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This study proposes new molten salts, which are specialized for transmuting long-lived fission products
(LLFP) using a helical fusion reactor FFHR-d1, as a neutron source. Molten salts are binary systems consisting
of BeF, and LLFP fluorides, such as BeF,—ZrF,, BeF,—PdF,, or BeF,—CsF. This study evaluates the effect of
molten salts on the transmutation performance, and the amount of heat generated was evaluated by Monte Carlo-
based neutron transport and burnup calculations. Therefore, when the transmutation area was fixed at 4% of
the blanket system volume, the higher molar ratio of LLFP fluorides leads to higher transmutation performance.
Also, the viscosity, specific heat, and thermal conductivity of BeF,—CsF were evaluated by molecular dynamics
(MD) simulations. The heat transfer characteristics were evaluated by calculating the Prandtl number from MD
simulation results. The Prandtl number of 50% CsF, which produced the lowest melting point (475°C), was
evaluated to be 29.23, which was 60% larger compared to the Prandtl number of Flibe (LiF-BeF,) when the
BeF, molar ratio was 50%. This result suggested that the heat transfer performance was inferior to that of Flibe.
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1. Introduction

The disposal of undesirable high-level radioactive
waste is a major issue with fission-based nuclear energy.
LLFP is one factor that is responsible for radioactivity and
decay heat of the high-level radioactive waste. Thus far,
the studies evaluated geological disposal as the most prac-
tical solution, and the storage of high-level waste for a long
time suffers from safety uncertainties. The nuclear trans-
mutation of LLFP into non-radioactive or short-lived nu-
clides has been considered as an alternative approach to
diminishing the radiological impact of waste. The neu-
tron source candidates for transmutation include fast reac-
tors [1], accelerator-driven systems [2], and fusion reac-
tors [3,4]. Among these candidates, fusion reactors have
might be the most efficient system to transmute LLFP ow-
ing to their neutron environment (e.g., flexibility to design
aneutron flux and spectrum [5]) and the availability of neu-
trons compared to other neutron sources.

There has been a proposal to mix LLFP into a Flibe
(LiF-BeF,) blanket system in fusion reactors to transmute
LLFP [6]. However, to maintain the tritium breeding ra-
tio (TBR), the amount of LLFP added to the fusion blan-
ket is insufficient to contribute to the nuclear cycle. As
a solution, this study proposes new molten salts that are
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specialized for LLFP transmutation. The molten salts con-
sist of LLFP fluorides and BeF, because BeF, has a low
melting point, low neutron absorption, and high neutron
multiplication cross-section. By adding larger amounts of
LLFP and arranging the molten salts in very limited re-
gions of the blanket system, it may be possible to maintain
the net TBR and increase the amount of LLFP transmu-
tation. Because LLFP fluorides cannot be mixed if LLFP
fluorides are gas at the blanket temperature of 500°C, the
target LLFP was *3Zr, '7Pd, and '33Cs. There are few re-
ports on the thermophysical properties of binary salts such
as BeF,-CsF. Although they are effective from the view-
point of LLFP annihilation, the feasibility of thermal de-
sign in a self-cooled liquid blanket is not clear.

This study aimed to evaluate the feasibility of molten
salts specialized for the LLFP transmutation from the
viewpoint of neutronics and heat transfer characteristics.
Neutron transport and burnup calculations were conducted
to evaluate the transmutation performance of the new
molten salt. Subsequent molecular dynamics (MD) simu-
lations were performed to evaluate specific heat, viscosity,
and thermal conductivity of the molten salt. Furthermore,
the heat transfer performance was evaluated by calculating
the Prandtl number based on the MD simulation results and
compared to the conventional candidate Flibe.

© 2020 The Japan Society of Plasma
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2. Neutron Transport and Burnup
Analysis

2.1 Analysis methods and conditions

The transmutation rate of the target LLFP *3Zr, '97Pd,
and '%Cs and the amount of heat generated were evalu-
ated using neutron transport and burnup analysis. Figure 1
shows a simple geometry model of the FFHR-d1 [7] blan-
ket system used in the simulations. Materials and the size
of each section are also shown in Fig. 1. The fusion plasma
was simulated by a neutron source emitting at 14.06 MeV
in the z-direction. The neutron source was set apart from
Z = 0 to avoid overlap of the neutron source and mirror
reflection. The neutron wall loading was set to 1.5 MW/m?
based on the FFHR-d1 design, which has a thermal out-
put of 3GW. The transmutation region was divided into
two zones; only the first 15 cm contained Be as the neu-
tron multiplier material. All regions homogeneously con-
tained the structure material JLF-1 [Fe (bal.), Cr (9.04), W
(1.97), V (0.19), Ta (0.07), C (0.097), Mn (0.46), N (0.05)
(wWt.%)] [8] at 10% volume ratio. The LLFP fluoride mo-
lar ratio was changed within the range of 10% - 90%. The
isotopic composition of each LLFP shown in Table 1 was
based on the data on the spent fuel from a pressurized wa-
ter reactor with a burnup of 45 GWd/t and 30 years of cool-
ing [9]. The GWd/t unit indicates the burnup of fuel, where
d is day, and t is ton. It is the exact released energy by fis-
sion reaction per the initial weight of the fuel.

