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Permeator Against Vacuum (PAV) is one of the technologies proposed for the Tritium Extraction and Removal 
System (TERS) of the Water-Cooled Lithium Lead Breeding Blanket (WCLL BB). The paper presents the activity 
aimed at the engineering design of a PAV mock-up with a niobium membrane, in order to later assemble and 
qualify it. Experience gained in the engineering design of the mock-up, the heating system, the instrumentation, 
and the vacuum line is illustrated. This experience will be useful for the preliminary design, the manufacturing 
and the operation of the PAV with niobium membrane for DEMO. Niobium was selected as membrane material 
of this mock-up because of its high permeability and for its lower cost compared to vanadium, the other candidate 
material for membranes. Besides, niobium has a lower tendency to oxidation than vanadium. Oxidation would 
reduce the hydrogen isotopes permeation flux. In this paper, the solution adopted to manufacture the PAV mock-
up, a complex component with niobium and P22 parts, is illustrated. The Nb/P22 welding issues are also presented, 
in particular related to the compatibility of the welded joints with LiPb. In the chosen design, the LiPb flows with 
two passages in 16 (8+8) niobium “U” shaped pipes installed in a vacuum chamber and welded to a P22 plate. The 
U-pipes configuration was selected to minimize the welding area, the volume of the component and the membrane 
thickness while trying to preserve the highest possible extraction efficiency. 
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1. Introduction 

The Permeator Against Vacuum (PAV) is one of the 
selected technologies [1] for the Tritium Extraction and 
Removal System (TERS) from LiPb in the WCLL BB 
(Water-Cooled Lithium Lead Breeding Blanket [2]) of 
DEMO reactor. TERS has two main functions to close the 
fuel cycle: 

‐ to extract tritium from the flowing LiPb alloy; 

‐ to supply tritium to the Tritium Plant for final 
processing. 

The PAV technology is based on the phenomenon of 
tritium permeation through a membrane which separates 
LiPb on one side and vacuum on the other [3]. In this way, 
a concentration gradient which promotes tritium 
extraction is established. 

In general, tritium transport occurs in two phases: in 
LiPb and through the membrane. 

In the first phase, the tritium dissolved in LiPb spreads 
into the alloy: tritium migrates in the cloud of Pb atoms, 
by unbinding from a Li atom and binding to a different Li 
atom. Along with this diffusion process, an advection 
contribution has to be considered to describe the tritium 
behavior, as LiPb is flowing in the PAV.  

Tritium transport through the membrane (second 
phase) occurs in 5 stages [4],[5]: adsorption, absorption, 
diffusion, recombination and desorption. Starting from 
the LiPb side, tritium atoms are attracted by the metal 
membrane (adsorption), which tends to complete its 
valence orbitals. So, tritium occupies the interstitial sites 

of the membrane lattice. Then, tritium atoms move from 
the surface to the bulk of the metal membrane 
(absorption). Later, tritium diffuses between the 
interstitial sites due to the concentration gradient 
(diffusion). When tritium reaches the vacuum-facing side 
of the membrane, recombination and desorption processes 
occur, allowing tritium to leave the membrane in a 
molecular form. 

One of the strengths of the PAV is that, once the 
tritium is extracted from LiPb, there is no need to separate 
it from a stripping gas, at the contrary of what happens in 
the Gas-Liquid Contactor extraction technology. This also 
minimizes the tritium residence time in the system [6]. 

1. PAV conceptual design 

Within EUROfusion project, two configurations and 
two membrane materials are currently investigated as 
main alternatives: planar or cylindrical configuration and 
niobium or vanadium materials. 

