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This paper presents a multi-physics modelling (MPM) approach developed for the study of the dynamics
of the Molten Salt Reactor (MSR), which has been reconsidered as one of the future nuclear power plants
in the framework of the Generation IV International Forum for its several potentialities. The proposed
multi-physics modelling is aimed at the description of the coupling between heat transfer, fluid dynamics
and neutronics characteristics in a typical MSR core channel, taking into account the spatial effects of the
most relevant physical quantities. In particular, as far as molten salt thermo-hydrodynamics is concerned,
Navier–Stokes equations are used with the turbulence treatment according to the RANS (Reynolds Aver-
aged Navier–Stokes) scheme, while the heat transfer is taken into account through the energy balance
equations for the fuel salt and the graphite. As far as neutronics is concerned, the two-group diffusion
theory is adopted, where the group constants (computed by means of the neutron transport code NEWT
of SCALE 5.1) are included into the model in order to describe the neutron flux and the delayed neutron
precursor distributions, the system time constants, and the temperature feedback effects of both graphite
and fuel salt. The developed MPM approach is implemented in the unified simulation environment
offered by COMSOL Multiphysics�, and is applied to study the behaviour of the system in steady-state
conditions and under several transients (i.e., reactivity insertion due to control rod movements, fuel mass
flow rate variations due to the change of the pump working conditions, presence of periodic perturba-
tions), pointing out some advantages offered with respect to the conventional approaches employed in
literature for the MSRs.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The interest of Generation IV International Forum (GIF) (GIF,
2002, 2008) for the Molten Salt Reactor (MSR), included in the
six reactor concepts suggested for a sustainable nuclear energy
development, encouraged many research groups to put renewed
efforts in the study of the capabilities and physics of this system,
which is featured by a liquid circulating fuel that also serves as
coolant (Forsberg et al., 2003, 2007; Hron et al., 2006). The concept
was initially proposed by Oak Ridge National Laboratory (ORNL) in
the projects of the Aircraft Reactor Experiment (ARE) and the Mol-
ten Salt Reactor Experiment (MSRE) (Bettis et al., 1957; Rosenthal
et al., 1970b). Afterwards, different studies were carried out by
ORNL on the basis of the positive experience of the MSRE and sev-
eral concepts of MSRs were proposed for a large scale nuclear en-
ergy production. Despite the technical issue concerning the online
chemical reprocessing of the fuel, MSRs are reconsidered nowa-
days by GIF because of their several potentialities when compared
ll rights reserved.
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with solid-fuelled reactors (Forsberg et al., 2003; Furukawa et al.,
2008; Hejzlar et al., 2009; LeBlanc, 2009). One of these advantages
is represented by the possibility to work with a low fissile inven-
tory. Moreover, radiation damage does not constitute a constraint
on fuel burn-up limit as for solid-fuelled cores. In addition, a fluid
fuel permits to have a homogeneous core composition eliminating
the complications connected to the refuelling strategy, which in
conventional reactors comprises reshuffling of the fuel assemblies.
As demonstrated in the MSRE, MSRs can operate with different fis-
sile materials and additives in the liquid fuel, proving the possibil-
ity to transmute and burn nuclear waste such as plutonium, minor
actinides and long-lived fission products. MSRs can be designed
considering both thermal and fast neutron spectrum leading to a
wide operation flexibility. The adoption of thorium fuel cycle al-
lows MSRs to perform breeding of fissile material (233U) in thermal
neutron spectrum. The graphite-moderated single-fluid Molten
Salt Breeder Reactor (MSBR), developed by ORNL in the 1970s
(Robertson, 1971), is an example of such a configuration and was
confirmed ‘‘to have the potential to be an excellent Generation IV
system, particularly as far as sustainability is concerned’’ (Renault
et al., 2005). In addition, this reactor constituted the starting point
for the development of the project THORIMS-NES (Thorium
Molten-Salt Nuclear Energy Synergetics), which is based on a
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Nomenclature

a0 a1 a2 coefficients defined by Eq. (14)
b coefficient of Eq. (20)
ci concentration of the ith precursor group
CP specific heat
Ce1 k–e model empirical constant
Ce2 k–e model empirical constant
Cl k–e model empirical constant
D neutron diffusion coefficient
F? horizontal component of volume force
F// vertical component of volume force
g gravity acceleration
H axial channel length
I identity matrix
k turbulent kinetic energy
K thermal conductivity
KT turbulent thermal conductivity, {=CP,FgT/PrT}
n integer number
p fluid pressure
pcm per cent mille {=10�5}
P power generated by the analysed core channel
P0 nominal power generated by the analysed core channel
Pr molecular Prandtl number
PrT turbulent Prandtl number
Q heat source
r radial coordinate
R1 channel radius/inner radius of graphite
R2 outer radius of graphite
RG symmetry radius of graphite
t time
t0 reference time
T temperature
T0 reference temperature
Tav average temperature
u velocity vector
ur velocity along the radial direction
uz velocity along the axial direction
v neutron velocity
z axial coordinate

Greek symbols
a volume thermal expansion coefficient of fuel salt

aN temperature reactivity feedback coefficient
b total delayed neutron fraction, {=

P6
i¼1bi}

bi delayed neutron fraction of the ith precursor group
c fraction of the heat in the fuel generated into graphite
C fuel salt mass flow rate
C0 fuel salt mass flow rate at nominal conditions
dR(z,t) cross section local perturbation
Dz axial size of the fissile lump
e turbulent dissipation rate
ef heat produced per fission reaction
g fuel salt dynamic viscosity
gT eddy viscosity, {=qFClk2/e}
H Heaviside function
ki decay constant of the ith precursor group
m average number of neutrons per fission
q density
q0 fluid density at reference temperature
re k–e model empirical constant
rk k–e model empirical constant
R neutron cross section
R0 unperturbed cross section
Ra absorption cross section
Rabs control absorption cross section
Rf fission cross section
R1?2 down-scattering cross section
R2?1 up-scattering cross section
s fuel recirculation time {=sC + sEL}
sC residence time in the core
sEL residence time in the external primary loop (out of

the core)
u neutron flux

Subscripts
F fuel salt
G graphite
1 fast neutron group
2 thermal neutron group
in inlet
out outlet
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symbiotic system coupling fission with spallation, with several
advantages in terms of proliferation resistance, safety, fuel cycle,
radioactive waste management, economics and resources (Furuka-
wa et al., 2008).

In MSRs, the unusual characteristic of fluid fuelled core shows
itself in the form of a strong non-linear coupling between the fuel
motion and neutron dynamics, because delayed neutron precur-
sors (DNP) created in the core can decay in a different position of
the primary loop affecting the overall neutron balance (Lapenta,
2005; Nicolino et al., 2008). Besides, the fuel velocity field depends
on the fission source term, which determines the temperature dis-
tribution in the fuel salt, and its density variations. For this reason,
an accurate description of the dynamic behaviour of such a com-
plex system should properly allow for the different physical phe-
nomena, their coupling mechanisms and the related spatial effects.