Figure 2 shows the transmutation area in FFHR-d1.
An earlier study has proposed that the region was promis-
ing for transmutation for the following reasons: sufficient
neutron flux (<2 MW/m?) and lower heat flux than the re-
gion inside the helical coils. Because minor actinides will
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Fig.1 Neutron transport and burnup simulation geometry
model.

be placed downside of the plasma in case of a severe ac-
cident [10], LLFP will be placed upside of the plasma.
Then, 10 loading positions, which are 4% of the blanket
system volume, are secured in one helical-type fusion re-
actor, which has five helical pitches designed in FFHR-d1,
as shown in Fig.3. The TBR of FFHR-d1 is reportedly
1.08 [11] when using Flibe as the tritium breeder. Because
the new molten salts cannot breed tritium, the TBR of the
entire reactor will decrease; however, because the trans-
mutation area is limited, the TBR is estimated to be above
1.0. Figure 3 shows the simulation geometry in the right
bottom. The neutron source position corresponded to the
last closed flux surface.

The simulations were conducted using the neutron
transport calculation code MVP-2.0 [12], based on the
Monte Carlo method and the MVP-BURN [13] module,
to evaluate the transmutation rate and generated heat. The
cross-section data library JENDL4.0 [14] was used for the
simulations. The number of histories for neutron transport

Table 1 Isotopic composition.

Element  Tsotope Isotopic composition

[%]
N7r 7.90
o7y 15.45
27r 16.70
Zr BZr 18.73
M7y 20.09
%7t 21.13
Total 100.00
104pd 17.67
105pd 26.46
106pd 26.43
Pd 107pd 15.72
108pq 10.57
110pq 3.15
Total 100.00
133Cg 52.26
134Cs 2.85x 1074
Cs 135Cs 18.32
37Cs 29.42
Total 100.00

mm Core plasma

mmm Helical coil

gE== Divertor

mmm MA transmutation
region
LLFP transmutation
region

Fig. 2 Transmutation areas in the poloidal cross-section of
FFHR-dI.
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Fig. 3 Toroidal and poloidal view of the transmutation area in
FFHR-d1 and the geometry model in the simulation.

=35

93 7
_'g 30t —— Zr (BE:F2 ZrF4) _

——1%p4 (BeF ,~PdF)| |
w00, (BeFZ*GsF N |

dool— o
0 10 20 30 40 50 60 70 80 90 100
LLFP fluoride molar ratio [%]

Fig. 4 Transmutation rate of each LLFP after a 1-year operation.

simulations was set to 100,000 so that the statistical errors
of neutron flux were less than 1.0%.

2.2 Results

Figure 4 shows the result of the transmutation rate of
937r, 197Pd, and '3°Cs after 1 year of fusion neutron ir-
radiation. The transmutation rate decreases as the LLFP
fluoride molar ratio increases. The transmutation amount
of each LLFP in the geometry, shown in Fig. 1, was cal-
culated based on the transmutation rate. Figure 5 shows
the results of the transmutation amount. An increase in the
LLFP fluoride ratio led to an increase in the transmutation
amount. Table 2 shows the annual change rate of the iso-
topes of each LLFP when the LLFP fluoride molar ratio is
10%. The change rate is the increase or decrease of each
isotope after 1-year transmutation. All LLFP (**Zr, '97Pd,
and '%Cs) decrease and all increasing isotopes are stable
or have a short half-life. The obtained results indicated that
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Fig. 5 Transmuted amount of each LLFP in the geometry shown
in Fig. 1.

Table 2 Isotope data (LLFP fluoride ratio 10%).

Element Isotope I—I[?iisf ¢ Chal[logAg rate
N7y Stable +0.31

NZr Stable -0.15

27r Stable +0.48

Zr Bzr  1.53x 106 ~0.32
M7y Stable +0.51

%7Zr 2.00 x 10" -0.25

104pd Stable -0.55

105pd Stable -1.98

106pd Stable +2.34

Pd 107pq 6.50 x 10° -2.57
108pd Stable +2.97

110pq Stable —-0.24

133Cs Stable -3.88

134Cg 2.07 +3.71 x 10°

Cs 1B5Cs  2.30 x 106 -1.97
37Cs 30.17 —3.80

transmutation was qualitatively efficient.

