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Mechanical design of a PERMCAT reactor module
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bstract

The PERMCAT is a membrane reactor proposed for processing fusion reactor plasma exhaust gas: tritium removal is obtained
y isotopic swamping operating in counter-current mode. In this work, a membrane reactor using a permeator tube of length about
00 mm produced via diffusion welding of Pd–Ag thin foils is described. An appropriate mechanical design of the membrane
odule has been developed in order to avoid any significant compressive and bending stresses on the very long and thin wall
ermeator tube: two expanded bellows have been applied to the Pd–Ag tube, so that it has been pre-tensioned before operating.
The elongation of the metal permeator under hydrogenation has been theoretically estimated and experimentally verified for

roperly designing the membrane reactor.
2006 Elsevier B.V. All rights reserved.

o

eywords: Tritium; Pd membrane

. Introduction
Palladium–silver permeators were developed for
eparating hydrogen isotopes in plasma exhaust clean-
p processing: in fact, palladium alloys dense mem-
ranes are characterized by a complete hydrogen selec-
ivity and are applied in continuous processes.

∗ Corresponding author. Tel.: +39 06 94005160;
ax: +39 06 94005374.

E-mail address: tosti@frascati.enea.it (S. Tosti).
1 Tel.: +39 06 94005160; fax: +39 06 94005374.
2 Tel.: +39 06 97273277; fax: +39 06 97273277.
3 Tel.: +49 89 3299 4235; fax: +49 89 3299 4198.

O
w
p

(
n
o
a
t

d

920-3796/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.fusengdes.2006.08.003
A preliminary study of a fuel clean-up system based
n a Pd–Ag diffuser was designed by Yoshida et al. [1].
ther works were presented in the literature concerned
ith the technological solutions of the fusion fuel cycle
rocess by means of membranes [2–4].

Since 1990, at the Tritium Laboratory of Karlsruhe
TLK) Pd–Ag permeators were operated at the tech-
ical PETRA facility in presence of small amounts
f tritiated impurities: especially, the experiment was

imed at investigating the effect of helium concentra-
ion inside the membrane [5].

After that, a membrane reactor, the PERMCAT, was
eveloped at Tritium Laboratory of Karlsruhe to the

mailto:tosti@frascati.enea.it
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permeance: however, the reduced thickness needs a
particular design in order to ensure a long life also in
presence of thermal and hydrogenation cycling [10].

Fig. 1. Thermo-mechanical press used for joining the permeators via
diffusion welding.
54 S. Tosti et al. / Fusion Enginee

urpose of detritiating plasma exhaust gases in a con-
inuous process [6].

The PERMCAT reactor has been proposed for
econtaminating gases containing up to 1% of tri-
ium in forms of water, hydrocarbons or molecular
ydrogen isotopes. This reactor has been studied in
rder to reduce the amount of protium necessary, and
o minimize the memory effects by segregating the
ontaminated parts from non-contaminated parts of
he membrane unit [6,7]. In this reactor, the triti-
ted species are sent to a catalyst bed while H2 is
ent in counter-current mode inside a Pd–Ag tube
electively permeable to the hydrogen isotopes. On
he catalyst, tritium is exchanged with protium by
sotopic swamping; as an example, the swamping
eactions of tritiated methane and tritiated water are
eported:

H2 + CQ4 ⇔ CH4 + 2Q2 (1)

2 + Q2O ⇔ H2O + Q2 (2)

However, the mechanical design of the PERMCAT
eactor has to take into consideration the axial expan-
ion of the Pd–Ag tube: in fact, the hydrogen loading
f palladium involves the elongation of the permeator
ube which can be prevented by improper mechanical
onstraints.

