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Abstract

Permeation of hydrogen isotope through a high-temperature alloy used as heat exchanger and steam reformer pipes
is an important problem in the hydrogen production system connected to be a high-temperature engineering test reactor
(HTTR). An experiment of hydrogen (H,) and deuterium (D,) permeation was performed to obtain permeability of H,
and D, of Hastelloy XR, which is adopted as heat transfer pipe of an intermediate heat exchanger of the HTTR.
Permeability of H, and D, of Hastelloy XR were obtained as follows. The activation energy E, and pre-exponential
factor Fy of the permeability of H, were Ey = 67.2+ 1.2 kJmol™! and F, = (1.0 £0.2) x 10~ m3(STP)m~!s~! Pa=03,
respectively, in the pipe temperature ranging from 843 K (570 °C) to 1093 K (820 °C). E, and F; of the permeability of
D, were respectively Ey = 76.6 £ 0.5 kJmol™! and Fy = (2.540.3) x 107 m*(STP)m!s~! Pa=%? in the pipe temper-

ature ranging from 943 K (670 °C) to 1093 K (820 °C).
© 2004 Elsevier B.V. All rights reserved.

PACS: 66.30; 68.45.D; 64.75

1. Introduction

The full power operation (30 MW) of the high-tem-
perature engineering test reactor (HTTR) [1], which is
the first high-temperature gas-cooled reactor (HTGR) in
Japan, was achieved in December 2001 at JAERI. After
the reactor performance and safety demonstration test
will be performed for several years, a hydrogen pro-
duction system [2] by steam reforming of natural gas
(HTTR hydrogen production system) will be connected
with the HTTR. Prior to coupling of the steam
reforming system with the HTTR, an out-of-pile test [3]
and design study are performed to confirm the control-
lability, operability and safety of this system under
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simulated operational conditions. In order to obtain
detailed data for a safety review and development of
numerical analysis codes, an experiment on permeation
of hydrogen isotope [4], a corrosion test of a catalyst
pipe, and an integrity test of a high-temperature isola-
tion valve are being performed as an essential test in
parallel to the out-of-pile test.

Permeation of tritium is an important problem in
regard to a release of the radioactive substance from the
HTTR hydrogen production system. Fig. 1 shows an
outline of tritium and hydrogen transport process in the
HTTR hydrogen production system. There are several
sources for a production of tritium in the HTTR [5]. In
comparison to the other nuclear reactors, the HTTR has
graphite components containing lithium as impurity in
the reactor and its coolant gas helium has He-3 isotope,
which produces tritium. The inventories of these sources
have their maximum in the initial period of reactor
operation and consequently due to burning up the
amount of these nucleates decreases during reactor
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Nomenclature
C molar concentration [] 08 amount of permeated hydrogen through the
d; inner diameter of pipe measurement pipe [m*(STP)s™']
dy thickness of pipe 0. amount of permeated hydrogen obtained by
D diffusivity [m?s™'] the experiment [m3(STP)s™!]
Ey activation energy [kJ mol™] R gas constant [Jmol~' K]
K pre-exponential factor [m*(STP)m~'s™! r, v radius of test and measurement pipe [m]
Pa—%7] S solubility [m*(STP) m~3 Pa~%]
J steady-state permeation flux [m*(STP)m— T temperature [K]
s71] p ratio of permeability of hydrogen and
K, permeability [m3(STP)m~'s~! Pa=%3] deuterium []
I, L length of the test and measurement pipe [m] Subscript
Di hydrogen partial pressure in the test pipe i inner
[Pa] o outer
Po hydrogen partial pressure in the annular f fluid phase
passage [Pa] s solid phase
Da hydrogen partial pressure in the outside of H hydrogen
the measurement pipe [Pa] D deuterium
(0] amount of permeated hydrogen [m?*(STP) XR Hastelloy XR
s7'] X Hastelloy X
HTTR Hydrogen production system
Intermediate heat exchanger Steam reformer
- e /_\ Tritium
Tritium Tritium
Tritium -
950deg.C 905deg.C H,+CO
Reactor E(rellrizar‘r:y ﬁ:lci:t?r:ldary
core ==
395deg.C 160deg.C CH,+H20
«---=- <--—--
Hydrogen Hydrogen

Fig. 1. Tritium and hydrogen transport process in the HTTR hydrogen production system.

operation. Further sources are boron in the control rods
and uranium in the fuel particles. Tritium, which pro-
duced in the reactor, permeates a heat transfer pipe of an
intermediate heat exchanger (IHX) and transfers from a
primary cooling system to a secondary cooling system.
Finally, it seems to be probable that tritium permeates a
catalyst pipe of a steam reformer (SR) and mixes in
hydrogen as a product.

