serpent 2. Fuel processing matrices are created to include continuous addition or
removal coefﬁcients. To solve the Bateman equations, EQL0D uses
the Chebyshev Rational Approximation Method (CRAM) [16],
implemented in MATLAB in a manner similar to that of Serpent.
MSFR is designed as an internal breeder where the majority of
the fuel is bred within the fuel salt via neutron activation of 232Th to
yield 233U. Nonetheless, it utilizes a blanket salt to increase the
neutron economy and breeding performance. The simpliﬁed fuel
cycle scheme can be seen in Fig. 1.
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In the simulations, the fuel salt of MSFR was reprocessed using a
batch-wise extraction and reprocessing rate of 40 l per day. The
blanket treatment was simpliﬁed, volatile ﬁssion products were
continuously removed, U/Np/Pu extracted to fuel and soluble
ﬁssion products were not removed from the blanket salt. The fuel
salt was cooled for 2 days before the reprocessing stage was
initiated.
The daily removal of 40 l of salt corresponds to complete salt
loading processing in 450 days. This is called effective cycle time.
The effective cycle time for gases He, Ne, Ar, Rn, Kr, Xe and elements
Ru, Rh, Pd, Ag, Nb, Mo Tc, Sb, Te was only 43 s. These properties have
been adopted from the MSFR core speciﬁcations [17]. The composition of ﬁssion products dissolved in the fuel salt was enumerated
after 200 EFPY operation of the MSFR. The ﬁssion products
remaining in the salt at the equilibrium are shown in Fig. 2, which
highlights elements Cs and I whose evaporation behavior was
considered in this study.
The amount of I and Cs in the fuel salt is relatively low. Since
elements Sb and Te, which decay to I, are removed from the core by
the off-gas system with a cycle time of 43 s, the majority of I
originates in the off-gas system. The same statement is also valid for
Cs, as its precursors Te and Xe are also removed via the off-gas
system. The iodine isotopes with substantial individual ﬁssion
yield are isotopes 133, 124, 135, 136, and 137 and they all decay
relatively fast to Xe. The known problematic isotope of 137Cs has
direct ﬁssion yield less than 1% and the cumulative yield is more
than 6%. Accordingly, 80% of 137Cs originates from Xe decay.
The rapid removal of the FPs described above will strongly
depend on the salt properties. According to the redox potential, the
metallic FPs can also form ﬂuorides. Nonetheless, the burnup
simulation was not coupled to the thermodynamics simulation and
it was assumed that the reactor is only operated at nominal redox
potential. This is foreseen for the future studies. So far, only the
liquidus temperature has been evaluated based on burnup calculations [18].

2.2. Salt evaporation: MELCOR 2.2 code
MELCOR is a lumped parameter computer code used mainly for
severe accident simulations in the LWRs. Capabilities for modeling
advanced reactors and other systems like high temperature gascooled reactors and spent fuel pools have been later added to the
code. Detailed description of the MELCOR code can be found from
the reference manual [2]. Even though the molten salt reactor is not
part of the designs currently included in MELCOR, the ﬂexibility of
the code allows the user to simulate different physical phenomena
independent of the reactor design, relevant also for the MSR. In this
work, MELCOR 2.2 code was used to simulate vaporization of user
deﬁned salt and ﬁssion product species in a geometry representing

Fig. 1. Simpliﬁed MSFR fuel cycle.
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Fig. 2. Detailed distribution of ﬁssion products in the fuel salt.

the preliminary design of a conﬁnement building of a molten salt
reactor.

between the mass transfer coefﬁcient k and the diffusivity D, which
originates from the so called “ﬁlm theory”, used in the simpliﬁed
mass transfer simulations [19]:

2.2.1. Evaporation modeling
In MELCOR, the condensation and evaporation of radionuclides
to and from heat structure surfaces or onto surfaces of aerosol
particles is determined by a set of equations based on the TRAPMELT2 model [2]. A standard MELCOR input does not allow user
to deﬁne an initial condensed radionuclide mass onto a heat
structure surface. Thus, in order to use the code to simulate a source
of evaporating vapors from the molten salt, the model described
below was embedded to the MELCOR input with user deﬁned
control functions.
Equation (1) describes the evaporation of mass dmi of a compound i from the salt surface to the neighboring control volume. In
Eq. (1), A is the area of the surface where the evaporation is taking
place (here the surface area of the control volume ﬂoor), ki is the
mass transfer coefﬁcient and Cai is the concentration of the species i
in the control volume atmosphere neighboring the surface.

ki Di;N2
¼
kst Dst;a



dmi
¼ Aki Cis  Cia
dt

(1)

The model assumes equilibrium between the salt and the gas
atmosphere near the salt surface, where the concentration of the
evaporating species depends on the saturation concentration Cs.

