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ARTICLE INFO ABSTRACT

Keywords: A safe operation of the HCPB breeding blanket requires tritium permeation from the breeder into the coolant to
HCPB be kept as low as possible. Previous studies could identify co- and counter-permeation of different hydrogen
Tritium mitigation isotopes as a method to affect the permeation fluxes of the involved species. For the investigation of multi-
MUItl-lSOtOplC transport . . . aes . h h . . 1 d .
Co-permeation isotopic transport as a permeation mitigation or enhancement mechanism in an HCPB related environment a
Counter-permeation new permeation experiment has been designed in which tritium is substituted by deuterium. It consists of two gas
Permeation experiment cavities inside of a vacuum chamber separated by a EUROFER sample disk that can be heated to temperatures of
up to 600 °C. The set-up allows injecting arbitrary partial pressure combinations of H, and D into each chamber.
Co- and counter-permeation processes can be analysed for different temperatures and pressure configurations by
measuring the occurring deuterium permeation fluxes using a calibrated quadrupole mass spectrometer. Apart
from the determination of characteristic hydrogen isotope transport coefficients of the sample material the
presented experiment is designed to serve as a validation tool for existing multi-isotopic transport models which

are used to explain and simulate co- and counter-permeation effects in breeding blankets.

1. Introduction

Enabling tritium self-sufficiency of future fusion reactors is one of the
main purposes of the breeding blanket system (BB). Amongst others, the
helium cooled pebble bed (HCPB) is a solid breeding blanket concept
currently under development [1,2]. In this BB design lithium containing
ceramic pebbles (Li4SiO4, LioTiO3 compositions [3]) are densely packed
and stored in compartments surrounding the plasma facing first wall.
They are separated by beryllium layers serving as neutron multipliers.
Nuclear reactions between high-energy neutrons coming from the fusion
plasma and the lithium result in a generation of tritium which diffuses to
the ceramic pebble surfaces. The interstitial sites of the pebble bed are
rinsed by a He + H, purge gas. By adding H; to the purge gas recom-
bination and isotope exchange reactions occur causing the release of HT,
To, H;O, HTO and T,O into the gas [4-7]. The purge gas carries the
liberated tritiated molecules to a tritium extraction system [8].

The heat produced by the neutron multiplying and tritium breeding

reactions is absorbed by the purge gas and transferred through EURO-
FER channel walls into a helium coolant where pressurized helium gas
acts as the coolant fluid. Due to the relatively high hydrogen isotope
permeability of EUROFER [9] a significant fraction of the Hy, Ty, HT,
H,0, HTO and T»O molecules will dissociate and dissolve into the
channel walls causing a diffusive transport of protium and tritium
through the metal bulk before they recombine and enter the coolant.
Although the HCPB concept exhibits the least severe level of coolant
contamination among all BB designs, for a safe operation it is essential to
minimize the permeation flux of tritium from the purge gas into the
coolant as much as possible. For this purpose different methods have
been proposed and are currently under intense investigation. One
technique focuses on the application of tritium permeation barrier ma-
terials coated on the interior wall of the purge gas channels [10].
Another approach consists in a controlled injection of Hy gas into the
coolant which leads to a simultaneous co- and counter-permeation of
protium and tritium from both sides through the EUROFER channel
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Fig. 1. Process flow diagram of the COOPER experimental set-up (CL: Calibrated leak, DAI: Data acquisition interface, GMT: Gas mixing tank, H: Heater, HTR: Heat
transfer ring, OC: Outer chamber, PC: Permeation cell, PG: Pressure gauge, PSU: Power supply unit, QMS: Quadrupole mass spectrometer, RVP: Rotary vane pump,

SD: Sample disk, TC: Thermocouple, TMP: Turbo molecular pump, V: Valve).

