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Hydrogen diffusion in liquid lithium from 500 °C to 650 °C
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Abstract

In order to provide data for designing an Y hot trap to recover tritium from flowing liquid Li, diffusion coefficients
and solubility constants of hydrogen in Li were determined with a capillary method between 500 °C and 650 °C. The
diffusivity of hydrogen in Li determined here were correlated to Dy; g = 1.38exp(—162[kJ/mol}/R,T). The correlation
was consistent with one extrapolated from the previous Alire’s correlation at higher temperature. Discrepancies among
other previous diffusivity data were discussed in terms of the interaction of Li with H. The solubility determined was
consistent with values extrapolated from the previous Sieverts’ constant by Veleckis et al.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In order to generate a materials irradiation database
for a fusion demonstration reactor, a facility of an inten-
sive neutron source called IFMIF (International Fusion
Materials Irradiation Facility) is being designed in a
joint effort of EU, Japan, the Russian Federation and
USA [1,2]. IFMIF is identified as the most appropriate
machine to provide fusion relevant neutron environment
in order to develop low activation materials for fusion
reactors. In the liquid Li target loop of IFMIF, around
7 g/year tritium will be generated as a by-product by
neutron from D-Li stripping reactions [3]. The technique
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of cold trapping and hot trapping was proposed for the
removal of nitrogen, carbon, oxygen and tritium in the
flowing liquid Li. Metallic Y is considered the most
promising material for the hot trap to remove tritium.
The diffusivity of tritium in Li is a crucial factor to deter-
mine the capacity and operating conditions of an Y bed
to remove tritium dissolved in Li. This is because diffu-
sion of tritium in Li is considered a rate-controlling step
in the Li-Y—tritium system [4,5].

Two experimental data were available on diffusivity
in liquid Li at temperatures higher than 500 °C [6,7].
They were determined by means of two different tech-
niques. The way by Alire [6] was based on measuring
hydrogen transport through Li enclosed in a Nb/1%
Zr container. That by Moriyama et al. [7] was based
on detecting rates of tritium diffusing through a fresh
Li reservoir attached to irradiated Li. However, there
were large discrepancies between their diffusivity data.
Moreover, there were few data at temperatures around
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500 °C, which is the typical operating condition of the Li
purification system of IFMIF. In the present study, we
determined the diffusivity and solubility of hydrogen in
Li by a capillary method between 500 °C and 650 °C
to provide design data for an Y hot bed inside the
IFMIF Li loop. The achieved results were compared
with previous diffusivity and solubility data.

2. Experiment and analysis
2.1. Experimental apparatus and procedures

Fig. 1 shows a schematic diagram of the experimental
apparatus used in the present study. The stated purity of
Li used here was 99.9%. Impurities included in Li before
use were Na 200 ppm, K 100 ppm, Ca 500 ppm, Fe
20 ppm, Si 100 ppm and others less than 100 ppm
including carbon, oxygen, nitrogen and hydrogen. The
last non-metallic impurities will be included also under
the operating condition of IFMIF. The solid Li was
packed in a 316 stainless-steel capillary tube with inner
diameter of 4.35 mm and with thickness of 1.00 mm in
an Ar atmosphere glove-box that can be evacuated by
a vacuum pump. The length of the Li layer in the capil-
lary tube was 2.0 cm or 3.0 cm. We melted the solid Li
by heating to 500 °C under a highly purified Ar flowing
condition, where research grade Ar with stated purity
99.9999% was further purified through a bed packed
with SAES getter ST707 (Zr—V-Fe alloy) to remove gas-
eous impurities. We continued to blow fresh Ar into the
both ends of the capillary tube until the hydrogen con-
centrations of the upstream and downstream sides of
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Fig. 1. A schematic diagram of the experimental apparatus to
measure diffusion of hydrogen in Li.

the Li layer became lower than 1 vppm. The outside of
the capillary tube was evacuated by means of a turbo-
molecular pump. Bypass permeation through the stain-
less-steel tube was found to be negligibly small, because
H permeability through Li was around thousands times
higher than that of 316 stainless-steel.