The planar configuration with vanadium membranes 
is being investigated in CIEMAT laboratories [7]. In this 
work, niobium was selected as membrane material for the 
mock-up because of its high permeability [8] and for its 
lower cost compared to vanadium (at the time of writing 
the vanadium price is about 3 times higher than that of 
niobium). Moreover, this choice was also motivated by 
the lower tendency to oxidation of niobium with respect 
to vanadium, as it can be seen in Ellingham diagram (i.e. 
standard free energy of formation of important oxides as 
a function of the temperature) [9]. Oxidation would 
reduce the hydrogen isotopes permeation flux [10]. 
Regarding the configuration, the cylindrical one was 
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chosen in this work to minimize the welding area, the 
volume/area ratio and the membrane thickness while 
preserving a high theoretical extraction efficiency. 

This configuration minimizes the welding area with 
respect to the planar configuration because only the ends 
of the pipes have to be welded, while, using plates, the 
entire profile as to be welded in order to create a channel. 
Moreover, using U-pipes and a single collector, it is 
possible to make a double passage of the LiPb inside the 
vacuum chamber, making half of the welds. 

Using circular pipes instead of rectangular ducts, 
allows to adopt a lower thickness to withstand the 
operative loads. A lower thickness enhances the tritium 
permeation through the membrane. 

Therefore, in the selected design, the LiPb flows, in 
two passage, through 16 niobium “U” shaped pipes 
installed in a vacuum chamber and welded to an F22 plate 
(10CrMo9-10, ASTM A182 Grade F22), as shown in 
Figure 1.  

 

 

Figure 1: view of PAV mock-up 

 

The actual efficiency of the PAV mock-up will be 
characterized with TRIEX-II facility, a flowing LiPb 
facility dedicated to the characterization of TERS 
technologies, in ENEA Brasimone Research Centre [11]. 
The conceptual design of this mock-up was made by 
ENEA and Politecnico di Torino for the WCLL BB [12], 
while the engineering design was carried out by ENEA 
and Sapienza University of Rome to adapt the mock-up to 
the size of TRIEX-II facility. Additional thermal-
hydraulic simulations were carried out by Politecnico di 
Torino, supporting the engineering design.  

The efficiency of the PAV is defined as [13]: 

 
𝜂 1

𝐶 ,

𝐶 ,
 (1) 

where, Cin,PAV is the hydrogen isotopes concentration 
at the inlet of the PAV mock-up, while Cout,PAV is the 
hydrogen isotopes concentration at the outlet of the PAV 

mock-up. In (1), Cin,PAV is an input parameter depending 
on the tritium production rate in the reactor, while Cout,PAV 
depends on the PAV design. 

This paper targets the engineering design of the PAV 
mock-up, with particular attention devoted to the 
solutions to two challenges of the project, and namely: 

‐ The manufacturing process and in particular the 
best solution to perform the niobium-F22 joining 
between the pipes and the plate.  

‐ A heating strategy that does not disturb the 
tritium diffusion through the niobium 
membrane, allowing at the same time to keep the 
temperature at the rated value. The use of 
conventional heating cables was in fact 
prevented as they would reduce the permeation 
area, also adsorbing hydrogen. 

 

2. PAV mock-up description 

The geometrical description of the mock-up, the 
selected instrumentation and the strategy to join F22 and 
Nb are reported in this section. 

2.1 Geometrical description 

Geometrically, the PAV mock-up is structured as a 
tube-and-shell heat exchanger, obtained simplifying the 
design proposed in [14], see Figure 2.a. The PAV mock-
up is composed by a cylindrical vessel with 16 niobium 
U-tubes, the membranes for hydrogen permeation, 
welded on a F22 plate. This material has been chosen for 
his corrosion resistance in LiPb environments. A medium 
vacuum is pumped in the vessel while the LiPb flows in 
the niobium pipes. The LiPb is distributed into the 
niobium pipes by a collector which constitutes the lower 
part of the PAV. The collector is divided in three parts; 
each part is connected with one pipe in P22 (10CrMo9-
10, ASTM A335 Grade P22), which connects the mock-
up with the LiPb loop of the facility. The three pipes are: 

• the inlet pipe; 

• the discharge pipe; 

• the outlet pipe. 

