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Molten fluorides are known to show favorable thermophysical properties which make them good
candidate coolants for nuclear fission reactors. Here we investigate the special case of mixtures of
lithium fluoride and thorium fluoride, which act both as coolant and fuel in the molten salt fast
reactor concept. By using ab initio parameterized polarizable force fields, we show that it is possible
to calculate the whole set of properties (density, thermal expansion, heat capacity, viscosity and
thermal conductivity) which are necessary for assessing the heat transfer performance of the melt
over the whole range of compositions and temperatures. We then deduce from our calculations
several figures of merit which are important in helping the optimization of the design of molten salt

fast reactors.

I. INTRODUCTION

The molten salt fast reactor (MSFR) is currently the
most advanced concept of nuclear fission reactor involv-
ing the use of molten salts both as coolant and as fuell.
A great deal of research has recently been devoted to
the optimization of its neutronic®3, safety?, recycling®™
and thermodynamict’ 2 characteristics. Its advantages
are an intrinsic safety of the core, due to very negative
feedback coefficients, a high working temperature which
ensures a good efficiency, and the possibility to perform
online refuelling and on-site treatment. But of particular
interest is its high compositional flexibility. In particular,
our precognized liquid fuel is a mixture of lithium fluo-
ride and thorium fluoride (LiF-ThF,). Being able to de-
velop fission reactors based on the thorium cycle ensures
a good availability of the resources for many countries.
From the point of view of basic research, a consequence
of the MSFR compositional flexibility is the need to gen-
erate substantial databases providing the variation of the
properties of the melt with composition and temperature.

Due to the high temperature and to the corrosive char-
acter of molten fluorides, measuring their thermophysical
properties is not a straightforward task, and the experi-
mental results are generaly limited to pure salts or binary
mixtures at the eutectic compositiont®1°. An efficient
alternative is to use computer simulations. In particular,
molecular dynamics (MD) simulations are able to pro-
vide all the necessary properties, such as the density, the
heat capacity, the viscosity and the thermal conductiv-
ity. The necessary ingredients are a good model for the
ionic interactions, and its associated parameters. In re-
cent years, we have developed from first-principles, i.e.
without involving any empirical information during the
parameterization procedure, such interaction potentials
for molten fluorides, in the framework of the polarizable

ion model%18, They were tested against many physical
properties, as well as on diffraction and spectroscopy ex-
periments. An excellent agreement was obtained for the
full set of datal?2l, In particular, for LiF-ThF, eutec-
tic mixture, which corresponds to a ThF4 mole fraction
x = 0.22, the largest deviation from experimental data
observed was 5 % for the density??. Such a good predic-
tive power from MD simulations has not been obtained
yet for water, for example. It is thus possible to perform
simulations under a large variety of thermodynamic con-
ditions in order to feed the databases. In this work, we
focus on the LiF-ThFy binary system, for which we cal-
culate all the relevant physical properties over the whole
range of compositions and temperatures. This allows us
to map the variations of the thermophysical figures of
merit which are necessary for the engineering of MSFRs.

II. MODEL AND METHODS

The pair additive form of the interionic poten-
tial includes charge-charge, charge-dipole, dipole-charge,
dipole-dipole, repulsion, and two dispersion interaction
terms, as follows :
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where ¢; and p; are the charge and dipole moment of
particle 4, respectively, and f;/ the damping function for
short-range correction of interactions between charge and



FOM Convection Régime r s ¢t u v w
1 Forced  Turbulent 1.00 0.2 0.0 2.0 2.8 0.0
2 Natural Turbulent 0.36 0.2 1.0 2.0 1.8 0.0
3 Natural Laminar 0.50 1.0 1.0 2.0 1.0 0.0
4 1.00 0.2 1.0 0.3 0.6 0.6

Table I: Coefficients for the figures of merit used to evaluate
the heat-transfer properties of molten fluorides®?. FOM4 is
used for the heat-exchanger area.