On the other hand, hydrogen produced in the SR
permeates the catalyst pipe and the heat transfer pipe of
the IHX in opposite direction to permeation of tritium.
Therefore, it is expected that hydrogen transfers to the
primary cooling system and mixes in the helium gas

coolant. As hydrogen gets into in the reactor core, a
reduction of a purification ability will take place due to
rise in the concentration of impurities in the primary
cooling system caused by the reaction of the graphite
and hydrogen. The primary helium purification system
of the HTTR is designed to have hydrogen concentra-
tion limited to less than 3 ppm. In order to connect the
hydrogen production system with the HTTR, it is nec-
essary to evaluate quantitatively the amount of perme-
ated hydrogen through the IHX and the SR. Hastelloy
XR, which is nickel-based alloy, is used as a material of
the heat transfer pipe of the IHX, because it is the only
material approved as a high-temperature structural
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material under a high-pressure helium gas condition of
the HTTR. In order to take the safety review of the
HTTR hydrogen production system, it is necessary to
evaluate not only the amount of permeated hydrogen
isotope through the IHX but also the amount of tritium
mixing in product hydrogen quantitatively. Although it
seems to be probable that hydrogen permeability of
Hastelloy XR is same as that of Hastelloy X, we could
not obtain the real amount of permeated hydrogen
isotope in the HTTR hydrogen production system be-
cause there were no reports regarding hydrogen perme-
ability of Hastelloy XR. Therefore, it is necessary to
obtain permeability of hydrogen isotope through
Hastelloy XR tube prior to the construction of the
HTTR hydrogen production system.

A permeation rate of hydrogen isotope through a
solid metal is an overall rate of transfer of the perme-
ating species from a fluid on one side to the other side.

49

Since this is a serial, multi-step process, the overall rate
is governed most strongly by the slowest step in the
transport process. According to the previous studies [6—
8], the overall permeation rate will depend not only on a
hydrogen partial pressure but also on a surface condi-
tion of the solid metal. The rate-limiting step for
hydrogen permeation is shown in Fig. 2. The permeation
process in a comparatively higher hydrogen partial
pressure region is mostly governed by diffusion in the
solid metal and the amount of permeated hydrogen is in
proportion to the difference in square root of the higher
side and the lower side of hydrogen partial pressure. The
permeation process is governed by chemical adsorption
in case of very low hydrogen partial pressure. The
amount of permeated hydrogen is in proportion to the
difference of the first power of the hydrogen partial
pressure in this case. When an oxide film is formed on
the surface of the metal, hydrogen diffuses as molecule

Chemisorption .-
rate-limiting :

Log J (Permeation rate)

4—— Chemisorption
rate-limiting

Diffusion
rate-limiting

Oxide film

Clean surface model

Oxide film model

Log P (Partial pressure of hydrogen isotope)

Fig. 2. Rate-limiting step for hydrogen permeation [7].

Table 1
Permeability of hydrogen and deuterium of high-temperature alloys
No. High-temperature Pre-exponential Activation energy, Temperature, Reference
alloy factor, K Ey [kJmol ] T [°C]
[m3(STP)m~' s~! Pa=09]
1 Nickel 7.73x107° 54.84 - Robertson [13]
2 Inconel-600 2.22x 1078 66.14 800-1000 Masui et al. [11]
3 Incoloy-600 1.00x 1078 64.05 700-950 Mori and Nakada® [10]
4 Incoloy-800 2.13x10°8 69.07 800-1000 Masui et al. [11]
5 Incoloy-800 5.45%107° 64.05 700-950 Mori and Nakada® [10]
6 Incoloy-800 2.31x1078 74.1 600-950 Robhrig et al. [9]
7 Incoloy-800 9.77x107° 74.1 649 Strehlow and Savage® [6]
8 Hastelloy-N 2.59%x 1078 77.99 605 Strehlow and Savage® [6]
9 Hastelloy-X 5.62x107° 58.2 400-600 Namba et al. [12]
10 Hastelloy-X 2.00x 1078 66.98 800-1000 Masui et al. [11]

#Some oxide film influence suspected.
®For deuterium.
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Fig. 3. Permeability of hydrogen and deuterium of high-temperature alloys.

