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A B S T R A C T

One of the main challenges to be addressed to achieve a reliable electricity production from the EU DEMO
reactor is the realization of a closed fuel cycle, for which a suitable Tritium Extraction and Removal System
(TERS) is required. One of the possible technologies identified for the EU DEMO TERS is the Permeator Against
Vacuum (PAV): the tritium dissolved in the liquid PbLi flowing within several parallel channels will permeate
towards the vacuum pumped on the other side of the channel wall (the membrane).

A recently-developed model of the tritium permeation across the membrane in the PAV, involving both
transport phenomena in the wall and surface processes, was already used to size the EU DEMO PAV. However,
besides the component itself, it is important to properly define the interfaces of the PAV in the TERS, and of the
TERS in the entire PbLi and tritium loops. The model of such a complex system is therefore implemented here
in the Modelica object-oriented language used by system-level tool GETTHEM, that already includes a model
of the PbLi loop. The resulting, lumped-parameter component will be able to capture the thermal-hydraulic
behaviour of the PbLi, to model the tritium transport in the fluid and to estimate the tritium permeated
flux supplied to the tritium processing. Such a model is tested here on a sub-scale circuit to demonstrate its
capability to simulate the operation of the EU DEMO TERS using the GETTHEM code.

As the physical parameters of the model are subject to a large uncertainty, an uncertainty propagation
analysis is also performed, to have a preliminary quantification of the impact of such uncertainties on the
model output and, therefore, on the TERS efficiency, and to drive further investigations of these physical
properties. In particular, results show how the uncertainty on the solubility constant of hydrogen in PbLi
represents the dominant contribution on the total variance, highlighting the need for a better accuracy of such
parameter.
1. Introduction

Tritium self-sufficiency is one of the challenges on the path towards
a reliable electricity production from fusion energy by means of the EU
DEMO reactor [1]. Its Breeding Blanket (BB) and Tritium Extraction
and Removal System (TERS) must be designed to minimize the tritium
inventory. The Test Blanket Module (TBM) programme in ITER will
provide a validation of the different designs. Both TBM programme
and EU DEMO design require substantial R&D, in turn asking for sup-
port from reliable modelling to prepare the experiments and compare
different solutions.

One of the BB designs that is being considered for the EU DEMO
and is going to be tested in a TBM is the Water Cooled Lithium Lead
(WCLL) [2] BB; it adopts water for the cooling and flowing PbLi as a
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breeder material. The tritium exiting the BB in the PbLi mass flow rate
should then be extracted in the TERS to close the fuel cycle, providing
it to the Tritium Plant for the subsequent processing stages before being
injected in the core plasma as fuel. Among the technologies investigated
for the Tritium Extraction Unit (TEU), the one considered for the work
presented in this paper is the Permeator Against Vacuum (PAV).

The functioning principle of the PAV technology is based on the
tritium transport through a membrane permeable to tritium, which
separates the flowing PbLi, where tritium is dissolved, from an outer
chamber where vacuum is pumped. The driver for the tritium flux from
the PbLi to the vacuum side is the partial pressure difference between
the two sides of the membrane. Thanks to this, the PbLi leaves the
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PAV channels (whose wall is the membrane itself) with a lower tritium
concentration.

A conceptual design for the PAV is based on the shell-and-tube
configuration with PbLi pipes shaped as U-tubes (see Fig. 1) surrounded
by a vessel where vacuum is pumped; it was presented by Politecnico di
Torino and ENEA for the WCLL BB [3], exploiting a recently-developed,
steady-state, surface-limited model of the tritium permeation through
the PAV membrane [4] for the dimensioning of the extractor. Moreover,
the PAV conceptual design was adapted for the design of a PAV mock-
up tested in TRIEX-II facility at ENEA Brasimone Research Center [5],
where the experimental qualification of several TEU options is carried
out.

The aim of the present work is to implement a dynamic system-
level model for the transport and extraction of Tritium inside the
PbLi loop of the WCLL BB, to support the conceptual design of the
TEU based on the PAV technology and assess its dynamic behaviour
by simulating it during different transients. The new model is im-
plemented in the system-level GEneral Tokamak THErmal-hydraulic
Model (GETTHEM) [6,7], a code developed at Politecnico di Torino
since 2015 for the thermal-hydraulic modelling of the Breeding Blanket
(BB) and related subsystems. Taking advantage of the object-oriented
nature of the GETTHEM code, the PbLi loop model, featuring the new
permeation model for the PAV, can be easily adapted to reproduce the
layout and operative conditions of the TERS PbLi loop of any fusion
experiment adopting this technology. Therefore, the adaption of the
model to the TRIEX-II facility [8] is foreseen for a future validation
against the data obtained during TRIEX-II experimental campaign on
the PAV mock-up [9].

Several tools were developed, in the past years, for the modelling
of the transport and permeation phenomena of tritium in lead-lithium
loops of fusion reactors: for instance, the object-oriented software
EcosimPro [10] was used in [11,12] to model the WCLL and Dual-
Coolant Lithium-Lead PbLi loops at a system-level, providing a dynamic
assessment of tritium inventories in the blanket and related systems;
the FUS-TPC code [13], developed with the MATLAB environment and
based on the fast-fission SFR-TPC code [14], which was used in [15]
to estimate tritium inventories and losses – assuming 0D tritium mass
balance in components and diffusion-limited permeation through the
channel walls – for the PbLi loops of the WCLL and Helium-Cooled
Lithium-Lead BBs. These tools, however, model the tritium extraction
in the TEU with a fixed extraction efficiency and, to the best of the
authors’ knowledge, a system-level model of a Pbli loop implementing a
detailed permeation model for the PAV tritium extractor is still missing
in literature.

Finally, due to the large uncertainty on the main physical pa-
rameters involved in the extraction of the hydrogen isotopes in the
PAV, a preliminary uncertainty propagation study is carried out in
this work aiming at improving the physical understanding of such
parameters, quantifying their mutual dependence and their impact on
the PAV outputs, and identifying the main contributors on the overall
uncertainty on the outputs.

2. Description of the model

The GETTHEM code is written using the Modelica language, and
it is based on the Modelica Standard Library (MSL) and on the Ther-
moPower library [16]. Its modular structure allows simple modelling
of complex systems with a graphical interface, and enables the gen-
eration of new models by extending existing objects, thanks to the
object-oriented approach.
2

Fig. 1. View of the PAV design proposed in [3]: (a) 3D view, (b) top view of the vessel
internals (with the inlet/outlet and discharge pipes in transparency), (c) side view of
the vessel internals (with inlet and outlet manifolds) and side view of the passage 1
(d) and passage 2 (e).

2.1. Model assumptions

The transport of tritium is modelled in this work as a scalar trans-
port. In the work presented in [17], a model for the assessment of
the generation and transport of activated corrosion products (ACPs)
as dispersed materials (DMs) in the WCLL PbLi loop was recently
implemented in GETTHEM; such model allows the possibility to include
an unlimited number of DMs within the working fluid, PbLi in this
case. In the present work, such model has been applied to the transport
of tritium (or generically of hydrogen isotopes) as a DM in PbLi,
and extended to model also the permeation phenomena through a
membrane in the PAV.

The core assumption behind the modelling of the transport of DMs
is that the DM particles are found in the fluid in trace concentration
only, according to the Modelica.Media definition [18,19], under the
assumption that their presence does not significantly affect the fluid
properties. In view of the low fluid velocity, the PbLi flow is assumed
to be incompressible. Further details on the DM transport model can be
found in [17].