The inlet pipe is connected with the part of the 
collector that allows the LiPb distribution in the first 8 
niobium pipes. This part is indicated in red in Figure 2.b. 
The discharge pipe is connected with the part of the 
collector (called mixing collector) where the LiPb coming 
out from the first 8 niobium pipes mixes. From this 
section of the collector, indicated in yellow in Figure 2.b, 
the LiPb is distributed in the remaining 8 niobium pipes. 
The discharge pipe is needed to allow the gravity draining 
of the mixing collector. The outlet pipe is connected with 
the section of the collector, indicated in red in Figure 2.b, 
where the LiPb coming out from the last 8 niobium pipes 
mixes before leaving the mock-up. Therefore, LiPb will 
double pass through the vessel, as shown in Figure 2.c and 
Figure 2.d. The main dimensions of the mock-up are 
reported in Table 1, while the operative conditions are 
listed in Table 2. The cylindrical vessel is divided into two 
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parts so that the upper part can be removed to inspect the 
Nb pipes or for maintenance. The two parts are joined 
together by a flange. The upper part is connected to the 
gas and vacuum line and hosts two feedthrough 
connectors (in red in Figure 3) for the power supply of the 
heating systems of niobium pipes (IR lamps, in yellow in 
Figure 3), which are attached inside the vessel. In this way, 
when the upper part of the vessel is lifted, the heating 
systems will also be lifted. Moreover, the upper part of the 

vessel is equipped with a quartz porthole to allow the 
visual inspection of the tube bundle also during operation. 
Quartz has been chosen for its impermeability to 
hydrogen isotopes [15]. Instead, the lower part of the 
vessel has two thermocouple feedthrough connectors (in 
blue in Figure 3), as 50 thermocouples are needed to 
monitor LiPb temperature in the 16 Nb tubes. The tube 
plate is wide enough to work also as upper flange of a 
connection with the collector.  

 

 

Table 1: main dimensions of the PAV mock-up. 

Dimensions [mm] 

Height of the vessel 1106.00 

External diameter of the vessel 323.85 

Thickness of the vessel 6.35 

Length of the Nb pipes (including the portions welded in the 
plate, 30 mm on each side) 

1805.25 (S) 

1899.50 (M) 

1993.74 (L) 

External diameter of the Nb pipes 10.00 

Internal diameter of the Nb pipes 9.20 

Pitch of the Nb pipes 30.00 

Height of the LiPb collector 156.00 

Thickness of the plate  38.00 

External diameter of the P22 pipes (inlet/outlet LiPb) 33.40 

Thickness of P22 pipes (inlet/outlet LiPb) 3.38 

External diameter of the draining pipe 21.34 

 

 

  

a)  b)  c)  d)  

Figure 2:  Sketches of the PAV mock-up: (a) simplified sketch of the cylindrical vessel with the 16 niobium U-tubes: Long pipes (L) in 
green, medium-length pipes (M) in yellow and short pipes (S) in red; (b) horizontal section of the PAV collector showing its 3 parts and the 

connecting pipes; (c) vertical section of the PAV showing the first passage of LiPb through the vessel; (d) vertical section of the PAV showing 
the second passage of LiPb through the vessel. 
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Thickness of the draining pipe 2.77 

 

Table 2: PAV mock-up operative conditions. 

Parameter Value Unit 

Operative internal pressure of the vessel 10-1 - 105 [Pa] 

Max internal pressure of the vessel 1.1105 [Pa] 

Max internal pressure of the Nb pipes 4105 [Pa] 

Max internal pressure of the LiPb collector 5105 [Pa] 

Max temperature of the collector 530 [°C] 

Max temperature of the Nb pipes 500 [°C] 

Max temperature of the vessel 100 [°C] 

Operative LiPb temperature 350-500 [°C] 

Max speed of LiPb in the Nb pipes (at 4.6kg/s) 0.97 [m/s] 

Total flow rate of LiPb in the Nb pipes  0.2-4.6 [kg/s] 

Vessel filling gas (during long stops) Helium [-] 

 

Instead, the lower part of the vessel is directly welded 
on the tube plate, as shown in Figure 4. 

