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Abstract

Permeability, diffusivity and solubility of hydrogen in Flinak, a mixed molten salt of LiF (46.5%), NaF (11.5%) and KF
(42%), were determined using a vessel supported by a Ni plate. Diffusion-limiting permeation was confirmed by experi-
mental data where hydrogen permeation rates were in reverse proportion to the thickness of Flinak. Diffusivities deter-
mined in the range of 500-750 °C were correlated to an Arrhenius equation with the activation energy of 50 kJ/mol.
Since the dependence of hydrogen solubility in Flinak on pressure was almost linear, hydrogen was dissolved as H, in
Flinak. The H, solubility in Flinak was correlated to a Henry law, and its solubility constant was discussed in terms
of macroscopic surface tension and unspecified interaction energy between the molten salt and dissolved gaseous

molecules.
© 2006 Elsevier B.V. All rights reserved.

PACS: 61.20.Qg; 66.10.Cb

1. Introduction

Flinak is a mixed molten salt comprising LiF,
NaF and KF that was previously investigated as a
heat-transfer fluid of a molten salt nuclear reactor
[1]. This is because Flinak is stable at higher temper-
atures and because of moderate specific heat and
sufficient thermal conductivity. A mixture of 46.5
(LiF), 11.5 (NaF) and 42 (KF) in mole% has the
lowest melting temperature of 454 °C [2]. Recently,
Flinak is proposed also as a secondary heat-transfer
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fluid of an advanced high-temperature nuclear reac-
tor of Generation IV [3]. Reactors are designed to
produce H, using nuclear heat at higher tempera-
tures. In addition, there is possibility in applying
Flinak to the secondary fluid of a Flibe (2LiF +
BeF, mixed molten salt) self-cooled nuclear fusion
reactor [4-6]. Use of Flinak as secondary heat-trans-
fer fluid of systems such as a high-temperature
nuclear fission reactor or a self-cooled nuclear
fusion reactor needs to evaluate the behavior of
tritium in Flinak and the permeability of tritium
through Flinak facing metallic walls from the
viewpoint of tritium safety. This is because radio-
hazardous tritium will be produced in fusion reac-
tors as well as in fission ones.
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Nomenclature

A surface area, m?>

CiH hydrogen concentration (i=Ni or
Flinak), mol-H/m® or mol-H,/m?

D;y  diffusivity of hydrogen (i=Ni or
Flinak), m?/s

E unspecified interaction energy between
molten salt and gaseous molecules, J/mol

JH, overall hydrogen permeation rate

through a system of Ni and Flinak,

mol-H,/m?s

Henry’s solubility constant of H,, mol/

m>Pa

Kuenry Henry’s solubility constant of gas, mol/
m’Pa

K9t volumetric (Ostwald) solubility constant

Henry
defined as KyenryRe T, —

Ky

2

L; thickness (i = Ni or Flibe), m

Na Avogadro number, —

PH, down Pressure of hydrogen at downstream
side, Pa

Pu,up Dressure of hydrogen at upstream side,
Pa

Po atmospheric pressure, Pa

Pin,  permeability through i= Ni or Flinak,
mol-H/msPa%> or mol-H,/msPa

R, gas law constant, J/mol

b radius of gas molecule determined from
van-der-Waals equation of state, m

t time, S

|14 molar flow rate, mol/s
X distance from Ni-H, interface, m
y surface tension, N/m

There are few data on permeability, diffusivity
and solubility of hydrogen in Flinak except for
Katsuta and Furukawa [7]. In addition, it is not
clear whether or not hydrogen permeation obeyed
diffusion-limiting condition in previous measure-
ments. In the present study, the dependence of
hydrogen permeation rate on the thickness of
Flinak and on the upstream H, pressure was exper-
imentally investigated. It will be clarified through
the experiment whether or not the system is under
the condition of diffusion-limiting permeation and
what kinds of ions or molecular species are
dissolved in Flinak and permeate through it. The
solubility of hydrogen in Flinak is discussed
in terms of macroscopic surface tension and the
interaction energy between Flinak and gaseous
molecules.

