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Abstract

The experiments were performed to determine the permeabilities of hydrogen and deuterium for nickel in the temperature
range of 473 to 973 K using the co-current double tube method. The isotope effect ratio in permeation was estimated from
these permeabilities. Solubility constants of hydrogen and deuterium for nickel calculated from the permeabilities of this
study and the diffusivities of the literature data agreed well with previously reported values. The permeation behavior of
hydrogen isotopes in the binary-component hydrogen isotopes system was also observed under various conditions and
compared with the values from the model calculation. It is concluded in this study that the separation factor in permeation of
hydrogen isotopes through nickel coincides with the isotope effect ratio and that the numerical calculation using the finite
difference method is applicable to predict the permeation behavior of hydrogen isotopes through the wall of a long tube for
single- and multi-component hydrogen isotopes system. q 1998 Elsevier Science B.V.

1. Introduction

Permeabilities of hydrogen isotopes through membrane
w xof nickel have been reported by many authors 1–10 for

the single-component hydrogen isotope system. However,
there are rather large discrepancies in data reported so far.
These discrepancies may be partly due to use of the
inadequate driving force, disregard of the temperature
distribution formed in permeation membrane, or confusion
of the isotope effect ratio with the separation factor in
estimation of permeation rate. Only the permeation behav-
ior of H was studied in most of these works and the2

w xRobertson’s ‘best value’ 6 which correlates the data of
w xvarious authors is considered to be appropriate 11 . Only a

few investigators have reported the permeabilities of D2
w x w x1–3,8 and T 9 through nickel and no discussions have2

been made about the permeation behavior in the multi-
component hydrogen isotopes system.

) Corresponding author. Tel.: q81-92 642 3785; fax: q81-92
642 3784; e-mail: shiratne@mbox.nc.kyushu-u.ac.jp.

The present authors first measured the permeabilities of
H and D in the single-component hydrogen isotope2 2

system to obtain the isotope effect ratio in permeation.
Then, we measured the permeation rates in the binary-
component hydrogen isotopes system and discussed the
permeation behavior of mixture of hydrogen isotopes in
various conditions comparing with the numerically calcu-
lated values. In this study a numerical calculation model
using the finite difference method was applied to estimate
the effect of change of temperature or partial pressure of
hydrogen isotopes in the axial direction of a permeation
tube on the permeation behavior following the recommen-

w xdation in the previous works 12,13 .

2. Theory

2.1. Permeation of single-component hydrogen isotope
system

When a diffusion process of hydrogen isotopes through
the metal wall is the controlling step of permeation, the

Žmolar flow rate of a hydrogen isotope X X means H, D,2
.or T in this study , permeating through the metal mem-

0022-3115r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž .brane, Q molrs , is derived from Fick’s law and ex-X

pressed as follows:

Q sD C yC Art , 1Ž .Ž .X X X X1 2

Ž 2. Ž .where A m is the effective permeation area, t m is the
Ž 2 .thickness of the permeation membrane, D m rs is theX

Ž 3.diffusivity, and C and C molrm are the solubilitiesX X1 2

in both surface layers of the membrane. The subscripts 1
and 2 in the above equation indicate the inner and outer
channels of a double tube, respectively. The permeation

Ž 2 .rate, J mol mrm s , is determined byX

J sQ trAsD C yC . 2Ž .Ž .X X X X X1 2

For permeation through the wall of a tube with circular
cross-section, the effective permeation area is given by

As2p ltrln r rr , 3Ž .Ž .2 1

Ž . Ž .where l m is the permeation tube length and r m and1
Ž .r m are the inner and outer radii of the permeation tube,2

respectively. When the solubility of hydrogen isotope in
Ž .metal follows Sieverts’ law, Eq. 2 is expressed as follows

Ž .using the partial pressure of hydrogen isotope, P Pa , inX

each channel:

J sD S P y P sK P y P , 4Ž .( ( ( (X X X X X X X Xž / ž /1 2 1 2

Ž 3 1r2 .where S molrm Pa is the solubility constant andX
Ž 2 1r2 .K sD S mol mrm s Pa is the permeability.X X X

