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1. Introduction

Molten Salt Reactors (MSRs) were conceived during the fifties
for military purposes in the US, and subsequently developed for
two decades as graphite-moderated U-233 breeder reactors for
power production (MacPherson, 1985). A renewed impetus has
been given to the MSR R&D by the Generation IV International For-
um (GIF-IV) that, in 2001, selected the MSR as one of the six inno-
vative nuclear reactors with the potential to meet the compelling
need for an increasingly sustainable, economical, safe and prolifer-
ation resistant nuclear energy production (GIF-IV, 2002). Few years
after the selection of the MSR among the Generation-IV reactors,
the concept evolved in the direction of fast-spectrum MSRs (MSFR
– Molten Salt Fast Reactors). Adoption of a fast-neutron spectrum
guarantees a better breeding and good capabilities for TRU (TRans-
Uranic isotope) burning (Fiorina et al., 2013). It is noteworthy that
the MSR requires extended definitions of the breeding gain to take
into account the uranium in the external stock (Nagy et al., 2011,
2012). It is also expected to improve safety, as one of the historical
problems of MSRs was the positive reactivity feedback coefficient
of the graphite moderator (Renault et al., 2005). On the other hand,
drawbacks exist like a higher actinide inventory and exacerbated
material problems. More generally, a limited know-how is avail-
able for fast-spectrum MSR technology.

Among various aspects requiring investigation, the present pa-
per focuses on the reactor dynamics and safety features. A first
objective is benchmarking two different models developed at the
Politecnico di Milano and at the Technical University of Delft for the
transient analysis of the MSFR primary circuit. They include a cou-
pled representation of thermal–hydraulics and neutronics. The gov-
erning partial differential equations are discretized and solved in a
simplified 2-D r � z geometry. The second objective is to use the re-
sults from code benchmarking to attain a first understanding of the
MSFR transient behaviour, pointing out the most critical issues to
be taken into account during reactor design and optimization.

In Section 2, the investigated reactor concept is presented. Sec-
tion 3 discusses the adopted methodology. After a preliminary
assessment of the MSFR neutronic features (Section 4), the MSFR
steady-state and transient behaviour are discussed in Sections 5
and 6, respectively. The conclusions of the work are finally drawn
in Section 7.
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Nomenclature

Latin symbols
Di decay heat of the ith group (W/m3)
fi fraction of power generation associated to the ith decay

heat group (–)
Q internal heat generation in the fuel salt (W/m3)
r radial coordinate (m)
t time (s)
T temperature (K)
T0 reference temperature (K)
u velocity vector (m/s)
z axial coordinate (m)

Greek symbols
aq feedback coefficient for fuel expansion (pcm/K)
b fuel expansion coefficient (K�1)
beff effective delayed neutron fraction (pcm)
ki decay constant associated to the ith decay heat group

(s�1)
lT turbulent viscosity (Pa s)
qS fuel salt density (kg/m3)
2. Investigated reactor concept

The MSFR is analysed in the present paper. It is the reference
circulating-fuel MSR in the framework of the Generation IV Inter-
national Forum, and it is mainly developed in the EURATOM EVOL
Project (EVOL, 2013). The core of the MSFR is a cylinder with a
diameter equal to the height, surrounded axially by 1-m thick steel
reflectors, and radially by a fertile blanket, a boron carbide layer,
and a reflector. The main core parameters are summarized in
Table 1, while a schematic view is reported in Fig. 1.

The fuel salt is composed of LiF for 77.5 mol%, and a mixture of
AcF3 and AcF4 for 22.5% (Ac indicates actinides). For the specific
computations performed in this paper, a beginning-of-life
232Th–233U (88.69–11.31 wt.%) fuel salt composition is assumed
(Merle-Lucotte et al., 2011).

The MSFR envisions the use of an intermediate circuit to sepa-
rate the radioactive primary coolant from the energy conversion
system. The intermediate circuit uses molten FLiNaK (Benes and
Konings, 2009) as coolant. The heat transfer between primary
and intermediate circuits is achieved through 16 heat exchangers,
whose exact design has not yet been defined. In this paper, a shell-
and-tube configuration will be considered, with the primary salt in
the tubes and the secondary salt in the shell. This is consistent with
the MSRE (Molten Salt Reactor Experiment) and MSBR (Molten Salt
Breeder Reactor) designs developed at the Oak Ridge National Lab-
oratory during the Molten Salt Reactor Project (Robertson, 1971;
Energy from Thorium website). The shell has been configured to
achieve the same heat transfer coefficient as for the primary salt.
At the secondary side, a constant temperature of 823 K has been
assumed. The following main constraints specified for the MSFR,
and mainly characterizing the core transient behaviour, have been
taken into account: (1) inlet/outlet temperatures equal to 923/
1023 K, respectively and (2) a total volume on the primary side
equal to 36% of the salt in the external part of the primary circuits
Table 1
MSFR core parameters (Merle-Lucotte et al., 2011).

