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a b s t r a c t

The Molten Salt Fast Reactor is a fast-spectrum molten salt reactor under development in the framework
of the European H2020 SAMOFAR Project (http://samofar.eu/). Among the design peculiarities, this circu-
lating fuel reactor features a helium bubbling system aimed at removing on-line gaseous fission products,
and metallic particles as well. From a modelling point of view, the presence of helium bubbles in the core
needs to be assessed both from a neutronics and thermal-hydraulics point of view. In this paper, the
attention is paid to the first aspect, analysing the void reactivity effect induced by the bubbles by means
of a Monte Carlo, an SP3 neutron transport and a neutron diffusion approach. Since the distribution of
helium bubbles is not uniform in the core but strongly depends on the fuel salt flow conditions, as well
as on the location of their injection and extraction, a coupling scheme between Serpent 2 and OpenFOAM
codes is adopted for the Monte Carlo analysis. In this way, the Monte Carlo code Serpent 2 is provided
with a real bubble distribution calculated by means of a two-phase Euler-Euler solver implemented in
OpenFOAM. The outcome puts in evidence the difference arising when a uniform and a real distribution
of bubbles is considered in a Monte Carlo calculation. These results are also compared with an SP3 neu-
tron transport and a neutron diffusion solver implemented in OpenFOAM, highlighting the difference
among the three neutronics approaches herein adopted.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Molten Salt Fast Reactor (MSFR) is a fast-spectrum molten
salt reactor under development in the framework of the European

H2020 SAMOFAR Project (http://samofar.eu/). In this circulating
fuel reactor, the choice of a molten fluoride salt, acting both as fuel
and coolant, leads to peculiar characteristics, such as the drift of
the delayed neutron precursors, the strong coupling between neu-
tronics and thermal-hydraulics, and the internal heat generation in
the fluid (Serp et al., 2014). In addition, the current design of the
MSFR foresees an on-line bubbling system for removing both the
gaseous fission products via dilution and the metallic particles
via capillary sticking (Delpech et al., 2009). A carrier gas (i.e.,
helium) is injected in the fuel circuit from the bottom, put in con-
tact with the fuel salt, and extracted from the top. The schematic
layout of the system is presented in Fig. 1, while its main design
parameters are listed in Table 1.
The presence of helium bubbles in the core may affect both the
neutronics and the thermal-hydraulic behaviour of the reactor. As
for the latter, with limited flow rate, the presence of bubbles has a
small impact on the temperature and velocity fields.

On the other hand, as far as neutronics is concerned, the void
reactivity feedback of the bubbles is strongly dependent on the
bubble spatial distribution. The contribution of the void reactivity
effect is different if the bubbles are close to the centre of the core
(where the neutron importance is higher) or are located in the
periphery (where the neutron importance is lower). For this rea-
son, a correct assessment of the void reactivity effect cannot be
performed without the analysis of the bubble distribution, pro-
vided by a thermal-hydraulic simulation. In addition, the bubbles
may have an important effect in some prompt-critical accident ini-
tiators, where the fuel compressibility cannot be neglected
(Aufiero et al., 2017; Cervi et al., 2018a; Cervi et al., 2019). Again,
the bubble spatial distribution is expected to have a relevant
impact on the system dynamics, locally modifying the fuel com-
pressibility. Therefore, a detailed analysis of the bubbly flow is
important not only for steady-state criticality calculations, but also
for transient simulation.
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Nomenclature

Latin symbols
c Delayed neutron precursor density, m�3

D Neutron diffusion coefficient, m
d Decay heat precursor density, W m�3

g Gravitational acceleration, m s�2

h Specific enthalpy, J kg�1

K Modified thermal diffusivity, J m�1 s�1 K�1

keff Effective multiplication factor, –
L Inter-phase heat transfer coefficient, W m�3

