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Abstract: Molten salt reactors (MSRs), as one of the six main technologies of Gen IV, can meet the
broad area of sustainability, economics, safety and reliability, proliferation resistance and physical
protection goals. One of the main and first challenges in designing molten salt fast reactors (MSFRs)
is the selection of an appropriate molten salt fuel system based on the envisaged applications and
objectives. In this study’s series, a full-scope evaluation has been conducted about employing either
chloride or fluoride salt fuels as the main competitors” candidates for fuel salt in MSFR designs. Two
distinguished projects, EVOL (CNRS, Grenoble-France), based on fluoride salt, and iMAGINE (The
University of Liverpool, UK), based on chloride salts, were considered in order to achieve this goal
as case studies. The first part of this series (part 1—this article) deals with the investigation of the
thermophysical properties of the salt fuel system, criticality search and neutron-flux energy spectrum.
An identical typical design of the MSFR core has been considered for a neutronic simulation by using
MCNPX V2.7 based on the chemical composition of the fuel salt mentioned in both projects. The
thermophysical evaluation has been conducted through literature research and theoretical methods
based on the experimental values for the salt component properties. The results of the study are
presented for thermophysical properties, including the melting point, vapour pressure/boiling point,
specific heat capacity, thermal conductivity and density, in addition to neutronic simulation for the
core critical dimension and neutron-flux spectrum of both the chloride- and fluoride-based salt fuel
systems. In the discussion of the results, it is concluded that both the chloride and fluoride salt fuel
systems have benefits that are seen on different comparative parameters. The delivered data will
provide future decision makers with evidence for the salt choice for balancing their design objectives
with the opportunities and expectations. Thus, a final selection of the most appropriate salt fuel
system to be used in MSFRs will be postponed for more investigation in the final part of this article
series, combining the data with different potential user profiles.

Keywords: nuclear reactors; molten salt fast reactors; fuel salt; thermophysical properties; neutronic
criticality; iIMAGINE; EVOL

1. Introduction

Generation IV of the nuclear energy systems will provide sustainable energy gener-
ation that meets clean air objectives and provides long-term availability of systems and
effective fuel utilisation for worldwide energy production [1]. All Generation IV systems
aim at performance improvement, new applications of nuclear energy, and/or more sustain-
able approaches to the management of nuclear materials; however, with differing priorities.

Molten salt fast reactors (MSFRs) as one of the candidate systems, in addition to
satisfying the Gen IV objectives, derive the benefit of operating in a “Closed Fuel Cycle”
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mode without the extensive cost and challenges of solid fuelled systems [2]. This feature
can solve the main Achilles” heel of nuclear power plants—waste management and its
related environmental issues—with the ability to use light water reactors’ (LWRs) spent
fuel (SF) to fabricate the molten salt fuel for use in the reactor core. Furthermore, a high
breeding ratio of MSFRs makes this reactor type one of the best selections for long-term
energy extraction, even without the need for refuelling [3].

One of the main and most fundamental challenges in the design of MSFRs is to select
the appropriate molten salt fuel, as it strongly influences the neutronic, thermal-hydraulic,
life cycle, shielding, breeding ratio, structural damage parameters and structural material
dedication for the reactor. It can be said that it is the most fundamental and effective
parameter in the design of this type of reactor programme.

A salt fuel/coolant comprises different individual salt components mixed into a multi-
component system, e.g., as binary or ternary mixtures, typically an alkali metal salt and a
heavy metal fuel salt. The melting points of each salt component are generally too high
for coolant applications, and mixing several components into the binary/ternary systems
reduces the melting point of the resulting salt system to more practical levels [4].

Various salt fuel /coolant systems were proposed, along with different research and
projects interested during the development periods of MSRs and pyro-reprocessing. One of
the first successful projects was conducted by the Oak Ridge National Laboratory (ORNL)
between 1965-1969, and different salt fuel systems were examined through the Molten Salt
Reactor Experiments (MSRE) [5-7] and the integrated results were delivered in the report [8].
A quaternary fluoride-based salt fuel system “LiF-BeFp-ZrF,-UF, (65.0-29.1-5.0-0.9 mol%)”
with 33% of 23U was considered in the ORNL studies for the first criticality, although
different experiments were conducted later to recognise the best salt fuel composition.
Another project was run by ORNL in 1972, designing a thermal-spectrum molten salt
breeder reactor (MSBR) by employing LiF-BeF,-ThF,-UFy as the salt fuel (***U enrichments
between 33-90%) to include both fissile and fertile materials in the fuel composition [9].
Asher et al. conducted a detailed assessment of a 2500 MWe molten chloride salt fast
reactor for the UK with lessons learned from the MSRE project from 1971 to 1972 [10]. Their
preliminary study had shown that a fast system using the 233U /232Th cycle and fluoride
salts did not indicate encouraging results, thus they considered a new ternary salt fuel,
“NaCl-UCl3-PuCls” (60.0-37.0-3.0 mol%), for their project.

