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A design of palladium diffuser and Fuel Cléanup System
(FCU) for D-T fusion reactor is proposed. Feasibility of
palladium alloy membrane method is discussed based on the
early studies by the authors. Operating conditions of the
palladium diffuser are determined experimentally. Dimen-
sions of the diffuser are estimated from computer simulation.
FCU system is designed under the feed conditions of Tritium
Systems Test Assembly (TSTA) at Los Alamos SéiEntific Labo-
ratory. The system is composed of Pd-diffusers, catalytic
oxidizer, freezer and 2Zink beds,and has some advantages in
system layout and operation. This design can readily be

extended to .other conditions of plasma exhaust gases.

Keywords ; Fusion Reactor Fuel Cycle, Fuel Purification
System, Tritium, Hydrogen Isotopes, Impurities,
Palladium Diffuser, Hot Metal Getter, Cryogenic

Adsorption Bed, Catalytic Oxidiser, System Design
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1. Introduction

In a exhaust gas of D-T fusion reactor, various
impurities such as (D,T)zo, N(D,T)3, C(D,T)4, 02, Nz, co,

C02, Ar and He will be included. Therefore, purification
processes of hydrogen isotopes are necessary for a pretreating
process of hydrogen isotope separation in fuel circulation
system of fusicn reactor (1)~ (3)

Palladium alloy membrane method, which makes use of the
selective permeability for hydrogen isotopes, is supposed to
be attractive one because of its simplicity, handling ease in
continuous operation and production of hyper pure hydrogen(4).
However, it had not been considered as & feasible techﬁique
due to.the assumed difficulties as follows ; weakening by
thermal cycling and hydrogen embrittlement, poisoning by
impurities, need of elevated pressure and temperature,
and need for multi-stage separation system to obtain high
recovery efficiency of tritium(3) owing to recent development
of fabrication technology of multi-components palladium
alloys and their fine tubes, palladium membrane becomes to
have high resistivity against thermal cycling and hydrogen
embrittlement(4).

In the present work, experiments were performed on
effects of impurities and thermal cycling with a commercial

Pd-Ag (+Au+Ru) alloy to study the feasibility of membrane.

Computer calculations on hydrogen recovery with tube-

type diffuser were done under practicable operation conditions

at moderate pressure and temperature.

Based on these results, preliminary design of fuel clean-

up system was studied.
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2. Experimentals
2.1 Apparatus

A conceptual flow sheet of the experimental apparatus
and detail structure of permeation cell are shown in Figure 1
and Figure 2, respectively. Feed gas flowing into the permeation
cell is preheated before it reaches the outer surface
of the permeation tube. Feed pressure is regulated by
control valve CV-1 and measured by Bourdon tube pressure gauge
PG—l(measuring.range; 0 - 2000kPa, precision;0.1% of full
scale). Feed flow rate is measured by mass flow meter FIR-1
{(measuring range; 0 - lOOstd.cm3.H2/min, precision; 1% of full
scale).

Permeated and unpermeated gas(bleed gas) leaving the cell
are cooled to room temperature by cooling ceils HX-1,2, and
their pressures and flow rates are measured by Bourdon
tube pressure gauges PG-2,3(0 - 1000kPa, 0.1%F.S.) and mass
flow meters FIR-2,3, respectively . Control valves cv-2,3
are used to regulate the pressures. Permeation temperature is
measured with six sets of thermocouple, they are welded on‘.
the-surface-of the outer shell of the permeation cell.

Swage locks and brazing connections were used to joint
all parts of the apparatus to keep the leak rate lower thanr

6atm.cmB.He/sec.