walls. Previous experiments and numerical models suggest that in
certain Hy partial pressure regimes this could have a mitigating or
enhancing effect on the net amount of permeating tritium into the
coolant [11-21]. For a detailed experimental investigation of this phe-
nomenon a new multi-isotopic CO- and cOunter-PERmeation experi-
ment (COOPER) has been designed within the scope of this work. The
experiment enables quantitative permeation flux measurements of Hp,
D, and HD from a gas chamber through a thin EUROFER disk into a
second gas chamber. Both chambers can be filled with an arbitrary
partial pressure distribution of D, and Hy gas. Thus, co- and
counter-permeation scenarios under HCPB conditions are experimen-
tally recreated using D, gas instead of tritium containing molecules. The
aim is to study the effect different H, partial pressure proportions in the
two chambers have on the net flux of permeating deuterium atoms. In
contrast to similar previous experimental devices the hot permeation
cells of the COOPER experimental set-up are mounted inside of a vac-
uum chamber. In this way, leakages or permeation of atmospheric gases
into the interior of the gas chambers can be drastically reduced. More-
over, the vacuum will guarantee an efficient degassing of the permeation
cells after each measurement procedure. This provides a cleaner
permeation environment and helps eliminating difficult to estimate
uncertainty factors of the measurement results. A further objective of the
COOPER experiment is the validation of a developed numerical simu-
lation tool [17,19,20] which allows calculating multi-isotopic transport
in the HCPB breeding blanket system. In addition, the COOPER exper-
iment enables experimentally determining general hydrogen transport

parameters like the permeability, the diffusivity as well as surface rate
constants of hydrogen isotopes in the sample disk material. The design
and operation principle of the COOPER experiment as well as pre-
liminary measurement procedures are presented in this article.

2. Experimental design

The process flow diagram (PFD) of the entire experimental set-up can
be seen in Fig. 1. A cubic shaped vacuum chamber made of 316 stainless
steel forms the centrepiece of the experiment. It is called outer chamber
(OCQ). A photo of the fabricated outer chamber is shown in Fig. 2.

The front and back plane of the OC are open and form flanges with
embedded Viton gaskets. They are closed by cuboid shaped cover plates.
One cover plate provides a connection to electrical and thermocouple
feedthroughs. At the roof of the OC there is another access to the OC
which is linked to a turbo molecular pump (TMP-01) with a maximum
pumping speed of Styp_o1 = 0.2m? /s as well as to a rotary vane pump
(RVP-01). In the molecular flow regime the conductance of the pipe
connecting the OC and the TMP-01 is estimated to be of the order of
Coc ~ 15 x 1073m?3/s. Preliminary vacuum and degassing tests could
confirm that the interior of the OC is successfully maintained at vacuum
pressures of about 1 x 10~*Pa which is controlled by a wide range
pressure transmitter PG-04.

The OC houses the permeation cells A and B (PC-A and PC-B), which
is where the investigated permeation processes take place. A photo of
the PCs mounted inside of the OC is presented in Fig. 3. It shows PC-A in
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Fig. 2. Photo of the fabricated co- and counter-permeation chamber separated
from the rest of the experimental system. The picture shows the outer vacuum
chamber which hosts the permeation cells A and B. The two gas outlet ports sit
on the rear side of the chamber, opposite to the visible gas inlet ports.

Thermocouple feedthrough

Fig. 3. Photo of the permeation cells A and B mounted inside of the
outer chamber.

the front connected to PC-B which is visible in the back. A section cut of
the permeation cell system can be seen in Fig. 4.

Both PCs consist of identical square shaped thick walled 316 stainless
steel chambers with cylindrical inner cavities. Their flat back walls are
welded to mini ConFlat flanges which are connected to high temperature
graphite sealed thermocouple feedthroughs. As visible in the centre of
Fig. 4 each PC ends in a wide open flange which enables a screwed
connection of the two chambers. Gas can enter and exit each PC through
a narrow gas inlet pipe and a wider outlet pipe. The two inlet ports and
two outlet ports penetrate the vertical walls of the OC at opposite sides
(see Fig. 2 and 3). While the inlet and outlet pipes of PC-B are welded
from inside against the OC walls, the pipes of PC-A exhibit a screwed
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connection via interior ConFlat flanges. This design allows completely
detaching and removing PC-A from the system while PC-B will always
remain in its fix position. In this way the possibility of leakages at the
flange connections is reduced. Placing the copper gaskets and tightening
the screws of the ConFlat flanges of PC-A requires some longitudinal and
transversal clearance of at least one of the gas pipes. Therefore, the gas
outlet pipe of PC-A consists of a flexible bellow tube. Outside of the OC
the inlet and outlet ports terminate in welded ConFlat flanges.