M Inter-phase momentum transfer, kg m�2 s�2

p Pressure, Pa
pcm per cent mille (=10�5)
Q Power source density, W m�3

S Mass source, kg m�3 s�1

t Time, s
u Velocity, m s�1

v Neutron velocity, m s�1

Greek symbols
a Gas fraction, –
a
�
b Core average void fraction, –
ai Albedo coefficient, –
av Void reactivity coefficient, pcm/%
b Delayed neutron precursor fraction, –
bheat Decay heat energy fraction, –
DT Inter-phase temperature difference, K
k Delayed neutron precursor decay constant, s�1

kh Decay heat precursor decay constant, s�1

l Dynamic viscosity, Pa s

m Kinematic viscosity, m2 s�1

m
�

Average neutrons per fission, –
q Density, kg m�3

q
�

Reactivity, pcmP
Macroscopic cross section, m�2

u Neutron flux, m�2 s�1 (diffusion equation)
uo Neutron flux, m�2 s�1 (SP3 equation)
u2 Neutron flux second moment, m�2 s�1

v Neutron yield, –

Subscripts
b Bubble
d Delayed
f Fission
h Decay heat
i Neutron energy group
j Phase
k Delayed neutron precursor group
m Decay heat precursor group
p Prompt
r Removal
s Scattering
s2 Second order scattering
s3 Third order scattering
T Turbulent
t Total
tr Transport

Fig. 1. Layout of the MSFR (the red arrows indicate the fuel flow direction).

Table 1
Main design parameters of the MSFR (Gerardin et al., 2017; Tano et al., 2017).

Parameter Value

Nominal power 3000 MWth

Fuel inlet temperature 923 K
Fuel outlet temperature 1023 K
Total salt volume 18 m3

Salt composition (% mol.) Fuel: LiF (77.5) – ThF4 (20.0) – 233UF4 (2.5)
Fertile blanket: LiF (77.5) – ThF4 (22.5)
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The methodology adopted in this work and the obtained results
are presented in Section 2, while conclusions are provided in
Section 3.
2. Methodology and results

In this paper, the analysis of the void reactivity effect induced
by the helium bubbling system in the MSFR is studied by compar-
ing a neutron diffusion (Cervi et al., 2019) and an SP3 neutron
transport solver (Cervi et al., 2018b; Cervi et al., 2019b) with a
Monte Carlo approach.

Neutron diffusion is typically selected for the estimation of the
neutron flux in available multiphysics models of the MSFR (Fiorina
et al., 2013; Aufiero et al., 2014a; Aufiero et al., 2014b; Fiorina
et al., 2014). However, the adoption of more accurate neutronics
models, based on transport theory, may constitute an improve-
ment for the analysis of the MSFR, allowing for catching phenom-
ena that cannot be described by means of diffusion approaches. It
is well known that diffusion theory has some limits, especially
when it comes to predicting the neutron behaviour in heteroge-
neous systems (Stacey, 2007). Hence, the neutronics analysis of
the MSFR may benefit from the adoption of a neutron transport
model, especially when non-homogeneous bubble distributions
are involved. In this regard, the SP3 approximation of the neutron
transport equation (Brantley and Larsen, 2000) represents an
improvement, compared to diffusion theory, in the analysis of
the MSFR helium bubbling system. At the same time, this approach
is characterized by lower computational requirements compared
to more accurate neutronics models (e.g., SN or integral
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approaches), being therefore suitable for complex multiphysics
simulations.

The deterministic (diffusion and SP3) simulations are carried
out with a multiphysics OpenFOAM solver developed for the anal-
ysis of the MSFR, coupling neutronics with a two-phase, compress-
ible thermal-hydraulics model (Cervi et al., 2017; Cervi et al.,
2018a). On the other hand, the Monte Carlo simulations are carried
out using Serpent 2 (Leppänen et al., 2015), importing the bubble
spatial distribution from the aforementioned OpenFOAM solver.
2.1. Deterministic approach

In the deterministic approach, a multiphysics solver developed
in previous works (Cervi et al., 2017; Cervi et al., 2018a,b, 2019a,b)
is used for assessing the reactivity due to the bubbling system
(Fig. 2). The thermal-hydraulics sub-solver is based on the standard
OpenFOAM solver ‘‘twoPhaseEulerFoam”, which adopts a Euler-
Euler approach for compressible fluid and the bubble modelling.
The neutronics sub-solver implements the multi-group SP3 equa-
tion and, in alternative, the multi-group diffusion equation for
the neutron flux and balance equations for the delayed neutron
and decay heat precursor densities.

