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ABSTRACT

The Molten Salt Fast Reactor, currently under development in the framework of the SAMOSAFER H2020-Euratom
project, foresees an in-core helium bubbling system for the removal of gaseous and metallic fission products from the
fuel salt. The correct assessment of the removal capability of the off-gas system inside the fuel circuit is of paramount
importance in the determination of the radioactive source term in the MSFR. This paper deals with the extension of
the modelling capabilities of an OpenFOAM multiphysics solver previously developed at Politecnico di Milano and
its application to study the transport of the gaseous fission products (GFPs). In particular, the behavior of GFPs and
their interaction with the MSFR helium bubbling system are considered to determine the mass transfer of GFPs from
the salt mixture to the gaseous phase and then to the off-gas system. xenon-135 is taken as the reference isotope for
modelling the production, the transfer between liquid and gaseous phases (i.e. the fuel salt and helium, respectively),
and the extraction of the gases. The capabilities of the solver are presented with an analysis carried out on a simplified
axisymmetric model of the reactor. The efficiency of the helium bubbling system in the removal of the gaseous fission
products is evaluated through a characteristic renewal time of the core calculated from the outcomes of the simulation.
The latter is found to be in the order of tenths of seconds in accordance to preliminary assessments performed by
reactor designers.
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1. INTRODUCTION

The Molten Salt Fast Reactor (MSFR) is the reference design for the development of Molten Salt Reactors
in the framework of the Generation IV International Forum (GIF-IV) [1]. It is a circulating-fuel reactor,
featuring a mixture of fluoride salts acting both as fuel and coolant and employing a Thorium fuel cycle [2].
The design presents various innovative characteristics with respect to conventional nuclear systems, offering
potential advantages, particularly in terms of economy and safety. The presence of new features, however,
implies the need to create and develop new computational tools, suitable for their modelling and simulation.
One particular characteristic of the design is the foreseen presence of a in-core helium bubbling system,
envisaged for a better removal of gaseous and metallic fission products from the fuel [3].

In past works, a multiphysics solver for the analysis of the MSFR was developed in the framework of
OpenFOAM [4]. The multiphysics approach was chosen in view of the particularly strong coupling between
thermo-hydraulics and neutronics in this kind of nuclear systems. The solver is based on the Euler-Euler



formulation to model the presence of two phases - a liquid one for the salt and a gaseous one for helium
bubbles - and their interactions, considering also neutronics and the transport of delayed neutron and decay
heat precursors.

Knowledge of the spatial distribution of the fission products inside the core is a fundamental information for
a circulating-fuel reactor, since they influence heavily the neutronics of the system and their contribution is
crucial in the estimation of the source term, both inside and outside of the core. Additionally, an accurate
study on the effect of the helium bubbling system is required in order to understand if it is a viable option for
the removal of fission products. In the past, the impact of the helium bubbles has been modelled in analogy
with a radioactive decay of the interested nuclides, with the definition of a characteristic time, employing a
value of 30 seconds [5]. The aim of this paper is to introduce in the multiphysics environment the capability
of modelling the gaseous fission products in the reactor, considering their production and consumption and,
most importantly, their interactions with the helium bubbling system. This allows for the calculation of
a characteristic time, able to express the efficiency of the bubbles in the removal of the gaseous fission
products. In addition, it makes possible to verify the reliability of the assumptions made in the past and to
take into account 3D effects in the fission product removal.

The paper is organized as follows. The new sub-model for the fission product modelling is described in
Section 2. In Section 3, simulations are performed on a 2D model of the MSFR system in order to test the
new capabilities and to perform the necessary analyses on the behavior of gaseous fission products and the
helium bubbling system. Finally, in Section 4, some conclusions are drawn.

2. XENON MODELLING

In this work, Xe-135 is taken as a reference nuclide for the analysis of all those fission products that are
generated as solute in the fuel and that can be extracted and carried to the off-gas system by the action of
the helium bubbling system. In the remainder of this Section, all the assumptions made in the development
of this feature are presented and discussed, both from the physical and the implementation points of view.