Thermal/electric power 3000 MWth/1500 MWe

Core inlet/outlet temperatures 923/1023 K
Fuel salt volume 18 m3

Fraction of salt inside the core 0.5
Blanket thickness 50 cm
Blanket salt volume 7.3 m3

Boron carbide layer thickness 20 cm
Salt density (4094–8.82 � 10�1�(T[K]-1008)) kg/m3

Salt specific heat �1111 + 2.78 T [K] J/kg K
Salt thermal conductivity 0.928 + 8.397 � 10�5 T[K] W/m K
Salt kinematic viscosity 5.54 � 10�8 exp (3689/T[K]) m2/s
Flow rate 4.5 m3/s
(i.e., in pipes, pumps and heat exchangers). Results of the prelimin-
ary design process are reported in Table 2, though it is worth point-
ing out that technical or economic constraints may lead to different
designs, with potentially notable impacts e.g. on the pressure
losses.
3. Modelling approach

This section presents the models developed at the Politecnico di
Milano (from here on referred to as Polimi) and at the Technical
University of Delft (from here on referred to as TUDelft) for the tran-
sient analysis of the MSFR. Modelling choices are mostly consistent
for the two models and differences will be explained when
relevant.
3.1. Geometry and main assumptions

The current MSFR conceptual design features a nearly axial-
symmetric core geometry, which allows for a 2D modelling. The ax-
ial-symmetric representation can be extended to the entire primary
circuit by approximating the 16 external loops with a single annular
loop (Fig. 2), provided that detailed velocity and temperature distri-
butions in the external part of the circuit are not of interest. Ensuing
drawbacks are mainly: (1) approximate pressure drops and mixing
effects in the out-of-core part of the circuit; (2) the impossibility to
predict some local effects in the core, like the flow pattern close to
inlet and outlet of each loop; (3) the impossibility to explicitly rep-
resent pump and heat exchanger. The latter shortcoming can be
partly overcome by substituting pump and heat exchanger with
suitable momentum and heat sources (or sinks).

The heat exchanger was simulated by a volume force opposite
to the fluid flow and causing an overall pressure drop of 300 kPa
(Table 2) at nominal conditions. To take into account the veloc-
ity-dependency of the pressure losses and in view of the turbulent
flow in the tubes, the volume force has been multiplied by the ratio
between actual and nominal flow rates, to the power of 1.75 (Incr-
opera et al., 2006). The pump was simulated by a volume force in
the direction of the flow and able to establish the nominal volu-
metric flow rate of 4.5 m3/s.

The heat transfer with the intermediate circuit has been simu-
lated through a heat sink proportional to the temperature differ-
ence between primary and secondary circuits, and to the
harmonic mean of the heat transfer coefficients on each side of
the heat exchanger. The heat transfer coefficient related to the pri-
mary circuit has been provided with a dependency on velocity in
accordance with the Dittus–Boelter correlation (Dittus and Boelter,
1930). Volume and position occupied by the heat sink are in this
case important for a proper transient simulation. The occupied



Fig. 1. Schematic view of the MSFR primary circuit: the fuel circulates through the core and 16 external circuits, each one including a pump and a heat exchanger; an overflow
tank accommodates salt expansion in case of overheating; the entire primary circuit is contained in a secondary reactor vessel (Brovchenko et al., 2012).

Table 2
Heat exchanger parameters.

Type Tube (primary circuit) and shell
(secondary circuit)

Power exchange 187.5 MW
Inlet/outlet temperatures (primary side) 1023/923 K
Fuel salt volume (primary side) 0.203 m3

Tube inner diameter 0.4 cm
Tube length 2 m
Number of tubes 8061
Temperature of the secondary side 823 K
Heat transfer coefficient on each side of

the heat exchanger
2.60 � 106 W/K

Salt velocity (primary side) 2.78 m/s
Reynolds number (primary side) 4600
Pressure loss (primary side) 300 kPa
volume has been set to 36% of the out-of-core part of the primary
circuit, consistently with the preliminary design reported in Ta-
ble 2. The heat source has been placed in the upper part of the
out-of-core circuit (see Fig. 2) to enable natural circulation in case
of a loss of flow.

It is also worth mentioning that the use of an axial-symmetric
flow model excludes possible non-symmetric flow patterns, which
are in principle allowed by the non-linearity of the Navier–Stokes
equations. However, use of an axial-symmetric model drastically
reduces the computational requirements, without substantially
jeopardizing the capability of the model to investigate the overall
system behaviour. Also, apart from the apparent savings in compu-
tational cost, the high-Reynolds two-equation models used in the
present work are likely to result in symmetric solutions even for
full 3D studies due to their diffusive behaviour compared to low-
Reynolds number models. This further supports our choice of using
an axisymmetric geometry.

3.2. Multi-physics modelling

To simulate the MSFR steady-state and transient behaviour, a
multi-physics approach has been adopted envisioning a node-wise
coupling of the various quantities. Specifically, the models em-
ployed in this paper couples thermal–hydraulics, neutronics and
delayed neutron precursor movement.

Thermal–hydraulics is modelled through Reynolds-Averaged
Navier–Stokes (RANS) equations for mass conservation, momen-
tum conservation in the axial direction and momentum conserva-
tion in radial direction. The compressible form of these equations is
assumed for the Polimi model, while an incompressible flow is as-
sumed for the TUDelft model, with natural circulation effects taken
into account through the Boussinesq approximation. The local tur-
bulent viscosity is obtained by solving the standard k � e model
with logarithmic wall functions.

Temperature distributions are obtained by means of a classical
equation for energy conservation, with the turbulent conductivity
that is derived from the turbulent viscosity, assuming a turbulent
Prandtl number equal to 0.85. A condition of thermal insulation
is applied at the external boundaries of the geometry and around
the blanket, where the temperature field is not solved. In the TUD-
elft model instead, conditions of thermal insulation are applied to
all boundaries between fuel salt and core structures, and the tem-
perature field is solved only in the salt.