The support factor of each LLFP was estimated based
on the obtained transmutation rate. The support factor was
defined as the ratio of the transmuted amount of LLFP by
a fusion reactor to the annual produced amount of LLFP
from one unit of 1-GWe class light water reactor. Fig-
ure 6 shows the LLFP support factor. The loading vol-
ume ratio of each salt was also calculated based on the
obtained transmutation rate. The total blanket system vol-
ume, as shown in Fig.2, and the loading volume ratio of
each molten salt was adjusted to make the support factor
of %3Zr, 197Pd, '33Cs the same. Table 3 shows the loading
volume ratios for the salts. Similar to the transmutation
amount shown in Fig. 5, the transmutation performance in-
creases with an increase in the molar ratio, and it was the
highest at the support factor of 6.0 when the molar ratio of
LLFP fluorides was 90%.

Figure 7 shows the amount of generated heat, which is
the total amount of reaction heat and decay heat when the
molar fraction of LLFP fluorides was changed. The gen-
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Fig. 6 Support factor (4% vol. ratio loading, 3 GWth).

Table 3 Loading area ratio for each molten salt.

LLFP ratio Loading area [blanket vol. %]
[mol. %] Z1F, PdF, CsF Total

10 3.44 0.17 0.39 4.00
20 3.37 0.18 0.45 4.00
30 3.32 0.18 0.50 4.00
40 3.26 0.20 0.54 4.00
50 3.16 0.22 0.62 4.00
60 3.10 0.24 0.66 4.00
70 3.03 0.25 0.72 4.00
80 2.96 0.28 0.76 4.00
90 2.88 0.30 0.82 4.00
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Fig. 7 Generated heat through transmutation.

erated heat amount gradually increases with an increase in
the LLFP fluoride ratio. The salt BeF,—PdF, has the largest
amount of 1.09 W/cm? because Pd nuclides captured more
neutrons than Zr and Cs nuclides. This amount is not too
large compared to the estimated heat density of the molten
salt reactor core of 70 W/cm? [15].

3. Molecular Dynamics Simulations

3.1 Simulation methods and conditions

MD simulations with the polarizable ion model po-
tentials [16] were performed to evaluate the viscosity, spe-
cific heat, and thermal conductivity of BeF,—CsF. BeF,—
CsF was chosen because '3Cs is one of the most prob-
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Fig. 8 Phase diagram of BeF,—CsF [21].

lematic LLFP because of the high risk that it may dissolve
into the groundwater during geological disposal. The tem-
perature was set to 800°C to make sure that the molten
salt was liquid under all conditions to determine the trends
of Prandtl number, depending on the CsF molar ratio, as
shown in Fig. 8. The CsF molar fraction changed to 50%,
60%, 70%, 80%, and 100%. Molar fractions below 50%
were not evaluated because the calculation would require
a very long time to converge. Also, the Prandtl number of
50% CsF was evaluated and compared to Flibe. This con-
dition was selected because under the condition of BeF,
molar ratio lower than 50%, 50% CsF produces a relatively
low melting point (475°C) among the points calculated in
this study. The temperature was set to 600°C to compare
with literal values. The potential parameters in the polariz-
able ion model were determined from first-principles cal-
culations in earlier studies [17, 18].

MD simulations for the specific heat were conducted
in the ensemble of fixed ion number, pressure, and tem-
perature following the method described by earlier stud-
ies [18, 19]. The simulation cells were fixed at 0 GPa.
The time step was 0.5fs, and the total simulation time
was 500 ps. Simulations were performed at 600, 700, and
800°C to calculate the specific heat and evaluate system
enthalpy. A linear relationship between enthalpy and tem-
perature was obtained for all cases. The specific heat was
calculated by temperature differential of the enthalpy.

The viscosity and thermal conductivity were calcu-
lated by Green—Kubo relations [20]. The simulations for
viscosity and thermal conductivity were performed in the
ensemble of fixed ion number, cell size, and temperature.
The cell volume was determined from the results of the
simulation to obtain density. A series of 250-ps production
runs were performed until the transport coefficients con-
verged. Table 4 summarizes the compositions and number
of ions of the molten salt for MD simulations.

The Prandtl number, Pr, was calculated from the MD
simulation results as
1%

Pr s
A

ey
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Table 4 Composition and number of ions in the molten salt.

