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Abstract 

The fast and efficient recovery of bred tritium represents a major milestone of tritium breeding 

technologies R&D and is key for the demonstration of fusion reactor fuel self-sufficiency. For lead–
lithium eutectic, diverse technologies are currently being investigated and qualified. Permeator 
Against Vacuum (PAV) solution represents a firm candidate because: (i) runs as a single-step 

process for tritium on-line recovery, (ii) works passively allowing to be thermally governed, (iii) 
can be easily in-pipe integrated in Pb15.7Li loop systems and (iv) can be conceived with high 
compactness. An optimal design of a PAV requires a detailed hydraulic design optimization for 

established operational ranges. An optimal PAV design is proposed and qualified by numerical 

simulation. 
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1. Introduction 

Tritium Plant Systems characteristic processing times tP are today (ITER reference) in the order 
of a few hours [1] (Fig. 1). Thus, the required tritium reactor starting inventory I01 guaranteeing 

the reactor fuel self-sufficiency 
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will depend strongly on fuel burn-up fraction b and subsidiarily on the tritium residence time at 
breeding blanket systems tR, residence time at breeding loop tB plus the tritium characteristic 
processing times at Tritium Extraction Systems (TES) tC (e.g., tR = tB + tC). Typical fuel burn-up 

scenarios for ITER (and current DEMO) are b = 0.01, TBR < 1.18 and reference tP values (hours) 

would mean tritium required starting inventories I0 ∼ 30 kg. 

 

 



 

Fig. 1. Simplified lay-out for Plant Systems, tritium breeding blanket and extraction systems (TES) 

with characteristic times. 

 

It should be kept in mind that under the most favourable tritium supply scenario, the ultimate civil  

tritium reserves for the next decade are about 27 kg [2]. It is planned that ITER will consume 

about 15 kg during its lifetime at the best operational conditions [1]. 

Therefore, with no dramatic improvements on burning plasma physics and/or tritium Plant 

Systems technologies in ITER, the pathway from ITER to future DEMO appears with major fuel 
supply concerns. Hence, the fuel self-sufficiency of future D-T reactors relies, not only on high 
breeding blanket performance (i.e., high TBR), but also on a more efficient plasma burn-up and 

on a faster bred tritium recovery (Fig. 2). 

 

 

Fig. 2. Dependence of tritium required starting inventory on tR for a 3450 MWth DEMO fusion 

reactor for different fractional burn-ups (assumed TBR=1.15, b=0.01 and tp=0.5 day). 

 

Therefore, it seems mandatory for the total bred tritium required processing times before 

availability for plasma refuelling tR, to be much shorter (similar at most) than the 

reference tP values. 

tB values are strongly dependent on (1) blanket design options, (2) tritium management strategies  

at breeding systems (e.g., consideration on whether permeation barriers are needed or not), and 

(3) choice of TES processing technologies. 

Values of tR have been assessed with specific Process Flow Diagrams developed at 

CIEMAT [3] by solving mass-balance equation 7 × 7 matrix for fluxes Ji and 
concentrations ci (Fig. 3). Dual-Coolant Lead–Lithium (DCLL) breeding blankets [4], where tritium 
is bred in liquid metal flowing at tens of cm/s, the recovering requirement from ancillary He is 

minimized. DCLL appears as superior concept from tritium self-sufficiency because of 

minimizing tB values (Fig. 4, Table 1). 



 

Fig. 3. Generic lay-out for He-cooled or He/Pb15.7Li dually cooled breeding blanket systems.  

 

 

Fig. 4. Dependence of tB given liquid metal flow rates (0.001 m/s in blue is a reference value for 
HCLL [3], and 0.15 m/s is the value for DCLL [4] breeding blanket design options). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.). 

 

Table 1. Reference tR values for diverse candidate TES [5]. 

TES technique tR 

PB sweepers + TRS ~fraction of hours [6], [8] 

PB strippers + TRS ~fraction of hours [7], [8] 

Immersed getters ~hours [5] 

Immersed PAVa ~a few tens of seconds 

a assessed in Section 2. 