Neutron fluxes are represented according to a multi-group dif-
fusion approach explicitly adapted for precursor movement (see,
e.g., Kophazi et al., 2009; Cammi et al., 2011, 2012; Van der Linden,
2012). Six energy groups are used for the Polimi model and the
cross-sections are derived for each material using the SERPENT
Monte Carlo code (Leppänen, 2007) and the JEFF-3.1 library (Kon-
ing et al., 2006). A simple logarithmic temperature dependence is
employed, using the cross-sections at 900 K and 1200 K for the
interpolation. Cross-sections are also assumed to be directly pro-
portional to the local density. Nine energy groups are instead used
in the TUDelft model, with the cross-sections derived from the
deterministic code SCALE (SCALE, 2006) and the ENDF/B-VII.0 li-
brary (Chadwick et al., 2006). Cross-sections are computed every
100 K and a square-root interpolation is performed between these
points. In this case, density dependency is included in the temper-
ature dependency. Different cross-section sets are used based both
on the material and on the position in the core. In particular, for a
given material, a cross-section set is computed for different radial



Fig. 2. Schematic view of the investigated geometry: the primary circuit is approximated as a annular loop to allow for a 2D representation.

Table 3
Parameters adopted to model decay heat. ki and fi are the decay constants and power
fractions associated to the decay heat groups.

Decay heat group ki (s�1) fi (–)

1 0.1974 0.0117
2 0.0168 0.0129
3 3.58 � 10�4 0.0186
and axial positions, the subdivision being based on the spatial dis-
cretization used for the neutronic calculations (see van der Linden
(2012) for further details).

In both the Polimi and TUDelft models, the fraction of delayed
neutrons that are generated in an energy group is calculated using
SERPENT or SCALE and directly used in the multi-physics model as
a source term for the corresponding precursor equations. This is an
approximation when using a broad energy structure, since it does
not allow to properly take into account the effectiveness of the de-
layed neutrons. However, the approximation was found to be rel-
atively small (few per cents, see e.g. Fiorina et al., 2012, 2013)
and can be considered acceptable for the purposes of this paper,
which aims at a general characterization of the MSFR dynamics.
In case of MSRs, the movement of the delayed neutron precursors
affects differently the effectiveness of delayed neutrons in each
precursor group. An accurate calculation of the different effective
delayed neutron fractions in circulating fuel conditions is beyond
the scope of the present work and is the subject of current studies
of some of the authors.

Eight and six precursor groups are employed in the Polimi and
TUDelft models, respectively, with the time constants inherited from
the respective nuclear data libraries. To take into account the fuel
salt motion, a convective term is included in the precursor equations
(see, e.g., Kophazi et al., 2009, Cammi et al., 2011, 2012, Van der Lin-
den, 2012), with a turbulent diffusivity computed from the turbulent
viscosity and assuming a turbulent Schmidt number equal to 0.85.

The boundary conditions for the equations describing neutron
diffusion, and precursor diffusion and convection are the same
for the Polimi and TUDelft codes. In particular, a zero-neutron-flux
boundary condition is applied to the external boundaries of the
geometry while homogeneous Neumann conditions are applied
to the precursor equations at the boundaries of the fuel salt
domain.

Finally, the Polimi model includes three equations to simulate
the behaviour of the isotopes responsible for the decay heat. In par-
ticular, the following equation form is employed:

dDi

dt
þr � lT

qs0:85
rDi þ u � rDi þ kiDi ¼ Qfiki for i ¼ 1;2;3 ð1Þ
ki and fi have been derived through interpolation of the decay
heat after reactor shutdown provided by SERPENT. Their values
are listed in Table 3.
3.3. Discretization and numerical solution

A finite element discretization scheme with Lagrangian linear
elements is adopted in the Polimi model. The mesh is triangular,
with a progressive refinement close to the walls between salt
and core structures. In the vicinity of the walls, rectangular ele-
ments are used. Fig. 3 shows the adopted mesh in the vicinity of
the core inlet. The total number of cells is equal to 39,896, resulting
in 237,490 degrees of freedom. The equations are discretized and
solved using the commercial software COMSOL Multiphysics
(Comsol, 2011).

The TUDelft model is based on the coupling between two in-
house developed codes. Specifically, the DALTON code (see e.g.,
Boer et al. (2010)) is used for neutron transport and precursor dif-
fusion and convection. This code has also the capability for adjoint
eigenvalue calculations. The finite-volume code HEAT (De Zwaan
et al., 2007) is used for the CFD analysis. In addition, cross-section
interpolation is performed using dedicated SCALE sub-procedures.
The overall coupling is achieved through a PERL script. DALTON
and HEAT adopt two different rectangular meshes and a Fortran
routine performs projections from one mesh to the other. A coarser
mesh (Fig. 4) is used for DALTON, resulting in 5148 elements. The
mesh adopted for HEAT has been achieved using 16 cells for each
cell used in DALTON. Further details about the TUDelft model
can be found in De Zwaan et al. (2007) and Van der Linden (2012).



Fig. 4. Mesh adopted for solving neutron fluxes and precursor distributions in the
TUDelft model.
4. Preliminary neutronic assessment

Before discussing the detailed results of the multi-physics
modelling, this section describes preliminary assessment studies
dedicated at a comparison between the results provided by
Polimi and TUDelft models for the sole neutronics. In fact, the
capability of the two models to reproduce reactivity feedbacks,
generation time and effective delayed neutron fraction (beff) is
essential for providing consistent results in terms of steady state
and, particularly, transient reactor behaviour. A detailed neu-
tronic assessment of the Polimi model can be found in Fiorina
et al. (2012) and (2013), where it has been proved able to predict
with good accuracy the MSFR neutronic features, for different fuel
compositions. The TUDelft code used for neutronics has been
extensively benchmarked earlier, for example for PBMR studies
(Boer et al., 2010) and for other molten salt related investigations
(Kophazi et al., 2009).