Table 2
Specifications for chemical compositions of Hastelloy XR and X [14]

Material ~ Chemical compositions (wt%)
Range Elements
C Mn Si P S Cr Co Mo W Fe Ni B Al Ti Cu
Hastelloy Maximum  0.15 1.0 0.5 0.04 003 230 25 10.0 1.0 20.0 Remainder 0.01 0.05 0.03 0.5
XR Minimum  0.05 0.75 025 - - 205 - 8.0 020 17.0 Remainder - - - -
Hastelloy Maximum 0.15 1.0 1.0 0.04 0.03 230 25 10.0 1.0 20.0 Remainder 0.01 0.5 0.15 0.5
X Minimum  0.05 - - - - 20.5 0.5 8.0 0.20 17.0 Remainder - - - -

inside the oxide film because hydrogen molecule adsorbs
on the surface without dissociation. The value of the
index to the hydrogen partial pressure depends on a
state of formation of the oxide film and it takes value
inside the range of 1 from 0.5.

A pre-exponential factor and activation energy of
permeability of hydrogen and deuterium collected in
Arrhenius type are provided in Table 1 and in Fig. 3.
There are several reports of permeability of hydrogen
and deuterium of a high-temperature alloy such as In-
colloy [6,9-11] and Hastelloy [6,11,12]. Hydrogen per-
meability of HK40, Incolloy 800, Hastelloy X and
Inconel 600 in 800-1000 °C was obtained by Masui et al.
[11]. They reported that hydrogen permeability of these
alloys approaches to that of nickel [13] and activation
energy decreases with increasing a nickel content of the
alloy. Table 2 shows specifications for chemical com-
positions of Hastelloy XR and X [14]. Although the
chemical composition of Hastelloy XR is similar to that
of Hastelloy X, the corrosion resistance of Hastelloy XR
is much better in high-temperature helium surroundings.
However, there are no reports regarding permeability of

hydrogen and deuterium of Hastelloy XR, which is
employed not only as a material of the heat transfer pipe
of the IHX but also as one of candidate materials of the
catalyst pipe of the SR. This paper describes perme-
ability of hydrogen and deuterium of Hastelloy XR and
the governing process of the permeation of hydrogen
isotope in the HTTR hydrogen production system.

2. Experiments on permeation of hydrogen

2.1. Hydrogen transport process in the HTTR hydrogen
production system

Gas pressure inside the catalyst pipe of the SR is
about 4.5 MPa in the HTTR hydrogen production
system. Then, a hydrogen partial pressure becomes
about 2.3 MPa assuming that a mole fraction of
hydrogen is 0.5. The hydrogen partial pressure in
the primary coolant becomes less than 12 Pa
because hydrogen as impurities is limited to less than
3 ppm. Furthermore, the tritium partial pressure is
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about 3x10™* Pa assuming that tritium exists as
HT form [15]. Thus, the pressure range of hydrogen
isotope is so wide in the HTTR hydrogen production
system.

It is supposed that hydrogen and tritium will exist as
molecule from a viewpoint of the dissociation energy of
hydrogen molecule in the HTTR hydrogen production
system. For example, the required energy to increase the
temperature of hydrogen gas of 1 mole from 0 to 1000
°C is about 29 kJmol~! and the dissociation energy of
hydrogen is about 431 kJmol~!. Thus, excitation of
molecular by an electromagnetic wave, electrolytic dis-
sociation, and so on are necessary to dissociate hydro-
gen molecule. The thermal energy in the HTTR
hydrogen production system is not really enough to
dissociate hydrogen molecule. As far as hydrogen exists
as molecule, hydrogen will dissociates and adsorbs on
the pipe surface, and then diffuses inside the pipe.
Therefore, the amount of permeated hydrogen isotope
in the HTTR hydrogen production system is limited by
diffusion in the solid metal to be in proportion to the
difference in square root of the hydrogen partial pres-
sure, except for the case that the oxide film is formed on
the metal surface.