Additionally, some assumption for the modelling of the perme-
ation phenomena through the membrane of the PAV have been made,
namely [4]:

• the Nb membrane operation is considered at steady state, mean-
ing that the different species involved are in thermodynamic
equilibrium, and no accumulation is modelled;
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• the entire PAV system (PbLi + membrane) is considered isother-
mal;

• tritium has the same velocity of the PbLi flow inside the PAV
channels;

• the mass diffusion of tritium is driven by partial pressure gradi-
ents;

• the PbLi flow is considered to have a fully developed velocity
profile in turbulent regime along the entire channel length, thus
the tritium concentration is considered uniform across most of the
channel cross section;

• the tritium mass transport in the radial direction is driven by
the turbulent mixing within the PbLi bulk, the diffusion in the
fluid close to the membrane wall and the permeation through
the membrane, whereas in the axial direction it is driven by
the advection within the PbLi flow; hence, diffusion across the
channel prevails with respect to that along the channel, which
can be neglected.

From the last two assumptions, it follows that the assessment of the
distribution of tritium concentration inside the PAV is carried out
through the combination of two 1D models: (i) a 1D tritium flow model
along the Pbli flow direction, where the mass balance equation for
tritium is solved (see Section 2.2.1), and (ii) a 1D permeation model in
the radial direction through the membrane. The model does not assume
a priori the permeation regime: depending on the operating conditions
given by the input parameters, it can address both surface and diffusion
limited regimes [4].

2.2. Model equations

The new component for the PAV channels relies on the Model-
ica.Fluid package available in the MSL [19], which is a free and open
source library. As discussed in [17], this approach is compatible with
existing GETTHEM models, as all of them are based on the same
interfaces.

The new PAV channel component is made of a 1D flow model for the
PbLi flow (including the axial and radial transport of tritium in PbLi), a
radial permeation model across the Nb membrane and a model for the
vacuum boundary condition (see Fig. 2); while the first one is adapted
from an existing pipe model of the MSL, the latter two are built from
scratch.

Note that in the following description of the model implementation,
tritium has been considered as the hydrogen isotope solute in PbLi for
the transport and permeation study, since it is the H-isotope of interest
for the TERS of the EU DEMO reactor and other future tokamaks;
however, the model can be straightforwardly adapted to the transport
and permeation of other H isotopes if necessary (for example protium
in the case of the PbLi loop of the TRIEX-II facility), with just a few
precautions on the input parameters , i.e. using in the model equations
the molar mass of the H isotope considered and adopt empirical formu-
lation for the solubility and recombination constants developed for the
H isotope of interest (or, if missing for that specific isotope, consider a
suitable scaling factor).

2.2.1. Mass transport in the axial direction
The tritium advection within the PbLi flow, similarly to what has

been done in [17] for the ACPs, is implemented in the PbLi flow model
by solving the 1D mass conservation equation for tritium,

𝐴
(

𝜕𝜌𝑇
𝜕𝑡

+
𝜕𝜌𝑇 𝑣
𝜕𝑥

)

= 𝑠𝑇 (1)

where 𝐴 is the channel cross section, 𝜌𝑇 is the mass of tritium per
unit volume of PbLi (in kgT/m3

PbLi), 𝑡 is the time, 𝑣 is the speed of the
working fluid, 𝑥 is the coordinate representing the 1D flow direction,
and 𝑠𝑇 is the sink term accounting for tritium permeation through the
membrane wall expressed in kg /(m s).
3

T

Fig. 2. Sketch of the model of the PAV component implemented in GETTHEM.

The Finite Volume (FV) approach with an upwind scheme is used to
approximate the space derivative, splitting the domain in 𝑁𝑉 control
volumes (CV) of equal length 𝛥𝑥 and centroid 𝑥𝑖. Defining the tritium
mass concentration 𝐶𝑇 = 𝑀𝑇

𝑀 (in kgT/kgPbLi), where 𝑀𝑇 is the tritium
mass and 𝑀 is the working fluid mass, and integrating Eq. (1) in space
over each CV, the following conservation equation for the tritium mass
is found:

𝑀
𝑑𝐶𝑇 ,𝑖

𝑑𝑡
= 𝑚̇𝑖,𝑖𝑛(𝑡)𝐶𝑇 ,𝑖,𝑖𝑛(𝑡) − 𝑚̇𝑖,𝑜𝑢𝑡(𝑡)𝐶𝑇 ,𝑖,𝑜𝑢𝑡(𝑡) + 𝑆𝑇 ,𝑖(𝑡) ∀𝑖 ∈ [1, 𝑁𝑉 ] (2)

where 𝑚̇𝑖,𝑖𝑛∕𝑜𝑢𝑡 is the working fluid mass flow rate at the 𝑖th CV in-
let/outlet, 𝐶𝑇 ,𝑖 is the concentration in the 𝑖th CV, 𝐶𝑇 ,𝑖,𝑖𝑛∕𝑜𝑢𝑡 is the
upstream concentration of tritium at the 𝑖th CV boundary (inlet/outlet),
and 𝑆𝑇 ,𝑖(𝑡) = 𝑠𝑇 (𝑥𝑖, 𝑡)𝛥𝑥 is the permeated tritium mass flow rate (in
kg/s), which is computed as

𝑆𝑇 ,𝑖 = −𝐽𝑇 ,𝑖 𝐴𝑤,𝑖 𝑀𝑀𝑇 ∀𝑖 ∈ [1, 𝑁𝑉 ] (3)

where 𝐽𝑇 ,𝑖 is the tritium mass flux (in mol/(m2 s)) in the 𝑖th CV
computed according to the permeation model (see Section 2.2.2), 𝐴𝑤,𝑖 is
the wetted surface of the 𝑖th CV and 𝑀𝑀𝑇 is the atomic tritium molar
mass (in kgT/molT). Further details about the model implementation
can be found in [17].

2.2.2. Mass transport in the radial direction
In the past years, some models for the estimation of the tritium

permeated flux across a membrane were developed (e.g. that presented
in [20], used for a preliminary dimensioning of PAV for the EU DEMO
TERS [21], or that in [22], adopted to investigate the use of conven-
tional Reduced Activation Ferritic-Martensitic steels for the membrane
as an alternative to Nb) assuming that permeation is predominantly
driven by the diffusion inside the membrane. However, despite surface
phenomena on the vacuum side were already partially included in [20],
it is required to account also for the surface phenomena limiting the
tritium permeation on the interface between PbLi and membrane. A
new steady-state model including the surface phenomena on the PbLi
side was developed in [4], adapting the permeation model in [23]
developed for the case of a gaseous carrier to the case of a liquid
carrier. In the present work, the permeation model developed in [4]
is implemented in the GETTHEM model of the PAV component to
compute the tritium mass flux 𝐽𝑇 ,𝑖 in Eq. (3).

The tritium concentration is uniform in most of the PbLi channel
cross section due to the turbulent mixing, but a localized concentration
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gradient is assumed close to the membrane wall, implemented in the
PbLi flow model as

𝐽𝑇 ,𝑖 = ℎ𝑇
(

𝐶𝑇 ,𝑖 − 𝐶𝑇 ,𝑙,𝑖
)𝜌𝑃𝑏𝐿𝑖,𝑖
𝑀𝑀𝑇

∀𝑖 ∈ [1, 𝑁𝑉 ] (4)

where 𝐶𝑇 ,𝑙,𝑖 (expressed in kgT/kgPbLi) is the tritium concentration close
to the membrane, 𝜌𝑃𝑏𝐿𝑖,𝑖 is the PbLi density (in kgPbLi/m3

PbLi) and ℎ𝑇
is the mass transport coefficient (in m/s), which quantifies the rate
at which tritium crosses the flow boundary layer. The tritium concen-
tration in PbLi at the membrane interface 𝐶𝑇 ,𝑙,𝑖 is computed at each
CV 𝑖 with the Sievert’s law, with the assumption of thermodynamic
equilibrium

𝐶𝑇 ,𝑙,𝑖 = 𝐾𝑃𝑏𝐿𝑖
𝑠,𝑖

√

𝑝𝑇 ,𝑙,𝑖
𝑀𝑀𝑇
𝜌𝑃𝑏𝐿𝑖,𝑖

∀𝑖 ∈ [1, 𝑁𝑉 ] (5)

where 𝐾𝑃𝑏𝐿𝑖
𝑠,𝑖 is the solubility (or Sievert’s) constant of tritium in PbLi

(computed in the 𝑖th CV as a function of the local temperature value), in
molT∕(m3

PbLiPa1∕2) and 𝑝𝑇 ,𝑙,𝑖 is the tritium partial pressure at the mem-
brane interface, in Pa.

