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        Molten salt reactors are liquid-fueled reactors so that 

they are flexible in terms of operation (load-following 

capabilities…) or design (core geometry, fuel composition, 

specific power level…) choices, but they are very different 

in terms of design and safety approach compared to solid-

fueled reactors. Such reactors call for a new definition of 

their operating procedures. Dedicated studies are 

performed in the frame of the European SAMOFAR (Safety 

Assessment of Molten Salt Fast Reactors) project of 

Horizon2020. This paper focuses on the behavior of the 

MSFR fuel circuit in interaction with the intermediate 

circuit. It is devoted to the start-up procedure of the MSFR, 

including the description of the proposed procedure, a 

presentation of the approach to criticality and the 

reactivity measurement during the filling of the core, and 

finally studies of accident scenarios (overcooling, 

reactivity insertion) at low power during the divergence 

step of the MSFR, highlighting the very good behavior of 

the reactor to such abnormal transients. 

 

 

I. INTRODUCTION 

 

The MSFR1,2, as a liquid-fueled reactor where the fuel 

also acts as the coolant and is circulating, calls for a new 

definition of its operating procedures taking into account 

the characteristics of such a system. Regarding the 

neutronics characteristics, the negative feedback 

coefficient of the MSFR, around -8 pcm/K coming half 

from the density effect and half from the Doppler effect, 

provides intrinsic reactor stability. Unlike with solid-fueled 

reactors, the negative feedback coefficient acts very rapidly 

since the heat is produced directly in the coolant, the fuel 

salt itself being cooled in the heat exchangers. Also in such 

a circulating-fuel system, the fraction of delayed neutrons 

is reduced because the fuel motion drift the delayed 

neutron precursors in low importance areas. The 

calculation of this important reactor kinetics parameter 

thus requires special tools3,4. More globally the modeling 

of such reactors requires specific treatments to take into 

account all the phenomena associated to the liquid fuel 

circulation.  

Finally a MSFR design characteristics also impacts 

strongly the reactor operation: no control rod is foreseen in 

the core, the reactor being driven by the heat extraction.  

This definition of the operating conditions of the 

MSFR is one of the main tasks to be accomplished in the 

frame of the European SAMOFAR (Safety Assessment of 

the Molten Salt Fast Reactor) project of Horizon2020. This 

definition will rely on a system code under development 

and on physical studies presented in this paper for the start-

up procedure. These preliminary operation procedures are 

based on discussions, advice from experts and calculations 

with a coupled simulation tool for precise transient studies 

as well as simplified neutronics point-kinetics calculations 

to identify procedures. After a section dedicated to the 

description of the MSFR concept and of the startup 

procedure, the simulation tool used for the present study 

are presented in section III. The approach to criticality is 

then detailed in section IV through the reactivity 

measurement and prediction during the filling step of the 

core. Finally, relying on coupled neutronics-

thermalhydraulics calculations, the behavior of the reactor 

is studied for two abnormal transients (over-cooling and 

accidental reactivity insertion) that may occur during the 

divergence step, at low power (section V). 

 

II. DESCRIPTION OF THE CONCEPT AND THE 

STARTUP PROCEDURE 

 

II.A. Molten Salt Fast Reactor Concept 

Since 15 years, the National Centre for Scientific 

Research (CNRS, Grenoble-France) has focused R&D 

efforts on the development of a new molten salt reactor 

concept called the Molten Salt Fast Reactor (MSFR) 

selected by the Generation-IV International Forum (GIF) 

due to its promising design and safety features1. The 

reference MSFR design is a 3000 MWth reactor with a total 

fuel salt volume of 18 m3, operated at a mean fuel salt 

temperature of 700°C (Ref. 2). The fuel salt is composed 

of a molten lithium fluoride salt containing the heavy 

nuclei: the fertile matter being 232Th and the fissile matter 

that can be used being 233UF4 and/or enrUF4 and/or (Pu-

MA)F3. The present studies have been done with a fuel salt 

composition corresponding to the beginning of life of a 
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233U-started version of the MSFR: 77.5mol% of 7LiF-

20mol% of ThF4-2.5mol% of 233UF4. 

Conceptual design activities are currently underway so 

as to ascertain whether MSFR systems can satisfy the goals 

of Generation-IV reactors in terms of sustainability (Th 

breeder), non-proliferation (integrated fuel cycle, multi-

recycling of actinides), resource saving (closed Th/U fuel 

cycle, no uranium enrichment), safety (e.g. as far as regard 

the following MSFR characteristics: no reactivity reserve, 

strongly negative feedback coefficient) and waste 

management (actinide burner).  

The MSFR system includes three different circuits: the 

fuel circuit, the intermediate circuit and the power 

conversion circuit. This paper focuses on the fuel circuit 

behavior in interaction with the intermediate circuit.  

 

I.A.1. Fuel Circuit Description 

The fuel circuit, defined as the circuit containing the 

fuel salt during power generation, includes the core cavity 

and the recirculation or cooling loops or sectors to extract 

the heat produced. The fuel salt volume is distributed half 

in the core (9m3) and half in recirculation out of the core. 

To prevent the risks of leakage in this circuit, an 

innovative segmented geometry of the fuel circuit (see 

Fig.1) has been proposed in the frame of the SAMOFAR 

project.  

 

 
Fig. 1. Segmented geometry of the fuel circuit of the 

MSFR. 