2.2. Permeation of multi-component hydrogen isotopes
system

Ž .Eq. 4 derived for the single-component hydrogen
isotope system may not be applicable if there exist two or
three hydrogen isotopes in the permeation tube because the
presence of one hydrogen isotope can influence the solu-

w xbility of the others 12–15 . Then, the solubilities obtained
in the multi-component hydrogen isotopes system must be

Ž .used in evaluation of the permeation rate using Eq. 2 .
The present authors have discussed three patterns for

solubilities in the binary-component hydrogen isotopes
w xsystem in palladium 12 . Following this idea, three pat-

terns of correlation for the permeation rates with solubili-
ties are obtained as follows.

Case I: When each hydrogen isotope acts independently
in solution and diffusion, the permeation rates are ex-
pressed as follows:

J sD S y P yS y P( (H H H H t H H tž /1 1 2 2

sK y P y y P , 5Ž .( (H H t H tž /1 1 2 2

J sD S y P yS y P( (D D D D t D D tž /1 1 2 2

sK y P y y P , 6Ž .( (D D t D tž /1 1 2 2

Ž .where P Pa is the total pressure of hydrogen isotopest
Ž .and y – is the mole fraction of hydrogen X in gasX 2

Ž .phase. These equations are equivalent to Eq. 4 , that is,
the permeation rates in the binary-component system are
expressed by the same way as those in the single-compo-
nent hydrogen isotope system when this pattern is proper.

Case II: When the ideal solution theory is applied to the
absorbed binary mixture in estimation of hydrogen solubil-
ities, the permeation rates are obtained as follows if no
interaction of atoms with different isotopes is assumed in
the course of diffusion through metal:

S y qS yH H D D1 1J sD P(H H t1½ 1q1r a y ryŽ .S,H r D H D1 1

S y qS yH H D D2 2y P , 7Ž .( t2 51q1r a y ryŽ .S,H r D H D2 2

S y qS yH H D D1 1J sD P(D D t1½ 1qa y ryŽ .S,H r D H D1 1

S y qS yH H D D2 2y P , 8Ž .( t2 51qa y ryŽ .S,H r D H D2 2

Ž .where a – is the separation factor in solubility.S,HrD

When this case is proper, the value of the separation factor
obtained in the mixture of hydrogen isotopes is different
from the value of the isotope effect ratio obtained in the
single-component hydrogen isotope system. We have re-
ported recently that the permeation behavior of H –D2 2

mixture through a membrane of palladium–silver alloy is
expressed by the above equations in the case when diffu-

w xsion controls the permeation 13 .
Case III: When the Henry’s law is applied to each

component of the absorbed binary mixture in estimation of
the solubilities of hydrogen isotopes, the permeation rates
are expressed as follows:

J sD S y P yS y P( (H H H H t H H tž /1 1 2 2

sK y P yy P , 9Ž .( (H H t H tž /1 1 2 2

J sD S y P yS y PŽ ( (D D D D t D D t1 1 2 2

sK y P yy P . 10Ž .( (D D t D tž /1 1 2 2
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This case is the special pattern of case II obtained when
the separation factor in solubility, a , is equal to theS,HrD

Ž .isotope effect ratio, b sS rS – . Ackerman as-S,HrD H D

sumed this pattern in permeation of the H –D binary-2 2

component system through a palladium–silver alloy mem-
w xbrane 15 .

If case I or III is proper for a certain metal–hydrogen
system, the permeation rates of hydrogen isotopes in the
multi-component system can be estimated by using the
permeabilities determined from the single-component per-
meation experiments, though measurement of the separa-
tion factors in advance is necessary if case II is proper.
Accordingly, it is required to check which pattern of
solubility is applicable to a certain hydrogen permeable
metal.