In the last years, during 2010-2014, the EVOL project (Evaluation and Viability of Lig-
uid Fuel Fast Reactor System) was developed by CNRS (France), partly under a European
Commission grant to innovate the molten salt fast reactor (MSFR) concept [11,12]. As a re-
sult of this, two different quaternary fluoride-based salt fuel systems, “LiF-ThF4-UF4-PuF3
(78.6-12.9-3.5-5 mol%)” and “LiF-ThF4-UF4-(TRU)F3 (77.5-6.6-12.3-3.6 mol%)”—with 2U
enrichments between 5-30%, depending on the core design—were proposed to be used
in the MSFR (TRU: transuranium elements, which are mainly represented by PuF3). In
addition, the EVOL team arranged a strong collaboration with the MARS project (minor
actinides recycling in molten salts), supported by Russian agencies and ROSATOM [13].
The European and Russian partners have conducted theoretical and experimental studies
to verify the feasibility of the MOSART [14] and MSFR systems with a different core focus.
On the one hand, to reduce the long-lived waste toxicity, and on the other hand, to produce
electricity simultaneously. EVOL has been followed by a later project funded by the Euro
commission, entitled “SAMOFAR (A Paradigm Shift in Reactor Safety with the Molten Salt
Fast Reactor)”, conducted during 2015-2019 [15]. The main goal of the SAMOFAR project
is to evaluate the safety features of MSFRs for future applications. The ternary system of
LiF-ThF4-UF, (77.5-20.0-2.5 mol%) has been identified as one of the salt fuel candidates to
be used in the MSFR in this follow-up project of EVOL. In addition to the past and ongoing
projects in this field, some studies can be found through published literature as results
of academic research. In one of the most recent studies, Faure and Kooyman [16] have
analysed the application of bromide and iodide salts as potential nuclear salt candidates
in MSRs. They have concluded the analogous application of iodide salts in comparison
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to the fluoride and chloride ones, while bromide salt has less chance because of its high
gamma emission. A review work has been published by Gakhar et al. to analyse the
properties, purification and corrosion of salt fuel by focusing on the fluoride and chloride
one recently [17].

The iMAGINE project of the University of Liverpool chased the idea of operating a
reactor on spent fuel without prior reprocessing for energy production and waste manage-
ment [3,18]. The more detailed investigation, “Defining a Draft for a Zero Power Reactor
Experiment for Molten Salt Reactors,” was launched at the University of Liverpool in
collaboration with other academic and company partners in June 2021 [19-24]. The project
focuses on developing a zero-power molten salt fast reactor to study the iMAGINE ap-
proach experimentally as the first step into a nuclear system that can employ the spent
nuclear fuel extracted from light water reactors (LWRs) as the main fuel source and operate
as a closed fuel cycle. The ternary/quaternary (adding PuCls, latest through breeding)
chloride-based salt fuel system “NaCl-UCl3-UCly” with two different compositions of
42.5-17-40.5 mol% and 20-23.65-56.35 mol% was considered as the starting composition
(it should be noted that this composition can be changed during projects based on new
findings). The project is looking to analyse/optimise the design parameters in all aspects
for a zero-power molten salt fast reactor as a first step on the Gen IV MSRs ladder.

This manuscript starts the first part (part 1) of a series of studies on the full-scope
evaluation of employing chloride or fluoride salt fuel in MSFRs from different perspectives.
In this manuscript, as the first step of the series, the pros and cons of using chloride
or fluoride salt fuel in MSFR designs are investigated from a thermophysical property
and core criticality point of view. In order to be as realistic as possible, a one-to-one
comparative study was conducted between the EVOL-proposed fluoride-based salt fuel
and the chloride-based iMAGINE systems. In addition, a pile-type cylindrical salt fuel
reactor was simulated by using MCNPX V2.7, and the criticality simulation results were
used to support the comparison study. Finally, a comparative table is presented that points
out the results of this evaluation for a better understanding of each salt system’s advantages
and disadvantages.

2. Simulation

In order to implement an impartial comparison study, neutronic simulations of a
cylindrical pile-type MSFR design were conducted by using the Monte Carlo code MC-
NPX V2.7 [25] with the ENDF/B-VIIL1 cross-section library [26], similarly for both fluo-
ride and chloride salt. The Monte Carlo N-Particle Transport code (MCNP) is a general-
purpose Monte Carlo radiation transport code designed to track many particle types over
broad ranges of energies [25]. Figure 1 depicts the simulation geometry and layout of the
reactor core.

The reactor core has been simulated for two different salt fuel systems for the iMAGINE
project (chloride-based) and one salt fuel system-resulting EVOL project (fluoride-based) [11].
Table 1 lists the material composition used for the simulation in the MCNPX code.

The exact composition of the stainless steel and Ni-based alloy reflector used in the
simulation is listed in Table 2.

To cover the all-important parameters affecting the design, especially in the core
material inventory and burnup during the time (will be covered in parts of this article
series), various power levels of 1 kW, 10 kW, 100 kW, 1 MW, and 10 MW were considered
in the calculations. This issue is very important, as some new poison/fissile material is
generated at a higher power level (while it cannot be seen in a lower power, such as the
1 kW zero-power research reactors) and over longer operation periods, which can affect the
comparison study.
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Figure 1. Configuration of simulated reactor core: (a) side view; (b) top view; (¢) 3D wireframe view.

Table 1. Salt fuel systems were considered for IMAGINE and EVOL projects.

Reactor Type Salt Fl?e.l Reactor Vessel Reflector
Composition
NaCl-UCl;-UCl
. ~ -1 3 4 :
iMAGINE-Eutectic (42.5-17-40.5 mol%) Stainless Steel NaCl
NaCl-UCl;-UCl
: R 2 3 4 :
iMAGINE-HMR (20-23.65-56.35 mol%) Stainless Steel NaCl
EVOL LiF-ThFy-UFy-Pufy Ni-based alloy Ni-based alloy

(78.6-12.9-3.5-5 mol%)

1 Eutectic refers to the composition of the material in the Eutectic system point where the melting point of
the ternary mixture is lower than the melting point of the constituents (for more, please refer to Section 3).
2 HMR refers to the heavy metal-rich composition where the fraction of heavy metals has been increased in the
salt system.

Table 2. Composition of stainless steel and Ni-based alloy applied in simulation (atom fraction).