As to the membrane model, the mass diffusion inside the membrane
bulk is expressed by the Fick’s law, which, given the cylindrical geom-
etry of the system, becomes

𝐽𝑇 ,𝑖 = 𝐷𝑁𝑏,𝑖
𝐶𝑇 ,𝑤,𝑖𝑛,𝑖 − 𝐶𝑇 ,𝑤,𝑜𝑢𝑡,𝑖

𝑟𝑖𝑛 log
( 𝑟𝑜𝑢𝑡

𝑟𝑖𝑛

) ∀𝑖 ∈ [1, 𝑁𝑉 ] (6)

where 𝐷𝑁𝑏,𝑖 is the mass diffusion coefficient (or diffusivity) in Nb (in
m2/s), 𝐶𝑇 ,𝑤,𝑖𝑛 and 𝐶𝑇 ,𝑤,𝑜𝑢𝑡 are the concentrations1 close to the inner and
outer surfaces, respectively, in mol/m3. On the inner and outer surfaces
of the membrane, the mass transport is the result of recombination and
dissociation processes, described in [24]. Therefore, the recombination
mass flux 𝐽𝑇 ,𝑟,𝑖 and the dissociation mass flux 𝐽𝑇 ,𝑑,𝑖, having opposite
directions, contribute to the total mass flux across the surfaces, which
is computed for the 𝑖th CV at the inner surface as

𝐽𝑇 ,𝑖 = 𝐾𝑁𝑏
𝑑,𝑖 𝑝𝑇 ,𝑙,𝑖 −𝐾𝑁𝑏

𝑟,𝑖 𝐶
2
𝑇 ,𝑤,𝑖𝑛,𝑖 ∀𝑖 ∈ [1, 𝑁𝑉 ] (7)

and at the outer surface as

𝐽𝑇 ,𝑖 = 2
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

𝐾𝑁𝑏
𝑟,𝑖 𝐶

2
𝑇 ,𝑤,𝑜𝑢𝑡,𝑖 −

1
2
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

𝐾𝑁𝑏
𝑑,𝑖 𝑝𝑣𝑐 ∀𝑖 ∈ [1, 𝑁𝑉 ] (8)

where 𝐾𝑁𝑏
𝑑,𝑖 is the dissociation constant in molT/(m2 s Pa), given by the

product 𝐾𝑁𝑏
𝑑,𝑖 = 𝐾𝑁𝑏

𝑟,𝑖
(

𝐾𝑁𝑏
𝑠,𝑖

)2 if the thermodynamic equilibrium is as-
sumed, and 𝑝𝑣𝑐 is the counter-pressure on the vacuum side (different
from 0, realistically), assumed uniform along the channel length. 𝐾𝑁𝑏

𝑟,𝑖
and 𝐾𝑁𝑏

𝑠,𝑖 are the recombination (in m4/(molT s)) and solubility (in
molT/(m3 Pa1/2)) constants in the Nb membrane, respectively. The sur-
face kinetic at the PbLi side is not strictly required as the tritium is
dissolved in PbLi as atoms rather than molecules. However, it is consid-
ered here to try and account for the possible oxidation of the surface;
actually, here a gas-boundary layer of negligible thickness is consid-
ered, allowing to account for the surface kinetic. Note that the variables
𝐽𝑇 ,𝑖 appearing in Eqs. (4), (6), (7) and (8) are the same quantity, that is
the tritium mass flux in the radial direction. The implementation of this
model has been successfully verified with the method of manufactured
solution, as reported in the Appendix.

3. Test cases

The PbLi loop is one of the ancillary systems of those BB concepts
adopting liquid PbLi eutectic alloy as tritium breeder and neutron mul-
tiplier (e.g. the WCLL); it consists of a closed circuit where forced cir-
culation of the PbLi eutectic alloy is provided to ensure and maintain

1 Note that the symbol 𝐶 is used for a concentration expressed in kgT/kgPbLi,
whereas the symbol 𝐶 is used for a concentration expressed in mol/m3, i.e. at
any location 𝐱, 𝐶(𝐱) = 𝐶(𝐱) 𝜌solvent(𝐱) .
4

𝑀𝑀𝑇
Fig. 3. Scheme of the PbLi loop model for test case I and II ; for test case I, since the
He source is equal to zero, the helium sink model is not included in the circuit.

suitable operating conditions for the BB regular operation. Other impor-
tant functions of this system are: (i) to allow the extraction of the tri-
tium produced inside the blanket, (ii) to remove impurities (e.g. ACPs)
from the PbLi alloy, and (iii) to allow the confinement of radioactive
products.

The main aim of this work is to showcase the capability of the code
to estimate the tritium mass extracted in the PAV (and hence to esti-
mate its efficiency) and compute the tritium distribution along the PbLi
loop, rather than providing final results (for which the needed input are
not available at the current status of the design). In view the above, a
simple test case for the PbLi loop has been developed, including only
a small set of essential components that are needed for the circulation
of the PbLi alloy and for the hydrogen isotopes generation, transport
and extraction. In this test case, protium has been considered as the
H-isotope dissolved in the working fluid. The resulting model for this
test case (from now on called test case I), shown in Fig. 3, features the
following components:

• H-isotopes source, mimicking the function of the breeding units
in the EU DEMO BB;

• PAV;
• Pressurizer;
• Pump;
• Heat eXchanger (HX).

The objects adopted for the pump, the HX and the pressurizer are
available within MSL: the pump object models a centrifugal pump with
ideally controlled mass flow rate, the HX, assumed to be ideal, is mod-
elled by a simple 1D flow model without any wall and with a fixed tem-
perature boundary condition at the secondary side, and the pressurizer
is modelled as a pressurized tank.

For the hydrogen isotope source model, instead, an existing pipe
model, available within the MSL, is extended to include a hydrogen
isotope mass flow source in the working fluid mass balance equation,
to be provided as an external input.

The PAV object follows the configuration of the mock-up described
in [3] and [5] for a shell-and-tube vessel with 16 niobium U-tubes,
modelled as described in Section 2. The Pbli flows through the PAV
along 8 parallel channels for each of the two passages inside the com-
ponent. The geometrical parameters used for the Nb pipes are listed in
Table 1. A critical aspect, that must be taken into account for a future
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Table 1
Input parameters of the components.

PAV

Number of parallel channels per passage 8 –
Average channel length 1.888 m
Channel inner diameter 9.2 mm
Channel outer diameter 10 mm

H-isotope source

Channel length 0.431 mm
Channel diameter 122 mm
H-isotope mass flow source (nominal value) 12 μg/s

Pump

Nominal rotational speed 1200 rpm
Nominal head 1 bar
Nominal fluid density 9659.8 kg/m3

Heat exchanger

Channel length 2 m
Channel diameter 122 mm
Fixed temperature B.C. 450 ◦C

Pressurizer

Height 2.11 m
Initial level 1.05 m
Surface pressure 1.0132 bar

Initial and nominal conditions

H-isotope solute in PbLi Protium –
H-isotope initial concentration 0 kgH/kgPbLi
Nominal mass flow rate 3 kg/s
Nominal pressure 5 bar
Nominal temperature 450 ◦C

Table 2
Correlations adopted here for the permeation parameters.

Parameter Expression Ref.