1 x 107
The permeation cell is constructed with an outer shell
(l16mm outer diameter, 1l2mm inner diameter, 370mm long, SUS316),

an inner shell (6mm outer diameter, 4mm inner diameter, 3l4mm

long, SUS316) , palladium alloy tube(l.émm outer diameter,

8 x lO_3cm thickness, 96.7mm effective length) and others.
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The end éf the permeation tﬁbe is sealed, and the other end
is brazed to nickel tube(2.03mm outer diameter, 103mm long) .
Nominal content of silver in the palladium alloy is
about 25%, whereas a certain amounts of gold and ruthenium

are assumed to contain.
2.2 . Basic .permeation characteristics(s)
In the experiments, basic permeaticn characteristics, that
is, pressure aﬁd temperature dependence of permeation flux,
permeation coefficient, diffusion coefficient and isotope
effect, were measured with the permeation cell.
Figure 3 shows a typical experimental result. In the Figure,
permeation fluxes for H2 and D2 obtained at various tempera-
tures were .shown against sguare root pressure difference.

Here, P, and P, are the driving and back pressures in the

h 2
cell, respectively. Most of the data at each temperature lie
on straight-lines, indicating that Sieverts’ law are held in
the experimental range. The slope, which is equivalent to
permeation coefficient, increases with the increase of the
temperature. Arrhenius relation between the permeation
coefficient and temperature was also observed. From these

experimental results, following experimental egquations were

determined by least square method.

QH = 7.31 x ].O“7 exp [- 13;0 ] (mol.cm/cmz.min.kPal/z)
_ -7 1470 ‘ |

where, QH and QD are the permeation coefficients-.‘for';H2 and’

D respectively.

2!
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2.3 Chemical reactions in permeation cell

The permeation cell was aésembled with palladium alloy
membrane tube, nickel tube and stainless steel tube. These
structural materials are considered to have catalytic activity
for gases such as Hy» 02, NH3, CH4, CO and so on. )

Chemical reactions in the cell were examined with H2—1.02%
NH, and HZ-O.I%OZ-O-IOS%CH4 systems. Table 1 summarizes the
experimental conditions, and analytical results of bleed
gases éﬁd the composition ofrfeed gases. In each run,
flow ratio of feed to bleed was changed from 2 to 8 under
constsnt temperature(707K). Gas analysis was done by means
of TCD type gas chromatograph.

Precision of gquantitative analysis of ammonia is not
so good because of its high condensibility. However, runs
{ I-1 — 3 ) show that concentration of ammonia in bleed gas

is roughly proportional £o the flow ratio. In runs (I-4 —
7), concentration of nitrogen increases with decreasing of
gas velccity in the permeation cell. The experimental result
indicate that catalytic decomposition of ammonia, that is |

2NH_ =N, + 3H2, proceeds on the surface of the metals.

3 2

In respect to tritium recovery from tritiated ammonia, this .

reaction is favorable.

Wwith the H2-02—CH4 system { Run I-8,9 } ,concentration of

oxygen is markedly reduced without producing carbon mono-oxide.
Due to the adsorption-desorption characteristics of column

packing ( molecular sieve-5A ) of gas chromatograph, water

vapor and carbon-dioxide could be measured. However,
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oxidation of methane'such as CH,+ 202:32002 + 2H,0 or CH, + 1/2

0,==C0 + H2 are assumed to be unprobable because of high

2
catalytic activity of palladium for the reaction 2H2 + 02

*—2H20.

2.4 Effects of impurities
Many species of impurities are assumed to be included in

fusion reactor exhaust gases. The estimated species are 02,

(1y-(3)
2 Ar ) .

These impurities should be removed to ensure effecient

NH3, CH4, co, coz, H.O and inert gases{ He,

and safe operation of cryogenic distillation system( hydrogen
isotope separation process }.

In the experiments, effects of these impurities, which
are considered to be poisonous for palladium alloy membrane
were examined. The experimental conditions were as follows,
driving pressure; 120 - lSOOkPa,'temperature; 653 - 853K,
concentrations of impurities; 10 - 10000ppm. Effects of
high temperature exposure to methane gas and vacuum oil
vapor were also examined.