2.1. Theoretical Approach

The starting point of this work, as aforementioned, is a previously developed Euler-Euler multiphysics
solver, able to model both the thermal-hydraulic and neutronic aspects of the MSFR, considering the pres-
ence of the helium bubbles in the core [4,6]. In order to adapt it to the presence of xenon and other GFPs, the
algorithm was modified with the definition of multiple species for each phase (salt and xenon in the liquid,
xenon and helium in the gaseous one). This choice of approach in particular gives the possibility to model
the production of xenon directly in the salt, with a dependence on the neutronics of the system, together with
the ability to simulate the foreseen migration to the gas bubbles through suitable mass transfer models, and
the consequent transport out of the core towards the off-gas system.

In order to model the presence of multiple species in each phase, suitable equations are added in the solver
algorithm, in order to describe the concentration of the components in terms of production, transport and
consumption. A general formulation for species i in phase k as follows

∂αkCi,k

∂t
+∇ · (αkukCi,k)−∇ · (αkDk∇(Ci,k)) =

dmi,k

dt
(1)



where Ci,k is the concentration expressed in kg/m3, Dk represents the mass diffusivity in the phase, and dmi
dt

denotes the mass transfer of the species to or from the phase. The diffusivity coefficient of each phase, Dk,
can be calculated from the dimensionless Schmidt number, Sc, as

Dk =
µk

ρkSck
(2)

The rate of mass transfer of species i in phase k can be computed through a suitable coefficient, Ki,k:

dmi,k

dt
= Ki,kai(C

∗
i,k − Ci,k) (3)

where C∗ denotes the saturation concentration at the interface, and a represents the interfacial area of ex-
change per unit volume (of system geometry), which is dependent on the pair of phases where the component
is present. In our particular case, for a liquid-gas system, this term is computed from the bubble diameter
(db) as

al/g =
6αg

db
(4)

At this point, in order to solve the species transport equations, there is the need to obtain the mass transfer
coefficient and the saturation concentration of Eq. 3 for each component in each phase. This can be done
exploiting, respectively, a mass transfer model and an interface composition one. For what concerns the
interface composition model, an Henry-like behavior is chosen. The saturation concentration at the interface
for one phase is thus computed from the concentration of the specie on the other phase as

C∗
i,k = H Ci,j (5)

where H is the dimensionless Henry coefficient.

The mass transfer model aims at computing the term K in Eq. 3. Since the diffusivity in each phase is
already part of the solution, this is generally done exploiting the definition of a dimensionless group, the
Sherwood number, representing the ratio between convective and diffusive mass transfer

Ki,k =
ShDi,k

db
(6)

The Sherwood number is generally evaluated through empirical correlations, depending on the particular
conditions of the flow in the case of interest. These models can be derived from both analytical and experi-
mental studies and, for the case of gaseous bubbles in liquid flows, they generally result in an analogy with
the heat transfer correlations (Dittus-Boelter-like laws, where Nu and Pr are replaced respectively by Sh and
Sc):

Sh = AReBb ScC (7)

It is worth noting that the Reynolds number employed in these formulation is the one referring to a single
bubble transported by the liquid. In this formulation, the characteristic length is the diameter of the bubble
(calculated, in this work, as a function of pressure), and the velocity is the difference between that of the
bubble and the one of the liquid some distance away (so that the value is not influenced by the presence of
the bubble itself) [7]:

Reb =
|ug − ul| db

νl
(8)

Among the various correlations taken into account, the one proposed by Higbie [8] could be exploited for
the MSFR system:

Sh = 1.13 Re1/2Sc1/2 (9)



This particular formulation has been developed for the case of free-rise of bubbles in a liquid stream, which
is a condition somewhat similar to the MSFR environment. The main limitation is that this approach refers
to a laminar stream, while the regime of flow for the MSFR is expected to be turbulent. Given the lack of
experimental data, however, the approximation can be considered acceptable.