Cs ¼

Pis ðTÞMi
RT

(2)

In Eq. (2), Cs is determined by the saturation vapor pressure PSi (T)
of the species, Mi is the molecular weight of compound i, R is the
ideal gas constant and T is the temperature of the control volume
atmosphere. When the saturation concentration of a vapor species i
exceeds its current concentration in the control volume atmosphere, evaporation of i from the surface will take place at a rate
deﬁned by Eq. (1). The model assumes the direct proportionality

UD;iN2 ¼

(3)

Di,N2 is the binary diffusivity of evaporating compound i in N2, kst
is the mass transfer coefﬁcient of steam and the diffusivity of steam
in the air atmosphere Dst,a is deﬁned as [2]:

Dst;a ¼ 4:7931  105

T 1:9
Pa

(4)

The mass transfer coefﬁcient of steam kst, is calculated by the
MELCOR code during each calculation time step:

kst ¼ Sh

Dst;a
Lc

(5)

The Sherwood number Sh in Eq. (5) is obtained in MELCOR using
the correlation:

Sh ¼ NuSc1=3 Pr1=3

(6)

Nu, Sc and Pr are the Nusselt, Schmidt and Prandtl numbers,
respectively. In this work, the conﬁnement atmosphere is considered initially to consist of only pure nitrogen as a noncondensable
gas. The binary diffusivity of evaporating compound i in N2 can be
calculated using [2]:

Di;N2 ¼ 0:0018583

T 3=2

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
M 1
i þ M N2

P s2iN2 UD;iN2

(7)

For the collision integral of a binary system UD;iN2 , the following
curve ﬁt was obtained from Bird et al. [20]:

1:06036
0:19300
1:03587
1:76474
kT
þ
þ
; T* ¼
þ
εiN2
T 0:15610 expð0:47635T * Þ expð1:52996T * Þ expð3:89411T * Þ

(8)
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The Lennard-Jones parameters for a binary system siN2 and εiN2
were calculated using:





pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

siN2 ¼ 0:5 si þ sN2 ; εiN2 ¼ εi εN2

(9)

where MELCOR 2.2 default values were used for the Lennard-Jones
parameters of ﬁssion products and salt components, which are [2]:
si ¼ 3:617Å, εki ¼ 97:0 K and for nitrogen: sN2 ¼ 3:798Å and
ε N2
¼
71:4 K.
k
Using the above information, the mass transfer coefﬁcient ki for
any evaporating species is obtained from Eq. (3).
Finally, the saturation vapor pressure used in Eq. (2) of compound i is introduced to the MELCOR code as a function of temperature described in Eq. (10). The coefﬁcients will be obtained
either using GEMS in the coupled simulations or from literature
values. This process will be described in the following sections.


log10 Pis ¼ A þ B T þ Clog10 T

(10)

During the evaporation simulation, MELCOR will keep track of
the elemental composition of the salt, which will be needed as an
input for the thermodynamic simulations. The initial composition
of the salt was obtained from the EQL0D simulations described
above.
2.2.2. Simulation model for MSR conﬁnement
Fig. 3 shows a schematic of the geometry used in the MELCOR
simulations. The conﬁnement is modeled as a cylindrical container
with a salt layer at the bottom surface. In the middle of the
conﬁnement is a fuel casing, from which the salt has been in accident conditions drained uniformly distributed at the bottom of
the conﬁnement. A gas-gas heat exchanger is encircling the
conﬁnement at 15 m above the ﬂoor level. The heat exchanger
surface area is approximately 235 m2. The initial conﬁnement atmosphere consists of nitrogen gas at 0.1 MPa pressure.
As shown in Fig. 3, the MELCOR model of the conﬁnement is
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divided into 14 control volumes (CVs) which are connected with
ﬂow paths allowing convective heat transfer and transport of the
evaporated materials. Adiabatic temperature boundary conditions
are set to all conﬁnement boundary heat structures, except on the
isothermal heat exchanger and salt surfaces. The hot salt and the
colder heat exchanger induce natural convective ﬂow in the
container, driving the heat and mass transfer. Along with convection, also heat conduction and thermal radiation are considered in
the MELCOR simulation. Due to a lack of data on the emissivity of
the MSFR salt, a value of 0.44 [21], measured for sodium sulfate was
used in the simulations.
The salt layer at the bottom of the conﬁnement is also described
by a heat structure. At simulation time t ¼ 0 s, the salt surface
heating was started at a rate 6 K/min, simulating the salt heat-up
due to the decay heat. The initial temperature of the salt, all
conﬁnement surfaces and the atmosphere was set to 300 K. Low
initial salt temperature was chosen for this study so that the thermodynamic behavior of the fuel salt could be investigated in a
broad range of temperatures (300 Ke1500 K). In addition, the slow
heating rate allowed the changes of the evaporation process in
different fuel temperatures to be clearly observed. The heat
exchanger temperature was increased from 300 K with a heating
rate similar to the salt until it reached the temperature 500 K after
which it was kept constant. At each simulation time step, the
evaporated rate of FPs and salt components from the salt surface to
the bottom CVs 1e3 is calculated using Eq. (1).
Additionally, we investigated the effect of a rapid conﬁnement
depressurization on the salt evaporation, which could be performed as an accident management measure or could be due to a
failure of the pressure boundary. The conﬁnement was depressurized through an oriﬁce with a diameter of 0.1 m and approximately
70 cm2 surface area in CV14 once the conﬁnement pressure rose
above 0.2 MPa (abs). The results from the depressurization simulation were compared with the reference simulation.

