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Molten salts as heat transfer fluids (HTF) for concentrated solar power (CSP) plant application are consid-
ered as the best thermal storage medium, and more precisely molten chlorides, presenting a wide oper-
ating range and coupled with competitive cost. Furthermore, MgCl2-NaCl-KCl (MgNaK) mixture appeared
as the most promising one but need further studies to better understand its thermophysical properties.
Indeed, its hydrated form leads to the formation of corrosive compounds. In this research, two different
methods are used to model the ternary mixture. The dehydration process is evaluated by thermodynam-
ical calculations with Thermocalc software. Then, the local structure, thermal conductivity and viscosity
are estimated by means of molecular dynamics simulation, with LAMMPS package. The results were close
to past simulations studies and experimental references, but discrepancies need to be further minimized
regarding some variable fluctuations.
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1. Introduction

Producing renewable energy has become one of the major chal-
lenges of this decade and solutions are rising with the devel-
opment of next generation CSP. Moreover, molten chlorides as
HTF appeared to be the most promising thermal storage medium,
presenting a high operating range and low cost. The most cost-
effective and performant one is the ternary MgNaK chloride mix-
ture, which provides a wide operating range [3802C;7502C] and
low cost (0.35%/kg) [1]. Nevertheless, oxygen diffusion within the
salt and hygroscopic magnesium chloride lead to the formation of
corrosive hydroxyl compounds, such as MgOHCI, already described
in past studies [2-7]. Computational simulations and thermody-
namical calculations can be used to better understand its proper-
ties and evaluate the performance of such a mixture, in real plant.
Indeed, these numerical methods must be validated by experimen-
tal testing, and are precursor of the development of future algo-
rithmic models that could be implemented in new power plants,
for automated machine learning and digital twins development.
Molten chlorides have already been studied for CSP application and
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some of these results will be compared to our calculations [8-25].
Indeed, assessment of potassium and sodium alkali chloride were
the most investigated ones [19, 21, 23, 24], but magnesium chlo-
ride [22] and the ternary MgNaK chloride [22, 25, 26] attract more
attention as they became salts of interest, offering the support of
experimental studies to the design of accurate phase diagrams.
The calculated phase diagram of MgNaK chloride has already
been studied for research on optimal eutectic melting point. Fact-
Sage software calculations present three temperatures at 381.622C,
382.01°C, and 382.45°C for compositions of 64.47/38.19/21.21
wt%, 53.41/20.97/25.62 wt%, and 44.15/47.25/8.60 wt% respectively.
Moreover, Coventry and al. assessed this phase diagram with a eu-
tectic temperature of 383°C with a composition of 55/24.5/20.5
wt% respectively [27], supported by experimental measurement.
In this paper, the life cycle of a ternary hydrated-MgNaK
salt have been analyzed with computational thermodynamics
methods, from the necessary hexahydrate magnesium chloride
(MgCI2-6H20) dehydration process before its use in a CSP plant;
as described in a previous review [1]; to its determining thermo-
physical properties as a heat transfer fluid. First, compounds activ-
ities and site fractions of the hydrated ternary mixture have been
calculated with the use of Thermocalc software, to better under-
stand its evolution with an inert and aerobic atmosphere. Then,
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the local structure of dehydrated molten chlorides at different tem-
peratures were performed by molecular dynamic simulations with
open source LAMMPS (Large-scale Atomic/Molecular Massively Par-
allel Simulator) package. To validate this method, the temperature
range was selected based on previous simulations and experimen-
tal studies.

2. Methodology
2.1. Thermodynamic simulation

Thermocalc Software was used with CALPHAD (CALculation of
PHAse Diagrams) methodology for predicting thermodynamic, ki-
netic, and other properties of multicomponent material systems
with the “Compound Energy Formalism” (CEF), detailed by Hillert
[28]. Plus, SGTE Molten Salt Database permitted to perform the cal-
culations. The Gibbs free energy of phases is computing with a
good short range order accuracy, as it deals with its phase con-
stituents (pc), such as neutral atoms, ions, or vacancies within
the sublattices (s) [29]. Indeed, a phase is described by the site
fraction (y) summation of its phase constituents 3" y}.. Then, ex-
tremal species of each sublattices are defined as end-members
(em) and their weighted average define a surface of reference (sr).
(Equation 1)

Ggﬂ = chnd l_[y;c (1)

Moreover, Gibbs free energy values of end-members com-
pounds are relative to standard state Gibbs energy of the num-
ber (m) of components (i) present in the end-members sublattices
(Equation 2).