𝐾𝑃𝑏𝐿𝑖
𝑠 [mol/(m3 Pa1/2) ] 4.7 ⋅ 10−7 exp (−9000∕𝑅𝑇 ) 𝜌𝑃𝑏𝐿𝑖

𝑀𝑀𝑃𝑏𝐿𝑖
[26]

𝐾𝑁𝑏
𝑠 [mol/(m3 Pa1/2) ] 𝐾𝑆0 exp (5550∕𝑇 ) [27]

𝐾𝑟 [m4/(mol s) ] 1.3⋅1024

𝑁𝐴 ⋅𝐾2
𝑆0 ⋅

√

𝑇
exp

(

2(𝐸𝑆−𝐸𝐶 )
𝑅𝑇

)

[20]

ℎ𝑇 [m/s ] 𝑆ℎ = 0.0096𝑅𝑒0.913𝑆𝑐0.346 [28]

In the equations above, 𝑅 is the universal gas constant, T is the temperature (in K),
𝑁𝐴 is the Avogadro constant, 𝜌𝑃𝑏𝐿𝑖 is the PbLi density, 𝑀𝑀𝑃𝑏𝐿𝑖 is the molar mass of
PbLi, 𝐾𝑆0 is the pre-exponential coefficient of the solubility constant (equal to 0.127
molT/(m3 Pa1/2)), 𝐸𝑆 is the heat of solution of tritium in PbLi (equal to −34 kJ/mol
[29]) and 𝐸𝐶 is the activation energy for dissociative adsorption (equal to 40 kJ/mol
[29]).

validation of the model against experimental data, concerns the huge
uncertainty on the input parameters used for the permeation model,
especially on the solubility constants 𝐾𝑠 in PbLi and in Nb, the recom-
bination constant 𝐾𝑟 and the mass transport coefficient ℎ𝑇 . As a matter
of fact, different empirical formulations available for each of these pa-
rameters may give results that differ by several orders of magnitude,
as shown in [25] for 𝐾𝑃𝑏𝐿𝑖

𝑠 . In view of this, a preliminary uncertainty
propagation analysis has been performed to assess the effects on the
computed PAV efficiency, which is reported in Section 5. Table 2 lists
the correlations used for the permeation parameters; for ℎ𝑇 , the cor-
relation is given in terms of the Sherwood dimensionless number 𝑆ℎ

𝑆ℎ =
ℎ𝑇 𝑑
𝐷

(9)

where 𝑑 is the channel hydraulic diameter and 𝐷 is the mass diffusion
coefficient in the working fluid. 𝑆ℎ expresses the ratio of convective
to diffusive mass transfer, and it is usually expressed in terms of the
Reynolds number 𝑅𝑒 and of the Schmidt number 𝑆𝑐, in turn defined
as the ratio between the kinematic viscosity (momentum diffusivity) 𝜈
and 𝐷.

Additionally, a second test case (test case II) has been built including
also the transport of helium, produced in the BB as a byproduct of
5

Fig. 4. Test case I: results of the simulations (blue lines, left axis) and evolution of the
protium mass source (red line, right axis) for transient Ia: (a) evolution of the protium
concentration at the PAV inlet and outlet, and (b) evolution of the protium partial
pressure at the PAV inlet.

nuclear reactions between neutrons – coming from the plasma – and
Li atoms within the flowing PbLi alloy, to demonstrate the capability
of the model to assess the transport of different species inside the loop
at the same time. The new test case model, shown in Fig. 3, is almost
identical to the previous one, except for:

• the addition of a He mass flow source term in the H-isotope source
component (‘‘H and He source’’ in Fig. 3), and

• the inclusion in the loop of a new model for the He sink, modelled
as a simple 0D pipe implementing a fixed He-removal efficiency
𝜂 = 70%.

4. Results

Since the simulation has been performed using 400 CVs
(corresponding to a 𝛥x of ∼ 0.17 mm) for the spatial discretization of
the PAV channel model (for both test cases), the computed values of
protium concentration are affected by a relative error of ∼ 10−5, as
computed by the OoA test described in Appendix.

The model adopted for the test case I (see Fig. 3) is run to sim-
ulate two possible transients, both starting from a hydrogen isotope
concentration in the PbLi equal to zero.

For the first transient (hereafter referred to as transient Ia), the pro-
tium mass source is switched on at time 𝑡 = 0 s at its nominal value (see
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Fig. 5. Test case I: results of the simulations (blue lines, left axis) and evolution of
the protium mass source (red lines, right axis) for the transient Ib: (a) evolution of the
protium concentration at the PAV inlet and outlet, and (b) evolution of the protium
partial pressure at the PAV inlet.

Table 1) and kept constant for the first 2000 s of the simulation, during
which the system reaches the steady state. At this point, the mass source
is continuously increased for 2 hours up to the value of 28.5 μg/s of
protium. At the end of the simulation (𝑡 = 10 000 s) a new steady state
condition is reached. The results for transient Ia are shown in Fig. 4,
together with the corresponding waveform of the H mass source. As
expected, from Fig. 4(a) it can be seen how the protium concentration
at the PAV outlet is lower than that at the inlet, as a mass flux from the
PbLi towards the vacuum boundary is established in the extractor; at
the final steady state, the PAV efficiency, computed as 𝜂 = 1 − 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡

𝐶𝑃𝐴𝑉 ,𝑖𝑛
,

is 37.2 %. In Fig. 4(b) the partial pressure at the PAV inlet is shown,
ranging between the two steady state conditions from ∼ 300 Pa up to
∼ 1700 Pa.

The transient Ib is identical to the transient Ia up to the end of the
first steady state condition. At 𝑡 = 2000 s the protium mass source is
switched off within 1 min: most of the protium present inside the PbLi
loop is removed by the PAV within approximately 30 min, and the
partial pressure at the PAV inlet drops to ∼ 0.01 Pa, as shown in Fig. 5.

Concerning the test case II, the model is run for 5000 s to simulate a
transient for both protium and helium concentrations, equal to zero at
𝑡 = 0 s. Both the mass sources are switched on and kept constant at their
nominal value (for helium, it is assumed as equal to the protium one),
6

Fig. 6. Test case II: (a) evolution of the protium and helium concentrations at the
mass source component outlet (blue lines, left axis), and (b) evolution of the helium
concentration at the He sink inlet and outlet (blue lines, left axis). Evolution of He and
H mass sources (red lines, right axis) are shown.

reaching the steady state condition, and then shut down at different
times. The resulting evolution of the concentration for both species is
shown in Fig. 6(a), while the He extraction is reported in Fig. 6(b). The
aim of this test case is to display the capability of the model to capture
the dynamic evolution of the concentration for different species at the
same time, and thus the helium mass source value has been suitably
chosen to allow a comparison with the protium concentration, not to
provide a realistic estimation on the He inventory in the PbLi loop.

5. A preliminary uncertainty propagation study

The uncertainty affecting a physical parameter is, in general, the
superposition of aleatory and epistemic uncertainties. Concerning the
PAV system, the uncertainties in its main physical parameters are
mostly due to the lack of fundamental physical knowledge in some of
the phenomena occurring in tritium extraction process, often resulting
in non-repeatable measurements. Considering e.g. the permeation prop-
erties of Nb, as also reported in [3], they should be a self-consistent
set, in view of the relation linking the dissociation, recombination and
solubility constants. However, new recent measurements of the per-
meability reported in [30] showed values orders of magnitude lower



Nuclear Materials and Energy 37 (2023) 101500R. Bonifetto et al.

d
f
c
d
f
t
p
t
p
i
t

Table 3
Range of variation for the PAV physical parameters.