Material Cr Mn Fe Ni W Mo Ti
Stainless Steel 3.54 x 1073 8.74 x 1073 9.80 x 107! 7.60 x 1073 0 0 0
Ni alloy 8.01 x 102 257 x 1073 6.32 x 1073 7.94 x 107! 9.98 x 1071 7.36 x 1073 295 x 1073
Material C Si Al B P S
Stainless Steel 0 0 0 0 0 0
Ni alloy 294 x 1073 252 x 1073 520 x 1074 330 x 1074 230 x 1074 4.00 x 1075

The simulations have been conducted by using 1.0 x 10° particles (NPS = 1.0 x 10°)
and 100 cycles, where the first 10 cycles will not be considered (inactive cycles), while the
rest will be used as calculation-active cycles. These NPS and cycle values can reduce the
standard deviation (ST Dev) of the calculations below 7.0 x 1072, a number which seems
to be acceptable and reliable for this type of neutronic simulation study. The criticality
temperature of the slat fuel was set to 980 K, based on the currently used operational
temperature of MSFRs and the proposed temperature in the EVOL project’s final report [11]
and the data availability of the iIMAGINE salt (930 K to 1030 K). In addition, a temperature
gradient of 50 °C/K was considered in the contact surface of the salt fuel/reactor vessel
and reflector in each order. In order to present the flux-energy spectrum, the energy range
of [1.0 x 107° t0 1.0 x 1073], [1.0 x 1073 to 1.0] and [1.0 to 5.0] MeV has been subdivided
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equally into 400, 200 and 200 fine ranges, respectively. This segmentation of energy can
maintain the ST Dev of flux in each range below 6.0 x 10—%, which seems acceptable for this
broad range. The reactor core volume was meshed, from x =y = [—69 to 69] and z = [0 to
170] cm, using 20 equal meshes in each direction (by using the Tmesh card) to visualise the
flux distribution over the reactor core. Further information about the simulation procedure
can be found in Section 3.2.

3. Results and Discussions
3.1. Thermophysical Properties of Salt Fuel

As has been mentioned previously, the thermophysical properties of the salt fuel
are one of the most important elements in the design of an MSFR, as they can affect all
the design parameters, from neutronic to thermal-hydraulic ones and, thus, form a key
parameter in the safety of MSFRs. Table 3 summarises the key constraints in the selection
of molten salt fuels.

Table 3. Key constraints of molten salt fuel.

Category Constraint

Low melting point

Physical High boiling temperature

Low vapour pressure

Solubility of fissile and fertile material

Less production of hardly manageable isotopes

Chemical : .
Less clean-up of the fuel salt during reactor’s life cycle
Less corrosion potential
Thermal-hydraulic High Specific heat capacity and thermal conductivity
) Neutron transparency
Neutronic

Irradiation resistance

Figure 2 shows the thermodynamic liquid projections of the (a) NaCl-UCl3-UCly [27]
and (b) LiF-ThF4-PuF3 [28] salt fuel system, as applied in the iMAGINE and EVOL
projects, respectively.

3.1.1. Melting Point

As has been mentioned in Table 3, the lower melting point of salt fuel, in addition to
reducing the operating temperature of the MSFR, can mitigate structural corrosion, reduce
the risk of freezing and improve safety factors. Figure 2a depicts the peritectic and eutectic
points of the NaCl-UCl3-UCly salt system (iMAGINE project) at 432 °C (~705 K) and 338 °C
(~611 K) and at 49.0-21.5-29.5 and 42.5-17-40.5 mol% compositions, respectively [27]. The
peritectic points describe the temperature and composition points where a new solid phase
can be formed (as a mixture of others), while the eutectic points determine the temper-
ature and composition point where the maximum number of phases is in equilibrium.
Moreover, the eutectic point shows the lowest possible melting point of a mixture that
is applicable in the salt fuel system of an MSFR. Figure 2b and Table 4 show the phase
diagram and invariant equilibria of the LiF-ThF4-PuF3 salt fuel system (EVOL project). It
can be found that the peritectic and eutectic points of the EVOL salt system can happen
at 590 °C (~863 K) and 549 °C (822 K) and at the 69.2-28.3-2.5 and 72.4-25.3-2.3 mol%
compositions, respectively (eutectic values were reported as 817 K and 74.9-22.3-2.8 mol%
in the EVOL final report [11,28]). Regarding the peritectic and eutectic temperature and
molar composition for both the IMAGINE and EVOL salt systems, some important points
can be investigated: (i) In addition to the thermophysical properties of the salt system,
the neutronic criticality of the reactor core can change/dictate the portion of fissile/fertile
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material in the mixture. It means that the above-mentioned molar composition needs to be
recalculated with respect to the required amount of fissile/fertile material to form a critical
core, although it is demonstrated that the mentioned temperature and compositions will
still be the closest values in the finalised critical core. (ii) The temperature gradient that
exists between the peritectic and eutectic composition for the iMAGINE and EVOL salt
fuel systems is 94 and 41, respectively, which as much as a higher gradient between the
peritectic and eutectic points can keep the ternary mixtures as a single phase in a wider
range. Therefore, the higher gradient for the iMAGINE salt fuel system can benefit the
application in MSRs. (iii) The most important point of this investigation is the possibility
of a lower working temperature of the molten salt reactor core in the iMAGINE project in
comparison to EVOL due to their eutectic melting points of 338 °C (~611 K) against 549 °C
(822 K), respectively, that add the above-mentioned benefits to the salt fuel system and
reactor operation.

PuF;
‘/\

800°

750°

700°
650°

600°

5
434 oy

[

68 °C

™

% mol

(a) (b)

Figure 2. Thermodynamic liquid projections of (a) NaCl-UCl3-UCly and (b) LiF-ThF4-PuF3 (primary
crystallisation phase fields: (A) (Pu,U) Fx (ss); (B) LiF; (C) LiyUFg; (D) LiyUgF3;; calculated LiU4Fy7;
(F) UFy; (G) PuUzFyy).