In nuclear engineering, the coupling between neutronics and
thermal–hydraulics has been studied and analysed for many years.
Recently, thanks to a growing availability of computational
resources, Coupled Code Techniques (CCT), which employ a Ther-
mal–Hydraulic System Code (THSC) and a reactor Neutron Kinetics
Code (NKC), are widely used, above all for safety analysis (Salah
et al., 2008). In particular, two different approaches to couple THSC
and 3D NKC exist, namely: the serial integration coupling (it re-
quires modifications of the codes by implementing a subroutine
for neutronics into the THSC), and the parallel processing coupling
(codes run separately and exchange data during the calculation,
involving minor modifications). Such approaches are well assessed
for conventional nuclear reactors, but may result non-completely
satisfactory in the case of MSRs, because the description of physical
quantities (for instance, the unusual spatial distribution of delayed
neutron precursors) would require drastic modifications of the
numerical and mathematical structure of the software generally
adopted for solid-fuelled reactors. In this context, the multi-
physics modelling (MPM) looks very promising for the employ-
ment in the field of nuclear engineering as an integrative analysis
support in the design development of current and innovative
nuclear reactors (Cammi and Luzzi, 2008; Di Marcello, 2010;
Memoli, 2010). Actually, the MPM prevents the employment of
dedicated numerical tools and the modification of their numerical
structure. This approach basically consists of a set of non-linear
and time-dependent coupled partial differential equations (imple-
mented in the same environment of simulation), which are
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descriptive of the different physical phenomena occurring in a nu-
clear reactor, and in principle are applicable to a more or less com-
plex domain with boundary conditions of general kind.

As concerns MSRs, the current research is aimed at investigating
different descriptive approaches. Efforts in this sense were carried
out by different authors and for a variety of molten salt systems
adopting different hypotheses and simplifications (a literature
overview is summarized in Table 1, and is briefly outlined here be-
low). In each case, a dedicated code to the specific reactor of inter-
est was implemented on purpose or extended from a previous code
in order to include the fuel motion effect. Lapenta et al. (2001) ana-
lysed the neutronics for fluid fuel systems by means of a point-
kinetics model, while Dulla et al. (2004) and Dulla and Ravetto
(2007) used the quasi-static method (only a prescribed velocity
field oriented in one direction was considered and no temperature
cross section feedback was taken into account). Lecarpentier and
Carpentier (2003) developed the Cinsf1D code to study the AM-
STER system, in which a simplified 1D thermal–hydraulic and neu-
tron diffusion model was adopted. Yamamoto et al. (2005, 2006)
and Suzuki and Shimazu (2006, 2008) performed the steady-state
and transient analyses for the SMSR (Small Molten Salt Reactor)
by coupling the neutron diffusion equations with the heat transfer
equations in fuel salt and graphite, in which the fluid flow model
was solved in one-dimensional form through the use of some
empirical formulas. Křepel et al. (2005, 2007) developed the
DYN1D-MSR and DYN3D-MSR codes for performing transient anal-
ysis of the MSBR and MSRE, in which the neutron diffusion equa-
tions were adopted for neutronics calculation, and a one-
dimensional flow model was used even in the 3D code. Wang
et al. (2006) focused on the fluid dynamic simulation and optimi-
zation of the MOSART (Molten Salt Advanced Reactor Transmuter)
core in steady-state conditions by means of an extension of the
thermo-hydraulic and neutronic models of the SIMMER-III code.
The coupled thermo-fluid and neutronic dynamics of MOSART
was also researched by Nicolino et al. (2008), in which the stream
Table 1
Main modelling approaches to MSRs available in literature.

Author Reactor Geometry Analysis type/co

Lecarpentier and
Carpentier (2003)

AMSTER 1-D Transient Cinsf1

Wang et al. (2006) MOSART 2-D, axial-symmetric Steady extensio
of SIMMER-III

Yamamoto et al.
(2006)

SMSR 2-D, axial-symmetric Transient

Křepel et al. (2007,
2008)

MSRE and
MSBR

3-D (neutronics) 1-D
(thermal–hydraulics)

Transient DYN3
MSR

Nicolino et al. (2008) MOSART 2-D, axial-symmetric Transient

Kópházi et al. (2009) MSRE 3-D (neutronics) 1-D
(thermal–hydraulics)

Transient
Neutron kinetic
thermal–hydrau
coupled codes
(DALTON + THE

Zhang et al. (2009a) Generic
thermal MSR

2-D, axial-symmetric Transient

Zhang et al. (2009b) MOSART 0-D Transient

Zhang et al. (2009c) Generic
thermal MSR

2-D, axial-symmetric Steady

This work MSBR 2-D, axial-symmetric Transient
COMSOL
Multiphysics�
function-vorticity was preferred for fluid motion and the diffusion
theory was chosen for neutronics. Kópházi et al. (2009) set up a 3D
time-dependent calculation scheme for the MSRE (by coupling the
DALTON and THERM codes in an iterative manner), in which the
fuel heat transfer in the core channels was simplified by using a
correlation for the Nusselt number. Zhang et al. (2009a,b) per-
formed transient and safety analyses for a generic single-fluid Mol-
ten Salt Reactor and the MOSART system, respectively, employing
simplified heat transfer, neutronic and flow models. Successively,
Zhang et al. (2009c) extended the models previously adopted
(Zhang et al., 2009a,b) by means of a more refined modelling of
fluid dynamics and neutronics, referring to steady-state conditions.

The above literature overview shows that most of the studies car-
ried out on MSRs use rough flow models and hypotheses, such as
assuming known velocities (Lapenta et al., 2001; Dulla et al., 2004;
Dulla and Ravetto, 2007), one-dimensional flow and simplified heat
transfer models (Lecarpentier and Carpentier, 2003; Křepel et al.,
2005, 2007; Yamamoto et al., 2005, 2006; Suzuki and Shimazu,
2006, 2008; Kópházi et al., 2009; Zhang et al., 2009a,b), simple cross
section feedback (Nicolino et al., 2008), only steady-state conditions
(Wang et al., 2006; Zhang et al., 2009c). In order to provide a deeper
insight into the steady-state and transient characteristics of MSRs,
the present work proposes a multi-physics modelling (MPM) ap-
proach for the description of the coupling between neutronics and
thermo-hydrodynamics by means of COMSOL Multiphysics�

(COMSOL, 2008a). This approach was developed with the aim to
study the dynamic behaviour of MSRs by taking into account the
spatial effects of the most relevant physical quantities. In particular,
as far as the molten salt thermo-hydrodynamics is concerned, Na-
vier–Stokes equations are used with the turbulence treatment
according to the Reynolds Averaged Navier–Stokes (RANS) scheme,
while the heat transfer is taken into account through the energy bal-
ance equations for the fuel salt and the graphite. As far as neutronics
is concerned, the two-group diffusion theory (Meem, 1964) is
adopted, where the group constants are considered as input values
de Neutronics/fuel and graphite
cross section treatment

Thermo-hydrodynamics

D Two-group diffusion theory
Homogeneous approach

Prescribed uniform velocity field
Empirical correlation for heat
transfer fuel/graphite

n Neutron kinetics model based on
the improved quasi-static scheme
Homogeneous approach