This model can be used in two different modes:

1. A time-independent, criticality mode, in which the system mul-
tiplication factor is evaluated at steady-state conditions. To this
aim, a power iteration routine, based on the k-eigenvalue
method (Bell and Glasstone, 1970) is implemented into the neu-
tronics module (Cervi et al., 2017);

2. A time-dependent mode, for the analysis of operational as well
as accidental transients.

At the beginning of each time (or power iteration) step, the
thermal-hydraulics cycle solves for the phase fractions, for the
velocity of both phases, for the pressure, and for the temperature.
Picard iterations are performed until convergence is reached for
the solution of the thermal hydraulic part of the problem. Then,
Fig. 2. Structure of the multiphysics solver.
the neutronics cycle begins, solving for the flux, for the delayed
neutron precursors, and for the decay heat. Once the flux (the fis-
sion power in turn) and the decay heat are known, the volumetric
power source field is updated, and the energy equation is solved
again. Once the new temperature and density fields of the fuel
are calculated, the cross sections are updated, also correcting for
the void fraction (see Section 2.1.2, Eq. (9)), and the cycle is
repeated with Picard iterations until convergence is reached. In
addition, a certain number of external iterations – selectable by
the user – between the thermal-hydraulics and the neutronics
sub-solvers can be performed. The external iterations are particu-
larly important in fast transients, in which the large thermal
expansions due to steep power excursions have a strong impact
on fuel velocity field.

Summarizing, the following information is exchanged between
the two sub-solvers. The void fraction, fuel temperature and den-
sity are passed from thermal-hydraulics to neutronics, in order to
evaluate the cross sections. On the other hand, the power density
distribution is passed from the neutronics to the thermal-
hydraulics solver, in order to update temperature. Then, once con-
vergence is reached for both the neutronics and thermal-
hydraulics solutions, the solver proceeds to the next time (or
power iteration) step.

2.1.1. Thermal-hydraulics model
The need for a two-phase thermal-hydraulics solver is due to

the presence of the online bubbling system foreseen for fission pro-
duct removal and reactivity control. To this aim, the
‘‘twoPhaseEulerFoam” solver available in the OpenFOAM library is
used, which implements an Euler-Euler approach (Rusche, 2002).
Each phase is treated as a continuum interpenetrating each other,
and is described with averaged conservation equations. Due to the
averaging process, phase fractions are introduced into the govern-
ing equations.

The mass and momentum conservation equations for the two
phases read:
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A mass source term Sj is considered in the continuity equation

to model gas injection and extraction in the reactor. The term Mj

appears in the averaged momentum equations of each phase due
to non-linearity, which requires closure equations. This term takes
into account the momentum transfer between the two phases, due
to the forces acting at the liquid-gas interface, namely the lift, the
drag, virtual mass forces and turbulent dispersions. Several models
are implemented into the solver to describe the inter-phase terms
and to close the momentum equation (Gidaspow, 1994; Enwald
et al., 1996).

The energy equations for the two-phases for the
‘‘twoPhaseEulerFoam” read:
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where L is an inter-phase heat transfer coefficient resulting from the
averaging process and DT is the temperature difference between
the two phases. Also in this case, different models are implemented
in the solver and can be chosen to describe L, closing the energy
equation (Ranz and Marshall, 1952).
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2.1.2. SP3 neutronics model
The SP3 multi-group equation is selected for the estimation of

the neutron flux:
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where U0;i is defined as:

U0;i ¼ u0;i þ 2u2;i ð5Þ
In addition:

D0;i ¼ 1
Rtr;i

ð6Þ

Rt2;i ¼ Rt;i � Rs2;ii ð7Þ

D2;i ¼ 9
35

1
Rt;i � Rs3;ii

ð8Þ

The macroscopic cross sections are evaluated by assuming a
logarithmic dependence on temperature and a linear dependence
on density and on the void fraction due to the helium bubbles,
according to the following relation:

Ri;j¼ Ro
i;j þ Ai;jlog

Tfuel

Tref

� � qfuel

qref ;fuel
1� abð Þ ð9Þ

The source terms represent the fission neutrons, the scattering
neutrons and the delayed neutrons, respectively, and are evaluated
as follows:

Sn;i ¼
X
j

m
�
Rf ;ju0;j ð10Þ

Ss;i ¼
X
j–i

Rs;j!iu0;j ð11Þ

Sd ¼
X
k

kkck ð12Þ

Due to these explicit terms, an iterative procedure among the
several groups is required to achieve convergence for the neutron-
ics description. Albedo boundary conditions are adopted at the top
and bottom walls of the reactor (axial reflectors) and at the radial
wall (blanket salt), in order to limit the domain of the equation set
of neutronics to the fuel salt circuit only (Aufiero et al., 2014b;
Fiorina et al., 2017). For the SP3 equations, the albedo boundary
conditions can be applied, starting from the outgoing and the ingo-
ing neutron currents, as follows:
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where the albedo coefficients ai are the ratios between the outgoing
and the ingoing neutron currents.

The precursor balance equations include the diffusion and the
transport term to allow for the fuel motion (neglecting the precur-
sor mass transfer from the liquid to the gas phase):
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The turbulent Schmidt number ScT is set to 0.85, even if no data
are specifically available for the diffusion of species in the MSFR
salt (Aufiero et al., 2014b).

In order to properly consider the decay heat during accidental
transients, the solver is provided with equations that consider
the behaviour of the isotopes responsible for the decay heat, sub-
divided in ‘‘decay heat groups” in a manner similar to the precursor
groups. Actually, the equations implement the balance for the pre-
cursor concentration multiplied by the average energy released by
that decay group:
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In addition, a power iteration routine, based on the k-
eigenvalue method, is implemented in the neutronics module of
the solver for the calculation of the multiplication factor. For a
more detailed description, the reader is referred to (Cervi et al.,
2017).

2.1.3. Diffusion neutronics model
In addition to the SP3 module, a multi-group neutron diffusion

solver is available for the evaluation of the flux. For the i-th energy
group, the diffusion equation reads as follows:

1
v i

@ui

@t
¼ r � Dirui � Rr;iui þ Sn;i 1� bð Þvp;i þ Sdvd;i þ Ss;i ð17Þ

in which Eqs. (9) to (12) are used to describe the source terms and
the cross section dependence on the fuel temperature and density
and on the void fraction. For the diffusion equation, albedo bound-
ary conditions are specified as follows:

Dirui ¼ �1
2

1� ai

1þ ai

� 	
ui ð18Þ

The balance equations for the delayed neutron and decay heat
precursors, Eqs. (15) and (16), are also implemented into the diffu-
sion solver.

2.1.4. Analysis of the MSFR helium bubbling system
In this section, the coupled neutronics and thermal-hydraulics

deterministic model is used to investigate the MSFR helium bub-
bling system, highlighting its impact on the system reactivity.
The presence of the bubbly flow causes a negative reactivity inser-
tion into the system due to the negative void coefficient. A prelim-
inary evaluation of this contribution can be made considering a
uniform void fraction (Brovchenko et al., 2013). On the other hand,
the real distribution of the bubbly flow inside the reactor is not
uniform since the bubble are transported by the fluid flow, i.e.,
the void reactivity feedback coefficient

av ¼ Dq
�

a
�
b

ð19Þ

needs to be calculated accounting for the spatial and importance
dependence of the bubble void feedback. The developed solver,
thanks to the coupling between the neutronics and the two-phase
thermal-hydraulic physics, is suitable to study the mentioned
aspect of the void reactivity feedback.

The present analysis is carried out on a quarter of the MSFR full
core (Figs. 3 and 4). In this work, 650 �C and 750 �C are taken as
inlet and outlet temperature of the fuel salt, respectively, and a



Fig. 3. Fuel temperature distribution.

Fig. 4. Sixth group flux distribution.
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full-core thermal power of 3000 MWth is assumed to normalize
the neutron flux. Different helium flow rates are injected at the
bottom of the reactor and all the gas is removed in the external cir-
cuit (Fig. 5a). The design specifications of the gas injection and
extraction systems are still to be defined and their optimization
is out of the scope of the present work. Therefore, helium injection
Table 2
Energy group division adopted in the present work.