2.2. Code Implementation

In the OpenFOAM environment, to deal with multiple components in each phase, the algorithm calls for
the solution of species transport equations, based on Eq. 1. Since the solver is developed for the treatment
of compressible flow, however, a concentration depending on the volume is not suitable. The problem
is avoided in OpenFOAM by making use of a different expression, employing the mass fraction of the
component in the phase (with units of kg/kg),

Yi,k =
Ci,k

ρk
(10)

The formulation of the species transport equation treated by the solver is thus [9] [10]

∂αkρkYi,k
∂t

+∇ · (αkρkukYi,k)−∇ ·
(
αkµk
Sck
∇(Yi,k)

)
=
dmi,k

dt
(11)

The algorithm builds a similar equation for each component in each phase. In order to properly simulate the
behavior of xenon in the system, some more terms need to be supplied to reproduce the production and the
consumption of the fission products.

The isotope 135 of xenon is generally considered one of the most influential species in a nuclear environ-
ment, in its role as a neutronic poison. Its contribution is somewhat limited in a fast reactor as the MSFR,
but the presence of data related to its behavior in a thermal system can be employed as a solid starting point.
Additionally, the analyses conducted here can be easily extended to any other nuclide of higher relevance
identified in the future. In a reactor Xe-135 is produced both as a direct fission product (with a certain
yield), and as result of the decay of other fission products, I-135 and Te-135, which are precursors in its
decay chain. A complete formulation of the problem would require the solution of a balance equation for
each one of these nuclides but, as a first approximation, it is possible to consider only the presence of Xe, as
if it was produced all by fission, with an equivalent cumulative yield. A source term is thus inserted in the
transport equation relative to the liquid phase, in a form of direct proportionality with the fission rate of the
system

SXe = yXe
mmol

NAv

∑
n

(Σf,nϕn) (12)

where mmol is the molar mass of Xe-135 and NAv is the Avogadro number.

Together with the source term, some sink terms need to be introduced in the equations as well. Apart from
manual removal of the gaseous phase, neutron are subject to capture and decay. Again, for the sake of
simplicity, only Xe-135 is considered and the rest of the decay chain is neglected. The component is thus
modelled as if disappearing after both capture and decay.

sinks = −αkρk

(
λ+

∑
n

(σc,nϕn)

)
YXe,k (13)



The capture cross sections are evaluated by means of a Monte Carlo code for burnup and transport calcula-
tions, Serpent-2 [11].

The final forms of the xenon balance equations as implemented in OpenFOAM are, for liquid and gas phase
respectively,

∂αlρlYXe,l

∂t
+∇· (αlρlulYXe,l)−∇·

(
αlµl
Scl
∇(YXe,l)

)
= SXe−αlρl

(
λ+

∑
n

(σc,nϕn)

)
YXe,l +

dmXe,l

dt
(14)

∂αgρgYXe,g

∂t
+∇ · (αgρgugYXe,g)−∇ ·

(
αgµg
Scg
∇(YXe,g)

)
= −αgρgλYXe,g +

dmXe,g

dt
(15)

SXe = yXe
mmol

NAv

∑
n

(Σf,nϕn) (16)

dmXe,l

dt
= −dmXe,g

dt
=

6αg Sh

d2b
DXe,l ρl(HYXe,g

ρg
ρl
− YXe,l) (17)

Neutronics is solved following the multigroup diffusion approach, employing in particular a power iteration
routine to achieve critical conditions. This means that the transient of the neutronic quantities caused by the
injection of helium was neglected. Six-groups constant are generated with the Serpent-2 code, employing the
cross section from JEFF-3.1.1 libraries [12]. Albedo boundary conditions are defined both at the reflectors
and the blanket walls, with Eq. 18.

Dn,i∇ϕi = −1

2

(
1− βi
1 + βi

)
ϕi (18)

The neutronic part of the algorithm is also capable to solve for the transport of delayed neutron precursors as
well as decay heat precursors, for which suitable multi-groups models are defined, taking into account also
the turbulence aspects of the problem. More details on the neutronic approaches employed can be found
in [4] and [6].

3. REACTOR ANALYSIS

The modelling approach described earlier allows for the simulation, in the OpenFOAM environment, of
the behavior of gaseous fission products in the MSFR system. In the following, this tool is exploited for
the analysis of the effect of the helium bubbling system on the concentration of these species. Since the
apparatus is envisaged for a faster and more controlled removal of the non-soluble (gaseous and metallic)
components of the mixture, the calculation of a removal rate and a characteristic time is performed on the
reference nuclide Xe-135, in order to assess the efficiency of the helium bubbles in their foreseen task.