Table 4. Invariant equilibria and saddle point of LiF-ThF4-PuF3 salt fuel system.

LiF ThF, PuF; Temperature (K)/Equilibria Type Crystal Phase in Equilibrium
0.692 0.283 0.025 863 /Quasi-Peritectic (Th,Pu) Fy (s.s.), LiThyFg, LiThF5
0.724 0.253 0.023 822 /Eutectic (Th,Pu) Fy (s.s.), LiThF5, LisThF;

3.1.2. Boiling Point and Vapour Pressure

The molten salt fuel system’s vapour pressure shows its tendency to change the phase
into a gas state. Similar to other substance systems, this value is a direct function of
temperature and increases with the temperature rise. In addition, the boiling point is
an inverse function of vapour pressure. For both the neutronic and thermal-hydraulic
(TH) designs of MSFRs, vapour pressure can affect the parameters, jeopardise the reactor
design calculations completely and even affect the accident source term and, as a result,
the safety of the reactor core. A high vapour pressure led to an increase in the void inside
the molten salt and subsequently affected the neutronic parameters of the core and TH
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parameters of heat removal. Thus, the investigation of the vapour pressure (and, as a result,
boiling point) of the salt fuel system in MSFRs is one of the key parameters in their design
and safety assessment. Reactor designers and regulators try their best to maintain the
design completely away from the boiling points of reactor material, including fuel and
coolant (exclude the BWR reactors, where coolant needs to be vaporised). After careful
consideration of the previously published literature, although experimentally measured
values of NaCl, UCl3 and UCly were reported individually in rare publications, the core
challenge still remains that a systematic study has not been performed for the purpose
of considering the whole combined salt system, at least to our current knowledge. The
main reason could be the higher interest in the fluoride-based salt fuel systems (and the
requirement of data for the reactor operation of the MSRE) in comparison to chloride-based
ones for MSRs. To tackle this issue, Raoult’s Law was used to calculate the vapour pressure
of the salt system based on the components’ substances. The law states that the vapour
pressure of a mixture is the sum of the vapour pressures of the individual components
multiplied by their molar fraction:

Pyota1 = )_ Py X Xy 1)

where Py is the vapour pressure of a liquid within the mixture, Xy is the Molar fraction
of a liquid within the mixture, and as a result, Py, is the determined vapour pressure
of the mixture. It should be noted, however, that the composition of the vapour phase
will not be the same as the liquid phase, as different masses of composed substances will
escape from the liquid mixture to the headspace based on the individual vapour pressure
of each component. The experimental values of vapour pressure for the iIMAGINE salt
fuel system components, including NaCl, UCl3 and UCly, were collected in a different
range of temperatures (based on availability) and compared for accuracy among previously
published works [29-36]. The EVOL salt fuel system vapour pressures were extracted from
the EVOL final report [11]. Figure 3 shows the vapour pressure profiles for each salt fuel
system component individually and in total. As can be seen in this figure, the individual
vapour pressure of the iIMAGINE salt fuel system components is higher in some order of
magnitude in comparison to the EVOL one (Figure 3a,b).

In addition, Figure 3c shows the comparison of the iMAGINE (Eutectic and HMR)
and EVOL salt fuel systems’ vapour pressure in an available range of temperatures (and
likely operational temperature range) in more detail. This figure confirms that the total
vapour pressure for the iMAGINE project fuel is higher than the EVOL one by some order
of magnitude. The total vapour pressure calculated for the likely output temperature of the
MSER (~1000 K) is about 0.07 Pa for the EVOL project, while this value can be found at 88.0
and 122.4 Pa for the iIMAGINE eutectic and HMR, respectively. As can be seen in Figure 3b,
UCly has the highest vapour pressure compared to the other components of both salt fuel
systems, and it shows the importance of conservative treatment for this substance as one of
the fuel salt elements.

3.1.3. Specific Heat Capacity

The specific heat capacity (heat capacity in the mass unit of a substance—Cp) is one
of the main factors that can directly affect the thermal-hydraulic and indirect neutronic
parameters of a reactor (by influencing the temperature profile of a reactor’s material /salt
fuel). The higher heat capacity of a fuel system can be one of the benefits of a nuclear
reactor core, as it is proportional to the amount of heat that can be stored in the fuel (and
salt fuel system in MSRs). On the other hand, it can alter the fuel system temperature rise
regarding heat generation. Higher Cp can tolerate the energy production smoother and, as
a result, soften the change in neutronic parameters through feedback effects. Moreover, the
safety margins of the salt fuel system in the case of a power transient are a direct function
of specific heat capacity, and it grows with increasing the Cp, providing longer grace or
reaction periods due to the slower temperature rise at a given power. These show the
importance of this factor in the safe, reliable and efficient operation of the reactor core. It
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Vapor Pressure (Torr)

can be added that a higher heat capacity can clearly increase the heat transfer efficiency in
the heat exchanger and the steam generators and, as a result, rise the efficiency of the whole
system. Similar to the other thermophysical parameters of molten salt fuels, a few studies
can be found in the literature that reposted a specific heat capacity of salt fuel systems, such
as NaCl-UCl3-Ucly and LiF-ThF4-UF4-PuFs3. Since the salt system will progress during the
operation due to the fission products that will be dissolved, this parameter will sure need
to be investigated to the last details in an experimental reactor with real power production.
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Figure 3. Total and components vapour pressure of salt fuel system for (a) EVOL, (b) iMAGINE and
(c) comparison between EVOL and iMAGINE project in the range of 857-1100 K.