Energy group Energy ranges (MeV)

1 2:23� 20:00
2 4:98 � 10�1 � 2:23
3 2:48 � 10�2 � 4:98 � 10�1

4 5:53 � 10�3 � 2:48 � 10�2

5 7:49 � 10�4 � 5:53 � 10�3

6 0� 7:49 � 10�4

Table 3
SP3 approach: multiplication factor and void reactivity coefficient with uniform and calcu

Core average void fraction (%) Multiplication factor

Uniform bubble distribution Real bubble

0 0.96581 0.96581
0.437 0.96511 0.96444
0.876 0.96434 0.96308
1.308 0.96360 0.96179
and extraction are simply modelled by means of mass source/sink
terms in the continuity equation. Similarly, the primary pumps are
simulated by means of momentum sources, uniformly distributed
in the heat exchanger regions. Albedo boundary conditions are
adopted at the reactor walls, while symmetry is imposed at the
cutting planes.

The multiplication factor is estimated at different core average
void fractions with the power iteration routine implemented into
the solver (Cervi et al., 2017), assuming both a uniform bubble dis-
tribution as well as the bubble distribution calculated by the mul-
tiphysics solver. Six-group constants are generated with Serpent 2,
selecting the JEFF-3.1.1 library (Santamarina et al., 2009) for cross
section data and using 100 million neutron histories (105 neutrons
for 1000 cycles), obtaining a 5 pcm uncertainty on the multiplica-
tion factor. The energy group subdivision adopted in this work for
the diffusion and SP3 calculations is shown in Table 2. This energy
structure has been tested in previous works (Fiorina, 2013; Fiorina
et al., 2013) against ERANOS (using 33 and 1968 energy groups)
and Serpent, showing that it is capable to reproduce the overall
shape of the neutron spectrum. The Serpent model of the MSFR
used for cross section generation is presented in Section 2.2.

The values of the multiplication factor and of the void reactivity
feedback coefficient obtained with the SP3 and the diffusion
approaches are listed in Tables 3 and 4, respectively. The core aver-
age void fractions listed in the first column are evaluated at steady
state for different bubble injection rates, i.e., 0, 3.6, 7.2 and 10.8 g/s,
respectively.

Figs. 3 and 4 represent the temperature and the sixth group flux
distributions in the three-dimensional geometry, obtained using
the SP3 solver for neutronics. In addition, Figs. 5 and 6 show the
bubble and the power density distributions at 1.308% core-
average void fraction. It can be observed that, in correspondence
of the bubbly flow paths, the power density decreases, due the void
feedback on the fission rate.
2.1.5. Discussion of results
As shown by Tables 3 and 4, if the void reactivity feedback coef-

ficient is evaluated on the basis of the real bubble spatial distribu-
tion (Fig. 5), calculated with the coupled solver, the values of the
multiplication factor and of the void reactivity feedback coefficient
show significant differences compared to the simulations carried
out with uniform void fractions. These outcomes highlight a strong
dependence of the void feedback on the bubble spatial distribution
as well as on the neutron importance. In particular, the void reac-
tivity coefficient is higher compared to the uniform void fraction
case, due to the larger bubble concentration in the central region
of the core, where the neutron importance is higher. In this regard,
the positions of the bubble injection and extraction systems have
an important impact on the void reactivity coefficient, directly
influencing the bubbly flow path.
2.2. Monte Carlo approach

The void coefficient due to the bubbles is usually calculated
through Monte Carlo approach considering a uniform bubble dis-
lated bubble distribution.

av (pcm/%)

distribution Uniform bubble distribution Real bubble distribution

– –
�171.8 �336.6
�180.2 �335.0
�181.5 �330.9



Table 4
Diffusion approach: multiplication factor and void reactivity coefficient with uniform and calculated bubble distribution.

Core average void fraction (%) Multiplication factor av (pcm/%)

Uniform bubble distribution Real bubble distribution Uniform bubble distribution Real bubble distribution

0 0.96503 0.96503 – –
0.437 0.96429 0.96364 �182.0 �342.0
0.876 0.96354 0.96227 �182.9 �339.3
1.308 0.96279 0.96097 �184.3 �334.7

Fig. 6. Power density distribution at 1.308% core average void fraction, obtained with the SP3 approach. Vertical (a) and horizontal (b) sections.

