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Abstract and scope

Nuclear fusion power is one of the most challenging and promising worldwide
project for future carbon-free energy production. Currently, few experimental
fusion machines, so called tokamak, have been built in order to investigate the
fusion feasibility. A demonstrative fusion power reactor (DEMO) is planned to be
constructed in the next decades. Fusion reactors will perform the D-T (Deuterium-
Tritium) reaction. Deuterium is widely available in nature while tritium is present
in few traces due to its fast-decay (12.6 year). Therefore, it has to be produced in
situ by high-energy neutron (originated by the DT reaction) interaction with
lithium-based materials, called Breeding Blanket (BB).

Four BB concepts (solids and liquids) are investigated within the EUROfusion
programme for their possible implementation in DEMO together with their own
tritium extraction systems.

Concerning the solid Breeding Blanket concept, named Helium Cooled Pebble Bed
(HCPB), a Helium stream will be used to purge tritium from the lithium-base
pebble beds. Inside the Helium purge stream, Tritium will be present in form of Q;
and/or Q,0 (with Q=H, D, T) in few traces. For this purpose, two main Tritium
Extraction and Recovery Systems (TERS) have been identified for the DEMO
HCPB: 1) the reference solution, which is based on molecular sieve and cold trap
separation technologies and 2) the backup solution, which is based on membrane
separation technologies. In particular, the backup solution foresees a pre-
concentration stage, which reduces the helium content in the tritiated gas stream, a
Pd-Ag permeator that separates the hydrogen isotopes (Q) in the gas phase and a
Catalytic Membrane Reactor (CMR), which recovers the hydrogen isotopes in the
oxidized phase (Q20). The aim of this thesis is to experimentally investigate the
feasibility of the tritium extraction system based on the membranes technologies
that are very attractive because of their long durability, stability and the continuous
operation which allow to reduce the tritium inventory.

The dissertation presents the experimental performances of a Pd-Ag permeator and
a Catalytic Membrane Reactor for hydrogen isotopes recovery in gas (Q:) and
liquid phase (Q20), respectively. In ENEA Frascati, a single-membrane module
facility has been built to assess the performances in hydrogen separation and in
heavy water decontamination operated through Water Gas Shift (WGS) and

Isotopic Swamping (IS) reactions. Several tests have been carried out in order to



examine in depth the hydrogen permeation performances in different operating
conditions (temperature, pressure, He/H; ratio). The permeation tests confirm that,
at high He/H; flow ratio, the ability in hydrogen separation dramatically decreases
till to become useless at He/H, more than 50. Therefore, in case of the HCPB in
which the He/H; feed flow ratio is much higher, a pre-concentration stage is
necessary to reduce the He/H, feed flow ratio. Concerning the reaction tests,
different catalysts, one laboratory-made and one commercial, have been tested and
compared by performing WGS and IS. In case of WGS, one of most critical issue
is the by-product formation (particularly methane) that must be avoided. Several
experiments have been carried out with encouraging results. The reaction tests
demonstrate the possibility of performing high hydrogen reaction and separation
rates (up to 80% of total efficiency in a single step) with a very low methane
production (measured between 0.4%mo and 1.7%ma) at low pressure (1-3 bar) and
temperature (573-623 K). Regarding the IS reaction, lower but still good
performances have been reached (about 60%). The catalyst comparison
demonstrates the critical role of the catalyst choice that hugely influence the process
performances. In addition, also the effect of the operating parameters (i.e.
temperature, pressures and feed flow rates) on the reaction efficiency and methane
formation has been experimentally evaluated. Based on the design and the testing
of the single Pd-Ag module, successively a mechanical design of a 10-tube
membrane module has been assessed. The multi-tube membrane reactor has been
manufactured and integrated in a new experimental facility, which have been also
designed and commissioned to test the middle-scale membrane apparatus under
DEMO-relevant conditions. Particularly the results of the previous experimental
activity on the single membrane were useful for the identification of specific
operating parameters and the assessment of the permeation and reaction procedures
that allowed to correctly operate the new middle-scale system.

Future tests on middle-scale reactors, in view of DEMO, are necessary to validate
the scalability of the single-tube performances and allow to gain experience on the
engineering and operation procedure. Furthermore, in case of a good scalability of
the single-tube, a ready (back-up) solution will be available in few years for the
tritium extraction system of the HCPB DEMO blanket. On the contrary, if the
scalability would affect the tritium removal performances in Pd-Ag membrane
separation and reaction, the work presented could be a primary step towards a better

optimization of the multi-tube engineering concept.

10



1. The fuel cycle of fusion reactor

Nuclear fusion power is one of the most challenging and promising options for future
carbon-free energy production. A great deal of combined efforts is underway in order
to assess the feasibility and demonstrate the capability of large-scale power
production. Few experimental fusion machines (tokamaks), consisting in a toroidal
vacuum chamber where a burning plasma of hydrogen isotopes is magnetically
confined, were built (JET in Culham, UK) or are under construction (ITER in
Catarache, FR), while a fusion power reactor (DEMO) is planned to be constructed
in the next decades as foresees by the European fusion roadmap of H2020 [1]. So
far, JET is the main and largest operating fusion device and its scientific purpose is
focused on the preparation of ITER operation and safety. It has been recently
upgraded introducing an ITER-like first wall which is under testing in several
campaign [6, 7]. ITER is the halfway reactor aimed at assesses some plasma
configuration, operational procedure and technologies in view of DEMO. This last
one is under design and it will be the demonstrative fusion power plant. It currently

represents the single step between ITER and a commercial reactor [4].

The D-T reaction is the reference reaction for the first-generation fusion reactor. The
main reasons is that it exhibit the higher cross section (which is the main parameter

for the reaction rate) at lower energy or plasma temperature as shown in Figure 1.
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Figure 1. Cross sections of the main potential fusion reactions
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The fusion of the deuterium and tritium nuclei generates a Helium nuclide and a fast

neutron (14.1 MeV). The reaction is shown in (1)

2D + 3T - 3He(3.5MeV) + n(14.1 MeV) (1)

Where D and T are Deuterium and Tritium, He is Helium and n is the neutron. As
shown in Figure 1 the D-T cross section reaches acceptable values around plasma
temperature of 10 KeV (~ 108 °C) while around 100 keV (10° °C) the cross section
increases of almost five order of magnitudes. In this temperature range, the D-T
reaction has the highest ignition potential. The D-T reaction delivers 80% of its
power in the 14-MeV neutron, which energy will be converted and recovered in the
breeding blanket and 20% in the charged alpha particle. The neutrons absorption in
the breeding blanket will generate tritium from lithium and thermal energy (from ~2
to 4.8 MeV) by exothermic reactions. The significant fraction of the alpha energy
will be converted to electromagnetic radiation, deposited at the first wall, and
transferred to the thermal recovery system [5].

Although the reference fusion fuels are D and T, alternative fusion reactions could
be taken into account for the next generation reactor (Figure 2). It is the case of
tokamaks burning in a catalysed D-D mode, which look promising (first-generation
reactor). The environmental impacts of a D-T fuelled reactor will be related to the
radioactivity of the tritium and the activation and radiation damage of materials due

to 14-MeV neutrons, and the absolute requirement for breeding tritium fuel.

On the other hand, advanced fusion reactors may require start-up scenarios involving
the use of small amounts of D-T fuel for high and fast ignition, while less reactive

but, perhaps, more environmentally and economically acceptable fuels may be used.

First generation D+T — n + 4He 17.6 MeV
__»  n+%He) 365MeV
D+D — p+T (av.)
Second generation D+3He  —— p + 4He 18.4 MeV
Third generation p+1B —_— 3 4He 8.7 MeV

3He + 3He —» 2p +4He  12.9 MeV

Figure 2. Main nuclear fusion reactions in the future power plants [6]
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ITER (International Thermonuclear Experimental Reactor) and DEMO
(DEMOnstrating fusion power reactor) will perform the D-T reaction and DEMO

will become the reference experimental reactor for the first generation reactor.

The second-generation (D-®He) reaction is very interesting because it does not
require breeding and recovering tritium. It is characterised by a very low presence of
fusion neutrons but it is not completely a “neutron-free” reaction, due to D-D side
reactions, which generates 2.45 MeV neutrons and T inducing the D-T reaction.
Other interesting aspects of this reaction are the possibility to obtain electrical power
by direct energy conversion of proton without using a thermodynamic cycle with a
turbine. The “only” drawbacks are the availability of *He and the difficulty to achieve

the burning plasma conditions [7].

Power Plants based on nuclear fusion concept must be self-sufficient in term of

tritium production and fuels accountancy.

The main fuels involved in nuclear reactions will be deuterium (extracted from
water) and tritium (produced in situ) both processed, in spite of fission nuclear fuel,
in a closed fuel cycle. In particular, deuterium will be extracted from seawater in a
simple and well-proven industrial process. The process simply consists in "Heavy
water" separation from light water, or D-O in which D is deuterium, and then the
electrolysis allows to obtain and separate D; in gaseous phase [8]. As mentioned in

[9], since 1930s, the natural concentration of deuterium was estimated to be:

» D/*H = 1/4000 by measuring the intensity of Balmer lines in the spectrum
of natural hydrogen

> D/*H =1/5000 by means of mass spectrometry

> D/*H = 1/6200 on the basis of density differences between natural and

depleted waters (current reference value)
It means that the concentration of the deuterium in the water is 0.016%][10].

Differently, tritium will be produced in lithium-based breeding blanket which
consists in an thick layer (about 1 m) mounted on the plasma-facing side of the

chamber.

Inside the Tokamak, the fuel that is expected to be burnt, will be a very small fraction
of the entire fuel injected. The tritium burn-up fraction, interpreted as the fraction of

burnt fuel and the one injected in the vacuum chamber, will be around 1%, or less in
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ITER and few percentage (less than 5%) in DEMO [11]. Therefore, a huge quantity

of fuel has to be recovered and purified.
Additionally, the fuel cycle should be designed according to:

Fuel cost control and tritium accountancy
Tritium inventory minimization
Radiation losses minimization

Fulfilment of the stability on neutron irradiation

YV V. V V V

Condensable fuel, exhaust product and ashes management

Finally, the technologies and the processes to be adopted in the fuel cycle
dramatically changes depending on the mixture content in the exhaust and the
breeding blanket concept. Therefore, in order to fulfil all these requirements, the
fusion fuel cycles characterization is becoming one of the most important challenges
for fusion feasibility. Up to now, recirculation of unburned tritium is one of the major

problems of the D-T fusion reactors [5].

1.2 The Issue of Tritium

Tritium (from greek “tritos”, the third) is the radioactive isotope of hydrogen. It is a
weak B~ emitter (penetration in air ~6 mm and in metals less than 1 mm) with a mid-
short half-life (tr) of 12.3 years, which makes it very rare on earth (few traces).
Hydrogen isotopes, in general, are a colourless, odourless, tasteless and non-
metallic. When the three hydrogen isotopes gases are mixed, six different
isotopologues appear: Hz, HD, HT, D,, DT, and T.. Conventionally molecular
hydrogen isotopes will be cited as Q. (with Q = H, D, or T) and oxide form as Q-0
(meaning H.O, HDO, HTO, D,0O, DTO, T-0).

1.2.1 Tritium Properties
Table 1 reports the general properties of hydrogen deuterium and tritium. The
difference among them is due to the comparable mass of neutron and hydrogen,
which implies large mass differences among hydrogen isotopes. The isotopic effects,

meant as the differences of those physical properties, are much more pronounced

than the isotopic effects of any other elements.

Like hydrogen, tritium is highly reactive in:
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YV V V V

in air between 4 and 75%

Giving/Accepting electrons

Metal interaction (dissolution, diffusion, permeation etc.)

Thermodynamics and kinetics (isotope effect influence)

Explosion risks (Highly combustible diatomic gas Q) with a concentration

Regarding tritium, the radioactivity, therefore the decay type and the energy

emission promote the radiochemical reaction.

Table 1. Hydrogen isotopes: comparison of the general properties [12]

H. D: T2
Abundance (in atomic form) 99.985 % 0.016 % 10718
Density (kg m™)
at STP (0 °C, 101.325 kPa) 0.08988 0.180 0.2705
Heat of vaporization (kJ mol™) 0.904 1.24 1.39
Boiling point (BP) (K) 20.271 23.67 25.04
Liquid density at BP (kg m™3) 70.99 163.83 255.6
Heat of fusion (kJ mol™) 0.117 0.197 0.250
Melting point (MP) (K) 13.99 18.73 20.62
Solid density at M.P. (kg m™3) 86.3 196.7 45.35 mol L!
. . 13.804 K 18.69 K 20.62 K
Triple point (TP) (7.030kPa) | (17.13kPa) | (21.6 kPa)
.. . 32.976 K 38.26 K 40.44 K
Critical point (CP) (1293 MPa) | (1.65MPa) | (1.85 MPa)
Density at CP (mol m™) 15,200 16,700 17,700
Solid heat capacit
' pactty 6.2 11.8 16.1

at TP (@ mol~1 K1y
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Bond energy (kJ mol™1) 435.9 443.4 446.9

Tritium, like hydrogen, can be found in different forms:

> Molecurar (Q2)
» Oxidised (Q20)
» Bound (i.e. CQ, R-Q, Q20 etc.)

As reported in [13], Hydrogen is present in almost all materials. Tritium atoms will
exchange with hydrogen atoms to form tritiated molecules. This behaviour is
particularly prevalent in the biological systems in which hydrogen, deuterium and
tritium are readily absorbed in the tissues and they are retained for decades. Oxidised
form of tritium, although corrosive because of the radiolysis, are estimated to be
25000 time more hazardous than gaseous tritium inhalation because of the strong
interaction between the skin and the tritiated water. In the same way, tritium can bind
in organic [14] or inorganic [15] molecules in order to form tritiated product as i.e.
methane (CQ4) which is one of the common and problematic by-product in fusion

fuel cycles.

1.2.2 Tritium availability

As already discussed, Tritium it is very rare in nature because its decay in a short
half-life. However, there are different tritium sources, natural or not, which allow to

have consistent quantities on earth. Tritium is produced:

» In nature on the high atmosphere and in the Earth’s interior
» In Canadian nuclear reactors (CANDU)

» From lithium irradiation by neutrons

Cosmic rays are characterized mostly by high-energy particles such as neutrons,
which interact with the upper atmosphere. These interactions permit the formation
of many elements in stable or unstable form as described in [16] and [17]. Regarding
tritium, cosmic rays are the reason of the primary natural source of tritium on earth.

It is continuously generated by Nitrogen as shown in (2 ) and ( 3):

YN+ In - 12C + 3H — 4.3 MeV (2)
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UN+in - 3%He + 3H — 11.5 MeV (3)

The same Tritium (T) rapidly reacts with the oxygen in the air in order to form Q.0
(mostly HTO) blended in the atmosphere as humidity or suspended particle.
Consequently, due to the T decays with half-life of 12.3 years, tritium decays about
5% per year, therefore a balance of the amount of T is established with the production
and the decay. This mechanism assesses the concentration of tritium around 1078 in
natural hydrogen (T/H). This concentration, which is quite constant on earth, allows
to estimate the total abundance of T around of several kg [18]. Actually, the nuclear
weapon tests performed since 50s have been introduced in the atmosphere artificial

tritium, which is much more than the natural background.

Tritium is produced through fission of natural uranium ores. The natural production
rate is conventionally estimated around 0.18 kg y* [19]. Some studies confirm that
an additional tritium source could be the earth’s mantle in which nuclear fusion
reactions occur. In particular according with [20], the Tritium measured in the lake
bottom is 10% higher than natural background on lake surface. The authors assert
that «... the ®He and *H might be all from the mantle source, and produced by the
supposed natural-nuclear-fusion, which might occur in an environment rich in water
(H) and (U + Th) at high temperature and high pressure in the deep Earth.” with the

exclusion of nuclear tests or other nuclear reactions.

Acrtificial source of tritium can be attributable to nuclear fission reactors, in particular

CANDUs reactors and nuclear weapons tests.

Due to the strategic importance of tritium for nuclear weapons, few nuclear fission
reactors are dedicated to tritium production for military purpose while several civil
fission reactors such as the Canadian PWR (Pressurized heavy Water Reactor) also
called CANDU (CANada Deuterium Uranium) produce tritium because they use

heavy water as neutron moderator ( 4 ):

D+n-T+625MeV (4)

Within the CANDU reactor more than 97% of tritium is bred in the moderator system

under thermal neutron flux and a small part permeates in the coolant (~5%).

Since 1980s in the world, there are 38 active CANDU reactors, of which 22 built in

Canada. The number of active reactor remains approximately constant [21] [22]. For
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a typical CANDU 6 reactor, one of these power plants would produce about 130 g
Ty (average lifetime 50 year). Afterwards, two tritium removal facilities which
are the Darlington Tritium Removal Facility (DTRF) and the Wolsong tritium
removal facility (WTRF), achieve the tritium extraction capability of 3.27 kg yr*
only in Canada [21]. Commercial light water reactors are releasing T around 1
glyear/reactor. Most important tritium extraction facilities are at Savannah River
(US), Grenoble (France, 1972), Mound (US, 1986), Darlington (Canada, 1988), and
Chalk River (Canada, 1988) with 95-97% of removal efficiency [19].

Tritium became part of the hydrological cycle; the distribution in the environment
was estimated to be ~0.5% in the atmosphere, ~12 % in continental waters, and
~87.5% in oceans [17].

Tritium can be produced in some fission reactor (LWR, PWR or CANDU) or by

neutron irradiation of lithium or boron.

Lithium is the lightest metal in nature and one of the most common metal especially
in hard rocks. It is reference metal for battery energy storage (“Li which is the 92.5%
of the total lithium) and it is widely used in nuclear reactor for tritium production

(°Li with an abundance of 7.5%).

Tritium can be produced by neutron absorption in Li-based or B-based materials.
These nuclear reactions are now performed in some light or heavy water fission

reactors by using a special rod containing °Li, or 1°B. The reactions of interest are:

YR +in > 2%He + 3H (5)
SLi+ n > 3H + %He + 4.8 MeV (6)

Regarding the lithium, the same nuclear reaction will produce tritium in nuclear
fusion devices. Differently from “Li, 5Li has a very high thermal neutron cross-
section as shown in Figure 3, while the breeding cross-section of "Li is significant

only for fast reactions.
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Figure 3. Neutron cross-section for tritium breeding (Source: National Physical Laboratory)

Dedicated military reactors produce several kilograms of tritium (which inventory is

unavailable) by using LiAIO; or LiAl fuelled rods.

Tritium can be produced also in commercial nuclear fission power plants, as well
described in [23]. As confirmed in [19], the exact amount is limited by requirements
on criticality, flux profile, and electricity production. Since ®Li has a very high cross-
section, it burns out quickly. This means that the lithium must be located where it
can be readily and easily removed, or moved during the operations. On the other
hand, replacing the rods in LWRs more frequently would be major expensive. Just
to give an example, in this scenario, estimation of tritium production by LWRs (Light
Water Reactors) is about 0.1 kg T GWe™ y* with a cost of 2-3 times more than the

current price.

The possibility of using lithium in CANDU reactors is surprisingly possible because,
apparently, the tritium production does not affect the power production and the
operation could be more affordable. Nevertheless, the major practical limitation is
the time required to adequately develop and test a new ‘fuel' bundle and nuclear

procedure[19].

According to [21], the total T inventory for military use is estimated to be around
600 kg at maximum during the early 1970s. After ‘50s nuclear tests, the total amount
of tritium in the atmosphere was estimated to be around 500 kg [19]. The USA
inventory has been estimated [24] at 40 kg in 2003 while, for Russia the inventory
was about 66 kg in 1991, even though the US DOE (Department of Energy) has
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published a tritium management plan [25] in which they declared that the number of

nuclear US warheads has declined [26].

Nevertheless, the US tritium stockpile is not sufficient, and the DOE has started
producing fresh tritium by irradiating tritium-producing burnable absorber rods
containing lithium aluminate ceramic pellets in a single light water reactor. They
expect to use up to three Tennessee Valley Authority (TVA) reactors for this
purpose, to fulfil a maximum production requirement of 2800 g per 18-month cycle.
Use of the second reactor would likely begin in the early 2020s. In short, the US
government intends to produce only as much tritium as it believes it needs to

maintain its nuclear warheads with an adequate reserve.

