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Research activities for measurement of hydrogen 
solubility a in LiPb has been conducted under the U.S.~ 
Japan TITAN collaboration program at STAR facility in 
Idaho National Laboratory. The solubility test using a 
quartz crucible has been tried at 300 °C but the crack had 
been caused at about 15 hours after temperature reached 
300 °C. This is caused by chemical reaction of LLE  and 
Si〇2> Hydrogen solubility and apparent diffusivity has 
been estimated from data obtained by solubility tests 
using alumina crucible by fitting method assuming one 
dimensional diffusion. The estimated solubility in the 
range from 300 °C to 500 °C is close to Reiter's one. 
However, the value of solubility increased sharply at 600 
°C. This seemed to be caused by chemical reaction of LLE 
and Al203 The estimated diffusivity was two orders of 
magnitude larger than literature data. This large 
difference may be due to natural convection of LLE  in the 
alumina crucible.

I. INTRODUCTION

Measurements of hydrogen solubility in LLE (Lead- 
Lithium Eutectic) have been carried out in 2008-2009 
under TITAN project using AI2O3 sample holder with 
different sample weight. Estimated solubility is close to 
Reiter’s data [1]at 300 0C and 400 0C but it rose largely at 
500 °C and 600 °C. This increment is considered to be due 
to the reaction of the LLE with the alumina crucible. Easy 
alternatives are to use metal crucibles such as a SS tube 
with W coating or a Mo tube and so on. However, a large 
amount of LLE will be necessary to estimate correct data 
because of a large H solubility in metals. A quartz 
crucible is one candidate because of low H solubility. An 
inductive heating system can be used for quartz tube, 
where liquid metal behavior can be seen directory. A 
quartz loop is one option for a small forced convection 
loop. However, the compatibility of quartz with LLE is 
uncertain. Potentially there is a concern about braking and 
cracking. In order to check compatibility and to obtain 
collect data at high temperature, H solubility test using 
quartz crucibles was tried in this work.

Hydrogen solubility and apparent diffusivity was 
estimated from data obtained by solubility tests using 
alumina crucible by fitting method assuming one 
dimensional diffusion. A numerical simulation of 
hydrogen permeation behavior in a small loop of LLE by 
using obtained solubility and apparent diffusivity.

II. EXPERIMENTAL
II.A Blank test in a quartz crucible

The experimental system was assembled as shown in 
Fig.1 and the b丨ank test was begun before I arrived at INし 
It is important to evaluate hydrogen sorption/desorption 
behavior from the experimental system as quantitatively 
as possible because the solubility of hydrogen in LLE is 
little as well known. The schematic diagram of 
experimental apparatus is shown in Fig.2, where LLE 
sample is just an image. V 1 ,V 2 and V 3 are pneumatic 
valves which can be controlled from PC. Hydrogen was 
charged overnight at high pressure or low pressure under 
each designed temperature. Before beginning the 
hydrogen desorption procedure, hydrogen emission rate

Fig.1 Photograph of experimental system 1 for the blank 
test using a quartz crucible.
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from system material (Vol 2) was measured. Then, 
hydrogen left in the gas phase of Vo" is quickly 
evacuated for about 1 min and V 1 was closed. Basically 
after waiting for 5 min, V 2 was closed and V 1 was 
opened for 30 second and then the pressure increase of 
Vol 2 was measured. This desorption procedure was 
continued until the hydrogen desorption rate became 
lower than the hydrogen emission rate from system 
materials.

Fig.2 Schematic diagram of the heating system 1 used for 
blank test.

II.B Preparation of LLE

After blank test was completed, the preparation of 
sample was progressed. A quartz tube was cleaned by 
soaking HN03 overnight and it was installed in the inert 
gas box (see Fig.3). A Li】5Pb85 block was input in the 
melting pot (see Fig.4). The inside of the box was 
significantly purged at 3 1/min by argon gas until oxygen 
concentration was 0.5 % and water vapor concentration 
was below 500 ppm and then heating was started. The 
temperature in the pot stopped rising at around 400 °C 
that suggests melting started. This temperature does not 
indicate the average temperature of LLE because it 
depends on the position of thermocouple in the melting 
pot. After melting was confirmed by dropping a little into 
the quartz tube, a designed amount of LLE was able to be 
poured successfully (see Fig.5). LLE contacting with the 
cold surface of the quartz was condensed one after 
another. Consequently horizontal strip>es were formed at 
the side and a hole was formed at the top as shown in 
Fig.5. Weight of this sample was 11 /.2g. After successful 
pouring, heating was stopped but argon purging was 
continued until the temperature of LLE decreased to room 
temperature to avoid oxidation of LLE. The quartz with 
LLE was inserted into the second chamber and the flange 
with O ring was covered the top of the quartz. Finally 
when a horizontal pipe connecter was careftjlly fastened, 
the top of the quartz was broken because of mechanical

Fig.4 Photograph of melting LLE.