3.1. Geometry

For these analyses, a simplified reactor geometry is adopted. The basis for this choice is taken from the work
of the past EVOL project [13]. In particular, a 2D axisymmetric model is employed, so that the cylindrical
symmetry can be exploited in the solution of the problem. Only the fluid part of the system (salt and helium
bubbles) is taken into account, in order to avoid the increased computational effort that modelling the solid
parts as well would require. A sketch of the geometry employed, with indications relative to the helium
bubbling system, the heat exchanger and the pump location, is shown in Fig. 1a. The latter are modelled
by means of a convective heat condition and a momentum source, respectively, uniformly distributed in the



corresponding sections. Finally, a free surface is present in the upper right corner of the hot leg, in order to
allow for the expansion of the mixture. Fig. 1b represents the computational mesh applied to the geometrical
domain to perform the simulations, consisting of 22671 elements in total.

(a) (b)

Figure 1. (a) Geometry and (b) Computational mesh employed for 2D simulations

3.2. Efficiency of the Bubbling System on Xenon

The effectiveness of the helium bubbles in the removal of the gaseous fission products is analyzed in this
work by defining and computing a suitable parameter, in the simulation of the behavior of the reference
isotope xenon-135, i.e. a characteristic renewal time which is connected to the cycle time of the removal
process. A fundamental hypothesis is made in this instance, assuming that the effect of the bubbling system
on the mass balance of the gaseous fission products can be modelled in perfect analogy with a radioactive
decay, upon definition of a corresponding constant parameter, γbub. From an analytical point of view, this is
represented by a linear sink term in the differential equation relative to the balance of the nuclide, for which
a simplified version can be written as:

∂N

∂t
= source− reactions− λdecN − γbubN (19)

This approach is already employed in the burnup analysis of the MSFR, in the solution of the Bateman equa-
tions. There, to correctly predict the evolution of the salt mixture, it is of paramount importance to take into
account the effects related to the FP removal, from both the gaseous system and the fuel treatment unit [14].
The added contribution translates, upon integration, in an exponential trend in time for the mass balance of
the interested nuclide, in analogy with the radioactive decay. The helium bubbling system can be considered
effective in the removal of the gaseous fission products, then, if its impact is enough to drive the dynamics
of the nuclide concentration. This means, from the analytical point of view, that the related parameter γbub
is considerably larger than both the decay constant of the nuclide and the characteristic parameters of the
nuclear reactions involved (products of neutronic flux and proper cross sections), or alternatively that the
characteristic time of the removal via bubbling is small with respect to the others. The nominal value of 30
seconds used in the past by MSFR designers is surely small enough to meet this criterion, but there is still
the need to confirm the assumption on a realistic case of study. Part of the aim of this work is thus to verify



if it is possible to obtain results in the same order of magnitude with a CFD simulation, able to take into
account the real bubble distribution and the phenomenon of mass exchange.

Following the approach just depicted, the necessary parameter is directly calculated as the ratio between the
rate of extraction of xenon from the system via bubbling and the integrated mass inventory present in the
system itself:

Xeoutflow (kg/s)

Xemass (kg)
=
γbubXemass

Xemass
= γbub (1/s) (20)

The cycle time of the removal process mentioned above is nothing else than the reciprocal of this coefficient:

τ =
1

γbub
(21)

The mass inventory of xenon in the system is calculated as a numerical output of the simulations, by inte-
grating the concentration on the domain. The removal of the gaseous phase from the system is modeled by
the introduction of an implicit mass sink term in the continuity equation. This approach allows to repro-
duce a continuous extraction of gas, distributed over a chosen section of the volume, by an amount which is
proportional to the quantity present in the system. In particular, for this work, the action of the remover is
confined to the hot leg of the reactor. The effect produced is sufficient to extract all the gas located in the
external circuit, so that there are no bubbles re-entering the core from the cold leg via recirculation. This
means that all the mass of xenon present in the gaseous flow going out of the core is effectively removed
from the system, together with the additional quantity migrating to the gaseous phase in the hot leg. The
rate of removal from the system can be obtained with a direct calculation from the values of mass inventory
in the domain, recorded for consequent time intervals, with an added term to account for the continuous
production of xenon (which is given by Eq. 12):