Instead, the lower part of the vessel has two 
thermocouple feedthrough connectors (in blue in Figure 
3), as 50 thermocouples are needed to monitor LiPb 
temperature in the 16 Nb tubes. 

The tube plate is wide enough to work also as upper 
flange of a connection with the collector. Instead, the 
lower part of the vessel is directly welded on the tube 
plate, as shown in Figure 4. 

 

Figure 3: View of PAV 
connectors and IR lamps 

 

Figure 4: Detail of the 
connection between F22 plate 

with the collector 

 

2.2 Joining niobium and F22 steel 

The most important issue to be solved in order to 
manufacture the PAV mock-up was to perform the joining 
between the niobium pipes and the F22 plate, as there are 
three main problems to be solved: 

 niobium easily oxidizes at high temperatures; 

 the melting points of niobium and F22 are very 
different, so that performing a welding is really 

difficult; 

 most of the brazing alloys are made of materials 
that are highly soluble in LiPb, such as nickel. 

The solution proposed in this paper to join the niobium 
pipe with the F22 plate is to use a vacuum brazing based 
on a nickel-based brazing alloy. The vacuum brazing 
avoids the oxidation of niobium, while, to prevent nickel 
from solubilizing in LiPb, the brazing procedures are 
carried out in such a way that avoids the contact between 
the filler material and the LiPb. The brazing will be 
performed on almost the entire depth of the plate in order 
to create a strong joint between the two materials. The 
brazing alloy can withstand up to 1100°C, about 600°C 
higher than the operative condition of the mock-up. Each 
brazing will be later inspected with not destructive testing 
(radiography). 

However, a testing joint has also been assessed with 
destructive testing before starting the manufacturing, as 
the brazing of these materials has never been performed 
earlier. The testing joint will undergo tensile testing to 
evaluate its resistance. 

A thermal analysis of the mock-up, shown in the 
following section, demonstrated the necessity of 
additional heating systems to keep constant the 
temperature of the niobium pipes. For this reason, infrared 
lamps will be installed in the vessel. 

2.3 Heating system of niobium pipes 

The heating strategy adopted to keep the LiPb at the 
rated temperature and to avoid disturbing the tritium 
diffusion through the niobium membrane is described in 
this section. 

The use of heating cables as heating system would not 
only be difficult for the installation, since the number of 

IR lamp

Power
connector

Thermocouple
connector
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pipes is high compared to the dimensions of the 
component, but also the presence of the cables would 
create an additional obstacle to the diffusion of tritium 
through the Nb membrane. For these reasons, a different 
solution is proposed. 

The heating system of the niobium pipes will consist 
of 4 double-tube infrared lamps mounted inside the 
vessel. The lamps are made of quartz, a material that 
prevents hydrogen permeation, so that their presence will 
not affect the measurement of the permeated flux [15]. 
The lamps will allow to keep the temperature of the Nb 
pipes at about 450°C to avoid the solidification of the 
LiPb inside the pipes. The lamps, 100 cm long and 
positioned symmetrically with respect to the center, will 
have a maximum power of 3.5 W/cm, they will be 100 cm 
long and they will have an angle of action of 60°. A lamp 
and their positions are shown in Figure 5. 

 

 
 

Figure 5: Sketch of an IR lamp and PAV technical 
drawing, horizontal section of the vessel showing the IR lamps 

position and their angle of action. 

 

3 Detailed analyses in support of the mock-up 
design  

This section presents the most important calculations 
that were made in support of the mock-up engineering 
design. In particular the hydraulic, thermal and 
mechanical analyses and the tritium transport analysis. 