Therefore, tritium production itself to satisfy the nuclear fusion requirement is not
only a problem in term of technology or infrastructure but it involves political and
military strategies and this is strictly related to the economic and social solidity of
all countries. This is confirmed also in [26] in which the authors declare that “Lack
of tritium cannot be considered a fundamental problem, since it can be generated in
any fission reactor even though the technical, political and economic issues are

significant.”

Next-generation fusion devices like ITER and especially DEMO, may consume
several kilogrammes of tritium per year [1]. Currently, around 100 g of T is produced
per year in a standard CANDU reactor and 20-25 kg T (mainly from Canada) will
be available for operation of ITER[12].

This corresponds to the initial required amount for ITER start-up operation (D-T
Reactions, T inventory in materials, T in tritium plant). This means that at present
we have no T reserves for DEMO, which is foreseen for 2050s in the European fusion

roadmap.

During these decades, tritium market will completely change due to the huge
increasing of fuel requirement. The supply of tritium for fusion will depend on the

availability of man-made sources [21].

Nevertheless, the tritium supply is a very critical issue for DEMO but even more for
further fusion devices. This aspect is evident considering that, by assuming 10 year
delay in ITER and therefore in DEMO (2060) and considering the half-life of tritium,
in 2060 tritium stocks will be very small, surely not relevant for the next fusion

machines. This is confirmed in [27] in which it is declared that the definition of the

20



timeline for tritium supply is very important for DEMO, which must breed tritium
from the very beginning and use about 5-10 kg amount of tritium for start-up

operations and produce its own tritium well before 2060.

Fusion should be developed in order to take advantage of the unique historical
opportunity in which tritium is available. In this short timeline, the development of
D-T fusion and alternative fusion reactions must be carefully planned worldwide
taking into account tritium availability as well as the development and deployment
of more efficient and performant breeding component [26].

1.2.3 Tritium measurements
Although Tritium chemistry is similar to that of other hydrogen isotopes, a number
of significant differences arise because of the different mass of the different

hydrogen isotopes. The tritium measurement techniques can follow two different

approaches:

» Tritium’s decay detection

» Tritium’s physical and chemical properties

Basing on radioactive properties, tritium can be detected and measured via:

a. Beta Induced X-ray Spectroscopy (BIXS)
b. Scintillation

c. lonisation Chambers

d. Solid State Detectors

e. Calorimetry and Bolometers

f.  Less-well established techniques (Cherenkow Radiation, Tritium imaging

plate)

On the contrary, basing on physical and chemical properties, tritium is measured

through:
a. Mass Spectroscopy
b. Raman Spectroscopy
c. Gas Chromatography
d. Nuclear Magnetic Resonance (NMR)

Spectroscopy Techniques (Infrared, Visible and Ultraviolet)

f.  Photoacoustic Spectroscopy
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The main methods for hydrogen isotopes measurement are listed in Table 2
considering the measurement range, time for analysis, advantages and
disadvantages. The measurement methods highlighted in grey are used in TLK

(tritium Laboratory Karlsruhe) in Germany.

Although there are different technologies for tritium measurement, only some of
them could be suitable or investigable for tritium plants and nuclear fusion power
plants. The reason can be summarized in the limitations of the specific technology
and the possibility to go beyond them. The study [28] gives a wide overview of the
promising techniques for tritium measurement in the future fusion device. Therefore,

only few of the techniques listed in Table 2 are described in this dissertation.

Mass spectroscopy is a powerful and widely used tool for monitoring tritium because
it is able to measure the mass differences between elements and their isotopes. It has
the ability to detect a large range of particles, not just determine tritium content, and
could be used for inline and real time measurements[29].

Table 2. List of the main methods for tritium measurement including the operative range, time for

analysis, advantages and limitation. In grey are underlined the major tritium detection methods used
at the Tritium Laboratory Karlsruhe (TLK)

Time
Measurement for o
Name . Advantages Limitation Ref.
range (Bg/m®) | analysis
(s)
e Time for
Calibration without measurement
) 10°-10% Bq 3x 10~ -
Calorimetry - tritium providing e high [29]
(total activity) | 7 x 10°
absolute accuracy detection
limit
e Wide range of
lonization activity Sensitive to gas
10*-10Y7 15 N [29]
Chamber e Real-timeand | composition
in/on-line
p-decay e Simple, in-line -
) Detection limit
induced X-ray 120— | ¢ detector
108-10% depends on [29]
(BIXS) 1200 commercially .
measurement time
spectroscopy available
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Gas . Full chemical and Time for analysis
Chromatograp 101-10%7 5400 isotopic and cryogenic [29]
hy composition temperature
Many isobaric
Real-time and in- interferences
Mass . .
10'%-10%7 10 line, commercially | make [29]
Spectrometer . ) .
available interpretation
difficult
Near to real time, -
) ) Detection limit
Laser Raman in/on-line, can
3 x 10*-10Y | 2-1000 _ | dependson [29]
Spectroscopy avoid calibration if .
measurement time
pure Q2
e Non-
) Difficult to
Infra-Red destructive .
) determine
(FTIR) 10'%-10%7 10-120 analysis [28]
) hydrogen
Spectroscopy e Commercially | .
isotopologues
available
Nuclear
Magnetic High tritium Strong magnetic
105-10% 1-10 o ] [28]
Resonance sensitivity field
(NMR)
e High
e one chemical
sensitivity
] product
e Commercially .
) ) detection at a
PhotoAcoustic available )
10%-10% 1-5 time [28]
Spectroscopy e Non-
. e Noise for in-
destructive .
line
e Fast L
monitoring
measurements
e Cheap and
Mature
technology
) e Waste
e Realtime ]
o 100- o production
Scintillation 10%-10Y monitoring 1 [28]
200 e Contaminatio

e Low pressure,
temperature
and humidity
dependency

n effects
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Laser Raman spectroscopy and, in particular, Vibrational Raman Spectroscopy is a
very useful technique for detecting a wide range of molecules. Qualitative analysis
of gases can be achieved with Raman shifted light, with quantitative information

being obtained by the signal intensities.

Gas chromatography (GC) is a very useful tool for full chemical and isotopic
determination of gases.

At Tritium laboratory Karlsruhe (TLK), gas chromatography is probably the most
used analytical technique to characterise gaseous mixtures that contain tritium [29].
A good agreement for hydrogen isotopes was found by measuring deuterium and
tritium in different pre-calibrated concentration with a 5% of accuracy [30].

Some R&D progress on tritium technologies stated the development of a real time
monitoring system for isotopic compositions of hydrogen gas by adopting micro gas
chromatography (uGC) as a candidate for a DEMO analysis system [31]. At TLK,
uGC is also being developed to reduce the measurement times to 5 minutes (instead
of 45-90 minutes). Nevertheless, this method remain a slow method especially for
multiple runs, so, in view of DEMO, this aspect would severely affects the
responding time for tritium level.

NMR (Nuclear Magnetic Resonance) could be a real possibility for tritium detection
because Tritium has the highest sensitivity on magnetic resonance than all
molecules. The different gyromagnetic ratio to protium allows NMR to clearly
distinguish tritium to protium, although it has the same spin. This means that the
resonant frequency is slightly higher for tritium. On the other hand, deuterium has a

spin of 1, and has a weak NMR signal.

Fourier Transform Infra-Red (FTIR) spectroscopy is an analytical technique that can
be used to determine the composition of gaseous or liquid sample using
electromagnetic radiation from the infrared region of the spectrum (approximately
between 1 and 1000 um). This covers a wide range of spectroscopic techniques,
which most are based on absorption spectroscopy. FTIR analysis is very fast but it
has a low accuracy especially in measuring tritiated/heavy water.

Photons spectroscopy technique can be used for detection of very low gas
concentrations (parts per billion or maybe even parts per trillion). The concept is
relatively simple, cheaper, and commercially available. It is extremely sensitive so

that could be used for trace tritium measurements in a fusion plant. A drawback of
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photoacoustic spectroscopy is that often only one chemical can be detected at one
time [32].

1.3 Scope and architecture of the fuel cycle

As mentioned in the introduction, the fuel cycle is one of the most important systems
for next fusion device because it has to fulfil several and critical requirements aimed

to tritium self-sufficiency.

Two parameters strongly influence the design of the fuel cycle: the tritium Burn-Up
Fraction (BUF) and the Tritium Breeding Ratio (TBR). The first defines the duty of
the inner fuel cycle that has to recover and purify the unburned tritium, while the
latter determines the dimension of the outer fuel cycle in which the tritium produced

in the blanket has to be recovered [7].

Conventionally, the tritium Burn-Up Fraction (BUF) or the foumup, meant as the
probability that a tritium nucleus injected into a reactor is fused before escaping from
the confinement region, is the main factor used to estimate the entity of recirculation
required for a specific tokamak. It can be defined as:
fourmn = 1 (7)

Where T, is the fusion reaction production rate of alpha particles and I'; is the fueling
rate of tritons from all external sources such as gas injectors, pellets, and neutral
beams [33]. Just to give an example, BUF in ITER will be 0.3% while it is expected
to reach less than 5% in DEMOJ[21]. The small burn-up fraction in the vacuum
vessel, requires a closed loop along with all the auxiliary systems necessary for the
safe handling of tritium [34]. This means that a huge quantity of tritium should be
accurately recovered and purified. In this sense, ITER will be the first fusion device,

which boasts a closed fuel cycle.

From a simple calculation, 56 kg of T should be burnt per GW y* of fusion power
(GW,) for a D-T reactor. A third part of the fusion power is converted to electric
power (GW,)

The inventory is interpreted as the quantity of tritium on one side (inner cycle) in
vessel components and in the tritium plant and, on the other side (the outer cycle), in

the Breeding Blanket (BB) and the extraction system. Concerning the inner cycle,
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the inventory can be identified in the tritium absorbed and trapped in Plasma Facing
Components (PFCs), in the dust and in the tritium plant. A significant part of the in-
vessel retained tritium inventory in ITER is accumulated in cryopumps. According
to the current pumping system concepts, the absence of cryopumps will significantly

reduce eliminate this inventory in DEMO, [35].

Inventory has to be as lower as possible in order to minimise the tritium loss and
reduce the risk of possible dangerous scenarios, tritium contamination or tritium
release in the atmosphere. Concerning the BB, in the blanket modules will coexists
three isolated systems: the cooling system, the extraction system and the vessel. The
plasma-facing components will operate at high temperature, above 500°C in DEMO,
and the risk of tritium permeation in coolant is consistent. Therefore, multiple
permeation barriers are essential for the confinement and safe handling of tritium
[34] as well as the Atmosphere and Vent Detritiation Systems (ADS/VDS) which
are crucial elements in the concept for preventing environmental losses. The
environmental and safety aspect strongly affect the total cost due to tritium (currently

30000 $ g*) and processing costs.
Therefore, the fuel cycle should achieve:

» High tritium recovery from Vacuum Vessel (VV) and high purification
efficiency in the tritium plant and guarantee the fuel recirculation in a small
processing time (around 1 hour)

safety requirement

high tritium production rate from BB

minimization of tritium purification and extraction costs

maximum reliability

minimum inventory

YV V. V V V V

highest overall efficiency in order to minimise the environmental losses

In view of future power plants based on D-T reaction, a further challenge consists in
handling large flows with a low tritium content and ensure to provide and handle the
start-up inventory, which shall be small, and reduce the processing time [36]. Any
fusion reactor should breed T in its blanket system and the T breeding should have
enough margins to compensate T inventory in its tritium systems, the 5 %/year decay

(fuel self-efficiency) and the reserve for new reactors [12].
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Figure 4 shows the simplified scheme of a fusion fuel cycle. The fuel cycle is

composed of two main parts:

» The outer cycle which is designed to extract tritium from the BB.
» The inner cycle which aim is to recover the unburned fuel (mainly Tritium)
and purify and separate Deuterium and Tritium to send them back to the

torus.

After the separation from helium, the deuterium/tritium mixture is mingled with the
tritium coming from the outer cycle while deuterium is externally supplied and led

back into the torus[37].

Fuelling Systems |
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Figure 4. Fusion fuel cycle (bold lines reflect main tritium streams, thin lines mean tritium depleted
streams; in yellow: main inner cycle, in blue: infrastructure for tritium handling; in green: breeder

loop; in orange: accountancy as interface between blanket loops and inner cycle) [38].

The inner fuel cycle (in yellow) extracts the un-burnt fuel and products (plus other
impurities) through a Pumping System, or PS, and route it to the Tritium Exhaust
Processing (TEP), which recover the hydrogen isotopes and send them to the Isotope
Separation System (ISS), which separates the deuterium from tritium. After
separation, both fuels are routed to the Storage & Delivery System (SDS) and then
to the Fuelling System (FS) which provide D and T in order to sustain the nuclear

fusion reaction.

On the other hand, the outer fuel cycle (in green) extracts tritium from the blanket.
The Tritium Extraction System (TES) operates the tritium separation. An
Accountancy System (AS in orange) is required to take an accurate and reliable

control of the tritium tracking between these the outer and the inner cycle. The AS
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also collects tritium from the Coolant Purification System (CPS). This configuration

allows to additionally track the tritium permeation in the cooling system.

The performance specifications regarding the inner fuel cycle and part of the outer
fuel cycle, including the tritiated water processing, shall be deeply tested in all
operational modes. ITER must ensure the reliability and capability of the fuel cycle
to fulfil the requirements and be the support of DEMO fuel cycle development and
fusion energy mission. Attention is now turning to the design of DEMO, which
represents the closed-step reactor capable to demonstrate the net power production
from fusion source and it has to demonstrate also to operate with a complete and
closed fuel-cycle [39].

Due to different uncertainties on tokamak and plasma specification, the fuel cycle
cannot be totally defined. As reported in [36], the European roadmap has defined
two DEMO configurations, an early DEMO-1 (producing several 100 MW electric
output) with an ITER-like technology, and an advanced DEMO based on new
technology and advanced plasma scenarios.

Therefore, ITER should validate different core aspects in order to characterize
DEMO tokamak and fuel cycle. A particular focus, strongly related with the fuel

cycle characterization, will be given to prove:

» The tritium self-sufficiency for a working breeding blanket concept with a
multiplication factor that makes up for the parts of the wall, which are
consumed by duct openings (around 10%).

» The long pulse duration in the fuel cycle aimed to a progressive full steady-

state operation

It is noteworthy that the fuel cycle’ processes and technologies are deeply influenced
by the fuel characterization and plasma scenario. Different fuel, or the presence of
un-expected product, could cause several changing in the fuel cycle design. For
example, the introduction on Plasma Enhancement Gases (PEGs) in a DEMO-like
reactor to reduce the power load over the PFCs [40], could entail a modification of

a fuel cycle process or technology.

1.3.1 Inner Cycle

Figure 5 shows the block diagram of the inner fuel cycle of a fusion device.
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Figure 5. Block diagram of a generic inner fuel cycle [41]. In blue are underline the units that are in

the tritium plant while the rest is allocated in the tokamak building.

The inner fuel cycle will be different in ITER and DEMO, especially because a novel
pumping system (the metal foil pumps) is under investigation for DEMO, which
allows the direct recirculation of most of the unburned tritium. In the follow, we will

focus on the main sub-systems, which are all placed in the tritium plant, they are:

Tokamak Exhaust Processing (TEP)
Isotopic Separation System (ISS)
Storage & Delivery System (SDS)
Water Detritiation System (WDS)
Atmosphere Detritiation System (ADS).

YV V V VYV V

1.3.1.1 Tokamak Exhaust Processing (TEP)

The TEP is one of the key systems in the tritium plant of ITER and it recalls the
concept design of CAPER Facility. This last one has been developed and deeply
tested at the Tritium Laboratory Karlsruhe (TLK) [42]. It consists in a fully
continuous process based on permeation of hydrogen isotopes through palladium-
silver membrane permeator (first process step) which has the capability to perform
a high-purity separation of hydrogen isotopes (Q2) from plasma exhaust gas in the
first process stage with an efficiency typically of 95%. The off-gas (or retentate)
undergoes a heterogeneously catalysed cracking or conversion reactions (second

process step), and counter-current isotopic swamping (third process step) operated
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through a PERMCAT [43]. The PERMCAT reactor is the combination of a Pd-Ag
permeator with a catalyst bed in order to obtain a very compact device in which
chemical reactor and permeation occur simultaneously. In this case, PERMCAT is
employed for final clean-up of gases containing tritium (up to about 1% ) in different
chemical forms such as water, hydrocarbons or molecular hydrogen isotopes [44] by

performing the Isotopic Swamping reaction (for more details please refer to [45])

Q, (>95%) Q, Q,
Q,,0,0,CQ, T 1 ' T
He, CO, CO,, ... [%, ) i
LY A
v * [
1.2*106 Ci/m3-#— "\‘ \‘ E
\“ \\‘ y
. . !
Front-end
permeator Catalyst Bed Permeator PERMCA L H,
> < > H,,H,0,CH,

<1 Ci/m3 ¥ He, CO, CO,, ...

Figure 6. Simplified diagram of the TEP [42]

The incoming gas composition from vacuum vessel could significantly vary due to
the uncertainties of tokamak operation or other off-design events such as plasma
discharges or gases interaction with PFCs and co-deposits ashes. Consequently, the
TEP system has to fulfil many more duties than the tritium plant may suggest [43],
rather than operate all the time with well-defined gases. Therefore, in order to test
the facility in off-normal condition, in CAPER facility at TLK, a mock-up section
were employed for the preparation of gases with different compositions and test the
facility with tritium and tritiated impurities [44]. In ITER, tritiated waste gases will
be generated and therefore have to be processed t [42]. For this purpose, TEP of

ITER has been design as shown in Figure 7.
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Figure 7. Block diagram of TEP in ITER tritium plant[34]

The exhaust gases pumped out from the vacuum vessel during the pulsed or steady
state tokamak operation are routed to the first permeator of the TEP (first stage in
Figure 7). The permeator separates the unburnt fuels (tritium isotopomers and
deuterium) from the tritiated and non-tritiated impurities or product (such as “He).
The pure Q2 (permeate) is sent to the ISS for isotopes separation while the retentate
(non-permeated gases) is sent to the second stage.

The second stage is represented by a closed loop which involves a catalysed reactor
(for cracking or conversion reactions) combined with another Pd-Ag permeator
which fulfil the separation of free molecular tritium (or Q) obtained by cracking and
recombination of tritiated hydrocarbons or tritiated water in the catalytic reactor. As
explained in [44] the 2" stage is dedicated to the impurity processing and it can in

principle operate in two different modes:

» The batch mode in which the loop is filled with the gas to be detritiated,
cycled for a certain period of time until the tritium level is sufficiently
lowered, and then, the loop is emptied

» The continuous mode gas to be detritiated is continuously fed into the closed
loop upstream of the catalyst bed and permeator at a flow rate much lower
than the loop circulation flow rate, and the loop pressure is kept constant by

a continuous withdrawal of gas downstream of the two components.

Continuous mode is easier to control and in comparison to the batch mode may have

a higher throughput and on average a reduced tritium inventory[44].

The 3™ step removes almost all of the residual tritium by counter current isotopic

swamping and is based on a so-called permeator catalyst (PERMCAT) reactor. The
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permeated gas is sent to the ISS while the retentate leaving the TEP is sent to the
ADS for further tritium removal. The third stage in CAPER has been tested under
several operating conditions. Gases of different compositions have been fed into the
PERMCAT, by varying parameters such as impurity, feed flow rate, impurity feed

pressure, hydrogen purge flow rate and hydrogen outlet pressure [44].