After the confirmation of zero hydrogen concentra-
tion in the downstream and upstream sides, a purified
H,—Ar gas mixture was introduced to the upstream side
through a six-way valve. At the same time purified Ar
was blown into the downstream side. The hydrogen con-
centration in the upstream side was 100 vppm or
1000 vppm. Hydrogen permeating through Li was swept
out by the downstream Ar flow. The hydrogen concen-
tration of the downstream side was detected by gas chro-
matography with the detection limit of 0.2 vppm. The
gas flow rates of Ar and Ar-H, were controlled to
5.0 cm*(NTP)/min by mass-flow controllers. The effect
of Li vaporization was negligibly small in this experi-
mental condition. The Li-H system under the present
experimental conditions was always in the a-phase judg-
ing from the Li-H phase diagram [8]. The Li layer and
the capillary tube after each experimental run were
exchanged with new ones.

2.2. Analysis

Experimental data were analyzed by a one-dimen-
sional diffusion equation as follows:
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The initial and boundary conditions are as follows:
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Here, c is the local hydrogen atom ratio (H/Li) in the Li
layer with the Li length of L, Dy i, Kyin and kyare the
diffusivity and solubility of H in Li and the reaction-rate
constant, and py, ,,, and py, 4o, are the hydrogen partial
pressures at the surfaces of the upstream and down-
stream sides. In addition to Eq. (4), a purge condition
is applied to the downstream flow as follows:

_ADLifH % _ I/Kon.down .

ox| _; 2p, (5)

Here, W is an Ar molar flow rate in the downstream
side, p, is a total pressure in the downstream side, and
A is the surface area of the Li layer. The solution to
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Eq. (1) under the initial and boundary conditions of Eqgs.
(2)-(5) was numerically obtained by means of a predic-
tor—corrector method.

Chain lines in Fig. 2 show variations of py, 4ow, With
time for different k; values and the same Dy; y value.
The Dy; y value used for the calculation is the Moriy-
ama’s experimental data [7]. The variations of py, jown
with time correspond to those of a hydrogen permeation
flux through a Li layer. As seen in the figure, the varia-
tions of py, 4ow, With time under any ky values diverged
remarkably from our experimental ones shown by a
solid line in the figure. With the increase of kj, the stea-
dy-state value of py, 4, increased under the same Dy; p
value. Thus, the parameter k, affected only the steady-
state py, gown value. The effect of k, on overall hydrogen
permeation rates became negligibly small when
k> 10~ m/s Pa. The situation means that the rate-
determining step is hydrogen diffusion in Li under the
present experimental condition. Moreover, the transient
behavior of py, 4ow, did not change regardless of differ-
ent k, values. Consequently, the calculation result under
the lower kvalues was not in agreement with the present
experimental results at all. Therefore, it was concluded
that the effect of the reaction-rate on upstream and
downstream sides, i.e., reaction of dissociation and
recombination, can be neglected under the present
experimental conditions.

When ky is large, the Li-H, interface approaches to
an equilibrium condition. Then, the boundary condi-
tions of the upstream and downstream sides, Egs. (3)
and (4), are reduced to the Sieverts’ relation:

atx = 07 cup/(l - Cup) = KLFH pgij‘up7 (6)

atx =1L, caown/(1 — Cdown) = Kvrim p(l){i.down' (7

Since cyp and cgown in the a-phase are much smaller than
unity, the left-hand sides of Eqs. (6) and (7) are usually
approximated to ¢yp and cgown.

The permeation mass flux through the downstream
Li surface, j, changes from 0 to a steady-state value
with time elapsing. The steady-state mass flux under
the diffusion-limiting condition, jy, is expressed as
follows:

DurinKiin HK Li-H
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If py, gown 18 much smaller than py, ., an analytical
solution to Eq. (1) under a transient condition can be
obtained. The hydrogen mass flow rate on the down-
stream surface is expressed under the diffusion-limiting
condition as follows:
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Both of the two equations of Egs. (9a) and (9b) are solu-
tions to Eq. (1) under the diffusion-limiting condition.
Eq. (9a) gives exact values with the small number of n
for the case of small ¢. On the other hand, Eq. (9b), gave
exact values with the small number of # for the case of
large ¢. Here, j is a transient hydrogen permeation flux
through the downstream Li surface. When ¢ is very
large, j approaches j,. We determined the value of the
product of Dy; i and Kj;_ from the steady-state value
of jo, and the value of Dy; y from the transient curve of j
independently.
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Fig. 2. Effects of reaction-rate constant on hydrogen permeation behavior.
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3. Results and discussion

Fig. 3 shows variations of the H, concentration in the
downstream Ar flow with time. The experimental varia-
tions were fitted by curves calculated by Egs. (1), (2) and
(5)—(7). Close agreement was obtained between the
experiment and analysis for each temperature condition
except for a very small time region. From fitting the
experimental data to the analysis, the diffusivity and sol-
ubility were simultaneously determined from a py, jown
curve. Disagreement was limited to the small ¢ region.
The disagreement might be because of background
hydrogen less than 1 vppm. The background hydrogen
was observed immediately after the Hy~Ar introduction
as seen in the solid line of Fig. 2. When we distracted the
background hydrogen concentration from the original
experimental value, closer agreement was achieved,
although not shown in the figure.