The PERMCAT reactor permitted to attain a
igh decontamination factor in the final step of the
APRICE (catalytic purification experiment) facility

6]. The finger-type configuration was adopted in order
o let the membrane tube free in its elongation, due
o hydrogen loading and thermal expansion. The same
onfiguration, consisting of 21 finger-type Pd–Ag tubes
ith an outer diameter of 3.3 mm and a wall thickness
f 0.100 mm, was applied to a PERMCAT reactor pro-
osed for impurity processing in the JET Active Gas
andling [7]. This reactor was designed to cope with a

ritiated gas flow rate of at least 1.5 mol h−1, containing
p to 1% of tritium in different chemical forms, such
s water, methane or molecular hydrogen. Finally, the

ERMCAT was applied in the third step of the CAPER
rocess developed at TLK for the final clean-up of
TER exhaust gases: the results from preliminary tests
emonstrated that an overall tritium removal efficiency
f the CAPER process of about 108 can be reached
8].
d Design 82 (2007) 153–161

. Thin wall Pd–Ag permeator tube

A procedure of cold rolling and diffusion weld-
ng of thin Pd–Ag foils has been developed at the
NEA Frascati laboratories for producing thin wall

ubes [9]. These permeators have a thinner wall thick-
ess (0.050 mm) compared with the commercial ones
0.100 mm) and, therefore, exhibit a higher hydrogen
Fig. 2. Scheme of the thermo-mechanical press.
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Table 1
Coefficients of the expression (3)

Temperature range (K)

293–530 530–713

a (K−6) 2.316 × 10−16 −1.376 × 10−15

b (K−5) −6.160 × 10−13 5.166 × 10−12

c (K−4) 6.801 × 10−10 −8.051 × 10−9

d (K−3) −3.989 × 10−7 6.666 × 10−6

e −2 −3 −3
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The thin wall permeator tube used in the PERM-
AT has been prepared by starting from a commercial
d–Ag foil (GoodfellowTM) of thickness 0.125 mm.
he metal foil has been cold rolled by a four-high mill:

wo strips of thickness about 0.050 mm have been pro-
uced. After annealing at 900 ◦C for 1 h under a vacuum
tmosphere, the Pd–Ag foils have been joined by dif-
usion welding to form two thin wall tubes of diameter
mm. The thermo-mechanical press shown in the pic-

ure of Fig. 1 and in the scheme of Fig. 2 has been used
o perform the welds in an oven operating under vac-
um at 900 ◦C for 2 h. Then, the two membrane tubes
ave been joined by brazing in order to form a perme-
tor of overall length 516 mm.

. Assessment of the permeator elongation

An important problem arising in the mechanical
esign of the PERMCAT reactor originates from the
xial expansion of the Pd–Ag tube as a consequence of
oth heating and hydrogenation of the metal. In order
o correctly design the reactor module, the elongation
f palladium alloy permeators has to be assessed: this
valuation has been carried out both theoretically and
xperimentally.

Under thermal and hydrogenation cycling, depend-
ng on the temperature Pd–Ag tubes can significantly
xpand or contract as a consequence of the hydrogen
orption or desorption. The following interpolated for-
ula was obtained from published data [11,12] for the

hermal strain of hydrogenated Pd–Ag:

H/Pd−Ag = aT 6 + bT 5 + cT 4 + dT 3

+eT 2 + fT + g (3)

here εH/Pd–Ag is the thermal strain of the hydrogenated
d–Ag, T the absolute temperature (K), a, b, c, d, e, f and
are coefficients whose values are reported in Table 1.
By using the formula (3), starting from a non-

ydrogenated Pd–Ag tube, it has been calculated that
hermal and hydrogenation cycles in the temperature
ange from ambient temperature to 400 ◦C yield a max-
mum elongation of 1.5% or, alternatively, a hydro-

enated Pd–Ag tube reduces by about 1.5% its length
fter cooling from 350 ◦C. In fact, at the beginning of
ts life, a Pd–Ag tube is assembled inside the mem-
rane module in non-hydrogenated form at ambient

2

t

(K ) 1.306 × 10 −3.092 × 10
(K−1) −2.256 × 10−2 7.615 × 10−1

1.601 −7.774 × 10−1

emperature: therefore, the hydrogenated tube at ambi-
nt temperature has to be considered in order to assess
he most severe case (i.e. maximum expansion).

In order to verify this calculation, an experimental
est has been carried out on a standard thin wall tube of
iameter 10 mm, wall thickness of 58 �m and length
33 mm produced via diffusion welding according to
he technique described above.