Figure 4 - 6 and Table 1 show typical experimental results.
In the Figure 4, it is apparent that decrease of the -
permeation flow rate did not occured during operation( about
24hrs ). Steady state flow rates for H2—1.02%NH3 system and

H2~0.l%02—0.105%CH system were eguivalent toc about 97% of

4

that for pure hydrogen. The result was based on the difference

of hydrogen pertial pressure in the cell.

Table 2 summarizes the experimental conditions and the.
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effects of methane gas exposure. The exposure was performed
at high temperature( 709 - 823K ) .and high pressure( 134 -
382kPa). Whole time of the exposure was 120hrs. BAs seen in the
Figure 5, Sieverts’ law was held for run(M-4) and no
hysterisis was observed in the relationship between flow rate
and square root pressure difference. The permeability of

the exposed permeation cell apparently agrees with that of
clean cell activated by treatmets of air baking and hydrogen
reduction. Similar results on the pressure dependence of the
permeability were obtained in the previous runs (M-1— 3).
Mechanical strengfh of the cell was enough to be operated at
high pressure{ 850-940kPa ) and temperature (710K }.

Figure 6 shows the effects of oil-vapof exposure( at 713K )
and of activation treatments. Although a marked deterioration
of the permeability occured by contamination with oil vapor,
recovery of it was easily performed by air baking ( regquired
time was about 30 min at 713K). Permeation coefficient
after the treatment agreed with that of clean permeation

1/2

cell( 2.7 x 10_7mol.cm/cm2.min.kPa 1.

2.5. Effects of thermal cycling

In orde: to test the effects of thermal cycling on the
permeability and the mechanical strength of a commercial
palladium alloy (Pd-Ag.Au.Ru) membrane, permeation character-—
istics of the membrane during several thermal cyclings were
examined. The cyclings were performed in H2 gas atmosphere

at 390kPa. Permeability was measured at high pressure range
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(101 - 973kPa) and high temperature( about 710K). Table 3

and Figure 7-9 show typical experimental results. As shown in the
Table and the Figure 7, constant pressure dependence( Sieverts'’

law ) and constsnt permeation coefficient were obtained Up

‘to high pressure (750 - 970kPa ). In the Figure 8§,

which shows the permeation flow rate of the permeation cell
during cooling, cooling velocity was about 2 degree/min. (716
-470K) and 0.7 degree/min (470 - 340K). It is noticed that
two Arrhenius relations exist in the line drawn against
reciprocal temperature. Palladium in the temperature bellow
473K are considered to form palladium hydrides. Figure 9,
which was obtained at 553K, reveals that pressure dependence

of permeability is similar to those obtained at high temperature

( about 700K ), and that mechanical strength is maintained.

Through this experimental work, it is proved that the
present palladium alloy membrane has high resistivity against

thermal cycling in hydrogen atmosphere.
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3. Design of palladium diffuser
3.1 Operating conditions of diffuser

In design of diffuser, operating temperature and
hydrogen concentration in bleed stream from diffuser are
important parameters. Although it is easy to procduce pure
hydrogenisctopesby palladium alloy membrane method, it has
a-weak point in obtaining bleed stream without hydrogen. In
order to attain sufficient recovery of tritium in feed gas,
it is necessary to reduce concentration of hydrogen
gases in bleed stream as low as possible. The practicable
concentration will be determined by evacuation capacity of vacuum pump.

To prevent tritium leak through structual materials of
diffuser, operating temperature and driving pressure are
desirable to be lowered. As seen in Figure 8, permeability
of Pd-alloy membrane varies not so largely in the temperature
range of 200°C - 400°C. However, operating temperature
should be taken sufficiently higher than the point of
formation of palladium hydrides to obtain large and stable
permeation coefficient. In present design, 573K(300°C) was
selected as operating temperature of diffuser.

Back pressure should be determined by the regquirement
of hydrogen concentration in bleed [Hz]b' It is expressed

by partial pressure of hydrogen,

[H,] ~
2°b ~ P{HZ]f Ph

where, P[Hz]pand P{Hzlf are the hydrogen partial pressure
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of permeated stream and feed stream, respectively. Py and

Ph are back pressure and driving pressure, respectively. PlHpl¢ is
approximately equal to driving pressure.