3.1 Hydraulic analysis: flow distribution in the 
Nb pipes 

First, the LiPb flow distribution among the different 
pipes must be computed to check the homogeneity of the 
flow distribution: a severe flow unbalance, causing a 
deviation from the average speed, would affect the 
extraction efficiency. 3D CFD analyses of the LiPb flow, 
with special attention to the manifolds (where the flow is 
split among the pipes), have been carried out using the 
commercial software STAR-CCM+[16], solving the 
problem of 3D conjugate heat transfer in the entire mock-
up with a segregated solver. 

The LiPb flow in the pipes is in turbulent conditions 
for the entire range of operational mass flow rate. A two-
equation Reynolds-averaged Navier–Stokes (RANS) k–ω 
SST [17] model is adopted in the simulations, with an all-
y+ wall treatment. The chosen model SST-Menter k–ω 

works as a standard k–ω in the near-wall region, and as a 
k–ε model in the fully turbulent region. The mesh 
developed to describe the mock-up geometry is reported 
in Figure 6. While in the manifolds the cell base size is 10 
mm for the fluid, a significant refinement (to 1 mm) is 
needed for the bulk fluid near the inlets and outlets of Nb 
tubes. Four prismatic layers at the wall allow a good 
solution of the Navier-Stokes equations in the boundary 
layer. In the Nb tubes, an extruded mesh with element of 
45 mm is used. For the solid computational domain, the 
mesh is made by a mix of polyhedral cells in thick regions, 
and prismatic cells, in thin regions, with a base size that 
locally matches the fluid one. The total number of cells 
resulted to be 4.5MCells. 

 

 

Figure 6: Grid developed for the 3D CFD simulations of 
the PAV mock-up with its main features: (a) the polyhedral 

cells in core fluid in the manifold; (b) a finer mesh in the 
inlet/outlet of the Nb tubes; (c) prism layers at the walls; (d) 

extruded mesh in the Nb tubes. 

 

Figure 7.a shows that the flow repartition is close to 
the average value within <5% for different values of the 
mass flow rates giving an acceptable homogeneity of the 
speed. Values of maximum speed around 0.5 m/s could be 
achieved with mass flow rates of 2-2.5 kg/s. Note that the 
maximum spread between the speed values stays below 
0.1 m/s in the worst case (maximum flow rate). The flow 
repartition shows a slightly lower flow rate in the longest 
channels, while the shortest channels have on average the 
largest flow rate, as expected. This is especially true for 
the second pipe passage, while the first passage is affected 
by some jet effects from the inlet pipe that affects, in 
particular, the central pipes, as shown in Figure 8. 
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Figure 7: (a) Mass flow rate repartition among the mock-up 
pipes, normalized to the average value and (b) maximum speed 

in the pipes (first passage: pipes L1-L2, M1-M3, S1-S3, see 
inset, and second passage: pipes L3-L4, M4-M6, S4-S6), for 
the total mass flow rate of 0.75 kg/s (light bars) and 4.5 kg/s 

(dark bars). In (b), the dark bars refer to the right axis. 

 

 

Figure 8:  Flow field computed in the manifolds, for a mass 
flow rate of 0.75 kg/s. 

 
3.2 Thermal analysis: thermal losses from 
niobium pipes 

The steady-state thermal-fluid analysis of the entire 
mock-up has been performed in the most conservative 
case (higher LiPb temperature) imposing a uniform 
temperature of 450°C (723 K) on the outer surface of the 
manifolds, while allowing convective and radiative heat 
transfer from the vessel to the environment, assumed at 
15°C (288 K), with a heat transfer coefficient of 10 
W/m2K [18] and an emissivity of the surface of 0.4 for the 
vessel wall and of 0.15 for the niobium pipes. The LiPb is 
entering the manifold conservatively at a constant 
temperature of 450°C. In the simulations, the internal 
radiation transfer from the pipes to the vessel is modeled 
using a surface-to-surface approach, which automatically 
evaluates the view factors for all the radiative surfaces. 