Parameter Min. value Max. value Mean 𝑙𝑜𝑔-value

𝐾𝑟 [m4/(mol s) ] 3.94 · 10−10 6.02 · 10−6 4.87 · 10−8

𝐾𝑃𝑏𝐿𝑖
𝑠 [mol/(m3 Pa1/2) ] 1.06 · 10−3 1.19 · 10−1 1.12 · 10−2

𝐾𝑁𝑏
𝑠 [mol/(m3 Pa1/2) ] 2.92 · 10−2 1.18 · 102 1.86

ℎ𝑇 [m/s ] 1.73 · 10−5 2.30 · 10−3 1.99 · 10−4
m

o
c
f
u
f
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than those computed analytically according to the permeability defini-
tion (𝛷𝑁𝑏 = 𝐾𝑁𝑏

𝑠 𝐷𝑁𝑏) in [31]. The latter used solubility [27,32] and
iffusivity [33] values as measured by different laboratories, and there-
ore not necessarily self consistent, especially in view of the important
onclusions of [30], highlighting that the measured values are strongly
ependent on the surface oxidation status, driven by oxides that can
orm at room temperature and alter the results from one laboratory
o the other. Therefore, the purpose of this section is twofold: (i) im-
roving the physical understanding of these parameters by quantifying
heir cross-dependence and their impact on some relevant PAV out-
ut parameters and (ii) identifying the major contributors, among the
nput parameters, to the resulting uncertainty on the inlet and outlet
ritium concentrations, 𝐶𝑃𝐴𝑉 ,𝑖𝑛 and 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡, and, ultimately, on the

PAV extraction efficiency 𝜂.
The physical parameters considered for the uncertainty propagation

study and their range of variation are listed in Table 3. The minimum
and maximum values of such parameters, evaluated at 500 ◦C (opera-
tive temperature of the PAV considered for the uncertainty propagation
study), come from the disagreement between measurements of differ-
ent laboratories (e.g. the value of 𝐾𝑃𝑏𝐿𝑖

𝑠 found in literature can vary
by two orders of magnitude depending on the empirical formulation
considered), or, in the case of the mass transport coefficient ℎ𝑇 , from
the uncertainty of the empirical formulation listed in Table 2 (for which
an additional order of magnitude on the uncertainty, for both the upper
and lower bound, is assumed to account for the fact that the correlation
was developed for water, not PbLi).

5.1. The polynomial chaos expansion method

The considerable uncertainties in these parameters pose the ques-
tion on how to effectively propagate them through the GETTHEM cal-
culation. Their huge range of variation and the model non-linearities
would suggest the adoption of a robust uncertainty propagation frame-
work, like the one offered by a brute-force sampling technique. This ap-
proach consists in sampling the parameter space many times and evalu-
ating the response of the physical model to the various samples. How-
ever, in spite of the computational efficiency of the GETTHEM code,
the number of code evaluations would be cumbersome, due to the large
number of samples needed to accurately map the input parameter
space.

An efficient yet reliable alternative to brute-force methods is offered
by non-intrusive Polynomial Chaos Expansion (PCE) methods [34]. This
class of methods, which is very popular in the frame of uncertainty
quantification and sensitivity analysis [34], allows to build a surrogate
polynomial model that imitates the model of interest with a fair accu-
racy and a limited number of evaluations. Non-intrusive PCE has been
extensively applied in many fields, including nuclear engineering [35–
38].

The basic idea of this approach is expanding a stochastic model 
in a series of orthogonal polynomials 𝛹 ,

(𝑠, 𝑡, 𝑝) = 𝑦 =
∞
∑

𝑘=0
𝑎𝑘(𝑠, 𝑡)𝛹𝑘(𝑝) ≈

𝐾
∑

𝑘=0
𝑎𝑘(𝑠, 𝑡)𝛹𝑘(𝑝), (10)

where 𝑠 is the vector of the state variables (e.g., the space dependence),
𝑡 is the time, 𝑝 is the vector of stochastic parameters (in this case, the
physical properties of the PAV), 𝑎𝑘 is the 𝑘th expansion coefficient and
𝐾 is the desired polynomial order. In this work, two popular methods
7

are adopted for the evaluation of the projection coefficients 𝑎𝑘(𝑠, 𝑡). The l
first one is the so-called Non-Intrusive Pseudo-Spectral approach (NISP),
which consists of approximating the expansion coefficients through a
quadrature rule [39], while the second one is the so-called Non-Intrusive
Point Collocation (NIPC), which consists of evaluating 𝑎𝑘(𝑠, 𝑡) by means
of a least-square regression procedure [40].

5.2. The sampling strategy

If the input vector 𝑝 ∈ R𝑑 is constituted by 𝑑 independent random
variables, the multivariate polynomials are expressed as a product of
𝑑 independent polynomials. Hence, the number of coefficients to be
evaluated grows exponentially with the number of dimensions. To mit-
igate this issue, known as curse of dimensionality [41], the sparse grids
method [42] is often chosen. One advantage of this approach is that
it can yield nested levels of points, i.e. the higher levels contain all
the preceding, lower order ones, allowing to adaptively increase the
number of points used to compute the quadrature or to perform the
regression by re-using data from the previous levels.

Another delicate aspect concerning the input parameter space is its
large variability: every input parameter spans at least two orders of
magnitude. Due to this large variation, the samples are all assumed
to follow a uniform distribution. Considering the large spread featur-
ing these distributions and the non-linearity of the model, the samples
are evaluated on a transformed input space, obtained by taking the
logarithm of each input parameter, to ensure a uniform coverage of
the various orders of magnitude. The 𝑙𝑜𝑔-transformation procedure is
equivalent to drawing uniformly spaced samples on a logarithmic scale,
as visible in Fig. 7(b), where a 2D view of the 4-dimensional space is
provided by fixing two parameters.

Fig. 7 allows to appreciate another nice property of the sparse grid:
thanks to Fig. 7(a), which shows a 3D view of the input space obtained
by fixing 𝑙𝑜𝑔(𝐾𝑁𝑏

𝑟 ) to its mean value, it is possible to notice that, when
also one of the other three parameters is fixed to its mean value, the
2D pattern of the grid, depicted in Fig. 7(b), is preserved. In particular,
the points featuring the grid obtained by fixing two parameters out of
four are exactly the same that would be obtained if the grid would be
generated considering only a couple of parameters. This feature is very
useful for a partial but systematic exploration of the input parameter
space: the analysis may be initially carried out focusing on a subset of
the parameter space, for instance involving only a couple of parameters,
say ℎ𝑇 and 𝐾𝑃𝑏𝐿𝑖

𝑠 . Afterwards, the inclusion of additional parameters in
the uncertainty propagation study, say 𝐾𝑁𝑏

𝑠 , would only require to per-
form the model evaluations (i.e., the GETTHEM simulations) pertaining
to the variations of this parameter with respect to its mean 𝑙𝑜𝑔-value
(i.e., the points in Fig. 7(a) which are larger or smaller than the mean
value of 𝑙𝑜𝑔(𝐾𝑁𝑏

𝑠 ), keeping the remaining parameter, i.e. 𝐾𝑁𝑏
𝑟 , at its

ean 𝑙𝑜𝑔-value.
To better grasp the physical impact of the various inputs on the

utputs of the GETTHEM model, the uncertainty propagation is first
arried out for each couple of the four input parameters, exploiting the
eatures of the sparse grids for minimising the number of model eval-
ations. Given the number of uncertain input parameters considered
ree to vary, Table 4 shows the number of samples, i.e. of GETTHEM
imulations, needed for various levels of the sparse grid. Since the grid
s nested, the actual number of new simulations required in a certain
evel is given by the difference between the number of points in that

evel and the number of points in the previous one.
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Fig. 7. Views of the sparse grid used to sample the input parameter space.

Table 4
Number of sample points required as a function of the grid level and the input space
dimension.