2. Experimental

Fig. 1 shows a schematic diagram of the experi-
mental apparatus to determine the permeability,
diffusivity and solubility of hydrogen in Flinak. A
mixture of H, and Ar under a constant pressure
and a constant flow rate was introduced into the
bottom of a permeation vessel. The sidewall of the
permeation vessel was made of 316 stainless-steel,
and its outside wall was pretreated with heated air
in order to decrease hydrogen permeation through
it. Part of hydrogen was dissolved in an inside Ni

bottom plate of 2.0 mm in thickness. Atomic hydro-
gen permeates through the Ni plate, and then ionic
or bi-molecular hydrogen is dissolved in the molten
Flinak. The thickness of Flinak was 20.0 mm or
40.0 mm. When hydrogen diffuses through Flinak
including a certain amount of free fluorine ions,
the chemical bonding is H'—F~. On the contrary,
the bi-molecular form of H, is dissolved in Flinak
under less free F~ ion conditions. When dissolved
hydrogen has arrived at the upper interface between
Flinak and Ar gas, hydrogen is swept away by an Ar
purge flow. The Ar flow rate was maintained at
10 cm3(NTP)/min. The H, concentration in the
downstream Ar flow was detected by gas chroma-
tography. The HF concentration was measured by
a pH meter. The gas chromatography and the pH
meter could detect H, with the sensitivity of
I ppm and HF with that of 1 ppb, respectively.
Another 316 stainless-steel vessel surrounded out-
side the permeation vessel. A space between the per-
meation vessel and the outside one was swept away
by another Ar purge gas. Therefore, we neglected
effects of by-pass hydrogen permeation through
the sidewall. In addition, we needed to know how
the interface between Flinak and Ar affects the over-
all H, permeation rate. In order to investigate the
surface effect, the inlet was exchanged with the
outlet. Then hydrogen permeated downward from
the upper part through Flinak to the lower part.
Results showed that overall permeation rates were
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Fig. 1. A schematic diagram of the experimental apparatus to determine permeability, diffusivity and solubility of hydrogen in Flinak.

unchanged even when the direction of H, perme-
ation was reversed. Therefore, it was concluded that
the surface effect was negligibly small.

As a preliminary permeation experiment, we
determined the rate of H, permeation through the
Ni plate without Flinak. The H, permeability
through the Ni plate was almost coincident with a
reference that correlated a lot of previous Ni data
[8]. Another experiment showed that Flinak does
not corrode Ni [6]. Consequently, it was found that
Ni worked as a good hydrogen permeation material
regardless of its contact with Flinak. Before each
Flinak permeation experiment, the upstream and
downstream sides were purged by an Ar flow suffi-
ciently. When the outlet H, concentration became
zero, the upstream side was changed to an Ar+
H2 flow.

3. Analysis

The diffusion equation of a one-dimensional
system comprising Ni and Flinak was described as
follows:

6c,- 626',‘

5 ~Dmgn i= Ni or Flinak. (1)

Notation is given in the end of this text. The initial
and boundary conditions were as follows:

t=0, cni=0, Crlinak =0, (2)

x=0, cni= CNi,05 (3)

X =LNi, CNi =CNiS» CFlinak = CFlinakS» 4)
OCFlinak

X = Lni + Lpiinak, Ju, = —DFlinak H, 3
X=LNi+LFlinak

Wdowan ,down
= 5)
Po

Flinak can absorb H, and HF depending on its
reduction—oxidation (redox) condition. In this anal-
ysis, we assumed atomic dissolution (H) in Ni and
bi-molecular dissolution (H,) in Flinak. This
assumption is discussed later based on comparison
between experiment and calculation. When Flinak
absorbs a dilute concentration of H,, a Henry law
is valid at the interface between molten Flinak and
H, gas. Then, solubility is described as follows:

CFlinak,S = KHszz,S at x = LNi? (63)
Clinak.down = KH,PH, down @t X = Lxi + Lrtinak-  (6b)

The above equilibrium relations should hold at the
two interfaces between Flinak and Ni and between
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Flinak and Ar. The H, permeability through
Flinak, Pgijinak n,, becomes a product of the diffusiv-
ity of Hy in Flinak, Dgjinax n,, and the solubility, Ky,,
as follows:

Priinak 1, = Driinak 1, KH, - (7)

Fig. 2 shows a comparison of variations of the
downstream H, partial pressure, py, jown, With time
between experiment and calculation, when a con-
stant H, partial pressure was maintained at the
upstream side. The solid lines in the figure are ones
determined by solving Egs. (1)-(6) numerically.
Close agreement was obtained between experiment
and calculation using appropriate values of
Driinakn, and Prinak n,, while those of Dy g and
Pni g were cited from the previous reference data [§].

The steady-state H, permeation rate, (ji, )seady» 1S
reduced to Eq. (A.1) shown in the appendix. When
the ratio of Priinak 1, /Lrinak called a permeation resis-
tance of Flinak is much smaller than that of
Prii/2LNiP gown Called a permeation resistance of
Ni, the system is under diffusion-limiting condition.
In other words, whether or not the system is diffu-
sion-limiting depends on not only diffusivities of Ni
and Flinak but also their thicknesses and hydrogen
pressure. The steady-state rate of H, permeation
through Flinak, (jy, )caqy> under the diffusion-limit-
ing condition is simplified to the following equation:

_ Priinak 1,

(sz)sleady - m (sz,up - sz‘down)' (8)
ina

500
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Fig. 2. Variations of downstream hydrogen concentration with
time.

For the diffusion-limiting permeation, some
simplification of Egs. (1)—(6) reduced the transient
H, permeation rate, jy,, to an analytical solution,
Eq. (A.2), as also shown in Appendix A. The
numerical solution to Eq. (1) under the conditions
of Egs. (2)-(6) was coincident with the analytical
solution.

4. Results of hydrogen diffusivity and solubility in
Flinak

4.1. Rate-determining step of overall
H, permeation

Fig. 3 shows steady-state H, permeation rates,
(/H, )steady» @s @ function of the upstream H, partial
pressure, py, ,,- It was apparent that (ji, )geaq, Was
in proportion to py, ,,, at 700 °C, because the down-
stream-to-upstream pressure ratio, Py, gown/PH,up>
was in the range of 1-5 x 10~%. Thus, the linear pres-
sure dependence of Eq. (8) was proved experimen-
tally. The relation held even when the direction of
H, permeation was changed from the top to the
bottom. The result proved the preceding assump-
tion that the hydrogen concentration at the inter-
faces between Flinak and Ar and between Flinak
and Ni were in equilibrium. In other words, effects
due to mass-transfer resistance across the interfaces
were found to be negligibly small at 700 °C. How-
ever, there is a larger discrepancy from the linear
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Fig. 3. Variations of steady-state H, permeation rate through
Flinak with upstream H, partial pressure.
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line for (jiu,)geaay at 500 °C and 600 °C. This is
because of the mass-transfer resistance across inter-
faces or impurities included in Flinak. Therefore,
effects of H" ion diffusion seem to be present in
the lower temperatures.

In addition to the above result, no HF was
detected in the downstream Ar flow throughout
the experiment. Therefore, it was probable that only
H, permeated through Flinak.