CAPER can handle a tritium inventory of about 3-5 g and a team of about four people
is required for experiments. In the experimental campaigns, the highest measured
steady state tritium concentration in the loop was 0.5 g m™3. Such a gas can be easily
treated in the downstream PERMCAT, reaching a Decontamination Factor (DF,
expressed as the ratio of tritium-inlet to tritium-outlet flow rates) of up to 108 with a
tritium content of 10* g m (corresponding to 0.4 ppm tritium) downwards the 3
stage. Only multistage processes like CAPER (and ITER TES) can achieve a tritium
content below 1 ppm. The experimental DF required for the TEP system in ITER for
a short pulse (450 s) of the D-T burn phase is 108 [44] with a final concentration
minor or equal to 10* g m in order to route the off-gas to the ADS. Therefore, The
TEP concept of ITER has been successfully verified and validated with the CAPER
facility

1.3.1.2 Isotope Separation System (ISS)

ISS is designed to accurately separate the hydrogen isotopes coming from the TEP
and returning from the WDS. Independent fuelling of D and T is indispensable for

plasma burning control via the fuelling system. The ISS is necessary due also to:

» hydrogen presence as an impurity of the fuel which must be separated from
Dand T

» large amount usage of hydrogen in WDS

» the requirement to have a high tritium separation efficiency (>90%)

achievable only with a dedicated facility for hydrogen isotopes

In fusion reactors, the flow rate in the isotope separation system can reach more than
300 mol h'1[12]. Several processes are suitable to perform the isotopic separation of

hydrogen, they are:

» gas chromatography
» thermal diffusion

> laser method
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» cryogenic distillation

Cryogenic distillation is the only one method which can guarantee at the same time
high flow rate and high separation factor[46]. In addition, the cryogenic distillation
is a well-known technology and most of the R&D activities on hydrogen isotopes
separation have already been completed. Therefore, it has been chosen as the isotope

separation system in ITER.

Condenser
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Figure 8. Hydrogen isotopes separation principle (comprehensive of the specific boiling point) in a

cryogenic distillation column

In the distillation process, the separation of the hydrogen isotopes phases is possible
taking advantage of the different boiling point of Hz, HD, HT, D, DT, T, as shown
in Figure 8. In the same figure are reported the different boiling points of each phase.
It is noteworthy that, in order to reach a high purity phase (in this case Hz D2, T>),
the columns has to be as long as possible in the way to distinguish the pure phases.
In the specific case of hydrogen isotopes, their boiling temperatures are in a very
small range (between 20.3 and 25.2 K). This requires a rigorous control of the
temperature, which is hard to be respected because of the significant volume of the
ISS.
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Figure 9. Simplified scheme of ITER ISS [47]

Figure 9 shows a simplified representation of the ISS in ITER. It consists in a cascade
of four Cryogenic Distillation columns (CD), which separate hydrogen isotopes
coming from TEP and WDS, and send separated phase gas to the SDS. In particular,
it transfers three standard products to SDS:

» Tritium with an isotopic purity of 90%;

» Deuterium contaminated with tritium (contamination level <0.6% tritium);

» Deuterium for Neutral Beam (NB) injection (<0.02% tritium, <0.5%
protium) [34].

The ISS is the largest component of the entire ITER fuel cycle and it will store most
of the tritium inventory of the overall tritium plant. Detailed investigations of various
types of ISS column configurations are a key activity for the conceptual design of
ISS in DEMO. Under off-normal conditions, the hydrogen isotope inventory of the
ISS can be discharged into an ISS expansion tank [43].

ISS is intimately interfaced with the WDS operation that is described in Section
3.1.4.
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1.3.1.3 Storage & Delivery System (SDS)

The main purpose of the SDS is to store and to supply the gases needed for the daily
operation of a fusion tokamak. The SDS must fulfil the short and long-term tritium
storage. In ITER, the Long-Term Storage (LTS) is integrated in the SDS in a
separated sub-unit [48].

One function of the SDS is to keep the system safety to prevent tritium release to the
working area and environment. Thus, in order to shelter the environment from the
tritium treating process most of SDS is located in the glove box (GB) system and
surrounded with the inert gas (N2 or Ar). Table 3 reports the main functions and
requirements of the SDS in ITER.

Table 3. Functions & requirements of ITER SDS [34,49]

Standpoint Specification

1. Safety Tritium confinement, fire sector, MBA
Function 2. Tritium accountancy Tritium inventory estimation

3. Fueling rate To keep fueling scenario

1. Max. tritium/fire sector Max. 70 g of tritium
Requirements | 2. In-bed calorimetry T, accuracy: 3g/8hor1g/24 h
3. Fueling rate Max. 110 Pam?/s T,

The deuterium and tritium storage is realized by using particular Getter Beds (GBSs)
alloys, which guarantee fast absorption and desorption hydrogenation cycles [50].
The getters are equipped with an in-bed calorimetry to allow to accurately measure
the tritium inventory with accuracy of about 1% of the full bed capacity (100 g) in
24 h[48]. During plasma operations, D-T gases must be fuelled with well-defined
ratios supplied by different GB. Due to isotope effects, the composition of the
hydrogen gas mixture supplied by the getter bed may be different from the one

absorbed in the getter and may even change during unloading of the bed [44].

Although there are many metals and alloys, which could be valid candidates for
hydrogen isotopes storage, only few of them have suitable properties for safe tritium

storage.
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Uranium is certainly one of the best candidates for tritium storage. In fact it has a
defined stoichiometry (UTs3) which allows desorption of tritium at stable pressures

for constant temperatures.

However, uranium is also a strategic fissile fuel and it can create obstructions in the
licensing of a fusion machine in certain countries. Therefore, the intermetallic Zr-

based alloy was taken in account since the early design of ITER in 1991.

The following equations describe the reactions during absorption ( 8 ), desorption (

9) and the undesired effect of disproportionation ( 10 ):

3

ZrCO + - Hy > ZrCoH, (8)
3

ZrCOHs = ZrCo + = H, (9)

2ZrCO + H, - ZrH, + ZrCO, (10)

ZrH,, which is an undesired product due to the disproportionation effect, has a much
higher decomposition temperature (more than 700 °C) while ZrCoHs; demonstrated
to have a lower decomposition temperature (almost 400°C) [51] but, in both cases,
the tritium remains trapped in the bed after several cycles. In order to fix this issue
an high vacuum heating was performed but the conclusion was that a fully restore of

the original capacity and properties of Zr-C is not achievable[34].

Therefore, after several studies, the conclusion was to adopt Uranium as the main
GBs material in SDS [44]. Successively, other studies [51] investigated the
possibility to adopt Zr-Co alloy in the Tritium Extraction System of the Test Blanket
Module (TBMs) of ITER.

As reported in [48], the SDS stores and supplies deuterium with less than 0.05%
tritium for NBI, deuterium with less than 0.6% tritium and tritium gas with 10%
deuterium for pellet injection and gas puffing. Isotope mixtures are mainly produced
through mass flow controlled combinations of these gases. The deuterium and
tritium are received principally from the ISS, from the Long Term Storage or, during

off normal operating conditions of the ISS, from the TEP system.

1.3.1.4 Water Detritiation System (WDS)

The WGS is deputed to recover tritium from tritiated water.
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The WGS of ITER is based on the Combined Electrolysis and Catalytic Exchange
(CECE) process to ensure that the emission level of tritium into the environment is
maintained. CECE is one of the most efficient process to remove tritium from water
so that the CNL (Canadian Nuclear Laboratories, formerly the Atomic Energy of
Canada) has studied, developed for many years and successfully demonstrated its
effectiveness for several heavy water production and tritium removal applications
[52]. CECE process has been deeply studied and tested in TLK (Germany). The
TRENTA 4 Facility at TLK, consisting of CECE process together with a cryogenic
distillation (CD) process, will demonstrate the feasibility of returning the ISS
protium stream into the WDS. The facility will simulate the behaviour of both
WDS/ISS with protium and deuterium, as well as HTO with approximately 5 GBq
kg™t of activity concentration [53]. A side effect of CECE is the accumulation of
deuterium in the electrolysis system that cannot be avoided even in ITER WDS.

Figure 10 shows the combination of WGS and ISS in ITER. CECE is represented by
the combination of a thermal isolated Liquid Phase Catalytic Exchange (LPCE)
column, which is 8 m length in the TRENTA facility [54], and the electrolyser which
is comprehensive of the Pd-Ag permeator [55]. LPCE column consists in structured

mesh metal packing and a hydrophobic catalyst.
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Figure 10. Direct combination of ISS and the WDS of ITER [44].
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The tritiated water HTO s initially treated and sent to a solid Polymer membrane
Electrolyser. In order to better control the process, the tritiated water QO will be in
the holding tanks of WDS, from where the water is constantly fed to the exchange
columns or to the electrolysis unit [54]. The tritium in the gas phase (mostly HT)
generated is routed in a Pd-Ag permeator which separates most of the Q.. The
permeate returns to the 1SS for tritium recovery while the retentate is transferred to
the bottom of the LPCE column in which the gas mixed to the tritium-enriched water
is heated up. Along the LPCE column, on one side of the generated hydrogen stream
is decontaminated and discharged into the environment, while on the other side
tritiated vapour and water is enriched in tritium. In particular, along the catalyst
surface the isotope transfer of tritium from the gas phase (HT) to the water vapour
(H20,) takes place as:

HT, + Hy0, - Hypy + HTO, (11)

The packing material is responsible for the exchange of the HTO, in the vapour phase

with H20, molecules in the liquid phase[56] as shown:

HTO, + H,0, » HTO, + H,0, (12)

The tritium-enriched water stream in the boiler of the LPCE column is sent to an

electrolyser and the gaseous tritium is sent back to the ISS for tritium recovery.

However, the performance of the LPCE process with all three hydrogen isotopes
present need to be well known and properly taken into account even though in the
corresponding experimental program at TLK on WDS development a direct

combination with the ISS appears feasible [44].

1.3.1.5 Vent and Atmosphere Detritiation System (VDS/ADS)

In future fusion power plants, a WDS system and atmosphere and vent detritiation
system (ADS/VDS) will represent the final barrier for tritium release into
environment. In the TEP, impurities are separated from hydrogen isotopes, which
are sent to the ISS, while the remaining low-tritiated waste gas goes to a Vent
Detritiation System (VDS) for decontamination purposes before release into the

environment [57].

Moreover, Decontamination Systems (DS) are mandatory to minimize the maximum

exposure dose of workers. In ITER, for example, both airborne emission and water
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effluent releases have been established during normal plasma operation and

maintenance, about 0.1 g/year and 1 g/year for HTO and HT respectively [57].

Multiple barriers are essential for both the confinement of tritium within its
respective processing components and for the environment release minimization.

Therefore, ADS and VDS are crucial elements in the concept.

All detritiation systems of fusion devices consist in the oxidation of molecular
tritium or tritiated compounds to water on precious metal catalysts, followed by
trapping of the produced tritiated water in molecular sieve beds. Molecular Sieves
Beds (MSBs) require regeneration; the tritiated water product is sent back to the
WDS for decontamination and the recovery of tritium occurs in the ISS [34] as

already explained.

Figure 11 shows the detritiation systems dislocated in fusion device buildings. The
ventilation and confinement criteria follow the experience and practice of other
tritium facilities while the confinement guidelines follow conventional nuclear
facilities, which implement primary and secondary confinement. Depending on the
specific area, different detritiation system could be adopted (one or more in the same
building). In general, within the tritium plant, there are only three systems through

which the tritium plant building is connected to the environment. These systems are:

» The Heating Ventilation and Air Condition (HVAC) systems
» The VDS
» The ADS

The technologies adopted by this sub-system are essentially:

Room temperature oxidiser (RT CAT)
High temperature oxidiser (HT CAT)
Wet Scrubber Columns (WSC)

MSBs

Y V VYV VY

Figure 11 shows the classification of a generic fusion plant.
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Figure 11. Block diagram of VDS and ADS in nuclear fusion devices [58]

Tritium Plant is divided into three HVAC zones served by three independent
systems. These systems maintain different levels of depression in the areas where
the level of contamination with tritium allow discharge into the environment but they
do not serve any contaminated area. Every area is classified depending on the risk of

tritium release.

The type 1 zone is defined non-nuclear zone (‘“white zone”) providing main personal
access to the Tritium Plant building. Systems, which handle tritiated water or
gaseous tritium, are separated in two different “green zones”, which are
contamination-controlled zones. Type 3 is the nuclear zone in which there are the
ISS and SDS [34]. Detritiation of solid waste and recovery of tritium will be done in
the Hot Cells, which will also be processed by the DS.

Many of the processes in the DS are modular and is exchangeable each other for
redundancy. In ITER the entire system will process all the effluent from the ITER
facility both in normal and off-normal operations to maintain the tritium emission to
the environment to 108 [50] or less. In the last decade, counter-current water scrubber
was considered for this process in order to improve the reliability in case of off-

normal events [58].

Figure 12 shows the multi-barrier concept in ITER. It can be distinguished primary
and secondary confinement. The primary systems parts need to be protected against
over-pressure, over-temperature and tritium permeation through structural materials,

therefore a physical barrier (pipe work, components) which can be enclosed in a
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surrounding containment is required. Typically, glove boxes have surrounding

containment served by a Glove Box Detritiation System (GDS).

During normal operation the VDS (700 Nm®ht in ITER) processes tritiated streams
from tritium plant, vacuum pumping, GDS and it operates as the only barrier to the
environment. During an off-normal event, the HVAC systems are isolated and ADS
starts its operation in closed loop (throughput of 4500 Nm*h~* in ITER) until the
tritium content decreases down to opportune threshold which allow discharge
through the VDS. The VDS ensures the negative pressure inside the buildings even
in case of accident while the ADS assures that the tritium concentration is rapidly
decreased in the rooms. Extracted air and all the Tritium Plant airborne area, with
the exception of the WDS, is treated in the VDS. In the case of WDS, the conversion
of the LPCE column exhaust gas to water-like species would create additional

tritiated liquid wastes [57].
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Figure 12. Simplified multiple barrier concept of ITER [34]

The complexity of the ITER ventilation (HVAC) and ADS/VDS has grown over the
years, closely following the development of generic confinement strategy. It consists
in firstly compile a coherent set of requirements and specifications for the different
nuclear buildings of ITER in France. Second an overall concept for HVAC,
ADS/VDS, depression systems and safety tritium monitoring which satisfies all the

key requirements shall be developed [34].
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1.3.2 Outer Fuel Cycle

The duty of the outer fuel cycle is to recover and purify the tritium produced inside
the blanket. Currently, there are several blanket concepts under investigation
therefore the structure and technologies of the outer fuel cycle depend on the specific
blanket.

Atmosphere
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Delivery
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Recovery

Tokamak | Tritium
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Water,
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Figure 13. Fusion fuel cycle block design distinguished by outer fuel cycle (in red) and inner fuel
cycle(in blue)[41].

As shown in Figure 13, the outer part consists of the Tritium Extraction and
Recovery Systems (TERS), the Coolant Purification System (CPS) and the Tritium
Accountancy System (TAS). The TERS has to recover the tritium produced inside
the blanket, the CPS removes the tritium that permeates from the blanket in the
primary coolant system while the TAS measures all the extracted tritium and send it

to the inner fuel cycle.

The TAS is an unavoidable system because it is deputed to tritium inventory control.
In TAS, tritium is temporary stored and accurately measured. In this configuration,
it is possible to perform a real-time control of the tritium released in coolant, through
measuring the tritium extracted from CPS, and the one extracted from the BB.
Additionally, the tritium recovered should be easily reusable, in order to minimize

the impact and additional load for the ISS in the inner fuel cycle.

In order to fulfil these requirements, the outer cycle has to overcome to main aspects:

firstly, it has to recover the tritium extracted from the BB, which will be present only
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as traces (ppm); secondly, it has to separate tritium from different forms as Q. and
Q0. Ideally, it will be convenient to recover tritium in Q2 form with the minimum

protium diluition [41].

1.3.2.1 Main features of the breeding blanket concepts

The outer fuel cycle has a key role in fusion success. The challenges, aimed to a self-
sufficient blanket technology are huge especially for DEMO. For now, ITER will
test six different lithium-based mock-ups of blankets also called Test Blanket
Modules (TBMs) [59]..

DEMO BBs will occupy about 90% of the surface area surrounding the Vacuum
Vessel (VV) and, then, plasma. Consequently, it will capture the large majority of
the high-energy neutrons that are produced in the D-T reactions.

The main functions, which the BB should simultaneously accomplish, are:

» Tritium breeding and heat production obtained by breeding tritium and
converting neutron energy to heat. This region is exposed to high neutron
flux, especially in the first ~20 cm closest to the plasma [39]. The nuclear
reactions that occur inside the blanket, attributed to Lithium (Li) isotopes

with neutron interactions, are

n+'Li >T+'He+n'  (13)

n'+°Li - T+"He (14)
where n’ is a thermal (slow) neutron. It is the case in which n is thermalized
with a heat generation. The reaction ( 13 ) occurs when the fast neutrons
coming from the reaction ( 4 ) reach the blanket surface. Reaction ( 13
)produces slow neutrons, which react with SLi producing more tritium,

according to Figure 3and ( 14).

> Tritium and heat extraction, which is performed after neutron interaction
with the consequence of a high-grade heat, suitable for electricity conversion
cycle, and tritium formation, which is extracted from the BB and send to
TERS.
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» Neutrons and radiation shielding in which the BB contributes together with
the divertor to the shielding of the vacuum vessel, magnets and other

equipment outside the reactor from nuclear radiation

In order to fulfil the entire requirements for DEMO operations, nuclear, thermo-
hydraulic and structural-mechanical strategies have to be taken into account in the
design. The complete set of requirements on which the blanket system should be
designed is still under completion and evolves in parallel with the design.

In the European Power Plant Physics and Technology (PPPT) programme and, in
particular, in the PPPT-DEMO program, two different blankets has been considered:
the first blanket set has to be designed in order to sustain 20 dpa (displacement per
atom) neutron damages. A second set should be designed for 50 dpa; this means that
one scheduled replacement of the whole blanket system is necessary in the life of the
reactor. The architecture of each segment of the BB follows the principle of the
Multi-Module-Segment (MMS) concept, which consist of a robust Back Supporting
Structure (BSS), including the manifold system, that supports the breeder zone (BZ)
and the First Wall (FW) [60]. The segments have still to protect, together with the
shield, the VV against damages limiting the dpa to 2.75 [60] and reducing the heat
load the activation of the VVV structures[61].

Concerning the heat load, EUROFER steel which will be the main structural material
must be kept under ~550 °C, solid breeders under 920 °C, beryllium under 650 °C
and PbLi under ~550 °C[60].

The T self-sufficiency can be achieved only with an accurate nuclear design of the
BBs. In particular, the amount of steel that is used as structural material has to be
reduced to 12-15% or less in order to maintain the Tritium Breeding Ratio (TBR) to
acceptable levels. The structural stability should be carefully implemented to sustain
the EM forces, constitute another typical load challenge, and avoid an excessive
increasing of the steel amount in the Breeding Zone. During the operation, the
breeder materials at low pressure, between 0.2 MPa and 1 MPa depending on the
specific breeder, should remain fully separated from the high pressure cooling
system (8 MPa for helium and 15.5 MPa for water).

One conclusion could be that the tritium extraction technologies used in ITER are
far to be considered the baseline for DEMO outer fuel cycle. In fact, the required

tritium production and the coolant flow rate will be about three orders of magnitude
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higher than those for ITER. Therefore ITER will focus on testing the BBs technology
in tritium production, while the methods and processes for a DEMO outer cycle and,
in general, tritium processes and components, require new R&D efforts [41]. Even
if the TBM programs will be successful, large gaps would still exist because the
DEMO blanket development cannot be fully explored in ITER. For this issue, further

R&D and design activities are being implemented.