The capability of the Polimi and TUDelft models to predict the
beff has been tested adopting static and iso-thermal (973 K) salt
conditions, so as to avoid influences on results related to different
velocity and temperature fields. The Polimi model is not capable of
adjoint flux calculations and computation of the beff cannot be di-
rectly performed. However, the beff can be estimated as a difference
between reactivities computed through two k-eigenvalue compu-
tations with and without precursor source. For the sake of consis-
tency, this method has been used for both codes. As a result, 299.8
pcm and 289.4 pcm are predicted by the Polimi and TUDelft mod-
els, respectively, showing an acceptable 3% discrepancy. An a-
eigenvalue computation can be used to approximate the neutron
generation time (Lathouwers, 2003; Singh et al., 2009). The Polimi
model predicts a generation time equal to 1.03 ls, to be compared
to the 0.91 ls of the TUDelft model. In this case, the discrepancy
between the two models is of the order of 10–15%, which has been
ascribed to the different nuclear data libraries employed to com-
pute the cross-sections.

The salt temperature affects reactivities directly through the
Doppler effect and indirectly through density variation. Both ef-
fects give a negative feedback, which is typically of the same order
of magnitude at the MSFR operating conditions (Fiorina et al.,
2012). However, Doppler effect decreases logarithmically with en-
ergy (Fiorina et al., 2012), while, according to a 6-factor formula for
reactivity, the density coefficient is expected to grow with increas-
ing temperature roughly as:
Fig. 3. Mesh adopted by the Polimi model in the vicinity of the core inlet.
aqðTÞ /
1

ð1� bðT � T0ÞÞ2
ð2Þ

According to these predictions, Fig. 5 shows that the overall
reactivity feedback coefficient (computed for an isothermal reac-
tor) features a minimum at approximately 1300 K. This implies
that at the temperatures of interest for the MSFR, and for the gi-
ven fuel salt composition, the Doppler effect is dominant. The
agreement between Polimi and TUDelft models is excellent for
the temperature range of interest for the MSFR, namely between
salt freezing (838 K) and melting of the nickel alloy for the core
structures (approximately 1600 K). The jigsaw behaviour of the
coefficient predicted by TUDelft is to be ascribed to cross-section
preparation with SCALE. As usual in core physics codes, SCALE
adopts cross-section libraries prepared (e.g., using NJOY) at se-
lected temperatures (typically, 600 K, 900 K, 1200 K, etc.) and per-
forms interpolation to predict cross-sections in-between. Hence,
it is expected to give ‘‘exact’’ solutions only at the temperatures
where cross-sections are directly available. As a confirmation, it
can be observed that Polimi and TUDelft models predict nearly
the same coefficient at 600 K, 900 K and 1200 K. The smooth
trend of the coefficient predicted by the Polimi model is related
to the fact that only two cross-section sets (at 900 K and
1200 K) have been used for the interpolation. A non-negligible
discrepancy can be observed between the two models above
1500 K. At these temperatures, the feedback coefficient is domi-
nated by density effects, and the cross-sections of the TUDelft
model were computed using a slightly lower fuel expansion coef-
ficient (1.78�10�4 K�1 instead of 2.15�10�4 K�1, consistently with
previously available data). However, impact on the results pre-
sented in this paper is negligible since temperatures above
1500 K are generally not reached.



Fig. 5. Temperature dependency of the salt temperature reactivity feedback
coefficient.
5. Steady-state reactor behaviour

5.1. Thermal–hydraulics

Fig. 6 shows the temperature and velocity fields in the core of
the MSFR as predicted by the Polimi and TUDelft models. For a bet-
ter comparison, decay heat from actinides and fission products has
been turned off in the Polimi model, even though its impact is
small. The velocity field is predicted consistently by the two mod-
els. In particular, a wide recirculation zone exists close to the blan-
kets, while the fuel is nearly stagnating at the core centre, close to
the axial reflectors. Recirculation is due to inertial and viscous ef-
fects, while removal of the gravity force does not impact signifi-
cantly the results.

Recirculation leads to temperatures inside the core active re-
gion well above the outlet ones. In the recirculation zone close to
the blankets, the predicted temperature is approximately 200 K
higher than at the outlet. Although acceptable in terms of melting
temperature of the core structures (�1500–1600 K), this generates
unnecessary thermal stress and material problems that could be
avoided through an improved thermal–hydraulic design. R&D ef-
forts in this direction are already being spent in the framework
of the EURATOM EVOL Project (EVOL, 2013) and include investiga-
tions of: (1) suitable diffusors at the core inlet; (2) use of a distri-
bution plate at the bottom of the core; and (3) hourglass shaping of
the active core region.

The Polimi model generally predicts higher local temperatures
in the recirculation zones, which is related to a lower predicted
turbulent viscosity (and turbulent conductivity), as shown in
Fig. 7. Turbulent viscosity depends on turbulent kinetic energy
and dissipation, which in turn are predicted by the k � e turbu-
lence model. Differences can partly be ascribed to different
meshes. In particular, a full mesh independence of the solution
was not obtained in the TUDelft model due to the excessive
computational requirements. In addition, some coding details
differ between the two models, like for instance the numerical
method for the solution and the implementation of wall
functions.

In order to have an indication on the uncertainties related to
the thermal–hydraulic calculation, a different turbulence model-
ling has also been employed. Specifically, an additional calcula-
tion has been performed with the Polimi model substituting the
k � e with the k �x (Wilcox, 1998) turbulence model. Wider
recirculation zones have been observed, including a stagnation
zone at the radial axis, close to the upper reflector. Predicted tem-
peratures in the recirculation zone close to the blanket are tens of
degrees higher than those predicted by the k � e model and they
reach 1500 K in the mentioned stagnation point. This confirms for
the MSFR case the well-known difficulties of the two-equation
RANS turbulence models in predicting recirculation and stagna-
tion phenomena.
5.2. Neutronics