In addition, diffusivity of hydrogen atom in the solid
metal is smaller than that of hydrogen molecule in the
gas mixture. For instance, diffusivity of hydrogen mol-
ecules in helium gas is about Dy, = 4.0 x 107> m?s~! at
1073 K (800 °C) and 4 MPa [16]. On the other hand,
diffusivity of hydrogen atom in nickel is about
Dyni = 6.9 x 1077 exp(—4870/T) m?s~! in the range of

620-1600 K (347-1327 °C) [17]. As diffusivity in nickel is
Dy = 7.37 x 107° m?s™! at 1073 K, Dy is about
1.84x107* of Dyy.. Therefore, molecular diffusion in the
gas mixture will not become the rate-limiting step of
hydrogen transport in the HTTR hydrogen production
system.

2.2. Experimental apparatus and procedure

An apparatus is composed of a test section which
consists of a permeation test pipe (inside pipe), a mea-
surement pipe (outside pipe), and an electric furnace, a
gas supply system, a concentration measurement system,
electric instruments, and so on. The partial pressure of
hydrogen isotope is measured by a quadrupole mass
spectrometer. A schematic drawing of the experimental
apparatus is provided in Fig. 4. Table 3 shows the main
specification of the apparatus.

According to previous studies, there was a method
that an inside of a container was partitioned into two
with a metal plate [11,12] and then, hydrogen was
poured from one side and permeated hydrogen at the
other side was measured. Furthermore, there was a
method [6] that hydrogen was poured into the pipe
which closed one side and purge gas was flowed into the
outside of the pipe and then permeated hydrogen
through the pipe was measured. As for the condition of
hydrogen partial pressure in this experiment, we have to
maintain a constant hydrogen partial pressure in the
permeation test pipe. This is because the gas mixture,
which contains hydrogen isotope, flows steadily in the
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Fig. 4. Experimental apparatus.
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Table 3
Main specifications of experimental apparatus

Test section Coaxial double pipe and electric

furnace
Permeation test pipe 24.8 mm ID, 31.8 mm OD, 3.5
(inner) mm thickness, 1000 mm length

Pipe material
Measuring pipe (outer)

Hastelloy XR

50 mm ID, 56 mm OD, 3 mm
thickness, 1000 mm length
Hastelloy X

Hydrogen, deuterium, helium,
argon, nitrogen

Main heater 2 kW x 3 regions
(vertical direction), pre-heater 1
kW x 2 parts (supply and purge

Pipe material
Working fluid

Electric furnace

lines)
Maximum temperature 900 °C
Maximum pressure 1 MPa

100 cc(STP)* min~!
Quadrupole mass spectrometer

Flow rate of gas
Hydrogen measurement
system

#Standard condition (0 °C, 0.1 MPa).

inside and outside of the heat transfer pipe of the IHX
and the catalyst pipe of the SR during a normal oper-
ation. Therefore, a test section was made a coaxial
double pipe structure [18], which inserted the perme-
ation test pipe into the measurement pipe, and gases
flowed into the inside and outside of the permeation test
pipe under the condition of constant pressure and flow
rate. An inside pipe, which is the typical test pipe made
of Hastelloy XR, has an inner diameter of 24.8§ mm and
a thickness of 3.5 mm as it is the same as the dimension
of the heat transfer pipe of the IHX. In order to simulate
the total pressure of the gas mixture up to 1 MPa, the
measurement pipe was made of Hastelloy X whose
hydrogen permeability is already known. The outside
pipe has an inner diameter of 50 mm and a thickness of
3 mm. The heating area of the electric furnace, which
has 6 kW electric powers, is divided into three vertical
regions in order to achieve a flat temperature distribu-
tion along the pipe. The each part was independently
controlled and was heated up to 900 °C. A rough sketch
of the test section can be seen in Fig. 5. The heating area
between points D through H could be kept a flat tem-
perature. However, the 250 mm regions from the both
ends of the pipe were not achieved a flat temperature
distribution. A partial pressure of permeated hydrogen
decreases with increasing a gas flow rate in an annular
passage between the permeation test pipe and the mea-
surement pipe. So, a volumetric flow rate in the annular
passage was decided from the result of a preliminary
analysis [19]. The control range of the volumetric flow
rate was made 0-1000 ccmin™! at 20 °C, 0.1 MPa. The
partial pressure of hydrogen and deuterium was ob-
tained by using a quadrupole mass spectrometer. Gas
and water concentration can be measured to 1 ppm and
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Fig. 5. Test section of apparatus and measured points of wall
and gas temperature.