Fig. 3. The schematic of the axisymmetric model of the simulated conﬁnement.
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2.3. Thermodynamics of the salt: GEMS and Heracles database
The Gibbs Energy Minimization Software for Thermodynamic
Modeling (GEMS TM) has been developed over 17 years at the Paul
Scherrer Institut (PSI). GEMS codes [22], in part open-source, are
widely used in various ﬁelds of application, including cement
chemistry, radioactive waste disposal, and nuclear energy research.
GEMS TM includes the GEMSFITS code [23], which is an advanced
tool for model parameter optimization and improvement of internal consistency of thermodynamic databases against experimental
data.
A critical issue of any thermodynamic model, independently of
the code used, is the quality and completeness of the underlying
thermodynamic database. Because the results of thermodynamic
calculations cannot be better than the input data on which they
rely, one of the core activities for GEMS development has been the
implementation of high-quality databases. Hence, for applications
to nuclear materials and spent-fuel reprocessing, the HERACLES
ThermoDynamic Database (TDB) for low pressure - high temperature non-aqueous systems has been developed and maintained at
PSI since 2010 [24]. HERACLES TDB covers molar thermodynamic
properties of solid, liquid (melt) and gaseous (plasma) compounds
of actinides, ﬁssion products, and minor actinides. It is valid up to at
least 3000 K, covering the majority of the elements of interest. At
temperatures above 3000 K reliable experimental data on thermodynamic properties of different species is scarce and of questionable quality.
2.3.1. LiFeThF4eUF4eCseI system modeling in GEMS
The thermodynamic database HERACLES has been extended
with the newly obtained information on binary interaction parameters for various systems. It should be noted that interaction
parameters of higher orders (ternary etc.) are not considered in this
work but could be included in the HERACLES DB if needed. Information on excess Gibbs energy for binary systems together with
the information on thermophysical properties of pure compounds
was used to study the speciation and the volatilities of different salt
and ﬁssion product species in the MSR fuel melts. In the previous
work [25], the GEMS package was applied for the parameterization
of excess Gibbs energy functions of different binary ﬂuoride and
iodide systems (e.g. LiFeThF4, ThF4eCsF, CsFeCsI). For this purpose,
the Redlich-Kister (Guggenheim) mixing model was used. The
model is based on Guggenheim’s expansion series for the excess
Gibbs energy of mixing [26]:

h
i



2
GEX
þ… ;
ij ¼ RTxi xj a0 þ a1 xi  xj þ a2 xi  xj

temperatures) published by Capelli et al. [7,27]. In these publications, the information on the excess interactions for binary mixtures is given in the form of empirical parameters for the modiﬁed
quasi-chemical model proposed by Pelton et al. [28]. At the time of
this work, the Pelton model was not implemented in the GEMS
thermodynamic package and, therefore, the published parameters
were reﬁtted (mapped) to the parameters of the Redlich-Kister
model, available in GEMS. The ﬁrst two-three terms in the
Redlich-Kister model are generally sufﬁcient to represent experimental data and are shown in Table 1. The information on binary
excess interaction parameters allows for a modeling of multicomponent mixtures under the assumption that the multi-species
(ternary and higher orders) interactions are negligible and the binary interactions are the dominant ones. Vapor pressures for
different species of the LiFeThF4eCsF mixture calculated using the
parameters from the Table 1 are presented in Fig. 4 together with
the literature [7] (experimental and calculated) results. As can be
seen from the Fig. 4, the interaction parameters presented in Table 1
reproduce the literature data correctly. The slight difference between the calculated results with GEMS and calculated results
presented in the work of Capelli et al. [7] are attributed to different
model used in this work.
The binary interaction parameters were used on the modeling of
multicomponent mixtures with a consideration of the mixing effects in the solid and liquid phases. Mixing effects in the liquid
phase lead to the deviation of the mixture/solution behavior from
the ideal one. These deviations manifest themselves in the form of
the reduced or increased melting temperatures compared to the
ideal, appearance of the miscibility regions and changes to the
components vapor pressures. In case of the molten salts, the excess
Gibbs energies are negative which leads to a drop of the melting
temperatures compared to the ideal behavior and to a reduction of
the vapor pressures of the components of the melt. This in turn
leads to the retention of the relevant compounds in the molten salt
pool. The latter was studied in this work and the inﬂuence of the
mixing effects on the salt evaporation was demonstrated.
2.4. GEMS-MELCOR coupling: cGEMS
The coupling between MELCOR and GEMS was done using

(11)

where a0 , a1 , an are dimensionless ﬁtting parameters.
The interaction parameters were ﬁt to reproduce excess enthalpies and phase equilibria information (liquidus and solidus

