




















































































































































































































































































































































10.2 HCLL breeding blanket channels 

10.2.1.3 Single channel MRA wall nucleation analysis 

Base case in Sec. 10.2.1.2 is simulated taking into consideration wall nucleation. Bubbles 

on the interfaces are assumed to be spherical caps with a contact angle (} = n rad. Pre­

exponential factor S0 has been set to a homogeneous value of 1021 bubbles/(m 2s) in all 

the interfaces. As there is no velocity due to the no-slip BC for the walls and bubbles 

are supposed not to detach, a gas film or a dense bubble distribution on the surfaces is 

expected, which may lower the permeation rate dramatically. Bubble nucleation in the 

bulk liquid has been calculated as exposed in Sec. 10.2.1.2. 
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Figure 10.7: Walls bubble concentration. 
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Figure 10.8: Walls T and He concentrations. 

Results are shown in Fig. 10. 7 and Fig. 10.8. Fig. 10. 7 shows the wall bubble concentration 

profiles for both surfaces of the channel. Bubble concentration increases towards the out­

let, which is the channel section closest to the first wall. Vortex impact at the lower surface 

leads to less nucleation than that on the upper wall. Note that He and T generation rates 

due to nuclear deposition follow an exponential law and, therefore, nucleation at steady 

state should have a logarithmic profile in the absence of hydrodynamic perturbations. Note 

also that the deviation may be induced by the nucleation onset, as nucleation begins earlier 

close to the first wall. This tendency is shown in Fig. 10.8, where only the nucleation in 

the region under the influence of the vortex differs from the expected exponential law(Note 

that Y-axis in Fig. 10. 7 is in logarithmic scale). 

Bubbles end covering all channel surfaces resulting in a significant increase of the bubble 

concentration. Fig. 10.9 and Fig. 10.6(d) comparison shows that T concentration in the SM 

is dramatically affected by the change of adsorption mechanism onto the walls; permeation 
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Figure 10.9: HCLL BU single channel T concentration in the SM 
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is almost completely inhibited. The formation of a gas film or dense bubble distribution on 

the surfaces act as an effective permeation barrier. The existence of this film implies that 

thermal-hydraulics must be coupled to He nucleation or at least be taken into account 

through a wall function. Gas phase onto the walls may cause two main effects on thermal­

hydraulics: no-slip BC will no longer be valid and heat transfer will be largely reduced. As 

a conclusion, wall nucleation may have a noticeable impact on HCLL-BU operation and it 

should be taken into account. 

The modelling of wall nucleation- thermal-hydraulics inter action and the resulting wall 

function or dispersed phase two- phase implementation deserves a dedicated research due 

to its complexity and can be of paramount importance regarding HCLL-BU design. Hence, 

it is completely out of the scope of this work and it might constitute the main aim of a 

thesis itself. 

10.2.1.4 Single channel PDP results 

Solver's PDP two-phase transport model has only been tested for the single channel HCLL 

configuration in order to asses its performance and qualitatively determine the possible 

impact of this model on the results. Schiller drag model as presented in Eq. 7.44 has 

been used for simplicity as the aim of the present section is only to show BelFoam® code's 

capabilities. Note that there is no nucleation at the walls. Particle-particle interaction is 

assumed to be negligible and the rest of properties an parameters are set as in Sec 10.2.1.2. 

Once nucleation has begun, the system is let evolve for 4 s in order to see the bubbles 

behaviour. It should be noted that 4 s of simulation needed 2 weeks of run time; PDP two­

phase solvers are so complex that many computational resources are needed. As expected 
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from results in Sec. 9.2.8 bubbles rapidly rise towards the upper wall. Immediately, the 

upper wall close to the end of the channel is fully covered by He bubbles as shown in 

Fig. 10.lO(b) and Fig. 10.lO(c). The rise velocity of the bubbles, shown in Fig. 10.lO(a), is 

so high that bubbles that bubbles accumulate at the upper wall leaving the bulk liquid 

almost free of bubbles. From this results it can be assumed that bubbles will mostly exist 

attached to any wall in the system resulting in a huge impact on on thermal-hydraulics 

and T permeation. Despite the fact that the model is not validated due to the lack of 

experimental data or analytical solutions, simulations show the importance it may have 

a fully implemented, reliable, and robust PDP two-phase solver, and how BelFoam@ has 

proven to be a first step towards this goal. The development of the aforesaid code is a 

complex task and it is out of the scope of the present thesis. 
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Figure 10.10: HCLL BU single channel PDP simulation fields 4 s after nucleation. 
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10.2.1.5 C-shape channel MRA results 