Fig. 5. Void fraction distribution at 1.308% core average void fraction. Vertical (a) and horizontal (b) sections.

Fig. 7. Vertical (a) and horizontal (b) sections of the Serpent model. In green, the liquid fuel (reactor and external circuits), in blue the fertile blanket, in grey the reflectors and
in purple the boron carbide shield. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 5
Monte Carlo approach: multiplication factor and void reactivity coefficient (±1-sigma uncertainty) with uniform and calculated bubble distribution.

Core average void fraction (%) Multiplication factor av (pcm/%)

Uniform bubble distribution Real bubble distribution Uniform bubble distribution Real bubble distribution

0 0.97110 ± 0.00005 0.97110 ± 0.00005 – –
0.437 0.97042 ± 0.00005 0.96980 ± 0.00005 �165.1 ± 17.2 �315.9 ± 17.2
0.876 0.96970 ± 0.00005 0.96855 ± 0.00005 �169.7 ± 8.6 �309.5 ± 8.6
1.308 0.96904 ± 0.00005 0.96731 ± 0.00005 �167.4 ± 5.8 �308.5 ± 5.8

Fig. 8. Normalized fission rate distribution in arbitrary units (black = 0, red = 1) at 1.308% core average void fraction (real bubble distribution). Vertical (a) and horizontal (b)
sections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 7
Multiplication factor difference between the diffusion and the Monte Carlo
approaches.

Core average
void fraction (%)

keff ;diff � keff ;MC(pcm)

Uniform bubble distribution Real bubble distribution

0 �607 �607
0.437 �613 �616
0.876 �616 �628
1.308 �625 �634

Table 6
Multiplication factor difference between the SP3 and the Monte Carlo approaches.

Core average
void fraction (%)

keff ;SP3 � keff ;MC (pcm)

Uniform bubble distribution Real bubble distribution

0 �529 �529
0.437 �531 �536
0.876 �536 �547
1.308 �544 �552
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tribution, i.e., calculating a density-based effect (Brovchenko et al.,
2013). On the other hand, as shown in the previous section, the
spatial distribution of the bubbles can be very different from the
uniform case. To this aim, for assessing the void reactivity coeffi-
cient in the MSFR, the bubble spatial distribution calculated with
the two-phase Euler-Euler solver is exported into a Serpent model
of the MSFR (Fig. 7) through a built-in multiphysics interface with
OpenFOAM (Tuominen et al., 2016). Unlike the deterministic
model, in which albedo boundary conditions are used at the reac-
tor walls, the radial fertile blanket and the top and bottom reflec-
tors are considered here. The present calculations are carried out
using 100 million neutron histories, obtaining a 5 pcm uncertainty
on the multiplication factor.

As in the previous section, simulations are carried out (i) assum-
ing a uniform bubble distribution and (ii) importing the non-
homogeneous bubble distribution calculated by the OpenFOAM
solver. The values of the multiplication factor and of the void reac-
tivity feedback coefficient obtained with the Monte Carlo approach
are listed in Table 5. In addition, Fig. 8 shows the normalized fis-
sion rate distribution in the MSFR evaluated by Serpent.
2.2.1. Discussion of results
The Monte Carlo results confirm that the void reactivity feed-

back is strongly dependent on the bubble spatial distribution,
due to the aforementioned neutron importance effects. This con-
sideration is not dependent on the choice of the neutronics model,
since the same behaviour is observed using two deterministic
approaches as well as a Monte Carlo one. Therefore, this is a phys-
ical effect that can only be described by means of an accurate
thermal-hydraulics solver, which is able to handle the presence
of bubbles inside the reactor and to reproduce their spatial
distribution.

In general, good agreement is shown between the SP3, the diffu-
sion and the Monte Carlo results. The multiplication factor differ-
ence between the three approaches is shown in Tables 6 and 7.

The agreement between the three approaches is fairly good,
also considering the large scale of the system and the complex
multiphysics coupling between neutronics and two-phase
thermal-hydraulics. In general, compared to Monte Carlo, the SP3
and the diffusion solvers underestimate the multiplication factor.
This result can be explained by considering that in the determinis-
tic model: (i) the domain is limited to the fuel circuit without con-
sidering reflectors and fertile blanket zones (which are accounted
for by means of albedo boundary conditions), and (ii) the precursor
motion through the reactor is considered leading to a reduction of
reactivity. In particular, in the deterministic model, part of the pre-
cursors decay outside the active zone without contributing to
fissions.