The COOPER experiment is designed to enable permeation mea-
surements of i = {Hy, Dy, HD} gas through a dsp = 1mm thick round
sample disk (SD) which is clamped between the two inner custom made
flanges of the PCs using high temperature screws made of Incoloy® A-
286. Special focus is placed on EUROFER as the disk material. For ac-
curate measurements very good leak tightness between the PCs and the
SD is essential. Due to high disk temperatures of up to 600 °C it is chosen
to use custom designed Helicoflex® O-rings for the sealing which are
made of a silver plated Inconel® 600 jacked surrounding an internal
Nimonic® 90 spring. The effective circular disk surface which is in
contact with the interior gas of each PC has has a value of approximately
Asp = 9.1 x 10 *m?2.

The position of the gaskets in contact with the SD is highlighted in
Fig. 5. It shows the assembly steps of the permeation system. In order to
heat up the sample disk to the mentioned temperature regime a cylin-
drical band heater (H-03) is used. It is clamped around a copper cylinder
which is called heat transfer ring (HTR). It can be seen in the lower left
image of Fig. 5. On its inner surface the HTR merges into a flat copper
disk with a circular cut-out in its centre. The SD is placed inside of the
cut-out. Tightening the clamping screw of the band heater increases the
contact force between HTR and SD which leads to a good thermal con-
tact. As soon as the band heater is switched on, heat quickly diffuses into
the HTR disk sitting between the PCs before it enters the SD. Since the
HTR is in tight contact with the PC flanges, they will heat up too. The
heat enters the SD through the contact surface between the HTR and the
SD as well as through the contact surface between the PC flanges and the
SD. This custom-designed external heating system prevents an out-
gassing of impurities from the heater into the measurement system
during operation. Instead, molecules that evaporate from the PCs or the
heater into the OC will be quickly removed by the TMP-01. In this way,
an efficient degassing of any residual protium, deuterium or atmo-
spheric molecules from the PC walls into the vacuum system is guar-
anteed. This is an important requirement for accurate permeation
measurements. The system consisting of the permeation cells, the heat
transfer ring and the sample disk will be called permeation tube (PT).
The fact that the PT sits inside of the vacuum chamber ensures the
presence of a very clean environment in which the permeation and
leakage of atmospheric gases from outside the PT into the interior of the
hot PCs is highly reduced. To estimate the temperature profile that
would establish in thermal equilibrium inside of each component a 3D
model of the PT together with the OC is imported into the finite element
software ANSYS using the steady-state thermal analysis tool. It is
assumed that the contact surface of band heater and HTR is maintained
at a constant temperature of 650 °C. For the inner walls of the evacuated
OC and the surfaces of the PT only heat transfer by thermal radiation and
thermal contact conductance are taken into account while outside of the
OC also heat transfer through air convection is considered. It is found
that in thermal equilibrium the PC walls would be in average 150°C -
220°C colder than the HTR. As in other permeation experiments [22] it
is to expect that a fraction of the induced hydrogen isotope gas will
escape by permeation through the PC walls. Since the PCs are located in
a vacuum chamber and not in air the transport of hydrogen isotopes
through the metal walls into the OC can be accurately simulated using
well known hydrogen transport parameters of 316 stainless steel.
Therefore, a numerical model of the COOPER experiment is currently
under development. It will allow theoretically quantifying the
mentioned permeation losses for each measurement so that it can be
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Fig. 4. Section cut of the inner permeation cells which are separated by the sample disk and a heat transfer copper ring.