 

The core is enclosed in a vessel with an open top. The 

vessel serves as the container for the fuel salt. Its thick 

bottom (reflector) comprises openings for the fuel salt 

draining. The siphons for routine draining and core filling 

are placed on the sides of the vessel. The 16 cooling sectors 

are arranged circumferentially around the vessel. Each 

sector comprises: a heat exchanger, a circulation pump, a 

bubble injector and a gas separator, a blanket salt tank, and 

cooling equipment (using the intermediate fluid). The 

sectors are inserted from the top of the vessel and a sector 

may be replaced in case of failure of one component. The 

sectors are connected to the intermediate fluid circuits, for 

example 4 circuits, each feeding 4 sectors so as to still cool 

the core if one of the intermediate circuits fails. 

 

I.A.2. Nominal Operation 

During nominal operation, the fuel salt is sucked 

upward by the pumps in each sector, injected in the 

intermediate exchangers, then driven back into the bottom 

of the core vessel. The overall circulation time is 

approximately 4 seconds so as to limit the speed in the 

intermediate exchangers and thus the pressure drop in the 

exchangers, while limiting the in core temperature 

gradient. 

 

II.B. Description of the startup procedure 

The startup procedure is composed of two steps: first a 

filling of the core with the fuel salt, and once the core is 

filled the pumps are started to circulate the fuel so that the 

heat extraction is launched. These two steps are described 

in this section. 

 

II.B.1. Step 1: Filling Step - Approach to Criticality and 

Reactivity Measurement 

After preheating the intermediate circuit and the core 

vessel to a temperature at which the intermediate fluid is 

liquid (350 to 450°C depending on the fluid), the 

intermediate fluid is brought to temperature and put in slow 

circulation in order to heat the core vessel walls. To avoid 

overheating this circuit, the temperature is kept at a value 

slightly higher than the fuel salt melting temperature 

(585°C), say 620°C. 

The fertile blanket is filled at a temperature of 620°C 

and its cooling by the intermediate circuit is started. The 

axial walls of the core vessel are then at the same 

temperature and core filling can begin. 

The fuel salt, at a temperature of 620°C, is injected in 

the core through the central orifice that serves for regular 

fuel transfers during nominal operation. In the presence of 

any residual power, the fuel salt temperature increment will 

have to remain within limits. The duration of the filling 

procedure and the minimal delay after fuel salt draining are 

thus related. If the filling procedure is slow (several hours), 

the residual power must be small in order that the fuel salt 

temperature in the core not excessively overshoot the 

nominal operating temperature.  

A neutron source located in the lower reflector will be 

used to monitor the reactivity level of the core all along the 

filling procedure. More precisely, the neutron flux from 

this source will be measured in the upper reflector, 

allowing the calculation of the neutron multiplication 

factor by the fuel salt during the core filling as detailed in 

section IV.A. While the core level is low, the fuel salt will 

absorb the neutrons and thus attenuate the source. It will 

then multiply the neutron source more and more as filling 

progresses. When the core is half full, the reactivity that 

will be reached at the end of the filling procedure can be 

predicted by this multiplication measurement within a few 

hundred pcm. If the expected final reactivity is too different 

from its nominal value, the filling procedure must be 

interrupted and the core must be drained. Otherwise, the 
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filling procedure can go on, with possible composition 

adjustments of the injected fuel salt. 

At any rate, since the fuel salt temperature is below the 

nominal temperature and because of the feedback 

coefficient, criticality will be reached before the end of the 

filling procedure. Fissions will heat the fuel salt, thus 

reducing the reactivity. Because the filling procedure is 

slow, the multiplication factor will remain at unity and the 

temperature will increase as core filling proceeds. Note 

that, in this situation, the feedback coefficient is not the 

same as during normal operation. Indeed, only the Doppler 

is fully active while the density coefficient plays only 

partially since the amount of fuel salt in the core is not yet 

determined by the temperature. Only the geometry is 

slightly impacted (salt level depends on the temperature). 

Observe that all the delayed neutron precursors remain in 

the core so that βeff (the effective fraction of delayed 

neutrons) is larger than during nominal operation. 

The intermediate circuit being operational, heat will be 

continuously extracted from the core, proportionally to the 

temperature difference between the intermediate fluid and 

the fuel salt. This keeps the temperature of the walls close 

to their nominal operation temperature. The heat extraction 

is compensated by fissions and a temperature gradient that 

sets in between the fuel salt and the cooled surfaces. 

As filling completes, the fuel salt temperature will not 

be exactly equal to the nominal operating temperature so 

that the reactivity has to be adjusted. The safety controls 

done at mid-filling ensure that this departure from the norm 

will not be large (a few hundred pcm, corresponding to a 

few tens of °C since the density coefficient now plays its 

role fully).  

If the reactivity is too small, the temperature reached 

is lower than the nominal temperature so that the nominal 

power will not be reachable:  the temperature difference 

between the intermediate fluid and the fuel salt will remain 

too small to allow nominal power evacuation at the 

intermediate exchangers. In this situation, fissile matter 

will have to be added via the sampling-injection 

mechanism of the salt cleaning process. This can take 

several days but does not put at risk the proper operation of 

the reactor. 

If the reactivity is too large, the temperature reached 

will be too high and bubbles for example may be injected 

to compensate this reactivity (about 150 pcm per %volume 

of gas). Subsequently, again via the sampling-injection 

mechanism for the salt processing, some fissile matter will 

have to be removed. Likewise, this operation can last 

several days. Observe that the correct operation of the 

reactor is subject to the proper operation of the bubble-

control injection mechanism. 