Entire concentration of impurities in fusion reactor exhaust
gases is assumed to be very low, a few percents at most, so

2]f is approximately equal to total pressure of the
exhaust gases. _Therefore, to.reduce LH2]b to the order of
one percent, bagk pressure must be lowered less than 1/100 of

that of driving pressure.

In case of P[H = peT 0 and P[Hz]f = Ph, hydrogen

ZIp
permeability is proportional to the square root of driving
pressure , so that elevating of the pressure is not so effective.

For the reason, design value of the driving pressure is taken

as 101.3kpra(760Torr),

3.2 Analysis of separation characteristics
A mathematical model was formulated to predict the

separation characteristics. In multi-tube type Pd-diffuser,
hydrogen partial pressure decreases along.the diffuser because
of permeation. Computer simulation gave partial pressure
and permeation flow rate of hydrogen as a function of distance
from inlet of +he diffuser.

The simulation was made under a few assumptions as

follows.

1) Pressure and temperature in diffuser do not vary with

both the longitudinal position and time.
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2) Gas contains tritium and unpermeable impurity.

3) Radial mixing of gases in diffuser is complete.

4) Back pressure is negligible.

5) Area of membrane is constant.

Figure 10 shows the mathematical model of diffuser. A

flow path in the diffuser was divided intec N elements. Each element
was assumed to be a Continuous Stirred Tank Reactor (CSTR},
in which flowing gases are mixed perfectly. The material

balance equations for the n-~th element are,

where, H_ is the flow rate of hydrogen left the n-th element,
In is the impurity flow rate which is constant alomg tube,

Pn is the hydrogen flow rate permeated through the

n-th element.

Since permeation obeys Sieverts' law, Pn is described by

H .
n ] H o+ 1

where, Q is the permeation coefficient, and A is the wall
area of an element.
Since the eguations were described by finite-differance

method, certain boundary conditions were reguired. The



JAERI-M 9747

contents of feed and bleed streams were given as boundary

values
Impurity concentration in feed, L
HN+l + I
Hy
Hydrogen concentration in bleed,
Hl + I

To avoid difficulties in dealing with nonlinear egquation,
calculations were performed by iterative procedures.
Constants Qere taken at conditions of driving pressure
; 760torr (101.3kPa}, back pressure ; vacuum, temperature ;
573 K. Assumed tube size was ; l.6mm O0.D., l.44mm I.D. and

600mm long. Permeation coefficients for hydrogen isotopes

are shown in Figure 11. Lines for hydrogen and deuterium are
data c¢btained experimentally by present study, and & line for

tritium is determined by the permeability ratio(T/H =y§.05),

l.(6). Design value of tritium

1/2

permeation coefficient, that is 1.03 x 10_7mol.cm/cm2.min.kPa '

which is repcorted by Fujita et a

is cobtained at 573K.
Figure 12 shows the summary of results for concentration

profiles, which was obtained from solutions for Hp.
Parameter 1/N is a measure of longitudinal mixing in diffuser.

The value of H + I 1is the feed flow rate, whicﬁ_can be

N+1
treated with diffuser under the given boundary conditions.
Calculation gave the value as a function of tritium concent-
ration in bleed {Tzlb. Figure 13 reveals that in order to
obtain low [TZ]b’ giving high recovery ratio of tfitium,

feed flow rate should be reduced. However, as seen in the

Figure, dependence of feed flow rate upon [Tz]b and parameter
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N is guite small (this fact is very impertant in design of
real diffuser).
Parameter N was estimated to be 120-180 experimentally

and numerically for 60cm tube. It is indicated that flow

pattern in the diffuser is nearly plug flow. Although some
unfavorable effects such as incomplete radial mixing or
pressure drop may occur in real dissuser, deviation from

present calculations and experiments will not be so large(7)

