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ABSTRACT

Passive molten salt reactors are receiving a significant amount of research attention for their inherent
safety. While KCI-UCl; exhibit high UCl; loading of 53 mol% at the eutectic composition, their physi-
cal properties remain largely unexplored for both forced and natural circulation. Here, we employ clas-
sical molecular dynamics simulations to calculate the physicochemical properties of KCI-UCl; molten
salts at various temperatures and compositions. The computed density, heat capacity, and viscosity show
that only viscosity exhibits temperature dependence while the others rarely change between 600 °C to
800 °C. The computed ionic structures reveal the formation of polymer-like uranium network structures
at compositions above 40% UCls, a distinct feature of KCI-UCl3 compared to NaCl-33%UCl; eutectic mix-
ture. We rationalize that the U network structure increases the absolute viscosity, yet also provides the
temperature-dependent viscosity via allotropic U3*-CI~ polyhedral coordination. The molten salts are also

Molten salt nuclear fuel

assessed for both forced and natural convection with the computed physicochemical properties.

© 2023 The Author(s). Published by Elsevier B.V.
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Introduction

Molten salt reactors (MSR) are an emerging reactor concept for
small modular reactors which employ molten salts as both nuclear
fuels and coolants [1]. The reactor type exhibits inherent safety
due to atmospheric pressure operation and potentially low radioac-
tive waste generation when operated with a fast neutron spectrum
[2]. MSRs exhibit a wide range of potential applications including
economical hydrogen generation via high-temperature water elec-
trolysis [3], powering electricity-generating barge [4], or electric-
ity supply to isolated regions. As potential fuel/coolant candidates,
molten chloride salts have received considerable research attention
because of their high actinide and fission product solubility and
hard neutron spectrum compared to fluoride salts [2]. For instance,
Terrapower has been developing molten chloride fast reactors with
a NaCl-UCl5 fuel/coolant system, which targets decarbonizing elec-
tricity while achieving highly inherent safety [5].

Designing MSRs requires the detailed fluid dynamic properties
of the target molten salt systems. Especially, designing passive
MSRs that do not rely on pumps but natural circulation provides
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upgraded safety and lowered maintenance costs, yet requires de-
tailed fluid dynamics engineering of the reactor system [6]. How-
ever, due to the high operating temperatures and radioactivity, ex-
perimentally building the database of molten salt properties has
remained severely limited for various compositions and temper-
atures [7-9]. Alternatively, computationally assessing the physic-
ochemical properties via classical molecular dynamics (MD) or
ab initio molecular dynamics (AIMD) has been of active research
[10,11]. Li et al. reported the fluid properties of NaCl-UCl; using
AIMD, providing detailed analyses of the ionic coordination around
U3+ jons. [12] On the classical molecular dynamics side, Mad-
den et al. developed interatomic potentials named polarizable ion
models (PIM) to accurately capture the polarizability among ions
and notably increased the accuracy of physical property prediction
without excessively involving expensive ab initio force calculations
[13,14]. These efforts led to the computed figure of demerit (FOD)
for forced turbulent convection [15].

In terms of fuel/coolant materials, few fuel candidates have
been extensively studied. For example, the physical properties of
LiCI-KCI-UCl3 eutectic mixture have been reported in various re-
ports, in part due to its applications in spent nuclear fuel repro-
cessing [16,17]. Xuejiao Li et al. studied dynamic fluctuation of
the U3+ coordination structure such as radial distribution functions
(RDF), coordination numbers, self-diffusion coefficient, or cage vol-
ume in molten LiCI-KCl mixture via AIMD [18]. NaCl-UCl; molten
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salts have recently received a significant amount of research atten-
tion as molten salt fuels, and the temperature- and composition-
dependent properties such as density, heat capacity, viscosity, and
diffusivity have been reported via both classical MD simulations
with PIM and AIMD simulations [15,19,20]. Despite the detailed
studies, the two material systems exhibit eutectic points with only
approximately 30 mol% UCl3, making it difficult to design nu-
clear fuels targeting a long-term fuel cycle. On the other hand,
the KCI-UCl; materials system exhibits three eutectic points with
one eutectic point possessing 53% UCl; composition, exhibiting po-
tential for loading increased U content in the salt than the NaCl
counterpart [21]. Yet, the physicochemical properties of liquid KCI-
UCl5 have largely been unexplored, lacking the necessary materials’
properties for the reactor designs and the scientific understanding
of the molten salts’ structural features at high U3+ content.