Neutron fluxes are not affected by fuel-salt motion and main-
tain the typical symmetric shape generally observed in nuclear
reactors. Polimi and TUDelft predictions are not reported here for
brevity but details can be found in Fiorina et al. (2012) and van
der Linden (2012). Distribution of precursors and, consequently,
of the delayed neutron source is instead of interest as it is a unique
feature of the MSFR. In addition, it is strongly coupled to the ther-
mal–hydraulics of the core and differences are expected between
the two models following the differences in the predicted turbu-
lent viscosity. Fig. 8a and b plot the delayed neutron source as pre-
dicted by the Polimi and TUDelft model, respectively. It appears
clearly how delayed neutrons are emitted throughout the primary
circuits, with a detrimental effect on beff. In particular, roughly 65%
of delayed neutrons are emitted inside the core, while the others
are emitted in the out-of-core path of the salt and do not contrib-
ute to beff. The effectiveness of delayed neutrons is further reduced
by the axial drift of the salt, which brings precursors outside of the
high-flux region at the core centre. As a result, the beff at the MSFR
operating conditions results equal to 134.3 pcm and 123.8 pcm for
the Polimi and TUDelft models, respectively. The �10 pcm discrep-
ancy in the beff is consistent with the difference in the beff for static
fuel (299.8 pcm and 289.4 pcm).

Agreement between the two codes in terms of precursor dis-
tribution is good. In particular, the fraction of precursors that de-
cays in the out-of-core part of the primary circuit amounts to
34.80% and 34.85% in the Polimi and TUDelft models, respec-
tively. Consistently with the lower turbulent diffusivity pointed
out in the previous subsection, the high-delayed-neutron-source
regions close to the axial reflectors are wider in the Polimi mod-
el. On the other hand, the predicted delayed neutron source in
the large recirculation area close to the blanket is higher in the
TUDelft model, which can be ascribed to the different delayed
neutron groups adopted for the two models. The reduction of beff

is equal to 55% and 57% in the Polimi and TUDelft model,
respectively.
6. Transient behaviour

Similarly to most reactor concepts, three main transient initi-
ators can be identified for the MSFR, resulting in 5 main acciden-
tal transients. A reactivity insertion is the first relevant initiator
and results in an accidental transient if a positive reactivity is in-
serted. In the MSFR, control rods may not be necessary to balance
the reactivity swing thanks to the on-line reprocessing system,
but they may be necessary to drive the reactor operational tran-
sients (start-up, shut-down, load following). In addition, malfunc-
tioning of the reprocessing system may cause in principle a quick
injection of fissile material. The primary pumps represent a sec-
ond transient initiator. They may trigger different accidental tran-
sients as they may experience an overspeed or a coast-down.
Finally, the heat exchangers may lose or increase their cooling
capabilities following abnormal events in the intermediate or sec-
ondary circuits.

The following subsections discuss the MSFR response to the
mentioned transient initiators. In view of the axial-symmetry of
the developed models, only symmetric transients will be investi-
gated, while it is not possible to deal e.g. with abnormal events
occurring to one or few of the 16 primary loops.

The effect of decay heat has been found to be negligible in case
of reactivity and pump driven transients (Sections 6.1–6.3), as well
as in case of enhanced cooling at the heat exchangers (Section 6.4).
For this reason, the equations simulating the decay heat in the
Polimi model will not be used in these cases, that allows for a



Fig. 6. Velocity and temperature fields in the core predicted by (a) Polimi model and (b) TUDelft model.

Fig. 7. Turbulent dynamic viscosity in the core predicted by (a) Polimi model and (b) TUDelft model.
better comparison with the TUDelft model. The effect of decay heat
will instead be included in Section 6.5, which discusses the system
response to a loss of heat sink.
As a general comment, presented results are not intended as a
comprehensive safety analysis, which would require a detailed
core design (probably without recirculation zones). In addition, a



Fig. 8. Delayed neutron source in the primary circuit predicted by (a) Polimi model and (b) TUDelft model.
proper safety analysis would require details about the system de-
sign, which are currently unavailable. For instance, the reactor
behaviour during a loss of flow is strongly dependent on the pres-
sure drop in the circuit, its variation with the velocity field, and the
variation of the heat transfer coefficient at the primary side of the
heat exchanger. The pressure drop strongly depends on the heat
exchanger design, which is still speculative at the current stage
of development. Localized pressure drops at the heat exchanger in-
let and outlet, and in the pump, should also be taken into account.
In addition, the velocity dependence of pressure drop and heat
transfer coefficient should be carefully evaluated, while here sim-
ple dependencies have been used assuming turbulent and fully
developed hydrodynamic conditions. Hence, presented results
aim mainly at: (1) benchmarking the two models developed in
view of their future application e.g. to future MSFR designs or other
MSR concepts; (2) pointing out the most critical issues to be taken
into account while designing and optimizing fast-spectrum MSRs;
and (3) giving general indications about the MSFR transient
behaviour.

6.1. Unprotected transient over power – UTOP

A definite design is not available for the MSFR control or repro-
cessing system, so it is not yet possible to define worst-case sce-
narios for the transient overpower. For simplicity, two step-wise
reactivity insertions have been investigated, namely: a 50 pcm
insertion and a super-prompt-critical 200 pcm insertion. A step-
wise insertion is particularly demanding from a numerical view-
point, thus representing a good test for the models. In addition, it
gives rise to the maximum power excursion for a given reactivity
insertion. Fig. 9 shows the evolution of power and average core
temperature for the two reactivity insertions.