The resulting temperature map in the mock-up is 
shown in normalized form in Figure 9. While the 
manifolds are globally at a temperature close to the fluid 
nominal inlet temperature (as expected, see Figure 9.a), 
the pipes lose power by radiation to the vessel, which is at 
the temperature very close to the ambient one. Without an 

additional heating inside the vessel, at low mass flow 
rates, the pipes are expected to be at a temperature quite 
lower than the nominal one, and non-uniform along their 
length due to the thermal bridge of the plate, see Figure 
9.b.  

The power balance of the vessel is reported in the 
Sankey diagram in Figure 10, highlighting the fraction of 
power in input to the mock-up which is released by the 
vessel to the environment through convective and 
radiative heat transfer. At all mass flow rates, the 
conductive load from the plate roughly balances the 
convective and radiative losses to the environment. Note 
that convection dominates over the radiative heat transfer 
because the small temperature difference between the 
vessel and the surrounding, see Figure 9.a. 

 

Figure 9: Steady-state normalized  temperature difference 
computed as (Tinlet – T)/( Tinlet – Tambient) in the mock-up 

(a), with a zoom on the fluid domain (b), for the minimum 
mass flow rate (0.2 kg/s). 

 

 

Figure 10: Sankey diagram highlighting the power balance on 
the mock-up for a mass flow of a) 0.2 kg/s and b) 4.5 kg/s. 
 

3.4 Mechanical analysis and tritium transport 
analysis 

The pre-dimensioning of the mock-up is based on the 
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actual constraints due to the allowable pressure drop (0.5 
bar at the maximum mass flow rate of 4.6 kg/s, given the 
pump characteristics and the pressure drops of the rest of 
the loop components) and to the space allocated for its 
installation in TRIEX-II. The constraints on the 
dimensions are a maximum manifold height of 160 mm, 
an allowed height of the niobium pipes of about 1000 mm 
(including the U curve) and a maximum external diameter 
of the vessel of 330 mm. The vessel height results about 
1160 mm. The minimum pitch among the pipes is 30 mm 
to allow proper welding in the plate. 

The design process is composed of the following 
steps: 

1) The preliminary sizing of the martensitic steel 
(10CrMo9-10 [19]) vessel and plate thickness using the 
thick shell theory [20] to withstand the operating (10-6 
bar) and design (10 bar) pressures in the vessel; 

2) The sizing of the niobium pipes (membrane) 
diameter in order to satisfy the constraints on the pressure 
drop and maximum dimensions (i.e. assuming the 
maximum possible membrane length of ~2000 mm), as 
well as a suitable LiPb speed allowing the best 
performances in terms of hydrogen permeation [21], 
computed to be ~0.5 m/s; 

3) The design of the layout (and definition of the 
number) of the niobium pipes to be inserted in the plate, 
satisfying the given constraint on the pitch. 

As a result, the minimum vessel and plate thickness is 
4.3 mm and 12 mm, respectively, the Nb pipe inner/outer 
diameter is 9.2/10 mm [22] and the number of U-pipes per 
passage is 8. 

The mechanical stress was assessed by a thermo-
mechanical model, using COMSOL 5.1 Multiphysics tool 
[23]. The deformation of the upper plate in nominal 
conditions is presented in Figure 11. At the junction 
between the vessel and the plate, the thick shell theory 
(suitable for cylindrical wall, thick shell and axial 
symmetry, far from geometrical discontinuities) loses its 
validity, and indeed the deformation is quite large 
(although the stress is acceptably below the ~21 MPa 
limit, accounting for the safety factor from ASME VIII 
Div.1). This (local) effect can be compensated by a series 
of clamps, to assure the structural resistance in all 
operating conditions. Instead, the bottom plate 
deformation can be seen in Figure 12, conservatively at a 
LiPb temperature of 500°C and during normal operating 
conditions. 