Navier–Stokes equations

Two-group diffusion theory
Heterogeneous approach

Navier–Stokes equations
Empirical correlation for heat
transfer fuel/graphite

D- Two-group diffusion theory
Homogeneous approach

Navier–Stokes equations
Empirical correlations for heat
transfer fuel/graphite

Multi-group diffusion theory
Generic cross sections as a
function of the fuel density

Navier–Stokes equations
(stream function/vorticity form)

s +
lics

RM)

Multi-group diffusion theory
Homogeneous approach

Prescribed uniform velocity field
Empirical correlation for heat
transfer fuel/graphite

Two-group diffusion theory
Homogeneous approach

Prescribed uniform velocity field

Point-kinetics Prescribed uniform velocity field
Empirical correlation for heat
transfer fuel/graphite

Two-group diffusion theory
homogeneous approach

Navier–Stokes equations
(RANS/k–e model)

Two-group diffusion theory
Heterogeneous approach

Navier–Stokes equations
(RANS/k–e model)
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for the model and are computed by means of the neutron transport
code NEWT of SCALE 5.1 (DeHart, 2005a,b). To establish the poten-
tialities of the proposed multi-physics modelling, a simplified geom-
etry representing a typical channel of the MSBR core is considered.
The MPM approach is applied to study the behaviour of the system
in steady-state conditions and under several transients (i.e., reactiv-
ity insertion due to control rod movements, fuel mass flow rate vari-
ations due to the change of the pump working conditions, presence
of periodic perturbations).
2. System description

In the present work, among the several Molten Salt Reactor con-
cepts developed in the past and reconsidered in the last few years,
the single-fluid MSBR proposed by ORNL in the 1970s (Robertson,
1971) was chosen as reference configuration. Because of its signif-
icant progress and the exhaustive information and data delivered
by ORNL (Energy from Thorium), this reactor was considered (for
instance, Křepel et al., 2007) as reference system for benchmark
analyses and validation purposes in the framework of the EUR-
ATOM MOST project (Renault et al., 2005). The MSBR was designed
to produce 2250 MWth and is featured by a thermal neutron spec-
trum and thorium fuel cycle (Fig. 1). The reactor has a central zone
in which 13% of the volume consists of fuel salt (zone I), an outer,
under-moderated region characterized by 37% of salt (zone II), and
a reflector region containing about 1% of fuel – see Fig. 2a and b.
The core is formed of square graphite-moderated blocks, each
one with a central channel, through which the fuel salt flows
(Fig. 2c). Interstitial flow passages are present between adjacent
graphite elements so as to provide the required salt-to-graphite
volume ratios (Robertson, 1971). The salt composition in the pri-
mary loop is the following: 7LiF (71.7 mol%), BeF2 (16 mol%), ThF4

(12 mol%) and 233UF4 (0.3 mol%).
Fig. 1. Plant layout of the single-flu
In this work, a single-channel of the MSBR core has been
adopted for the analysis, with the aim to assess the potentialities
of the developed multi-physics approach, focusing on the most rel-
evant features related to the physical behaviour modelling, while
neglecting the details of the actual geometrical domain. In partic-
ular, the effects of the square corners and interstitials have been
disregarded, and a cylindrical geometry with axial-symmetric
boundary conditions (leading to an infinite core in the radial direc-
tion) has been assumed for the modelled channel (Fig. 3), by keep-
ing the same fuel to graphite volume ratio of the actual square
graphite-moderated block. In this way, it has been possible to re-
duce the degrees of freedom of the problem instead of performing
a complete 3-D simulation, which would have required a high
computational cost.

The thermal–hydraulic parameters of the model have been cho-
sen so as to reproduce the average conditions of zone I, which ex-
tends over the major part of the core (Robertson, 1971). The
geometrical parameters and power densities have been calculated
on the basis of a preliminary thermal–hydraulic analysis (Di
Marcello, 2010), not reported here for brevity. The results are sum-
marized in Table 2, whereas in Table 3 the main thermo-physical
properties of fuel salt and graphite are shown.
3. The multi-physics model

The MPM approach, adopted in the present work for the analy-
sis of the MSBR behaviour, consists of 14 coupled partial differen-
tial equations (PDEs), which have been implemented in the finite
element COMSOL Multiphysics� software (COMSOL, 2008a) and
allow the description of the coupling between neutronics and
thermo-hydrodynamics in transient conditions. In the following,
the models employed for the fluid flow, the heat transfer and
neutronics, as well as the boundary conditions and neutron cross
id Molten Salt Breeder Reactor.
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section treatment, are presented. At the end of this section, the
methods (among those available in COMSOL) employed in the
present work for the numerical solution of PDEs both in steady-
state and transient conditions are briefly described. Finally, a short
summary of previous works performed for the assessment of the
adopted models and for the validation of COMSOL numerical re-
sults is also given for completeness.

3.1. Fluid flow and heat transfer model

Great effort was spent by ORNL (Robertson, 1971) to identify the
optimal core configuration in terms of diameter of the channels,
since it affects several important design parameters, like the total
feedback coefficient of reactivity, the breeding ratio, the neutron
flux, the graphite life span and the fissile inventory (Mathieu et al.,
2006; Forsberg et al., 2007). In particular, the MSBR channels are
subjected to different thermal–hydraulic conditions, according to
their position inside the core. Actually, very different channel diam-
eters and velocities are found, so that the Reynolds number ranges
approximately between 3 � 103 and 3 � 104. Corresponding to the
calculated inlet flow velocity shown in Table 2, the Reynolds number
is about 2 � 104, so that turbulent flow regime occurs. Hence, the
incompressible form of the Reynolds Averaged Navier–Stokes
(RANS) equations with Boussinesq’s eddy viscosity hypothesis
(Turner, 1973) is adopted considering the standard k–e turbulence
model (the empirical constants are given as Ce1 = 1.44, Ce2 = 1.92,
Cl = 0.9, rk = 1.0, re = 1.3), according to Eqs. (1)–(4):

qF
@u
@t
þ qFðu � rÞu ¼ F þr � �pI � 2

3
qF kI

� �
þr � ½ðgþ gTÞ

� ðruþ ðruÞTÞ� ð1Þ

r � u ¼ 0 ð2Þ

qF
@k
@t
þ qF u � rk ¼ r � gþ gT

rk

� �
rk

� �
� qFe

þ gT
1
2
ruþ ðruÞT
� �2

� �
ð3Þ

qF
@e
@t
þ qFu � re ¼ r � gþ gT

re

� �
re

� �
� Ce2qFe2

k
þ Ce1

� e
k
gT

1
2
ðruþ ðruÞTÞ2

� �
ð4Þ

As to the heat transfer, the energy balance equations (5) and (6) for
the fuel salt and the graphite are adopted:

qF CP;F
@TF

@t
þr � ½�ðKF þ KTÞrTF � ¼ QF � qF CP;Fu � rTF ð5Þ

qGCP;G
@TG

@t
þr � ð�KGrTGÞ ¼ Q G ð6Þ
Fuel region

1
v1;F

@/1

@t
¼ �r � ð�D1;Fr/1Þ � ðRa1;F þ R1!2;FÞ/1 þ R2!1;F

1
v2;F

@/2

@t
¼ �r � ð�D2;Fr/2Þ � ðRa2;F þ R2!1;FÞ/2 þ R1!2;F

@ci

@t
¼ �r � ðuciÞ þ biðm1Rf 1/1 þ m2Rf 2/2Þ � kici i ¼ 1� 6

8>>>>>>>><
>>>>>>>>:

Graphite region

1
v1;G

@/1

@t
¼ �r � ð�D1;Gr/1Þ � ðRa1;G þ R1!2;GÞ/1 þ

1
v2;G

@/2

@t
¼ �r � ð�D2;Gr/2Þ � ðRa2;G þ R2!1;GÞ/2 þ

8>><
>>:
It must be mentioned that natural convection can have a non-neg-
ligible effect on the fluid fuelled reactor dynamics, due to the large
fuel salt expansion coefficient as demonstrated by Nicolino et al.
(2008) and Křepel et al. (2007). Hence, the buoyancy effect due to
gravity is taken into account through the volume force F into Eq.
(1), as follows:

F== ¼ �gaq0ðTF � T0Þ; F? ¼ 0 ð7a;bÞ
where the reference temperature T0, the reference density q0, and
the coefficient of thermal expansion a of the fuel are calculated
on the basis of ORNL evaluations (Robertson, 1971), and are given
by T0 = 839 K, q0 = 3374 kg m�3, a = 1.9857 � 10�4 K�1.

Molten salts are characterized by high molecular Prandtl num-
bers (Pr = 11, according to data reported in Table 2), therefore their
heat transfer characteristics are slightly affected by the choice of
the correlation for the turbulent Prandtl number, as extensively ar-
gued by Churchill (2002). In the analyses of the present work, the
following correlation developed by Jischa and Rieke (1979) is
adopted, since its form is to be preferred in terms of explicitness
and simplicity:
PrT ¼ 0:85þ 0:015=Pr ð8Þ

The heat source of the fuel salt in Eq. (5) depends on the neutron
fission reactions and can be calculated from the neutron flux, as
follows:
QF ¼ ef 1Rf 1/1 þ ef 2Rf 2/2 ð9Þ
As concerns the graphite, the heat generation (see Eq. (6)) is mainly
induced by gamma heating and neutron irradiation (Robertson,
1971). This contribution is modelled assuming that the graphite
heat source is a certain fraction of the fission energy released into
the fuel, according to Eq. (10):

QG ¼ c � Q F ð10Þ

Such an approximation is generally employed in literature (Křepel
et al., 2005; Zhang et al., 2009c). The graphite to fuel salt power
density ratio (c) has been evaluated on the basis of ORNL neutronic
calculation results (Robertson, 1971). An average value for the zone
I of the MSBR core is considered for the analyses and is given as
c = 0.0144.

3.2. Neutronics model

In order to treat the neutronic behaviour, the two-group diffu-
sion theory is adopted. The velocity field of the fuel is taken into
account by introducing a convection term in the balance equations
of six families of delayed neutron precursors (DNP), whereas the
neutrons are not affected by the molten salt motion because of
the much shorter life span with respect to the characteristic time
of the fuel circulation (Lapenta, 2005; Memoli et al., 2009). The
neutron and precursors balance equations, in both the fuel and
graphite material, are written in terms of fluxes and precursor con-
centrations as follows:
/2 þ ð1� bÞðm1Rf 1/1 þ m2Rf 2/2Þ þ
X6

i¼1

kici

/1
ð11Þ

R2!1;G/2

R1!2;G/1

ð12Þ



Fig. 2. (a) Vertical and (b) horizontal section of the MSBR core; (c) view of the graphite reflector and the moderated elements, showing in detail a graphite block of the central
zone I and the presence of interstitials.
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The above equation system is completed inserting a condition that
takes into account the recirculation of the precursors (see
Section 3.3).

The group constants (i.e., the cross sections and the diffusion
coefficients) are usually calculated solving the neutron transport
equation for infinite medium by means of a deterministic tool
using a fine group cross-section library. The calculated neutron
flux spectrum is then used to collapse the fine group cross sec-
tions. In the present work, the sequence NEWT of the modular
system SCALE 5.1 (DeHart, 2005a,b) is chosen to perform this
task using the standard cross section libraries ENDF/B-VI.7
(Bowman et al., 2005). In particular, NEWT solves the two-
dimensional Boltzmann equation for neutrons employing the
‘‘extended step characteristic approach’’ (DeHart, 2005b). The
adopted cell geometry for the group constant calculation is ob-
tained taking into account the effective fuel to moderator volume
ratio of the MSBR zone I. The fuel composition refers to the
beginning of life (BOL), as reported in (Robertson, 1971), and
therefore free of fission products. In order to allow for the neu-
tron energy distribution distortion due to the axial neutron leak-
age, the critical buckling correction (Lewis and Miller, 1984;
DeHart, 2005b) is used in the solver.
3.3. Boundary conditions

The boundary conditions for the fluid flow, heat transfer and
neutronic models are described here below, and represented in
Fig. 3b and c.
3.3.1. Flow and heat transfer
As concerns the fuel salt, the following boundary conditions are

imposed:

� Inlet boundary. The inlet velocity is given as uz = uin = 1.47 m/s
and ur = 0. The inlet values for the turbulent kinetic energy
and the turbulent dissipation rate are prescribed according to
the correlations suggested in (FLUENT, 2005), as follows:
kin = 0.007 m2/s2, ein = 0.033 m2/s3. TF = Tin = 839 K is imposed
to the inflow temperature.
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� Outlet boundary. The ‘‘local one-way method’’2 is exploited for u, k,
e, and TF, as generally used for outflow boundary conditions (Patan-
kar, 1980).
� Central boundary. Symmetry conditions are considered on the

axis of the channel.
� Wall boundary. The boundary condition at the interface between

graphite and fuel salt is treated by means of the ‘‘wall function
approach’’.3
As regards boundary conditions of the graphite domain, Tin is
prescribed on the inlet boundary, while the insulation condition
is used for TG at the outlet boundary.

In order to take into account the effect of fuel flow through
interstitials (see Section 2) on heat transfer, a further symmetry
condition is assumed inside the graphite sub-domain (r = RG) so
as to obtain a more realistic temperature profile. The latter, be-
cause of the interstitials removing heat from the graphite, should
present the maximum value (dT/dr = 0) approximately at the mid-
dle of the graphite sub-domain. While, by imposing a symmetry
condition at the graphite axial boundary (r = R2), the temperature
profile would have the maximum at r = R2, giving high discrepan-
cies in the average temperature of the graphite between the actual
channel and the modelled channel.
2 The ‘‘local one-way method’’ consists in disregarding any boundary conditions in
terms of velocity and temperature at the outlet boundary of the computational
domain. This is appropriate when no re-circulating flow is expected, namely if there is
a strong unidirectional flow in one direction that significantly influences the velocity
field. In this case, the conditions at a point are largely affected by the upstream
conditions, and very little by the downstream ones.