Xeoutflow(t) = −Xemass(t)−Xemass (t−∆t)

∆t
+ SXe (22)

3.3. Simulations and Results

The simulations were performed, as already mentioned, on an axisymmetric 2D model. The stationary
conditions are found initially in the presence of the single phase only. The quantities of main importance
in the core are displayed, in form of color map plots, in Fig. 2. As it can be seen, the simplified geometry
suffers from the arising of a stagnation zone, where xenon is accumulated, caused by the presence of straight
walls and squared angles. This factor can be of particular influence in the removal of the gaseous fission
products, if the bubbles are unable to reach the whole available core space, especially for those species for
which the diffusivity in the salt is low.

The steady state conditions found are taken as starting point for the two-phase simulations. The injection
and extraction of gaseous phase are modelled following the indications of Figure 1a. For the velocity fields,
no-slip boundary conditions are employed at the reactor walls, and atmospheric pressure is imposed at the
free surface of the expansion tank. The standard k-εmodel is employed to account for turbulence of the fuel.
The diameter of the helium bubbles is estimated by use of an isothermal power law, dependent on pressure:

db = d0

(
p0
p

)1/3

(23)

where the reference diameter and pressure are assumed to be, respectively, d0 = 3 mm, p0 = 1 atm.



(a) (b)

(c) (d)

Figure 2. Color map plots for the profiles of the main quantities in 2D simulations. (a) Temperature
(b) Velocity (c) Fission Rate (d) Xe concentration

The explicit terms in the momentum balance equation, for the interactions between the phases, are treated
with the following correlations:

• For virtual mass forces, a constant coefficient correlation is chosen, with CVM = 0.5 [15]

• Lift is not considered, following the assumption that the bubbles are sufficiently small in size to
neglect the effect of vorticity on the momentum transfer between the two phases

• Turbulent dispersion is neglected as well

• The drag coefficient is evaluated by use of the Schiller-Naumann correlation [16], which depends on
the bubble Reynolds number defined in Eq. 8:

CD =

{
24(1+0.15Re0.687b )

Reb
for Reb < 1000

44 for Reb ≥ 1000
(24)

The heat transfer between the phases is modelled following the Ranz-Marshall correlation [17]:

Nu = 2 + 0.6 Re
1/2
b Pr1/3 (25)



All of the modelling assumptions just mentioned follow same approach chosen in previous works conducted
with the same solver. In particular, in Chapter 3 of [18], a sensitivity analysis is proposed, putting in evidence
the suitability of the correlations used.

Mass transfer between the liquid phase and the dispersed bubbles is modelled with Henry’s law, and the
Sherwood number is evaluated through the Higbie correlation (Eq. 9), as mentioned in Section 2.

The transport of the gaseous bubbles alone develops in short time, and the phase fraction reaches, for the
reference case, the steady-state distribution shown in Fig. 3. As it can be seen, helium bubbles are injected
from the bottom of the core, with null velocity, and they are carried by the fuel to the cold leg up top, where
they are progressively removed from the system. During this transit, xenon is extracted from the liquid phase
through mass transfer, and it is carried away by the helium flow. The overall effect on the concentration of
Xe-135 can be modelled, as mentioned, in analogy with a radioactive decay, with the calculation of a removal
constant, and a corresponding renewal time. Fig. 4 displays the resulting distribution of xenon concentration
in the salt at the end time (100 seconds) of the reference simulation. The reduction of inventory is quite
evident with respect to the results shown in Fig. 2d, leading to a decrease by a factor of approximately 2.3.
On the other hand, it should be pointed out that this is not the equilibrium profile for the concentration in
presence of the bubbling flow, and the simulation time needed to reach the steady-state conditions for the
transport and removal of the xenon component is much longer.

Figure 3. Void fraction profile for the reference case

The main figure of merit obtained from the 2D simulations is the characteristic time defined by Eq. 21. The
graph in Fig. 5 represents its behavior in time for the reference case. As it can be seen, after a first steep
transient, the curve acquires a flat profile, and the parameter reaches a steady-state value which remains
almost constant from there on, even if the stationary conditions are not met yet at the end of the simulation.
The reference conditions chosen for the helium bubbling system modelling are portrayed in the Figure as
well.