 

2. Immersed PAVs 

Tritium has a very low solubility in Pb15.7Li, which results in very large in-solution tritium partial 
pressures. This leads to a high permeation flux through a permeable membrane in contact with 
the liquid metal. A permeator can be immersed in Pb15.7Li pipes to operate as a one-step steady-

state passive system. It can be geometrically designed to maximize the surface in contact with 

the liquid metal while keeping an adequate hydrodynamic profile, thus minimizing pressure drop.  



An innovative PAV design following this premise is proposed. It consists on a double membrane 

rolled in a spiral shape which maximizes the specific surface in contact with the flowing Pb15.7Li 

and hydrodynamics. 

Multiple objectives are accomplished with this design: (1) Highest contact surface. Spiral rolled 

layout has the highest contact surface per unit of length. (2) Hydrodynamics control. Pb15.7Li 
flows between two close membranes. Separation of these membranes and an adequate surface 
finishing can induce the desired flow regime. An optimized geometric design can provide such 

conditions. (3) Flow distribution. The tips of the inner membrane can be curved to distribute the 
incoming flow equally. Also, the border of the double membrane can be rounded to make it more 
hydrodynamic and minimize pressure drop. (4) Simplicity of manufacture. Spiral rolling of a double 

membrane is an easy operation that does not require neither a difficult process nor expensive 
machinery. Membrane bending can be avoided by inserting rigid corrugated spacers, as seen 

in Fig. 5. 

 

 

Fig. 5. Fuskite® [14] spiral-rolled double membrane concept and design of an in-pipe immersed 

PAV. 

The optimal membrane and permeator materials should be chosen accordingly to various 
considerations. An ideal permeator membrane should show: (1) highest permeability at lower 
solubility, i.e., highest tritium diffusivity, (2) good compatibility with Pb15.7Li: low corrosion rates 

in flowing Pb15.7Li, (3) good concave wetting and (4) low oxidation potential when immersed in 

Pb15.7Li. 

A good candidate material is α-Fe [6]. It has the highest tritium diffusivity and good compatibility 

behaviour in contact with Pb15.7Li, but careful preventive actions should be adopted to use clean 
material and avoid material oxidation. Additionally, a PAV allows active control of tritium 

permeability (then efficiencies) through wall temperature control by heating.  

 

2.1. PAV finite differences and CFD efficiency assessment 

Assuming steady-state, the microscopic mass balance in a differential radial volume of the 

membrane reads, 
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With the following boundary conditions: 
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After integration the concentration profile is found. 
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The molar flux through the membrane wall facing the LM can be expressed as follows:  

𝐽 = −𝐷𝑇

𝑑𝐶

𝑑𝑟
 (5) 

 

Therefore, the molar rate reads, 

𝑆 = −2𝜋𝑟𝐿𝐷𝑇
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Substituting the concentration profile in the molar rate expression and assuming equilibrium 

through the solubility ratios, an expression for the molar rate is found:  
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The overall mass transfer coefficient including mass transfer resistance at the LM-m Km and the 

resistance due to the membrane thickness can be expressed as follows:  
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Combining previous equations an expression for the molar rate per length of permeator is found.  
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Mass transfer coefficient k m has been suggested to be expressed through the following 
correlation from Harriott et al. [9]: km = 0.0096Re0.913Sc0.346DT/d, where d is the channel diameter,  

Re and Sc are the Reynolds and Schmidt dimensionless numbers. Even under laminar flow,  

tritium is effectively removed. 

A preliminary analysis of the permeator design, together with a simplified CFD simulation is 

tentatively done hereafter. A simplified CFD model has been developed and set up. In a 
preliminary approach a representative simplified axis-symmetric 3D domain is needed in order to 
save computational time. However, the actual design of permeator has a spiral cross section, 

making impossible to represent it with an axis-symmetric 3D domain. Therefore, the domain is 

represented by a series of concentric annular channels.  