 

II.B.2. Step 2: Divergence and Power Ramp Up Step 

In any case, the power can be ramped up by starting the 

fuel salt circulation and increasing the power extracted by 

the intermediate circuit. At the same time, the reactivity 

adjustment can begin, using one of the levers described 

below. Observe that starting the fuel salt circulation 

implies that delayed neutron precursors will be dragged 

outside the central cavity and, as a consequence, the 

reactivity will decrease, by about 200 pcm, so that the fuel 

salt temperature falls by about 25 to 30°C. 

 

A slow reactivity and thus criticality temperature variation 

can be performed by an adjustment of the fuel composition, 

one kilogram of 233U corresponding to 9.5 ± 0.2 pcm. 

A fast reactivity change can be obtained by increasing the 

gas injection rate in the core cavity when it is full of fuel 

salt: part of the fuel salt is then evacuated out of the core, 

resulting in a reactivity decrease of 150 pcm for 1% of gas 

volume in the core. 

Finally, for a given fuel composition, another way to 

modify the reactivity of the reactor is to change the fuel 

temperature either by increasing or decreasing the heat 

extraction in the heat exchangers.  

 

III. DESCRIPTION OF THE SIMULATION CODES 

FOR TRANSIENT STUDIES 

 

Two simulation tools have been used in this paper: the 

first one is a neutronics modeling of a simplified geometry 

of the core, based on the point-kinetics model. The second 

tool is a coupling of neutronics and thermalhydraulics with 

the Transient Fission Matrix (TFM) Monte-Carlo based 

approach5,6 for the neutronics part and the OpenFOAM 

CFD code for the thermalhydraulics part. 

 

III.A. Point-kinetics model 

A classical Point-Kinetics model (named PK in the 

following) has been used, consisting in factorizing the 

neutronic flux to separate the spatial and the energetic 

evolution on one side, and the time evolution on the other 

side. The underlying hypotheses are a uniform energy 

deposition in the core, together with an instantaneous 

propagation and extraction of the heat produced. This 

corresponds to Eq. (1) to (4). 

𝜌(𝑡) =  
𝑑𝜌

𝑑𝑇
 [𝑇(𝑡) − 𝑇0] + I(𝑡)       (1) 

𝜕𝑁

𝜕𝑡
(𝑡) =

𝜌(𝑡)− 𝛽𝑒𝑓𝑓

𝑙𝑒𝑓𝑓 (1− 𝜌(𝑡))
 𝑁(𝑡) + ∑ λ𝑖𝐶𝑖(𝑡) + 𝑆(𝑡)𝑖    (2) 

𝜕𝐶𝑖

𝜕𝑡
(𝑡) =  

β𝑒𝑓𝑓
𝑖 .𝑁(𝑡)

𝑙𝑒𝑓𝑓 (1− 𝜌(𝑡))
−  𝜆𝑖  𝐶𝑖(𝑡)    (3) 

𝜕𝑇

𝜕𝑡
(𝑡) =  

𝑃(𝑡)−𝑃0

𝐶𝑃 𝑑
    (4)   and  𝑃(𝑡) =

1

𝜈

𝑁(𝑡)𝐸𝑓𝑖𝑠𝑠𝑖𝑜𝑛

𝑙𝑒𝑓𝑓(1−𝜌(𝑡))
     (5) 

with t the time duration since the beginning of the 

transient, ρ the reactivity, dρ/dT the global thermal 

feedback coefficient, T the mean fuel salt temperature, T0 

the mean fuel salt temperature in nominal conditions, P the 

power density in the core, P0 the nominal power density 

extracted, leff the effective prompt neutron lifetime (taken 
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equal to 1.064μs), CP the fuel heat capacity in 

 𝐽 𝑘𝑔 𝐾⁄⁄  (−1111 +  2,78𝑇(𝐾)) , d the fuel salt density in 

 𝑘𝑔 𝑚3⁄  (4983,56 –  0,882𝑇(𝐾)) , Efiss the energy of one 

fission (in J) equal to 180 MeV, S an external volumic 

neutron source, and Ci and λi respectively the density and 

the decay constant of precursor family i. I(t) is the 

reactivity insertion. Finally 𝛽𝑒𝑓𝑓
𝑖   are the effective fractions 

of delayed neutrons of the eight precursor families i and 

have been evaluated by the coupled calculations of the 

precise system with the TFM-OpenFOAM code described 

in the next section. The global effective fraction of delayed 

neutrons 𝛽𝑒𝑓𝑓 = ∑ 𝛽𝑒𝑓𝑓
𝑖

𝑖  is equal to 309 pcm. 

The core geometry used here is a simple cylinder and 

not the torus shape of the reference MSFR visible in Fig. 1. 

As mentioned, the heat extraction is considered as 

instantaneous. 

One has to notice that a specific PK method has to be 

used usually to model the transients of a molten salt reactor 

with a liquid circulating fuel, to account for the motion of 

the precursors. This is not necessary in the present study 

since the power production has not started and thus the fuel 

is not yet circulating in the out of the core in the cooling 

sectors. However the present model does not take into 

account the natural convection of the fuel inside the core, 

on the contrary to the model presented below. Finally the 

calculation time for one transient is of some minutes. 

 

III.B. 3D neutronics-thermalhydraulics coupled code: 

TFM-OpenFOAM 

 

In the Transient Fission Matrix (TFM) approach 

described in Refs 3, 4 and 5, fission matrices and average 

time transport matrices are used to perform neutron 

kinetics. These matrices characterize the neutron 

propagation spatial and temporal behavior of the system. 