# of uncertain parameter Level 1 Level 2 Level 3 Level 4

2 5 13 29 65
3 7 25 69 177
4 9 41 137 401

5.3. Results of the 2D uncertainty propagation

The results obtained by considering each couple of parameters are
presented and discussed in this Section, drawing some conclusions that
could be useful to support the forthcoming experimental campaigns
aiming at reducing the uncertainty on these input parameters.

5.3.1. PCE training and testing
The nested structure of the grid allows using a certain level to build

the PCE model and then adopting the points belonging to the successive
levels as validation points to check the performances of the polyno-
mial fit. A preliminary analysis focusing on the type of PCE approach
revealed that the NISP method offers roughly the same accuracy of
the NIPC. However, the spectral projection requires specific points to
carry out the quadrature, which limits the maximum polynomial order
for the polynomial fit at the 4th degree, i.e. the maximum number of
levels in the sparse grid. Since the NIPC does not require any rule for
the sample points, this method is selected in the following to gener-
ate the surrogate fit for the model evaluations. All the PCE models
have been generated with an ad hoc Python script that relies on the
8

chaospy package [43]. As this preliminary uncertainty propagation
study is focused on the tritium permeation model across the membrane
(i.e. where the parameters with the largest uncertainty appear), the
GETTHEM model adopted to generate the samples has been kept as sim-
ple as possible, thus modelling an open loop featuring the PAV model
only, with fixed inlet conditions (PbLi pressure and temperature, and
H-isotope partial pressure). Indeed, a closed loop model, such as that
adopted in test cases I and II (see Section 4), could generate a back-
propagation effect due to the recirculation of the PbLi from the outlet
of the PAV (where H-isotope concentration is affected by the model
uncertainty) to its inlet, causing a possible accumulation of tritium in
the loop and therefore affecting the input (i.e. the tritium concentration
at the PAV inlet) to the (uncertain) model.

Fig. 8 shows some curves obtained by fixing one of the two pa-
rameters considered in the generation of the 2D polynomial fit at its
mean 𝑙𝑜𝑔-value. The circles and the stars represent the points adopted
to carry out the regression process for the inlet and outlet concentra-
tions, respectively. Analogously, the squares and the triangles represent
the points adopted to test the performance of the regression model for
the inlet and outlet concentrations, respectively. These graphs are very
instructive from both physical and numerical points of view.

From a physical perspective, the scatter graphs can be interpreted
as a One-At-a-Time sensitivity study [44], which yields the behaviour
of the PAV model when only one parameter is varied at a time. First
of all, it is possible to notice that, consistently with Sievert’s law (see
Eq. (5)) and the mentioned hypothesis of fixed inlet partial pressure,
the inlet concentration only depends on 𝐾𝑃𝑏𝐿𝑖

𝑠 , while the outlet con-
centration 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 exhibits a non-linear dependence on all the param-
eters. In particular, it is very interesting to notice that this parameter
tends to saturate towards the lower and upper limits of both 𝐾𝑟 and
𝐾𝑁𝑏

𝑠 , i.e. where the curve exhibits two tails. Note that the 𝑥-axis on the
graphs is given in a 𝑙𝑜𝑔-scale, meaning that in the saturation regions
even significant variations in these two parameters may induce small
or negligible variations in the outlet concentration. Since the PAV effi-
ciency is proportional to the ratio 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡/𝐶𝑃𝐴𝑉 ,𝑖𝑛, it can be concluded
that the variability of 𝜂 due to the epistemic uncertainty in these pa-
rameters is expected to be very large for values far from the lower and
upper limits.

From a numerical point of view, larger degrees in the polynomials
increase the accuracy of the fit, except for low values of 𝐾𝑟 and 𝐾𝑁𝑏

𝑠 .
In these cases, see Figs. 8(b) and 8(c), the NIPC model always yields
a value of 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 larger than 𝐶𝑃𝐴𝑉 ,𝑖𝑛, i.e. the resulting efficiency is
negative. This physical inconsistency may be solved in a future work by
increasing the number of points used to build the fit in the parameter
space regions where the above-mentioned saturation effects in 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡
are significant. However, due to the preliminary and demonstrative na-
ture of this uncertainty propagation study, this activity is left as a future
work.

Fig. 9 shows the behaviour of the efficiency for the 2D parameter
spaces defined by fixing each couple of parameters at a time to their
mean 𝑙𝑜𝑔-values, allowing to visualise the dependence with respect to
the various uncertain input parameters. A common feature to all these
graphs is the fact that the largest values of the efficiency are placed
in the corners, i.e. in correspondence of the upper or lower ranges of
each parameter. In particular, high efficiencies can be obtained when
𝐾𝑟, 𝐾𝑁𝑏

𝑠 and ℎ𝑇 are all around their upper limit and 𝐾𝑃𝑏𝐿𝑖
𝑠 is around

its lower limit. Indeed, a high ℎ𝑇 enhances the mass transfer from the
PbLi bulk to the fluid region near the membrane wall, while a large 𝐾𝑟
value improves the recombination on the vacuum side (on the PbLi side
the recombination is less important in view of the atomic dissolution of
the H-isotope); in both cases, the extraction is enhanced. Large values
of 𝐾𝑃𝑏𝐿𝑖

𝑠 would instead reduce the permeated flux, thus a small 𝐾𝑃𝑏𝐿𝑖
𝑠

improves the efficiency; a relatively high 𝐾𝑁𝑏
𝑠 would again improve the

dissolution of the H-isotope in the membrane, enhancing its extraction
from the fluid.
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Fig. 8. Graphs showing 1D curves obtained by fixing one of the two parameters considered for the generation of the PCE model at its mean 𝑙𝑜𝑔-value.
Fig. 10 provides an overview of the relative error (in absolute value)
on 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 between the GETTHEM reference simulations and the NIPC
model for the various 2D parameter spaces obtained by taking each
couple of parameters at a time.

An inspection of these graphs helps to further corroborate the ob-
servation drawn previously about the saturation effect occurring for
low values of 𝐾𝑁𝑏

𝑠 and 𝐾𝑁𝑏
𝑟 . From this perspective, the PCE models

trained on the parameter spaces containing one of those two param-
eters feature the poorest accuracy (actually, the only model trained
without any of the two shows the best accuracy, see Fig. 10(e)). Nev-
ertheless, it should be acknowledged that, in most of the non-physical
cases, the values of 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 are only slightly larger than 𝐶𝑃𝐴𝑉 ,𝑖𝑛 (<
3% with respect to 𝐶𝑃𝐴𝑉 ,𝑖𝑛). Concerning the accuracy with respect to
𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡, the models featured by the largest (> 15%) maximum relative
errors are those defined over the spaces constituted by 𝐾𝑁𝑏

𝑠 and ℎ𝑇
and by 𝐾𝑟 and ℎ𝑇 , followed by that constituted by 𝐾𝑁𝑏

𝑠 and 𝐾𝑟. The
latter could be expected because of the poor performances of the PCE
model near the upper and lower limits of 𝐾𝑁𝑏

𝑠 and 𝐾𝑟. Concerning
the former two spaces, it should be noted that the behaviour (and the
accuracy of the low-order fit) of ℎ𝑇 is qualitatively similar to that of
𝐾𝑁𝑏

𝑠 and 𝐾𝑟 (while that of 𝐾𝑃𝑏𝐿𝑖
𝑠 can be fitted well even by lower-

order PCE models); therefore also the spaces involving the parameter
ℎ𝑇 and 𝐾𝑁𝑏

𝑠 or 𝐾𝑟 could be expected to show a lower accuracy. Except
for some test cases showing a large relative error (between 12 and
9

25 %), most of the points are characterized by an error that is lower
than 5 %. Since the objective of the PCE is to yield a surrogate (but
computationally efficient) distribution of the PAV efficiency, the quality
of the fit has been considered acceptable, despite the issue regarding
possible negative values of this output parameter.