The permeator analysis presented assumes cylindrical coordinates and an inlet velocity of 1 mm/s 

(laminar case) or 10 cm/s (turbulent case), a channel height of 5 mm and a tube length of 2 m. In 
the present work a 2 m long permeator with 45 concentric channels has been chosen for the CFD 
simulations. Membrane thickness is set to 1 mm with a vacuum space of 1 mm. Channels are 

5 mm thick [10]. 

For the permeator design efficiency assessment it is crucial to model mass transfer mechanisms 
under turbulent flow driving to hm mass-exchange coefficient values in the range of 10−3 m/s [9]. 

In the laminar regime (Re ∼ 65, hm ∼ 10−6 m/s), a PAV would be driven by tritium residence time. 
Concentration in the bulk liquid is extracted in each channel asymmetrically, due to the bigger 

surface area of the external wall with respect to the internal one (Fig. 6) where T concentration 
decreases much faster. The same effect is observed for all the channels. The overall tritium molar 

rate to the permeable surface is ∼10−6 mol/s, which is also in well agreement with the non-limiting 

boundary condition. 

 

Fig. 6. FVM efficiency assessment under laminar regimes. Top/left: channel geometric  
simplifications; top/right and bottom: tritiujm concentration (mol/s·m3) evolution along channels  

[10]. 

At high velocities the flow regime inside the permeator channels is turbulent. Liquid metals have 
a high specific heat conductivity (low Prandtl numbers) which yields in numerical simulations to 

many problems, since the viscous and the thermal length scales separate. In the present work  
a k–ω SST is used because it is formulated for low Reynolds numbers.  k–ω SST gives good 
results and realistic boundary layer velocity distributions (see Gordeev et al.  [11]), however, other 

models like the TMBF (Lefhalm et al. [12]) are known to give better results for liquid metals 
(Carteciano [13]). Channel number 15 of the rolled permeator has been simulated for an inlet 



velocity of 1 m/s with a laminar solver and the k–ω SST model. Laminar solver does not reach 

the steady state, but reaches an oscillatory regime. On the contrary, turbulent solver reaches the 

steady state. Velocity profiles at x = 1 m are shown in Fig. 7. 

 

Fig. 7. FVM efficiency assessment under turbulent regimes. Top: comparison between tritium 
concentration along channels in developed velocity profiles; bottom: tritium concentration 

(mol/s m3) evolution along channels [10]. 

 

2.2. Application to DEMO HCLL and DCLL 

Under optimizations, a PAV can achieve a very high efficiency (>0.9). Typical residence times for 
high velocity options are in the order of minutes; e.g., laminar regimes and less than few tens of 
seconds in turbulent ones. In a HCLL TBM, Pb15.7Li flows at low velocity (1 mm/s). Under these 

conditions, a high efficiency can be achieved even at reduced pipe diameters. Again, efficiency 
was calculated for 10 cm/s flow, using typical parameters. As it can be seen in Fig. 8, we need 

about 1 m of permeator length for a Ø0.5 m pipe and 99% efficiency. 

 

Fig. 8. Efficiency assessment for HCLL [3] and DCLL [4].  



3. Conclusions 

Taking into account the residence times of tritium plant processing systems in ITER and tritium 
availability for the first generation of DT DEMO reactors, PAV represents the simplest, cost 
effective and reliable technology to be qualified for tritium recovery from liquid-metal breeders. An 

advanced design of PAV (Fuskite®) has been proposed together with a preliminary numerical 
qualification of its recovery efficiency at HCLL and DCLL [4] loop scale. The results show the 
technical attractiveness of PAVs as tritium processing solution for liquid metal breeding blankets. 

PAV manufacturing has been demonstrated according to initial design specifications.  

Experiments for prototype qualification are ongoing (Fig. 9). 

 

 

Fig. 9. Design of a prototyping qualification loop for Fuskite® design [14]. 
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