They are computed with a single Monte Carlo calculation 

per core configuration, done prior to the transient 

calculation. Four fission matrices G are estimated during 

the same Monte Carlo calculation to take into account the 
prompt and the delayed neutrons, thus depending on the 

neutron spectrum (prompt 𝜒p or delayed 𝜒d) and the 

neutron multiplicity (prompt 𝜈p or delayed 𝜈d). Thanks to 

an interpolation of the matrices performed on the fly to 

follow the system evolution no more Monte Carlo 

calculation are required during the transient calculation. An 

interpolation model is thus implemented in the TFM 

approach. 

 

This interpolation model uses perturbed versions of 

the matrices. Each matrix is calculated for 3 distinct core 

configurations: the reference configuration, the 

configuration with a modified fuel density, and a 

configuration with a modified fuel temperature (Doppler 

effect). The interpolation model described in Ref. 3 

requires the calculation of the absorption matrices and is 

based on these two physical considerations: the fission rate 

depends on the fission position (line of the matrix), and the 

absorption per neutron emitted are conserved (column of 

the matrix). Finally, the interpolation on the fly of the 

fission matrices during the transient evolution is done as 

follows:  

 Knowing the temperature field provided by the 

thermalhydraulics calculation, the matrix interpolation is 

performed on each line of the matrices using a linear 

interpolation for the density and a logarithmic 

dependency for the Doppler effect. 

 Then each column is normalized to guaranty the 

absorption conservation. 

 

The kinetics equations solved for the prompt neutrons 

(Np) and precursors of delayed neutrons of each family i 

(Pf) are the following: 

 
𝑑𝑵𝑝

𝑑𝑡
= 𝐺𝜒𝑝𝜈𝑝

1

𝑙𝑒𝑓𝑓

𝑵𝑝 + 𝐺𝜒𝑑𝜈𝑝
∑ 𝜆𝑖𝑷𝑖

𝑖

−
1

𝑙𝑒𝑓𝑓

𝑵𝑝 

𝑑𝑷𝑖

𝑑𝑡
=

𝛽𝑖

𝛽0

(𝐺𝜒𝑝𝜈𝑑

1

𝑙𝑒𝑓𝑓

𝑵𝑝 + 𝐺𝜒𝑑𝜈𝑑
∑ 𝜆𝑖𝑷𝑖

𝑖

) − 𝜆𝑖𝑷𝑖 

(5) 

with 𝒍𝒆𝒇𝒇 the effective prompt lifetime calculated with the 

time matrix and 
𝜷𝒊

𝜷𝟎
 the fraction of delayed neutrons of 

family i. The G matrices are updated at each time step using 

the interpolation model, based on the fuel salt density and 

temperature distribution calculated by the 

thermalhydraulics part of the code. 

 

The fluid flow distribution, the energy, and the 

delayed neutron precursor distribution are calculated using 

the OpenFOAM7 CFD calculation code. It solves the 

Reynods Average Navier Stokes equation using the k-ε 

realizable turbulence model8 that provides good results on 

this kind of flow configuration with detachment of 

boundary layer.  

The equations of the TFM approach are directly 

implemented in OpenFOAM in order to simplify the fields 

exchange between neutronics and thermalhydraulics. The 

coupling scheme used in this study consists in updating at 

each time step the reactivity and the flux shape in the core 

using the interpolation model. Note that the effect of the 

precursor decay distribution shape on the neutronics is 

correctly taken into account. 

The calculation time of a transient is of the order of 

one day. 

 

III.C. Comparison of the TFM-OpenFOAM and PK 

codes on a reactivity insertion transient 

To compare the two codes available, a benchmark has 

been performed on a linear reactivity insertion of 10pcm 

per second during 75s between the filling and the 
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divergence step, when the 18m3 of fuel salt are loaded in 

the core but no nuclear power is produced. The results are 

displayed in Fig. 2 (margin to criticality), 3 (produced 

power) and 4 (mean fuel salt temperature in the core). 

 

 
Fig. 2. Evolution of the margin to criticality evaluated with 

the TFM-OpenFOAM code (blue curve) and with the PK 

model (red dashed curve) 

 

 
Fig. 3. Evolution of the produced power evaluated with the 

TFM-OpenFOAM code (blue curve) and with the PK 

model (red dashed curve) 

 

 
Fig. 4. Evolution of the mean fuel salt temperature in the 

core evaluated with the TFM-OpenFOAM code (blue 

curve) and with the PK model (red dashed curve) 

 

The initial power of 1kW considered corresponds to 

the spontaneous fissions and the (α,n) reactions of the 233U 

present in the fuel salt.  

For the TFM-OpenFOAM calculation, the velocity 

flow is blocked in the heat exchanger, corresponding to a 

situation where the reactor is almost full but the circulation 

is not possible. Thus the heating by the fissions is limited 

to the fuel salt contained in the core cavity. 

 

 
Fig. 5. Evolution during the reactivity insertion of the 

velocity (left) and temperature (right) distributions with the 

corresponding eigenvalues, calculated with the TFM-

OpenFOAM code. 
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The only feedback coefficient considered is the 

Doppler effect in both simulations since this happens 

during the filling of the core and thus the density dilatation 

does not lead to a reactivity reduction (further explanations 

in section V.B). 