The initial power increase triggered by the reactivity insertion is
counteracted by Doppler effect and salt expansion. The power de-
creases and, for a few seconds, it tends to stabilize. After 2–3 s, the
salt heated up during the initial power peak re-enters the core,
causing a sudden power decrease. Power and core temperatures
then stabilize at a new level without additional oscillations. The fi-
nal core temperature increase is set by the amplitude of the reac-
tivity step. In fact, the final reactivity reduction due to the salt
temperature increase must balance exactly the initial reactivity
insertion. In this sense, it is worth noting that the ratio between
the final average core temperature increase and the initial reactiv-
ity insertion is equal 6 pcm/K, i.e., �10% lower compared to the
coefficients predicted in Fig. 5 using isothermal reactor conditions.
This is mainly related to the fact that an ‘‘effective’’ core tempera-
ture should be used to calculate reactivity feedbacks. The predicted
coefficient becomes 6.9 pcm/K if direct and adjoint fluxes provided
by DALTON are used as weight for the temperature distribution.

The energy released during the initial power peak is limited and
deposits directly into the coolant, so that no core damage is ex-
pected even in the unrealistic scenario of a step-wise reactivity
insertion. In addition, the core final temperature rise is limited
by the strong temperature reactivity feedback even in the case of
a super-prompt-critical reactivity insertion (which would probably
be excluded by design). The limited impact of a reactivity insertion
combines with the lack of a burn-up reactivity swing (and of the
control rods necessary to counterbalance it) and with the atmo-
spheric operating pressure to make a control rod extraction a lower
concern in the MSFR. This is not the case e.g. for classical liquid–
metal fast reactors, where reactivity swing can be notable (espe-
cially in TRU-burner concepts) and consequences of an UTOP pose
strict constraints on control rod worth and, consequently, on the
minimum number of necessary control rods (Wade et al., 1997).
In addition, it is worth noting that reactivity insertion from the
reprocessing system is a much lower concern in the MSFR com-
pared to other MSRs. In fact, thanks to the fast spectrum, the repro-
cessing requirements are generally on the order of few litres or few
tens of litres per day, which allows to strongly limit the maximum
fuel insertion rate by design.



Fig. 9. Evolution of power and average temperature in the MSFR core after a step-
wise reactivity insertion equal to (a) 50 pcm and (b) 200 pcm (super-prompt-
critical).

Fig. 10. Evolution of flow rate during a pump coast-down.
Agreement between the Polimi and TUDelft models is excellent.
The only visible discrepancy is in the higher power peak in the lat-
ter model, which is related to the lower feedback coefficient (Fig. 5)
and beff. The higher power peak momentarily determines a higher
temperature increase that, in turns, causes a steeper (and stronger)
temperature decrease afterwards. However, these differences con-
centrate on a time-scale of 0.1–1 s, with negligible consequences
on the overall energy released and therefore on the temperature
increase.

6.2. Unprotected loss of flow – ULOF

A loss of flow with a complete coast-down of all the available
pumps may happen in a reactor following an electricity shortage.
Generally, this would compromise the heat transfer capabilities
of all the loops (primary, intermediate, secondary). In the present
paper, only the dynamics of the primary circuit is investigated,
so that some simplifying hypotheses have to be used. In particular,
it has been chosen not to vary the heat transfer capabilities at the
secondary side of the heat exchanger. The underlying reason is that
it is assumed that intermediate and secondary circuits in the MSFR
will be designed so as to support a natural circulation regime capa-
ble to accumulate or transfer to the condenser the power produced
by the reactor, at least for a few minutes.

The pumps in the primary circuit have been supposed to coast-
down exponentially with a time constant of 5 s. Fig. 10 shows that
the flow rate reduces rapidly during the first 20 s, after which it
stabilizes thanks to the set-up of a natural circulation regime.
The final flow rate is reduced by approximately 18 times compared
to the initial one.

The MSFR response to the flow rate variation is shown in Fig. 11.
The core average temperature initially grows as the precursor
hold-back causes the power-to-flow ratio to increase. This is a
well-known phenomenon in nuclear reactors and it is of great con-
cern for classical fast reactors. For the MSFR, it appears instead as a
minor problem, causing a reassuring 15 K average core tempera-
ture increase. After about 15 s the flow pattern changes in the core
and the recirculation zones start to disappear. At that point, the hot
salt contained in these zones flows out of the core, causing a sud-
den reduction of the average core temperature. After about 40 s,
the mass of the hot salt originating from the recirculation zone
then re-enters the core causing a small temperature increase, after
which the core average temperature reduces till its asymptotic
state. The power decreases monotonically and reaches in 40 s an
asymptotic value equal to 500–600 MW. The power-to-flow ratio
is at that point �3–4 times higher compared to the reactor nominal
conditions.

The lower flow rate reduces the out-of-core precursor decay,
leading to a �90 pcm reactivity increment that should be offset
by �15 K temperature increase. In this sense, Fig. 11 points out
clearly that the core average temperature is not suitable to de-
scribe reactivity feedbacks when recirculation regions exist in the
core. In fact, the core average temperature reaches an asymptotic
value below the initial one. By weighting the temperature distribu-
tion with direct and adjoint fluxes provided by DALTON, the result-
ing effective temperature results to be increased by 13–14 K,
consistently with the 90 pcm reactivity increment.

Fig. 12 shows the velocity and temperature fields for the MSFR
core at the end of an ULOF. As already pointed out, the reduced
flow rate eliminates the recirculation zones and the temperature
monotonically increases from the bottom to the top of the core.
The difference between outlet and inlet temperatures is approxi-
mately 300–400 K, consistently with the increased power-to-flow
ratio. Due to the initially high core temperature caused by recircu-
lation zones, the increased power-to-flow ratio mainly affects the
outlet temperature, as the average fuel temperature must be
approximately maintained to preserve the reactivity balance. In
case core recirculation zones were absent in the core, the increased
power-to-flow ratio would impact symmetrically inlet and outlet
temperatures, except for the 13–14 K average core temperature
increment. The inlet temperature would then reduce by �150 K,
causing salt freezing at the heat exchanger.