considered in the evaluation of the experimental results. The calculated
temperature profile in thermal equilibrium which establishes
throughout the HTR attached to the SD is presented in Fig. 6. It shows
that the temperature of the copper ring would decrease from 650°C at
the HTR jacket to 607 °C at the contact surface of HTR and SD. Ther-
mocouple TC-02 which is attached to the SD close to the Helicoflex
gasket would indicate a temperature of about 595°C. Thermocouple
TC-03 which sits in the centre of the SD would measure a value of
approximately 587 °C. Hence, the simulation indicates that the designed
heating system would lead to a very small radial temperature gradient in
the SD of only about AT = 10°C. Ensuring a flat radial temperature
profile of the sample disk is essential for meaningful and precise
experimental results. The band heater is fed by a direct current power
supply unit (PSU) which is linked to an electrical feedthrough attached
to the exit flange at the cover plate of the OC. Thermocouple TC-05
measures the temperature of the interior heating zone of the band
heater. The temperature data provided by all thermocouples is read out
by a computer. The connection is established by a data acquisition
interface (DAI). A LabVIEW program uses the temperature data
measured by thermocouple TC-05 to control the heating power. In this
way the SD can be heated with an arbitrary temperature ramp before it
reaches the desired stationary state temperature.

The two exterior ConFlat flanges linked to the inlet gas pipes of the
PT are connected to a gas line system (see Fig. 1). The system permits
inserting an arbitrary partial pressure configuration of H, and D, into
each PC via all-metal leak valves (V-16 and V-17) which are attached to
the gas inlet ports. Adjustable gas flows in a range 1 x10~®mbarls~! -
500mbarls~! enable a controlled injection of gas pressures between 1 x
10~'Pa and 1 x 10°Pa. The gas temperatures inside of PC-A and PC-B
are measured by the thermocouples TC-01 and TC-04. Via flexible
stainless steel tubes both gas inlet valves are linked to custom-made gas
mixing tanks (GMT-A and GMT-B) with a volume of about 100ml, each.
A photo of the gas line system detached from the gas bottles is shown in
Fig. 7. The GMTs serve as gas reservoirs where the different gases used in
the experiment can be mixed with an arbitrary partial pressure config-
uration and pre-heated before being injected into the PCs. Therefore,
both GMTs are wrapped with heating cables (H-01 and H-02) and iso-
lated by thermal insulation superwool® fibre. Pre-heating the gas before
it enters the PCs avoids an abrupt cooling of the hot sample disk in the
moment of the gas injection. Like the band heater the heating cables of
the GMTs are controlled by a LabVIEW based control program which
uses temperature measurement data from two installed thermocouples
(TC-06 and TC-07) as input parameters. The gas pressure inside of each

of the two tanks is controlled by a capacitance diaphragm pressure
gauge (PG-01 and PG-02) with a measurement range of 1.3 x 10'Pa -
1.3 x 10°Pa. Two bellow sealed high temperature valves (V-19 and V-
20) are placed right behind the pressure sensors and serve as open-close
gates for the GMTs. Both valves are linked to a gas line intersection
which exhibits a connection to an Ar, H, and D5 gas cylinder. Each of
them is equipped with a pressure regulator and a fine flow needle valve
(V-22, V-23 and V-24). The intersection has a further connection to the
RVP-01 via valve V-21 and a Pirani pressure transmitter PG-03.
Following an initial evacuation of the entire gas line system both
GMTs can be successively filled with individual gas mixes of arbitrary
partial pressure compositions. The argon gas is used to vent the tube
system whenever it is required and provides the possibility to create gas
mixes of Ar and Hy and/or Dy in the GMTs. In this way, H, and D, partial
pressures of even below 1 x 10~'Pa can be injected and maintained
stable inside of the PCs.