500 ppb, respectively, in this system. The exit of the gas
supply, the permeation test pipe, and the annular pas-
sage was equipped with a concentration measuring tube.
The wall and gas temperatures were measured with a
K-type thermocouple. The electric furnace was equipped
with a R-type thermocouple for controlling heater
temperature. In consideration of the errors induced by
the thermocouples, scanner junction and DVM accu-
racy, the entire accuracy of the temperature measure-
ment was within £0.5 K.

The experimental procedure is as follows. At first, the
gas mixture containing hydrogen is supplied to the
annular passage without heating and a coefficient of
transformation to change hydrogen partial pressure into
hydrogen concentration is obtained by measuring
hydrogen partial pressure. Next, helium gas is flowed
into the permeation test pipe and the annular passage
when hydrogen permeation is examined; on the other
hand, argon gas is flowed into there when deuterium
permeation is examined. Total gas pressure in the test
section was set to be 0.1 MPa. The test section is heated
and maintained a constant temperature. If the tempera-
ture of the permeation test pipe becomes constant for
more than 30 min, this condition was assumed to the
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Table 4

Experimental condition (hydrogen concentration and temperature)

Gas Partial Concentra-  Temperature [°C]
P .
pressure [Pa] —tion [ppm] 5,y 650 700 750 800 850
H,/He 3.95%x10° 3.95x10* H-1 H-2 H-3 H-4 H-5 H-6
1.01x 103 1.01x10* H-7 H-8 H-9 H-10 H-11 H-12
1.06x 10? 1.06x 103 - - H-13,14 H-15,16 H-17-22 H-23
1.17x10 1.17x10? - - - - - H-24
D,/Ar 4.04x 10 4.04x 10 - - D-1 D-2 D-3 D-4
9.89x 107 9.89x10? - - D-5,6 D-7.8 D-9,10 D-11-13

steady state. Then, the gas mixture was supplied to the
permeation test pipe. An experimental condition is
shown in Table 4. The parameter of the experiment was
made a wall temperature of the permeation test pipe,
hydrogen and deuterium partial pressure. The flow rate
of the supply and the purge gas was set at 100 and 500
cc(STP)min~!, respectively. Here, (STP) means standard
temperature (0 °C) and pressure (0.1 MPa) condition.

3. Experimental results and discussion

A preliminary experiment was performed to confirm
molecular diffusion in the gas mixture would not become
the rate-limiting step of the hydrogen transport process.
The variation in flow rate have no influenced on the
amount of permeated hydrogen. The variation in the
amount of permeated hydrogen was within 5.3% with
flow rate ranging from 100 to 500 cc(STP) min~'.

The longitudinal average temperature of the perme-
ation test pipe can be obtained as follows. The measured
points of wall and gas temperatures in the test section
are shown in Fig. 5. Fig. 6 provides the wall and gas

temperature distribution along the flow direction at the
steady state condition. As shown in Fig. 5, the perme-
ation test pipe, the measurement pipe, and the annular
passage were equipped with 5, 9, and 5 thermocouples,
respectively. As indicated in Fig. 6, it was found that
wall temperature of the permeation test pipe (A) and the
measurement pipe (@), and the gas temperature (%) of
the annular passage in the same vertical position are
almost equal. Thus, an average temperature of the per-
meation test pipe was obtained by using temperature at
11 measured points (A-K) assuming that the wall tem-
perature of the permeation test pipe equals to that of the
measurement pipe. The wall temperature in the center of
the permeation test pipe is maintained at about 850 °C.
Hydrogen permeability of Hastelloy X [11] in 600 °C
decreases about 1/8 of the permeability in 850 °C and the
surface area, which is less than 600 °C, is about 20% of
the whole area. Thus, the amount of permeated hydro-
gen through the pipe, which is less than 600 °C, is about
1% of the one through the pipe, which is more than 600
°C. Therefore, the amount of permeated hydrogen from
the low temperature part, which is lower than 250 K
from the maximum temperature, was ignored. The