In spite of the similar predicted flow rate variation, Figs. 11 and
12 show some notable discrepancies between the Polimi and TUD-
elft models. Most discrepancies can be ascribed to the different
prediction for the steady state temperatures (Fig. 6). In fact, when
the initial flow patterns in the core disappear and the hot salt in the
recirculation zone is expelled, the Polimi model predicts a stronger
average core temperature decrement (Fig. 11) as a consequence of
the hotter recirculation zone. In addition, core temperature varia-
tions are set by neutronic constraints, as the temperature feedback
has to compensate for the reduced delayed neutron loss. As a con-
sequence, the higher initial core temperatures in the Polimi model
must be accompanied by a higher average core temperature at the
new steady-state, which can only be achieved through a higher
core power.



Fig. 11. Evolution of power and average temperature in the MSFR core during an
ULOF.
As pointed out at the beginning of this subsection, the heat
transfer capabilities at the secondary side of the heat exchanger
have been maintained. A more realistic scenario would envision
a reduced heat transfer coefficient and an increased temperature
at the secondary side. A reduction of the cooling capabilities of
the heat exchanger would clearly lead to a lower power. A com-
plete incapability of the heat exchangers to transfer heat at the sec-
ondary side would result in a different accident, as described in the
following subsection.
6.3. Unprotected loss of heat sink – ULOHS

An ULOHS will generally occur following a loss of flow at the
intermediate circuit. The loss of cooling capabilities of the heat
exchangers has been assumed to follow an exponential trend with
a time constant of 1 s. The system response to such perturbation is
reported in Fig. 13 that also shows the decay heat level.

As soon as the cooling capabilities are lost, the temperature
feedbacks quickly reduce the reactor power. The precursor hold-
back time maintains the reactor power above the decay heat level
Fig. 12. Velocity and temperature fields in the core at the end of a
for about 40 s. The decay heat starts contributing substantially to
the overall power generation after 20–30 s and becomes dominant
after 40–50 s.

A small discrepancy is observed between Polimi and TUDelft
models in terms of reactor power, which is caused by the different
precursor groups considered. A more visible discrepancy is ob-
served in the average core temperature. In fact, temperatures in
the primary circuit are gradually homogenized by the disappear-
ance of the heat source and sink. The average core temperature
must converge to the average temperature in the primary loop,
which in turn is set by energy conservation and is the same for
the two models. Hence, the higher initial core average temperature
in the Polimi model (see Section 5.1) results in a lower increment
of the core average temperature. Fig. 14 shows that the predicted
increment of the loop-averaged temperature is the same in the
two models. It also shows the estimated increment of the loop-
averaged temperature when the effect of decay heat is included,
confirming its primary effect already in the first two minutes of
an ULOHS.

For the MSFR, salt draining in passively cooled tanks is envi-
sioned in case of severe accidents, with a freezing valve that is ex-
pected to open as soon as the electrical power is lost or the fuel salt
heats up abnormally. Drain tanks are especially important in case
of an ULOHS, as they would represent the only decay heat removal
system. However, Fig. 14 shows a fuel temperature increase of
100 K in 20 s and questions the effectiveness of such system.

6.4. Chilled inlet

A reduction of the core inlet temperature will generally happen
following a reduction of temperatures at the secondary circuit,
which in turn may be caused e.g. by depressurization of the steam
generator. The worst-case scenario is represented by a coolant
temperature in the intermediate circuit that reduces to a level
close to salt freezing (�723 K). This case has been considered here
and it has been assumed that the salt at the secondary side of the
n ULOF predicted by (a) Polimi model and (b) TUDelft model.



Fig. 13. Evolution of power and average temperature in the MSFR core during an
ULOHS.
heat exchanger experiences a 100 K reduction governed by an
exponential law with a time constant of 1 s.

The asymptotic system response to such perturbation can
roughly be predicted by noticing that a reactivity balance imposes
the core effective (i.e., weighted with direct and adjoint fluxes)
temperature to remain unchanged at the end of the transient. In
case of a simplified system without recirculation zones in the core,
this would imply the average of inlet and outlet temperature to be
approximately unchanged. The final reactor power would be equal
to the power transferred at the heat exchangers, which in turn is
roughly proportional to the difference between the average of inlet
and outlet temperature and the temperature at the secondary side.
In the simulated transient, such difference changes from �150 K to
�250 K, so that the reactor power would change from 3 GW to
�5 GW. The core outlet temperature would approximately in-
crease by half of the total increase of the inlet–outlet core temper-
ature difference, which in turn is proportional to the power
increment. In the case considered here, the outlet temperature
would increase by �30 K.

Figs. 15 and 16 plot the system response as predicted by the
two developed models and the asymptotic temperature variation
in the core, respectively. Following the power increment, recircula-
tion zones tend to heat up and cause the core average temperature
to increase. To preserve the effective core temperature, the average
of inlet and outlet temperatures reduces at the end of the transient
by �25 K and �21 K for Polimi and TUDelft models, respectively.
The stronger variation in the Polimi model is related to the wider
and hotter recirculation zones. A lower average of inlet and outlet
temperatures implies a reduced transferred power at the heat ex-
changer and, consistently, a lower asymptotic core power
(4.45 MW vs. 4.60 MW). The initial power peak due to the quick
reduction of the inlet temperature has a limited amplitude and
negligible effects on temperatures.
Fig. 14. Evolution of the loop-averaged temperature during an ULOHS.
The existence of recirculation zones has a beneficial effect on
the core outlet temperature. As a consequence of the lower
asymptotic power and of the lower average of inlet and outlet
temperatures, the core outlet temperature increases by only 6 K
in the TUDelft model while it remains unchanged in the Polimi
model. On the other hand, when recirculation zones exist, they
become the hottest regions in the core and their temperature in-
crease can be on the order of 100 K. It is interesting to notice that
a notable localized temperature increment is predicted by the
Polimi model close to the lower blanket, at the flow detachment
point.