3 The ‘‘wall function approach’’ consists in using empirically-based relations in
turbulent flows near solid boundaries in order to describe the velocity and temperature
profile in the thin boundary layer near the wall, instead of solving the turbulence
equations.
3.3.2. Neutron fluxes and delayed neutron precursors

� Inlet boundary. The ‘‘vacuum’’ boundary condition is adopted for
the fast and thermal neutron fluxes at the inlet (i.e.,
u1 = u2 = 0), since the neutron extrapolation distance is negligi-
ble when compared to the axial dimension of the channel. The
circulation of delayed neutron precursors is taken into account
considering that a certain amount of DNPs can return into the
core from the external loop according to their decay features,
as follows:

ci;inðtÞ ¼ ci;outðt � sELÞ expð�kisELÞ ð13Þ

� Outlet boundary. As at the inlet boundary, ‘‘vacuum’’ boundary
condition is applied for fast and thermal fluxes at the outlet
boundary, while the ‘‘local one-way method’’ is used for the
delayed neutron precursors.
� Wall and central boundaries. Symmetry boundary conditions are

imposed for the neutron fluxes at r = 0 and r = R2. As concerns
DNPs, the symmetry condition is chosen at r = 0, while the
‘‘impermeability’’ to fuel salt is considered at the wall (r = R1).

As far as the interstitial effects are concerned, they are taken
into account by keeping the same fuel to graphite volume
ratio of the actual core channel. This assumption was verified in
(Memoli et al., 2009).

3.4. Neutron cross sections

As concerns neutronics modelling, a set of temperature-
dependent two-group cross sections are produced by means of
SCALE 5.1, in the assumption of beginning of life fuel composition
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(without fission products). They are included into the MPM ap-
proach as input parameters, so that no burn-up dependence of
neutron cross sections is allowed for. Such an approximation can
be considered acceptable in the case of MSRs because their
neutronic characteristics are relatively independent of core life-
time (Suzuki and Shimazu, 2006, 2008). Infinite cell calculations
by means of the transport code NEWT, using the 238 group
cross-section library ENDF/B-VI.7, are carried out to generate a
macroscopic cross section database under a discrete range of tem-
perature of the fuel and the graphite region. The relationship be-
tween the group constants and the temperature is fitted in the
following form:

RðTav
F ; T

av
G Þ ¼ a0 þ a1Tav

F þ a2Tav
G ð14Þ

In this way, it is possible to take into account the heterogeneity of
the MSBR channel. It is worth noting that the fuel salt and graphite
temperatures are characterized by very different time constants
during transients. A graphic representation of the fitted and calcu-
lated group constants as a function the fuel and graphite tempera-
ture is illustrated in Fig. 4.

A comparison of the feedback coefficients of fuel and graphite
calculated by means of SCALE 5.1 and the diffusive model imple-
mented in COMSOL are shown in Fig. 5, where COMSOL values
are obtained performing eigenvalue calculations at different tem-
peratures. In particular, the equation system defined by Eqs. (11)
and (12) reduces to an eigenvalue problem in steady-state condi-
tions (Bell and Glasstone, 1970), where the eigenvalues are the val-
ues of the multiplication factor (k) and eigenfunctions are the
corresponding solutions for the neutron flux. If k1 and k2 represent
the multiplication factors for temperatures T1 and T2, the feedback
coefficient is given by aT = (1/k1 � 1/k2)/(T2 � T1). As can be ob-
served, a general good agreement can be found between the two
approaches, and, in both cases, the calculated values do not signif-
icantly differ from those given by Křepel et al. (2007), who found
salt and graphite temperature coefficients equal to �2.491 pcm/K
and 2.259 pcm/K, respectively. A little discrepancy can be found
in the fuel salt coefficient, since the diffusive model returns higher



Fig. 3. (a) Geometrical representation of the analysed MSBR core channel; (b) fluid flow and heat transfer boundary conditions; (c) neutron flux and DNP boundary
conditions.

Table 2
Main parameters of the analysed MSBR core channel.

Parameters Values

Average power density (kW/l) 30.6
Average fuel salt power density (kW/l) 213.5
Average graphite power density (kW/l) 2.75
Channel radius, R1 (m) 0.0208
Graphite outer radius, R2 (m) 0.0573
Axial channel length, H (m) 3.96
Inlet fuel velocity (m s�1) 1.47
Inlet fuel temperature (K) 839
Outlet fuel temperature (K) 977
Volume fraction of fuel salt (%) 13.2
Graphite power density fraction to the total power (%) 9a

a Average value derived from ORNL calculations.

Table 3
Thermo-physical properties of fuel salt and graphite at 908 K.

Properties Fuel salt Graphite

q (kg m�3) 3327 1843
CP (J kg�1 K�1) 1357 1760
K (W m�1 K�1) 1.23 31.2
g (kg m�1 s�1) 0.01 /
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negative values than those calculated by SCALE 5.1. A reason of this
discrepancy can be related to the fact that the SCALE 5.1 reactivity
coefficients values are obtained by performing criticality cell calcu-
lation with a fixed buckling corresponding to the nominal height of
the fuel channel. In this case, the reference value (i.e., the multipli-
cation factor at the nominal temperature of fuel and graphite) is
about 1.04. The reactivity coefficients, which come out of this cal-
culation, are then relative to a non-critical spectrum, unlike the
COMSOL values, which are calculated using two-group cross sec-
tions obtained by collapsing the fine group library over a critical
spectrum.
3.5. Thermo-physical properties

Thermo-physical properties dependent on the temperature are
necessary in the coupling analysis and calculation. Several experi-
mental investigations were carried out at ORNL during the 1960s
and 1970s to study the thermo-physical properties of different salt
mixtures and graphite types. As concerns MSBR materials, a wide
database is available and can be found in the documentation re-
cently declassified by ORNL (Energy from Thorium). The correla-
tions regarding density and viscosity of fuel salt and the graphite
thermal conductivity are taken from (Robertson, 1971) and are ex-
pressed by Eqs. (15)–(17), respectively. As regards fuel salt thermal
conductivity, experimental data reported in (Rosenthal et al.,
1970a) have been fitted by the authors and the resulting expres-
sion is given by Eq. (18).



Fig. 4. Fuel absorption macroscopic cross section as a function of fuel and graphite temperature.

Fig. 5. Thermal feedback coefficients of graphite (a) and fuel salt (b) calculated by
SCALE 5.1 and COMSOL.
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q ½kg=m3� ¼ 3374 1� 1:9857� 10�4ðTF ½K� � 839Þ
� �

ð15Þ

g ½kg=m s� ¼ 0:109� 10�3 � expð4090=TF ½K�Þ ð16Þ

KG ½W=m K� ¼ 3763 � ðTG ½K�Þ�0:7 ð17Þ

KF ½W=m K� ¼ �3:70�10�6 � T2
F ½
�C� þ4:77� 10�3 � TF ½�C� � 0:309

500 �C	 TF 	 900 �C ð18Þ

The other thermo-physical properties of the fuel salt and graphite
are assumed constant, and are given in Table 3.