 

A very good agreement is obtained on the three 

variables up to the maximum of reactivity near 30s after 

the beginning of the transient: there is no feedback from 

the thermalhydraulics to the neutronics yet because the 

amount of energy produced is limited (Fig. 5 - top) and then 

the convection is negligible. The heating of the liquid fuel, 

maximum in the center of the core volume, leads then to 

natural convection of the fuel inside the cavity: the fuel salt 

rise in the center of the cavity and go down near to the wall. 

This convective phenomenon, illustrated in Fig. 5, is taken 

into account in the TFM-OpenFOAM code only, which can 

be observed on the reactivity evolution after 35s. The 3D 

homogenization explains the discrepancy between the two 

calculations for the second part of the transient, resulting 

in a difference of 7 K on the fuel salt mean temperature in 

the core. The PK model may thus be used for preliminary 

studies of the first part of such transients since such a 

simulation tool allows very fast calculations, including the 

case of non-linear reactivity insertions as these 

corresponding to the filling of the core (see section IV.B). 

 

 

IV. APPROACH TO CRITICALITY 

 

IV.A. Reactivity measurement and prediction 

This section focuses on two topics important to define the 

filling procedure and thus the approach to criticality of the 

MSFR. On a first hand, many factors introduce an 

uncertainty on the final multiplication factor that will be 

reached at the end of the filling step of the reactor, 

especially during the first startup of the reactor. This paper 

presents an evaluation of the impact of the uncertainties on 

the fuel salt composition and on the cross section database, 

which may be large. On the other hand and directly linked 

to these uncertainties that occur in all nuclear reactors, a 

measurement of the reactivity all along the reactor filling 

has to be defined. For this, we have considered a source of 

2.5 MeV neutrons, source located in the lower reflector and 

whose neutron flux is measured in the upper reflector. The 

fuel salt will amplify this flux. The idea is that the evolution 

of this flux as a function of the fuel salt volume filled in the 

reactor will allow the determination of the final 

multiplication factor when the reactor is partially filled. It 

will then be possible to implement countermeasures to 

adjust this final multiplication factor. 

 

IV.A.1. Methodology 

This preliminary study is based on Monte Carlo 

neutronic calculations of the MSFR core only (9 m3) based 

on a simple ortho-cylindrical geometry, the objective being 

to validate the principle of the measurement. The core is 

radially surrounded by the fertile blanket containing the 

fertile salt (77.5 7LiF-22.5ThF4). 

A set of 100 cross sections for 233U and 100 cross 

sections for 232Th has been used (see 

ftp://ftp.nrg.eu/pub/www/talys/tendl2014/random.html). 

 

Two quantities have been estimated for each set of 

cross sections (233U, 232Th): 

 The multiplication factor for a fuel salt volume of 1, 2 

to 18 m3 in the reactor. These factors are evaluated 

using the MCNP neutronic code with 100 inactive 

cycles followed by active 1400 cycles of 10 000 

neutrons, resulting in a statistical uncertainty of around 

30 pcm. 

 The neutron flux in the upper reflector for a fuel salt 

volume of 0, 1, 2 to X m3 in the reactor, where X is the 

larger volume (upper integer value) for which le reactor 

is sub-critical. The statistical uncertainty provided by 

the MCNP code for this neutron flux is around 0.3%. 

IV.A.2. Prediction of the final multiplication factor 

For each MCNP simulation, the neutron flux in the 

upper reflector F(V) is determined as a function of V, the 

fuel salt volume in the core. This flux is compared to the 

flux F(0) when the core is empty, this last one being due 

only to the external neutron source located in the lower 

reflector: 

𝑅(𝑉) =
𝐹(𝑉)

𝐹(0)
 

This ratio R(V) depends on the multiplication factor that 

will be reached when the reactor is filled. This dependence 

can be written by the following empirical law: 

𝑅(𝑉) = 𝐴(𝑉) tan (
𝜋

2

𝑘(𝑉, {𝜎})

𝑘𝑀(𝑉)
)

1+𝑉 𝐶⁄

− 𝐵 

𝐴(𝑉) =
1

𝑉2
+ 𝛼1𝑒−𝑉 𝛼2⁄  

    𝑘𝑀(𝑉) = 1 + 𝐷2 𝑉𝑀
2 −𝑉2

𝑉𝑀
2 𝑉2    (6) 

where: 

 𝑘(𝑉, {𝜎}) is the multiplication factor for a core filling of 

V m3 and the set of cross sections {𝜎} ; 

 𝑉𝑀 is the total fuel salt volume (18 m3) ; 

 𝑘𝑀(𝑉)  is the multiplication factor reached when the 

reactor is filled if criticality is reached for a filling for a 

fuel salt volume of V m3. 

When the reactor reaches criticality, the neutron flux 

measured in the upper reflector is diverging, leading to a 

divergence of R(V) for multiplication factor  𝑘𝑀(𝑉) value. 

The tangent function used in the empirical formula aims at 

reproducing this divergence. 

ftp://ftp.nrg.eu/pub/www/talys/tendl2014/random.html
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As presented in Fig. 6, a fit has been done for the 5 

parameters of (Eq.1), the corresponding values are listed in 

Tab. I. 

 

TABLE I. Parameter values for the fit of R(V) 

Parameter Value 

𝛼1 0.47587 

𝛼2[m3] 2.31949 

B 0.07269 

C[m3] 39.8380 

D[m3] 2.71699 

 

 
Fig. 6. Fit of R(V): the symbols represent the values of 

R(V) calculated as a function of the multiplication factor 

when the reactor is full. Each vertical symbol alignment 

corresponds to the same set of cross sections of 233U and 
232Th. The plain curves are the fit of R(V) evolution as a 

function of the cross section set. 