2.3. Permeation of hydrogen isotopes through long tube

It is difficult to define the average driving force in the
multi-component hydrogen permeation when a long per-
meation tube is used because not only the difference of
partial pressure of hydrogen isotopes between inner and
outer channels, but also the relative pressure of hydrogen
isotopes in the axial direction in each channel changes. It

Ž .is necessary to note that Eq. 2 is applied when the partial
pressures of hydrogen on both side of a permeation tube
are taken to be uniform. Then, the overall permeation rate,
the averaged value over a permeation tube, is to be esti-
mated applying the numerical calculation with the mass
balance equations for each finite element as stated below.

The numerical calculation model of permeation in this
Ž .study is made on the following six assumptions. 1 The

composition of the process gas flowing down each channel
of the permeation test section varies with position but not

Ž . Ž .with time steady-state permeation . 2 The plug flow type
Ž .mixing is applied to each channel. 3 The flow rate of the

process gas is constant and the pressure loss is negligible.
Ž .4 The pressure change of the process gas due to perme-

Ž .ation is small and can be negligible. 5 The temperature is
Ž .constant in a finite element. 6 Linear concentration pro-

file across the metal thickness is developed for each
hydrogen isotope.

Fig. 1 shows a simple diagram of the numerical calcula-
tion model for permeation which corresponds to the per-

Fig. 1. Schematic diagram of permeation test section as viewed by
the numerical calculation model.

meation test section used in this experiment. The perme-
ation test section is divided into N finite elements and

Ž 2.each element has a permeation area of D AsArN m .
The molar flow rates of hydrogen isotopes at the inlet of

Ž . Ž .each channel are h molrs for H and d molrs for0 2 0
Ž .D and that at the exit of each channel are h molrs and2 N

Ž .d molrs . Then, the mass balance in the n-th elementN

are expressed as follows:

h sh qq , 11Ž .1,ny1 1,n H ,n

d sd qq , 12Ž .1,ny1 1,n D ,n

h sh yq , 13Ž .2,ny1 2,n H ,n

d sd yq , 14Ž .2,ny1 2,n D ,n

Ž .where q molrs is the molar flow rate of hydrogenX,n

permeating through the wall of the nth element, and the
Ž .next equation is led from Eq. 2 ,

q sJ D Art . 15Ž .X ,n X ,n

Ž 2 . Ž . Ž .J mol mrm s must be replaced by Eqs. 5 – 10X,n

according to the pattern in solubility of hydrogen isotopes
in the binary-component system. The overall permeation
rates of hydrogen isotopes, J , are expressed as follows:X

N N

J s 1rN J s trA qŽ . Ž .Ý ÝH H ,n H ,n
ns1 ns1

s h yh trAs h yh trA , 16Ž .Ž . Ž .1,0 1, N 2, N 2,0

N N

J s 1rN J s trA qŽ . Ž .Ý ÝD D ,n D ,n
ns1 ns1

s d yd trAs d yd trA. 17Ž .Ž . Ž .1,0 1, N 2, N 2,0

By assuming the ideal gas condition, the molar flow rates
of hydrogen isotopes are expressed as follows:

hsP WrRT , 18Ž .H

dsP WrRT , 19Ž .D

Ž 3 .where W m rs is the flow rate of the process gas, R
Ž . Ž .Jrmol K is the gas constant, and T K is the absolute
temperature.

From experiments of the single-component permeation,
we get the molar flow rate of a hydrogen isotope at the

Žexit of each channel of the permeation test section h orN
.d when we set the molar flow rate of a hydrogen isotopeN

Ž .to each channel h or d , the flow rate of process gas to0 0
Ž . Ž .each channel W , the operating temperature T , the

Ž . Ž .permeation tube area A , and the wall thickness t . Then,
Ž .the permeability K for each experiment, that is the

unknown value, is decided by the fitting method using
Ž . Ž .Eqs. 11 – 17 by computer calculation.

In H –D binary-component permeation experiments,2 2

the observed overall permeation rates of hydrogen iso-
topes, J sQ trA, are compared with the calculatedX X

Ž . Ž .values applying Eqs. 5 – 17 . Then, we discuss which
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Fig. 2. Schematic diagram of experimental apparatus.

pattern of solubility is applicable to the permeation behav-
ior of the binary-component hydrogen isotopes system.