900

800

700

- ----1--

250K

Region of integration

600

"4

500

>
.\\

Wall temperature [deg.C]

—@— Wall temperature of the measurement pipe \

—%— Gas temperature of the annular passage

300

—A— Wall temperature of the test pipe \

Run. H-6

200 L L L L

-495 -400 -300 -200 -100

0 100 200 300 400 495

Distance from the pipe center [mm]

Fig. 6. Wall temperature distribution of the test and measurement pipes (H-6).
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average temperature of the permeation test pipe was
calculated by the trapezoid formula.

The permeation flux J [m*(STP)m~2s7!] of hydrogen
was obtained as follows. The relationship between
hydrogen partial pressure in a gas phase and molar
concentration of dissolved hydrogen on a surface of a
pipe are assumed to obey Sieverts’ law:

Cs = Sy/pms, (1)

where C is molar concentration of dissolved hydrogen.
S [m*(STP)m—3Pa=%3] and py, [Pa] is solubility and
hydrogen partial pressure, respectively.

The permeation flux can be written as the following
equation:

J = =Dy(r/r)(dC,/dCy), (2)

where » [m] is radius of a circular pipe and D, [m?s~!] is

a diffusivity of hydrogen in a solid metal.
Substitution of Eq. (1) into Eq. (2) and integration of
Eq. (2) gives:

K,

J = m (VPi = /Po)- (3)
Here p; and p, [Pa] are hydrogen partial pressure in the
permeation test pipe and the annular passage respec-
tively; r; and r, [m] are an inner and an outer radius of
the permeation test pipe. Hydrogen partial pressure in
the permeation test pipe was assumed constant in this
experiment. It is assumed that hydrogen partial pressure
at the inlet of the annular passage is zero. Hydrogen
partial pressure at the outlet of the annular passage is
obtained by the mass spectrometer. Then, hydrogen
partial pressure, p,, in the annular passage is assumed an
arithmetic mean value of hydrogen partial pressure at
the inlet and outlet of the annular passage. K,
[M*(STP)m~'s™! Pa="3] is a permeability shown with
the following equation:

K, =Dy - S = Fyexp(—Ey/RT), 4)

where Fy [m*(STP)m~'s~! Pa~"3] and E, [kJmol~'] is a
pre-exponential factor and an activation energy of
hydrogen permeability. R [Jmol~' K~!] is gas constant
and T [K] is an absolute temperature of the pipe. An
amount of permeated hydrogen QO [m*(STP)s~!] based
on the inner radius of the permeation test pipe is shown
by the following equation:

0= 2nnis = MK (o o, (5)

In(ry/r)
where / [m] is a pipe length and Kxr is the hydrogen
permeability of Hastelloy XR.
The amount of permeated hydrogen, Q, was cor-
rected by obtaining the amount of permeated hydrogen
through the measurement pipe, Q,:

Q, = 2mriLJ, = W(\/P_o —VPa), (6)

where J, is a permeation flux to the measurement pipe,
K is the hydrogen permeability of Hastelloy X, p, and
pa are hydrogen partial pressure in the annular passage
and the outside of the measurement pipe. It is assumed
Pa = 0 because of the outside of the measurement pipe
being the atmosphere. L is the pipe length; 7/ and 7/ is the
inner and outer radius of the measurement pipe. Wall
temperature of the measurement pipe is assumed to be
equal to the one of the permeation test pipe, and the
reported value is used for the hydrogen permeability of
Hastelloy X [11,12]. An effect on a decrease of the
amount of permeated hydrogen by the oxide film will
depend not only on a thickness but also on a state of
formation of the oxide film. According to the reference
[9,20], the effectiveness factor for reduction of perme-
ability by the oxide film is reported to be 1/100-1/1000.
The oxide film was already formed on the outside sur-
face of the measurement pipe because it was being he-
ated at about 700 °C under the atmospheric condition
for more than 50 h before the experiment started. From
the results of the amount of supplied and permeated
hydrogen through the test pipe in the preliminary
experiment, it was confirmed that the amount of per-
meated hydrogen through the measurement pipe be-
comes less than 1/10 of the value calculated with Eq. (6).
If the amount of permeated hydrogen through the
measurement pipe is overestimated, the hydrogen
isotope permeability will be evaluated conservatively.
One-tenth of the value calculated by Eq. (6) was corre-
sponding to 3.6% of the amount of permeated hydrogen
obtained by the experiment. However, since the thick-
ness of the oxide film increases with increasing the he-
ated time, the amount of permeated hydrogen will
decrease. Therefore, the amount of correction value
decreases with increasing the heated time any further.
Though it is expected that the correction value is lower
than 1/10 of the value calculated by Eq. (6), the reduc-
tion factor by the oxide film will be set to 1/10 from the
view point of conservative aspect. The accuracy of the
measurement and the correction value described above
were included in the error of the pre-exponential factor.