.1. Testing apparatus

The Pd–Ag membrane has been joined at its two
nds to a steel tube and a steel plug by a brazing proce-
ure: the resulting permeator has been tested by using
he membrane module and the measurement appara-
us described in Fig. 3. The experimental apparatus
onsists of a hydrogen generator producing the gas by
lectrolysis of distillated water, a nitrogen cylinder pro-
iding the sweep gas, two mass flow controllers (MFC)
t the inlet of the membrane tube (feed side) and shell
ide, three pressure gages (PI) at inlet and outlet of the
embrane tube and at shell outlet, two thermocouples

TI) on the membrane and Pyrex shell, a heating system
or controlling the membrane tube temperature.

The permeator has been inserted into a Pyrex shell
odule where the permeating gas (hydrogen) is col-

ected by a sweep gas stream (nitrogen). To evaluate
he axial expansion of the tube, a finger-type assem-
ly of the permeator has been applied: in this way, the
embrane tube is let free in its elongation under ther-
al and hydrogenation cycling.
.2. Experimental results

Preliminarily, the tube has been operated at high
emperature for activating the surface and allowing the
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module and the experimental apparatus.
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Fig. 3. Scheme of the membrane

ydrogen take-up. Then, the Pd–Ag membrane has
een continuously tested during 20 days. A typical
aily test consisted of cyclic heating and hydrogena-
ion: starting from ambient temperature and low hydro-
en internal pressure (<50 kPa), the tube was operated
t 300–400 ◦C and at hydrogen pressures in the range
00–150 kPa, see Fig. 4. Finally, in order to maximize

he elongation, the tube has been exposed to hydro-
en pressure of 100 kPa at ambient temperature for
4 h: as compared to the initial length of 133 mm,
he elongation measured has been of 1.2 mm. During Fig. 4. Graph of a hydrogen loading and permeation test.
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he experimental campaign, the membrane tube has
een characterized in terms of hydrogen permeability
y measuring the transmembrane differential pressure
nder a controlled hydrogen permeating flux: the per-
eability coefficient evaluated by the Siervert’s law

greed the literature data [13,14].

. Membrane reactor design

The PERMCAT reactor uses the isotopic swamping
or final clean-up of tritium containing gases [7]. The
eneral principle of the reactor has been described in
ntroduction: its scheme is shown in Fig. 5. The tritiated
ases are fed into the shell side of a Pd–Ag membrane
eactor where the isotopic swamping with pure hydro-
en sent in counter-current and permeated through the
embrane takes place. However, the Pd–Ag permeator

ube cannot be fixed to the module at both its ends: in
act, the hydrogen loading of the palladium involves the
longation of the permeator tube that can be prevented
y improper mechanical constraints. Particularly, the
ombined compression and bending stresses of the very
ong and thin wall tube may cause its failure.

Accordingly, the design of the PERMCAT proposed

or JET and ITER [7,8] considers a finger-type Pd–Ag
ube of wall thickness 0.100 mm. To remove the reten-
ate stream, a stainless steel tube inserted inside the
ermeator tube is used. The shell side annulus of the

i
6
c
s

Fig. 5. Basic scheme of the
d Design 82 (2007) 153–161 157

embrane unit is filled by catalyst and has an inter-
al/external diameter of 3.3/5 mm: such a small dimen-
ion is essential to keep the diffusion pathways perpen-
icular to the gas stream short and, simultaneously, to
rovide sufficient linear gas velocity in order to avoid
ack diffusion of tritium. Protium is introduced into the
d–Ag tube, and the gas stream to be detritiated is fed

n the shell side in counter-current mode: the protium
tream permeates the Pd–Ag and decontaminates the
tream in the shell side by isotopic exchange. Simul-
aneously, tritium permeates into the Pd–Ag tube: as

result, an exponential tritium concentration profile
long the reactor axis is achieved under steady state
onditions, and the outlet stream of the shell side has a
ery low contamination with tritium.