The breeding blanket can be classified depending on the nature of the materials in
solid (Li-ceramics) and liquid (Li and Pb-Li alloy) breeders. Otherwise, an
alternative classification could be done referring to the coolant; in this case can be
distinguished helium-cooled or water-cooled blankets with the only exception of the

dual-coolant blanket.
The official EU DEMO BBs under investigation are [69] [70]:

» Helium-Cooled Pebble Bed (HCPB) a ceramic pebble-bed blanket made of
Be-multiplier and Li orthosilicate (43.6% Be, 9.7% Li4SiO4, 36.9% He,
9.8% EUROFER by volume) and cooled with helium at 8 Mpa

» Helium-Cooled Lithium Lead (HCLL) a liquid LiPb blanket (85% LiPb, 7%
He, 8% EUROFER) cooled with helium at 8 Mpa

» Water-Cooled Lithium Lead (WCLL) a liquid LiPb blanket (85% LiPb, 5%
water, 10% EUROFER) cooled with pressurized water (15.5 Mpa)

» Dual-Coolant Lithium Lead (DCLL) a self-cooling liquid LiPb blanket and
helium cooling elsewhere (85% LiPb, 3% He, 4% SiC, 8% EUROFER)[39]

Solid blanket concepts, the HCPBs, include a combination of a ceramic breeder both
in form of pebble beds (@ 0.25+0.63 mm for Li4sSiO4), a beryllium-based multiplier
such as Be or Be-Ti alloys and @1 mm Be [64]. The ceramic breeder and Be
multiplier can be in the form of pebble beds of lithium orthosilicate (Li.SiO4) and
lithium metatitanate (Li»TiO3) which currently are the best candidate. Li is enriched
30% in ®Li in case of LisSiO4 breeder and 60% in case of Li,TiOs breeder. Maximum
allowable temperatures are 920 °C in ceramic, 650 °C in Be, and 550 °C in steel
[59].
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The blanket is characterized by a 8 MPa helium gas with a temperature of 300-500

°C as coolant, EUROFER as structural material, helium (+0.1% vol. Hy) with a

pressure of about 0.2 MPa as purge gas, and tungsten as FW armour material. The

blanket has a “sandwich” shaped (Figure 14) arrangement of flat cooling plates and
alternating Li4sSiO4 and Be pebble beds (refer to [66] and [65] for more details).

In general solid breeders (with Be multiplier) have many advantages:

>

>

>

>

smaller radial thickness and ®Li enrichment (40% in case of LisSiOs) to
achieve a sufficient tritium breeding ratio (TBR ~ 1.14) [39]

rely on a simple and efficient mechanism of tritium extraction with a low
pressure He purge flow;

better control of the undesired permeation of tritium to the coolant and
(possibility of avoiding the permeation barriers);

Higher energy multiplication in the breeder zone that would help increase
the total plant efficiency.

On the other hand the critical aspects are:

>

chemical compatibility between Be-based material and water/air (coolant)
or, in case of accident scenario, with air or water (case of the WCPB) with
hydrogen production due to the Be-Q.O reaction;

Tritium permeation to the coolant

thermo-mechanical interactions between the pebbles and the
structure(neutron irradiation  effects, thermal-mechanical property
degradation) which imposing limits on both the power density (low thermal
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conductivity of the ceramic breeder) and on the blanket lifetime (irradiation
damages in PB and Be);

» Liburn-up in the ceramic;

» High cost of fabrication and re-processing of the PB and Be-multiplier, since
the lithium must be reprocessed and enriched to 30-60% °Li (above the
natural level of 7.5%)[67] (Supply of enriched lithium could be a potential
critical point for the entire fusion program) [62];

» Compatibility of Be with structural material;

> Availability of Be material to be used in future reactors (hundreds of tons
per device).

As declared in [39] and [60], currently, the most promising ceramic blanket concept

in Europe is the solid blanket, with most of the attention on the HCPB.

Conversely, liquid blankets demonstrate higher breeding performances than the solid
one, while the Pb-Li alloy is preferred to pure Li because of lower hydrogen
solubility.

Concerning the liquid BBs, theoretically, the eutectic Pb-15.8Li enriched to 90% in
®Li alloy [60] could be the most attractive breeder due to its highest intrinsically
achievable TBR, its large thermal conductivity and its immunity to irradiation
damage. It can lead to tritium self-sufficiency without employing additional neutron
multipliers and allows for tritium extraction outside the vacuum vessel. LiPb has an
additional advantage of being inert in air and of having a controlled reaction with
water. In substitution to this last one, LiPb can also be used as a coolant in advanced
blanket concept[39]

On the contrary, the drawbacks are related to Li burn-up, transmutation and

activation and requiring methods for chemical control/purification.
The liquid blankets are:

» HCLL in which the LiPb alloy has the breeding role while He is the coolant.
Each HCLL blanket module consists of a Eurofer steel box formed by a U-
shaped (Figure 15. EU HCLL blanket: (a) general view, (b) PbLi flow path
[68] [69] plate composing the first and side walls (coated with a 2 mm
tungsten layer) closed by two caps on the top and bottom and on the back by
a set of Back Plates (BP) and tie rods[68]
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Figure 15. EU HCLL blanket: (a) general view, (b) PbLi flow path [68] [69]

» WCLL, which is similar to HCCL except for the coolant that, in this case, is
the water. The concept is characterizes by the use of water at PWR
conditions (285-325 °C at 15.5 MPa) [60]. The water coolant flows through
double wall tubes (DWT) with a C-shape (Figure 16) and placed on a radial-
toroidal plane. The computed velocity in the tubes is less than 2 m/s [70].
The coolant, even though is preferable to He because its higher heat
capacity, interact with PbLi in case of failure, and with tritium which
permeate from LiPb to water with the risk of embrittlement of the structural
material. These issues can be minimised by dimensioning the LiPb container
using double-wall tubes as coolant pipes applying tritium permeation
barriers in order to avoid the tritium permeation[71].
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Figure 16. New WCLL design 2015

» DCLL in which LiPb operate as both breeder and coolant (60% of the
blanket heat transport) by increasing sufficiently the flow rate. An auxiliary
helium coolant is used to cool the FW. The concept is interesting for the
potentiality to operate at high PbLi temperatures (up to 700 °C) with
consequently a high efficiency of the power conversion system [60]. One of
the mayor issue in DCLL is the MagnetoHydroDinamic (MHD) pressure
drop which can be minimised by using SiC inserts which, however, rapidly
degraded because neutron irradiation and helium transmutation in SiC. This
last effect has to be better understood. One more issue is the limitation is the
temperature of the structural material with LiPb that do not have to exceed
550 °C [72].
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Figure 17. Sketch of a DCLL blanket design, including a poloidal duct with SiC FCI and He and PbLi
flows [73].

Main other limitation of the liquid metal blanket concepts are:

» Corrosion of the pipes and blanket structures by circulating LiPb;
» Efficient extraction and purification of tritium from LiPb at high
temperature;

» Control of tritium leakage and minimisation of permeation to coolants;

A\

Control of Polonium and other transmutation products in irradiated LiPb;
> Cost of 5Li enrichment, as LiPb concepts rely on up to 90% of °Li enrichment

to minimise the radial thickness of the breeder zone.

The choice of the breeding blanket coolant in DEMO has a substantial impact on the
design and materials selection, operation, maintenance, safety and economics of the
plant. Heat fluxes higher than 1 MW m are at the limit of the present technology
(materials, performance, etc.) especially for helium as coolant, and, by using water-
cooled FW protection, the power handling is marginally higher. Additionally, with
the cooling system it is necessary to handle and control the tritium contamination in
order to avoid recovering tritium from large quantity of coolant. For this reason, the
BB outer cycle and the coolant are completely isolated but permeation effects
remain, enhanced by the high temperature and the huge surface of the blanket

module and structural materials.
Those technical issues influence the choice of:

» thermal power conversion efficiency

> pumping power requirements;
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power handling requirements of the FW;
achievable tritium breeding ratio;
breeder tritium extraction;

tritium permeation and primary coolant tritium purification and control;

YV V. V VYV V

chemical reactivity of coolant and breeder / coolant leakage [39] .

Concerning the TERS, for the HCPB there will be a dedicated paragraph in the next
chapter, while in case of liquid blankets, the TERS is placed on a bypass line. The
PbL.i alloy can be heated up to 450 °C before entering into it. Downstream the TERS,
the Pb-Li flow is cooled down to 300 °C (HCLL), or 326 °C (WCLL) through heat

exchanger.

The TERS have been carefully assessed considering safety, integration, operation
and performances, synergy with the inner fuel cycle, technology readiness level,
costs, etc. As outcome Permeator Against Vacuum (PAV) have been pre-selected as
baseline methods for the liquid BBs because of the technology readiness.
Nevertheless, two conceptual designs of lithium-lead loops for testing PAV at high
velocity flows [74] and Vacuum Sieve Tray (VST) [75]using tritium have been

completed.
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2. Tritium Extraction and Recover
Systems (TERS) of the HCPB
blanket: the membrane-based
concept

The design at the conceptual level of the Tritium Extraction and Recovery Systems
(TERS, also called TES or Tritium Extraction System) of the four BBs will be tested
in ITER in view of the final conceptual design of DEMO TERS. However, a simple
scaled-up of ITER TERS to DEMO throughput seems to be very hard, since DEMO
will continuously breed tritium (0.5 kg per day). For this reason, the design of DEMO
Blankets and of the related TERS represent one of the major topic in the
EUROfusion activities [76]. In this work is reported the DEMO HCPB blanket status
and the main DEMO-HCPB TERS.

2.1 Description of the HCPB blanket

The HCPB-2015 BB concept has been designed and developed for the latest release
of the DEMO 1 tokamak (April 2015). Different version of the HCPB has been
developed during the last 5 years, therefore, in this paragraph, only the last reference
HCPB blanket architecture (HCPB-2015 v3) will be presented [77].

As introduced in Section 1.3.2.1 Main features of the breeding blanket concepts, in
the solid blanket the Be is in form of a pebble bed with sizes of 1 mm and it used as
a neutron multiplier in order to promote the tritium production in the ceramic breeder
(LisSiO4) pebbles according to (13) and (14).

Various kinds of lithium-containing ceramics have been studied as potential
candidate breeders [78,79] for DEMO. Because of high burn-up of the lithium, a
change in chemical composition of pebble beds are under evaluation in advanced
breeder materials development program between Japan and EU. DEMO blankets

having higher nuclear heat density usually require larger volume fraction of coolant.
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Figure 18. CAD design of HCPB TBM in ITER [80]

Lithium containing ternary oxides (LiAIO2, LisSiO4, Li2ZrOs, and Li>TiO3) have
been proposed as breeder blanket materials. Among them, lithium titanate (Li.TiOs)
has been recognized as a prominent candidate material because of its chemical
stability, good tritium release and low-activation characteristics. However, the mass
of Li,TiO; strongly decreases with time because of evaporation of lithium in a H;
atmosphere and lithium burn-up [81]. To prevent this mass decrease at high
temperatures, Li;TiO3; with excess lithium (Li2+xTiOs+y) has been developed as an

advanced tritium breeder [82].

While Li+xTiOs+y pebbles have some good properties, the TBR is smaller than that
of the most interesting Li>O because of its low lithium density. Therefore, research
and development of new lithium-containing ceramic composites with not only high
stability but also high lithium density materials is of great importance. Super
advanced materials are investigating the possibility of a new-concept solid solution
of a Li20-TiO02-ZrO2 (LTZO) material, since the atomic radii of Ti and Zr are
similar [83]. Furthermore, grain size control is simpler for LTZO pebbles than for
Li2+xTiO3+y pebbles. In accordance with the tritium release characteristics, it has
been determined that the optimum grain size is <5 pum. Li2+xTiO3+y pebbles were
sintered under vacuum and subsequent 1% H,—He atmospheric conditions to obtain
the target values, LTZO pebbles with grain size <5 um were easily sintered in air.
Thus, LTZO solid solution has great potential for use in super advanced tritium
breeders [62].

The HCPB-2015 v3 (Figure 14) is based on an internal arrangement of parallel
Cooling Plates (CP) joined at the front and the sidewalls of the First Wall (FW) and
at the back plate. The parallel CPs create volume layers where the breeder ceramic
pebble bed and the Neutron Multiplier Material (NMM) pebble beds are emplaced
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in alternate sequence (Figure 19). The thickness of the breeder ceramic pebble bed

is 15.5 mm while for the Be pebble bed layer is 40 mm.
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Figure 19. Basic layout of the HCPB-2015 BB concept/84]

The joint of FW, CP and back-plates encloses the breeding zone region forms a BB
module, which is fixed at the BSS through bridge plugs that act both as a connecting
structure and as a channel guiding the purge gas. In every module, there are two
different circuits: He used as a coolant and He doped with hydrogen used as a purge
gas aimed to tritium extraction. The materials involved in the HCPB blanket
modules, comprehensive of both the Out-Board (OB) and In-Board (IB) units, are
summarized in Table 4.

Table 4 HCPB-2015 material composition/84]

HCPB
Material Composition
Voiog) | Ammour | ew | ereeding | | SERT | s
Manifolds

Eurofer 0 64.91 9.85 67.2 41.39 60.61
Be 0 0 36.63 0 0 0
LisSiO4 (60% °Li) 0 0 14.91 0 0 0
Tungsten 100 0 0 0 0 0
void (helium 0 35.09 3861 | 328 | 5861 39.39

/vacuum)
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Currently, three basic strategies can be envisaged for the architecture of the HCPB

BB. These are reported in Figure 20.

HCPB Blanket module HCPB Blanket module

FW (Integrated in BZ TH) / FW (separated from BZ TH) Dettached FW \
—_— 4 e HCPB Blanket module
— -
Cooling Plate (CP) and cap|
Back Supporting Structure (BSS) Back Supporting Structure (BSS) [

Figure 20 Three basic possible architectures of the HCPB BB, depending on the uncertainty level on
the FW heat flux. Left: HCPB-I. Middle: HCPB-S. Right: HCPB-D [84]

The different architecture has been developed depending on the uncertainties level
on the Fist Wall (FW) heat load of DEMO. Figure 20 left shows the HCPB with
Integrated FW with the breeder zone thermos-hydraulics (the helium coolant in the
FW and the BZ is coupled in series) for the tokamak regions where the FW heat flux
is predictable with a reasonable uncertainty (e.g. £10% from the nominal heat flux)
and to a maximum of =~0.5 MW/m2. Figure 20 middle shows the HCPB with
Separated FW from the breeder zone thermos-hydraulics (helium coolant in the FW
and BZ decoupled helium loop for the FW and BZ in parallel) for the regions where
the FW heat flux is not predictable (i.e. uncertainties higher than £10%), but with
peak heat fluxes bounded to ~1 MW/m2. The last concept, Figure 20 right, is the
HCPB with detached FW from the breeding blanket for all those regions of the BB
plasma-facing surface where the FW heat flux is not predictable, i.e. uncertainties
higher than £10% from the nominal heat flux and where the heat flux is higher than
1 MW/m2. Here a mechanical detachment of the FW is needed, with a possible need
to a coolant medium change such as water and/or FW architecture change in the case

that the heat fluxes are considerably larger than 1 MW/m2.

In those different architectures, the purge gas and coolant must achieve their specific
requirements. In particular, concerning the purge gas, which is helium with an
addition of 0.1% wt. H2, the inlet temperature at the BB segments, is <300°C. This
temperature is set due to the lower design limit temperature of EUROFER97. The
purge gas temperature outlet of the BB is <550°C, as the purge gas will flow out of
the BB modules through the different EUROFER97 structures. It will exit the BSS
most probably at about ~400°C.
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The purge gas pressure is set to 0.2 MPa at the BZ of the BB modules. The pressure
choice is a good trade-off value between the minimization of the T partial pressure
in the purge gas finalised to decrease the T permeation through the CPs [85] and the
maximization of the pressure to avoid the Smoluchowski effect. It predicts that,
differently from the kinetic theory of gases which is related to unconfined gases, the
thermal conductivity of a confined gas, which is this the case (confinement in-
between pebbles), decreases as the pressure of the gas decreases. This is due to the
increasing mean free path A of the confined gas molecules as the pressure is reduced
having a negligible contribution to the heat transfer, in particular below 0.15 MPa
[86].

The purge gas flow scheme has been as well revised in the “sandwich” concept,
which is a back-to-front scheme, with independent purge gas flows in the Be and the
Li,SiO4 bed. This scheme, differently from the previous versions, facilitates the T-
release and transport in the region with lower T-concentration because of the flow
of a cleaner purge gas, and also might reduce the T-permeation into the coolant and

avoids the contamination of the purge gas by elements of the Be bed.

Due to the independent fluxes of purge gas in the different pebble beds, three
different configurations (options) have been identified:

» common inlet/independent outlet scheme
» the independent inlet/independent outlet

» the semi-independent inlet/independent outlet

In the common inlet/independent outlet scheme (Figure 21 top) a single piping for
the inlet purge gas is available and connected to all the pebble beds. Sub-lines purge
the LisSiO4 and Be beds, separately. After purging the BZ, the gas is collected into
the gas chambers at the backplate. Depending on the precedence of the purge gas
(Be or LisSiOs bed), it is diverted into an outlet line dedicated to Be or to LisSiOs, in

order to help to the tritium accountancy. This scheme uses He + 0.1%wt. H,.

In independent inlet/outlet (Figure 21 bottom left), two types of purge gas are used:
He+0.1%wt H, and He+0.1%wt H,O. The addition of a small percentage of H,O
steam to the purge gas will result in a drastic reduction of the T-permeation to the
coolant. However, the purge with steam doping is not desired in the Be pebble bed

due to the hydrolisation of Be at high temperatures. Therefore the purging with steam
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content is performed in this option only through the LisSiO4 bed, and the Be bed is

purged with He+0.1%wt H as usual.
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Figure 21. HCPB-2015 "sandwich" purge gas scheme.
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The main drawback of this option is the impossibility to pressurize all beds, as they

are physically separated, meaning that only either the Be beds or the Li1SiO4 will be

pressurized during an in-box Loss Of Coolant Accident (LOCA). On the other side,

the main advantage is the use of H,O for the LisSiO4 bed, which promotes the

isotopic exchange reaction on the surface of the breeding material between the H,O

and the gas. Given the doping amount into the purge gas, practically 99% of the

released T can be in form of HTO and the T permeation to the coolant would be

negligibly small compared to that when having H: as doping agent.
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Option 3, in the figure, is a hybrid between the two above. In this case the line with
He+0.1%wt H20 purges the Li,SiO4 pebble beds and the He+0.1%wt H, purges both
the Be and LisSiOs beds (Figure 21 bottom right). By doing so, the line of
He+0.1%wt H, is common for all the pebble beds and it allows their pressurization
during an in-box LOCA event. Additionally, the purge of the LisSiO4 beds with

He+0.1%wt H,O would reduce the T permeation to a minimum.

Helium is also the default fluid used as a coolant for the HCPB. This coolant is
particularly suitable because it offers nearly nuclear inertness on neutron flux to the
BB, molecular stability under fast neutron flux irradiation at high temperature, the
highest thermal conductivity among gases and a high heat capacity.

A coolant pressure of 8 MPa is found to be a good trade-off value between the

following aspects:

» BB pressure drop: a maximization of the coolant pressure leads to lower
pressure drops

» Piping dimensions: a maximization of the coolant pressure leads to smaller
piping dimensions

> BB primary stresses: a minimization of the coolant pressure leads to lower
primary stresses

» Expansion tank volume: a minimization of the coolant pressure leads to

lower compression ratios, leading to a smaller size of the expansion tank

The coolant inlet temperature is set to 300 °C, which is a value set by the lower
temperature design limit imposed by the EUROFER97 in order to avoid a working
temperature close to the shifted ductile to brittle transition temperature due to the
neutron irradiation. The coolant outlet temperature is set to 500 °C, as the
EUROFER97 creep strength is greatly reduced at temperatures above =550 °C.
Table 5 reports and summarize the main design parameters mentioned above both

for the coolant and the Tritium Removal circuit.

Table 5. Main operating parameters of HCPB-2015 BB [84]

DEMO HCPB 2015
Fusion Power [MW] 2037
Total Power to the BB [MW] 2796.4
Coolant
Tin [°C] - Tout [°C] 300 - 500
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OB segment: 35.1

Mass Flow Rate [kg/s] IB t: 22.1
segment: 22.

Overall Coolant/s Mass Flow Rate [kg/s] 2690.4
Maximum Coolant/s Speed [m/s] 52.1
Operational Pressure [MPa] 8
Overall Coolant/s Pressure Drop [MPa] <0.26

Tritium Removal TR

Neutron Multiplier Be
Breeder LisSiO4
Tin [OC] - Tout [OC] 450 - 450

OB segment: 0.331

TR Mass Flow Rate [kg/s] B t: 0.165
segment: 0.