 

Figure 11: Stress distribution (and deformation) close to the 
upper plate in normal operating conditions for a PbLi 

temperature of 330 °C. 
 

 

Figure 12. Stress distribution close to the holed plate in normal 
operating conditions for PbLi temperature of 500 °C. 

 

Finally, the resulting hydrogen extraction efficiency is 
assessed for the maximum allowed pipe length by means 
of the surface-limited model (SLM), similar to that 
described in [21]. The LiPb properties used in the 
calculations were taken from [24]. 

Tritium transport can be modelled in two ways: 
surface-limited regime and diffusion-limited regime. In 
the diffusion-limited regime [25] the hydrogen isotopes 
permeation process is limited by the atomic diffusion in 
the Nb membrane. Instead, the kinetics of Q transport is 
said to be surface-limited when the surface effects, 
adsorption and recombination, provide the biggest 
resistance to permeation [21][26][27][28]. 

The hydrogen concentration along the LiPb flow 
direction in the PAV channels is evaluated with a 
transport model. The pressure gradient between the inner 
side of the pipes (Nb membrane), where LiPb flows, and 
the outer side (the vessel) drives the tritium permeation 
across the pipe wall together with the surface phenomena. 
The motion of the LiPb, as well as the tritium 
concentration along the pipe, is modelled by 1D advection 
equation along the axial coordinate of each pipe 

∇ ∙ 𝐽 �⃗� ∙ ∇𝐶  

where: 

‐ 𝐽 ⃗is the tritium mass flux [
∙

 

‐ 𝑣 ⃗is the speed of LiPb in the pipes [  

‐ 𝐶 is the hydrogen concentration in LiPb 

[  

To correctly identify in which regime the mock-up 
operates, the dimensionless permeation parameter should 
be used as a criterion: 

𝑊
2𝐾 𝑡𝐾 𝑝

𝐷
 

where: 

‐ 𝐾  is the recombination constant ([𝑚 /𝑠/𝑚𝑜𝑙]),  
‐ t is the membrane thickness ([m]),  
‐ 𝐾  is the solubility constant ([𝑚𝑜𝑙/𝑚 /𝑃𝑎 . ]),  
‐ D is the mass diffusion coefficient ([𝑚 /𝑠]) of 
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the membrane,  
‐ 𝑝  is the partial pressure ([Pa]) of the gas 

impinging on the surface. 

This number expresses the ratio among the superficial 
effects and the diffusion phenomena inside the bulk. 
Therefore, if W <<1 the regime can be considered surface-
limited, whereas a W >>1 implies that the permeation is 
completely diffusion-driven. An exhaustive explanation 
on the permeation parameter is reported in [28]. The 
values used for the evaluation of W are reported in Table 
3. 

This leads to a 𝑊~4 ∙ 10  for the niobium 
membrane for T = 330°C. 

The permeated flux calculated across the LiPb flow 
direction is instead evaluated on the basis of the tritium 
concentration gradient in the pipe cross section, as in the 
following eq. 

𝐽 𝑟 , 𝑧 ℎ 𝐶 , 𝑧 𝐶 , 𝑧  

where  

‐ ℎ  𝑚/𝑠  is the mass transfer coefficient in 
LiPb, evaluated according to [29]; for a LiPb 
speed of 0.5 m/s and a temperature of 330°C and 
500°C, the ℎ  is 7 ∙ 10  m/s and 2 ∙ 10  m/s, 
respectively 

‐ 𝐶 ,  is the tritium concentration next to the 
wall on the LiPb side. 

The results of hydrogen extraction efficiency reported 
in Figure 13 for different LiPb temperatures show that the 
efficiency is limited by the short length of the mock-up 
permeator membrane (< 4 m, considering the double 
passage). The former is representative of a non-oxidized 
Nb surface, while the latter is the reference for an oxidized 
membrane surface.  