A?Gem — ngd _ Z G?tandard Z ms (2)

Furthermore, the
(Equation 3).

ideal entropy of mixing is considered

n the stoechiometric coef ficient
R the gas constant coef ficient (3)
T the temperature

—ST =RT )" 1y} In () with
: S the entropyof mixing

2.2. Molecular dynamic simulations

Molecular dynamic simulations were performed with open
source LAMMPS package [30]. The micro-canonical ensemble (NVE)
represents an isolated system without exchange of particles or en-
ergy with the environment, and a constant volume. This ensemble
was used to verify rapidly the stability of the system.

Harmonic bond (bs) and angle (as) style were used with the
respective potentials
Eyy = 10 0)° itk { Fngird 2

Kys a prefactor ( (4)
1o the equilibrium bond distance (Angstré m)

2
s = MWM {

Kqs a prefactor (eV)
6 the equilibrium angle value (Degree)

(5)

Lennard Jones potential was used for the force field of
MgCl, equation (6) where ¢ and o were estimated from the
Lorentz-Berthelot rules equation (7), and the Born-Mayer-Huggins
or Tosi/Fumi potential was used for (Na, K) Cl interactions
equation (8), with coulombic interactions equation (9). The com-
bination rules thrive to approximate the potential interaction be-
tween non-bonded atoms. The validity of the Lorentz-Berthelot
rule is assumed as the atoms are modelized as hard spheres, and
the potentials used in this study come from previous calculations
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Table 1

Pair-potential parameters of the system
Pair A (eV)  p(A) Oij G, (eV.AS) Dy (eV.AS)
Na-Na  0.2637 03170 234 1.0486 0.4993
Na-Cl 0.2110 03170  2.755  6.9905 8.6758
Na-K 0.2636 03170  2.633  3.9860 0.2777
K-Cl 0.2109 03367 3.048  29.9467 45.5439
K-K 0.2636 03367 2926  15.1605 14.9733
cl-cl 0.1582 03170  3.17 72.4021 145.4283
Pair re (A) £ (eV)
Mg-Mg 3.021 0.0048
Mg-Na 2.565 0.0114
Mg-K 2.906 0.0121
Mg-Cl 3.947 0.0099

by ab-initio molecular dynamics present in the literature [19, 31-
33]. gathered on Table 1. The limitation of the force field accuracy
could stem from the Lorentz-Berthelot mixing rule, as some devia-
tions were pointed out by Boda and Henderson [34], depending on
the size parameter. Plus, the cut-off radius was fixed as half of the
system length, to minimize beyond potentials effects.

el (3)" (7)o

= g .
%ij =3 (U” + a”) between atom typesiand j (7)
&ij = JEii€ij

genergy (eV)
&(Angstré m) (6)
&(Angstré m)

(7) c D rc the cut — of f distance
E=Ae\ P ) — — + —5 With o, interaction — dependent length parameter
r r p, ionic — pair dependent lenght parameter

(8)
(9)

]

[ L TR qi, q; the charges of i, jions
coul = rij the separation distance of i and j

Partial radial distribution function (PRDF) was computed to
study the local structure of molten chlorides at different tem-
peratures following equation (10). Indeed, it describes the den-
sity probability of a pair of atoms with distance from a refer-
ence particle. Thus, the coordination number can be easily deduced
equation (11).

pp the density of B species
with { Nyp the number of B in an sphere of center
r the distance from o

dNes(r) 1
r2dr 47 pgr?

8up )=

(10)

Nop =47 pg rT 8up (r)r2dr with {1y, the first peak distance in the PRDF } (11)
0

The simulation box is set to periodic boundary conditions, to
make the atoms exiting from a box side re-enter from the other
side.

2.3. Equilibrium Molecular Dynamics - Green-Kubo method

This method computes viscosity with an average of
stress/pressure tensor auto-correlation function, which can be
calculated in an equilibrated simulation, with a continuous mo-
mentum flow. Indeed, thermal conductivity is similarly calculated
with three arguments per atom: kinetic energy, potential energy,
and stress with formula:

V the volume of the system
kg the Boltzmann constant
T the temperature
J the heat flux

14

K= 35,12

7100y -J(t) dt with
0

(12)
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Figure 1. Screenshot of the simulation box of (MgNaK)Cl

All simulations were performed with different sizes of boxes,
respectively with 216, 512, and 1800 atoms for single chlorides,
with first NPT equilibration followed by NVT equilibration, for
100ps each. A mean was then calculated, and discrepancies are
represented by error bars. The mean error of the thermostat was
48K. For MgCl,-NaCl-KCl mixture, a system with 40/30/30 %mol
was computed. A screen of the simulation box with 648 atoms is
showed on Figure 1. The calibrations and validations of the differ-
ent models has been made with references of experimental values
and comparing with past simulations.