Thermal-hydraulics simulation show again the formation of vortices near the FW where 

the heating power is higher, due to the temperature effect on flotation and duct geome­

try (see Fig. 10.ll(a)). Note that C-shape channel results agree with those of the single 

channel; hence, mesh induced errors on the solution and outlet BC proximity may be neg­

ligible. The vortices have a significant effect on temperature distribution (Fig. 10.ll(c)): 

temperature is higher where LM local residence time is longer. Fig. 10.ll(d) shows how 

the temperature distribution in the Pbl5.7Li is conjugated to the SM. 

Atomic He concentration increases as the LM approaches the first wall. Nucleation occurs 

first inside the vortices, which are closer to the first wall and where He accumulates. As 

a result, void fraction is higher in the vortices (Fig. 10.12(c)), where bubbles stay trapped 

and growing. Note that just after the C-turn, Pbl5.7Li velocity is high, so bubble concen­

tration is low at the vortex edge. Even with a low concentration of active sites, bubbles are 

produced at the end of the channel; this means that bubbles might be present after a few 

reactor cycles from start-up. 

T, like He, also accumulates in the vortices (Fig. 10.13(a)) and when nucleation begins T is 

absorbed into the He gas phase (Fig. 10.13(c)). The amount of T absorbed stays one order 

of magnitude below Pb15. 7Li 's T concentration because nucleated bubbles are small and 

the Sievert's constant for T is high. Despite the fact that the effect of T absorption is low, 

it may have an impact on T inventory. 

The averaged dissolved atomic He and T concentrations at the duct outlet are 2x10- 3 mol/m3 

and 3.14x 10- 3 mol/m3 respectively while the averaged He and T concentrations in the gas 

phase at the duct outlet are 1.4x10- 3 mol/m3 and 1.61 x 10- 4 mol/m3 respectively. It should 

be noted that concentrations are expressed per volume of LM. Absorbed T may also reduce 

the efficiency of T extraction systems by permeation. T permeates through the SM to the 

He CSC; Fig. 10.13(b) shows the atomic T distribution inside the SM. 

T permeation is not significantly affected by absorption (see Fig. 10.13 and Fig. 10.14). In 

the present case, less than 10% of the duct channel surface has bubbles attached to it, 

so t he barrier effect due to a He gas film on the surface is negligible for the simulated 
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Figure 10.11: HCLL BU C-shape channel thermal-hydraulics. 
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Figure 10.12: HCLL BU C-shape channel gas phase and He concentration, 2 bar. 
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Figure 10.13: HCLL BU C-sh ape channel T concentrations, k~dano, 2 bar. 
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Figure 10.14: HCLL BU C-shape channel T concentrations, recombination limited, 2 bar. 
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A ZY plane cross section at O.lm is shown in Fig. C.2. Concentration inside the SM stays 

below 2 x l0- 4 moIJm-3 all over the duct, which is lower than that in the gas phase. Nucle­

ated bubbles residence times are long enough to absorb more T than the mobile T inside 

the SM. The amount ofT desorbed to the He CSC can be found by integrating the T fluxes 

along the SM-CSC interface. For a total area of 4.5 m2 per BU a total amount of 2.43 x 10- 3 

g/day is permeated to the CSC. 
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Figure 10.15: T concentration cross section profile at x=O.lm. 

Regarding T concentration, both in the LM phase and in the solid phase, it should be 

pointed out, that concentration distribution is far away from an homogeneous field , which 

implies that lD simulations with a system code or other computational tools like TMAP7 

(see Longhurst et al. [86]) may be unrealistic leading to inaccurate averaged solutions for 

2D or 3D thermal-hydraulic cases. 

10.2.1.6 C-shape channel MRA pressure sensitivity analysis 

Bubble nucleation is highly dependent on the Henry's law, which is a function the sys­

tem pressure. As pressure increases, saturation concentration also increases, letting the 

Pb15. ?Li keep more dissolved He. As a result, nucleation takes place at higher concentra­

tions and therefore onset is delayed in the present simulated system. 
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Figure 10.16: HCLL BU C-shape channel gas phase and He concentration, 5 bar. 
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Increasing the pressure 3 bar from respect to the base case in Sec. 10.2.1.5 nucleation is 

significantly reduced as shown in Fig. 10.16. Bubble concentration maximum is reduced 

in two orders of magnitude and void fraction maximum in four orders of magnitude (see 

Fig. 10.16(a) and Fig. 10.16(c). He concentration in the liquid phase (Fig. l0.16(d)) is twice 

that of the 2 bar simulation (Fig. 10.12(d)). 