3. Experimental

Fig. 2 shows a schematic diagram of the experimental
apparatus of this study. The experimental conditions are
shown in Table 1. A tube of nickel with a nominal purity

Žof 99% 230 mm long, 12.0 mm outer diameter, and 11.0
.mm inner diameter, purchased from Nilaco was concentri-

Ž .cally placed in a quartz tube 22.0 mm inner diameter and
copper tubes and brass joints were used as the piping
materials of this experimental apparatus. Helium gas with
H orrand D was used as the process gas to the inner2 2

and outer flow channels. The flow rate of the process gas
to each channel was changed from 0.1 to 0.6 lrmin at the

standard condition. The process gas was initially passed
through the packed bed of Platinum-Molecular Sieves 5A
Ž .Pt-MS5A catalyst to change residual oxygen to water.
Then, the process gas was passed through the cold trap
packed with glass beads and immersed in liquid nitrogen
to exclude water before introduction to the permeation test
section. The total pressure of the process gas was kept at
the atmospheric pressure because pressure difference be-
tween inlet and exit end of the permeation test section was
measured to be negligible by a pressure gauge. Tempera-
ture of the permeation membrane was changed from 473 to
973 K using an electric furnace. The partial pressure of H 2

orrand D in the process gas at inlet was changed from2

22.3 to 105 Pa in this study.
The permeation rates were measured by the steady-state

method and the experiments were carried out as follows.
First, helium gas with about 20% H was passed through2

both channels of the permeation test section and the test
section was heated up stepwise to 973 K to activate the
permeation membrane. Second the temperature of the test
section was set to the experimental temperature and the
experimental feed gas was passed through the test section
until the permeation of hydrogen isotopes reached the
steady state. Then, the concentration of hydrogen isotopes
at inlet and outlet of both channels was measured by gas
chromatography.

4. Results and discussion

4.1. Permeation of single-component hydrogen isotope

The following equations are obtained for the permeabil-
ities of H and D through nickel in the single-component2 2

Table 1
Experimental conditions

Ž . Ž .Run number Channel Inlet partial pressure of hydrogen isotope s Flow rate at STP Temperature

Single component system
Ž .Run 1-1 inner H : 32.3–56.4 Pa 0.1–0.6 lrmin 473–973 K 200–7008C2

5outer H : 75.4–10 Pa 0.1–0.6 lrmin2
Ž .Run 1-2 inner D : 25.7–41.3 Pa 0.1–0.6 lrmin 623–973 K 350–7008C2

outer D : 97.5–6170 Pa 0.1–0.6 lrmin2

Binary component system
Ž .Run 2-1 inner D : 6340 Pa 0.2 lrmin 623–973 K 350–7008C2

outer H : 6280 Pa 0.2 lrmin2
Ž .Run 2-2 inner D : 193 Pa 0.2 lrmin 973 K 7008C2

outer H : 25.8–19500 Pa 0.2 lrmin2
Ž .Run 2-3 inner H : 190 Pa 0.2 lrmin 973 K 7008C2

outer D : 22.3–2068 Pa 0.2 lrmin2
Ž .Run 2-4 inner D : 29.3–6460 Pa H :D 61:1 0.2 lrmin 973 K 7008C2 2 2

outer H : 28.7–6210 Pa 0.2 lrmin2
Ž .Run 2-5 inner H : 197 Pa 0.2 lrmin 973 K 7008C2

outer H : 224–3990 Pa; D : 232–3870 Pa H :D 61:1 0.2 lrmin2 2 2 2
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permeation experiments of this study,

K s4.44=10y7exp y5.48=104rRT , 20Ž .Ž .H

K s3.81=10y7exp y5.62=104rRT . 21Ž .Ž .D

These equations are shown in Figs. 3 and 4. Fig. 5 shows a
comparison of estimated permeation rates averaged over
the permeation tube with observed values estimated from
the partial pressure difference between inlet and outlet of
the permeation test section. Good agreement shown in this
figure indicates that the method of calculation described in
Section 2.3 is reasonable to estimate the amount of perme-
ation.