In this work, we utilize classical MD simulations with PIM po-
tentials to calculate the physicochemical properties of KCI-UCls
materials systems, including the density, heat capacity, and vis-
cosity according to temperature and composition. The temperature
dependences of the density and viscosity are analyzed in depth,
and their relevance in terms of natural circulation is discussed.
Also, a large composition range from 10% to 70% UCl3 has been
studied to rigorously study the effect of increasing U3+ ion con-
tent in the molten salts, and the following change in U3+ coordina-
tion is also tracked and analyzed. The heat removal performances
of the fluid are analyzed by computing the FODs for both natural
and forced turbulent flow.

Material and methods

Classical MD simulations were carried out by using PIM po-
tential [22] with detailed explanation in supplementary file (S1.
The PIM potential), implemented in the CP2K package [23]. Pre-
vious works [22] employed the PIM potential in simulations un-
der molten salt conditions. The early studies [24-26] focused on
description of local structures in molten salt environments by
matching spectroscopic measurements, X-ray diffraction and Ra-
man spectroscopy, to simulation results. The potentials [17,22,27]
are also appropriate to predict physicochemical properties such as
density, diffusion coefficient and viscosity of molten salts. We cal-
culated the density of KCI molten salts under various tempera-
tures to affirm the validity of the PIM potentials in our simula-
tions by exploiting the parameters in Table S1. The calculated den-
sity of KCl molten salts at 650 °C has 1.31 g/cm3 with less than
10% errors compared to experimental results [28]. Seven composi-
tions from 10 at% UCl; to 70 at% UCl3 mixed in KCl molten salts
were simulated, in the temperature ranges from 600 °C to 800 °C
at 50 °C intervals. The eutectic point composition of 53 mol% UCl3
was computed, replacing the 50 mol% compositions. The simula-
tion cell was sized with the initial edge sides ranging between
4.0~4.5 nm, and all modeled systems contained between 800 and
900 ions. The equilibrium properties of the liquids are simulated
first by performing MD simulations in NPT ensembles for 100 ps
with timestep of 1 fs. The bulk properties of density and heat ca-
pacity are obtained, along with the structural features including
the radial distribution functions (RDF) and the coordination num-
ber analyses.

Based on the equilibrated structures in the NPT ensemble cal-
culations, the simulated cell is computed once again in the NVT
ensemble for 50 ps to obtain the viscosity of the molten salts.
The shear viscosities of molten salts are obtained from the Green-
Kubo formulation by integrating the pressure tensor autocorrela-
tion function:

V ~
n= m gdtpaﬁ (O)Paﬂ (t)

Journal of Nuclear Materials 577 (2023) 154329

Table 1

The coefficients of thermal expansion according to the composition of the
chlorine-based potassium-uranium molten salt. The thermal expansion (o)
is given in the units of 10~4 °C — 1.

aTx 0.1 0.2 0.3 04 0.5 0.6 0.7

(UCI3)-(KCl)1 354 3.16 2.83 3.16 3.13 268 128

where V and P,4(t) represent the volume of the particle system
and off-diagonal element of the stress tensor, respectively. Viscosi-
ties were calculated as the average of 60 trajectories to increase
the statistical accuracy [29]. It should be noted that we tested the
convergence of the viscosity under condition of larger size model
system of 1823 atoms during 1000 ps for 1 run to account for the
statistical accuracy as shown in Fig. S1. The stress tensor strongly
correlates until 1 ps and the fluctuation lasts until 1000 ps (Fig.
S1a). The accumulated fluctuations prevent from the convergence
as shown in Fig. S1b, which has also been reported by several stud-
ies [30,31]. Averaging the independent 1 ps simulations better se-
cures the statistical accuracy than performing a long-time simula-
tion in the KCI-UCl;3 molten salt systems.

We additionally predicted the mixing enthalpy of the KCl and
UCl3 mixtures to validate the PIM potential detailed in the sup-
plementary note (please see Supplementary Note S2. Mixing en-
thalpy). The mixing enthalpy derived from the molar enthalpy in
Fig. S2 was fitted to the surrounding ion model [32]. The mixing
enthalpy matches well with the experiment within 5.70 kJ/mol er-
ror as shown in Fig. S3 [21].