dipole and dispersion interactions3:

g, gk
FI () =1 et 3 % 2)
k=0
{Bij, a;j,C&,Cg  bid | ¢} are a set of parameters which
were determined from first-principles calculations in our
previous works?2, The dipole moment induced on each
ion is a function of the polarizability and electric field on
the ion caused by the charges and the dipole moments of
all the other ions. The instantaneous dipole moment is
determined self-consistently at every time step by mini-
mization of the total energy using the conjugate gradient
method. The charge-charge, charge-dipole, and dipole-
dipole contributions to the potential energy and forces
on each ion are evaluated under periodic boundary con-
ditions by using the Ewald summation techniqué?.

A first series of MD simulations was performed in the
NPT ensemble, where N is the particle number included
in the simulation cell, P is the pressure which was always
set to 1 atm and T is the temperature. The barostat
and thermostat relaxation times were both set to 10 ps.
This allowed us to determine the equilibrium density at
a given thermodynamic point. Then a second series of
simulations was performed at fixed density, i.e. in the
NVT ensemble where V is the volume. The same relax-
ation time was used for the thermostat. The simulation
timestep was 0.5 fs, and the total simulation time was
0.25 ns and 7.5 ns for the NPT and NVT simulations,
respectively. All the calculation conditions are summa-
rized in the supplementary information; in total the sys-
tem was simulated at 62 thermodynamic points with this
procedure.

III. RESULTS AND DISCUSSION

Our ab initio-parameterized interaction potentials
have been validated against many experimental data for
similar systems. More precisely, they are able to re-
produce with very high accuracy the measured EXAFS
spectrad (LiF-ZrFy, NaF-ZrF, and KF-ZrF,), the Ra-
man spectraZd (LiF-BeFs), the X-ray diffraction®? (LiF-
BeF,), the electrical conductivity?! (LiF-NaF-ZrF, and
LiF-YF3), the diffusion coeflicient (LiF-KF and
LiF-YF3), the heat capacity™ (CsF) and the viscosity2?

(LiF-BeFs). For the thermal conductivity, this quan-
tity is very difficult to measure experimentally and our
simulations have shown an excellent agreement in the
case of molten chlorides??, for which accurate measure-
ments could be made by using a method based on forced
Rayleigh scattering. In the case of LiF-ThFy, in our pre-
vious work?? we have evaluated the density, the viscosity
and the electrical conductivity at the eutectic composi-
tion. Our MD results showed a very good agreement with
the corresponding experimental datal®. In the present
work, we can therefore consider our simulations to pro-
vide us accurate predictions.

In order to compare the performances of a series of
coolants, it is useful to define generalized heat-transfer
metrics. Several figure of merits (FOM) have been pro-
posed by Bonilla to evaluate the properties of molten
fluorides as coolants for nuclear reactors??. They take
the following general form:

T
,'75

FOM=|——~—— 3
() ?

where 77 is the viscosity, 8 the thermal expansion, p the
density, C} , the massic heat capacity at fixed pressure
and A the thermal conductivity of a given melt. The set
of exponents r, s, t, u, v and w vary depending on the

conditions. The corresponding values are summarized in
Table Il
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Figure 1: Variation of the density of the LiF-ThF4 melts with
composition and temperature. The white region corresponds
to temperatures below the liquidus.

Our objective is to map the variations of all the prop-
erties which are necessary for determining the FOMs
over the whole range of temperatures and compositions.
We have therefore tried to fit all the simulation data
with simple analytic functions, by finding the parame-
ters which allow to minimize

N 2
1 sim a; (l’, T) o aé\/[D
X2(a) - Nsim < aMD (4)



where aMP is the value extracted from the MD simulation

for the property a at a given thermodynamic point (N,
is the total number of simulated points) and a;(x,T) is
the corresponding value for the analytical function (x is
the mole fraction of ThFy in the melt and T" the temper-
ature), which contains the parameters which need to be
fitted.