Permeabilities obtained in this study are compared in
w xFigs. 3 and 4 with reported values 1–8 . The apparent

activation energy of H or D permeation obtained in this2 2

study, 54.8 kJrmol for H and 56.2 kJrmol for D , is2 2

almost equal to the activation energies reported by various
authors as can be seen from these figures. The permeabil-
ity of H obtained in this study is close to the values2

w x w xreported by Ebisuzaki et al. 2 , Eichenauer et al. 3 , or
w xRobertson 6 and the permeability of D in this study to2

w x w xthe values by Ebisuzaki et al. 2,8 or Eichenauer et al. 3 .
Because Ebisuzaki et al. did not give the D permeability2

in their reports, the value shown in Fig. 4 is estimated
w xfrom their data on H permeability 2 and isotope effect2

Fig. 3. Temperature dependence of the hydrogen permeability
through nickel.

Fig. 4. Temperature dependence of the deuterium permeability
through nickel.

w x w xratio 8 . Although some authors have reported 1,5 that
there was a discontinuous change in permeability in the

Ž .vicinity of the Curie point 623"10 K for nickel , how-
ever, such a change was not observed in this study.

The isotope effect ratio in permeation, b , is ob-P,HrD

tained as follows, where the isotope effect ratio is defined

Fig. 5. Comparison of estimated permeation rates with observed
values for single-component hydrogen isotope system.
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Fig. 6. Temperature dependence of the isotope effect ratio in
permeation through nickel.

as the ratio of properties of each isotope observed in the
single component experiment:

b sK rK s1.16 exp 1.4=103rRT , 22Ž .Ž .P,H r D H D

w xand shown in Fig. 6 with the reported values 1,3,8 . The
isotope effect ratio in permeation of this study varies from
1.38 at 973 K to 1.52 at 623 K and is similar to the values

w x w xreported by Eichenauer et al. 3 and Ebisuzaki et al. 8 .
'The isotope effect ratio of 2 , that is said to be the ideal

value of isotope effect ratio on permeation, is obtained at
Ž .850 K from Eq. 22 .

We calculate the relevant solubility constants from the
permeabilities obtained in this study and a set of diffusivi-

w xties reported by Volkl and Alefeld 16 as¨
S s0.643 exp y1.43=104rRT , 23Ž .Ž .H

S s0.906 exp y1.76=104rRT . 24Ž .Ž .D

Solubility constants represented by above equations are

Fig. 7. Temperature dependence of the relevant hydrogen solubil-
ity constant in nickel.

Fig. 8. Temperature dependence of the relevant deuterium solubil-
ity constant in nickel.

comparable with the reported values by various authors
w x1–3,6–8,17,18 as shown in Figs. 7 and 8, and they are
almost equal to the values reported by Ebisuzaki et al.
w x2,8 .

When the temperature distribution is formed along the
axial direction of the permeation tube as shown in Fig. 9, it

Ž .is presumed from Eq. 20 that the local permeability of
Ž .H , K z , distributes in the manner as shown in the2 H

Ž .same figure, where z m is the distance from entrance of
the permeation tube. The temperature distribution is mea-
sured by the thermocouples placed at intervals of 1.0 cm
along the axial direction of the permeation tube. In this
example of the temperature distribution, the maximum
temperature, T , is observed to be 873 K at the center ofmax

the permeation tube and the minimum temperature, T ,min
w x681 K at the inlet of that. Longhurst et al. 19 have

Fig. 9. Distributions of temperature and local permeability of
hydrogen as a function of distance from permeation tube entrance.
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Table 2
Comparison of observed value with estimated values under various temperature distributions

Experimental conditions

Membrane Nickel: length, 230 nm; outer diameter, 12.0 mm; inner diameter, 11.0 mm
Ž . Ž .Inlet partial pressure of H 54.4 Pa inner channel ; 2860 Pa outer channel2