3.6. Method of numerical solution

The solver used for the resolution of the PDE system adopted in
the multi-physics model is based on the finite element method
using quadratic Lagrangian elements. A mapped mesh consisting
of quadrilateral elements is used to discretize the geometrical
sub-domains. The overall equation system is solved using a segre-
gated solver and each group of variables is solved by means of the
direct method UMFPACK, which is based on the unsymmetric-
pattern multifrontal method and direct LU factorization (Davis,
2004). As for the time stepping, the backward difference approach
is applied to integrate the time derivatives. In order to handle
numerical instabilities, anisotropic diffusion and streamline diffu-
sion Galerkin Least-Squares are used, respectively, in the precursor
balance equation and in the thermal fluid dynamics of the molten
salt domain (energy and k–e balance equations). Details on the
convergence criteria of the time-dependent solver and the segre-
gated solver are discussed with more detail in the COMSOL Multi-
physics� Reference Guide (COMSOL, 2008b).

As far as the steady-state solution (Section 4.1) is concerned, it
is found by solving the time-dependent problem. Usually, the ini-
tial conditions are relatively far from the stationary solution. In
the case of the MSBR, the system is intrinsically stable (Di Marcello,
2010), hence the time-dependent solution gives a transient at the
end of which the solution stabilizes at a certain power level, gener-
ally not corresponding to the nominal value. To deal with such cir-
cumstance, an absorption cross section (Rabs) is used so as to vary
the system reactivity and to bring the system at the nominal power
level. In other words, the absorbing term Rabs is dynamically varied
using a controller like a standard PID (Proportional–Integral–
Derivative) configuration. At this point, once the power level is
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reached, the solution is validated by performing a further eigen-
value calculation, which returns a multiplication factor equal to 1
within the tolerance of the solver.

As concerns the power transients due to reactivity insertion
(see Section 4.2.1), they are simulated by setting a certain value
of the absorbing term Rabs, which can be considered as a diluted
thermal neutron absorber and is introduced as control variable in
order to adjust the neutron population according to the selected
power level.
3.7. Validation of COMSOL numerical results

Great effort was spent at the Politecnico di Milano for the
assessment of the results provided by COMSOL Multiphysics�

(Cammi et al., 2007; Di Marcello et al., 2008; Cammi et al., 2009;
Memoli et al., 2009; Luzzi et al., 2010). The thermo-hydrodynamics
and neutronics models were tested independently, adopting differ-
ent methodologies according to the peculiar characteristics occur-
ring in MSRs.

As far as the flow and heat transfer modelling is concerned, a
generalized analytic approach for pipe flow was developed in (Di
Marcello et al., 2010), taking into account the fluid internal heat
generation and incorporating recent developments in turbulence
modelling (Churchill, 1997). This analytic solution was extended
to take into account the heat conduction in the graphite moderator
surrounding the fluid flow and considering the heat generation in-
side the solid domain (Luzzi et al., 2010). The obtained overall ana-
lytic solution (fluid fuel + graphite) was exploited to assess the
COMSOL results exploring different Reynolds and Prandtl numbers
and making also use of FLUENT (FLUENT, 2005) as a dedicated
computational fluid dynamics code � for details see Cammi et al.
(2009) and Luzzi et al. (2010).
Fig. 6. Axial (a) and radial (b) temperature profiles in steady-state conditions.
A verification and validation of the neutronic model was carried
both in the case of static and circulating fuel (Memoli et al., 2009).
In the former, a code-to-code comparison between COMSOL, MNCP
(Briesmeister, 2000) and SCALE 5.1 results was performed in terms
of neutron flux, multiplication factor and macroscopic cross sec-
tions. In the case of circulating fuel, a study of effective delayed
neutron fraction as a function of fuel velocity was performed,
and the results were compared with simplified neutron kinetics
models (Memoli et al., 2009).

In all these works, COMSOL revealed an accurate and reliable
tool. A general good agreement was found in all the comparisons,
which can be considered acceptable from an engineering point of
view.

4. Results and discussion

In this section, the MSBR behaviour in steady-state and tran-
sient conditions is analysed by means of the proposed MPM ap-
proach, with reference to the single-channel described in Section 2.

4.1. Steady-state conditions

The spatial distributions of the most relevant physical quanti-
ties evaluated by means of COMSOL are described, since they give
useful indications on the peculiar behaviour that is featured by the
considered MSBR core channel, and more in general is typical of
CFRs.

As concerns temperature profiles (Fig. 6), the results of present
work are compared with the analytic solution developed in (Di
Marcello et al., 2010; Luzzi et al., 2010) and used for validation
(see Section 3.6). The comparison was performed in order to obtain
an interpretation a posteriori of the model assumptions. Even if the
Fig. 7. Axial (a) and radial (b) neutron flux profiles in steady-state conditions.
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analytic model applies under several assumptions (the temperature
dependence of the thermo-physical properties is not considered,
natural convection is neglected, and the fluid is in hydro-
dynamically developed and thermally developing flow conditions),
the discrepancies with the numerical results are kept down. This
implies that the analytic solution is well representative of the tem-
perature distribution and consequently of the velocity pattern
occurring inside the core channel in steady-state conditions, and
can be therefore used for a preliminary evaluation of the most
important thermal–hydraulic parameters. In addition, the typical
temperature trend of the MSR core channels is encountered
(Fig. 6). The graphite is subjected to higher temperature with re-
spect to the fuel salt, and the calculated values are in accordance
with those given by ORNL (Robertson, 1971). Such behaviour is gen-
erally exhibited in steady-state conditions (Křepel et al., 2005), but
during power transients the situation can be different (as shown in
Section 4.2).

The calculated neutron fluxes are reported in Fig. 7. The fast
neutron flux in the fuel results higher than that calculated in the
graphite, since fission reactions can occur only in the molten salt.
On the contrary, the thermal neutron flux is lower in the fuel zone
with respect to the graphite moderator, analogously to solid-
fuelled reactors.

DNP spatial distribution is a relevant feature of MSRs, and
should be considered properly in the analyses. For instance, a
zero-dimensional approach (by means of a zero-point neutron
kinetics model) would lead to an underestimation of the reactivity
loss due to fuel circulation (Kópházi et al., 2009; Memoli et al.,
2009), with possible consequences on the system behaviour during
transients. The present MPM approach allows to take into account
the effects related to the spatial distribution of DNPs, both in stea-
dy-state and transient conditions. As concerns the former ones,
Fig. 8. Axial (a) and radial (b) DNP profiles in steady-state conditions.
shown in Fig. 8, DNP concentration is strongly perturbed by the hy-
dro-dynamic pattern inside the channel. In particular, precursors
are more concentrated near the interface between fuel and graph-
ite (i.e., where fuel velocity is lower), and in the upper zone of the
channel.

4.2. Transient conditions

In this section, the proposed MPM approach is applied to study
several transients driven by: (i) reactivity insertion due to control
rod movements; (ii) fuel mass flow rate variations due to the
change of the pump working conditions; (iii) presence of periodic
perturbations.

4.2.1. Reactivity-driven transients
The first group of simulated transient conditions are driven by

reactivity insertion due to control rod movements. This kind of
transients is of specific interest for MSRs because the delayed neu-
tron fraction is reduced, due to the loss of delayed neutrons in the
external primary loop, and is smaller than that of other reactors (in
which 235U is commonly adopted), since 233U is used as fissile
material. Hence, an addition of positive reactivity could lead to a
severe transient. In the following, reactivity prompt jumps up to
300 pcm are simulated starting from steady-state conditions at
nominal power and nominal fuel flow rate.