5.3.2. PCE results
After the training and testing phases, the PCE model can be finally

applied as a computationally efficient surrogate of the GETTHEM model
for the generation of a sample Probability Density Function (PDF) of the
PAV efficiency 𝜂.

Fig. 11 represents the various PDFs for 𝜂 obtained by considering the
different couples of uncertain physical parameters. The sample PDFs
are simply built by running the 5th order NIPC model a large number
of times (in this case, 104) and gathering the outcomes. Since some
efficiency values might be negative, another PDF, in orange, is super-
imposed to the original one (in light blue), by imposing 𝜂 = 0 when
𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 > 𝐶𝑃𝐴𝑉 ,𝑖𝑛. This operation is justified by the fact that the ef-
ficiency tends to zero for small values of 𝐾𝑟 and 𝐾𝑁𝑏

𝑠 , as previously
observed.

By inspection of this figure, it can be easily appreciated that in gen-
eral the PDF shows two peaks around the minimum and maximum val-
ues of 𝜂, while the probability of getting 𝜂 in the interval (0,1) is rather
uniform. The spread of the distributions is very large. The
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Fig. 9. Efficiency behaviour with respect to each couple of free parameters considered in the regression generation process. The colour is proportional to the efficiency magnitude;
the squares indicate the training points while the circles represent the test points. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
general behaviour of these PDFs points out that the uncertainty on the
input physical parameters leads to an unacceptable uncertainty on the
PAV efficiency, thus asking for an improvement in their experimental
evaluation.

Another useful property of the PCE method is that it allows to easily
retrieve the first order Sobol’s indices, which can be defined as

𝑆𝑖 =
𝜎2𝑖

𝜎2𝑇𝑂𝑇 ,𝑅

, (11)

where 𝜎2𝑖 is the variance due to the 𝑖th parameter, 𝜎2𝑇𝑂𝑇 ,𝑅 is the total
variance on the output response 𝑅 and 𝑆𝑖 is the Sobol’s index quantify-
ing the fraction of the total variance due to the 𝑖th parameter alone. As
such, Sobol’s indices can be adopted as global indicators of the model
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sensitivity to a certain input parameter considering the whole parame-
ter space [45]. The Sobol’s indices are normalised,
𝑑
∑

𝑖=1

𝜎2𝑖
𝜎2𝑇𝑂𝑇 ,𝑅

+
𝑑
∑

𝑖<𝑗

𝜎2𝑖𝑗
𝜎2𝑇𝑂𝑇 ,𝑅

+⋯ +
𝜎212…𝑑

𝜎2𝑇𝑂𝑇 ,𝑅

= 1, (12)

thus also the fraction of output variance due to the interaction of one
or more parameters, e.g., that due to the interaction between the 𝑖th

and 𝑗th parameters, is accounted for.
Table 5 reports the Sobol’s indices computed for the different 2D

input spaces considered in the analysis for the outlet concentration.
As expected on a physical ground, 𝐶𝑃𝐴𝑉 ,𝑖𝑛 is only sensitive to 𝐾𝑃𝑏𝐿𝑖

𝑠 ,
therefore it was not included in the table, while 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 depends on all
the four parameters. In particular, it is interesting to observe that the
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Fig. 10. Relative errors between reference and NIPC model with respect to each couple of free parameters considered in the regression generation process. The colour is proportional
to the relative error; the squares indicate the training points while the circles represent the test points. The markers with a red edge indicate the non-physical cases characterized
by 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 > 𝐶𝑃𝐴𝑉 ,𝑖𝑛. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
cross-variances between 𝐾𝑃𝑏𝐿𝑖
𝑠 and 𝐾𝑟, as well as that between 𝐾𝑃𝑏𝐿𝑖

𝑠
and 𝐾𝑁𝑏

𝑠 , are negligible (as it can be also observed in relative terms in
Figs. 9(c) and 9(d)), suggesting that the recombination and solubility
constants of Nb are rather independent on 𝐾𝑃𝑏𝐿𝑖

𝑠 . The fact that the two
solubility constants are independent on each other is quite obvious,
being two different material. The small dependence of the recombi-
nation constant on the 𝐾𝑃𝑏𝐿𝑖

𝑠 could be due to the fact that being the
hydrogen isotopes dissolved in atomic form in the PbLi, a real recom-
bination (that could be related to the solubility constant in the PbLi) is
not needed on the PbLi side. Also the mutual interaction between ℎ𝑇
and 𝐾𝑃𝑏𝐿𝑖 is quite small. These values of the mutual interactions can be
11

𝑠

explained by noticing that the dominant contribution (≥∼ 90%) in the
total variance is always due to the PbLi solubility constant. As it can be
observed also in Fig. 8, the variation in both 𝐶𝑃𝐴𝑉 ,𝑖𝑛 and 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 due
to this parameter is the largest, compared to the other variables.

Concerning the other couples, the mutual interaction of 𝐾𝑁𝑏
𝑠 and

𝐾𝑟 amounts to 6 % of the total variance, which is still rather small. On
the contrary, when ℎ𝑇 is coupled with 𝐾𝑟 or 𝐾𝑁𝑏

𝑠 , the mutual interac-
tion becomes important. The physical interaction between them can be
related to the fact that ℎ𝑇 (on the PbLi side) and the 𝐾𝑟 and 𝐾𝑁𝑏

𝑠 (on
the membrane side) strongly influence the hydrogen isotope transport
close to the membrane wall, and therefore the local gradients there.
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Fig. 11. Sample probability density function for the PAV efficiency considering the different parameter spaces. The PDF obtained imposing 𝜂 = 0 when 𝐶𝑃𝐴𝑉 ,𝑖𝑛 < 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡 is reported
in orange, superimposed to the original one (in light blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
6. Conclusions and perspective

The PbLi loop model available in the GETTHEM system-level code,
already including models for the generation, transport and removal of
Activated Corrosion Products as Dispersed Materials (DM), has been
extended to include the transport and removal of hydrogen isotopes
and helium from the PbLi alloy.

The mass balance equation along the PbLi flow is solved for the
above-mentioned species, assumed to be found in the working fluid
in trace concentrations only. A recently-developed model for the hy-
drogen mass transport phenomena in the radial direction of the PAV
channels (permeation through a niobium membrane driven by the hy-
drogen partial pressure difference between the two sides of the mem-
brane) capturing the permeation has been implemented for the TERS
12
in GETTHEM. The permeation model is able to address both diffusion-
limited and surface-limited permeation regimes, depending on the in-
put permeation parameters and operating conditions. In perspective,
the liquid-limited permeation regime, discussed in [46], will also be in-
vestigated. The new implementation has been successfully verified with
an order-of-accuracy test, adopting the method of the manufactured
solution.

Two simple test cases for the PbLi have been simulated, adopting
the configuration proposed for the PAV mock-up. The capability of the
model to compute (i) the concentration of different DM species at the
same time (hydrogen and helium in this case) in different locations of
the PbLi loop, and (ii) the H-isotope extraction along the PAV channels
has been demonstrated during different possible transients.

In view of the large uncertainty on the model physical parameters,
a preliminary uncertainty propagation study has also been carried out
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Table 5
Sobol’s first order sensitivity indices for the PAV outlet concentration 𝐶𝑃𝐴𝑉 ,𝑜𝑢𝑡.