3.3 Specifications of diffuser
Based on the calculations, palladium diffuser which
recovers most of hydrogen from gas mixture can be designed.
Figure 14 shows an example of the diffuser with Pd-alloy
tubes. The number of tubes and flow rates of gases are
determined with the inlet conditions of a fuel cleanup system.
Table 4 is the summary of reguired nurber of palladium alloy
tubes and diffuser size. Parameter N and [Tzlb were taken
as 60 and 0.01, respectively. A diffuser with 100 tubes is
sufficient to purify the gas'under feed conditions of TSTA.
In order to reduce tritium concentration in bleed to 1%,
the bleed flow rate should be regulated, and the back pressure
of the diffuser must.be also maintained at the order of 0.13kPa.
A few commertial pumps are available for the purpose.

Examples are shown in Table 5 and Figure 1l5.



JAERI-M 9747

4. Description of Fuel Cleanup System (FCU)
4.1 FCU system in TSTA

The main functions of the fuel cleanup system for D-T
reactor are,

(1) to remove accumulated impurities from the reactor

exhaust gas and neutral beam gas, and

(2) to recover tritium from tritiated impurities for

reuse in the fuel cycle and to minimize tritium
release to the environment,

Although variety of process alternatives have been
proposed, ncne has been proven in a continuous operation mode
with tritium.. Therefore, as shown in Figure 16, a hybrid
type of FCU system utilizing hot metal getter beds (HMB)
system and cryogenic molecular-sieve beds (MSB) system has
been developed in Tritium Systems Test Assembly (TSTA) in
Los Alamos Scientific Laboratory. TSTA is a project to
develop and demonstrate the processes and equipments
necessary for the safe handling of the equimolar mixture of
deuterium and tritium planned as the fuel for commercial
fusion reactors.

In HMB system, uranium metal is used as getter because_of
its selective reactivity for various impurities at high
temperature. As seen in Table 6, hydrogen gas can be obtained
from (D,T)zo, N(D,T)3, C(D,T)4. Difficulties in the system
are ; permeation of tritium at high temperatﬁre, consumption
of getter by formation of uranium oxides, carbides and
nitrides, furthermore, necessity of cryogenic adsorption bed

and its regeneration system to remove Argon.
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MSB system is composed of twe catalytic oxidisers and one
crYogenic molecular-sieve adsorption bed. The primary
oxidiser followed by cryogenic adsorption bed is used (450K)
to remove free oxygen in the exhaust gas of fusion reactor.
The removal of impurities except helium takes place in the
adsorption bed(75K). The secondary oxidiser followed by freezer
is used for recovery of tritium from regenerated gas of
cryoéenic adso;ption bed. Tritium compounds in the
regenerated gas are converted to DTO, CO2 and N, . Tritiated
water frozen out in the freezer (160K) is periodically

decomposed by hot metal bed or electrolyzer to recover

tritium.

4.2 Alternative FCU system with Pd-diffuser
{1} D-T reactor exhaﬁst gases
The species and concentrations of impurities in reactor
exhaust gases are not known with certainty. In the present

design study, following feed conditions are determined by

refering to the FCU inlet gquantities of TSTA.

(H,D,T) 5 14.834 mol/hr {(92.3%)
C(#,D,T), 16.071x107> " (0.1%)
N(H,D,T), 16.071x10™> : (0.1%)
(H,D,T) ,0 80.357x107> " (0.5%)
Ar |  964.286x107° " { 6% )
He 160.286x107° " (1% )
total = 16.027 mol/hr {100%)
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(2) Process description

Figure 17 shows the chemical flow sheet of the alternative
FCU system utilizing Pd-diffusers, catalytic oxidiser,freezers
and zinc metal beds. The inlet stream of the system is
separated into two streams by first Pd-diffuser (driving
pressure; l0lkPa, back pressure; 0.13kPa, operating tempereture;
573K} . The one is hydrogen isctopes stream permeated
through palladium alloy membrane. This stream contains no
impurities, so that it is directly transfered to ISS{
cryogenis hydrogen isotope separation process).