The sum of the amount of permeated hydrogen, QO.,
obtained by the experiment and the correction value, Q,,
is assumed to be equal to the total amount, Q, obtained
by Eq. (5). Then, Kxg becomes

(Qc + Qo) ln(ro/ri)
2nl(\/pi — \/Po)

Hydrogen permeability obtained in this experiment is
shown in Fig. 7, and the activation energy and the pre-
exponential factor are shown in Table 5. A solid line
shows the average value of hydrogen permeability ob-

KXR = (7)
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Fig. 7. Hydrogen permeability of Hastelloy XR and Hastelloy X.

Table 5

Activation energy and pre-exponential factor of permeability of H, and D,

Gas species Partial pressure Concentration Activation energy Pre-exponential factor
[Pa] [ppm] [kJ mol~'] [m*(STP)m~' s~! Pa=0~]

H, 3.95x103 3.95x10* 67.5 1.02x 1078

H, 1.01x 103 1.01x10* 68.1 1.01x10°#

H, 1.06x 10? 1.06x 10° 66.0 7.8x107°

H, Average 67.2+1.2 (1.0£0.2)x 1078

H,* 1.06x 10? 1.06x 10° 70.2%£2.0 (4.7£0.4)x 107

D, 4.04x 10 4.04x10* 76.1 231x10°8

D, 9.89x 102 9.89x10° 76.9 2.63x10°%

D, Average 76.6 0.5 (2.5+0.3)x1078

#Some oxide film influence suspected.

tained by three kinds of hydrogen partial pressures. A
dotted line shows hydrogen permeability of Hastelloy X
[11,12]. The activation energy of hydrogen permeability
of Hastelloy XR was almost equal to that of Hastelloy
X. As the pre-exponential factor of hydrogen perme-
ability of Hastelloy XR was smaller than that of
Hastelloy X, hydrogen permeability of Hastelloy XR
was also smaller than that of Hastelloy X.

Deuterium permeability of Hastelloy XR is shown in
Fig. 8. How to calculate deuterium permeability is the
same as the case of hydrogen permeability. According to
the report [21], deuterium permeability becomes about
1/2%° times of hydrogen permeability. A dotted line in
Fig. 8 shows hydrogen permeability at 3.95x 10° Pa of
hydrogen partial pressure. A solid line shows the
approximate straight line obtained from deuterium
permeability at 4.04 x 10° Pa (O) and 9.89 x 10 Pa (x) of
deuterium partial pressure by a least square method.
Deuterium permeability obtained by the experiment is
shown in Table 5. The ratio of hydrogen permeability
and deuterium permeability ($(H/D) = Kpu/Kpp) is

B(H/D) ~ (4.0 +1.5) x 107"
x exp{(9.4 + 1.7[kJmol™ ")) /(RT)} (8)

S(H/D) becomes about 1.32 and 1.12 in 943 K (670 °C)
and in 1093 K (820 °C), respectively. It was confirmed
that the f(H/D) decreases with increasing temperature
for Hastelloy XR as same tendency as for stainless steel
[18].