First we start with the density. For this quantity, a
small temperature dependence has to be included since
this quantity usually varies linearly with temperature at
fixed composition™®22. An excellent fit of the simulation
data was obtained by using the following polynomial ex-
pression:

p(z,T) = 2.2247 —0.0004329 x T
+(15.412 — 0.0015748 x T) x =
+(—8.1106 — 0.0088374 x T') x x*
+(—11.380 4 0.020484 x T') x z°
+(9.2358 — 0.010673 x T) x x* (5)

The average error is x(p) = 1.5 %. The p(z,T) map is
plotted on Figure |1} unsuprisingly the largest variations
are due to the composition changes, and larger densities
are obtained for high ThF, concentrations due to the
large difference of molar weight between the two cations.

The thermal expansion, which corresponds to the ma-
terial’s volume change as a function of temperature, was
derived from the simulation results using the following

equation:
1 [0p
=5 (57), )

Its variation with temperature at fixed composition is
negligible, and the following polynomial relation was fit-
ted for the composition changes:

B(x,T) = B(x) = 0.0001x (3.0829—1.3187x x—0.43862 x 2:2)

(7)
yielding a value of 0.8 % for x(f).

Similarly, the heat capacity of molten salts is usually
constant with respect to temperature variations at fixed
composition. This is not the case for the corresponding
solid phases™. Our simulations, in which the molar heat
capacity C), is calculated by differentiation of the molar
enthalpy H (extracted from the NPT ensemble simula-
tions) with respect to the temperature,

confirm this behavior. Unlike other molten fluoride mix-
tures?, for which a deviation from ideality was measured,
in the LiF-ThF4 melts C, varies almost linearly with
composition. However, a fourth degree polynomial an-
alytic function was fitted,

Cp(z,T) = Cp(x) = 63.752 +120.85 x z — 115.22 x x*
+171.86 x x> — 68.994 x z* (9)

yielding 0.1 % for x(Cp). In order to deduce the massic
heat capacity, we need to divide C}, by the molar weight
M, which is given exactly by the relation

M (x) = (232.04+18.998%4.0) x2-+(6.94+18.998) x (1—2)
(10)
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Figure 2: Variation of the viscosity of the LiF-ThF4 melts
with composition and temperature. The white region corre-
sponds to temperatures below the liquidus.

The viscosity n was determined by the Green-Kubo
method, i.e. by integrating the correlation function of
the stress tensor, as follows :

V oo

Zm . <0aﬁ(0)gal3(t)>dt (11)

n
in which o, is one of the components of the stress ten-
sor3ll In order to improve the statistics, the stress au-
tocorrelation function is averaged over the five indepen-
dent components (04y, uz, Oyzy Tap—yy 0A 0255 gp—yy)-
Much longer simulation times are needed to compute the
viscosity, because enough statistics needs to be accumu-
lated in order to yield a plateau for the integral defined
in Equation [T1]

In molten salts, the viscosity typically follows an Ar-
rhenius law for the variation with temperature. We have
therefore used a more complex analytic form than for the
other properties,

2383.3

n(z,T) = 0.21412 X exp
7000.1

+(0.022784 x exp )X x

—4807.
010,

28L7) s

40164)

+(94.189 X exp

+(—3.0284 x exp

+(0.76363 x exp




Although a larger overall error is observed, x(n)=9 %, it
remains within the error bars of the MD simulation val-
ues. The variation of n with respect to = and T is shown
on Figure Unlike other properties, the composition
variation appears to be small. This behavior is different
from other melts such as LiF-BeF; mixtures, for which
viscosities larger by several orders of magnitudes are ob-
tained on the BeFy-rich sidé?2. This is due to the strong
network-forming ability of BeFq, which is not observed
for ThF4. The largest viscosities are thus obtained for the
lower temperatures, around the eutectic composition.
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Figure 3: Variation of the thermal conductivity of the LiF-
ThF4 melts with composition and temperature. The white
region corresponds to temperatures below the liquidus.