Fig.5 Photograph of LLE poured.

stress. In this heating system, it is not easy structurally to 
avoid the breaking of the quartz by a mechanical stress 
when a connector is fastened, though the setting of the 
quartz for the blank test was fortunately well done. In
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Fig.9 Comparison of estimated curves with experimental 
ones.

Fig.8 An example of fitting for desorption curve.

ioJ

Comparison of calculated desorption rates with 
experimental ones is shown in Fig.9. The calculated 
curves agree approximately with experimental curves.

Fig.7 Hydrogen release rate in blank test.

order to allow the quartz to move, we decided to remove 
the second chamber. Because a copper block is awfully 
oxidized when it is heated in air, it is also removed and a 
simple heating system was constructed as shown in Fig.6.

pressure gauge

Fig.6 Schematic cdiagram of heating system 2.

III. RESULTS AND DISCUSSION
IV. III.A Blank test in a quartz crucible

The hydrogen desorption rate, which is obtained by 
dividing the pressure increase by the waiting and opening 
period (basically 330 second) were summarized in Fig.7. 
As shown in this figure, the desorption rate depends on 
the charge pressure but the obvious temperature 
dependence is not observed. This indicates that this 
hydrogen was released from not the heated quartz tube but 
the cylinder and piping system that are kept at room 
temperature. From the dependence of desorption rate on 
the charge pressure,1 assumed that the desorption consists 
of the following three causes.

A) Dissolution, which is proportional to square root of 
the charge pressure.

B) Adsorption, which is proportional to the charge 
pressure.

C) Leakage, which is constant.

The following equation was assumed and then each 
constant was obtained by fitting like shown in Fig.8.

/?(Pa/s) = Aexp(-k,〇-Â "  + Bexp(-k2/ ) / >H2 +C (1)

A:3.6〇xlO'6 , k,:1.15xl0'3, B:6.6〇 x l〇 9, k2:1 .4 8 x ir 
C:3.〇xlO"5
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Fig.10 Temperatures of around LLE heated slowly at 
about 1.25°C/min.

At first, LLE sample (#2 129.5g) prepared again was 
heated without a steel foil at the heat load of 50%. 
Immediately after heating started, a crack was caused at 
the part where the heater contacts with the quartz. It was 
considered that LLE around heater melted partly by a 
large heat load pushed the quartz. Also the rate of 
temperature increase was as fast as about 1° C/sec. Thus, 
a steel roil was inserted between heater and the quartz and 
the heating test of an empty quartz tube was successfully 
performed. A small amount LLE sample (#3 34.7g) was 
prepared again and installed in the heating system. The 
temperature was slowly increased at about 1.25 °C/min 
(see Fig.10) to avoid a large heat load and reached at 300 
°C after 4 hour without crack. In order to remove impurity, 
evacuating and heating was continued for a while (during 
weekend). On Monday, however, it was found that the 
crack had been caused at about 15 hours after temperature 
reached 300 °C. The history of the temperature and 
pressure is shown in Fig.1 1 .Photograph of this broken 
sample are shown in Fig.12 comparing with sample #2.

350

Fig.12 Photograph of samples after heating (#3). Sample 
#2 is original color of LLE.

10

Fig.13 Fitting the calculated pressure in Vol 1 to the 
Fig.l1 The history of the temperature and pressure during pressure measured,
evacuating with heating for removal of impurity.
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III.B Heating of LLE in a quartz crucible
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Some materials with different color are observed. It seems 
that the crack was caused by the cchemical reaction of 
LLE with Si〇2- It can be said that the compatibility of 
LLE with Si02 is not good obviously. We decided not to 
try again the solubility test using a quartz tube until good 
countermeasure is found out. Discussion on next 
improving for solubility test was started. An alumina 
crucible with W or Mo coating is considered to be next 
candidate. Inductive heating will be used efficiently in 
next experiment.

III.C Estimation of solubility and apparent diffusivity

Hydrogen solubility tests using alumina crucible has 
been performed in Jun 2009. Rough estimated solubility is 
shown in Fig.l as resent data. I tried to estimate apparent 
diffusivity from desorption curves assuming one 
dimensional diffusion. After H2 charging, V 1 is opened 
periodically and then hydrogen accumulated in V o l1 
expands to V o l1 + Vol 2 (refer Fig.2). I calculated the 
change of hydrogen pressure in V ol1 numerically and fit

Elapsed time [hour]

it to experimental results varying solubility and diffusivity 
as parameters (Fig. 13). Results are shown in Fig.14 (a )- 
(d). Large jumps at final measurement after a long waiting

Temperature [°C]

Fig.15 Estimated solubility and literature data [1-5].