One of the best shortcuts in this situation is to evaluate the components of the salt fuel
system individually and try to spot the estimation of system-specific heat by employing
the Neumann—Kopp rule (NKR) [37,38]. The rule (in original terms, the law) was first
presented by Kopp in the following form: “Each element has essentially the same specific
or atomic heat in compounds as it has in the free state”. Mathematically, the NKR can be
expressed as follows: If a solid compound A,B,C. is formed from solid elements A, B and
C by the reaction

aA(s) + bB(s) + cC(s) = AaBbCc(s) 2)
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based on the NKR, the specific heat capacity of A,B,C. can be obtained by

Cpm(AaBbCc,s) = aCp(A,s) + bCp(B,s) + cCp(C,s) 3)
where Cp;, determines the heat capacity of the mixture; a, b and ¢ are a molar fraction of A,
B and C in the mixture; and Cp(x,s) shows the heat capacity of substance “x” in solid-state,
respectively. A systematic survey cannot be found in the EVOL final report [11] about
the specific heat capacity and its temperature dependence for the LiF-ThF,;-UF,-PuFs3 salt
system. They have just reported the value of 87.8 J/(mol-K) for the EVOL salt fuel system,
regardless of the temperature change (constant to temperature) [11].

In this study, the specific heat capacity and its temperature functionality for the
induvial components of the salt fuel system have been extracted by surveying different
publications for both the EVOL and IMAGINE projects [28-30,36,39-41]. Figure 4a,b depicts
the specific heat capacity for the single components of the EVOL and iMAGINE salt fuel
system, respectively, for both the solid and liquid phases.
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Figure 4. Specific heat capacity of (a) EVOL and (b) iMAGINE salt fuel system compo-
nents [28-30,36,39-41].

For ease of observation, various axis ranges were depicted for the right and left
sub-figures to show the details and make a clear comparative study. Different substance
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phases have been mentioned by using L, S and T for the liquid, solid and transition phases,
respectively. As can be seen in these figures, and it is mentioned through the references, Cp
has an ascending behaviour with temperature for both salt fuel systems in the liquid phase
(excluding UCl3), although it has smooth alterations for the EVOL fuel, while it shows
sharper changes for some of the iMAGINE components. In agreement with other studies,
the specific heat capacity stays almost constant after the melting point, although it has step
changes, usually in the transition phase. Both UF; and UCl4 have distinguished treatment
in the transition phase and make a large step at this point. One of the most important
points is that the boiling point of all components of both salt fuel systems, except UCly,
are in the range of [1600-2230 K] (refer to Figure 3), while this value is about 1064 K for
UCly and shows the sensitivity of the iMAGINE salt fuel system and the important role of
the specific heat capacity to alterations in the large range of the reactor core temperature.
Finally, using the Neumann-Kopp rule, the specific heat capacity of the iMAGINE salt
fuel system (NaCl-UCl3-UCly) was calculated as 494.9 and 579.0 J/(mol-K) for the eutectic
and HMR, respectively, and 87.9 for the EVOL project (which is in good agreement with
87.8 J/(mol-K), reported in the EVOL final report) in the liquid phase (constant specific
heat). As mentioned above, the almost five times higher specific heat capacity of the
iMAGINE (chloride-based) salt fuel system in comparison to EVOL plays an important
role in defining the safety margins, the thermal-hydraulic of the system and, as a result,
the neutronic and safety design parameters of this reactor core, although the low boiling
temperature of UCl4 needs to be considered in the calculations and in the definition of the
limits for safe operation.

3.1.4. Thermal Conductivity

The thermal conductivity of molten salt is the most difficult fluid property to measure,
and it has led to a large amount of confusion and error in heat-transfer calculations [36].
Previously published values for the thermal conductivity of molten salts and their compo-
nents had overestimated the values, creating a source of error in the design, modelling and
simulation of the TH behaviour of MSRs. Two more reliable methods are usually employed
to measure the thermal conductivity experimentally: the hot-wire and annular cylinder
methods [42]. Unfortunately, there are neither systematic studies nor a comprehensive
thermophysical properties database that present the thermal conductivity of ternary or
quaternary salt fuel systems, although some useful information can be found for the unary
and binary salt systems, such as LiF, NaF+KF, etc., [39,43-45]. One of the solutions for this
lack of knowledge about the thermal conductivity of molten salts is by using theoretical
models that have a maximum proximity to the experimental ones. By looking into the
publication and references, it can be found that one of the best estimation models for molten
salt thermal conductivity was presented by Rao and Turnbull [36,43,46]:

1.167
Thermal Conductivity (k) <:Ya§> = 0.119 x MPT®> x 0667 (?f) 4)

where MPT is the melting point of the salt system, v is the molar volume, M is the average
formula weight of the salt () x;M;), and n is the number of discrete ions per salt fuel system.
The outcomes of this model have one of the best agreements with the experimental results
of thermal conductivity, although it should be noted that this model has the sensitivity
to the reasonable selection of 7 in the formula. Applying Equation (4) on the iMAGINE
salt fuel system (Eutectic and HMR) (by selecting MPTrysctic = 611 K, MPTmg = 735K,
VEutectic = 7349, VMR = 86.73, MEytectic = 236.6, Mppr = 306.3 and n = 3) can give the
values of 0.3163 and 0.2611 watt/(m-K), respectively. The same procedure on the EVOL
salt fuel system (MPT = 822, v = 19.87, M = 85.89, and n = 5) also results in the value
of 0.9078 watt/(m-K), which is in reasonable agreement with the 1.22 watt/(m-K) in the
EVOL final report [11]. Some important points need to be considered in such calculations:
(i) The model presented in Equation (4) is basically for one component salt, such as LiF, but
lately, it has been found that it can be extended to multi-component salts and provides still
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reasonable results. (ii) Based on the experiments, the thermal conductivity of a salt system
is, in general, lower than the molar weighted average of its components. (iii) The really
accurate values for thermal conductivity of the iMAGINE and EVOL salt fuel systems
have to be obtained by direct experiments on the exact salt composition. Considering the
above-estimated values of thermal conductivity, this indicates more efficient EVOL salt
heat transfer properties in comparison to the iMAGINE one, although the most accurate
benchmarking has to result from future experimental values of these parameters. Higher
thermal conductivity of salt fuel systems can be a benefit in the efficiency of heat removal
systems and safety margins in transient situations.