Fig. 4 shows a comparison of the values of diffusivity
of H in Li determined here with previous experimental
data. Our data were correlated to the following
equation:

_ 162 [kJ/mol]

DLi—H =1.38 eXp ( RT
g

Yo s (10)
This equation was near to an extrapolation line of the
Alire’s correlation [6]. However, there was much dis-
crepancy between our data and Moriyama’s ones [7].
For comparison, the self-diffusivity of the ®Li-"Li sys-
tem [9] is also plotted in Fig. 4. Close agreement was
obtained between Moriyama’s data and the self-diffu-
sivity of Li. In addition to that, the activation energy
of the self-diffusivity of the °Li-’Li system was near
to that of the Li viscosity [10]. Judging from the
Stokes—Einstein equation, these two facts strongly sug-
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Fig. 3. Comparison of the H, concentration in the downstream
between experiment and numerical calculation.
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Fig. 4. Comparison of diffusivity between the present study and
previous ones.

gested that Li combined with tritium diffused in a sim-
ilar way to Li without tritium. This result corresponds
to the Moriyama’s experiment. On the other hand,
the activation energy of our data as well as Alire’s ones
was larger than that of the self-diffusivity of Li. This
means that H atoms combined with Li diffuses from a
site of metallic liquid Li to its neighbor site based on
a hopping mechanism. In other words, H atoms jump
from a Li-H site to a neighboring Li site over a high
potential barrier. There might be two possible reasons
to explain the high potential barrier: (i) effects of impu-
rity included in Li such as oxygen or others, or (ii) ef-
fects of another surface reaction on the Li-H, interface.
We could not determine where the higher potential bar-
rier comes from.

Fig. 5 shows a comparison of the values of solubility
of H in Li determined here with the previous data of the
pressure-composition isotherm [11]. The solubility con-
stant under dilute solution of LiH in Li was correlated
to the following equation:

Kiin = 0.480exp(—51.4kJ/mol-H]/R,T)
x [(H/Li)/Pa". (11)

Comparatively close agreement was obtained with the
extrapolation of the previous solubility that was deter-
mined at temperatures higher than 700 °C. This means
that the Li surface on the upstream side absorbed hydro-
gen until its equilibrium value.

The large deviation in the diffusion coefficients be-
tween Moriyama et al. and ours may cause an uncertain
thing in designing an Y trap to remove tritium from
the IFMIF Li loop. There is possibility in that the dis-
crepancy in diffusivity changes the tritium concentration
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Fig. 5. Comparison of solubility between the present study and
previous ones.

under a transient operation condition of the IFMIF Li
loop. However, the steady-state tritium concentration,
consequently tritium inventory, may not be affected by
the discrepancy in diffusivity. On the other hand, the
solubility by the present study was consistent with
the extrapolation of previous solubility data under equi-
librium. The tritium inventory under the steady-state
IFMIF operation was deeply related with the solubility
data. Therefore, there was no change in the estimation
of tritium inventory of the IFMIF Li loop.

4. Conclusions

Hydrogen diffusivity in liquid Li was obtained by a
capillary method between 500 °C and 650 °C. Our diffu-
sivity data were correlated to Dy; = 1.38exp(—162
[kJ/mol)/R,T). The data were consistent with one
extrapolated from Alire’s data. There was a large dis-
crepancy in the activation energy of diffusivity between
Moriyama’s data and ours. The difference was discussed

based on difference in the diffusion mechanism. There is
high possibility in that the diffusion mechanism depends
on the concentrations of hydrogen or other impurities.
The effect of hydrogen dissociation and recombination
on surface on the overall hydrogen permeation behavior
was numerically investigated. The surface reaction could
not explain the present hydrogen permeation behavior
at all. Therefore the effect of the surface reaction was
found to be negligibly small. Hydrogen solubility in
liquid Li under dilute solution was consistent with
the previous solubility data that were determined by
Veleckis et al.
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