The results in terms of power variations and temperatures of
graphite and fuel salt are shown in Fig. 9. Power and temperature
values encountered during the transients are strongly coupled each
other. In particular, the power response of the system mainly de-
pends on the negative salt reactivity feedback coefficient, which
slows down the initial power fast growth. It can be noticed in
Fig. 9. Response of the MSBR core channel to the reactivity insertion with several
reactivity levels at nominal power. The power (a) is shown for all reactivity levels.
The temperatures (b) are given only for 300 pcm insertion results.



Fig. 10. Comparison between present results, those obtained by Křepel et al.
(2008), and a point-kinetics model, in terms of system response to the reactivity
insertion of 300 pcm.
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Fig. 9b that the fuel experiences higher temperatures than the
graphite moderator, differently from steady-state conditions. This
behaviour is due to the strong difference between fuel salt and
graphite time constants and represents a specific feature of MSR
dynamics, unlike conventional solid-fuelled reactors. Actually, at
the beginning of the transient, the heat is transferred from graphite
to fuel salt (like in steady-state conditions), but a situation is
reached with the radial heat flux inverted between them, due to
the fast time response of the fuel.

From the safety point of view, the maximum temperatures
reached by the fuel salt and graphite are fundamental parameters
to be considered. In the case of 300 pcm reactivity jump, the great-
est temperature is attained by the fuel maintaining an adequate
safety margin with respect to the boiling temperature (about
1700 K). As concerns graphite, its temperature should be kept as
low as possible due to undesired thermal expansion and increased
thermal stresses, which can affect the performance of this compo-
nent and its residual lifetime in reactor.

The achieved results are comparable with those obtained by
Křepel et al. (2008), who performed the analysis of the entire MSBR
core, as shown in Fig. 10, where also a point-kinetics model (whose
parameters are chosen accordingly to the average conditions of the
zone I of the MSBR core) is presented. Even if the analysed geom-
etry is simplified, the model of the present work is well represen-
tative of the system behaviour in terms of power response. The
discrepancies with respect to Křepel results in terms of peak and
final power levels are due to the different system and geometry un-
der consideration, namely: a representative channel of zone I of the
MSBR core vs. the entire MSBR core. The additional piece of infor-
mation of the proposed MPM approach arises from the possibility
of describing the hydro-dynamic pattern. As a consequence, more
pronounced oscillations in the power response are found, which
cannot be caught by adopting a simplified thermal–hydraulic ap-
proach (one- or zero-dimentional) that leads to a more flat dy-
namic behaviour, as highlighted by the results of Křepel et al.
(2008) and of a point-kinetics model.
4.2.2. Pump-driven transients
The second group of analysed transients is driven by the chang-

ing pumping rate. The system response is studied in the case of
unprotected pump-driven transients (i.e., power is not maintained
dRðz; tÞ ¼
b½Hðz� uzðt � t0ÞÞ �Hðz� uzðt � t0Þ � DzÞ� n � s < t 	 n

0 n � sþ sC < t

�

by control rods) considering the following two situations: (a)
pumping rate decrease of 80%; (b) pumping rate increase of 20%.
The variations of fuel flow rate are simulated assuming an expo-
nential response of the pump with a time constant of 2 s (Křepel
et al., 2007).

The results in terms of power and temperature response are gi-
ven in Fig. 11. The behaviour of the MSBR core channel is mainly
governed by the feedback reactivity coefficient of the fuel salt, dif-
ferently from the zero-power reactor dynamics (Křepel et al.,
2008). It is worth mentioning that, because of the DNP drifting
along the primary loop, pump flow rate increase causes DNP loss
and induces negative reactivity, while pump flow rate decrease
leads to positive reactivity. Fig. 11a denotes the power decrease
at the transient beginning, and subsequently the stabilization at
about the 35% of its initial value P0. The decreasing fuel flow rate
causes a rapid increase in the fuel temperature (Fig. 11b), which af-
fects the power response through its feedback reactivity coeffi-
cients. The system response in the case of 20% increasing fuel
flow rate (see Fig. 11c and d) is driven by a larger increase of graph-
ite temperature (featured by a positive temperature feedback coef-
ficient) with respect to that of fuel salt, leading to a positive
reactivity insertion, and thus to an increase of power of about 25%.

The case of a decreasing pumping rate is of interest from the
safety point of view, since it can give important information in
the case of pump malfunctioning or in a more severe channel
blockage in the reactor core. The strong increase of fuel and graph-
ite temperatures shown in Fig. 11b can represent a dangerous con-
dition for the MSBR, leading to possible local core damage in case
of channel blockage (Křepel et al., 2008) if not prevented by the
reactor safety systems.

4.2.3. Presence of periodic perturbations
The circulation of the fuel, besides the main effect of delayed

neutron fraction reduction, can bring to periodic perturbations
caused by local changes of the fuel properties. These local varia-
tions can then propagate throughout the whole primary loop.
Examples of these perturbations are the formation of gas bubbles,
which were experimentally detected in MSRE experience, and pre-
cipitation of fissile compounds, which can occur when fuel is added
in excess with respect to the solubility limit in order to compensate
burn-up effects. Dulla and Nicolino (2008) thoroughly analysed the
problem of fissile compounds precipitation showing also the differ-
ence between a point-like approach and a three-dimensional one,
considering the MSRE and MOSART systems. In the present work,
fissile compound precipitation in the MSBR is studied. From the ki-
netic point of view, the main difference between the MSRE and
MSBR is the presence in the latter of a positive thermal feedback
of the graphite characterized by a large time constant (Mathieu
et al., 2006).

To simulate the presence of a fissile lump in the channel, the
fuel properties (represented by the macroscopic cross sections)
are assumed to change according to a periodic square wave pulse.
The spatial width of the pulse is given by the axial size of the lump
and the amplitude is evaluated assuming that the fissile compound
consists of UF4, which is radially spread across the fuel channel.
The period is given by the circulation time s. In this way, the fuel
two-group cross sections can be written according to Dulla and
Nicolino (2008) as:

RFðz; tÞ ¼ R0
F þ dRðz; tÞ ð19Þ
� sþ sC

< ðnþ 1Þs
ð20Þ



Fig. 11. Response of the MSBR core channel to fuel pump rate variations: power (a) and temperatures (b) response in case of 80% pump rate decrease; power (c) and
temperatures (d) response in case of 20% pump rate increase.

Fig. 12. System response to periodic perturbations (maximum total reactivity of
25 pcm) at zero-power in terms of power (a) and precursor concentration (b).
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where b is the wave pulse amplitude (dependent on the cross sec-
tions of solid UF4 and molten salt fuel), H is the Heaviside function,
Dz is the axial size of the lump (equal to 5 mm in the considered
analysis), and n is an integer number. The reactivity introduced into
the system can be then adjusted for example by varying the UF4

atomic fraction in the moving volume or the axial size itself. Col-
lapsed cross sections for UF4 are again calculated through the se-
quence NEWT of SCALE 5.1.