The flat profile that the curve just displayed assumes after the initial transient can be seen as a hint that
the xenon removal through helium bubbling system acts effectively in analogy with a radioactive decay,
with the selection of an appropriate time constant. As further confirmation of this fact, the graph in Fig. 6
shows the xenon inventory in the system through time. The regression of the curve puts in evidence the



Figure 4. Xenon concentration profile at the end of the reference simulation

Figure 5. τ trend in time for the reference case

exponential trend associated with decay. It should be pointed out that the real behavior in time is not a
simple exponential, and this regression is valid only for the initial transient, where the dynamic is driven
by the effect of the remover alone. The aim of the work is, however, to estimate the removal capability of
the helium bubbling system, rather than establishing the final steady-state conditions of the reactor, and the
graph displayed is meant only to confirm the validity of the hypothesis made in the modelling of the effect
of bubbles on the xenon concentration.

The result shown in Fig. 5 is obviously dependent on a series of parameters chosen to perform the reference



Figure 6. Xenon inventory trend in time for the reference case, with exponential regression

simulation. The main quantity of relevance in the definition of the problem is considered to be the mass
flow rate of helium injected in the system. Multiple simulations were thus performed with different values
for this parameter, keeping all the other conditions unaltered. The result, in terms of comparison of values
for the characteristic renewal time, is presented in Fig. 7.

From the plot, it can be seen that the time needed to complete the transient and reach the steady-state value is
always shorter than the one seen in the reference case (with the lowest helium inlet flow rate). Additionally,
the τ shows an inversely proportional behavior with respect to the inlet mass flow rate of helium. This fact
gains further confirmation by the display of Fig. 8, where the values of characteristic time are plotted in
function of the parameter, for two distinct moments of time in the simulations. The proportionality trend is
clearly visible, and it is numerically verified by the data in Table I.

Additionally, the results reported here show that the aforementioned value of 30 seconds supposed by the
MSFR designers for the characteristic time of the gaseous fission products removal can be effectively repro-
duced in CFD simulations under some conditions, and the order of magnitude of the quantity is the correct
one for the whole range of values of helium inlet flow rate considered.

4. CONCLUSIONS

In this paper, a previously developed multiphysics OpenFOAM solver for the analysis of the MSFR is
extended, with the introduction of the capability to model the presence of gaseous fission products, for
what concerns their production, consumption, motion in the salt and interactions with the helium bubbling
system. The efficiency of this latter apparatus is analyzed, with the definition of a suitable parameter (the
renewal time). The results, based on the simulation of the behavior of the reference nuclide Xe-135, show
that the value of 30 seconds suggested theoretically by the designers is of the right order of magnitude. An



Figure 7. τ trends in time for different values of helium inlet flow rate

Figure 8. τ trend as a function of helium inlet flow rate, with evidence of proportionality

additional analysis performed on the variation of the characterostoc time with respect to the helium flow rate
entering the domain puts in evidence an inversely proportional trend, which translates in a linear dependence
of the efficiency of removal from the inlet condition.



Table I. Values of τ at different times for increasing helium inlet flow rate, with evidence of propor-
tional behavior

Helium inlet flow rate (g/s) τ at 20 s (s) Ratio (-) τ at 30 s (s) Ratio (-)

0.1 115.5280 1.000 114.1898 1.000

0.2 57.4712 0.497 57.7598 0.506

0.3 35.4788 0.307 36.1896 0.317

0.4 26.9033 0.233 28.0355 0.245

0.5 22.5792 0.195 23.9782 0.210

The results presented in this work constitute a step forward in the design and testing of the MSFR and
help to lay the ground for further developments on the study of the helium bubbling system in particular.
Additional studies can be now performed, as an example, with the definition of multiple gaseous species,
in order to evaluate correctly the source term and the inventory of material going to the off-gas system, or
with the usage of different correlations, with a proper sensitivity analysis. Additionally, the modelling of
the behavior of metallic particles can be introduced as well, to investigate how the helium bubbling system
would affect their removal as well.
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