To insert a gas mix into GMT-A the needle valve belonging to the first
gas component is carefully opened until the desired partial pressure
fraction is reached. Then, the needle valve of the next gas component is
manipulated until the aimed partial pressure composition of the second
gas component is attained. The partial pressure of the second gas is equal
to the momentary pressure subtracted by the final pressure after the
previous gas was filled in. If a third gas component is added to the mix
this process is repeated. As soon as GMT-A contains the right gas
composition, valve V-20 is closed and the gas line intersection is evac-
uated. To fill GMT-B valve V-19 is opened and the gas filling procedure is
repeated introducing a new arbitrary partial pressure composition. The
prepared gas mixes are injected into the PCs after the sample disk has
reached its desired temperature using the leak valves V-16 and V-17.

The two exit ports of the outlet gas pipes of the OC are each con-
nected to two capacitance diaphragm pressure gauges, one for a mea-
surement range between 1.3 x 10~!Pa - 1.3 x 10%Pa and one with a
range of 1.3 x 10'Pa - 1.3 x 10°Pa. The two pressure gauges of PC-A
share the name PG-05 while the tow gauges connected to PC-B are
associated with the label PG-06. By opening V-01 and accordingly V-02
both PCs exhibit a connection to a HAL 101X RC quadrupole mass
spectrometer (QMS) from Hiden Analytical and a turbo molecular pump
(TMP-02) whose exhaust is linked to a separate rotary vane pump (RVP-
02). The TMP-02 has a maximum pumping speed of about
Stmp_o2 = 0.2m3 /s. During a permeation measurement the tube line of
only one of the PCs is opened to the measurement and vacuum system at
a time. This depends on whether the permeation flux from PC-A to PC-B
(defined as permeation direction AB) or from PC-B to PC-A (defined as
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Fig. 5. Photos showing the assembly steps of the permeation tube. [upper
left] Open flange of the detached PC-A. [upper right] A Helicoflex® O-ring is
placed in the prepared gasket bed of PC-A. [lower left] A heat transfer copper
ring is centred on top of the open flange. The sample disk is placed in the round
cut-out of the copper ring sitting on top of the Helicoflex® O-ring. [lower
right] A second Helicoflex® gasket is centred on top of the sample disk. To
insert heat into the sample disk a band heater is clamped around the cylinder
jacket of the heat transfer ring. The shown system will be linked to the flange of
PC-B.
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Fig. 6. Temperature profile in thermal equilibrium establishing throughout the
heat transfer ring attached to an EUROFER sample disk sitting in its centre.
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permeation direction BA) is measured. Both PCs are linked to the mea-
surement system via two distinct paths. The open path (OP) is defined as
a way through the tube system via an open-close bellow sealed valve
(AB: V-03, BA: V-04). The conductance of this connection is calculated to

be of the order of Cop ~1 x 1073m?® /s. In contrast, the leak path
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Fig. 7. Photo of the gas line system without heating wires and ther-
mal insulation.

describes a way through the tubes which is interrupted by a leak valve
(AB: V-05, BA: V-06). This allows controlling the gas leak rate from the
downstream PC (AB: PC-B, BA: PC-A) to the measurement system in a
range between 1 x 10 °mbarls~! and 500mbarls—'. The enclosed gas
volume reaching from the SD up to the leak valve is determined using a
CAD model of the set-up with which we obtain Vip~764+5 x
107°m®. The conductance of the pipe system linking the corresponding
leak valve with the QMS is calculated to be of the order of Cip ~ 1 x
10~3m? /s. Continuous total gas pressure measurements in the pipe
system are performed by the wide range pressure transmitters PG-07 and
PG-08 (see Fig. 1).