Zero-power and nominal power transients are considered. The
zero-power transient refers to the case of a circulating fissile lump
in the channel that gives a maximum total reactivity of 25 pcm. As
shown in Fig. 12, during the fissile lump transit, lasting about 2 s,
Fig. 13. Total reactivity behaviour during the lump transit in high and low
reactivity cases.



Fig. 15. Local perturbations of neutron fluxes at different times (a) and system
temperature response (b) in the high reactivity case.
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the power is subject to a fast increase. When the fissile lump exits
the channel, the power quickly decreases until the precursors
(whose concentration builds up during the lump transit) start
emitting delayed neutrons. As discussed by Dulla and Nicolino
(2008), the zero-power dynamics is characterized by an asymptotic
linear evolution of the power, which is clearly visible in Fig. 12.

The nominal power case is analysed for a maximum reactivity
of about 50 pcm and 500 pcm, indicated in the following as low
reactivity and high reactivity cases, respectively. The latter case
(high reactivity) describes a super prompt critical configuration
since the maximum reactivity insertion is larger than the value
of b (about 300 pcm). Fig. 13 shows the total reactivity behaviour
during the lump transit in both cases. The maximum value is
reached, as expected, when the lump is in the mid channel (this oc-
curs after about 1.3 s for the considered fuel velocity), where the
adjoint fluxes reach the maximum values according to the pertur-
bation theory (Lamarsh, 1966).

In Fig. 14, the system response of normalized power and precur-
sor concentration for the case of 50 and 500 pcm, for the first three
periods, is depicted together with the results achievable by means
of a point-kinetics model. Besides the presence of large oscillations,
with amplitudes up to 30% and 750% for low and high reactivity
cases, respectively, both the power and the DNP concentration
show a slight increase of the period averaged values. However, as
found by Dulla and Nicolino (2008), differently from the zero-
power case that is characterized by a divergent solution, the ther-
mal feedback has the effect to stabilize the solution around a sta-
tionary value. The local perturbation of the neutron flux can be
noticed in Fig. 15a, which shows the normalized fast and thermal
flux axial profiles at different times during the lump transit for
the high reactivity case. The solid fissile lump acts as a localized
source of a fast neutrons, so that the fast flux shows a peak
Fig. 14. System response to periodic perturbations at nominal power level in the low (a and b) and high (b and c) reactivity cases in terms of: (a–c) power where also the
point-kinetics model is shown; (b–d) precursor concentration.
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(Fig. 15a). On the other hand, a corresponding absorption of ther-
mal neutrons occurs, so that the thermal flux shows a depression
peak. This local perturbation is swept throughout the channel by
the fuel velocity. For the same amount of reactivity, the average
fuel and graphite temperature evolutions are shown in Fig. 15b.
As already discussed, the fuel temperature presents a faster re-
sponse to power change, whereas the graphite is subject to slow
variation, being its time constant much greater than that of the
fuel. Moreover, it is worth to note that also in the periodic pertur-
bation analysis the description of the fluid motion by means of a
fluid dynamics approach (allowing for turbulent phenomena) has
relevant effect on the global behaviour. This behaviour presents in-
deed more pronounced oscillations with respect to more simplified
thermo-hydraulic schemes, such as that offered by a point-kinetics
model (Fig. 14a and b).
5. Conclusions

In this paper, a MPM approach for the analysis of the Molten
Salt Reactor behaviour both in steady-state and transient condi-
tions was presented. It allows to take into account the coupling
(in space and time) between the several physical phenomena
occurring in the reactor, whose interaction cannot be neglected
when an accurate description of their dynamic evolution is re-
quired. In particular, the attention was focused on the interaction
between neutronics and thermo-hydrodynamics. This is a well-
known problem in nuclear engineering because it occurs with
more or less evidence in conventional nuclear reactors, for which
several coupling approaches are available in literature (e.g., the
Coupled Code Technique between THSC and NKC). Differently
from solid-fuelled reactors, MSRs are featured by an intrinsic
coupling between neutronics and thermo-hydrodynamics (typical
of circulating fuel systems), so that conventional approaches may
result unpractical requiring strong modifications of the code
numerical structure. In this framework, several studies were per-
formed and different models and approaches can be found in
literature. They provide a reasonable good description of the
MSR behaviour, even if several simplifications (mainly on the
thermo-hydro-dynamic modelling) are made. The MPM approach
proposed herein is based on a different strategy, which adopts a
multi-physics modelling (neutron diffusion theory + RANS + k–e
turbulence model + energy balance) in the unified environment
of simulation offered by the finite element COMSOL software,
which revealed flexible and robust at the same time. This ap-
proach has been applied to investigate the steady-state and tran-
sient conditions of the MSBR, with reference to a simplified
geometry representing a typical core channel and suitable for
the assessment of the most relevant features related to the phys-
ical behaviour modelling. It is worth noting that the developed
MPM approach is of more general validity for studying the dy-
namic behaviour of other MSRs.

In particular, from the results achieved in this paper, the follow-
ing main conclusions can be drawn.

1. The steady-state analysis has allowed to study the most rele-
vant physical quantities (thermal and fast neutron flux, precur-
sor concentration, graphite and fuel temperatures), by taking
into account the spatial distribution of the coupled graphite-
fuel salt system. As concerns heat transfer, the analytic solution
developed at the Politecnico di Milano (Di Marcello et al., 2010;
Luzzi et al., 2010) has offered a satisfactory interpretation a pos-
teriori of the model assumptions, revealing as representative of
the temperature distribution occurring inside the core channel,
and useful for a preliminary evaluation of the most important
thermal–hydraulic parameters.
2. Transient analyses have permitted to evaluate the system
response in the case of reactivity-driven transients, pump-dri-
ven transients and presence of periodic perturbations, giving
preliminary indications on safety related issues of MSRs, and
more in general of circulating fuel systems. The comparison
with the results obtained by Křepel et al. (2008) on the entire
MSBR core, as well as with those achievable with a point-
kinetics model, has demonstrated that: on one hand, the pro-
posed MPM approach is representative and well descriptive of
the MSBR core behaviour; on the other hand, the present model
is able to give a significant additional piece of information on
the system behaviour represented by the presence of further
oscillations in the system response, thanks to the adoption of
a more complete thermo-hydro-dynamic model with respect
to one-dimensional flow models generally employed in
literature.

All things considered, the present MPM approach is thought to
be useful because: (i) neutronics and thermo-hydrodynamics are
solved together in transient conditions, taking into account turbu-
lence and buoyancy effects, as well as the heterogeneity of the sys-
tem (in the calculation of group constants for molten salt and
graphite); (ii) it provides additional information on the MSR
dynamics, thanks to the accurate description of the fuel/coolant
velocity pattern; (iii) it is in principle applicable to more complex
geometries of MSRs, including the treatment of other ‘‘physics’’
(such as thermo-mechanics of structural components and/or per-
meation of fissile species and fission products through graphite),
and can be used for control-oriented analyses, e.g. by means of
the MATLAB/Simulink interface.
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