3. Results and discussion
3.1. Phases evolution of hydrated MgNaK chloride

The dehydration process of MgNaK chloride have been analyzed
through the computation of its amount of phase with temperature,
compounds activities and site fractions.

As seen on Figure 2, the dehydration process is observable as
multiple steps at 1002C, 2002C, 260°C, identifiable as stages I, II
and III (reactions (13), (14), (15)).

Stage I: MgCl, - 6HO — MgCl, - 4H,0 + 2H,0 (13)
Stage I : MgCl, - 4H,0 — MgCl, - 2H,0 + 2H,0 (14)
Stage Il : MgCl, - 2H,0 — MgCl, - H,0 + H,0 (15)

Moreover, MgOHCI is already forming at 100°C, and its conver-
sion into MgO is predicted at 460°C, confirmed by experimental

DSC measures [1]. At 4802C, MgOHCl is totally converted into MgO,
leading to HCl formation and thus the increase of the gas phase.

When considering the liquid state of this mixture, two main
structures are remarkable, the halite, present from 260°C to 650°C,
and the ionic liquid, above this temperature. Indeed, in a CSP plant,
a HTF must demonstrate relatively stable properties and a quanti-
tative known behavior considering its thermophysical and thermo-
dynamical aspects. To operate in a power plant, salt purification
by dehydration is the most cost-relevant choice for molten chlo-
rides. Nevertheless, this option cannot assure a total elimination
of hydrates, as they react to form hydroxyl group and non-volatile
species. Indeed, the first simulation on Figure 2 permits to esti-
mate a maximum relative amount of magnesium-hydroxychloride
of 10%. Thus, to simulate this contamination, dehydrated (Mg-
NaK)Cl was computed with 10% MgOHCI at input, and activities of
monoclinic NaCl, MgOHCl, MgCl,-6H,0 and NaOH with respect to
temperature on Figure 3. The activity of a phase is directly cal-
culated from its thermodynamic potential, and the site fraction
is the summation of the component in each sublattices of the
system.

Firstly, magnesium chloride hydration is forming at ambi-
ent temperature with MgOHCl presence as its activity rises,
whereas the successive steps of dehydration can be observed
with MgCl,-H,0 curve from 50 to 510°C. Indeed, the activity in-
creases linearly at each step, but the derivative diminishes, as
the temperature range to dissociate a pair hydrate-magnesium
increase when the coordination is lower (hexa- to tetra- to di-
and mono-hydrate); the thermodynamic potential favors less com-
plexed MgCl2. Then, MgOHCI activity decreases after 510°C, only
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Figure 3. Activities of formed components in MgNaK chloride

when total dehydration occurred and are followed by two plateaus
at 540°C and 580°C. Furthermore, NaOH activity increase at 6562C
coming from hydroxide-free ionic potential favoring the reaction
with sodium chloride at high temperature, which is identified as

ionic liquid. This formation could lead to a mitigation of hydroxide-
induced corrosion in the CSP plant at high temperatures.

To better understand and visualize the transition between halite
and ionic liquid phases, a dehydrated (MgNaK)Cl system was com-
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Figure 5. Partial distribution function and coordination number of ion-pairs distances in MgNaK chloride with temperature

puted with an initial amount of 10% of MgOHCI, in aerobic and
inert atmosphere. Hydroxyl site fraction calculations were per-
formed for each phase and merged on the same graph, with re-
spectively halite (lower function) and ionic liquid (upper function),
on Figure 4. First, the site fraction of hydroxyl group has been cal-
culated within an aerobic atmosphere, on Figure 4a. OH fraction is
constantly increasing with temperature, as having a direct source
from air inward diffusion into the liquid. Then, MgOHCl conver-
sion to MgO is well defined at 450°C in the halite domain, as OH
site fraction is decreasing. Secondly, on Figure 4b, the same system
was computed but under a nitrogen atmosphere and the calcula-
tions presented a much better behavior as OH site fraction is sta-
ble and nearly null under 700-750°C. Moreover, it can be approx-

imated that a maximum of 5 wt.% oxygen in nitrogen atmosphere
can be acceptable, under 7502C CSP conditions.