2.1. Measurement of D permeation flux into vacuum

For permeation flux measurements from a gas filled PC into vacuum
the evacuated PC and the QMS are linked via the open path. Preliminary
vacuum measurements confirmed that the vacuum system permits
evacuating the open path to minimum pressures of about 5 x 107Pa at
the QMS (measured by PG-08) and about 1 x 10~°Pa closer to the PCs
(measured by measured by PG-07). At higher temperatures maintaining
these pressure levels requires previous degassing operations. The QMS
enables simultaneous partial pressure measurements of different gas
molecules over a wide molecular mass range. This includes the mole-
cules Hy (2 amu), HD (3 amu) and D, (4 amu). Although D, and He
occupy the same atomic masses they exhibit different ionisation en-
ergies. The utilized QMS inherits an operation mode which allows
complete control over the electron energy inside of its ionisation source
known as threshold ionisation mass spectrometry [23]. It enables a
differentiation of the mentioned interfering molecules. Since for the
used QMS the gas specific relative sensitivities and fragmentation pat-
terns are known the conversion of the detected ion currents into a partial
pressure becomes possible. The QMS enables permeation flux mea-
surements through the sample disk by measuring the partial pressure
increment AP;(t) = P;(t) — Py; of molecule i in the open path of the
downstream PC as it has been done in previous experiments [11-13].
Here, Py; stands for the base partial pressure of molecule i that estab-
lishes before the D, gas is injected while P;(t) describes the measured
partial pressure during deuterium permeation. To convert the detected
pressure increment into a permeation flux we use [13]:
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AP;(2)-Sefr op.i
7 _ AP(#)-Serrop,

erm,i (1) = 1
perm.i (1) RTA M

The pressure increment that establishes at a certain permeation flux
depends on the effective pumping speed of the open path S op; Which
slightly varies for different molecular species i [24]. Since Cop<<Stmp-02
it is to expect that Sfop; ~ Cop. For permeation to vacuum measure-
ments the values of S op; can be experimentally determined using
calibrated H, and D, leaks (CL) of known leak rate ric ;. Therefore, the
corresponding CL is connected to the desired gas inlet port via valve
V-18. The pressure increment AP; registered by the QMS which results
from the known particle flux of the CL of molecule i will provide S op i
by applying the expression:

ricL i RT
AP,

(2)

Seir.opi =

Since no calibrated HD leaks exist on the market the pumping speed for
HD can be estimated through Serup ~ 1/2-(Setru, + Sefrp, ). Before the
base pressure is measured and the CL is exposed to the vacuum of the
open path, the SD is heated to the final operation temperature. In this
way, leakages and permeation losses are taken into account as they
would occur during a permeation flux measurement.

2.2. Measurement of D permeation flux into Hy filled chamber

To measure the permeation flux into a gas filled PC the valves V-03
and V-04 are kept closed and the leak path over the respective leak valve
is chosen. This requires opening valve V-07 in case of AB or valve V-08 in
case of BA. The leak path enables maintaining the pressure in the
downstream PC in the lower vacuum regime while the space sur-
rounding the QMS is evacuated by the TMP-02 reaching the high vac-
uum regime of P <1 x 1072Pa where QMS measurements become
possible. To do so, a sufficiently small gas leak rate through the gas leak
valve needs to be adjusted. Hence, in contrast to previous counter-
permeation experiments the QMS is exposed to a much lower Hj pres-
sure [12]. For this reason, it is to expect that the generation Hj ions in
the QMS ionizer is low and that an interference with the detection of
HD" ions is rather unlikely. The total gas pressure Py, pc in the down-
stream PC is continuously monitored with the corresponding capaci-
tance pressure gauges (AB: PG-06, BA: PG-05). The leak rate r y; of
molecule i through the leak valve is determined with the QMS. There-
fore, the partial pressure increment APqgys; is measured which occurs
when opening the leak valve to the desired leak rate. For the leak rate of
molecule i through the leak valve we find:

APqums i+ Sefr Lp,i

RT 3

riLV.i =
In the Eqgs. (1)-(3) the variable T labels the gas temperature inside of the
QMS which is considered to be room temperature. To measure the
effective pumping speeds Sesr1p; Of the path connecting the leak valve
with the QMS the calibrated leaks of the different molecules are now
connected via valve V-12 right behind the leak valve of the leak path.
Their values are experimentally obtained in the same manner as
described in Section 2.1 by applying Eq. (2). The measurement of the
permeation flux of molecule i into the downstream permeation cell is
based on the assumption that:

_ Peci(t)Vip | diLy,

J =
RT.spcAsp  Asp

perm,i (t) (4)