1st parameter 2nd parameter Interaction

𝐾𝑟 𝐾𝑃𝑏𝐿𝑖
𝑠

5.33% 94.32% 0.35%

𝐾𝑟 𝐾𝑁𝑏
𝑠

21.86% 72.05% 6.09%

𝐾𝑃𝑏𝐿𝑖
𝑠 ℎ𝑇

96.30% 2.19% 1.51%

𝐾𝑁𝑏
𝑠 ℎ𝑇

43.11% 21.70% 35.19%

𝐾𝑃𝑏𝐿𝑖
𝑠 𝐾𝑁𝑏

𝑠

89.08% 10.59% 0.34%

𝐾𝑁𝑏
𝑟 ℎ𝑇

46.49% 23.61% 29.90%

with the Polynomial Chaos Expansion technique, to assess the effect of
the different empirical formulations available for the permeation pa-
rameters on the computed outlet H-isotope concentration. It turned out
that the uncertainty on the input parameters leads to an unacceptable
uncertainty on the PAV efficiency, suggesting a need for an improve-
ment in their experimental evaluation. In particular, 𝐾𝑃𝑏𝐿𝑖

𝑠 is uncorre-
lated to both 𝐾𝑟 and 𝐾𝑁𝑏

𝑠 , and shows the dominant contribution in the
total variance; therefore, it is a good candidate to be the first property
asking for better accuracy. However, as ℎ𝑇 shows a strong mutual in-
teraction with 𝐾𝑟 and 𝐾𝑁𝑏

𝑠 , also a reduction of its uncertainty could
ead to important benefits on the overall model accuracy.

In perspective, the qualification of the model will be completed
hrough a validation against experimental data coming from the PAV
ock-up tests performed at the TRIEX-II facility. Moreover, the model
ill be extended to include part of the vacuum circuit (secondary side
f the PAV extractor) and realistic tritium generation models, and the
ffect of the PAV channels entrance region on the transport of hydrogen
sotopes in PbLi will be investigated. Finally, the uncertainty propaga-
ion study will also be extended varying all the parameters simultane-
usly.
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Table A.1
Shapes of the manufactured solutions applied to the set of variables for the verification.
𝑡0 = 30 s, 𝐵 = 10, 𝜔 = 0.5, 𝛷 = 𝜋∕4; 𝑡 is the time variable.

Variable Unit Shape

𝐶𝑇 (𝑥, 𝑡) kgT/kgPbLi 𝐵 𝑀𝑀𝑇

𝜌𝑃𝑏𝐿𝑖 (𝑥)

[

1 + sin
( 𝜋𝑥

𝐿

)

]

(

1 + exp (− 𝑡
𝑡0
)
)

𝐽𝑇 (𝑥) mol/(m2 s) 𝐵
[

1
2
sin

( 𝜋𝑥
𝐿

)

+ 1
]

𝐶𝑇 ,𝑙(𝑥) kgT/kgPbLi
𝑀𝑀𝑇

𝜌𝑃𝑏𝐿𝑖 (𝑥)
𝐵
2
exp ( 𝑥

𝐿
)

𝐶𝑇 ,𝑤𝑖𝑛(𝑥) molT/(m3
PbLi)

𝐵
4
exp ( 𝑥

𝐿
)

𝐶𝑇 ,𝑤𝑜𝑢𝑡(𝑥) molT/(m3
PbLi) 𝐵

[

1
2
sin

( 𝜋𝑥
𝐿

)

+ 2
]

𝑝𝑇 ,𝑙(𝑥) Pa 𝐵 sin
( 𝜔𝑥

𝐿
+𝛷

)
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Appendix. Verification

The verification of the Modelica implementation of the 1D trans-
port and permeation models introduced in Section 2 is reported here:
the Order-of-Accuracy (OoA) test has been carried out, adopting the
method of the manufactured solution (MMS) [47]. This method was
chosen because, with respect to other verification methods, e.g. the
benchmark against a simplified analytical solution, it does not require
any simplification of the existing model or assumptions on the model
parameters. The MMS is used to verify the correct implementation of
the discretization procedure for a set of equations containing at least
one Partial Differential Equation (PDE). It consists in choosing an arbi-
trary (‘‘manufactured’’) solution and substitute it in the original PDE(s)
to compute analytically the fictitious source terms. The latter are then
added to the discretized set of PDEs, and the convergence of the numer-
ical solution to the manufactured one is studied (e.g. varying the mesh
size), to assess that the discretization error changes at the expected rate.

In this work, the MMS has been applied to a set of 6 equations
describing the transport and permeation phenomena, presented in Sec-
tion 2.2, adding the fictitious source terms 𝑄1,…,6

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

𝜕(𝜌𝑃𝑏𝐿𝑖(𝑥)𝐶𝑇 (𝑥))
𝜕𝑡 + 𝜕(𝜌𝑃𝑏𝐿𝑖(𝑥)𝐶𝑇 (𝑥))𝑣

𝜕𝑥 = −𝐽𝑇 (𝑥)
2
𝑟𝑖𝑛

𝑀𝑀𝑇 +𝑄1

𝐽𝑇 (𝑥) = ℎ𝑇
(

𝐶𝑇 (𝑥) − 𝐶𝑇 ,𝑙(𝑥)
) 𝜌𝑃𝑏𝐿𝑖(𝑥)

𝑀𝑀𝑇
+𝑄2

𝐶𝑇 ,𝑙(𝑥)
𝜌𝑃𝑏𝐿𝑖(𝑥)
𝑀𝑀𝑇

= 𝐾𝑃𝑏𝐿𝑖
𝑠

√

𝑝𝑇 ,𝑙(𝑥) +𝑄3

𝐽𝑇 (𝑥) = 𝐷𝑁𝑏(𝑥)
𝐶𝑇 ,𝑤,𝑖𝑛(𝑥)−𝐶𝑇 ,𝑤,𝑜𝑢𝑡(𝑥)

𝑟𝑖𝑛 log
( 𝑟𝑜𝑢𝑡

𝑟𝑖𝑛

) +𝑄4

𝐽𝑇 (𝑥) = 𝐾𝑁𝑏
𝑑 (𝑥)𝑝𝑇 ,𝑙(𝑥) −𝐾𝑁𝑏

𝑟 (𝑥)𝐶2
𝑇 ,𝑤,𝑖𝑛(𝑥) +𝑄5

𝐽𝑇 (𝑥) = 2 𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

𝐾𝑁𝑏
𝑟 (𝑥)𝐶2

𝑇 ,𝑤,𝑜𝑢𝑡(𝑥) −
1
2
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

𝐾𝑁𝑏
𝑑 (𝑥)𝑝𝑣𝑐 +𝑄6

(A.1)

here the mass balance in Eq. (1) has been expressed in terms of the
ulk concentration knowing that 𝜌𝑇 = 𝜌𝑃𝑏𝐿𝑖𝐶𝑇 . Note that the method
sed to discretize the spacial derivatives is the same used in Section 2.2.
mposing the manufactured solutions listed in Table A.1 (chosen among
ny 𝐶∞ functions) in the set of Eqs. (A.1), the fictitious source terms

𝑄1,…,6 to be implemented in the model are found.
The convergence study was performed on a trivial test case where

the PAV channel model implementing the tritium mass transport is
placed between a mass flow source and a sink. For the pipe model, a

length 𝐿 = 40 m was assumed, while for the membrane an inner radius



Nuclear Materials and Energy 37 (2023) 101500R. Bonifetto et al.
Fig. A.1. Results of the verification and OoA analysis: (a) shape of the numerical
solutions (dashed and symbolic lines) computed imposing the fictitious source terms,
compared to the manufactured solution (in solid and symbolic lines), and (b) OoA
analysis for the tritium concentration at the PAV outlet, where the expected OoA is
shown by the dashed line.

𝑟𝑖𝑛 = 4.6 mm and an outer radius 𝑟𝑜𝑢𝑡 = 5 mm were adopted, as well as a
temperature 𝑇 = 330 ◦C and mass flow rate 𝑚̇ = 1 kg/s for the PbLi flow.
Fig. A.1 shows the results of the verification and convergence analysis.
The relative error (evaluated at the outlet of the PAV channel) on the
computed solution for the concentration (shown in Fig. A.1(b)) halves
when the 𝛥𝑥 is halved, resulting in an OoA of the 1st order, as expected
considering the FV approximation with an upwind scheme [48].
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