Fig. 4 shows the dependence of (jy, )e.qy ON the
thickness of Flinak, Lgj,.x. As seen in the figure,

’ — Jn,Leina=const.
2 T e 700°C
= 3 v 650°C
s o
E m 600°C
Zr
g
=]
=
=]
S
g 10°
g 4
9} |
o 7 5
T 6 Pu,,=1.01x10"Pa
5 1 1 1 1 1 1 L1
2 3 4 5 6 789
10 100

Thickness of Flinak, Ly, ., [mm]

Fig. 4. Dependence of the steady-state rate of H, permeation
through Flinak on thickness.

it is apparent that (jy, )eqy 18 in reverse proportion
to Lrjinak- These two experimental results lead to a
fact that the system is under diffusion-limiting
permeation, and a molecular form of H, permeates
through Flinak.

4.2. Diffusivity and solubility of H, in Flinak

Figs. 5 and 6 show the diffusivity and solubility
of H, in Flinak as a function of the reciprocal of
temperature, respectively. The slope of the solid line
in Fig. 5 is —50 kJ/mol for H, diffusivity, and that in
Fig. 6 is 34 kJ/mol for H, solubility. The diffusivity
of H, in Flinak was correlated to the following
equation:

Driinaks, = 8.69 x 107" exp ( RSOT> m?/s].  (9)

g

The activation energy of Dy n, for Flinak is
smaller than that for Flibe [9] as comparatively
shown in the figure. This may be because diffusion
of hydrogen in Flibe is controlled by H" ion migra-
tion, and therefore it is strongly affected by its
neighbor F~ ions. It was considered that the mole-
cules of 2LiF +BeF, in Flibe constitute a
tetrahedral bond network of BeFi_ and Li" [9].
The network may raise the activation energy of
H" diffusion through Flibe. On the other hand,
H, migrates through ion pairs of Li"—F~, Na*—F~
and K"™-F~ in Flinak. There seems to exist no
definite bond network of Li'—F~, Na'-F~ and
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Fig. 5. Diffusivity of H, through Flinak as a function of the reciprocal of temperature.
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Fig. 6. Solubility of H, in Flinak as a function of the reciprocal of temperature.

K*-F~, and interaction with these ions is so small
that the activation energy of H, diffusion in Flinak
is smaller than that in Flibe.

The solubility of H, in Flinak, Ky,, was corre-
lated to the following equation:

34.4
Ktinai, = 3.98 X 1077 exp <ﬁ) [mol/m’ Pa].

g

(10)

Its slope on the van’t Hoff plot relates with absorp-
tion heat of hydrogen dissolved in Flinak, and the
line with a positive slope means that the hydrogen
absorption is exothermic. There is one-order
magnitude difference in Kpjinacn, between Katsuta
and Furukawa [7] (broken line) and ours (solid line).
It is affected by impurities included in Flinak. This
is because impurities in Flinak can change interac-
tion energy between its neighbor molecules as
discussed below. For comparison, solubilities of
inert gases such as He, Ne and Ar in Flinak [10]
are also shown in Fig. 6. Dissolution of several inert
gases in Flinak was endothermic. The difference
is discussed in terms of interaction energy in the
following section.

5. Discussion on interaction energy between
molten salt and dissolved gas

The solubilities of the inert gases obey the Henry
law in a similar way to H,. It is more advantageous
to understand the solubilities of gases in the molten

salt in terms of interaction energy between the salt
and dissolved gas. The interaction energy was
related with surface tension or other kinds of inter-
action [11]. Based on a usual solution theory [12],
the Ostwald solubilities of gases in molten salts such
as Flinak or Flibe were correlated to the following
equation:

E(T) + 4nNardy

KOS[ — _
exp { A

Henry

J [mole/mole].
(11)

The molecules of H, and inert gases are localized at
their respective equilibrium positions among molten
salt ions. The position relates with attractive or
repulsive interaction force imposed from its neigh-
bor ions that comprise molten salts. As the first
approximation, the overall interaction energy is
determined as the summation of a repulsive macro-
scopic surface tension, 4nN 7%y [15] and a repulsive
or attractive interaction energy of E(7).