3.1.5. Density

Density, or the change in density as a result of temperature changes, is one of the
most important parameters of MSRs that can affect the neutronic parameters directly and
indirectly and alter the specific heat capacity of salt fuel for thermal-hydraulic calculations.
Specifically, the determination of density as a function of temperature is vital, as it will be
applied to the calculation of thermal feedback and other neutronic parameters. It is one
of the properties that can be measured straightforwardly and with high accuracy using
the available experimental setups. As an accepted scientific rule that has great agreement
with experiments, the density of most substances can be a linear function of temperature,
at least for a reasonable temperature range:

p(T)=a—-bxT ®)

where p is the density to be determined in gr/cm?, T is the temperature in Kelvin, and a
and b are the two constants of this equation that need to be calculated [47]. On the other
hand for the majority of molten salt mixtures and the molar volumes of the mixture can be
tabulated in very good agreement as a linear function of mole fraction and molar volume
of the pure components [48]. This means

Vmixture(T) =X Vl (T) +x2V2(T)' .ot ann(T) (6)

where Vyixture and Vj to V;, is the molar volume of the mixture and its component with a
dependence on temperature, respectively, x1 to x, are molar fractions of the components,
and 7 is the component’s number of salt fuel systems (all in temperature T (K)). As density
is an inverse function of temperature, so one can write
o(T) = _ XXM )

Vinixture (T)

where M,; is the molecular weight of salt component I. Based on Equation (7), using two
different temperatures (T) to calculate p(T), we can deliver an estimate for the parameters
a and b in Equation (5) and, as a result, the linear function of the salt fuel system with
temperature for the considered temperature range. Extracting the molar volume of the
different components of the iMAGINE and EVOL salt fuel systems (at T = 600 and 800 °C)
and using Equations (5) and (7) result in the following density function of temperature in
Table 5.

Figure 5 depicts the calculated and reference values of the density function as a
function of temperature for comparison. As it is indicated in this figure, the calculated
results of this study, based on molar volume theory, and the references, are in good
agreement in both, including the values and line slope, although minor discrepancies
can be found in the line slope for the IMAGINE-HMR calculated and reference values. The
EVOL salt fuel density is almost 9% and 27% higher than the iIMAGINE-HMR and Eutectic,
respectively, in the 600-800 °C (~873-1073 K) temperature range, which is considered as
the operating temperature of MSRs in the case of industrial operation. A higher density has
a direct effect on the neutronic calculations, as well as the thermal-hydraulic setting points.
The macroscopic cross-sections in the neutronic calculation are proportional to the density
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(exactly atomic density); thus, this parameter can affect the criticality and other neutronic
parameters, which then would have to be compensated by a larger volume for the core and
the flow in the heat transfer system. Even the slopes of the density function (here linear)
are important in the dynamic behaviour of the reactor core (during a transient), as lower
density gradient changes will lead to more stable behaviour of the reactor core against
temperature changes. The density profile slope values for EVOL and iMAGINE-Eutectic
look very close; only the IMAGINE-HMR system has a slightly sharper slope in comparison
to the others.

Table 5. Calculated density functions as temperature for EVOL and iMAGINE salt fuel
systems [47,48].

Salt Fuel Density Function (600-800 °C; ~873-1073 K) (gr/cm?)

5.1720 — 0.9223 x 1073 T(calculated in this study)
5.1550 — 0.8331 x 10737 [11]

41224 — 1.0117 x 1073 T (calculated in this study)
4.2368 — 1.0256 x 1073 T [21,49]

5.1487 — 1.4316 x 1073 T (calculated in this study)
5.3995 — 1.8646 x 1073 T [21,49]
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Figure 5. Density functionality of temperature for EVOL and iMAGINE salt fuel systems.

3.2. Criticality Search

The main purpose of the criticality search in a reactor core design is to keep the
multiplication factor almost as a unit (ks ~1) by determining the dimension (geometry
search) and even composition (composition search) of the reactor core. In the MSFRs,
other important design parameters, such as the breeding ratio and neutron-flux energy
spectra, come into account, making this more complicated. In order to achieve this goal
and keep the comparative character of this study, some new criteria need to be defined
for the criticality search procedure of MSRs in alignment with the EVOL outcomes. These
criteria of the criticality search can be listed as follows:

i The reactor core geometry needs to be considered cylinder, as results of the EVOL

survey [11] and different geometries, such as cylinder, sphere etc., have been sur-
veyed in both the IMAGINE and EVOL projects.
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ii. The thermal-hydraulic design of MSRs can force the geometrical dimension of the
reactor core, especially for the iMAGINE project, in which the main goal in the
first step is to design a zero-power research reactor and remove heat by natural
convection without having a specific heat transfer system, and thus, relying on
leakage and low power. These criteria lead to having a vertical cylinder, which
means, at the most, the diameter of the cylinder should be equal to or smaller than
the cylinder height. These criteria come from the TH point of the natural convection
source based on the density gradient in the reactor core (and can be connected by
the Grashof (Gr) number).

iii. Excess reactivity of 300-600 pcm is usually considered for this type of reactor to
have enough criticality margin during the reactor’s life cycle, although this value
depends mainly on the burnup and core temperature history that will be studied in
the next section of the article.

iv. With a smaller reactor core, less fuel and lower fuel costs occur.