It should be noted that bubbles concentrate at the outlet channel vortex rather that at the 

inlet vortex close to the C turn. As onset is delayed more residence time is needed in order 

to have nucleation: at the outlet vortex these conditions are met first. Another interest­

ing effect is the nucleation inside vortices. Vortices are hydrodynamic structures where 

stream lines are closed. This stagnation effect leads to an accumulation of He, favoring 

nucleation, which may have a significant impact on system operation as bubbles will be 

probably pushed towards the top of the channel by buoyancy forces. Bubble behaviour in­

side vortices and it interaction with the Pb15.7Li is a complex phenomenon that needs a 

specific modelling which is out of the scope of this thesis; however, the fact that bubbles 

accumulate is well reproduced by the implemented solver so far. 

Absorbed T concentration decreases with pressure as a result of the lower specific area of 

the He bubbles. Permeated T is slightly affected when comparing 2 bar and 5 bar due to 

the little impact of absorption on dissolved T concentration. These effects are shown in 

Fig. 10.17. 

For a 10 bar Pb15. 7Li mean channel pressure nucleation is completely inhibited. T per­

meation for this case is that of the absence of He bubbles in the system, therefore, it is 

the maximum permeating process. When all three cases (2 bar, 5 bar and 10 bar) are com­

pared, it can be seen that nucleation has a noticeable effect on T concentration, but the 

impact may be neglected in a qualitative analysis ofT inventory; for quantitative analysis 

it is necessary to take into consideration the absorption into He bubbles. Like for the OD 

case in the previous chapter, void fraction is not significantly affected by T absorption and 

it can be neglected. It is worth to be noted that the 10 bar case may correspond to the 

hydrostatic pressure of those HCLL-BU placed at the lowest part of the breeding blanket; 

Pb15.7Li has a density of9660 kg/m3 and reactor blanket is about 10 m height, depending 

on the design. 
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Figure 10.17: HCLL BU C-shape channel T concentrations, recombination limited, 5bar. 
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Figure 10.18: HCLL BU C-shape channel, 10 bar no nucleation. 
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10.3 TES FusKite© permeator against vacuum (PAV) 

10.3.1 Introduction 

T self-sufficiency requirements of future DT fusion reactors involve large T production 

rates in the BBs. A dedicated T Extraction System (TES) is needed to accomplish T fuel 

self-sufficiency and to ensure a low net impact on safety design. 

Different systems for T extraction from liquid Pb15. 7Li have been studied and proposed 

during the past years. Among them T extraction by means of a permeator is an attractive 

solution. In the present section a rolled non-porous metallic homogeneous membrane based 

design is analysed. The conceptual design, carried out by CIEMAT (Tecno_FUS®), consists 

of a rolled membrane placed along the flow direction at the exit of a BB. Main flow coming 

outside a BB, with a significant T concentration, reaches the permeator and by means of 

an expansion is distributed among the spiral channel of the membrane. Dissolved atomic 

T permeates through the metallic membrane in contact with the Pb15.7Li and desorbes 

into vacuum. 

The aim of this section is to make a rough estimation of the performance of the permeator in 

order to know whether this technology is worth developing or not. A preliminary analysis 

of the permeator design, together with a simplified CFD simulation is presented in order 

to assess the performance of such type of TES. 

10.3.2 Conceptual Design and Problem Definition 

T, like H and D, is well known to easily permeate through metals. Therefore, T can be ex­

tracted by permeation through non-porous homogeneous metallic membranes. BBs based 

in LM will produce significant amounts of dissolved atomic T that will have to be ex­

tracted. A conceptual design of a permeator for Pb15.7Li BBs, developed by CIEMAT 

(Tecno_FUS® ), is analysed as an attractive TES solution. 

Once the Pb15.7Li has gone through the BB a significant amount of dissolved atomic T 

has been generated by nuclear reactions. Right after the BB a permeator is placed to 

remove T from the Pb15.7Li main stream. The permeator consists of a rolled metallic 
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Possible 

Figure 10.19: Permeator sketch. 

membrane placed along the flow direction, with one side in contact with the Pb15. 7Li and 

the other facing vacuum. Main stream is distributed with an expansion across the spiral 

horizontal channel of the membrane. As Pb15.7Li passes through the system T permeates. 