Overall TR Mass Flow Rate [kg/s] 0.497
Maximum TR Speed [m/s] 62.5
Operational TR Pressure [MPa] 0.2
Tritium
TBR 1.205

2.2 Tritium Extraction and Recovery Systems (TERS) of the HCPB
blanket

In the last paragraph, it has been explained how the tritium is extracted from Li-
pebble beds. Once the tritium has been extracted, the purge gas is sent to the TERS
for tritium removal from helium. The gas stream, outward the blanket, contains few

ppm of tritium in form of Q, and Q-0 and other impurities.

Different candidate technologies have been carefully assessed taking into account
safety, integration, operation aspects and performances, synergy with the inner fuel
cycle, technology readiness level and costs [60]. Candidate processes include
cryogenic trap, cryogenic adsorption, pressure and/or temperature swing adsorption,
getters, permeators, and catalytic membrane reactors [87]. The different techniques
have been reviewed in the EUROfusion BB project to identify the baseline process
and the back-up solution(s) at conceptual level for DEMO-HCPB TERS. In general,

TERS have to satisfy several requirements among which:

» High flow rates as well as high tritium amounts handling in the blanket

system;
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Tritium inventory minimization;
high tritium extraction efficiency from the blanket;

Low tritium permeation into the coolant;

Y V VYV V

Accurate, fast and reliable tritium analytics.

To cope with the requirements for DEMO, one needs is to find improved and maybe
even new processes for the tritium extraction system and the coolant purification

system.

Currently, regarding the DEMO-HCPB TERS, the European baseline process
comprised a cold trap followed by a cryogenic molecular sieve bed proposed by
Cristescu (see Section 2.2.1) while a membrane-based continuous process proposed

by TLK has been chosen as a backup solution (see Section 2.2.2)[76].

Tritium processes relying on Cryogenic Traps (CT) and Molecular Sieve Bed (MSB)
are well-proven technologies able to achieve the required tritium extraction
efficiency even though redundant components (usually two) operate in parallel for
each stage: while one is removing tritium from helium, the other is regenerated to
recover the tritium accumulated in the component. This mode can ensure a
continuous tritium removal from blanket but implies two main drawbacks: the first
is a cyclic operation of the components with regeneration sequences; the second is
the huge increase of the tritium inventory and also the start-up inventory (maybe
several hundred grams in a getter bed) [41]. A further drawback of such approach is
that the regeneration phase generates transients in tritium flow rates and
concentrations routed to the tritium plants and that it implies tritium dilution with a

carrier gas [87].

On the other hand, membrane separation are of great advantage because they are
simple, reliable, compact, and ensures the smallest achievable inventory due to the
continuous operation. However, the membranes considered for tritium processing
are not a ready technology for operation in the blanket. Preliminary tests are
undergoing on inorganic membranes, in particular Zeolite Membranes (ZM) [88]
while dense Pd-based membranes used in TEP are exclusively permeable to Q. but
not really performing for tritium extraction at so low partial pressures. The next
paragraphs are dedicated to describe both systems giving more attention, in this

work, to the membrane process.
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2.2.1 HCPB TERS based on cryogenic trapping

In the EUROfusion report [89], Cristescu proposes a design at DEMO scale of the
HCPB TERS based on cryogenic trapping. The report includes the design of the main
parts (molecular sieves, cold traps, exchanger, compressors) over simulations for a
more precise estimation of the Molecular Sieve Bed (MSB) desorption behaviour

and cost estimation analysis.

The design of the HCPB TER on the preliminary conceptual stage is based on the
trapping/adsorption of Q.0 on the RMSB (Reactive Molecular Sieve Bed) and the
adsorption of Q; on the CMSB (Cryogenic Molecular Sieve Bed) at cryogenic
temperatures. Tritium is recovered from the RMSB via catalytic isotope exchange
between purge gas (D) and Q20 and in the CMSB during regeneration of the bed.

In the TERS, about 10,000 Nm3 h*of He (0.4 kg s), doped with 1 % of D, (10 Nm3
h1) for better extraction of T, is circulated through the HCPB BB. Downstream the
BB, the amount of Q, will be 10 Nm3 h** (composition: H, = 95.8 %; Q, = 0.73 %;
H.O = 3.47 %; Q.0 = 0.03 %) that yields a T production rate of about 15 gr h?
(assumption of T production rate of 360 g d* [90]) in gaseous and liquid form. Due

to the composition, a moisture content of 6.1 kg d* is accumulated.

Figure 22 shows the conceptual design of the HCPB TERS based on cryogenic
trapping. Downstream of the HCPB BBs, the temperature of the He-loop is cooled
down to 35 °C via heat exchanger HX-01 and heat exchanger HX-02. In order to
maintain a system pressure of 3 bar (abs), a He compressor (PC-01) is implemented
upstream of HX-02. The Q,O content of the He-loop will be fully retained in the
RMSB. The dried gas stream is then cooled down inside HX-03 via N, vent gas and
CMSB He off-gas down to - 184.65 °C (88.7 K). Cryogenic temperatures of -196 °C
(77 K) are attained by the use of Liquid Nitrogen (LN2) inside the CMSB. Here,
approx. 10 Nm?/h of Q. are trapped inside the CMSB by cryogenic adsorption. The
remaining He carrier gas is reheated in HX-03 and afterwards used in HX-01 for
cooling the BB off-gas. Before entering the BBs again, 10 Nm3/h of D, are supplied
in the He Make-up Unit together with He-compensation due to minor losses

throughout the system.

For regeneration of the RMSB, the respective vessel will be isolated from the process
and is heated up to 150 °C via electrical heater HTR 01/02 while it will be flushed

with D- in counter-current direction. The main purpose of this D, purge is to promote
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the isotopic exchange inside the bed. The D, gas stream is then directed to condenser
CS-01 and demister DS-01 where the moisture content will be separated and
collected in vessel TA-01 while the dried D; is sent back to the Tritium Plant (TP).
After that, a separate He-loop will be applied on the RMSB. Here, the RMSB will
be heated up to 250 °C and the He will be circulated via blower PB-01 until the

adsorbent is fully regenerated.

The regeneration of the CMSB is realized by isolation from the process and applying
sub-atmospheric pressure of 0.9 bar (abs) while the respective vessel is heated up via
electrical heater HTR 03/04. For the case of an incidental pressure increase inside
the CMSB during regeneration, relieving tank TA-02 is foreseen in the off-gas line
directed to the TP.

»»»

Figure 22. Conceptual Design of the DEMO HCPB-TER [89]

Start-up, design and off-design operation modes has been also defined. Additionally
a preliminary design of the heat exchanger, compressors and the design of the RMSB
and CMSB has been assessed.

A large amount of cooling power is needed to cool the He carrier gas stream together
with the yielded Q. from 773.15 K down to 77 K. The cooling is realised by a series
of heat exchangers and the usage of Liquid Nitrogen. Here, a chilled water

consumption of 94.8 m3/h and a Nitrogen consumption of 545.12 kg h* during
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normal operation of CMSB and a peak consumption during start-up of 9203.12 kg
h't for a short time was estimated. The main driver for the electrical power
consumption is the He-compressor, where 325 kW were estimated. In order to
increase the availability of the HCPB-TERS, it is recommended to add a third RMSB
and CMSB vessel to the design as well as a redundant He-compressor. By
implementing these additional redundancies, it would be possible to run the plant
even if one of the main components is unavailable. In the first estimation of main
equipment costs, it was reached a price of 4 MLN €. However, due to uncertainties
the price for the whole system could sum up to 12 MLN €.

2.2.2 HCPB TERS based on membrane separation

A different concept has been proposed by TLK [38] for DEMO 2015. The main idea
is to take benefit of the PERMCAT [45], combining it with zeolite membrane
cascades, which use has been encouraged during the recent R&D results [91]
finalised to obtain a fully continuous process. In this process (Figure 23), it is
possible to treat few quantities of either Q, and/or Q;O in purge gas (He) or treat
only Q2 by pre-treating the stream via drying or oxidation processes to separate the

Q0. Both the option are currently under investigation.

Lithiated
Ceramics
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0.1% H, He
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H
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Membrane Plant
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Figure 23. Schematic diagram of the advanced TES concept of the solid Breeding Blanket of DEMO.
The curly brackets evidence the species depleted in the corresponding streams [76]

Figure 23 shows the combination of the Zeolite Membrane (ZM) and the Catalytic
Membrane Reactor (CMR) finalised to tritium separation in the HCPB blanket. The
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tritiated gas, outward the blanket, is sent to the pre-concentration unit, which consist
in zeolite membranes cascade. This last, allows to separate the gas in two streams:
He depleted in tritium which returns to the Mock-up section in order to restore the
purge gas and route it back to the BB; the enriched stream containing tritiated water
and gaseous tritium which is sent to the CMR (or permeator in absence of HTO in
this stage). The CMR provide a selective separation of hydrogen isotopes, which are
successively routed into the accountancy system and in the inner-fuel cycle

afterwards.

2.2.2.1 Zeolite membranes

Zeolite membranes have been identified as the most promising material to
consistently pre-concentrate the Q. and Q2O species. In zeolite membranes,
hydrogen isotopes separation from helium is achieved via Knudsen diffusion
mechanisms, surface diffusion, preferential chemical affinity (e.g. hydrophilic), or
molecular sieving depending on the specific material and/or geometry. A major
difficulty for molecular sieving comes from the very small difference between
molecular diameters for He/Q.0/Q.. Different promising membranes and process
options have been identified in [38]. The only uncertainties on zeolite membranes
are the relatively low maturity level and insufficient experimental data on separation
performances of Q. or Q:0, especially tritium, from He. Several experiments with
He, Hz, and H;0, feeding different zeolite membranes prototypes as single gases or
as mixtures have been performed [92,93]. The results evidenced relatively high
single gas permeances but limited separation factors (around 1.7 towards H, at 25
°C), regardless of the feed composition (in the range 0.1% - 10% H./He) [94]. While
more considerably higher separation performances for H,O/He experiments for MFI-
ZSM5 and NaA zeolite membranes between 10 and 500 nm were obtained. The
separation factor greatly increases with the decrease of the membrane temperature
for the MFI-ZSM5 at 1% H,O/He. The higher separation factors towards H-O
suggests that the purge gas could be doped with this species instead of H,. Hydroxy-
sodalite membranes (H-SOD) have extremely small pores (0.27 nm) not accessible
for Q., so that very high selectivity can be expected with respect to He for defect free
membranes [95]. In the study [96] different membrane material were tested and
results shown that MFI and NaA membranes are good candidate for further
investigation. The pre-concentration stage is necessary to permit an efficient

separation and consequently to contain the size of the CMR tritium recovery stage.
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2.2.2.2 Pd-based membrane and Membrane Reactor

Dense metallic Pd-based membranes are used to perform a ultra-pure hydrogen
isotopes separation. In TERS, such membranes are not directly suitable for blanket
application due to the very low tritium concentration. Permeation performances of
molecular tritium decrease at low tritium partial pressure [97]. In fact, in the backup
solution, ZM permeation allows to achieve a tritium-enriched stream, which is routed
to the Pd-based membranes unit in order to efficiently separate tritium from helium.
With regard of the tritium extraction from He purge, tritium is present in both
molecular (Q) and oxidized forms (Q-0). This issue brings to two main uses of Pd-
Ag membrane in fusion field: the first is just as a permeator (or separator) for
hydrogen isotopes separation; the latter is as a CMR (Catalytic Membrane Reactor)

obtained by adding a specific catalyst for reaction and permeation.

The Pd-based membrane and membrane reactor consist of thin-walled tubes, which
can be manufactured obtaining a thickness of about 50 and 150 um. Tubes of lower
thickness could not work under the operating conditions typical for hydrogen
separation processes (about 1.7 MPa at 400°C for and in hydrogen separation
processes up to 0.2-0.3 MPa [98]). The main fabrication methods are cold-rolling,
diffusion welding of metal foils [99] or extrusion [100]. Thin-walled membranes of
100-150 pm can reach rupture pressure of about 1-1.5 MPa on hydrogen separation.
In order to reduce the costs and increase the hydrogen permeance, Pd-based
supported membranes has been studied. Thin Pd-based layers are deposited over
porous supports made of glass, ceramic, or metal. Both physical and chemical

(reactive) techniques are adopted for preparing the Pd coatings.

The Pd-composite membranes with ceramic supports are usually composed of three
parts, a Pd-based layer, the ceramic porous support, and an intermediate ceramic
layer of small porosity, which reduce the thermal mismatching between the support
and the Pd-alloy film. For instance, ceramic layers have been positioned in between
stainless steel porous supports and Pd-Ag and Pd films. These membranes were
successfully tested up to 500°C. Their effectiveness as diffusion barriers for Pd
membrane deposited over porous stainless steel supports at 400°C was demonstrated
by the presence of a zirconia layer [18]. Further thickness reduction could be

beneficial for increasing the permeance and reducing costs.
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Up to now, only preliminary experiments on a small-scale reactor have been
performed to identify the most suitable operative conditions and catalyst materials.
An experimental campaign was carried out on a Pd-based membrane aimed at
measuring the capability of this device in separating hydrogen from the helium.
Many operative conditions have been investigated by considering different He/H,
feed ratios, several lumen pressures, and reactor temperatures. The results are
reported in [88] and will be reported in the next chapters of the present work together
with the design and commissioning of a medium scale CMR device at ENEA
Frascati.

Since the Pd-based membrane is the main topic of this dissertation, the next
paragraph is dedicated to the description of this technology.

2.3 Pd-based membrane and Catalytic Membrane Reactor (CMR)

Recent reviews presented in work [101] and [102] report several membrane and
membrane reactors (including Pd-based concepts). Among them, the metal-
supported tube-shaped membranes, with particular focus to the self-supported

membranes, have also been produced at ENEA Frascati laboratories [103].

A membrane can be described as a structure having lateral dimensions much greater
than its thickness through which mass transfer may occur under a variety of driving
forces such as gradient of concentration, pressure, temperature, electric potential
[104]. The membranes are classified on the base of their nature, geometry and
separation regime. Depending on the material, Pd-based membranes are classified as
synthetic, inorganic and metallic (supported and self-supported) membranes. On
geometry point of view, they are tubular or flat sheet shaped. Depending on the
separation regime, they can be classified in dense or porous membranes.

Self-supported dense Pd-based membranes are able to perform a ultra-pure
separation of hydrogen isotopes because of the high affinity (solubility and
diffusivity) between the hydrogen isotopes and the metallic lattice [105]. In general,
the Pd/H system is of interest for several applications such as hydrogen purification,
catalysts for hydrogenation/dehydrogenation reactions and materials for hydrogen
storage. Pure palladium exhibits inadequate properties for membrane applications.
Pd lattice can absorb large amounts of hydrogen with consequent embrittlement of
the metal. At pressure lower than 2 MPa and below 300°C (Figure 24), hydrogen in

Pd co-exists under two hydride forms, phases a and  [106]. Transition between
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these two phases produces cyclic lattice strains that, at macroscopic level, are

responsible for the embrittlement of the metal [107].
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Figure 24. P-C-T phase diagram of the Pd-H system [108]

The effect of Ag addition results in a decrease of the critical temperature and pressure
for the phase transition and in an increase of the hydrogen solubility. However, the
diffusion coefficient of hydrogen significantly decrease in this alloy. The
simultaneous variation of solubility and diffusion coefficient affects the hydrogen
permeability values. In particular at 350 °C and 2.2 MPa, the maximum permeability
value is reached for the 23% Ag alloy [109] together with the mechanical strength,
and electrical resistivity. The silver addition also makes feasible the joining through
diffusion welding of the Pd-Ag foils or tubes.

Excluding Pd-Y, which are rarely used because of their modest workability, Pd-Ag
has also the highest permeability among the Pd alloys. The diffusion of hydrogen
through palladium, iron, and platinum was observed since 1860s by the French group
of Deville and Troost and in Britain by Graham [99]. The first commercial
application of a metal membrane, concerning the hydrogen purification using a 23
%wt Pd-Ag membrane, dates back to 1964 [105].

2.3.1 Hydrogen permeability in Pd-Ag membranes

As already introduced, hydrogen can permeate selectively dense metal layers, and,
accordingly, this phenomenon is exploited when metal membranes are applied for

separating ultra-pure hydrogen from gas mixtures. The hydrogen mass transfer

67



through dense metal membranes includes several transport mechanisms which can

be reassumed in three main parameters:
» Solubility

The hydrogen solubility is a measure of the amount of hydrogen present in
the metal lattice; it is controlled by the Kinetics of the reactions that occur
over the metal surface. Two hydrogen fluxes are established through the
metal surfaces when hydrogen gas comes in contact with a metal as shown
in Figure 25 in which a piece of metal is put in a container under a hydrogen

atmosphere at constant temperature and pressure.

Gas
H, part.press. = Py,

I Jou = Ka’ [H]?

1 |

H, conc. = [H]

Jn=Ka Py

Metal

Figure 25. Hydrogen solubility into metals with hydrogen fluxes entering and leaving the metal
surface[18].

The hydrogen flux entering the metal surface is proportional to the hydrogen
partial pressure in the gas phase

The term 1/K, (and 1/Ky’ in Figure 25) can be defined as a mass transfer
resistance due to the surface reactions. The well-known Sieverts’ law
establishes at a given temperature the relationship between the concentration
of hydrogen (protons) into the metal lattice in equilibrium with the hydrogen
(molecules) in the gas phase. In fact, the solubility coefficient S (mol m™?
Pa%®) is related to the constant Ke (constant Ke = K,'/K,, m® Pa mol2)

through the following equation:

S=1= (15)
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An Arrhenius-based law expresses its dependence on the temperature as

follows:

Eq
S =Sy RT (16)
Where So ( m? s is the solubility pre-exponential factor, E, (J mol?) is the

activation energy of the solubility, R (8.314 J mol™t K1) is the gas constant.
Diffusion

A gradient of hydrogen concentration in the metal lattice produces a flux.
Under equilibrium (t = > o) and other general hypotheses (i.e., D =
constant), the integration of the Fick’s second law for a metal layer of
thickness th (m) leads to Fick’s first law:

[Hup] - [Hdown]

=D
/ th

(17)

Where D (m? s72) is the diffusion coefficient, t is the time (s), up and down
represent the upstream  and downstream hydrogen concentration,
respectively. An Arrhenius law is also applied to the diffusion coefficient to

account for its dependence on temperature:

E
D = Dye RT (18)

Where Do (m? s?) is the diffusivity pre-exponential factor, Ep (J mol™?) is
the activation energy of the diffusion.

Hydrogen Permeation

When the surfaces of a dense metal layer are exposed to hydrogen at
different partial pressures, a mass transfer of hydrogen (permeation) occurs
from the side at higher pressure (upstream) to that at lower one
(downstream). Five main transport mechanisms have been recognized for

the permeation:

e Adsorption of the molecular hydrogen on the first metal surface
(upstream surface)

e Dissociation of the hydrogen into two protons at the first metal
surface (upstream surface)

o Diffusion of the protons through the metal lattice
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¢ Recombination of the two protons at the opposite side of the metal
wall (downstream surface)
e Desorption of the molecular hydrogen from the metal surface

(downstream surface)

Figure 26. Solution diffusion mechanism of hydrogen permeation through a palladium membrane
[108]

The product of the solubility and the diffusivity is defined as the
permeability coefficient Pe (mol s* m™ Pa®%). According to Equations ( 16
) and ( 18 ), its dependence from the temperature follows the Arrhenius

behaviour:

E
Pe = Peoe_ﬁ (19)

Where Peo (mol m= st Pa2%) is the permeability pre-exponential factor, Ep
(J mol™) is the activation energy of permeability. It results that Peo = Do x
Soand Ep = Ep + Es.

Many authors report a Sieverts’ law obtained for the case of a dense metal
layer including other mass transfer resistances modified by introducing a

generic pressure exponent n, which is in the range 0.5 and 1, as follows:

Pe
] = E (plr-llzup - p;-llzdown) ( 20 )

For a membrane made of several layers of different materials, such as the
case of a composite membrane, just one permeability coefficient cannot be
used. The deviations from the Sieverts’ law, which correspond greater

exponent values, can be attributed to a variety of factors (i.e. the presents of
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porous support for thick Pd layer, low thickness of the Pd-based membrane,
low hydrogen partial pressure, presence of impurities, etc.) and usually n is
assumed 0.5 because referred to a metal Pd-Ag membrane ideal behaviour
[18].