In this expression Ppcgi(t) is the time derivative of the partial pressure of
molecule i inside the gas filled downstream PC. It can be determined
from the measured leak rates assuming that:
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nLy i

Z ﬂLV‘i
i

Ppc,i(t) = Ppco(1)- 5)

The temperature Ty, pc in Eq. (4) refers to the average gas temperature
in the downstream PC. For atomic deuterium permeation flux mea-
surements we define:

Jperm,D = 2Jperm.,Dg + Jperm.HD (6)

The upstream PC (AB: PC-A, BA: PC-B) which is not connected to the
QMS is usually sealed by the valves that are directly attached to the gas
inlet and outlet flanges of the OC (AB: V-16 and V-01, BA: V-17 and V-
02). However, this implies that during the measurement possible leak-
ages and permeation processes will cause a slow decrease of the initial
gas pressure in the upstream PC. For this reason, the presented experi-
mental design offers the possibility to create a gas flow inside of the
upstream PC coming from the upstream GMT (AB: GMT-A, BA: GMT-B).
The flow enters through the leak valve (AB: V-16, BA: V-17) at the gas
inlet of the PC and exits the outlet pipe of the PC before leaving through
the downstream leak valve (AB: V-06, BA: V-05) into the RVP-01 via
valve V-09. In case the permeation direction BA is used valve V-09 and
its pipe connection to the RVP-01 is unplugged from the junction be-
tween V-06 and V-08 and connected to the port between the valves V-05
and V-07 (see Fig. 1). To create a homogeneous gas flow which causes a
stationary gas pressure in the upstream PC both leak valves should be
opened by the same level.

3. Experimental procedures

The presented design of the COOPER experimental set-up allows
executing measurements to study different permeation phenomena and
to determine material specific hydrogen isotope transport parameters of
the sample disk material. For the following description of the experi-
mental procedures permeation direction AB is considered. Before any
measurement is executed the entire experimental system is evacuated
and degassed until a sufficiently low base pressure is reached. Before gas
is injected into the PCs the disk is heated to the desired temperature
value and it is waited until thermal equilibrium is attained.

3.1. Mono-isotopic permeation experiment

In a mono-isotopic permeation experiment the permeation of a single
hydrogen isotope gas (Hy or Dy) from a gas filled container through a
sample material into vacuum is observed. Such a permeation experiment
is usually performed to experimentally obtain the hydrogen isotope
permeability [25] or the diffusion coefficient [26] of the sample disk
material. Moreover, it permits measuring characteristic surface rate
constants that determine the recombination and dissociation velocity of
the hydrogen isotopes at the gas-bulk interface [27].

The COOPER experiment is designed for permeation measurements
in the diffusion-limited and in the surface-limited permeation regime. The
diffusion-limited regime is present at high driving pressures in which the
dissociation rate at the gas-metal interface is fast in comparison with the
diffusion flux in the bulk material. Permeation measurements in this
regime enable the determination of the diffusion coefficient of the
sample material by applying the time-lag method [28,29]. It was found
that in the diffusion-limited regime the steady-state molecular perme-
ation flux Jp., through a sample material of thickness dgp is approxi-
mately proportional to the square root of the gas pressure
Joerm & ®/P/dsp with ® being the temperature dependent hydrogen
isotope permeability of the sample material [30]. By measuring the
permeation flux for different temperatures while keeping the pressure
constant the temperature relation of the permeability is obtained. The
surface-limited permeation regime describes a case in which the driving
pressure of the gas is low causing the diffusion flux to be large in
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comparison with the dissociation rate. In this regime, the molecular
permeation flux is approximately proportional to the pressure P and can
be expressed by the relation Jyem z%aKdP where ¢ is the surface
roughness factor [30]. The temperature dependent dissociation coeffi-
cient Ky is measured for different temperatures while keeping the
pressure constant.

To execute a mono-isotopic permeation measurement with the pre-
sented set-up Hy or D, is filled into PC-A and PC-B is evacuated. The
permeation flux of the corresponding hydrogen isotope through the SD
into PC-B is measured for different upstream pressures and different
sample temperatures as described in Section 2.1.