Criticality searches based on the above-mentioned criteria have been conducted by
using an iterative simulation cycle. As values of kg are closer to the unit (in the range of
1.00+300 pcm and 1.00+600 pcm by considering the excess reactivity margin), narrower
changes happen in the values of the dimensions to find the almost exact critical dimensions
of the core. In order to ease this process and limit the cost of calculations, after some
simulation cycles, the height of the reactor cylinder was fixed at 170 cm, with a vessel
thickness of 2 cm using stainless steel /Ni alloy, based on the EVOL project [11,23]). In ad-
dition, it has been concluded that considering the 55 cm thickness of the reflector can make
more efficient criticality in comparison to the 50 cm previously reported by Merk et al. [23].
Figure 1 shows the simulated reactor core geometry in MCNPX, and criticality search tables
have been presented along Tables 6—8 for the iMAGINE-Eutectic, iIMAGINE-HMR and
EVOL salt fuel systems, respectively.

Table 6. Criticality search results for iIMAGINE-Eutectic salt fuel system.

Eutectic 170 65/130 67/134 122 2.26 35 980 0.98021 0.00006
Eutectic 170 67/134 69/138 124 2.40 35 980 0.99286 0.00006
Eutectic 170 69/138 71/142 126 2.54 35 980 1.00492 0.00004
Eutectic 170 71/142 73/146 128 2.70 35 980 1.01658 0.00006
Eutectic 170 73/146 75/150 130 2.85 35 980 1.02772 0.00007
Eutectic 170 75/150 77/154 132 3.00 35 980 1.03847 0.00006
*V = vessel, IR = internal radius, ID = internal diameter, ER = external radius, ED = external diameter,
Ref = reflector, St Dev = standard deviation, ** T = temperature (K).
Table 7. Criticality search results for IMAGINE-HMR salt fuel system.
HMR 170 63/126 65/130 120 2.12 35 980 1.04152 0.00007
HMR 170 61/122 63/126 118 1.99 35 980 1.02787 0.00005
HMR 170 59/118 61/122 116 1.86 35 980 1.01353 0.00006
HMR 170 58/116 60/120 115 1.80 35 980 1.00611 0.00005
HMR 170 57/114 59/118 114 1.73 35 980 0.99863 0.00007
HMR 170 55/110 57/114 112 1.61 35 980 0.95521 0.00007

*V = vessel, IR = internal radius, ID = internal diameter, ER = external radius, ED = external diameter,

Ref = reflector, St Dev = standard deviation, ** T = temperature (K).
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Table 8. Criticality search results for EVOL salt fuel system.

EVOL 170 61/122 63/126 118 1.99 35 980 1.05475 0.00007
EVOL 170 59/118 61/122 116 1.86 35 980 1.04632 0.00007
EVOL 170 57/114 59/118 114 173 35 980 1.03732 0.00007
EVOL 170 55/110 57/114 112 1.61 35 980 1.02764 0.00007
EVOL 170 53/106 55/110 110 1.50 35 980 1.01708 0.00006
EVOL 170 51/102 53/106 108 1.39 35 980 1.00551 0.00006

* V = vessel, IR = internal radius, ID = internal diameter, ER = external radius, ED = external diameter,

Ref = reflector, St Dev = standard deviation ** T = temperature (K).

It is worth noting that these tables only list the closest iterations to the critical points,
while the criticality searches have been conducted along a wider range. In each case, the
simulated critical dimensions that most justify the criteria points have been highlighted
in bold.

Finally, Table 9 compares the critical dimension of the reactor core for three fuel
salt systems. It can be found from this table that the EVOL fuel salt system can justify
the criticality criteria almost with 83% and 29% smaller volumes in comparison to the
iMAGINE-Eutectic and HMR systems, respectively.

Table 9. Comparison of the critical dimension between three salt fuel systems.
iMAGINE-Eutectic 170 69/138 71/142 126 2.54 35 980 1.00492 0.00004
iMAGINE-HMR 170 58/116 60/120 115 1.80 35 980 1.00611 0.00005
EVOL 170 51/102 53/106 108 1.39 35 980 1.00551 0.00006

*V = vessel, IR = internal radius, ID = internal diameter, ER = external radius, ED = external diameter,
Ref = reflector, St Dev = standard deviation, ** T = temperature (K).

In addition, as could be expected (as HMR relies on the heavy metal-rich salt system),
the HMR criticality volume is about 41% less than the eutectic one. On the one hand, as
mentioned above, a smaller critical core can optimise the fuel fabrication cost in MSRs. On
the other hand, TH design and instrument installation will be less complicated in bigger
fuel vessels.

One of the main features of MSFRs is to obtain a fast spectrum of the neutron flux (hard
spectrum) as the philosophy for the design and a key to allow using a closed fuel cycle with
sufficient self-sustained breeding. As has been mentioned previously, to obtain the fine
resolution flux-energy spectrum, the energy range [1 x 10~° to 5] MeV has been divided
into 800 energy domains with more pro rata weight in the lower energy groups. Figures 6-8
depict the flux-energy spectrum for each salt fuel system, and Figure 9 compares them in
detail. It should be noted that all three profiles have been weighted to unit summation

E
(X flux =1).
0
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Figure 9. Comparative neutron-flux energy spectrum of iMAGINE and EVOL salt fuel systems.

As it can be seen in Figure 9a, both the iMAGINE-Eutectic and HMR systems have
an almost similar flux-energy spectrum, qualitatively and quantitatively, with only a very
slightly harder neutron spectrum for the HMR case (both the shape and amplitude in
Figure 9b show this clearly); however, the EVOL salt fuel system generates significantly
different flux-energy spectra in both shape and amplitude. To investigate the neutron
spectrum in more detail, Figure 10 depicts the cumulative neutron-flux energy spectrum
fraction for each salt fuel system. Every point on each profile shows the fraction of flux
cumulated between the minimum energy of the spectrum (10~9) to the energy of that point
( flf),g Flux(E)dE). Some energy ranges have been specified by a red coloured vertical line
at E = 0.01, 0.1, 1, and 5 MeV and the intersection of the profiles with energy lines, as
indicated by the profile’s colour.
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Figure 10. Cumulative fraction neutron-flux spectrum for iMAGINE and EVOL salt fuel systems.