As a general conclusion, a chilled-inlet accident has a mild im-
pact on the core and only the existence of recirculation zones poses
concerns in terms of temperature increase.
6.5. Pump overspeed

A pump overspeed is a kind of accident that is possible mainly
in case a variable speed pump is used. An increased pump speed
causes a higher delayed neutron loss, and an ensuing reactivity
reduction that will be compensated by a reduction of the core tem-
peratures. A reduced average core temperature will generally re-
sult in a lower temperature at the primary side of the heat
exchanger, and, consequently, in a lower power transferred to
the intermediate loop. On the other hand, a higher velocity en-
hances the heat transfer coefficient at the primary side, thus pro-
moting a higher heat exchange. Finally, for a given core power
and average core temperature, a higher flow rate implies a reduc-
tion of the temperature variation across the heat exchanger, which
is symmetric with respect to the average temperature. This leads to
an increased logarithmic average temperature at the heat exchan-
ger. The overall result of the three mentioned effects on the asymp-
totic power depends on: (1) the reactivity loss due to additional
delayed neutron losses; (2) the reactivity feedback coefficient asso-
ciated to the salt temperature, which will determine the core tem-
perature reduction necessary to offset the reactivity loss; and (3)
the velocity dependence of the heat transfer coefficient of the heat
exchanger, which will determine the enhancement in the heat
transfer capabilities of the heat exchanger.

In case of the MSFR design here considered, reactivity loss is
small (�3 pcm) and the very high reactivity feedback coefficient
makes the reduction of core temperatures negligible. In addition,
a fourth effect plays a role as a consequence of the existing recircu-
lation zones in the core. In fact, the increased velocity increases the
turbulent viscosity (and conductivity), as shown in Fig. 17. This
causes the temperatures in the recirculation zones to decrease
(Fig. 18), which in turn leads to higher temperatures in the flowing
salt at the core centre to preserve the reactivity balance (that re-
quires a slight reduction of the effective core temperature). Higher
temperatures in the flowing salt result in higher temperatures in
Fig. 15. Evolution of power and average temperature in the MSFR core during a
chilled-inlet accident.



Fig. 16. Asymptotic temperature variation in case of a chilled-inlet transient predicted by (a) Polimi model and (b) TUDelft model.

Fig. 17. Asymptotic variation of turbulent dynamic viscosity (positive numbers mean increase) in case of a pump overspeed transient predicted by (a) Polimi model and (b)
TUDelft model.
the heat exchanger, which combine with the improved heat
transfer coefficient and increased logarithmic temperature differ-
ence at the heat exchanger to cause a power increase, as shown
in Fig. 19. The power increment predicted by the Polimi model is
stronger as a consequence of the higher increment of turbulent
viscosity.



Fig. 18. Asymptotic temperature variation (positive numbers mean increase) in case of a pump overspeed transient predicted by (a) Polimi model and (b) TUDelft model.

Fig. 19. Evolution of power and average temperature in the MSFR core during a
pump overspeed accident.
In general, the overall effect of a pump overspeed is a reduction
of the highest temperatures in the system, so that this kind of
event can arguably be considered an accident (at least in the
short-term).
7. Conclusions

An investigation has been carried out on the steady-state and
transient behaviour of the MSFR, based on the conceptual design
currently available. For this purpose, a dedicated 2-D axial-sym-
metric multi-physics model of the MSFR primary circuit has been
developed at the Politecnico di Milano. It is capable of predicting
and node-wise coupling velocity and temperature fields, neutron
fluxes and precursor concentrations. The model has been system-
atically benchmarked with a similar model developed at the Tech-
nical University of Delft, showing a good agreement. Discrepancies
have been observed in the predicted temperature field with ensu-
ing mild impact on the transient behaviour. However, both models
are suitable to obtain first important information on the MSFR
steady-state and transient behaviour.

Steady-state analysis of the reactor points out some points of
enhancement needed in the conceptual design. Specifically, three
zones of salt recirculation have been identified in the core, causing
excessive temperatures. In addition, the reduction of beff compared
to a condition with static fuel has been estimated to be high, close
to 60%.

The reactor response to major transient initiators has been also
evaluated. Although the core design is not yet optimized, the re-
sults provide useful information on the general reactor behaviour
and on the critical issues to be addressed while designing or opti-
mizing this reactor concept. In particular, the reactor features
exceptional load-following features and resistance to overpower
accidents. Pump overspeed does not lead to increased core temper-
atures, while a chilled inlet transient may result in a notable incre-
ment of core temperatures only in case recirculation zones exist in
the core. A major concern comes instead from the high specific
power, leading to a quick temperature increase in case of a loss
of heat sink. Natural circulation sets up in case of pump failure,
but the final power-to-flow ratio is increased by 4 times and poses
concerns related to both excessive outlet temperature and the pos-
sible salt freezing at the heat exchanger. However, a proper assess-
ment would require a detailed hydrodynamic design of both the
core and the out-of-core components (especially pumps and heat
exchangers).

Further development of the presented models is primarily
foreseen in the direction of improving the reliability of the
thermal–hydraulic modelling. This would first include a better
understanding of observed differences, possibly through the use
of a third code. The use of turbulence models more suitable for
simulating recirculation regions should also be considered (e.g.,
large eddy simulation). Extension of the geometrical capability of
the two models to generic 2D or 3D configurations would be of
great advantage to better characterize local effects, to optimize



the core design, as well as to allow the simulation of asymmetric
transients like the coast-down of a single pump. Finally, in view
of the unusual MSFR spectrum and fuel composition, an analysis
of the uncertainty associated to nuclear data libraries should be
performed.
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