Table 1
Interaction parameters for different binary systems of interest, obtained from the
data in the references.
Pair

a0

a1

a2

Reference data

LiFeThF4
LiFeCsF
CsIeLiI
CsIeCsF
LiFeLiI
ThF4eThI4
LiIeThI4
LiF-UF4
CsFeThF4
CsIeThI4

22105
16000
21478
2842.8
650
62000
22105
30046
145000
19575

22951
0
4557
0
1036
0
22951
31196
0
5763

7122
0
2607
0
338
0
7122
9681
0
4090

[7]
[7]
[7]
[7]
[7]
[7]
[7]
[29]
[7]
[7]

Fig. 4. Vapor pressure data for the LiFeThF4eCsF (75.73-23.23-1.05) mixture, calculated with GEMS and literature (experimental and calculated) [7].
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cGEMS (coupled GEMS) code, developed at PSI to improve the
chemical modeling in MELCOR in severe accident conditions.
cGEMS serves as an interface between GEMS and MELCOR and can
call both MELCOR and GEMS depending on the situation, and in this
way has a controlling function in the simulation process. At the
same time, cGEMS has direct access to the GEMS code through its
API (Application Programming Interface) and can perform the data
exchange between both codes. This simpliﬁed coupling allows for a
step-wise modeling of a severe accident scenario using MELCOR
and GEMS. In this study, “step-wise modeling” means that cGEMS
runs the simulation in cycles following the path:
1) Run severe accident simulation in MELCOR for 200 s.
2) Collect data from the MELCOR, containing elemental composition and temperature of the salt and pass it to GEMS for thermodynamic calculations.
3) Run GEMS thermodynamic simulation.
4) Collect and prepare GEMS results: coefﬁcients from the vapor
pressure data for different species considered in the evaporation
simulation and pass it to MELCOR using a new input ﬁle.
5) Repeat the cycle.
In the present work, during the preliminary simulations several
different time steps (from 10 s up to 500 s) were tested. No
noticeable difference was observed in the evaporated masses
within this time step range. Therefore, in this work the 200 s time
step was chosen under the assumption that the salt temperature
does not vary much within this time step and therefore there will
be no noticeable effect on the obtained modeling results.
The information on the vapor pressure of different species is
passed to MELCOR in the form of the coefﬁcients A, B and C of Eq.
(10). By keeping the MELCOR simulation time relatively small
(200 s in this study), the vapor pressures can be passed as constant
values using only the “A” coefﬁcients. Additionally, constant exchange of the information between MELCOR and GEMS ensures
that calculated vapor pressures of different species accounts for the
composition evolution of the molten salt pool due to evaporation. It
should be noted that all the simulations have been done under the
assumption that the total pressure in the system is kept at 0.1 MPa.
This assumption implies that there is no noticeable effect of the
total pressure on the thermodynamic properties of the compounds
and mixing properties in the phases. This assumption is fair if the
total pressure of the system does not vary much and the pressure
effect become usually noticeable at pressures from MPa to GPa
([30e32]) that are much higher than conﬁnement pressure during
the transient in the MSR in this simulation, which is close to
0.1e0.5 MPa. Additionally, it needs to be noted that the thermodynamic simulations apply in equilibrium conditions, which are
assumed to take place in a gas layer close to the salt surface,
described in section 2.2.1. Also, the addition of other FP materials to
the thermodynamic simulation could alter the equilibrium
composition, thus increasing the uncertainty when applying the
results presented in this paper to a more realistic salt composition.
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the composition is shown in Table 2. The vapor pressures of gas
phase compounds were determined at temperatures 300e1500 K
and all species reaching vapor pressure above 108 Pa were chosen
for the evaporation simulations. The vapor pressures of these
species are shown in Fig. 5 and listed in Table 2.
Due to the concerns about corrosion of the structural materials
by the molten salt, the control of the redox potential is important in
MSRs. In the case of ﬂuorides based MSR, the redox potential is
typically monitored and controlled via the UF4/UF3 ratio, which
varies with the operating time due to the ﬁssion reaction. It is also
important to note that the volatility of the FP species can be
signiﬁcantly affected by the concentration of ﬂuorine in the salt
mixture. In these simulations, the set stoichiometric amount of
ﬂuorine leads to the UF4/UF3 ratio of about 431.0. In addition, the
simulations showed that this ratio does not depend on the temperature within the studied temperature range (up to 1500 K). A
sensitivity study, where the amount of F in the salt was either
increased or decreased by 2% from the stoichiometric value was
also performed, in order to investigate its effects on the speciation
of FP elements like iodine. It allowed the covering of the UF4/UF3
ratio range from as low as 0.28 up to 100 000. In Fig. 6, I and I2 vapor
pressures with different levels of ﬂuorination are depicted,
showing how the extra F in the system hinders the formation of CsI
leaving most of the I free to form molecular iodine in the salt. The
ﬁgure also shows that the free iodine exists as I2 at low temperatures (below ~800 K) and decomposes to I atoms once the temperature is increased. The study of the F amount effects on the
redox behavior of the salt is out of the scope of this work due to its
complexity and is a matter of future research.
3.2. Pure compound vapor pressures
In order to determine the effects of mixing in the evaporation of
a fuel salt and ﬁssion products, evaporation simulations were also
performed using saturation vapor pressures of the pure compounds, where no mixing effects are considered and no thermodynamic simulations were performed. In these simulations, the
coefﬁcients A, B and C in Eq. (10) were obtained using the available
literature data and boiling point estimates for the species listed in
Table 2. Obtained coefﬁcient are shown in Table 3 and the curve ﬁt
for the pure compound vapor pressure of LiF is shown Fig. 7. No
vapor pressure data was found for ThF3(g) or I(g). Concerning
iodine, the pure compound vapor pressure of molecular I2 is very
high compared to any of the species listed in Table 2 due to its low
boiling point. In low temperatures, iodine will ﬁrst evaporate as I2
and once the temperature is increased, it decomposes to I. This
behavior is similar to that observed also in the GEMS simulation in
Fig. 6 with excess ﬂuorine. In this work, the evaporation simulations were performed also in low salt temperatures (below 500 K).
In the pure compound VP simulations, all iodine will be released
from the salt before the decomposition of iodine to its atomic form
takes place (see Fig. 6). Thus, only the evaporation of I2 from the salt
was taken into account in the pure compound simulations.