Flow rate 0.2 lrmin to each channel
Ž .Temperature distribution T z shown in Fig. 9

y7Observed permeation quantity, Q 1.14=10 molrsob

Ž .Representative temperature for permeation Estimated permeation quantity, Q Errors100= Q yQ rQest est ob ob

y7No. 1 T s873 K constant 1.65=10 molrs q44.7%max
y8No. 2 T s681 K constant 2.09=10 molrs y81.7%min
y8Ž .No. 3 T qT r2s777 K constant 6.83=10 molrs y40.1%max min
y7No. 4 T s834 K constant 1.19=10 molrs q4.3%av
y7Ž .No. 5 T z shown in Fig. 9 1.17=10 molrs q2.6%

Ž .proposed to use the average temperature, T K , asav

follows:

l
exp yErRT s 1rl exp yErRT z d z , 25� 4Ž . Ž . Ž .Ž . Hav

0

Ž .where E Jrmol is the activation energy of H perme-2

ation, and T is calculated to be 834 K for the temperatureav

distribution shown in Fig. 9. In Table 2, we compare the
permeation quantity observed when the temperature distri-
bution as shown in Fig. 9 was made with the estimated

Ž .values using five different ways as follows. 1 Use of
T as the representative temperature in numerical calcu-max

Ž .lation method explained in Section 2.3. 2 Use of T asmin
Ž .the representative temperature in numerical calculation. 3

Ž .Use of T qT r2 as the representative temperaturemax max
Ž .in numerical calculation. 4 Use of T as the representa-av

Ž .tive temperature in numerical calculation. 5 Use of local
temperature to each finite section of permeation tube in
numerical calculation.

Agreement between the observed value and the calcu-
lated value using the way of No. 4 or 5 is quite good in
comparison with the calculated value using the way of No.
1, 2, or 3. From this comparison it is concluded that the
average temperature of permeation tube is well represented

Ž .by Eq. 25 . However, it may not be necessary to use the
average temperature intentionally to each finite section in
numerical calculation. In the case where the concentration
difference between inlet and outlet is larger than the case
compared above, use of T gives more error. Accordingly,av

we recommend to use the way of No. 5. Comparison in
Table 2 implies that improper selection of the representa-
tive temperature for permeation is one of the main reasons
for scattering of reported permeabilities shown in Figs. 3
and 4, since there must exist the temperature distribution in
a permeation membrane.

4.2. Permeation of multi-component hydrogen isotopes

The experimental overall permeation rates of hydrogen
isotopes observed when both H and D are introduced to2 2

the permeation test section are shown in Figs. 10–12 with
estimated values, where estimation is performed assuming
applicability of case I or III for the solubility of hydrogen
isotopes in nickel at the binary-component hydrogen iso-
topes system.

Fig. 10 shows the dependence of the overall permeation
rates of H and D on the inlet partial pressure of H2 2 2

introduced to the outer channel while the inlet partial
pressure of D to the inner channel was kept constant at2

193 Pa. Fig. 10 shows that the overall permeation rate of
D to the outer channel increases with addition of hydro-2

gen to the outer channel by about 15% at the maximum,
although it becomes smaller than the permeation rate
observed at the single-component D permeation when the2

partial pressure of H in the process gas to the outer2

channel exceeds several thousands pascals. Permeation of
D shows maximum when the partial pressure of H in the2 2

process gas introduced to the outer channel is 350 Pa. As

Fig. 10. The dependence of the permeation rates of H and D on2 2

the inlet partial pressure of H introduced to the outer channel.2

The inlet partial pressure of D to the inner channel was kept2

constant at 193 Pa.
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can be seen from this figure the overall permeation rate of
H through the nickel wall becomes also larger than the2

permeation rate observed at the single component H 2

permeation by about 30% in this experimental range. The
estimated values assuming applicability of case II are also
compared with the observed values in Fig. 10 where the
separation factor in solubility is taken as the parameter. It
is seen from Fig. 10 that application of case III to the
solubility of hydrogen isotopes in nickel is proper because
the estimated permeation rates using case III agree well
with the observed overall permeation rates.