.1. New PERMCAT design

The mechanical design of a membrane reactor hous-
ng the thin wall permeator tube produced by diffusion
elding at ENEA laboratories and complying the prin-

iples of the PERMCAT reactor has been studied.
In this configuration the Pd–Ag tube of length

16 mm, diameter 6 mm and wall thickness 0.050 mm
ontains the catalyst bed while the swamping gas is sent

nto a shell side annulus of internal/external diameter
/8 mm. The reactor module has two ConflatTM flanges
onnections in the membrane lumen side, while shell
ide connections are two VCRTM. In order to comply

PERMCAT reactor.
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Fig. 6. Sch

ith the safety requirements of tritium operation, the
inimum wall thickness of the 316 LN stainless steel
odule is 3 mm and the external parts have been TIG
elded and qualified by radiography and eddy currents
ethod. In Fig. 6, a scheme of the designed reactor is

hown, while Fig. 7 reports the mechanical drawing of
he module.

As shown in Fig. 6, both ends of the membrane tube
re fixed to the module. To ensure the reliability of
he device, a new mechanical configuration has been
pproached: the use of two metal bellows as well as
n assembling procedure that maintains the permeator
ube always tensioned during operation have been fore-

een [15].

In fact, being fixed to the reactor module on both
ts two ends, the very long and thin wall Pd–Ag tube

ay be stressed by a particularly harmful situation as

Fig. 7. Mechanical drawing of t
he reactor.

consequence of the hydrogen uptake: the constraints,
pplied to the two ends of the tube by the module, pre-
ent its free elongation from taking place and produce
uckling due to the combined bending and compres-
ive stress.The assembling procedure of the permeator
ube inside the module and its behavior under operating
onditions are shown in Fig. 8:

1) The permeator tube, consisting of the Pd–Ag mem-
brane joined to the two metal bellows and two
stainless steel ends, is inserted into the module
where one end is TIG welded. The permeator
length is shorter than the module length: the gap

has been calculated to be 7.5 mm (1.5% of the
Pd–Ag total length) by taking into account the
assessment of the membrane elongation described
in Section 2.

he PERMCAT module.
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ssembl
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(

(

3

Fig. 8. Scheme of the procedure for a

2) By means of a special device, the permeator tube
is pulled so that its second stainless steel end is
TIG welded to the module: the metal bellows are
thereby elongated.

3) The metal bellows apply a tension force F to the

non-hydrogenated Pd–Ag membrane tube.

4) The hydrogenated Pd–Ag elongates under opera-
tion: the contraction of the metal bellows compen-
sates for this expansion by reducing the tension

s

P

ing the permeator inside the module.

force applied to the membrane (F is zero in the
case of the maximum estimated elongation of the
permeator, 7.5 mm).

.2. Evaluation of the Pd–Ag membrane axial

tresses

The difference between the thermal expansion of
d–Ag and stainless steel is very small: in particular, it
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ecomes negligible if compared to the expansion due to
he hydrogenation of the palladium alloy [11]. There-
ore, in this calculation the thermal expansion of the
tainless steel housing has been neglected.

In the case of a rigid assembly (i.e. absence of bel-
ows) of the permeator fixed at both its ends to the

odule, the compressive stress applied to the Pd–Ag
embrane is evaluated by the formula:

= Eε (4)

here σ (MPa) is the axial stress, E (MPa) the Young
odule and ε is the Pd–Ag strain.
When the Pd–Ag tube is hydrogenated, the esti-

ated elongation of 1.5% is prevented and a resulting
ompressive stress of 1680 MPa can be assessed by
sing, for the Young module, the value of 112 GPa
btained from literature for pure Pd [16]. This com-
ressive stress is very large, particularly if applied to a
ery long and thin wall tube.

When the bellows are introduced between the per-
eator and the module, the static scheme of the appa-

atus is modified: under the hypothesis of a permeator
ube infinitely stiffer than the bellows, the maximum
xial stress of the Pd–Ag membrane can be evaluated
y the formula:

max = F

S
(5)

here F (N) is the force applied by the bellows to the
d–Ag membrane and S (m2) is the cross-section of the
d–Ag tube.