Results

Fig. 1 shows the computed fluid dynamic properties of KCI-
UCl;3 in terms of UCl3 contents and temperature. The density of
the molten salt increases from 1.77 g/cm3 to 3.44 g/cm?3, as the
UCl3 content increases from 10% to 70%, reflecting the increased U
content. At the eutectic composition of 53% UCl3, the computed
density is 3.16 g/cm3 at 600 °C, approximately 20% lower than
the experimentally reported density of 3.92 g/cm3 [7]. The com-
puted value is approximately 4.4 times compared to the density
at the working conditions of a pressurized water reactor and ap-
proximately 0.8 times compared to that of NaCl-UCl5 at its eutectic
composition [8]. The computed density decreases with increasing
temperature, down to 2.96 g/cm? at 800 °C.

The molar volume of UCl3 added to KCl remains approximately
identical throughout all the compositions considered and increases
from 1415 A3 to 148.8 A3 as the temperature increases from
600 °C to 800 °C (Table 1). The equivalent thermal expansion co-
efficient of UCl3 derived from its molar volume inside KCl is com-
puted to be 2.37x10%/ °C, accounting for approximately 40% of
the total thermal expansion coefficient at the eutectic composi-
tion. At 60 mol% UCl3 composition, the thermal expansion coeffi-
cient of the KCI-UCl3 mixture interestingly falls below that of UCls.
The computed specific heat capacity decreases from 0.77 ]/g °C to
0.39 J/g °C, as the UCl3 content increases from 10% to 70% (Fig. 1b).
The error bars correspond to the standard deviations of linearly in-
terpolated enthalpy according to the temperature change. This sim-
ply reflects the increasing weight of uranium, since the molar heat
capacity remains approximately identical at 33.63 J/mol K through-
out all the compositions considered.

Fig. 1c shows the computed viscosity of KCI-UCl3 molten salts.
The computed viscosity of the eutectic mixture at 600 °C is 5.84
cP. The computed viscosity gets affected more significantly by tem-
perature than density, exhibiting lower slopes on the contour lines
than those in density maps. At the low UCl3 composition of 10 at%,
the viscosity of molten salt decreases by 38.78% from 1.96 cP to
1.20 cP as the temperature increases from 600 °C to 800 °C. At
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Fig. 1. The computed (a) density, (b) heat capacity and (c) viscosity of KCI-UCI3 as a function of temperature and UCI3 concentration.
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Fig. 2. The radial distribution functions of (a) U-Cl, (b) U-U and (c) CI-Cl as a function of U concentration at 800 °C.

the eutectic composition, the viscosity decreases by 64.21% from
5.84 cP to 2.09 cP under identical temperature increases, resulting
in notably higher temperature dependence. Similarly, the contour
lines in Fig. 1c exhibit an approximately 45° slope with increasing
UCl3 content.

The RDFs of the computed molten salt mixtures at 800 °C pro-
vide molecular-level insights into the fluidic properties (Fig. 2).
The RDFs between U and Cl show identical nearest-neighbor peak
positions among all compositions considered (Fig. 2a), with de-
creasing heights upon increasing uranium content. The second
peak position in U-Cl RDFs shifts inward from 6.54 A to 5.93 A,
as the UCl3 content increases from 10 mol% to 70 mol%, show-
ing more tightly bound solvation shells with increasing U con-
tents. It is noted that the local minimum between the first and
second peaks increases with increasing U content. The RDFs be-
tween U and U also exhibit identical nearest-neighbor peaks, yet
the peak height increases with the UCl; contents (Fig. 2b). The sec-
ond peak heights in U-U RDFs show decreasing peak height as well
as bond lengths with increasing U-Cl peak height. These results
show that uranium becomes closer to each other with increasing
UCl; content, in such a manner that U3+ ions may overlap their
first solvation shell. The CI-ClI RDFs show less dramatic change
upon composition change, yet with clear trends of decreasing
nearest neighbor CI-Cl bond lengths and increasing peak heights
(Fig. 2c).

The coordination and local environment analyses show the for-
mation of U network structures inside the molten salt. The cut-
offs for the coordination analyses are determined from local min-
imum points (4.0 A) in the RDF analyses in Fig. 2a. Fig. 3a shows

that 7- and 8-fold coordination among U3+ ions increases while 5-
and 6-fold coordination decrease with respect to increasing UCls
contents. The RDF analyses in Figs. 2a and 2b reveal that U3+
ions get coordinated increasingly by other U3* ions since U-CI
bonds decrease in relative amount with respect to the UCl3 con-
tent. The fraction of U that gets coordinated by one or more U3+
is counted in terms of the total number of U that participates in
the network in Fig. 3b. At 10 mol% UCl3, almost all UCl3 exists
in the monomer form. As the U content increases, the fraction
for U monomer sharply decreases, initially forming U,Clg dimer
at 20 mol% UCl3, then forming mostly Uy Cl,~(™3M) (m>4) poly-
mer inside the molten salt. Near the eutectic composition of 53
mol% UCl3, almost all U3+ exists in polymer form. At 30 mol%, the
fraction of U polymer decreases from 37% to 26% from 600 °C to
800 °C, showing that thermal energy breaks down the polymer for-
mation (Fig. 3c). In the identical temperature range, however, the
polymer fraction of U does not change for the eutectic and higher
compositions (Fig. 3d).