3.2. Molecular dynamic simulations

3.2.1. Local structure

Molecular dynamics were studied to analyze the local structure
of the ternary MgNaK chloride and the influence of temperature.
Thus, as explained in Section 2.2, it can be analyzed by the distri-
bution of ions pair distances. PRDF and coordination numbers are
plotted on Figure 5 and the first peaks of each pair are gathered
on Table 2.
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Table 2
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First peak of ion-pairs distances with temperature

700K 900K  1100K  1400K  Maximum relative variation
I'min (Mg-K) 3.1 2.7 31 3.1 13%
Imin (Mg-Na) 29 2.7 2.9 3.5 21%
Imin (Mg-Cl) 33 31 33 33 6%
I'min (Na-Na) 3.9 3.5 3.5 33 15%
I'min (Na-K) 3.5 31 3.9 3.7 11%
I'min (Na-Cl) 2.7 2.5 2.5 2.5 7%
I'min (K-K) 4.1 3.7 39 4.3 10%
I'min (K-Cl) 29 2.9 2.9 2.7 7%
Imin (CI-Cl) 4.5 4.1 4.1 4.1 9%
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Figure 6. Calculated thermal conductivities compared to past research for a. MgCl2, b. NaCl, c. KCl and d. MgNaK chloride at different temperature

The first peaks of ions-pair distance show a higher disorder
when varying temperature between positive-charged particles with
a maximum relative variation of 21% for Mg-Na pair. The lower
variation appeared to be with Mg-Cl pair, with 6%, coming from
a higher density of chlorine atoms. Indeed, Na-Cl and K-Cl are the
second lowest with 7% variation. Na-Cl, Na-Na, and CI-Cl first peaks
positions of 2.5, 3.3, and 4.1 A at 1400K showed a good agreement
of anion-cation pair, compared to experimental results of Edwards
and al., at 2.6, 3.7, and 3.8 A respectively under 1340K [35]. Plus,
K-Cl first peak at 2.9 A also showed a similar result with 3.1 A in
the work of Allen and al. [36], while magnesium local structure did
not appeared to be studied experimentally. The disorder of the lo-
cal structure can be easily observed with the coordination number
curves, which decrease with temperature. Indeed, the probability

of a structural stability decrease with the number of different in-
teractions in a system. Also, the mobility of Mg atoms enhances
the statistical path of Mg ions on near to the surface leading to the
adsorption and inward diffusion of oxygen atoms. Therefore, atmo-
sphere relative humidity must then be mitigated for high temper-
ature applications, as being the source of oxygen contamination.

3.2.2. Thermal conductivity

Single salts and ternary (MgNaK)Cl have been computed with
the Green Kubo method, in the same range of temperature of
previous research to compare the results, gathered on Figure 6.
Plus, experimental values have been taken as a reference [37]. Sev-
eral simulations have already been performed on potassium and
sodium chlorides in previous research [9, 21, 23, 24, 38, 39], with
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Figure 7. Calculated viscosities compared to past research of a. MgCl2, b. NaCl, c. KCI and d. MgNaK chloride at different temperatures

values between 0.7 and 0.48 W/(mK) for NaCl and 0.46 and 0.26
W/(mK) for KCl, from 1000K to 1400K. Moreover, most of the re-
sults present a linear behavior for all salts. Nevertheless, the over-
all discrepancy between each thermal conductivity curve of a same
salt can be misleading for comparison. Indeed, variation in param-
eters such as timestep, swap rate, running time, box size or tem-
perature control, added to a different algorithm resolving method,
can rapidly lead to different values. Thus, an experimental refer-
ence was used for NaCl and KCI. For MgCl,, much less research
have been made and only one case of equilibrium simulation is
found in the literature, with linear values between 0.52 and 0.47
W/(mK) for a temperature range from 975 K to 1200 K [22]. Fi-
nally, for the ternary MgNaK chloride, previous studies computed
it with a round hard sphere method for a 40-27.5-32.5 mol% salt
in a range of [650K; 1100K][8], non-equilibrium molecular dynam-
ics [25], and we also compared these values considering FactSage
calculations [26]. All our models show a thermal conductivity de-
creasing with temperature, confirming past investigations [8-20,
22], and MgNaK chloride linear regression showed a coefficient de-
termination of 0.979. Plus, discrepancies occurred when varying
the box system resulting in the error values, but the results are
included in the error range given by reference. Furthermore, the
uncertainty of the temperature is estimated to 30 degrees for the
three single salts and 45 degrees for the ternary salt. Indeed, MgCl,
high value at low temperature seems overestimated, and induced
the strong temperature dependance of the ternary salt. This can be