Another one is impurity stream with small amount of
tritium, which is bled from the diffuser. This stream is
treated with catalytic oxidiser followed by freezers to

recover tritium from tritiated compounds. That is, C(H,D,T)4,

N{H.D.T)3 and hvdrogen are converted to tritiated water and
tritium-free gases(Nz,COZ). To aveid explosive reaction

in the oxidiser (773K), concentrations of combustible components
are reduced by recycling(reflux ratioc; 2) the outlet stream

of the oxidiser. 1In the present design, the inlet concentrations
of hydrogen, methane and ammonia are 1/10 of that of bleed

stream from diffuser.

Tritiated water, subsequently frozen out at 160K, is
periodically'vaporized and routed to subsystem, which is
composed of two zinc metal beds and a small Pd-diffuser(
required area of the membrane is 1/100 of that of first

diffuser ).

The freezer exhaust gases, Ar, He, 02, N2 and Cozrreceive
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final detritiation in Effluent Tritium Removal System (ERS) .
The system in JAERI will be constructed with catalytic oxidiser
and molecular sieve bed. Assuming the equilibrium vapor
concentration at 160K is 0.0013ppm and isotopic ratio of
hydrogen (T/D) is 1.0, the amount of tritium exhausted from
the freezer is about 12Ci/yr.

7inc beds in the subsystem are alternately operated to
decompose tritiated water by forming stable oxide of zinc.
When the capacity of one bed is exhausted, flow is switched
to another bed.

Second Pd-diffuser can separate hydrogen from impurities,
which are CO, and water vapor passed through the zinc bed.

Because the subsystem is operated in circulation mode,
the bleed water can be perfectly decomposed. Therefore, if
moderate reaction efficiency per path is achievable in the
zinc bed, the operating temperature can be lowered than present
design temperature.

When partial pressure of hydrogen comes to 1.3kPa, gases in

the subsystem is returned to the inlet of the catalytic oxidiser.

Principal impurity is CO,.

In order to evaluate the present system, advantages

and disadvantages of alternative FCU systems are summerized

in Table 7.
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5. Conclusion

Feasibility of palladium alloy membrane method was con-
firmed by experiments. No poisoning was observed in experi-
ments with impurities supposed to be contained in plasma
effluent gases. Thermal cycling in hydrogen atmosphere
caused neither brittle failure nor distortion of palladium
alloy tube.

Computer simulation of palladium diffuser was performed.

multi-tube type diffuser can recover most of hydrogen in
reactor exhaust gases. A diffuser with 100 permeation tubes
(60cm long) will be able to purify the feed gases of TSTA
under condition of 573K, 101lkPa.

A design study of fﬁel cleanup systém was made. An
alternative FCU system without hot uranium beds and cryogenic’
molecular-sieve beds becomes available by adopting palladium
diffuser . Advantages of the present system are, produétion
of hyper pure hydrogen isotope stream, non-production of
uranium wastes, non-necessity of special helium separator.

In the further study, it is necessary to develop such
components as catalytic oxidiser, freezer, zinc bed, and to

demonstrate whole system in continuous operation mode with

tritium.

A
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Table 5 Specifications of S.R.T.I. pumps
TYPE PBT-124 PBT-135 PEBT-105
number of cylinders 5 4 3
number of stages 4 5 5
minimum intake
* 1 0.7 0.7

pressure (Torr)
intake flow rate(m3/hr) 4.5 15 8.1
maximum exhaust

pressure (bars) 15 5 5

* exhaust pressure =

760 Torr

Reactivity of uranium metal

Table 6
Reactant Reaction Temperature (°C) Products

H2 250 a—and B—UH3
N2 700 UN , UN2

O2 150-350 UO2 , U308
H20 100 UO2
NH3, 700 UN
CH4 635-900 ucC

CO 750 U02+UC

CO2 750 U02+UC
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PERMEATION CELL HX-1 V-2 PERMEATED GAS
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OO || B
3& “J
| Cv-1 FIR-3
FIR : MaASS FLOW METER
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Fig. 1 Conceptual flow sheet of experimental apparatus
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Fig. 2 Detail structure of permeation cell