Fig. 7 shows E values for He, Ne and Ar [10] in
Flinak as well as that for H,. In addition, £ values
for He, Ne, Ar, Xe [13] and H, [9,11] in Flibe are
shown in the figure. As seen in the figure, the £
values for He, Ne and Ar were independent of the
kind of the molten salts (Flibe and Flinak) as well
as temperature. Its value was 13.6 kJ/mol for He,
Ne and 9.9 kJ/mol for Ar. Thus, the E values of inert
gases except for Xe were positive, and therefore the
interaction was repulsive. The H; solubility in Flibe
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Fig. 7. Interaction energy between molten salts and gases.

purified by HF [11,13] was also the same as the He
one, and the E value was 13.6 kJ/mol. On the other
hand, the E value for the present H,-Flinak system
was —18.1 kJ/mol, and that for the H,—Flibe system
[9] was around —30 kJ/mol. The negative energy
means that the interaction is attractive. There was
a difference between the H, solubility determined
from H, permeability [9] and that from the
absorption experiment [11]. The former was
hundreds-fold higher than the latter and was almost
the same as the HF solubility in Flibe [14]. There
may be two explanations for the difference in H,
capacity; (1) contribution of HF and (2) effects of
impurities. Free F~ ions and metallic impurities
can chemically combine with dissolved H" ions
resulting in an increase of the H" capacity in Flibe
and Flinak. This increase may cause a time delay
to reach a steady-state H, permeation rate. On the
other hand, the effect of dissolved H" ion may be
small when Flibe was purified by HF before the H,
absorption experiment. The increase in apparent
H, solubility may result in the large change of E(T).

0.5
2
2/ L 2 2./ L
LElinak + PH, downNi + 4 Ly (p —p ) . Lilinak + PH, downtNi
PFiinak H, PniH PNiH Hj,up Hj,down PFiinak H, PniH

6. Conclusions

Permeability, diffusivity and solubility of H, in
Flinak molten salt were determined. The H, perme-
ability through Flinak had almost linear pressure
dependence and was in reverse proportion to the
thickness of Flinak. Therefore, the system was
under diffusion-limiting permeation and hydrogen
permeated through Flinak as H,. The H, diffusivity
through Flinak was correlated to the relation of
Driinain, = 8.69 x 107" exp(—50/R,T) [m?*/s]. The
H, solubility in Flinak was correlated to the Henry
law, and its solubility was correlated to a thermody-
namic relation in terms of Eq. (11) as well as other
inert gas solubility. The interaction energy between
H, and Flinak was an attractive one of 18.1 kJ/
mol and those for inert gases were repulsive ones
of 9.9-13.6 kJ/mol. The interaction energy between
Flinak and dissolved gas was almost the same
between Flibe and dissolved gas.
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Appendix A. Simplification of Eqs. (1)-(6) for the
transient or steady-state hydrogen permeation
through the Ni and Flinak system

With the assumptions of atomic dissolution in Ni
and bi-molecular dissolution in Flinak, the steady-
state Hy permeation rate, (jy,)geuqy» 18 reduced to
the following equation:

(sz )steady =

2
2 Lni
Pnin

(A1)
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When H, diffusion through Flinak is rate-determin-
ing, i.e., Lytinak/Prinakt, > 2P, gownlni/Prin» Eq.
(A.1) can be reduced into Eq. (8) in the text.

On the other hand, an analytical solution to Eq.
(1) for the transient H, permeation through Flinak
under the diffusion-limiting permeation is expressed
as follows:

Jt, LFtinak

DFlinak,HzKHz (sz,upslream - sz ,downslream)

L7 < (2n — l)zLi“linak

Flinak
E exp | —
TDFiinak H, ! 45 4Drtinak 1, ¢

(A.2)

The steady-state H, flux in the downstream side, jy.,
gives information on a product of Drjinak 1, K1, based
on the left-hand side of (A.2), and the change of the
transient hydrogen flux gives information on
Driinak 1, based on the right-hand side of (A.2).
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