Composition of Number of ions

BeF,' CsF Be?* Cs" F
50: 50 100 100 300
40: 60 84 126 294
30: 70 66 154 286
20: 80 46 184 276
0: 100 0 256 256

where 7 is the viscosity, C, is the specific heat, and A is
the thermal conductivity. This study used the Prandtl num-
ber as an indicator for the heat transfer performance and
compared the results with the conventional salt Flibe.

3.2 Results

Table 5 shows the calculated physical properties,
Prandtl number of the molten salts, and experimental data
of CsF reported in [22-24]. The calculated properties of
CsF differed from the experimental values; the difference
between them was 42% at most. Table 5 shows that vis-
cosity depends on the BeF, ratio, which is the same trend
as that for Flibe [25]. BeF, forms glassy tetrahedra, which
results in high viscosity. The Prandtl number considerably
depended on the BeF, ratio owing to an increase in vis-
cosity and specific heat. The standard errors in the calcu-
lations were below 2.9% for viscosity and below 2.8% for
specific heat. However, the standard error of thermal con-
ductivity (which is summarized in Table 6) was large and
increased with an increase in the molar ratio of BeF,. This
occurred because of the error propagation of the transport
coefficients. The thermal conductivity A was calculated us-

ing:

/l _ % (Lee _ LeZoAZ()Zl ;LEZ]AZIZO ) , (2)
L L L L
A .= ea Ba B= ‘ 2020 2120 , (3)
B Leﬁ Lﬁ,B ngzl LZ111

where T is the temperature, and L is the transport coef-
ficients [26]. Several transport coefficients are necessary
to calculate the thermal conductivity, as shown in Egs. (2)
and (3). The transport coefficients excessively fluctuated
and contained calculation errors; this resulted in a consid-
erable standard error for thermal conductivity evaluation.
The standard error was large. There was a tendency for
the thermal conductivity to increase with an increase in the
molar ratio of CsF.

Table 7 shows the Prandtl number at 600°C, which
was evaluated by MD simulations and the melting point of
BeF,-CsF (CsF 50%), Flibe (BeF, 50%), and Flibe (BeF,
33%). As shown in Table 7, the Prandtl number of BeF,—
CsF was 27.57, which was 50% higher than that of Flibe
(BeF, 50%) and three times higher than that of Flibe (BeF;
33%). This means that the BeF,—CsF molten salt heat
transfer performance is inferior compared to that of Flibe.
This comparison shows that it will be difficult to use the

Table 5 Results of MD simulations (800°C).

CsF Viscosity Specific Thern?aI. Prandtl

[mol. %] [mPa-s] heat conductivity Number
) [I/kg/K] [W/nv/K] [-]

50 431 905.52 0.25 15.45

60 291 740.66 0.21 10.18

70 1.93 632.15 0.21 5.86

80 1.29 532.49 0.22 3.12

100 0.91 448.53 0.27 1.50
(ex;.oc(i)ata) 122[22] 4?27§2 0.48 [24]

Table 6 Results of thermal conductivity and standard error

(800°C).

CsFratio  Thermal conductivity — Standard error

[mol. %] [Wnm/K] [WnvK]
50 0.25 97.46
60 0.21 106.96
70 0.21 38.88
80 0.22 6.61
100 0.27 0.05
100

(exp. data) 048 [24]

Table 7 Prandtl number at 600°C evaluated by MD simulations
and melting point of the molten salts.

Molten salt Melting point  Prandtl number

[°C] [-]
BeF,—CsF
(CoF 50%) 475 29.23
Flibe
(BeF 50%) [25] 364 17.97
Flibe 459 9.13

(BeF, 33%) [25]

BeF,—CsF molten salt as a coolant for the first wall, and it
is necessary to consider the effect on the thermal design of
the blanket.

4. Conclusion

This study evaluated the feasibility of using molten
salts specialized for the transmutation of 937r, 107pd. and
135Cs from the viewpoint of neutronics and heat transfer
characteristics. Neutron transport and burnup calculations
results confirmed that higher transmutation performance
could be expected when the LLFP molar ratio is higher.
The highest support factor was 6.0 when the molar ratio
of LLFP fluorides was 90%. The molten salt BeF,—PdF,
generated the largest amount of heat of 1.09 W/cm?®. This
amount is not too large for the molten salt blanket system.
The MD simulation results confirm that the Prandtl num-
ber of BeF,—CsF tends to increase with an increase in the
molar ratio of BeF,. The Prandtl number of 50% CsF was
29.23; the value was 60% larger than Flibe when the BeF,
molar ratio was 50%. The result indicated that it could
be difficult to design a blanket system using the BeF,—CsF
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molten salt as a first wall coolant. Thereby the effect on the
thermal design of the blanket system needs to be evaluated.
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