 

The dispersion R of the points around the fit averages 

5.6%. It is due to cross section effects and is thus 

representative of the uncertainty on the estimation of the 

multiplication factor at the end of the reactor filling. This 

dispersion is estimated for each volume V as presented in 

Tab. II. 

 

TABLE II. Value of the dispersion R as a function of the 

fuel salt volume V 

 

The uncertainty of the multiplication factor at the end of 

the filling is then given by:  

∆𝑘 =
𝜕𝑘

𝜕𝑅
∆𝑅 =  (

𝜕𝑅

𝜕𝑘
)

−1

∆𝑅 

 

When the multiplication factor is equal to 1 at the end of 

the filling, 𝜕𝑅 𝜕𝑘⁄  is given by: 

𝜕𝑅

𝜕𝑘
(𝑉) =

𝜋𝐴(1 + 𝐶𝑉)

2𝑘𝑀

tan(𝜋 (2𝑘𝑀)⁄ )𝐶𝑉

cos(𝜋 2𝑘𝑀⁄ )2
 

Finally the distribution obtained for k as a function 

of the fuel salt volume takes the form: 

∆𝑘 = ∆𝑘0 (1 −
𝑉

𝑉𝑀

)
2

 

with ∆𝑘0 = 1889 pcm.  

 

As mentioned at the end of section II.B.2, reactivity 

corrections up to some hundreds pcm may be done either 

quickly by changing the fuel salt temperature, or more 

slowly by modifying the composition of the fuel salt 

injected in the reactor. We thus aim at predicting the final 

multiplication factor with a precision k of 250 pcm. 

Finally we deduce from the k distribution above that 

such a precision on the multiplication factor prediction can 

be reached when the reactor contains at least a fuel salt 

volume of 11.5 m3. A complementary study has to be 

performed including also an internal neutron source in the 

fuel salt due to the neutron production by the spontaneous 

fissions and the (α,n) reactions. 

 

IV.B. PK study of an excess of reactivity insertion 

during the filling step 

This section is dedicated to a preliminary study of the 

MSFR behavior when criticality is reached before the end 

of the reactor is filled and the filling still goes on. It is based 

on the PK model presented in section III.A. 

 

The filling from 1 to 18 m3 is distributed half in the 

core and half in the recirculation sectors The reactivity 

variation is evaluated with the following empirical law, 

adjusted on MCNP calculations: 

𝑘(𝑉) = 𝐴 th(𝐵𝑉) + 𝐶𝐵𝑉 

with 𝑉 the volume of fuel salt injected and: 

𝐴 =
1 − 𝐶𝐵𝑉𝑘=1

th(𝐵𝑉𝑘=1)
 

𝐵 = 𝑎𝐴2 + 𝑏𝐴 + 𝑐 
𝑎 = −0.032048 
𝑏 = 0.017759 
𝑐 = 0.227166 
𝐶 = 0.00946559 

The core reactivity as a function of the fuel salt 

volume injected is expressed as: 

𝜌(𝑉) =
𝐴 tanh 𝐵𝑉 + 𝐶𝐵𝑉 − 1

tanh 𝐵𝑉 + 𝐶𝐵𝑉
 

 

We study here the accidental transient due to a fuel 

salt injection in the core when the reactor is critical before 

the end of the filling. One has to notice that the 

corresponding reactivity injection as a function of the 

V [m3] 5 6 7 8 9 10 

R [%] 1.60 2.31 2.66 2.78 2.92 4.08 

V [m3] 11 12 13 14 15 16 

R [%] 4.85 4.38 7.22 12.5 15.2 6.70 
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volume is not linear here, on the contrary to the benchmark 

presented in section III.C, and as for this benchmark, only 

the Doppler feedback effect is efficient here. 

 

 
Fig. 8. Evolution of the reactivity in $ during the filling as 

a function of the criticality volume and of the filling rate. 

Two values have been considered for βeff, the effective 

fraction of delayed neutrons, to study the impact of this 

parameter. 

 

A sensitivity study has been done for different cross 

section sets, injection rates and values of the effective 

fraction of delayed neutrons. Fig. 8 presents the reactivity 

evolution for these different cases. Even for the smaller 

values of the criticality volume (13 m3) and βeff (200pcm), 

the reactivity stays below 1$. The reactivity increase is all 

the larger that the filling rate is high. Indeed during a slow 

filling, the feedback effects are able to compensate the 

reactivity addition during the injection.  

 

 
Fig. 9. Evolution of the mean fuel temperature in the core 

cavity during the filling a function of the criticality volume 

and of the filling rate, for two values of the effective 

fraction of delayed neutrons βeff. 

 

The corresponding evolutions of the mean fuel 

temperature are shown in Fig. 9. As expected, the 

maximum temperature reached for a criticality volume of 

13 m3 is too high. One has to remind that these simulations 

are based on a pure neutronic PK model with adiabatic 

hypotheses thus without any cooling by the walls or any 

thermalhydraulics effects as natural convection, these 

results are thus pessimistic.  