JAERI-M 9747

-4
x10 O
- —o— % 7 (2)
-__‘Q___ D d
(1) i )
= 853K (3
10 |- oL Sy
{2) = B23K .
T (3) = 773K . 5)
5 gk 0 _
E =
';é : {4) 733K o n "(})(2)
-
3 {(5) = 653K O g .
- 6 p o o ,,0:, (q; |
— - - .
> AR (5)
— . ."%,’:.O’ ol
- () ,;::I: ”D”
L R .
P P
o/ R A
y 5t
Ay -
Ve
S Aoy
0 W= | & | | | I
0 5 10 15 20 25 30
/P - VP, (JkPa)
Fig. 3 Basic permeability for Hp and D3
IMPURITIES {PPM) o« T = 643 ~ 647K
Run
0, NH; CH 0 co, N o Ph = 588 ~ 596kPa|
------ - - - - - - - o Pr = 101.3kPa
< |1-12] 98 - - - - -
e |r-13| - 10200 - - - - o feed flow rate
o |r-12j1000 - 1050 - - -3
v |r-15|(8.56 - 10,8 10,3 8.60 12.5 = 2x10 "mol/min
A |1-16] 101 - 97.4 90,2 9.8 9.2
_ ° flow ratio({feed
- i . 9%
«10 4 *  purity » 99.9999 /bleed) = 70
50 |- —
= :
—le 4,5 3 '"5255"808' g__g__g&_y___ —
ol -~ <>
“ %}W g o®o®
4.0 [ ] ] | ]
0 5 10 15 20 25 30
t ( hr )
Fig. 4 Effects of impurities on hydrogen permeability



JAERI-M 9747

AaTTTqeswaad usboapiy

uo oansodxs yodea TTIO JO s3093I3d
(eot/y  Hp - 47
0 0c ot 0
T ] I \\\\\.ﬂ.\
- ’,
AETL = PRl
- aameradey uotyesumed i -
i \\
&
uomrnoens butmp xodea —
Tre dund urmoea y3Tm
| pojeuTieuos | I-0
UTIDg 303 NETL e bureg
are Aq paneataow { L-0
— (buyseszoep g, b fa s QT
{BuTSERIOUT Yd " ) M P z0: O
(butsesoep ua R R
(butseazouT yg emssaid ) 8y amd ! 1-0 - 'S

9

BTy

AL

=
T (=]
T

Jigailang

o1
4 OT%

AztTrgesuxad uaboiply

uo ainsodxs seb suryldw JO SIODIFA

cean/y) My o- T4y
0¢ 0T

G °bta

I — ] _ |

buisesinep ¥d ¢ AV

butseorout ya ! 4

.

(IE T/ =0y eaadies
vortjeaumad) ‘VETL 3R UOTIONPSaI

uaboipAy pue butyeq ITe Aq
Pe31BATIOR T80 uesTo
(eo/=ommieradusy uoTieRu™d) p-W funy

wo / Tow ) H_E

Z

w
{ uru

01

AN 8 9 : [4

01

0T x



JAERI-M 8747

B, t xpa) 5
x 1078 . x 10
. 2 4 6 8 1012
1 v i 1 3 T
2 — @O : Pun: T-5 { 709K )
—  : cglean cell ( 713K
56
E
~
=
o
~~ -
=
£
= Y
7 =
Q 5 Ph increasing
. ; PL decreasing
0 ;e ] 1 | 1
0 10 20

[P - [P, (/R
Fig. 7 Effects of thermal cYcling on hydrogen permeability

{mol / min )

Wy

| | l |
1.5 2.0 2.5 3.0
wo/7 (&

6.1

Fig. 8 Permeability during cooling down
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