3. Results and discussion

3.3. Simulation matrix for the evaporation simulations

3.1. Vapor pressure of compounds in the salt mixture

Based on the preliminary thermodynamic simulation described
in the previous section, the simulation matrix was prepared for the
evaporation simulations and is shown in Table 4. All evaporation
simulations use the Li, Th, U, Cs, I composition in the equilibrium
salt, obtained from EQL0D simulation as an initial salt composition
with the amount of ﬂuorine matched for the stoichiometric
composition of LiF, ThF4 and UF4, shown in Table 2. The different
simulation cases are described in detail below and summarized in
Table 4.

The volatile compounds, which are to be considered in the
evaporation simulations, were determined by modeling the
LiFeThF4eUF4eCseI system with GEMS. The concentrations of Li,
Th, U, Cs and I was obtained from the EQL0D equilibrium simulation
of the MSFR, described above. The amount of ﬂuorine in the
simulation was set to match a stoichiometry of fuel salt, i.e. all salt
elements were represented in the simulation as LiF-ThF4-UF4 and
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Table 2
Initial composition of the MSFR salt and the species considered in the evaporation simulations.
Initial composition in the salt
LiF (mol%)
ThF4 (mol%)
UF4 (mol%)
Cs (mol%)
I (mol%)

78.8
16.9
4.2
9.8e-3
5.8e-5

Li (kg)
Th (kg)
U (kg)
F (kg)
Cs (kg)
I (kg)

4720.0
33910.0
8650.0
26787.0
11.0
0.06
List of species considered in the coupled evaporation simulations

Salt species
Li, LiF, Li2F2, Li3F3, UF3, UF4, ThF4,

Fig. 5. Vapor pressures of the gas phase species chosen for the evaporation simulation.

Fission product species
I, CsI, CsF and LiI

1. Case 1 represents the best estimate simulation, where GEMS
was used to determine the salt mixture vapor pressures during
the evaporation calculation.
2. In case 2, only MELCOR simulation was performed and the effects of the salt mixing on the evaporation behavior of the FPs
and salt compounds was not considered. This simulation used
the pure compound vapor pressures, obtained from the literature and listed in Table 3.
3. Case 3 was identical to case 2 with molecular iodine I2 added to
the list of evaporating species. It was performed in order to
observe what effect the change in the iodine speciation will have
on the simpliﬁed pure compound vapor pressure simulation.
Both cases 2 and 3 will also signify the importance that the user
choices of the speciation have on the behavior of the FPs and salt
products if the thermodynamic simulations are not performed
as a part of the evaporation modeling.
4. Finally, in case 4, depressurization of the conﬁnement was
considered. It uses the coupled simulation method to obtain the
evaporating species VPs with the added venting when the
conﬁnement pressure increases up to 0.2 MPa (describes in
section 2.2.2).

3.4. Results from the thermal-hydraulic simulation in MELCOR

Fig. 6. Vapor pressures of I and I2 with different ﬂuorine concentration (CF) in the salt
mixture.

Thermal-hydraulic parameters that have the largest effect on
the MSR salt evaporation model presented in this study are pressure, atmospheric and salt temperature and the mass transfer coefﬁcient at the salt surface. The temperature evolution of the salt as
well as the gas atmosphere at different conﬁnement elevations is
shown in Fig. 8. It shows that there is very little stratiﬁcation in the
conﬁnement atmosphere due to the mixing caused by the natural
convective ﬂow induced by the temperature difference between
the hot salt surface and the cooler heat exchanger leading to
approximately even gas temperature. Fig. 9 shows the evolution of
the mass transfer coefﬁcient of steam computed in the MELCOR
code (Eq. (5)). It can be seen that in case 1, kst behavior is very
similar above all salt segments of the bottom control volumes 1e3.
During the heat up of the salt, the ﬂow conditions on top of the salt
surface change, which causes the changes to kst due to its dependence on the Sherwood number and steam diffusivity (Eqs. (5) and
(6)). As the temperature of the gas atmosphere stabilizes at
approximately t ¼ 15000 s, kst reaches a constant value of
approximately 0.0037 m/s. The effect of depressurization to the
mass transfer coefﬁcient will be discussed more in the following
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Table 3
List of coefﬁcients used to calculate the vapor pressure of pure compounds.
Reference data used for the ﬁt