Because of the large mass differences among the hydrogen isotopes, isotope effects
are appreciable in properties relating to the velocities of ions, atoms and molecules,
and vibration and rotation of atoms and molecules. Among various properties of
hydrogen in materials, solubility, diffusivity, and permeability are quite important
not only for T safety but also for T fuel self-sufficiency.

Since hydrogen solution and permeation are likely proportional to incident flux, the
isotopic effects in solubility (S) and diffusivity (D) would be proportional to the

square root of mass ratio as follows:

SH/SD:\/Z (21) SH/ST:‘E (22)

DH/DD:\/E (23) DH/DT:\E (24)

Similar isotope effects are often observed in hydrogen permeability. Large mass
differences among hydrogen isotopes result in large difference in their quantized
rotational and vibrational states. Actually significantly large isotope effects
originating from quantum effects are observed in diffusion coefficients. The
diffusion coefficients do not follow single Arrhenius relationship in their
temperature dependence, and the upper shift at lower temperatures is attributed to
the quantum tunneling effect. Above the room temperature, the difference becomes
less and the differences in not only diffusivity but also solubility and permeability of
H, D, and T are within the factor of the square root mass ratio, which is in most case

near the experimental error [12].

2.3.2 Pd-Ag membrane reactors

A Catalytic Membrane Reactor (CMR) is a device in which a catalysed reaction and
selective permeation are simultaneously carried out [110] by combining a Pd-Ag
membrane permeator with a catalyst. In this way, it is possible to perform
simultaneously the chemical reaction and product separation in a single operation.

Therefore, CMRs are capable to provide a selective removal of one or more products
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with the reaction, so that the reaction equilibrium is continuously shifted to increase
the product formation, obtaining values of reaction conversion beyond the
thermodynamic equilibrium. These effect is the so called “shift effect” of the

membrane [111].

The design of the membrane module has to take into consideration the significant
hydrogenation strain of the Pd-Ag alloy. The membrane module has to be tightly
connected to the Pd-Ag membrane in order to ensure its selectivity, and at the same
time has to permit its elongation/contraction due to the thermal and hydrogenation
cycles. In the case of a single-tube membrane module, both ends of the Pd-Ag
permeator should be tightly fixed to the module (Figure 27 left).

Sweep gas out
or vacuum pumping
Sweep gas out

of vacuum pumping Pd-Ag membrane tube
\

Pd-Ag membrane tube

‘\ Tight
module/membrane
./ col “tio:
“ H, \ 1M +Hs :
T TH; ”

module
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Feed
Retentate *

—

oA

TH, =

Shell module

Sweep gas in

Figure 27. on the left a both-end membrane module; on the right a dead-end (or finger-like)

membrane module[112]

When hydrogenated, the Pd-Ag permeator expands much more than the module, this
results in a compressive force over the thin-walled tube when hydrogenated at low
temperature (i.e. by considering a tube of wall thickness of 50 um and diameter of
10 mm, the compressive force is about 2600 N). The finger-like (or dead-end)
configuration shown in Figure 27 (right) permits the free elongation/contraction of a
Pd-Ag tube that is tightly fixed to the membrane module at one of its end. In this
way, no stress is applied to the permeator tube, thus increasing its stability in
presence of hydrogenation [105]. Hydrogenated Pd-Ag elongation (enrd-ag) is about
1.5% whereas the hydrogenated Pd (enrd) elongates by about 0.3%. It results that

the enpa-ag = 5 X enpa [18].

At TLK, a both-ended membrane reactor (called PERMCAT), shown in Figure 28,
has been deeply studied and tested in different operating condition [29,113]. In
PERMCAT, the tritiated gases are sent into the reactor shell where a catalyst bed
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promotes, through the Isotopic Swamping (IS), the exchange of tritium with

hydrogen, which is fed in a counter-current mode in the membrane lumen.

He, CQy Qn
Q,0.€0,C0, |,

/ Insignificant tritium
/ contamination
Catalyst particles

i He, CHg, Hy,
H,0,CO,CO,
Figure 28. representation of a PERMCAT reactor (catalyst in shell side)[114]

Only the hydrogen isotopes can permeate through the dense Pd-Ag tube, the tritium
is transferred from the shell side to the lumen, thanks to the isotopic exchange over
the catalyst. The decontamination factors required (up to 100) can be attained using

long and thin-walled permeator tubes.

Several other design configurations of Pd-Ag membrane tubes of about 100 um wall
thickness were proposed by TLK [115] and ENEA Frascati [112,116], as reported in
Figure 29. In Figure 29 left, the first reactor (a) uses a typical finger-like
configuration;; the tritiated gases are fed in the shell side whereas the hydrogen is
sent inside the membrane lumen. In the second reactor (b), a preloaded bellows is
joined to the Pd-Ag membrane tube in order to compensate for
expansion/contraction. In a third reactor (c), the permeator is a corrugated Pd-Ag
tube working as a bellow-type membrane. The membrane reactor was designed for
water detritiation of the Joint European Torus (JET) housekeeping waste. In this
device, the direct ohmic heating of the membrane was achieved by inserting a
bimetallic Cu and Inconel spring, which gave electrical continuity, and pre-

tensioning of the membrane, respectively.

In laboratory applications, the scale-up of membrane devices consist in multi-tube
modules. At ENEA Frascati laboratories, a bundle of 19 Pd-Ag tubes in finger-like
configuration was realized for separating up to 6 NL min- of ultra-pure hydrogen.
The design of the multi-tube reactor, aimed to steam and oxidative reforming of
ethanol and methane, is well described in [114]. Recently at TLK, a new technical
scale, multi tube, single bed PERMCAT was designed, manufactured and

commissioned [117]. It is noteworthy, as already highlighted that, even though the
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both laboratories adopt the same technology, the engineering design follows
different approaches. On the contrary, of TLK, in the ENEA CMRs, the feed is
routed inside the membrane while the permeated gas is recovered in the shell. One
further difference in the operation is the catalyst location. In TLK, it is located in the

shell while in ENEA it is placed inside the membrane.
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Figure 29. Simplified diagrams of three different PERMCAT reactors developed at TLK(left side)
[113] and in ENEA (right side) [112,116]

Scale-up studies, tests, and optimization design of multi-tube membrane reactors,
aimed to reduce the size of membrane devices, are under investigation in many
fields, fusion included. Other membrane configurations similar to the design of flat-

and-frame heat exchangers was developed [18] [118,119].

Single and multitube Pd-membrane reactors adopting the finger-like configuration
were developed at ENEA Frascati laboratories [120] and they will be presented in

the next chapter.
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3.Permeation and reaction tests
with a single Pd-Ag membrane
reactor

As descrived in last chapter, the reference scenario for a DEMO HCPB TERS is
based on the use of a cold trap followed by a cryogenic molecular sieve bed while a
back-up solution is based on the use of zeolite membranes (developed by KIT-TLK)
followed by a Pd-Ag permeator module and a catalytic membrane reactor (both
developed by ENEA Frascati), as shown in Figure 30. According with the data
provided in [121], the HT/HTO ratio in the He purge stream leaving the blanket, is
about 97/3 meaning that most of the generated T will be found as HT. The
preconcentration stage (made of a zeolite membrane cascade) has the scope to
remove part of the helium and thus to enrich in tritium the gas stream to be treated
in the Pd-Ag membrane modules and in the catalytic membrane reactor (CMR).

In particular the Pd-Ag membrane modules will separate the tritium in the gas phase
(HT), while the CMR will recover and separate the tritium present in the oxidized
phase (HTO). The precise composition of the gas stream to be treated in the three
membrane modules (i.e. zeolite, Pd-Ag and CMR) is still unknown, but it is clear
that it will be characterized by a very low tritium (few ppm) concentration in a large

He flow and by the presence of tritium in both molecular (Q.) and oxidised form

(Q20).

In this view, the experimental activity carried out in this work has the dual scope to
1) evaluate the Pd-Ag permeator separation performance at the different He/H, feed
flow rates and 2) assess the efficiency of the CMR in performing the tritium removal
from water via two reactions: the Isotopic Swmaping (IS) and the Water Gas Shift
(WGS). To do this, a dedicated facility, called HyFraMe (Hydrogen Frascati
Membrane), has been build and several experiments were carried out as described in
this Chapter.
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Figure 30. TERS concept with: 1) ceramic membranes as pre-concentration stage, 2) Pd-Ag
membrane for hydrogen isotopes separation and 3) CMR for tritium recovery for water[91].

3.1 Description of the HyFrame Facility

The scope of the facility is to define the performances of a sigle Pd-Ag permeator in
separating hydrogen isotopes separation starting from a He-H, gas stream and the
abilit of a CMR in water decontamination in view of DEMO operations.

Several tests have been performed in the dedicated experimental apparatus,
particularly permeation and reaction tests have been performed separately because
of two reasons: i) it was interesting to understand the influence of the operating
conditions on the permeation and on the reaction, ii) due to the very low water
content expected in the He purge, it was not possible to experimentally reproduce
and control the composition of the feeding stream scaled down to a single tube (this
constraint will be overcome in the experiments with the multi-tube where higher

feeding flow rate are allowed).
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Figure 31. Scheme of the membrane reactor [122].

In the experiments, a single Pd-Ag (25% wt.) tube in a having wall thickness of 113
pm, length of 500 mm and diameter of 10 mm has been used( Figure 31). The
membrane tube is assembled in a finger-like configuration: one end of the membrane
tube is brazed on one of the flanges of the reactor shell while the other end of the
membrane tube is closed and linked to the other flange of the shell by a metal spring.
Such an extension spring has an outside diameter of 15.2 mm and consists of Inconel
coils of diameter 2 mm. The shell input/output use two %4” VCR connections while
the membrane lumen inlet/outlet are 2 VCR connections. The reactor is heated up

via Joule heating operated by inducing a direct current in the membrane itself.

The HyFraMe setup is showed in Figure 32 and the results have been published in
[123].
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Figure 32. Simplified HyfraMe facility layout
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The reactor is equipped with 4 K-type thermocouples three of which measure the
temperature in equidistant points on the membrane surface, in particular: Ti, at the
inlet/outlet side, Tmemor in the middle and Tou in the far end, while the thermocouple

Tsnen measures the shell temperature.

In the plant there are other 3 thermocouples dedicated to the vaporizer system setting
and control that are useful for: temperature set point in PID control (Tvap);
water/steam temperature monitoring downwards the heating system (Tvap2); flow
temperature measuring before reactor inlet (Tvaps). One more thermocouple measures
the condenser temperature (Tcond). The shell side of the membrane reactor is
connected to a vacuum pump (Adixen ACP15 with ultimate pressure of 0.03 mbar).
Through Mass flow MKS controllers (Fin, Four and FsueLe_in) it is possible to set a
specific flow for each gas fed in the membrane in the way that the gas compaosition
can be set and controlled. On the contrary, FsheLL out , is totally opened in order to
measure the gas flow leaving the shell side. Additionally equipments are MKS

pressure gauges (P) and the electric steam generator.

Other external equipments are a Gas Chromatograph (GC) and a Fourier Transform
Infrared Spectroscopy (FTIR), which have been introduced in order to measure the
gas and water composition during the WGS and IS reaction tests, respectively. This

measurements allow to calculate the decontamination performances during each test.

In ENEA laboratory, both GC and micro-GC (uGC) can be used to estimate the gas
composition. The GC is an analytic instrument that measures the content of various
components in the gas stream. The sample injected into the instrument is routed in a
separation column via an inert gas (Helium in the GC and Argon in the uGC). The
various components are separated inside the columns. Successively, the detectors
identify and quantify the components leaving the columns. In order to well estimate
the sample composition a dedicated calibration is necessary The calibration is
performed by using certified gas tank containing a known amount of a certain gas
mixture (in our case Ha, CH4, CO, CO; and N). IN this way it is possible to assess
the standard sample peak retention-time (appearance time) of the specific gases and,
identifying the specific peak area for different pre-calibrated concentrations.
Successively, by comparing the area of the test sample with the calibration straight

line calculated, it is possible to calculate the concentration.

Currently different gas chromatography analysis methods exist. GC and pGC works

in two different ways. Nevertheless, in this work only the pGC will be described,
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because it have been used in HyFraMe experiments. The reason is due to the purge
gas adopted by the uGC which is Ar instead of He (this last is also present in the

samples therefore cannot be identified by using He purge gas in the GC).
The pGC is a Varian CP-2002/2003 and it is equipped with two-channel column:

» Channel 1, equipped with a CP-Molsieve column, separates and analyses the
permanent gases except for carbon dioxide;
» Channel 2, equipped with a PoraPLOT Q column that analyze a broad range

of polar and apolar volatile compounds.

The Thermal Conductivity Detector measures the different thermal conductivity
between the sample gas and the carrier gas (Ar in this case)

Regarding the FTIR, it have been used a SHIMATZU IRAffinity-1S. The FTIR
spectrometer consists of a source, interferometer, sample compartment, detector,
amplifier, A/D convertor, and a computer. The source generates radiation, which
passes the sample through the interferometer and reaches the detector. Then the
signal is amplified and converted to digital signal by the amplifier and analog-to-
digital converter, respectively. Eventually, the signal is transferred to a computer in
which Fourier transform is carried out. The Michelson interferometer, which
differentiate FTIR spectrometers from an FTIR spectrometer and a dispersive IR
spectrometer, is used to split one beam of light into two beams in different directions.
Then the Michelson interferometer recombines the two beams and conducts them
into the detector where the difference of the intensity of these two beams are

measured as a function of the difference of the paths.

This instrument is used to identify the heavy water concentration in light water by
investigating the water absorption spectra. It have been used in the IS experiments

to evaluate the water decontamination starting from pure heavy water.

Concerning the data acquisition, a National Instruments Data acquisition (DAQ)
analogic measurement hardware have been used together with a LABVIEW
interface which provide a real time monitoring and control (via computer) of the

facility as shown in Figure 33.
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Figure 33. LABVIEW Interface

The DAQ is directly connected to the sensors (thermocouples, mass flow meter,
pressure gauges, etc.) and to a computer (Figure 34) in which the data are saved and
stored.

Sensor DAQ Device Computer
“
Signal Analog-to-Digital Driver Application
| Conditioning Converter | | Software Software

Figure 34. semplified scheme of Hyframe Data Acquisition.

3.2 Experimental procedure

Figure 35 shows the the HyFraMe facility installed in a new ENEA Membrane
Laboratory.
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Figure 35. HyFraMe facility

The facility has been designed to operate in two different configurations in order to

perform:

> Permeation Tests
> Reaction tests

Each procedure will be described in section 5.2.1 and 5.2.2.

In order to ensure the correctness of the performances measured in the reactor, at the
end of every daily experimental session, a night leakage test is performed to verify
the leak tightness of the membrane and the set-up (i.e.weldings, fittings and
connections). In order to do so, a specific procedure has been developed. It consists
in pressurizing the lumen side of the membrane with an inert gas, usually helium,
and reducing the pressure in the shell side through the vacuum pump. This operation
allows to identify the leakage either in the lumen circuit, or in the membrane or in
the shell circuit. In fact, if a pressure drop is measured in the lumen and an
appreciable increasing in the shell is not detected, it means that the leakage belongs
to the lumen circuit (the gas leaks outside). In case of a lumen pressure drop and an
increasing of the shell pressure, the leak is belonging to the membrane itself or
membrane brazings/weldings (the inert gas leaks from lumen to shell). For last, in
case of pressure increase in the shell without any variation in the lumen pressure, the
leakage can be attributed to the shell circuit (the gas leaks outside). In all of these
cases, the leakage should be found through a leak detector and repaired.
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3.2.1 Permeation procedure

In case of permeation operations, the gas composition and flow to send to the
membrane is set by the flowmeters Fin1 and Finz. The gaseous stream is routed inside
the Pd-Ag membrane via a small (2mm) stainless steel tube (see Figure 31). The He-
H2 gas stream is routed in the membrane and the hydrogen permeates selectively the
membrane and is collected in the shell side by vacuum pump, while the non-
permeated gases (retentate stream) leaves the membrane without mixing the feed
stream. The amount of hydrogen fed in the membrane is known and well controlled
while FsneLL out measures the permeated gas. In this configuration, the hydrogen
yield can be directly measured and the permeation efficiency could be easily

calculated.

All the tests can be performed by varying temperature (regulating the current of the
power supply), flows (by LABVIEW interface), pressure (by needle valves V9 and
V10 in Figure 32).

In these operations, some components as the vaporizer and the condenser are useless
therefore can be isolated. The operating condition investigated during the

experiments are summarised in Table 6.

Table 6. List of the HyFraMe permeation tests (P_shell ~ few mbar)

Temperature | Lumen Pressure | He/H: feed flow | He flow rate | Hzflow rate
[K] [kPa] ratio [a.u.] [Ncm®/min] | [Ncm®min]
100
4
573 i 5 50 90
- 200
623 - 10 500 50
- 300
673 - 15 450 30
- 500
723 -
20 500 25
700

The test duration is about 30 minutes each. A total of 80 permeation tests have been

performed.
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3.2.2 Reaction Procedure

Two different reactions were investigated under different operating conditions (i.e.
reactor temperature, lumen pressure, feeding molar ratio and isotopic swamping):
Water Gas Shift (WGS) and Isotopic Swamping (IS) [123]. Both WGS and IS have
been studied because are suitable for tritium extraction from water in the HCPB
blanket.

In the follow sections, the WGS and IS operation will be described together with the
list of the experiments performed. The tests have been carried out by using heavy
water instead of tritiated water. In all the experiments, pure heavy water (Cambridge
isotopes laboratory Inc, purity 99.9%) has been fed in the membrane lumen.

3.2.2.1 WGS Experiments

During WGS reaction tests, a gas stream of CO and D,0O (steam) is sent in the feed
side of the reactor. The water flow is regulated through the liquid flowmeter
controller (LFC) and the vaporizer is operative at the set point temperature of 200°C.
The CO flow is regulated through on of the Fin flowmeter controller while the
vacuum pump allows to reach a rough vacuum in the shell. The WGS reaction occurs

with a resulting molecular deuterium production, see formula ( 25).

D,0+CO «>CO, + D, (25)

According to the semplified block diagram in Figure 36, the retentate (the non-
permeated steam coming out the reactor) is driven into a condenser to collect the un-
reacted water. Then, the dried gas composition is investigated via batch Gas
Chromatographic (GC) analysis carried out at the end of each test once steady-state
conditions are reached. A needle valve downwards the condenser allows to regulate
the pressure in the lumen side. The dried gas stream mainly consists of CO,, small

amount of DO vapour, un-reacted CO, un-permeated D, and methane impurities.
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Figure 36. Block diagram of the WGS operation in CMR

In particular, the presence of methane should be as low as possible because,
otherwise, additional efforts are required in tritium treatment due to the good stability
of CQamolecule. On the shell side, the vacuum pump guarantees a low pressure. The

flowmeter FsneLL out measures the permeated hydrogen flux.

A previous calibration of the Variant CP-2002 uGC has been performed using mixed
gas tanks. The main gases such as Hz, N2, O, CO, CO; has been calibrated for

different molar concentration values (Table 7).

Table 7. Certified tanks used for GC calibration

Tank Composition

Mix 1 70% Hz, 30% N

Mix 2 4% CHa, 4% CO, 4% CO,, 88% N

Mix 3 1% CHy4, 1% CO, 1% CO2, 97% N2

Mix 4 20% Hz, 80% N

Mix 5 19.94% CHa, 20.01% CO, 20.00% CO,, 40.05% N

The calibration curves is reported in

Figure 37.
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Figure 37. Calibration straight lines of the pGC gases

During both WGS and IS tests, the reactor temperature has been varied between 573
and 673 K, the lumen pressure between 100 and 500 kPa and the reactor shell has
been connected to a vacuum pump ensuring a shell pressure between 2-3 kPa. After
this campaign, a second set of experiments has been carried out with the aim to
investigate the influence of the D.O/CO feed molar ratio (Table 8. List of WGS
experiments (Pshell ~3-10 kPa)).