The maximum efficiency of ~50% is reached for high 
temperature values, while at 330°C the efficiency should 
be between 5 and 20%. 

The physical constants of the Nb membrane and the 
mass transfer coefficient in LiPb at different temperatures 
have been evaluated using the references quoted in Table 
3 and the correlations in [29], in order to obtain the results 
shown in Figure 13. 

Table 3: Physical constants of the Nb membrane for W at 
different temperatures at fixed thickness. 

 
 

 

 

Figure 13: Effect of the variation of the LiPb temperature on 
the H extraction efficiency  

computed by the SLM (flow velocity fixed at 0.5 m/s). 
 

4. Mock-up instrumentation 

One of the main aims of the PAV mock-up is to 
quantify the hydrogen permeation flux through a 0.4 mm 
thick niobium pipe with flowing LiPb inside and under 
different working conditions. To this end, a helium leak 
detector (ASM340 series by Pfeiffer Vacuum) will be 
connected to the vacuum side of the PAV vessel through 
a 1/4″ vacuum-tight Swagelok line. The instrument will 
perform an integral measurement of the permeated 
hydrogen, from which it will be possible to evaluate the 
average permeation flux per unit area. This value will be 
used as a reference for the results of numerical models. 
The leak detector is equipped with a rotary vane pump 
with 15 m3/h backing pump capacity and it has a 
minimum detectable rate as low as 5∙10-12 mbar∙l/s. 

Heating cables and bands will be used to heat up the 
collector and the P22 pipes that connect the collector to 
the facility, to maintain the LiPb that flows in the niobium 
pipes at 450°C,  

In order to control the niobium pipes temperature, 50 
thermocouples will be installed at different heights on the 
pipes. Each pipe will be equipped with two thermocouples 
at the inlet and outlet. Additionally, six pipes will have 
one more thermocouple at the top of the U-bend and two 
more at half height. These six pipes were chosen in order 
to have a good mapping of the temperature in the various 
positions, taking advantage of the cylindrical symmetry. 

Conclusions 

The main objective of this work was to perform the 
engineering design of a PAV mock-up with niobium 
membrane with the aim to successively install it in 
TRIEX-II facility and to characterize its performances. 

A cylindrical shape with U-tubes was selected to 
minimize the overall size of the components, the welding 
area and the membrane thickness with respect to the 
planar configuration. Niobium was selected as membrane 
material for its high hydrogen permeability, its lower 
tendency to oxidation and its lower cost with respect to 
vanadium. 

The design took into account thresholds for the overall 
dimensions and pressure losses and was optimized to limit 
the spread of LiPb speed among the pipes. 0.5 m/s was 
evaluated the optimal LiPb speed for hydrogen isotopes 
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permeation. At 500°C, the obtained mock-up shows a 
theoretical maximum extraction efficiency of about 40%. 

Thermal simulations highlighted the need for a 
heating system to maintain the LiPb temperature almost 
uniform in the niobium pipes. Quartz-made infrared 
lamps were chosen as heating system of the Nb pipes for 
an advantage in installation with respect to heating 
cables/bands and for the very low permeability of quartz 
to hydrogen isotopes, thus minimizing the negative 
influence on the experiments. 

A helium leak detector was selected to measure the 
permeated flux on the vacuum side of the mock-up. The 
integral measurement of permeated flux will allow to 
evaluate the permeation per unit area and will be used as 
reference for the numerical simulations. 

The choice of the procedure to join Niobium and F22 
ferritic/martensitic steel considered the very different 
melting points of these materials, the nickel solubility in 
LiPb and the tendency to oxidation of niobium at high 
temperature. An innovative vacuum brazing with a nickel-
based alloy was developed to overcome these issues. The 
joint will penetrate almost the entire thickness of the plate 
and will have high temperature resistance. 
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