The force F can be calculated by the expression:

= k

2L
(6)

here k (N m−1) is the spring rate of each of the two
ellows and L (m) is the overall stroke of the two bel-
ows (i.e. the elongation of the Pd–Ag membrane to
e compensated, 7.5 mm). By using the spring rate of
.43 × 103 N m−1, a force F of 5.38 N and an axial
tress of 5.71 MPa result. In the case of a standard
ssembly of the permeator fixed to the module through
wo metal bellows, this stress value is considered as

compressive stress applied to the membrane when

ydrogenated: even though modest, this compressive
tress can result in damage at the membrane tube,
specially considering the combination of bending and
he presence of cyclic stresses and fatigue rupture.

m
c
m
a

d Design 82 (2007) 153–161

lternatively, by adopting the procedure described in
ection 3.1, a tension stress of 5.71 MPa is applied

o the permeator at the beginning of its life when,
on-hydrogenated, it is assembled inside the module.
uring operation, as a consequence of the hydrogen
ptake the Pd–Ag membrane elongates, the bellows
ontract and the axial stress decreases, thus becoming
egligible in the case of maximum hydrogenation.

This stress analysis has been performed by taking
nto account a vertical position of the reactor: in this
ase, the weight of the Pd–Ag tube filled with the cat-
lyst (about 20 g = 0.2 N) is negligible in comparison
o the tension force applied by the bellows (5.38 N).
lternatively, when the reactor should be placed hori-

ontally, the permeator tube bending, due to the weight
f the catalyst and the weight of the tube itself, involves
echanical stresses (about 10 MPa) that cannot be

eglected as compared to the axial stresses (5.71 MPa)
esulting by applying the tension force of 5.38 N via the
ellows. So, in the case of an horizontal position of the
ERMCAT, a higher tension force has to be applied by

he bellows, in order to avoid any compressive stress
f the thin wall tube.

. Discussion and conclusions

The PERMCAT reactor studied for processing the
lasma exhaust gas of JET and ITER uses a Pd–Ag
embrane tube selectively permeable to hydrogen and

ts isotopes. Its design has to take into account the
hemical-physical properties of Pd–Ag alloy under the
perating conditions. Especially, the hydrogen uptake
nvolves the elongation of the membrane tube and,
herefore, harmful stresses are applied by the module.
n order to overcome these drawbacks, previous appli-
ations have used finger-type permeators, as well as the
se of metal bellows, for compensating the membrane
longation.

In this work, a new mechanical design has been
nvestigated in order to use the Pd–Ag permeator tubes
roduced at ENEA. These tubes have a wall thickness
0.050 mm) reduced in comparison with commercial
nes (0.100 mm), and present higher hydrogen per-

eance. However, also a modest compressive stress

ombined with the bending of these very thin wall per-
eators of length over 500 mm (for the PERMCAT

pplication) may produce the failure of the membrane.
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or this reason, two pre-tensioned metal bellows have
een inserted between the permeator and the module in
rder to maintain the membrane tube always tensioned
r at least unstressed during operation. This new design
f the PERMCAT reactor has been applied to Pd–Ag
hin wall tubes produced via diffusion welding: how-
ver, it can be also appropriated in case of different
alladium permeators produced via other techniques
r having higher thickness.

This PERMCAT design can be easily scaled up to
he throughputs required for ITER by inserting several
d–Ag tubes in parallel into one stainless steel housing
here two opposite rigid flanges will be connected to

he pre-tensioned bellows of the permeator tubes. The
echanical stresses scheme of this multi-tube reactor

emains similar to the one tube solution: as an advan-
age, both the heating and the gas flow supply systems
re applied to the overall reactor module.

The design proposed may also be applied to Pd
embrane reactors used for producing pure hydro-

en from reforming and/or partial oxidation of hydro-
arbons and alcohols in small-medium size energetic
pplications, such as polymeric fuel cell systems. In
act, at present, the cost and the poor durability of Pd
eformers prevent their wide-spread use, while the reac-
or design proposed in this work for the PERMCAT
ses low-cost thin wall Pd–Ag permeators, and seems
o be promising in terms of increased reliability.
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