Table 8. List of WGS experiments (Pshell ~3-10 kPa)

D20/CO D20, mol ht CO, mol ht Plumen,
. Treactor, K
feed ratio (gh?) (sccm) kPa

100-200-300-400-

~1 0.25 (5) 0.25 (93) 573-623-673
500
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~15 0.25 (5) 0.16 (62) 623 300

~0.75 0.25(5) 0.33 (125) 623 300

The information of the permeated gas, extracted in the shell, together with the
information of the gas composition, allow to calculate the decontamination

efficiency of this reaction

3.2.2.2 IS Experiments

In the IS reaction tests the heavy water vapour is fed in the reactor lumen together
with a carrier gas (He) while the shell side is flushed with hydrogen whose pressure
(about 3-6 kPa) is regulated by means of a needle valve upstream the vacuum pump.
The reaction, enhanced by the catalyst, is an isotopic exchange between the

deuterium and the hydrogen as shown in the formula ( 26 ).

D,O+H, < H,0+D, (26)
On the retentate side, the condenser separates the water from the He carrier; water is

gathered at the end of each test through the V8 valve in a phial, for Infrared analysis.

H,

e
D-;O}

T e
I/l! D H ||_|
\’

D,0

I_l\l/| Membrane Reactor
[ |

Vaporizer

HD, H,

Figure 38 Scheme of the IS operation in thee CMR

In case of IS reactions, a small amount of He has been also send as carrier gas (0.08
mol h? equivalent to 30 sccm), while in WGS reaction tests, the CO itself worked as

a carrier.
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Table 9. List of IS experiments (Pshell ~10 kPa)

H2/D20
. D20, mol h! Hasheit, mol h't Treactor, Piumen,
swamping
) (gh?) (sccm) K kPa
ratio
573-623-  100-200-300-
~1 0.25 (5) 0.25 (93)
673 400-500

~2 0.25 (5) 0.50 (186) 673 200
-4 0.25 (5) 1(372) 673 200

At the end of each experiment, a sample of the retentate stream is collected for post-
analysis. In case of IS tests, the condensed water of the retentate consisting of a
mixture of heavy and light water is analyzed to assess the D,O/H,O composition,
through the FTIR analysis that measures the bending and stretching signal of the OD
bond. A calibration of the Infrared spectrometer SHIMADZU IRAffinity-1S has
been performed by testing the O-D stretching (at about 2500 cm™ wavenumber
frequency) and bending signal (at about 1200 cm-twavnumberfrequency) in different
mixture of H,O / D,O. The calibration has been performed by preparing several vials
with a known H,0/D,0 concentration as shown in Table 10.

Table 10. Calibration Sample of the FTIR spectrometer

# DO concentration [%] H.0 [g] D0 [g]
1 0.00% 1.032 -
2 10.00% 0.900 0.100
3 30.01% 0.702 0.301
4 50.00% 0.504 0.504
5 75.12% 0.250 0.755
6 90.09% 0.100 0.909
7 99.99% - 1.024

As reported in [124-126] the FTIR calibration has been done considering the O-D
bond (O-D stretching mode) quantified according to the intensity of the peak at 2490
cmL, Figure 39 reports the calibration results of the SHIMADZU IRAffinity-1S.
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Figure 39. Calibration straight lines of the O-D bond in FTIR spectrometer

In particular, the bending and stretching peaks have been taken into account for the
calibration. Due to the higher value in the regression coefficient, the O-D stretching
straight line has been selected for the calibration and evaluation of the

decontamination factor in IS tests.

3.2.2.3 Catalysts

The performance of the WGS and IS, as well as the formation of undesired by-
products, mainly depends on the catalyst used inside the CMR.

Focusing on the experiments of this work, two different catalysts have been tested
for the WGS and IS reactions. In both cases, 16 g of catalyst have been filled inside
the Pd-Ag membrane lumen. The first catalyst (CAT1) has been synthesized by the
Instituto de Investigaciones en Catélisis y Petroguimica (FIQ, UNL-CONICET),
Santa Fe, Argentina. It is in form of pellets with irregular dimensions (from 1x1x1
mm to 4x2x1mm). Its composition has been checked by using X-Ray Fluorescence
analysis (XRF) (model Shimadzu-720): Pt (0.62 wt.%), SiO; (56.32 wt.%) and La,03
(43.06 wt.%). The activation of this catalyst has been done in two steps: the first
consisted in a thermal activation at 673 K (heating ramp of 1.5 K min™) in Ar
atmosphere for 30 minutes; the second has been performed inside the membrane

reactor in H, atmosphere at 673 K for 2 h.
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CATALYSTS
NAME CATALYSTS DESCRIPTION
» Non-commercial catalyst

(synthesized by Instituto de
Investigaciones en Catalisis y :
Petroquimica, Argentina)

CAT1 | > Pt (0.62 wt.%), SiO, (56.32 Bm'm

wt.%) and La,0, (43.06 wt.%).

» pellets (from 1x1x1 mm to
4x2x1 mm)

» Commercial catalyst
(produced by BASF)

» Pt-based dry unreduced
catalyst (Pt 1 wt.% on alumina*
support, SP-01T)

» pellet of 1.5 mm x 1.5 mm
cylindrical shape

CAT2

Figure 40. Catalysts used for the WGS and IS reactions

The second catalyst (CAT2) tested is a commercial one produced by BASF. It
consists of a Pt-based dry unreduced catalyst (Pt 1 wt.% on alumina support, SP-01
T) in regular small pellets cylindrically shaped 1.5 mm x 1.5 mm. The activation has
been performed by reducing it in the membrane reactor through flowing H- at 573K
for about 2 h.

3.3 Experimental results
In this section, the results of the HyFraMe facility will be presented together with

the main parameters for performances evaluation. In particular, permeation and

reaction tests will be discussed separately.

3.3.1 Permeation results

Permeation tests aimed at measuring the ability of a Pd-Ag membrane in removing

hydrogen from a He/H: gas stream have been carried out.

As already described in section 2.3.1 Hydrogen permeability in Pd-Ag membranes,
the permeability of dense metal membrane is described by the Sieverts’ law and the
dependence of the permeability coefficient from the temperature is ruled by an

Arrhenius-type behaviour:

Pe = J xt (27)
(\/ Prumen _\/pshell)
Pe = Pe e (F/RT) (28)
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Where:

> Pe is the hydrogen permeability (mol m? st Pa®®), t is the metal wall
thickness (m)

»  Pumen and pswen are the hydrogen partial pressure inside (upstream) and
outside (downstream) the membrane

> Peo the pre-exponential factor (mol m? s Pa®5, E, the activation energy (J
mol?)

> R the gas constant (8.314 J mol™* K) and T the absolute temperature (K)

The permeability is calculated during the permeation experiments by knowing the
membrane geometry, the hydrogen fed and recovered flows, the pumen and pshen,

according to ( 27).

Then by the linearization of ( 28 ), it is possible to assess the activation energy (Ea)
and the pre-exponentional factor (Peo) at different temperatures.

20 T T T T T
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5 . . .
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Figure 41. Measured permeability at different pressure conditions for He/H2=1

Figure 41 shows the dependence of the logarithm of permeability by the inverse of
the temperature. The results are in agreement with the literature as shown in Table
11.
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Table 11. Comparison of the permeability coefficient calculated in the HyFraMe membrane with the
literature coefficient

Lumen Thickness E, Pe, Feed flow Reference

pressure  [um] [kJ/mol] .

[bar] [mol/(m*s*Pa )]

1 113 3.365 1.11 x 10'8 He/H2:1 This work
mix

1 200 8.086 8.78 x 10 Pure Literature
hydrogen

2 150 2.566 1.09 x 10 Pure Literature
hydrogen

2 84 3.610 333x10 Pure Literature
hydrogen

The literature presents a thorough dissertation of the effect of the membrane
thickness and the surface effects on hydrogen permeability in Pd-Ag membranes
[127, 128]. Accordingly, the influence of the pressure on the permeability observed
in the tests can be explained by the surface effects which control the hydrogen mass
transfer for thin-walled membranes (wall thickness < 200 um). Furthermore, since
the permeation test have been carried out with a Ho/He mixture instead of pure Hy,
deviations from the Sieverts’ law could be due to the mass transfer resistance through

the gas film.
The results of the permeation tests are presented in term of:

» Hydrogen permeated in the shell, measured by FsneLe our;
» Separation efficiency expressed as the ratio between the hydrogen separated
in the shell and the one fed in the lumen:

Fin 2 x100  (29)

]7 =

FSHELL OUT,H2
Both the parameters are important to identify the quantity of hydrogen that could be
recovered and the efficiency of the process at different temperature, pressure and

He/H; ratio.
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Figure 42. Hydrogen permeated flow for tests at 623 K (lumen pressure few kPa)

Figure 42 shows the results of the H, permeated in the permeation tests, at different
pressure and feed molar ratio. The results show that by increasing the feed molar
ratio the hydrogen permeated decrease significantly. This behaviour is expected in
agreement with the literature. In fact, by increasing the feed ratio, the hydrogen
partial pressure decreases, therefore decrease the pressure gradient between lumen
and shell with a consequent performance drop. On the other hand, by increasing the
lumen pressure, the permeated hydrogen is higher even though, moving on high feed

ratios this gap become less appreciable.

Figure 43 reports the separation efficiency calculated in function of the feed flow
ratio. Congruently with Figure 42, the separation efficiency rapidly decreases as the
feed flow ratio increases (Figure 44)
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Figure 43. Efficiency (n) of hydrogen removal tests along He/H2 feed flow ratios for several reactor

temperature at lumen pressure of 500 kPa (lumen pressure at about few kPa).

Figure 44 shows that the temperature does not significantly influence the efficiency
at higher pressure (> 400kPa) while an appreciable influence is detected at lower
pressure. In particular, according to the literature, the efficiency increases as well as

the temperature increases.

F®p lumen =100 kPa
—&—p lumen =200 kPa

—&— p lumen =300 kPa
—%—p lumen =500 kPa
T | —%—p lumen =700 kPa

n %

T t T T r
550 600 650 700 750

Figure 44. Efficiency (n) of hydrogen removal tests for the He/H?2 feed flow rate ratio of 15 (lumen
pressure at about few kPa).
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3.3.2 Reaction results

The results of the reaction tests are expressed in terms of Decontamination Factor
(DF). For the WGS tests, the DFwes has been calculated as the percentage molar
ratio between the D, recovered in the shell side and the D,O fed ( 30 ).

DFWGS — DZFsheIIout %100 (30)
DD20
Where DFwes is the decontamination factor in WGS experiments (%), Darsheliout 1S
the flow rate of deuterium collected in the shell side (mol h) and Dpyo is the heavy
water feed flow rate (mol h).

In the IS experiments, the decontamination factor has been assessed by performing

IR spectroscopy of the water fed into the reactor and collected in the retentate side
(4).

DFls =1— 05 Dretentate %100 (31)

Where O-D is the intensity of the IR spectrum at 2490 cm™ (O-D stretching mode)

of the water collected in the retentate side (O-Dretentate) and of the water fed in the
reactor (O-Din).

3.3.2.1 WGS results

Figure 45 shows the results of the WGS tests carried out with the catalysts CAT1
(on the left) and CAT2 (on the right). All the results are reported in terms of DF vs.
pressure and temperature. Looking at CAT 1 results, by increasing the temperature
of the reactor from 573 to 623 K, the DFwgs factor considerably increases (more than
10 percentage points) while, at higher temperature (from 623 K to 673 K) there is
not an appreciable difference in term of decontamination capability. Otherwise, the

temperature does not affect significantly the CAT2 performance.
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Figure 45. WGS results for CAT1 (on the left) and CAT2 (on the right) at different lumen pressure (100-
500 kPa) and reactor temperature (573-673K), constant CO/D20 feeding molar ratio equal to 1.

This result is reasonably coherent with literature because the DFwes is influenced by
both the hydrogen formation and its permeation through the membrane. The
permeation is enhanced at high temperature while the WGS reaction, and then the
hydrogen production, is promoted at lower temperature. Then it is reasonable that at
623 K there is the best balance between the membrane permeation and WGS reaction
yield. In general, the DF factor increases by raising the lumen pressure.

Concerning the CAT2, the performances are a little bit lower at low pressure
(between 33% and 39% at 100 kPa), while they are higher between 300 kPa and 500
kPa (between 71%-73% at 300 kPa and 75%-80% at 500 kPa) compared to CAT1
performances. Otherwise, the temperature affects very modestly the DFwes when
using the CAT2.

As known by literature, the most critical drawback of the WGS is the methane
formation. Especially in the fusion fuel cycle processes, the methane production
must be seriously avoided. This could be done by adopting specialized catalysts that
are methane hinder and by operating in particular conditions of pressure and
temperature. The Figure 46 (left side) collects all simulations performed with
AsTher; these give indication about the operational field in which operate in order
to reach low methane formation. The simulations suggest operating at low pressure
and temperature. It is mandatory to clarify that AsTher calculates the methane
production under thermodynamic equilibrium; these simulations are therefore far
from the test conditions because the membrane reactor operates in a non- equilibrium

conditions because of the continuous hydrogen removal through the membrane.

Figure 46 qualitatively compares the performance, in terms of methane formation,

calculated for a traditional reactor under thermodynamic equilibrium (left) and the
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experimental results of the CMR (right). The thermodynamic analysis can provide
some guidance concerning the feasibility of secondary reactions, in particular those

which lead to the methane formation from CO and CO;:

CO + 3H, © CH, + H,0 (32)

CO, + 4H, & CH, + 2H,0  (33)

In traditional reactors, thermodynamically the methane yield increases vs. the
pressure (see reactions CO+3H2«< CH, + H,0 (32) and CO,+ 4H, < CH, +
2H,0 (33)). Differently, in a membrane reactor with the increase of the pressure
more hydrogen permeates thus extracting one of the reactants: this induces a right-
shifting effect in the methanation reactions (CO+3H2< CH, + H,0 (32) and

CO, + 4H, & CH, + 2H,0  (33)).

9 AsTher SIMULATION 0 EXPERIMENTAL CH4 MEASURED
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Figure 46. On the left: results (CH4, mol.%) of AsTher simulation at different pressures and
temperatures. On the right: CH4 (mol.%) amount in the retentate stream of the WGS experiment for
both catalysts at different temperatures and pressures.

In fact, according to ( 25 ), the membrane provides a selective removal of one of the
products (deuterium in this case), so that the reaction equilibrium is continually
shifted to increase the product formation. In previous works [129], the feed gas
stream has been assumed to be continuously at equilibrium throughout the membrane
reactor which means that the WGS reaction is not limited by chemical kinetics and
the experiments demonstrates that the reaction conversion closely approaches the
theoretical maximum values. In particular, such an assumption can be validated in
the present work for the catalyst CAT1, which has been previously tested in a similar
Pd-membrane tube [130].

96



Anyway, both catalysts demonstrate very good performances in term of methane
production (Figure 46 right). In particular, it is important to underline that using the
non-commercial catalyst (CAT1) the methane production at 573 K and 623 K is
below the GC detection limit, while by increasing the temperature to 673 K, the
methane production reaches its maximum value at 200 kPa (0.35%). Regarding the
CAT2, a higher methane production has been measured but always less than 1% at
573 K and 623 K while it reaches the maximum value of 1.72% at 673 K and 200
kPa.

Lastly, the influence of the feeding molar ratio (D.O/CO) on the decontamination
factor has been investigated. It was evident that the CAT2 DFwes was always higher.

3.3.2.2 IS results

Differently from the WGS experiments, the IS performances (Figure 47) seem to be
not considerably influenced by the lumen pressure, especially in the CAT2 tests.
Otherwise, the temperature is clearly one of the crucial parameter for the DF,s that
increases at the higher temperatures when the hydrogen isotopes permeability is
maximum. For CAT2, by increasing the temperature from 573 K to 673 K, the DFs
raise of 8-10 percentage points, while, in the CAT1 tests at 100 kPa, the
performances are rather similar. Considering the same increasing of temperature
from 573 K to 673 K at 300 kPa, the values of the DFs vary between 38% and 43%
for the CAT1 and between 28% and 42% for the CAT2. This demonstrates that the
CAT1 is more suitable for IS reaction than the CAT2 especially at low temperatures
and pressures. Several tests at different H./D,O swamping ratio have been carried
out as shown in the Figure 48.Both catalysts show the same trend even though the
CAT1 has the best performances in all cases. As expected, the DF increases by

working with an excess of swamping hydrogen.
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Figure 47. IS results for CAT1 (on the left) and CAT2 (on the right) at different pressure (100-500 kPa)
and temperature (573-673K), at constant H2/D20 swamping ratio of 1 and shell pressure of 10 kPa.
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Figure 48. Experimental result and comparison of IS reaction for both catalyst at T = 673 K, P = 200

kPa at different H2/D20 swamping ratios.

In general, in both the tested catalysts there is an increasing of the decontamination
factor of 8-percentage points, at least, by doubling the hydrogen swamping molar
flow rate and 16-percentage points, by increasing by four times the hydrogen-

swamping ratio.

3.4 Discussion results

The permeation tests in Hyframe facility confirm that, at high He/H, feed flow ratio,
the separation capability dramatically decreases. Therefore, in case of the HCPB in
which the feed flow ratio is high, a pre-concentration stage is necessary to reduce the
He/H, feed flow ratio. The reaction results clearly show that both the catalysts tested

reach good performances in WGS and, especially, low methane formation.
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In fact, the WGS is characterized by a higher reaction rate and it is easier to set up.
In a membrane reactor it allows to directly separates hydrogen isotopes from water.
Nevertheless the most affecting drawback is the by-products formation, in particular
tritiated methane, which should be completely avoided because of safety reasons and
the difficulty to separate tritium from methane. In this view, the WGS is not a “clean”
reaction even though, in this work, it is esperimentally proved that by adopting
specific catalysts, the by-product formation may be minimised and perhaps avoided.
The presence of methane between the products of the WGS reaction indicates that a
catalyst with higher selectivity is required.

Regarding the methane formation in WGS, by using CAT1 in all the experiments
performed, the measured methane was always under the 0.40 mol.%. At 573 K and
623 K, the methane production is under the detection limit of the micro-GC analyser.
Anyway, with CAT2 the amount of methane produced is barely appreciable (at
maximum 1.72 mol.% of methane was measured at 673 K and 400 kPa). On the other
hand, the DFwgs using CAT1 is lower than CAT2 experiments. The DFwgs reaches
values above 80% at 623 K, 500 kPa.

On the other hand the IS is a “cleaner” reaction because no by-products occur.
Nevertheless, operations with IS in membrane reactors have, as output, a current of
hydrogen isotopes extracted from water diluited in a huge amount of hydrogen. This
ouput may significantly overload the ISS in which the tritium should be separated
afterwards. Additionally the ISS has lower decontamination perfomances than WGS,
therefore, in order to reach high recover efficiency, membrane multi-stages could be

necessary.

In the IS experiments, the DF;s (CATL1) is about 67% and 43% with a swamping ratio
H»/D,0=4 and H./D,0=1, respectively. The best value for CAT2 is 56% (H./D.0=4)
against 39.98% (H./D,0=1). These values were measured at 673 K at 200 kPa.

In practice, although the operation at higher pressure increases the promotion of
decontamination capability, feasibility and safety reasons suggest to work at low
pressure (around 100-200 kPa). It is noteworthy that increasing the H./D-.O
swamping ratio, better decontamination performances can be achieved but a deeper
and more expensive isotopic separation of T, from H, will be needed.

Focusing on the application of this technology in the HCPB breeding blanket, one

of the issue is to understand if, by adopting the WGS reaction, the methane produced
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is tolerable for the further processing. In such a case, the WGS can be preferred
because of its higher DF values.

In conclusion, in view of a DEMO HCPB breeding blanket, the HyFraMe facility
have demonstrated that a preconcentration stage is necessary in order to operate an
efficient separation of molecular hydrogen isotopes. Regarding the water
decontamination the CAT1 could be suitable to perform the WGS because of the
almost absence of methane formation. In general both reactions have demonstrated
their efficient applicability in water decontamination. The single-tube membrane
reactor tested in this work (diameter 10 mm and length 500 mm) could be suitable
to recover the tritium from the DEMO HCPB by considering a DF of 40% at ambient
pressure and 623 K.