Finally, the thermal conductivity is the most complex
quantity to calculate. Like the viscosity, it is obtained
using the Green-Kubo method??, but in that case several
phenomelogical coefficients need to be calculated from
the integration of the corresponding microscopic fluxes
auto-correlation functions. Nevertheless, it was shown by
Ohtori et al. that its temperature variation is very small,
and is a consequence of the change of the density of the
melt only3?. We used the same analytic function as for
the density, and the following expression was obtained.

Mz, T) = 3.6014 — 0.0014497 x T
+(—24.140 + 0.017325 x T') x x
+(87.337 — 0.072664 x T) x x*
+(—126.47 4 0.10924 x T) x 2*
+(61.298 — 0.053182 x T) x z*, (13)

with x(A) = 5.9 %, which is again well within the simu-
lation error bars. The A(z,T) map is plotted on Figure
interestingly we observe a minimum for a composition
of x = 0.6. Unlike the viscosity, the thermal conductivity
of liquids does not show substantial variations when the
structure of the melt changes (upon formation of a net-
work, for example). Some efforts are currently made in

order to improve our understanding of this quantity from
the physical chemistry point of view in molten salts? as
well as in molecular solvents such as water=4435,
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Figure 4: Variation of the FOM1 (forced convection, turbu-
lent régime) of the LiF-ThF4 melts with composition and tem-
perature in the eutectic region. The white region corresponds
to temperatures below the liquidus.

It is then possible to calculate the FOMs as defined
by Equation [3and the sets of exponents given in Table
at any thermodynamic point. The example of FOM1 in
the eutectic region is shown on Figure[d} similar plots are
provided for FOM2, 3 and 4 in the supplementary infor-
mation. The smaller the FOM is, the better heat-transfer
performance. We note that the FOMs of LiF-ThF, are
relatively similar to those of LiF-NaF-KF and NaF-ZrF,
eutectic mixtures29, which are among the candidates for
being used in another molten salt-based reactor, the ad-
vanced high temperature reactor”. The figure reveals
that a LiF-rich melt is favorable for the thermal proper-
ties. Since the thorium is the fertile material, from which
the fissile 233U is formed during the reactor operation, a
compromise would have to be found for choosing an op-
timal composition for the reactor performance. Further-
more, one of the most important technological difficulties
which needs to be overcome is to have container materials
with a very high resistance to corrosion. A consequence
of this is that the temperature has to be kept as low as
possible, leading to composition choices close to the eu-
tectic. The spatial variation of the temperature may be
relatively large inside the reactor core. Here we observe
that the FOMs tend to decrease with increasing temper-
ature, which should ensure a good extraction of the heat
at all the conditions.

IV. CONCLUSION

The development of reliable interaction potentials,
with ab initio accuracy, and the availability of large com-



puter resources now allow us to build reliable thermo-
physical databases for molten salts. Such an approach is
complementary to experimental measurements, yielding
a large number of data at a very reasonable cost. In the
present work we have illustrated this by calculating the
density, the thermal expansion, the heat capacity, the
viscosity and the thermal conductivity of LiF-ThF4 mix-
tures for a wide range of compositions and temperatures.
By fitting the calculated data with analytic functions, we
have been able to map the variations of these properties
for any thermodynamic point, and to determine the fig-
ures of merit which are necessary for designing molten
salts reactor.

Although LiF and ThF, are the main components of
the MSFR, it is sure that small amounts of other fluorides
(UF3, UF4 and PuFj, mainly) will also be present. In
addition a large number of species will be formed due
to the fission and the neutron capture reactions, and it
remains impossible to extend the present work for all the
elements. Therefore only the most important ones can be

considered. However this difficulty can be overcomed by
using thermodynamic models, which have up to now been
fitted on experimental data only. The improvement of
the thermodynamic models by the inclusion of the large
amount of data provided by MD simulations should allow
for the extension of the range of their applicability in the
future.
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