explained by the local pressure fluctuation term that induce a vari-
ation in the phonon-phonon collision probability. Then, each end-
member of the system presents a different phonon mean free path.
Moreover, a phonon free path higher than the interatomic distance
increases the mass fluctuation term, and thus thermal conductivity,
as demonstrated by Gheribi and Chartrand [40].

3.2.3. Viscosity

Green-Kubo formalism was performed on single and ternary
MgNaK salts, and results are gathered on Figure 7. Chloride salts’
viscosity have been studied by simulations, but no data was found
on single MgCl,. In our work, it showed a decreasing linear curve
with temperature, as NaCl and KCl, whereas they presented an ex-
ponential trend in the range [1000K; 1400K] and [1050K; 1400K]
respectively in past studies [19, 21]. Nevertheless, the ternary Mg-
NaK mixture showed an exponential form with a strong coefficient
of determination (R2=0.959) but is coherent with the results re-
ported by Vignarooban and al [3] and Zhang, Salanne and al. [25].
Moreover, an Arrhenius regression fitted to the results, with the
following form and parameters.

 [A=02823
 AMB/T
n=Ae", with {B - 1684.4}

Indeed, coordination numbers of each pair showed a structural
disorder with temperature, charge interactions becoming weaker,
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Table 3

Linear regression of thermal conductivity and viscosity of single and ternary chloride salt calculated
Molten salt  Thermal conductivity - Regression equation ~ R? Viscosity — Regression equation ~ R?
Nacl y = -0,0003x + 0,8073 09469 y = -0,0012x + 2.3967 0,9101
KCl y = -0,0001x + 0,5144 0,8573 y = -0,0007x + 1.6919 0,9833
MgCl, y = -0,0003x + 1,1698 08218 y = -0,0012x + 2.3667 0,9636
(MgNaK)Cl  y = -0,0005x + 0,9697 0,979 y = 0,2823.e(16844/%) 0,959

inducing an increase in fluidity. Both thermal conductivity and vis-
cosity most accurate regressions for each system are available on
Table 3, with their respective coefficient of determination.

4. Conclusions

Thermo-molecular dynamic simulations were performed on sin-
gle and ternary MgNaK chloride to study their local structure and
physical properties with respect to temperature. First, the dehy-
dration process of the magnesium hexahydrate chloride is com-
puted, and activities of hydroxyl-compounds are highlighted, with
the conversion of MgOHCI into solid MgO at 460°C and an in-
crease in NaOH activity after 656°C. This NaOH potential formation
at high temperature could lead to a mitigation of OH™-induced
metal oxidation in a CSP plant. Moreover, the importance of an in-
ert atmosphere such as nitrogen is confirmed as no corrosive OH-
associated compound reaches equilibrium and forms within the
salt. Indeed, from thermodynamic calculations, an estimated rel-
ative oxygen percent of 5% can be stated as a limit for CSP appli-
cation at 750°C in molten chloride, assuming punctual failures in
the inertization system. Partial radial distribution was computed
and confirmed the increase of structural disorder with tempera-
ture highlighted by a coordination number increasing slower. Then,
the negative derivative of thermal conductivity and viscosity with
temperature is confirmed and the values are close to experimental
data and past simulation studies, as well as the Arrhenius behav-
ior of the MgNaK chloride in viscosity. Physically, this decreasing is
relatable with the molecule expansion when heating up. Neverthe-
less, an overestimation of thermal conductivity has been associated
with the local pressure fluctuation influencing the phonon-phonon
collision occurrence with temperature. Plus, the discrepancies oc-
curring with respect to other research need to be minimized with
more data to make accurate decision in future algorithmic mod-
els. Further research needs to be made on the interaction of chlo-
ride salts with nanoparticles to study and calculate their potential
properties enhancement, and on the assessment of these results,
to potentially link molecular dynamics and calphad methods.
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