Constants

Li
LiF
Li2F2
Li3F3
UF3
UF4
ThF4
CsI
CsF
LiI
I2

A

B

C

Vapor pressures

Boiling point

13.927
39.233
11.969
11.695
12.340
99.511
12.931
41.755
10.820
27.581
62.522

8411.918
17512.525
12863.330
12734.668
16614.284
28515.009
15448.733
12406.991
8861.135
10989.817
5595.471

1.157
7.673
0.0
0.0
0.0
24.050
0.0
9.013
0.0
4.747
17.022

[33]
[6,34,35]
[6,34]
[6,34]
[37,38]
[39e41]
[5,6,43e45]
[2,46]
[48e50]
[51]
[2,52]

[33]
[36]
Estimated with GEMS
Estimated with GEMS
Estimated with GEMS
[42]
[42]
[47]
[47]
[36]
[36]

Fig. 8. Temperature of the salt and conﬁnement atmosphere and the conﬁnement
pressure in the simulations.

Fig. 7. Fit for LiF pure compound vapor pressure.

section.
Fig. 8 shows the pressure of the conﬁnement in cases 1 (similar
to 2 and 3) and 4. In case 1, the pressure rises during the salt heatup phase and reaches its maximum value of 0.385 MPa at
approximately 150 000 s. Depressurization takes place in simulation
case 4 at approximately 5000 s when the conﬁnement pressure
reaches 0.1 MPa over-pressure and decreases by venting to atmospheric pressure. Consequently, the average mass transfer coefﬁcient of steam at the salt surface increases due to the increase in the
ﬂow velocity right after the venting was commenced. After the end
of the salt heat up after 150 000 s, kst stays in higher value compared
to case 1, due to the decrease in gas density (Eqs. (5) and (6)), as
shown in Fig. 9.
The parameters discussed above affect the calculation of the salt
evaporation (Eqs. (1)e(9)). Overall, the thermal-hydraulic conditions in the presented simulations are largely dependent on the

geometry of the salt conﬁnement. This study considered only a
generic design of a conﬁnement, and thus more precise modeling
will be needed once the ﬁnal design of the MSFR is available.
However, regardless if the precise geometry is in use, the results of
the evaporation behavior of the salt and FP compounds presented
below will serve to enlighten the mechanisms of ﬁssion product
release from the salt.
3.5. FP and salt compound release
3.5.1. Fission products
Fig. 10 shows the released masses of ﬁssion products species CsI,
CsF, I and LiI in cases 1 and 2 and the I2 behavior in case 3. When I2
was considered in the pure compound simulation case 3, it is
immediately evaporated due to its high vapor pressure, resulting on
CsI and LiI not being formed at all (Fig. 10b). If iodine stays unmixed
in the salt, it will form molecular I2 which will evaporate most

Table 4
Simulation matrix for the evaporation simulations.
Case 1 (coupled)

Case 2 (pure compound VP)

Case 3 (pure compound VP þ I2) Case 4 (coupled þ venting)

Species considered in the
evaporation simulation:

CsI, CsF, LiI, ThF3 ThF4, UF4, UF3, LiF, CsI, CsF, LiI, ThF4, UF4, UF3, LiF, CsI, CsF, LiI, ThF4, UF4, UF3, LiF, CsI, CsF, LiI, ThF3 ThF4, UF4, UF3, LiF,
Li2F2, Li3F3, Li, I
Li2F2, Li3F3, Li
Li2F2, Li3F3, Li, I2
Li2F2, Li3F3, Li, I

VPs from GEMS coupling

x

Venting of the conﬁnement

x
x
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Fig. 9. a) Mass transfer coefﬁcients of steam kst at the salt surface in simulation case 1,
b) average kst in cases 1 and 4, i.e., without and with venting.

Fig. 10. Comparison of FPs released between a) case 1 and b) case 2 and case 3.

probably even before salt over heated in the accident conditions, as
the normal operation temperature of the MSFR fuel is estimated to
be 900e1000 K. If the fuel salt has excess F, formation of volatile I2
is also possible, as described in section 3.1 (see iodine vapor pressures in Fig. 6). This result shows the importance of the speciation
of iodine in the FP release simulations. At accident conditions, the
behavior of I2 in comparison to CsI or LiI in the conﬁnement atmosphere would be very different, as molecular iodine would stay
in vapor phase even at low temperatures and CsI and LiI would
condense to form aerosols as the temperature decreases.
When assuming in case 2 that I2 is not formed in the salt,

Fig. 11. Comparison of integral release from the salt after 300 000 s of simulation.