For ease of use, some of the neutron-flux energy fractions are, in addition, listed in
Table 10 (by subtracting the intersection points easily). As has been listed in this table,
about 20% of EVOL’s neutron flux has energies of less than 0.01 MeV (E < 0.01 MeV), while
this value is around 2% for both the iMAGINE salt fuel combinations, Eutectic and HMR.
In the energy range of [0.01 to 0.1] Mev, similar behaviour can be seen, while the fraction of
neutron flux for IMAGINE-Eutectic and HMR are, respectively, 19% and 17%. EVOL shows
almost 43% of its flux in this energy range (the highest flux fraction range for EVOL).

Table 10. Neutron flux-energy spectrum fraction in different energy ranges.

Fuel Salt System E <0.01 MeV 0.01<E<0.1 01<E<1.0 E>1.0
EVOL (%) 20 43 26 11
iMAGINE-Eutectic (%) 2 19 60 19
iMAGINE-HMR (%) 2 17 63 18

In strong contrast, iIMAGINE-Eutectic and HMR generate 60% and 63% of their neutron
flux in the range of [0.1 to 1.0] MeV, while this value is only about 26% for the EVOL salt
fuel system. It shows the specificity of the iIMAGINE salt fuel system to EVOL, delivering
as the highest portion of neutron-flux generations happen in a higher energy range, which
is one of the main objectives of the MSFRs since this is one of the key parameters to
assure sufficient breeding. Finally, about 11% of the EVOL neutron flux is in the range
of E > 1.0 MeV, while this value is 19% and 18% for the iMAGINE-Eutectic and HMR
systems. As a result, it can be concluded that the neutron energy spectrum in iMAGINE is
significantly harder, as is clearly confirmed in Figure 10 and Table 10, where about 79% and
81% of iMAGINE-Eutectic and HMR neutrons are seen in the fast neutron energy range
(considering E > 0.1 MeV or 100 keV as the fast energy threshold), while this value is only
37% for the EVOL salt fuel system.

4. Conclusions

The fourth generation of nuclear power plants has attracted high interest among
industry and scientists because of their safety features and higher efficiency. Molten salt
fast reactors (or, maybe, better named molten salt fast breeder reactors) are one of the most
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attractive candidates among other design types, as in addition to their safety features, they
can benefit from high efficiency, a high breeding ratio, and even work in an integrated closed
fuel cycle [19]. Molten salt fuel systems for MSFRs are usually selected based on fluoride or
chloride molten salts, and there is a scientific challenge between these two groups regarding
the advantages and disadvantages of each. In the first part of this study, the thermophysical
properties and neutronic criticality of both groups were investigated qualitatively and
quantitatively. Table 11 summarises the highlighted results of this evaluation based on
the EVOL (fluoride-based) and iMAGINE (chloride-based) salt fuel systems, although a
comparison from other points of view and more evaluation will be discussed in the next
parts of this publication series. In each parameter’s case, the most favourite value from
the MSFRs design perspective has been mentioned in bold. As this table shows, none of
the salt fuel systems can justify all the criteria of design and safety in terms of salt fuel
composition and criticality design. A full-scope conclusion will be presented in the last
part of this series article, where all the design parameters have been investigated properly.

Table 11. Conclusion of thermophysical properties and neutronic criticality for EVOL (fluoride-based)
and iMAGINE (chloride-based) MSFRs.

EVOL

Eutectic:822 K
(Composition:
72.4-25.3-2.3 mol%)

Parameter/Salt Fuel System iMAGINE-Eutectic iMAGINE-HMR

Eutectic: 611 K (HMR~735 K)
(Composition: 42.5-17-40.5 mol%)

Melting point Peritectic: 863 K
(X) (Composition:
Figure 2 69.2-28.3-2.5 mol%)

Peritectic: 705 K
(Composition: 49.0-21.5-29.5 mol%)

Lower melting point and higher

Higher melting point and o . .
Lower Peritectic /Eutectic Peritectic/Eutectic gradient
gradient
0.07 Pa at 1000 K 88.0 Pa at 1000 K 122.4 Pa at 1000 K
. Vapour pressure/Boiling
Thermophysmal point (K) Lowest vapour High vapour Highest vapour
properties Figure 3 pressure/Highest pressure/Low pressure/Lowest
boiling point boiling point boiling point
Specific heat capacity ~87.9 at melting point ~494.9 at melting point ~579.0 at melting point
(J/(mol-K))
Figure 4 Lowest heat capacity Higher heat capacity Highest heat capacity
. ~0.9078 constant ~0.3163 constant ~0.2611 constant
Thermal conductivity
(}‘EN Tlt;{i(omn.ﬁ))) Higher Thermal Lower Thermal Lowest Thermal
q Conductivity Conductivity Conductivity
. 51720 — 09223 x 1073 T* 41224 — 1.0117 x 1073 T 5.1487 — 1.4316 x 1073 T
Density
3
(ngr/ucrI: ,;) Highest Density vs. Lowest Density vs. Lower Density vs.
gure - temperature temperature temperature
Criticality Volume 1.39 2.54 1.80
(em?)
Table 9 Smallest critical size Largest critical size Large critical size

Neutronic design

Neutron flux-energy
spectrum
Figure 9 and Table 10

Softer neutron flux-energy
spectrum

Hardest neutron
flux-energy spectrum

Hard neutron flux-energy
spectrum

* T = temperature in kelvin.
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