A further step is to test a middle-scale multi-tube membrane reactor in order to assess
the scalability of those results in view of DEMO operation. The next chapter is
dedicated to the design and commissioning of a middle scale multi-tube membrane

reactor.
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4. Mechanical design and
commissioning of a middle-scale
multi-tube membrane reactor

The main purpose of the work is to test the ability of a membrane reactor in hydrogen
isotopes (both Q, and Q20) recovery from a He flow. The tests with the single-tube
reactor have been performed only on binary gas mixture containing or He-Q; or He-
Q-0 as described in Chapter 5, however, as already described in the chapter 4, one
of the expected scenario foresees the treatment of the ternary gas mixture containing
He-Q2-Q20. To perform experiments with this real scenario, it is necessary to
manufacture a multi-tube reactor because the amount of water contained in the gas
mixture is too small to be accurately measured and controlled by using a single tube
reactor. Moreover, the scale-up of the reactor represents a useful opportunity to
assess the scalability of membrane performances in hydrogen separation and

reaction.

The following paragraphs provide the description of the multi-tube mechanical
design, the layout of the new experimental facility, so called Middle-Scale
Membrane Reactor (MeSMeR), the commissioning of the facility and the foreseen

experimental plan.

4.1 Preliminary design of the multi-tube membrane reactor

The membrane diffuser has been studied by a simplified model based on the mass
transfer mechanisms (solubilization, diffusion and permeation) of the hydrogen into
the Pd-alloy metal lattice. The temperature influences the permeation coefficient Pe
following an Arrhenius-like trend. The hydrogen permeability values of Pd-Ag

membranes at different temperatures have been taken from literature [98].

The expression ( 20 ) shows that, by increasing the partial pressure of the hydrogen
isotopes, the permeation flow rate increases thus involving a higher separation
efficiency and minimizing the membrane area. Accordingly, the pre-concentration
stage of the He stream coming from the blanket allows the design of the Pd-Ag
separator to be optimized through a significant reduction of the membrane module

dimensions.

101



In order to take in account the pressure depletion due to hydrogen permeation, a code
developed by ENEA has been used[131]. That model simulates both Pd-membrane
and membrane reactors for tritium recovery in the applications of the fusion fuel
cycle. The membrane device (both Pd-Ag tube and shell module) is divided in finite
elements in each of them the mass balances are performed taking into account the
permeation and reaction kinetics. In particular, the permeation of the hydrogen
isotopes considers surface reactions together with the diffusion through the metal
bulk. The presence of surface reactions reduces the driving force of the permeation
by reducing the hydrogen pressure upstream and increasing the hydrogen partial

pressure downstream .

t
h

A
Such equation is in implicit form and, thus, it is numerically solved by the simulation

code. The model takes in account also the effect of the isotopic competition.
e

'Jl'he model requires, as input data, the feed gas properties (flow rate, pressure and
composition), the geometry of the tubes (diameter, length and thickness) and the

operating temperature.

U Based on the mass balances of the TES system, the flow rate and the

[:omposition of the stream feeding the membrane diffuser have been calculated.
0

Through the simulation, the influence of the operating parameters on the design
of the membrane unit has been assessed. Particularly, the required membrane
surface, under several operating conditions, has been evaluated, for different tubes
Egeometries. The membrane area required vs. the tube thickness is reported in Table
EZ where a linear relationship between these parameters is showed. Once defined the

gverall permeation area the diameter and the length of the tubes can be fixed.

o |
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Table 12 Permeation area required for different thicknesses of the membrane tubes at 623 K.

Thickness [m] Area [m?]
5.00 x 10° 1.43
1.00x 10° 2.85
1.50x 10° 4.28

The Figures 49, 50 and 51 show the behaviour of the membrane surface area vs.
the lumen pressure, the He*/He ratio and the shell (permeate) pressure, respectively.
This analysis demonstrates that operating at 1 MPa there is no significant difference
in the membrane area by changing the temperature in the range 623-673 K (Figure
49). All the simulations has been performed considering a feed flow rate of 10000
Nm? h'l, Based on these considerations, the membrane unit design has been figured
out at 1 MPa and 623 K with a membrane area of about 3 m2,

! ! ' 5 ' ! ' T
: : . | —=—T=300°C]|
—+—T=350°C|
—&—T=400°C| |

-
o
L

2
Surface Area, m
>
1

0 - . - 7 - T - i - 7
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°
Feed Pressure, Pa

Figure 49 Membrane surface area vs. the lumen pressure at different temperatures with a shell
(permeate) pressure of 5 kPa.

103



131 [—=—T=s00°C] .. ... &
120 | = T=350°C L i i
11 4 —a&— T=400 °C

" i
1E-3 0.005 0.01 0.05
He*/He Ratio

Figure 50 Membrane surface area vs. the He/T feed ratio at different temperatures and 1 MPa of
lumen pressure and 5 kPa of shell pressure.

Figure 50 shows that the surface area is dramatically affected by the He*/He
ratio. In particular, moving over value of 0.01, the one adopted in the design, small
increases of He*/He significantly increases the permeation area.

S S S——
1o 8 T=300°C| & e e
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Shell Pressure, Pa

Figure 51 Membrane surface area vs. the shell (permeate) pressure at different temperatures and 1
MPa of lumen pressure.

To investigate the influence of pswen On the surface area, a sensitivity analysis
has been reported in Figure 51. It shows that by decreasing the shell pressure, the
surface area significantly decreases, keeping constant all other parameters, until to
4000 Pa. Successively, under 4000 Pa, the decrease of the membrane surface is less
appreciable. In this analysis, pshen Was assumed to be 5000 Pa.

The wall thickness has been fixed by verifying that the mechanical stress would
be acceptable for the mechanical resistance of the membrane material. Figure 6
shows the mechanical stress vs. the membrane tube thickness for different diameters:

the value of the maximum stress achievable (max tensile stress) is also reported in
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the graph for comparison. Such a value has been calculated by applying a safety
factor 5 to the ultimate tensile strength of the Pd alloy (380 MPa at 673 K) [132].
Under the operating conditions above established, the Figure 52 reports that a
membrane tube of thickness of 0.100 mm and diameter of 10 mm complies with the

stress criteria.

1.2x10° - s : —m—D=0.005m 7
—e-D=001m
—A-D=0.015m
1.0x10° —¥-D=0.02m e
- MAXIMUM TENSILE STRESS
o
" 7 | i
3 8.0x10
e
n
7
o 6.0x10" | —
7}
S ;
e 4.0x10" - -
2.0x10 - .
0.0 T T T T T T T T T T
0.0 1.0x10™* 2.0x10* 3.0x10* 4.0x10* 5.0x10*

Thickness, m

Figure 52 Tensile stress values vs. the membrane thickness for different tube diameter at 623 K and 1
MPa lumen pressure
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Figure 53 Number of tubes vs. the length for different thickness values at 623 K, 1 MPa pressure and
tube of 10 mm diameter.

Once calculated the surface area, the number of tubes can be assessed by

considering the effects of the geometric parameters (i.e. tube length) as reported by
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the Figure 53. By optimizing the membrane tubes geometry through the criterion of
the mechanical resistance, each membrane tube should have a diameter of 10 mm, a
length of 500 mm and a thickness of 0.1 mm. This means that 180 Pd-Ag tubes will
be required for the membrane module therefore, the new middle-scale multi-tube
membrane reactor has been equipped with 10 tubes in order to assess the
configuration technologies and test the performances in hydrogen separation and

reaction.

4.2 Description of the multi-tube reactor module

The multi-tube reactor which is composed of 10 Pd-Ag (23 wt.%) tubes (lumen side),
a cylinder (shell side), several Swagelok/\VVCR connections, CF flange and valves. It
consists in 2 membrane modules which are equipped with 5 membranes each, as
shown in Figure 54 right, inserted in the Cylinder (the shell). Every membrane
module is equipped with

5 Swagelok Short weld gland 4"
1 CF100 fixed tapped Flange

5 DN 10 VCR welding connectors
5 Female nuts VCR %4”

5 manufactured Tee-VCR 1/4

5 M7 Grab screws

5 Vespel cones

5 DN10 Swagelok cups

V V V V V V V V

The geometrical characteristics of the Pd-Ag tubes inside the reactor are reported in
Table 13 with a total permeating area of about 0.16 m? (exact value 160131.5534
mm?).

Table 13. Geometry of the Pd-Ag membranes assembled in the multi-tube.

Geometry
Membrane #
L (mm) ID (mm) Th (um)
1 510 9.99 120
2 507 10.13 110
3 507 10.01 110
4 509 10.00 120
5 512 10.05 113
6 508 9.95 115
7 505 9.97 105
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8 508 9.95 115
9 510 10.10 118
10 513 10.06 130

The 10 Pd-Ag tubes are assembled according with a finger-like configuration to

avoid the membranes damage during the thermal and hydrogenation cycles.

ferrule

Close-end |

(ENEA patent) |

L

R Pd-Ag thin-walled tube

Figure 54. Detail of the Pd-Ag tube connections (left side), picture of the 10 Pd-Ag membranes
connected at the two flanges.

The Pd-Ag tubes connections have been realized by commercial compression tube
fittings adapted by using special inserts or support sleeves that avoid the collapse of
the thin-walled tube. Figure 54 left provides a detail of the Pd-Ag tube connection

while, at the right side, shows all the Pd-Ag tubes connected at the two flanges.
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Figure 55. Technical drawing of the multi-tube membrane module.
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Figure 56. Technical drawing of the multi-tube membrane module: particular of one flange with the 5
Pd-Ag tubes.

Figure 55 and Figure 56 shows the Catia Drawings of the multi-tube membrane
reactor. The modules are assembled in the cilynder in a very compact configuration.
The cylinder has an internal diameter of 98 mm and a length of 574 mm. An electric
heating resistance is installed on the shell surface and the insulation is filled between
the resistance and the external cover. Figure 57 shows the assembled membrane
module integrated with the heating and insulation system.
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Heating power supply

Figure 57. Picture of the assembled multi-tube membrane module.

In the outer part of the flanges each membrane is attached to custom Tee-connection
which allows the gas feed and the retentate removal (see Figure 58). Obviously, the
Tee-connections have been opportunely modified to avoid the mixing between the
feed and the retentate gas stream. In the feed and in the retentate side of each Tee
there is an on/off valve: the first allows to isolate the membrane in case of failure
while, the second, avoids the mixing between retentate and permeate streams in case

of membrane failure.

Figure 58. Picture of the Tee-connection attached to each membrane tube.

In general, welding have been performed following the GTAW (TIG) technique
considering tolerances of 0.1 mm. The reactor is equipped with 4 K-type
thermocouples three of which measure the temperature in equidistant points in the
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central axes of the reactor at different height, in particular: Ti, on the top side, Tmembor
in the middle and Toy in the far end, while the thermocouple Tswen measures the shell

temperature (in the middle).

4.3 Layout of the new experimental facility Medium-Scaled
Membrane Reactor (MeSMeR)

The multi-tube membrane reactor is integrated inside a dedicated facility called
MeSMeR (Medium-Scale Membrane Reactor). The facility allows to control the gas
and liquid flows rate by using mass flow controllers (MKS series), the lumen and
shell pressure and the temperature of several components (i.e. reactor, evaporator,
condenser, etc.). Table 14 provides the list and the technical specifications of the
instrumentation installed in the facility.

Table 14. List of the instrumentation installed in MeSMeR.

Type of
) Name Model Range
instrument
F_IN1 MKS GE50A 0-5000 sccm
F_IN2 Elastomer-sealed 0-5000 sccm
Mass Flow
F_IN3 0-1000 sccm
Mass flow Controller
controller F_CARRIER MKS 1179B 0-20000 sccm
Elastomer-sealed
F SHELL OUT Mass Flow 0-20000 sccm
Controller
PIN 722B
Baratron P OUT Baratron®Compact
pressure Absolute 0-10000 mbar
sensor P SHELL Capacitance
Manometer
Vacuum .
VACUUM PUMP Adixen ACP15 n.a.
Pump

Figure 59 provides a simplified view of the MeSMeR facility while Figure 60
illustrates the CATIA drawing of the facility. A 3D layout has been realised in order
to assess the volume of such facility (total dimension of about 630mm x 600mm X
1300mm).
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Figure 59. Simplified view of the MesMeR facility.

During the tests with the ternary mixture CO, H, He and D,O (steam) are sent to the
reactor by means of F_IN1, F IN2, F_IN3 and FLC flowmeters at the desired
flowrates. When the gas mixture reaches the multi-tube reactor, the hydrogen
isotopes will be separated from He and water and collected in the shell side. By
measuring the hydrogen flow rate leaving the shell (FsneLL out), it will be possible to
assess the decontamination factor of the membrane module. The retentate (i.e. not
permeate) stream will be collected from each membranes and driven into a condenser
for water removal. The composition of the dry retentate will be analysed by a GC;

in fact the shell side is connected to a vacuum pump and the gas analysis will be

performed by using a gas chromatographer (Agilent 7820A GC).
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Figure 60. CATIA drawing of the MeSMeR facility.

The multi-tube membrane reactor and the instrumentations have been assembled on
a structure made of Bosch profiles. Figure 61 illustrates a picture of the different
components before their assembly: the leak tester (left side), the multi-tube reactor

(middle) and the Bosch profiles (right side) with some instrumentation already
installed.
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Figure 61. Picture of the MeSMeR facility before assembly.

For its operation, the MeSMeR facility has to be served with dedicated gas
lines, which are visible in Figure 62. The picture shows the assembled MeSMeR
facility. The lower panel hosts the gas and liquid mass flow controllers and the water
condenser. Each membrane is equipped with two valves: one in the feed side and
one in the retentate side, for a total of 20 valves. In this way, several operations are
possible: i) check the leak tightness of each membrane, ii) operate with different
numbers of membranes, iii) isolate one membrane in case of failure. The three
barometers allow to measure the gas pressure before entering the membrane, inside
the lumen side and in the shell side. Several thermocouples (yellow cables) are
placed in different parts of the facility, in particular in the two flanges and in the
middle of the shell. The black box is the temperature controller unit, while the red

one contains the National Instruments DAQ.
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Figure 62. Picture of the MeSMeR facility.

4.4 Leak test of the multitube reactor

Before assembly the membranes modules inside the cylinder (shell side) it
is very important to check the tightness of the membrane tubes. Therefore, a leak test
has been performed by using a leak detector in sniffing mode in each membrane (see
Figure 63).

Leak detector

A

£

:"/»_Pd-Ag tubes “ Sy

Figure 63. Picture during the leak test of the Pd-Ag membranes.
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Particularly, the lumen of the membranes have been filled with helium at 5 bar, while
the sniffer has been placed all along the membranes and in the connections. The

mean values of the measured leaks for each membrane is reported in Table 15.

Table 15. Mean leakage value measured in each membrane.

Mean leakage value,
Membrane
mbar L/s

7x10°%
9x10°
9x10°
8 x10°
7x10°%
7x10°%
8 x10°
8 x10°
7x10°%
9x10°

O o N| o g | W| N

[EN
o

After the leak test of the Pd-Ag tubes, the two flanges holding the 10 membranes
have been fastened to the cylinder. In the outer part of the cylinder, there is the
heating system and a layer of insulated material (see Figure 64, left side). The
membrane module has been completed by connecting the tubes and the valves in the

inlet and outlet side of each membrane (see Figure 64).
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Figure 64. Picture of the membrane module.

4.5 Experimental schedule

During the commissioning phase the leak tight of the Pd-Ag membranes and of the
shell module will be checked at room temperature and after several heating-cooling
cycles. Then few He-H; permeation tests will be carried out to assess the permeation
efficiency of the module and also the sealing behaviour under hydrogenation cycles.
Finally tests with the ternary mixture will be performed. During such tests, the main
objective is to assess the decontamination efficiency of the module and also the
composition of the retentate stream. Particularly the conditions illustrated in Table
16 will be investigated.

Table 16. Experimental conditions for the tests with the ternary mixture.

He (~45 mol.%0) — H2 (~45 mol. %) H20 (~ 10 mol.%).
He, Hz, H:20,
mol h! mol h! mol h!
(sccm) (sccm) (@ h) T reactor, K P lumen, bar
[Nm3h?] [Nm3 h?] [kg d1]
13.2 13.2 2.77
(5000) (5000) (50) 573-623 2-3-4
[0.3] [0.3] [1.2]
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He (~50 mol.%0) — H2 (~50 mol. %) H20 (~1 mol.%).
He, Ha, H20,
mol h! mol h! mol ht
(sccm) (scem) (@h?) T reactor, K P lumen, bar
[Nm®hT1] [Nm?h?] [kg d]
13.2 13.2 0.277
(5000) (5000) (5) 573-623 2-3-4
[0.3] [0.3] [0.12]

4.6 Preliminary commissioning

After its assembly, the MeSMeR facility has been filled with helium to check its leak
tightness with the leak test. Then few leak tests have been performed at high
temperature (about 300 °C) and ambient temperature by pressurising the facility with
helium and measuring the pressure drops vs. time with the baratron pressure sensors
installed in the facility. The graphs in Figure 65 and Figure 66 illustrate the results
of the leak tests performed at about 300 °C and at ambient temperature, respectively.
In particular, the green and the red symbols indicate the pressure measured in the gas
line and in the lumen side, while the blue symbols are the temperature measured by
the thermocouples in the middle of the shell side. In the leak test at 300 °C, the
pressure inside the entire facility was practically constant meaning that no leaks are
present. With regard the test at ambient temperature, we can notice a very small
decrease in the pressure values, which is fully justified by the decrease of the

temperature.
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Figure 65. Results of the leak test on MesMeR performed at about 300 °C.
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Figure 66. Results of the leak test on MesMeR performed at ambient pressure.
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5. Conclusion and prospective

In this dissertation, permeation and reaction tests performed in several condition on
a single Pd-Ag membrane reactor, in view of the next nuclear fusion fuel cycles,
have been summarized and compared (Chapter 5). The experimental results have
been performed to assess the feasibility of membrane technologies in tritium
recovery system of the HCPB DEMO TERS. Tritium will be present in form of Q-
or Q0. In order to recover tritium in both forms via Pd-Ag membrane technologies,
permeation tests and reaction tests have been performed, respectively, in a single-

tube membrane.

One of the results was that the low tritium content in He purge gas of the HCPB
blanket does not allow to directly separate hydrogen isotopes via membrane
permeators or CMRs therefore, in the back-up DEMO HCPB solution, a pre-

concentration stage, probably operated Via zeolite membranes, is necessary.

Regarding the tritium removal from tritiated water some experiments have been
performed by using heavy water. Such experiments have been carried out in a single
tube CMR. In particular, the decontamination capability of the WGS and IS reactions
have been evaluated by using two different catalysts and by operating at several
operating conditions. WGS reactions has been performed with high water
decontamination factor (up to 80% in a single stage) using catalysts that allowed to
have a very low production of methane (less than 2% in the worst case and under 1%

in the best case).

A middle-scale membrane reactor have been designed and commissioned (Chapter
6). The new multi-tube configuration is very compact (volume of about 10600 cm?®
containing 10 Pd-Ag tubes) since the Pd-Ag tubes are connected to the both sides of
a cylinder which forms the reactor shell. Tests on middle-scale reactors, in view of
DEMO, are necessary to validate the scalability of the single-tube performances and
allow to gain experience on the engineering and operation procedure. Furthermore,
in case of a good scalability of the single-tube, a ready (back-up) solution will be
available in few years for the HCPB DEMO blanket. On the contrary, if the
scalability would affect the tritium removal performances in Pd-Ag membrane
separation and reaction, the work presented could be a primary step towards a better

optimization of the multi-tube engineering concept.
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By adopting specific tools (structural, thermal, fluid dynamics etc.), a deeper
optimization and understanding of the influence of other variables, such as the fluid
dynamic one, that could affect the performances of a multi-tube membrane reactor,

could be of interest in view of a DEMO-scale tritium extraction process.

Additionally, many efforts may be put on the improvement of the catalysts packing
and on the simplification of the engineering for a more accessible maintenance

operations and reactors handling.
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