evaporation of LiI and CsI can be investigated. CsI starts to evaporate in both cases 1 and 2 approximately at the same time. This is
caused by the high vapor pressure of CsI below the temperature
approximately 600 K, present in both coupled and uncoupled
simulations. In the coupled simulation, CsI is not forming any intermediate compounds with Th or Li and is not involved in the
formation of any solid solutions. Therefore, CsI behaves as a pure
compound up until it melts and mixes with a liquid LieTheF phase.
At approximately 700 K, CsI undergoes a phase transition to liquid,
which shows as a rapid drop of its vapor pressure in Fig. 5. In earlier
work by Capelli et al. [7], CsI has been shown to have a low solubility in liquid LieTheF phase, caused by a low excess (mixing)
Gibbs energy between CsI and the components of the ﬂuoride solution. Thus, only the ideal mixing effects are responsible for the
drop in the CsI vapor pressure, observed in this work, after melting
and mixing with the liquid LieTheF phase.
In case 2 simulation, CsI, CsF and LiI start to evaporate almost
simultaneously due to their similar pure compound vapor pressures at this temperature range. Once the iodine is depleted from
the salt, CsI and LiI release in case 2 stops at approximately 50 500 s,
leading to a slightly higher total released mass of CsI. CsF release
continues until all cesium has been released from the salt at
approximately 80 700 s.
In the coupled simulation case 1, the behavior of CsF, CsI and LiI
differs signiﬁcantly compared to the pure compound simulations.
After the phase transfer to liquid, LiI becomes the most volatile
iodine containing species (the phase transition caused the “shoulder” in LiI mass at t ¼ 50 000 s, shown in Fig. 10a), and its total
evaporated mass eventually surpasses that of CsI at t ¼ 110500 s
when the salt has already reached its maximum temperature
1500 K (Fig. 10). Additionally, at the end of the simulation at
300 000 s only 20% of the iodine was released from the salt. Similar
behavior is also observed for CsF, where 1 mg of CsF has been
released at approximately 70 500 s simulation time and at the end of
the simulation at 300 000 s more than 99% of the Cs remains in the
salt. Additionally for CsF, the onset of evaporation is signiﬁcantly
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Fig. 13. Fission product release in case 1 and case 4.

considering the realistic modeling of the evaporation of the actinide compounds.

Fig. 12. Comparison of salt species behavior in cases 1 and 2.

delayed in simulation case 1 compared to case 2, due to its better
retention in the salt mixture at temperatures below the melting
point of the salt mixture, caused by formation of intermediate
CseLieTheF compounds (mainly CsTh3F13).
The above results show that for both cesium and iodine, the
retention in the salt is signiﬁcantly increased when the mixing
effects in the salt are considered. This can be seen clearly in Fig. 11a,
where the integral release of compounds after 300 000 s simulation
time in cases 1 and 2 is depicted. Additionally, Fig. 11a shows that
the total amount of the most non-volatile compounds (Li and UF3)
released during the simulations remained very low (less than 1 g
after 300 000 s of simulation time), which suggest that the vapor
pressure cut-off limit of 108 Pa, which was used when selecting
the species to be modeled, was justiﬁed.

3.5.2. Salt species
Fig. 12 shows the evaporation behavior of salt species in simulation cases 1 and 2. For the LiF, UF4 and ThF4 species, the onset of
evaporation was not considerably varied between the pure compound and salt mixing simulations but takes place in both at
approximately 50 000e60 000 s. The largest difference in the timing
of the release was seen in the species Li and UF3 whose release
ended up being delayed in the coupled simulation approximately
70 000 s and 30 000 s, respectively. This is caused by a much higher
activity of pure Li compared to it being mixed in the fuel salt with
other salt and FP compounds. Additionally, uncertainties in the
pure compound vapor pressure of UF3, found from the literature
[37,38] can play a role in the signiﬁcant difference seen in the results from cases 1 and 2.
Overall, similar to FPs Cs and I, almost all the salt species were
observed to be retained better in the fuel salt when salt mixing was
considered and the coupled simulation method was used,
compared to the pure compound simulation, which is clearly
observed in the integral release at 300 000 s, shown in Fig. 11a.
Additionally, in the coupled simulations (case 1) LiF was found to be
the most volatile of the salt components, whereas in case 2 several
species like ThF4, UF4 and Li contributed more to the overall mass
release. This indicates that in addition to the evaporation of the
ﬁssion products, the salt mixing effects are also important when