The nature of bonding among uranium polyhedra also changes
upon composition change (Fig. 3e). At 10 mol%, uranium polyhe-
dra consisting of U3+ coordinated by Cl- are largely connected by
sharing polyhedral corners or equivalently one CI~ ion. As the U
content increases, corner-sharing sharply decreases while increas-
ing the fraction of edge-sharing (sharing 2 Cl~ ions) and face-
sharing (sharing 3 Cl~ ions) polyhedra. At 70 mol%, the fraction of
edge-sharing polyhedra reaches 45%, followed by a nearly identical
fraction of corner-sharing (27%) and face-sharing polyhedra (27%).
Also, the kinetic barrier for configuration changes, computed from
the RDFs of U-Cl, decreases with increasing UCl3 content. Kinetic
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Fig. 3. lonic local structure analyses. (a) The coordination environment of U3+ ions inside the molten salt according to the composition (b) The fraction of UCI3
monomers/oligomers and polymer-like network structures of KCI-UCI3 at various uranium concentration at 800 °C (c) The fraction of UCl; monomers and oligomers/polymers
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edge- and face-sharing polyhedra inside the molten salts at 800 °C according to composition (f) The kinetic barrier estimated based on U-Cl RDFs according to composition.

barrier heights are derived by the equation below:
BWS (r) = —Ing;;(r) - 2In(r)

where g;;(r) represents the U-Cl partial radial distribution func-
tions [33]. Compared to KCI-10% UCls, the barrier height decreases
by 44.12% at 50 mol% and 46.48% at 70 mol% UCl3 composition
(Fig. 3f).

The heat-transfer performances of molten salts during forced
and natural convection are evaluated using the Fig. of demerits
(FOD), based on ratio between the rate of heat transfer and the
pumping power by Bonilla [34]

FOD (forced convection, turbulent) = u%?/p*C}®

FOD (natural convection, turbulent) = [%? /,B,OZCIDI'S]O‘36

where u, p, G, and B indicate viscosity, density, heat capacity, and
volume expansivity, respectively. The FOD of forced convection is
based on minimal pumping power for a given coolant temperature
rise. Increased FOD of forced convection refers to demanding more
pumping power to run the fluids. FOD of natural turbulent convec-
tion bases more on the heat removal performance. Increased FOD
of natural convection indicates that larger temperature change of
fluid is needed to transfer heat. This may result in lowered safety
and efficiency of the reactors. The plotted FODs for both forced tur-
bulent and natural turbulent convection show little dependency on
temperature while increasing uranium content, in general, raises
the FOD values (Fig. 4). The natural turbulent convection FOD inter-
estingly exhibits a local minimum near the eutectic composition,
with a local maximum near 30 mol% compositions. The computed

FODs also show that increasing U content beyond 60% results in a
rapid increase of the FOD.

Discussion

The computed densities are overall underestimated compared
to experimental values and deviate from approximately 5 to 20%.
The largest error occurred at KCI-53% UCl; composition at 700 °C,
where the computed value is 3.16 g/cm? while the experimen-
tally measured data was 19.5% higher at 3.92 g/cm3 [7]. At an-
other eutectic composition of KCI-20% UCl3, the computed density
decreases from 2.25 g/cm3 to 2.11 g/cm?3, as the temperature in-
creases from 600 °C to 800 °C, while the experimental density de-
creases from 2.53 g/cm3 to 2.30 g/cm3 [7].

The difference between the calculated density and the reference
experimental data appears larger than the other simulations. The
interatomic potentials employed in this study were applied in sev-
eral previous reports to calculate the properties of uranic molten
salts [17,19,35]. The errors in the calculated values in this study
may be caused by the difference in the model system from the
original model system used to obtain the potential parameters.
Within this study, however, investigating the tendency of thermal
properties changes depending on the concentration and tempera-
ture.