3.2. Multi-isotopic permeation experiment

The COOPER experiment enables deuterium permeation flux mea-
surements by introducing D, into the upstream PC while H, gas is
additionally present in the upstream PC (co-permeation) or in the
downstream PC (counter-permeation). The objective of these measure-
ments is the observation of co- and counter-permeation as a permeation
mitigation or enhancement mechanism as proposed in previous studies
[17,19,20]. The experimental data gained from these experiments will
be used for the validation of numerical multi-isotopic transport models
[14,16-18,20]. Therefore, experimental data shall be compared with
simulation results. With the COOPER experiment special focus is placed
on the experimental analysis of the following HCPB relevant co- and
counter-permeation scenarios.

3.2.1. Co-permeation experiment

Co-permeation measurements are based on the injection of a D + Hj
mixture into PC-A while PC-B is evacuated. The gases co-permeate side
by side from PC-A into PC-B. The time evolving deuterium permeation
flux is measured via the open path as described in Section 2.1 until steady
state diffusion occurs. Following an evacuation and degassing of the
system this measurement is repeatedly executed for different H, pres-
sures ranging from OPa to 1 x 10°Pa while the D, partial pressure is kept
constant. It is analysed how an increase of the H; partial pressure in PC-
A influences the deuterium permeation flux into PC-B.

3.2.2. Counter-permeation experiment

For counter-permeation measurements PC-A is filled with Dy gas
while H; is inserted into PC-B. Both gases counter-permeate into the
opposite PC. Since PC-B contains a gas pressure in the low vacuum
regime the permeating particles are required to enter the QMS system
via the leak path. The deuterium permeation flux is measured as
described in Section 2.2 until steady state permeation establishes. The
measurements are repeatedly executed increasing the H, partial pres-
sure in PC-B from OPa to 1 x 10°Pa while the D, partial pressure inserted
into PC-A remains the same. In this way it is observed under which
conditions counter-permeating H, gas mitigates or enhances the
deuterium permeation flux. After each measurement the PT is evacuated
and degassed.

4. Conclusion

Tritium transport simulations suggest that adding H, gas to the
coolant of an HCPB breeding blanket system could, in certain partial
pressure regimes, have a mitigating effect on tritium permeation into the
coolant. For the experimental observation of this promising method a
new multi-isotopic permeation experiment has been designed within the
scope of this work. It is called COOPER experiment and allows investi-
gating the isotopic effect of co- and counter-permeation of different
hydrogen isotopes through an EUROFER disk under HCPB relevant
conditions. The permeation chamber constitutes two gas cavities inside
of a vacuum chamber which are separated by the sample disk. A band
heater is clamped around a custom-designed copper ring which sur-
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rounds the sample disk in its centre. The heat enters the disk at its cir-
cular boundary edge, thus reaching temperatures of up to 600 °C. Finite
element thermal calculations anticipate a nearly homogeneous radial
temperature profile which would establish inside of the disk in steady
state. The vacuum chamber surrounding the permeation tube enables an
efficient degassing of the hot permeation cell walls and will significantly
lower the contamination of the measurement system with atmospheric
gas molecules. For reliable measurement results these are essential re-
quirements. A gas line system consisting of two gas tanks permits the
user to mix, pre-heat and inject arbitrary partial pressure configurations
of Ar, Hy and Dy gas into both permeation cells. Gas pressures of below
1x 107'Pa up to 1 x 10°Pa can be well controlled and maintained
stable, even at elevated temperatures. The experimental design enables
measuring Hz, HD or D, permeation fluxes into an evacuated or Hj filled
permeation cell using a calibrated QMS. Therefore, the downstream
permeation chamber and the QMS are either directly connected or
linked via a manual leak valve. The COOPER experiment has the pur-
pose to validate numerical simulation results of HCPB permeation sce-
narios and to measure material specific hydrogen transport parameters.
Matching experimental and simulation results would confirm a
controlled H; injection to the coolant as a promising method to mitigate
tritium permeation in HCPB breeding blankets.
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