In the case of a slow filling, the temperature increase 

will last around 700s, leaving the time to drain the fuel in 

the emergency draining system if necessary to protect the 

materials, which is not the case for the fastest filling 

considered here of 16 l/s corresponding to a heating 

duration of around 30s. Regarding this kind of abnormal 

transients, a slow filling is safer. The time to fill the core 

will be a compromise between the longest time to allow 

feedback effect stabilization and the shortest time to avoid 

a too large internal heating of the fuel salt due to the 

residual power (not simulated here), since the salt can be 

cooled by the heat exchangers as long as the reactor is not 

fully filled and thus the fuel circulation by the pumps is not 

possible.  

 

V. ABNORMAL TRANSIENT STUDIES DURING 

THE DIVERGENCE STEP 

 

Two cases will be presented in this section, based on 

calculations performed with the coupled 3D neutronics-

thermalhydraulics code TFM-OpenFOAM details in 

section II.2. The over-cooling incident and its 

consequences on the reactor, already published in Ref. 9, 

are briefly described. Then the most likely scenario of a 

reactivity insertion at low power is presented and analyzed. 

 

V.A. Over-Cooling Incident 

The ramp up procedure may lead to an over-cooling 

incident, equivalent to a reactivity insertion due to the 

negative feedback coefficients, leading to a prompt critical 

situation. In case of a sudden increase of the heat 

extraction, the temperature of the fuel salt arriving in the 

core decreases and the reactivity increases while the power 

level is very low and thus the thermal feedback effects are 

not efficient. 

 

Such an accident has been analyzed in Ref. 9. A 

parametric study of an over-cooling incident from 1 kW to 

3 GW is illustrated in Fig. 10. A variation of the 

intermediate fluid temperature with a time constant from 

0s (no inertia) to 128s has been considered to take into 

account the inertia of the intermediate circuit. The prompt 

critical situation is avoided for time constants larger than 

32 s which is realistic. A very important point for the safety 

analysis of such reactors has to be noticed here: there is no 

cliff edge effect in the reactor behavior when it reaches 

prompt criticality. The reactivity and thus power and 

temperature increase is absorbed by the system as an 

expansion of the liquid fuel salt without any core damages, 
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such an effect being well known and used in systems like 

the SIRENE reactor10,11. 

 

 
Fig. 10. Time evolution of the margin to prompt criticality, 

of the power and of the mean fuel salt temperature for a 

1kW to 3GW over-cooling incident with a time constant of 

the intermediate fluid from 0 to 128s. 

 

V.B. Reactivity Insertion Incident 

Unwanted reactivity insertions at low power may 

occur during the filling procedure. A study of the effect of 

nonlinear reactivity variations and volume variations 

during the filling step have been presented in section IV.B. 

We propose here to study the effect of a reactivity insertion 

between the filling and the divergence steps, when the 

reactor is almost full but still without any fuel circulation 

out of the core cavity, in the heat exchangers. In this 

configuration the density effect may be not effective, 

because this effect assumes that the fluid dilatation reduces 

the amount of fissile mater in the core. If the core is not 

full, even if a fuel dilatation occurs in the reactor, the total 

amount of fissile matter stays in the core cavity. The 

following scenarios have thus been calculated for both 

“Doppler” and “Doppler+density” feedback 

configurations. In order to study different reactivity 

insertion rates, the amount of 1000pcm (corresponding to 

a bounding case of the reactivity margins of the system) 

have been inserted in 10, 33, 100, 333 and 1000 seconds. 

Note that the initial margin to the prompt criticality is 

smaller than the effective fraction of delayed neutrons: the 

reactor is initially subcritical. 

Fig. 11 presents the time evolution of the margin to 

prompt criticality, of the nuclear power and of the 

maximum fuel salt temperature during the reactivity 

insertion, with and without the density feedback effect. 

We can see that even with an injection rate of 33 

pcm/s, the reactor remains below the prompt criticality. 

Depending on the total feedback coefficient, the final 

maximum temperature differs. Without the density 

feedback, the final temperature reached is around 1100 K 

instead of 1000 K. This maximum temperature provides a 

useful information, as illustrated in Fig. 5 (case at 100s - 

bottom): the temperature is almost uniform in the upper 

part of the core, and it corresponds to the temperature seen 

by the structural materials.  

 

 
Fig. 11. Time evolution of the margin to prompt criticality, 

of the produced power and of the maximum fuel salt 

temperature for a reactivity insertion of 1000 pcm with an 

injection time of 10, 33, 100, 333 and 1000 seconds, with 

the Doppler+density feedbacks (plain line) and Doppler 

only (dashed line). 

 

If the reactivity insertion rate is high, the energy 

released is more important that the amount required to 

make the reactor sub-critical and the temperature is higher. 

For a long time scale, the slow thermal diffusion between 

the bottom of the core and the center of the core where the 

neutron importance is higher induces a reactivity increase. 

 

This study highlights that the reactor behavior during a 

reactivity insertion at low power is very good, even with a 

high insertion rate. The temperature variation is directly 

proportional to the amount of reactivity inserted. And if the 

reactor becomes prompt critical, the excess of energy 

released during the power peak is very limited. Finally, we 

can note that the Doppler effect alone is sufficient to 

stabilize the reactor if the core cavity is not full and the 

density effect is not efficient. 