Viscosities of KCI-UCl3 molten salts are rarely reported in the
literature, with the only available data for fused KCI-UCI;-UCly
(79.9% UCl3 + 20.1% UCly) systems. Compared to this system, the
PIM model overestimates the viscosities for KCI-UCl3 by approxi-
mately 5~65%, except for the KCl-10%UCl5. At the eutectic concen-
tration of KCI-53%UCl3, the computed viscosity decreases from 5.83
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cP to 2.01 cP, as the temperature increases from 600 °C to 800 °C,
while experimentally measured viscosity decreases from 3.52 cP to
1.71 cP in the same temperature range [9]. Interestingly, the de-
gree of viscosity overestimation is significantly less with KCI-UCl3
molten salts compared to that of NaCl-UCl; [8], despite employ-
ing identical interatomic potential models. We could not find any
experimental reference on the heat capacities of KCI-UCl; molten
salts.

Among the molten salt properties, it is noted that temperature
dependence largely arises only among viscosities, while the densi-
ties and heat capacities exhibit weak dependency on temperature.
While low U content KCI-UCl5 exhibits a coefficient of thermal ex-
pansion similar to that of water, increasing U content reduces the
coefficient of thermal expansion, possibly due to the formation of
U network structures. Viscosities, however, exhibit the opposite be-
havior with respect to temperature; increasing U content lowers
the slopes for the contour map and increases the temperature de-
pendence, especially near the eutectic composition.

This temperature dependence is counterintuitive at first, espe-
cially with the temperature-independent fraction of U participat-
ing in the network structure. The U network structure, identified
by the shared first solvation shell among U-Cl polyhedra, exhibits
tightly bound, yet shared Cl- ions among U3t jons and thus in-
creases the molten salts’ viscosity. In our calculations, the relative
amount of U network structure does not change in the tempera-
ture range considered, suggesting that the viscosity decrease with
increasing temperature is not solely caused by the thermal break-
up of the U network structures near the eutectic temperature. One
possible explanation involves the higher kinetic energy of the ions
for switching local environment upon increasing U content. The
similar amount of corner-, edge- and face-sharing polyhedra in
the molten salt, along with higher kinetic energy suggests that
the U network structure becomes more flexible, with capabilities
to modify the local configurations upon temperature increase [36].
It should be noted that viscosity rarely correlates to lowered ki-
netic barrier between U and Cl ions at high concentration of UCl3,
which is rather attributed to the increment of shared Cl~ ions as
large chuck of the U network gets developed. Another explanation
involves the increase in free volume inside the molten salt with
increasing temperature. Since the amount of U network structure
remains constant despite the thermal expansion, the thermal ex-
pansion largely increases the amount of free volume, possibly low-
ering the viscosities with temperature.

Based on the equations for the FOD for molten salts, one eas-
ily deduces that density and heat capacity largely dominate the

Table 2

The computed molar volume according to the temperature.
Temperature ( °C) 600 650 700 750 800
Vm (A3/mol) 141.54 14493 14532 147.66  148.77

forced convection and natural convection. In this sense, the tem-
perature insensitivity of the FODs is understood; both heat ca-
pacity and density get affected little by temperature in the range
that we considered. Also, the fluctuation in forced convection FOD
from 30 mol% to 60 mol% is understood from the small fluctua-
tions in the computed heat capacity shown in Fig. 2b. Since the
forced convection FOD translates to the pumping power needed to
create flow, low U content may be beneficial for forced convec-
tion. Yet, similar FOD values among 30~60 mol% U content lead
to the eutectic point as the preferable composition for forced con-
vection, given that high U loading may allow long cycle duration
in the reactor operation. The temperature insensitivity of the FOD
also makes it easy to design the pumps in the operating temper-
ature range. Under natural convection scenario, the molten salt
exhibit similar tendency with the forced convection, where the
composition rather than temperature dominates the salt proper-
ties. At 53 mol% UCl3 eutectic composition, the salt exhibits lower
FOD than the nearby compositions. This trend encourages design-
ing the molten salt reactors with the molten salt at the eutectic
composition.

Conclusions

In this work, we investigate the physicochemical properties
of KCI-UCl3 molten salts according to uranium concentration and
temperature. The molten salt system exhibits a high UCl3 composi-
tion of 53% at the eutectic mixture, and local environment analyses
reveal that U3+ exists in polymer-like network structures, sharing
Cl-ions among two or more U3* ions. The polymer-like network
structures within the molten salts demonstrate uniquely high,
yet temperature-dependent viscosity values, providing the molten
salt system’s potential for natural circulation. These features call
for further detailed investigation of this interesting molten salt
system in terms of fluid dynamic properties such as thermal
conductivity and dimensionless Prandtl number, to properly as-
sess the molten salt system’s capability in natural circulation.
Table 2
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