Good agreement is also obtained in the prediction of the void
reactivity coefficient, as shown by Tables 8 and 9. Beside the differ-
ences between the deterministic and the Monte Carlo approaches,
a possible source of error may be represented by the albedo bound-
ary conditions adopted in the deterministic model. In fact, the
treatment of neutron leakages may have a relevant impact on
the evaluation of the void reactivity feedback.



Table 8
Void coefficient relative difference between the SP3 and the Monte Carlo approaches.

Core average void fraction
(%)

av relative difference (%)

Uniform bubble
distribution

Real bubble
distribution

0 – –
0.437 4.07 6.55
0.876 6.16 8.26
1.308 8.48 7.26

Table 9
Void coefficient relative difference between the diffusion and the Monte Carlo
approaches.

Core average void fraction
(%)

av relative difference (%)

Uniform bubble
distribution

Real bubble
distribution

0 – –
0.437 10.24 8.26
0.876 7.78 9.63
1.308 10.10 8.49
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As expected, the SP3 solver is in better agreement with the
Monte Carlo results, compared to the diffusion approach. Visible
improvement is observed in the prediction of the multiplication
factor, and of the void coefficient as well. Considering that the bot-
tleneck in runtime is due to thermal-hydraulics, and not to neu-
tronics, the use of the SP3 solver only leads to an increase of
about 17% of computational times, compared to the diffusion sol-
ver. In this regard, the adoption of an SP3 approach represents a
valuable addition to the multiphysics analysis of the MSFR, since
(i) it is more accurate than neutron diffusion, without significantly
increasing computational requirements, and (ii) it can be coupled
with the moving precursor balance equations, as opposed to Monte
Carlo methods which consider static fuel.
3. Conclusions

In this paper, the MSFR helium bubbling system and its effects
on reactivity are investigated by means of an SP3 neutron trans-
port, a neutron diffusion and a Monte Carlo approach. The SP3
and the diffusion models are implemented in a multiphysics Open-
FOAM solver, including a two-phase thermal-hydraulics model to
handle the presence of bubbles inside the reactor. On the other
hand, Monte Carlo calculations are carried out with Serpent 2,
which is particularly suitable for multiphysics simulations thanks
to its interface with OpenFOAM. The void reactivity feedback coef-
ficient is calculated: (i) using a uniform void fraction and (ii) on the
basis of the real bubble distribution in the core (i.e., the bubble dis-
tribution calculated by the two-phase solver).

Significant differences arise between the outcomes of the two
cases, pointing out that spatial as well as importance effects have
a strong impact on the void reactivity feedback of the bubbles.
These results highlight that an accurate calculation of the bubble
spatial distribution is required to evaluate the void reactivity feed-
back coefficient of the reactor and, as a consequence, to develop
coherent control strategies.

The outcomes of this work constitute the starting point for fur-
ther research on the MSFR dynamics and transient analysis, with a
particular focus on the analysis and the development of the reac-
tivity control systems as well as of the optimization of the most
relevant design features of the reactor (notably, the fuel composi-
tion, the operating temperatures, and the fuel flow rate). In partic-
ular, this study can be useful for the design of the bubble injection
and extraction systems, providing guidelines for the optimization
of their position in the reactor.

Finally, the present analysis is also aimed at highlighting the
difference between a deterministic description of neutronics and
a Monte Carlo approach. On one side, the six-group approximation
and the albedo boundary conditions adopted in the SP3 and in the
diffusion models may be a source of error, compared to the Monte
Carlo approach. On the other hand, standard Monte Carlo codes do
not have the capability to model the precursor motion through the
circulating fuel (except from a preliminary development presented
by Aufiero et al., 2017), which is also fundamental for a correct
estimation of reactivity in liquid fuel nuclear reactors. However,
a general good agreement is obtained between the two
approaches, both in the prediction of the multiplication factor
and of the void reactivity coefficient.
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