Fig. 11 shows the partial pressure dependence of the
permeation rates observed when helium with H was2

introduced to the outer channel and helium with D of the2

same partial pressure as H to the inner channel. It is seen2

from this figure that the overall permeation rate of H or2

D becomes larger than the value observed at the single-2

component system when the other hydrogen isotope is
introduced to the other channel. It can be also seen from
this figure that the observed overall permeation rate agree
with the estimated values assuming the applicability of
case III to the solubility at the binary-component hydrogen
isotopes system.

Fig. 12 shows the overall permeation rates observed
under the conditions where the inlet partial pressure of D2

to the inner channel was kept at 197 Pa and the inlet
partial pressure of the mixture of H and D in the process2 2

gas to the outer channel were changed keeping the relative
pressure as unity. No permeation is expected when the
inlet partial pressure of D in the process gas to the outer2

channel is equal to the inlet partial pressure of D to the2

inner channel, that is, 197 Pa as shown by dashed lines in
Fig. 12 if application of case I is proper. However, no
permeation is expected when the inlet partial pressure of
D to the outer channel is 332 Pa as shown by dotted lines2

if application of case III is proper. The observed values

Fig. 11. The partial pressure dependence of the permeation rates
of H and D observed under the conditions where helium with2 2

H was introduced to the outer channel and helium with D of the2 2

same partial pressure as hydrogen to inner channel.

Fig. 12. The dependence of the permeation rates of H and D on2 2

the inlet partial pressure of the mixture of H and D introduced2 2

to the outer channel keeping the relative pressure as unity. The
inlet partial pressure of D to the inner channel was kept constant2

at 197 Pa.

shown in this figure are represented well by the dotted
lines.

Accordingly, it can be said that the permeation behav-
ior of binary-component hydrogen isotopes through nickel
is expressed assuming that the separation factor in solubil-
ity is the same as the isotope effect ratio and that diffusivi-
ties obtained at the single-component diffusion measure-
ment is applicable to the binary-component diffusion. The
reason for these is that the interaction between hydrogen
and deuterium is small because of the small solubility of

Ž y4hydrogen isotopes in nickel. HrNi is 2.9=10 at 773
5 .K and 1.0=10 Pa of H . On the other hand, we have2

reported that the separation factor is different from the
isotope effect ratio in such material as palladium which

w x Žhas large solubility of hydrogen isotopes 12 . HrPd is
y3 5 .6.8=10 at 773 K and 1.0=10 Pa of H . The authors2

consider that further discussions with more data on the
solubility of multi-component hydrogen isotopes system
are necessary. It can be also said that the numerical
calculation model described in Section 2.3 of this study is
proper to estimate the permeation behaviors of hydrogen
isotopes in the piping system under various conditions.

Profiles of the partial pressure of hydrogen isotopes in
the axial direction of a nickel permeation tube are numeri-
cally estimated and shown in Figs. 13–15 as a function of
distance from the inlet of the permeation tube. In these
calculations use of the same permeation tube as that used
in this experiment is assumed.

In Fig. 13 the inlet partial pressure of D to the inner2

channel is assumed to be 1.0 Pa and that of H to the outer2

channel is changed from 0 to 100 Pa, and the flow rate of
the process gas to each channel is 0.05 lrmin.

On permeation of the binary-component hydrogen iso-
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Fig. 13. The model calculations of H and D partial pressure2 2

profiles in the inner channel as a function of distance from the
permeation tube entrance. The inlet partial pressure of D to the2

inner channel is kept constant at 1.0 Pa and that of H to the outer2

channel is changed from 0 to 100 Pa.

topes system, the driving force for permeation of D ,2
1r2 Ž 1r2 . Ž .D P Pa , is shown as follows from Eq. 10 :D