3.5.3. Effect of venting
The change in the atmospheric pressure has almost no effect on
the timing of the FP and salt material release, which is seen by
comparing cases 1 and 4 in Fig. 13. The only difference between
these two cases was the reduction of the conﬁnement pressure by
venting in case 4 at time ¼ 5000 s. The decreased pressure (and in a
short period during the pressure drop the increased ﬂow velocity in
the conﬁnement) increased the mass transfer coefﬁcient at the salt
surface, as discussed in the previous section (see Fig. 9), which
resulted in a slight increase in the evaporation rates of all species
considered in the simulations. Thus, the main result of the
conﬁnement depressurization was that the overall released amount
of FPs and salt components was slightly increased in lower atmospheric pressure in the venting case, as is shown in Fig. 11b.
The results of this analysis show that if the depressurization of
the conﬁnement becomes inevitable, the increase in the evaporated
mass and the timing of the evaporation of different FP and salt
materials need to be taken into account when venting strategies of
the MSR conﬁnement are being designed. In order to determine the
speciation of the material reaching the ﬁltration system outside the
conﬁnement and eventually the environment, more detailed simulations of the source term need to be performed.
4. Conclusions
In this study, the evaporation of ﬁssion products and salt compounds from the MSR fuel under accident conditions was investigated. A comparison was done between different models,
considering either evaporation of pure compounds from a
conﬁnement surface or evaporation of FP and salt species from a
fuel salt mixture. Additionally, the effect of the conﬁnement
building pressure reduction by venting on the evaporation process
was addressed. The conclusions can be summarized as follows:
 The release of FPs and salt materials was reduced when the salt
mixing was considered in the coupled simulation model,
compared to the pure compound simulations. Additionally, the
timing of the release of different compounds is determined by
the mixing effects in the salt.
 Depressurization affects the mass transfer coefﬁcient at the salt
surface, increasing the amount of evaporated materials.
 Thermodynamic modeling of the salt mixture plays a crucial
role in determining the dominant volatile species that need to
be considered when evaporation of the salt is investigated. This
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shows that the simpliﬁed evaporation modeling using the pure
compound vapor pressures is not sufﬁcient, especially in the
case of the MSRs, where chemical reactions in the liquid salt are
important. Additionally, vapor phase iodine speciation is greatly
affected by the amount of F in the salt mixture. This could have a
signiﬁcant effect on the FP behavior during salt evaporation and
needs to be more comprehensively studied in the future.
 Additionally, it is important to note that the operating temperature of an MSR is high, possibly between 900 and 1000 K. Many
of the species considered in this study were seen to evaporate at
this temperature range. This should be taken into account in the
investigation of the salt and FP behavior in the primary circuit of
the reactor also during normal operation.
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Appendix. list of species considered in the thermodynamic
simulation

5. Future work
The possible future improvements to the study could include:
 In addition to Cs and I, more ﬁssion product elements should be
added to the simulations. This will require more experimental
information about the FP and salt mixtures, which can be used
for the validation of the thermodynamic modeling. Potential FPs
could include for example Ba, which is known to be volatile in
reducing atmosphere in LWR severe accident conditions [53]
and Cd, that could affect the I speciation through the formation
of CdI2 [54]
 Only a crude preliminary design of the salt conﬁnement was
used in this study. More precise model of the conﬁnement geometry and the accident sequences in the MSFR are needed to
determine the importance of the thermal-hydraulic conditions
to the source term. With the improved conﬁnement modeling,
the transport and deposition of active particles and vapors could
also be more accurately taken into account.
 Possible effects of the under and over ﬂuorination should be
considered more thoroughly. Additionally, the effects of variations of ﬂuorine concentration in the salt for FP volatility during
the reactor operation could be further considered.
 In these simulations, the salt was considered to be homogenous
without any consideration of the physical modeling of the liquid
salt. More sophisticated modeling of the salt could cover heterogeneity of the salt and heat and mass transfer in the liquid
phase. Additionally, more detailed model of the salt heating by
the decay heat could be covered in the future work.
 Coupling of the burnup calculation with the thermodynamic
assessment of each species volatility, e.g. presence on I2 in offgas system could be considered.
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Solid

Liquid

Gaseous

Li7ThUF(ss)
LiThU4F17(ss)
ThUF4(ss)
C
CsF
CsI
Cs2Th3F14
Cs2ThF6
Cs3ThF7
CsTh2F9
CsTh3F13
CsTh6F25
a-CsThF5
Cs2ThI6
I2
Li
LiCsF2
LiF
LiI
Li2O
Li3ThI7
Li7Th6F31
LiTh4F17
Li3ThI7
LiTh2I9
LiTh4I17
LiThI5
Li4UF8
Li7U6F31
LiU4F17
Th
ThF4
ThI
ThI2
ThI3
ThI4
U
U2F9
U4F17
UF3
UF4
UI3
UI4

CsF(l)
CsI(l)
LiF(l)
LiI(l)
ThF4(l)
ThI4(l)
UF3(l)
UF4(l)

Cs(g)
Cs2(g)
Cs2F2(g)
CsF(g)
Cs2I2(g)
CsI(g)
CsLi(g)
F(g)
F2(g)
I(g)
I2(g)
Li(g)
Li2F2(g)
Li3F3(g)
LiF(g)
Li2I2(g)
Li3I3(g)
LiI(g)
Th(g)
ThF2(g)
ThF3(g)
ThF4(g)
ThI(g)
ThI2(g)
ThI3(g)
ThI4(g)
U(g)
UF(g)
UF2(g)
UF3(g)
UF4(g)
UI(g)
UI2(g)
UI3(g)
UI4(g)

* (ss) solid solution, (g) gas (l) liquid.
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