High purity helium gas (99.9999%) and argon gas
(99.995%) were used as a purge gas to prevent an oxi-
dation of the pipe surface. Both of the supply and the
purge gas system were equipped with a molecular sieve
trap (MST). In order to examine an effectiveness of
oxide film for the permeability, the permeation test pipe
was heated at 600-850 °C during 140 h under the con-
dition of helium gas atmosphere and water concentra-
tion of less than 1 ppm. Fig. 8 shows hydrogen
permeability of Hastelloy XR with the oxide film. The
symbol of triangle (A) indicates these experimental data
and the dotted-dashed line shows the average value of
them. The activation energy and pre-exponential factor
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Fig. 9. Relationship between difference of partial pressure and amount of permeated hydrogen.

with the oxide film are indicated in Table 5. The effec-
tiveness factor for reduction of permeability is about 0.3
in the present experiment. It is confirmed that a high
temperature part of the pipe was discolored and oxi-
dized. It is expected that the amount of permeated tri-
tium also reduce by the oxide film in the HTTR
hydrogen production system because the oxide film will
be formed on the surface of the IHX heat transfer pipe
during the initial period of the reactor operation.

The amount of permeated hydrogen is in proportion
to the difference in square root of hydrogen partial
pressure as far as the rate-limiting step of the transport
process is diffusion in the solid metal even if hydrogen
partial pressure decreases. That is, if the rate-limiting
step of permeation becomes diffusion in the solid metal,
the molar concentration of dissolved hydrogen on a
surface of the pipe will obey Sieverts’ law. Therefore, it

is expected that a straight line connecting experimental
data pass through a zero point. Fig. 9 shows a depen-
dence on partial pressure to the amount of permeated
hydrogen. A horizontal axis shows the difference in
square root of the partial pressure. The straight line
connecting experimental data for each average temper-
ature passes through the neighborhood of zero point.
Therefore, the amount of permeated hydrogen will be in
proportion to the difference in square root of the partial
pressure as for the low partial pressure area as well.

4. Conclusions
Experiment on hydrogen isotope permeation was

performed to obtain permeability of hydrogen and
deuterium of Hastelloy XR and to investigate the rate-
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limiting step of the process of hydrogen permeation
phenomenon in the HTTR hydrogen production system.
The following conclusions were obtained.

(1) The rate-limiting step of the hydrogen transport
process in the HTTR hydrogen production system is
diffusion in the pipe, except for the case that the oxide
film is formed on the surface of the pipe. Therefore, the
amount of permeated hydrogen isotope can be predicted
by extrapolation in the low partial pressure region be-
cause a diffusion phenomenon in a solid metal is un-
changed even if the number of hydrogen atom decreases.

(2) Hydrogen permeability of Hastelloy XR is as
follows:

Average temperature of 843-1093 K (570-820 °C)
the pipe:
Hydrogen partial
pressure:
Activation energy:
Pre-exponential
factor:

1.06x 10>-3.95% 10° Pa

Ey = 672412 [KImol]
Fr=(10£02)x 108
x [m3*(STP)m~' s~ Pa=%7].

(3) Deuterium permeability of Hastelloy XR is as
follows:

Average temperature of 943-1093 K (670-820 °C)
the pipe:
Deuterium partial
pressure:
Activation energy:
Pre-exponential
factor:

9.89x10%4.04x 10° Pa

Eo = 76.6+ 0.5 [kJmol ]
Fy=(2.5+03) x 10
x [m*(STP)m~!s~! Pa~%3].

(4) The ratio of an isotope effect between hydrogen
and deuterium permeability is as follows, which showed
a tendency to become small with increasing the tem-
perature.

Average temperature of

the pipe:

Hydrogen Py and

deuterium Pp partial

pressure:

Ratio of the isotope

effect:

B(H/D) ~ (4.0 £ 1.5)10!
x exp {(9.4 £ 1.7[kJ mol™'])/(RT)}.

943-1093 K (670-820 °C)

1.0x10°-4.0x 10* Pa

(5) As hydrogen and deuterium permeability of
Hastelloy XR were obtained for the first time, we can
evaluate quantitatively the amount of permeated
hydrogen isotope through the THX prior to take the
safety review for the construction of the HTTR hydro-
gen production system.

(6) Hydrogen permeability of Hastelloy XR after
about 140-h heating under the less than 1 ppm water
concentration was obtained. The effectiveness factor for
reduction of permeability is about 0.3 in the present
experiment. As it is expected that the oxidized film will
be formed on the surface of the IHX heat transfer pipe,
the amount of permeated hydrogen isotope through the
pipes will be reduced in the HTTR hydrogen production
system.
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