1r2
D P sP r P qP yP r P qP . 26Ž .( (D D H D D H D1 1 1 2 2 2

Accordingly, D permeates from inner to outer channel2

even when P is larger than P if the total pressure ofD D2 1

hydrogen isotopes in the outer channel is larger than that
in the inner channel. For example, permeation of D from2

inner to outer channel occurs when P s1 Pa, P s3D H1 1

Pa, and P s10 Pa if P is larger than 390 Pa.D H2 2

It is shown in Fig. 13 that more than half of D2

introduced to the inner channel is transferred to the outer
channel when the partial pressure of H to the outer2

channel is larger than 10 Pa. This effect is ascribed to the
effect of H permeated from the outer channel. The more2

is H to the outer channel, the less is the driving force for2

permeation of D to the outer channel, although addition2

of a small amount of H to the outer channel promotes the2

permeation of D from the inner channel because assump-2

tion of case III is applied to solubilities of hydrogen
isotopes in nickel.

The estimations shown in Fig. 13 do not affirm the idea
to introduce hydrogen to the outer channel of a double
tube for prevention of tritium leakage from the inner
channel. If the permeation tube is long enough, the partial
pressures of H and D in the inner channel reach equilib-2 2

rium with the partial pressures in the outer channel.
Fig. 14 shows the changes of the profiles of D partial2

pressure in the inner channel with the flow rates of the
outer channel in the case where the inlet partial pressure of
D to the inner channel is assumed to be 1.0 Pa and that of2

H to the outer channel is 100 Pa. As the flow rate of the2

outer channel becomes larger, the equilibrium partial pres-
sure of D becomes lower. The partial pressures of H and2 2

D in the inner channel are equal to that in the outer2

Fig. 14. The model calculations of D partial pressure profiles in2

the inner channel as a function of distance from the permeation
tube entrance. The flow rate of the inner channel is kept constant
at 0.05 lrmin and that of outer channel is changed from 0.0125 to
0.2 lrmin.

channel at the equilibrium condition. The equilibrium par-
Ž .tial pressure of hydrogen X , P Pa , is shown as2 X,eq

Ž . Ž . Ž . Ž .follows using Eqs. 11 – 14 , 18 and 19 :

P y P W qP W r W qW , 27Ž .Ž .Ž .X ,eq X ,0 1 X ,0 2 1 21 2

Ž .where P Pa is the inlet partial pressure of X . P isX,0 2 X,eq

expressed by the inner and outer flow rates of the process
gas and the inlet partial pressure of hydrogen X .2

Profiles of the partial pressure of hydrogen isotopes in
the axial direction of a nickel permeation tube are calcu-
lated for the three-component hydrogen isotopes system
with H , D , and T where observations obtained at the2 2 2

Fig. 15. The model calculations of H , D , and T partial2 2 2

pressure profiles in the inner channel as a function of distance
from the permeation tube entrance. The inlet partial pressure of
D and T to the inner channel are 1.0 Pa and that of H to the2 2 2

outer channel is 100 Pa.
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binary-component system are assumed to be applicable to
the three-component system. In this calculation permeabil-

'ity of T , K , is assumed to be 2r3 . When H of 1002 T 2

Pa is added to the process gas to the outer channel while
the mixture of D of 1.0 Pa and T of 1.0 Pa goes into the2 2

inner channel, tritium permeates through the nickel wall
following deuterium as can be seen from Fig. 15. More
than half of tritium and deuterium temporarily leave the
inner channel when a large amount of hydrogen is added
to the outer channel.

5. Conclusions

The permeabilities of H and D through nickel are2 2

quantified and they agree well with previously reported
values. The solubilities of H and D for nickel calculated2 2

from the permeabilities of this study and the diffusivities
of the literature data also agree well with previously
reported values.

The permeation behavior of hydrogen isotopes through
nickel in the binary-component hydrogen isotopes system
are observed and compared with the values from the model
calculation. It is concluded in this study that the numerical
calculation is to be applied to predict the permeation
behavior of hydrogen isotopes through the wall of a long
tube especially when the mixtures of hydrogen isotopes are
treated. It is also observed in this study that the separation
factor in permeation through nickel obtained from the
binary-component hydrogen isotopes system coincides with
the isotope effect ratio obtained from the single-component
hydrogen isotope system.
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