 

IV. CONCLUSIONS 

 

      Molten salt reactors with a liquid circulating fuel, like 

the MSFR concept developed initially at CNRS and now at 

the center of the SAMOFAR European project, are very 
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different in terms of design and safety approach compared 

to solid-fueled reactors. The definition of their operation 

procedures, directly linked to the development of the 

system design and of the safety analysis, is one of the 

objectives of the SAMOFAR project. Studies of the startup 

procedure of the MSFR have been presented in this paper, 

based on one hand on simple and very fast point kinetics 

calculations for some systematic studies and on the other 

hand on a code developed initially for such liquid-fueled 

reactors and coupling the TFM Monte Carlo based 

approach to the OpenFOAM CFD code to have precise 3D 

calculations of the reactor in a very reasonable computing 

time. These studies show that the reactor behavior during 

abnormal transients is very good and that it is feasible to 

start the reactor without control rods while controlling the 

reactivity.  

Among the perspectives, a system code dedicated to 

the MSFR study and optimization is under development in 

the frame of the SAMOFAR project. Such a simulator will 

be used to define more precisely the operation procedures 

of this kind of reactors and will allow their optimization in 

terms of system efficiency and safety. 

 

ACKNOWLEDGMENTS 

 

The authors wish to thank the NEEDS (Nucléaire : 

Energie, Environnement, Déchets, Société) French 

Interdisciplinary program and the IN2P3 department of the 

National Centre for Scientific Research (CNRS), Grenoble 

Institute of Technology, and the European programs EVOL 

(FP7 for their support. 

 

REFERENCES 

 

1. J. SERP, M. ALLIBERT, O. BENES, S. DELPECH, O. 

FEYNBERG, V. GHETTA, D. HEUER, D. 

HOLCOMB, V. IGNATIEV, J.L. KLOOSTERMAN, 

L. LUZZI, E. MERLE-LUCOTTE, J. UHLIR, R. 

YOSHIOKA, D. ZHIMIN, “The molten salt reactor 

(MSR) in generation IV: Overview and Perspectives”, 

Prog. Nucl. Energy, 1-12 (2014) 

2. M. ALLIBERT, M. AUFIERO, M. BROVCHENKO, 

S. DELPECH, V. GHETTA, D. HEUER, A. 

LAUREAU, E. MERLE-LUCOTTE, “Chapter 7 - 

Molten Salt Fast Reactors”, Handbook of Generation 

IV Nuclear Reactors, Woodhead Publishing Series in 

Energy (2015) 

3. A. LAUREAU, M. AUFIERO, P. RUBIOLO, E. 

MERLE-LUCOTTE, D. HEUER, “Coupled 

Neutronics and Thermal-hydraulics Transient 

Calculations based on a Fission Matrix Approach: 

Application to the Molten Salt Fast Reactor”, 

Proceedings of the Joint International Conference 

M&C-SNA-MC, Nashville, USA (2015) 

4. M. AUFIERO, M. BROVCHENKO, A. CAMMI, I. 

CLIFFORD, O. GEOFFROY, D. HEUER, A. 

LAUREAU, M. LOSA, L. LUZZI,, E. MERLE-

LUCOTTE, M.E. RICOTTI, H. ROUCH, “Calculating 

the effective delayed neutron fraction in the Molten Salt 

Fast Reactor: analytical, deterministic and Monte 

Carlo approaches”, Annals of Nuclear Energy 65, 78–

90 (2014) 

5. A. LAUREAU, M. AUFIERO, P. RUBIOLO, E. 

MERLE-LUCOTTE, D. HEUER, “Transient Fission 

Matrix: Kinetic calculation and kinetic parameters βeff 

and Λeff Calculation”, Annals of Nuclear Energy, vol. 

85, p. 1035-1044 (2015) 

6. A. LAUREAU, "Développement de modèles 

neutroniques pour le couplage thermohydraulique du 

MSFR et le calcul de paramètres cinétiques effectifs", 

Ph.D. thesis, Grenoble Alpes University (2015) 

7. H. JASAK, A. JEMCOV, et Z. TUKOVIC. 

"OpenFOAM: A C++ Library for complex physics 

simulations”. International workshop on coupled 

methods in numerical dynamics, volume 1000, pages 

1–20 (2007) 

8. M. BROVCHENKO, E. MERLE-LUCOTTE, H. 

ROUCH, F. ALCARO, M. ALLIBERT, 

M. AUFIERO, A. CAMMI, S. DULLA, O. 

FEYNBERG, L. FRIMA, O. GEOFFROY, 

V. GHETTA, D. HEUR, V. IGNATIEV, J.L. 

KLOOSTERMAN, D. LATHOUWERS, A. 

LAUREAU, L. LUZZI, B. MERK, P. RAVETTO, A. 

RINEISKI, P. RUBIOLO, L. RUI, M. SZIEBERTH, S. 

WANG, B. YAMAJI, "Optimization of the pre-

conceptual design of the MSFR", Work-Package WP2, 

Deliverable D2.2, EVOL (Evaluation and Viability of 

Liquid fuel fast reactor system) European FP7 project, 

Contract number: 249696 

9. A. LAUREAU, E. MERLE-LUCOTTE, P.R. 

RUBILO, D. HEUER, M. AUFIERO, "Transient 

coupled calculations of the Molten Salt Fast Reactor 

using the Transient Fission Matrix approach", 

submitted to Nuclear Engineering and Design (2016) 

10. P. GRIVOT, P. GIROUD, P. FOUILLAUD, et al. 

“Sélection d’expériences SILENE de référence pour la 

qualification des codes d’accidents de criticité”. Note 

technique SRNC, p. 02-06 (2002) 

11. F.Y. BARBRY, “A review of the SILENE criticality 

excursions experiments”, Proc. 1993 Topical Meeting 

on Physics and Methods in Criticality Safety, 

Nashville, TN, USA, p. 34 (1993) 

 