Elapsed time [hour]

Elapsed time [hour]
Fig.14 Comparison of calculated pressure with measured ones for 300°C(a), 400°C(b), 500°C(c), 600°C(d).
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Fig.19 Diffiisivity estimated assuming natural onvection 
ofLLE.

time indicates that hydrogen desorption is keeping on 
even after the measurement was quitted. Estimated 
solubility and diffusivity are compared with literature data 
in Fig.15 and Fig.16, respectively. Solubility increases 
and diffusivity decreases sharply at 600 °C. This implies 
that the chemical reaction of LLE with Al2〇3 occurred 
between 500 °C to 600 °C. Temperature dependence of 
solubility in the range from 300 °C to 500 °C is uncertain 
because data are scattered. But averaged value is close to 
Reiter’s one. The following value is obtained as hydrogen 
solubility, S;

S = 2.44X1 〇-8 exp(-1350/ R T ) [1/Pa°5] (2)

Temperature dependence of estimated diflusivity in the 
range from 300 °C to 500 °C is close to literature data 
while the estimated value is two orders of magnitude large. 
This large difference may be due to natural convection of 
LLE in the alumina crucible. The copper block is kept at a 

LLE loop

'Q u a rtz  tube M ain pipe
(Non permeation)

One dimensional permeation

Fig.20 Calculation model for hydrogen behavior in 
flowing LLE.
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Fig.16 Estimated apparent diffiisivity [1,5,6].

Natural

convection

Fig.17 Natural mixing in crucible.
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Fig.18 Estimated thickness of fluid film.
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Outer flow rate. 1000cc/nun(unii] 150»> 
Outer (low raic：20ccAnin (after 150*)

Test scctiso
Hjinpul is outer iatm (until 120s) 
Outer flow rale. lOOOcc/nun (until 150*) 
O iler How raie:20cc/min (aAcr ISOs)

20 40 60 80 100 120 140 160 180 200 220 240 

Distance o f flow direction [cm]

Test tube Main pipe
F82H FWH
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Fig.21 The change of distribution of hydrogen concentration in flowing LLE to flow direction with time. 
(a):LLE flow rate is 300cc/min, (b):LLE flow rate is lOOOcc/min)

4〇〇cC LLE flow 1000cc/mjn

3f

300

Elapsed time [second]

Fig.22 Hydrogen concentration in flowing LLE at the test section. Averaged leak rate from F82H main pipes 
to atmosphere. H2 partial pressure in outer gas phase of the test section, (a) :LLE flow rate is 300cc/min, 
(b):LしE flow rate is lOOOcc/min)

designed temperature but the surface of LLE contacts 
with hydrogen gas cooled down at the top of V o l1. 
Therefore, natural mixing of LLE as shown in Fig.l7 is 
doubted. Therefore, the thickness of fluid film was 
roughly estimated using the following equation.

= 0.069Ra'^Pr0014 (3)
3 x l〇5 < /?a< 7x l〇9 (4)

This is applied to heat transfer for a horizontal 
rectangular cavity heated below in enclosed spaces. I’m 
not sure that applying this equation to our experiment is 
appropriate. More suitable equation may have been 
proposed so far. On example of estimation of the 
thickness of liquid film is shown in Fig.18. In this

estimation, the bottom of LLE is assumed 300 °C. The 
thickness decreases with increasing the temperature 
difference between top and bottom of LLE. When the 
temperature difference is 100 °C, the thickness is 
estimated 4 mm. The desorption rate of hydrogen with 
time depends on L2/D, where L is diffusion length and D 
is diffusion coefficient. When diffusion length is not 27.8 
mm but 4 mm, difilisivity decreases to be 2><10- 
2Dapparent. That to say, difflisivity decreases about two 
orders of magnitude and it becomes close to literature data 
as shown in Fig.19. It is considered that a natural 
convection of LLE cannot be ignored when diffusivity is 
estimated from this experimental system. However, it is 
difficult to quantify the temperature difference between 
the top and bottom of LLE.
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Sh = 0.023Re0 S3Sc]/3 
2100 < ル <35000 
0.6 <Sc< 3000

(b) No oxide layer on metal surface.
(c) This relationship of CLLE/SLLE = Cmetal/Smetal is 

hold at the interface between LLE and metal surface.
(d) One dimensional to radial direction and to flow 

direction, respectively.
(e) The solubility and diffusivity estimated in this work 

are used.

Two examples of numerical simulation are shown in 
Fig.21 and Fig.22, where main pipe is F82H (L:220cm, 
OD:2cm, Thickness:2.5mm) and test tube is also F82H 
(L:20cm, OD:lcm, Thickness:0.5mm).

V. CONCLUSIONS

It was concluded that a quartz crucible is unsuitable as 
a LLE container for hydrogen solubility measurement 
because of compatibility issue.

Hydrogen solubility was obtained in the temperature 
range from 300 °C to 500 °C. Hydrogen diffusivity 
estimated from hydrogen release rate from from LLE was 
two orders of magnitude larger than literature date. This 
implies that a natural convection of しLE occurs in 
alumina crucible.
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