See Fig. 10.19 for more details. 

Palladium (Pd) membranes are widely used to extract H with proven high efficiency, but 

there are other refractory metals with higher permeability and lower costs like niobium(Nb), 

tantalum (Ta) and vanadium (V). The main disadvantage with these highly permeable met­

als is their poor surface properties that reduce transport dramatically. One possible solu­

tion is a Pd coated Nb membrane (Makrides et al. [87]), that solves the transport problems 

and takes advantage of the high permeability of Nb. Similar membranes have been suc­

cessfully used for long periods of time removing H from the coolant of metal-cooled nuclear 

reactors Hill [64]. 

The complexity of the geometry makes it impossible to find an analytical solution for the 

T permeation and makes very difficult to model the phenomena with CFD. In order to 

simulate the process many assumptions and simplifications have to be made. 

10.3.3 Preliminary analysis and geometry simplification 

For a preliminary approach a representative 2D domain is needed in order to save compu­

tational time. However, the actual design has a spiral cross section, making it impossible 

to represent it with a 2D domain. As the simulation is to be preliminary and a rough ap-
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proach, the domain can be represented by a series of concentric annular channels, that can 

be reduced due to symmetries to one half of the domain. 

The use of metallic membrane permeators as TES has already been studied for a multi­

tubular permeator. An analysis of these kind of configurations is presented in Sedano [127] 

where a 8081 tubes permeator with a hydraulic diameter of 10 mm is studied for different 

metallic membranes at a constant inlet velocity of 10 emfs. 

For a 2 m length multi-tubular permeator the total area in contact with the Pb15.7Li is 

254 m2
• In a rolled permeator, assuming the annular simplification, with 45 annular chan­

nels (value chosen to have computationally affordable simulations) with r,x, - r,,,, =5 mm, 

1 mm vacuum separators and 1 mm membrane thickness, the contact area is one tenth 

of the multi-tubular permeator's area. These mean that with ten rolled units a similar 

efficiency than that of the multi-tubular permeator may be obtained at the same operation 

conditions. The height of the simulated permeator is then of 0.36 m. 

The permeator analysis presented in [127] has been reproduced in cylindrical coordinates 

and corrected for an inlet velocity of 1 mm/s, a diameter of 5 mm and a tube length of 2 m. 

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

membrane reads, 

with the following BCs: 

~~[rdC]-o 
r dr dr -

{ 
r = r1 C(r) = C(r,) 
r = r2 C(r) = C(r,) 

After integration, the concentration profile is found. 

C(r) - C(r2 ) 

C(ri) - C(r2 ) 

ln(r/r2 ) 

ln(r, /r2 ) 

(10.1) 

(10.2) 

The molar flux through the membrane wall facing the LM can be expressed as follows: 

Therefore, the molar rate reads, 

dC 
]= -DT­

dr 

. dC 
S = -2nrLDr­

dr 
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Substituting the concentration profile eq. 10.3 in the molar rate expression eq. 10.4 and 

assuming equilibrium through the solubility ratios eq. 10.5 an expression for the molar 

rate is found: 

(10.5) 

C(ri) _ (k'.,T-LM) C(r,) 

S' - -2 LD k,,T-m - 7r T 
ln(ri/r2 ) 

(10.6) 

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: 

(10. 7) 

Combining eq. 10.6 and eq. 10. 7 an expression for the molar rate per length of permeator 

is found. 

8= (10.8) 

Note that C(r1 ) is assumed to be that of the LM bulk. 

Mass transfer coefficient km has been suggested to be expressed through the following 

correlation (Harriott et al. [58]): 

Sh = kD".nd = 0.0096Re'i."'' Sco.346 
T 

(10.9) 

where dis the tube inner diameter, Sh, Re and Sc are the Sherwood, Reynolds and Schmidt 

dimensionless numbers. 

For an inlet temperature of lOOOK, laminar flow (Re~65), and a low Sh, the mass trans­

fer coefficient is of 1.63x10-0 m1s. Diffusivity and solubility, together with other material 

properties, have been taken from the Pb15.7Li database for nuclear fusion technology [94] 

and for Tin Nb from [127] and references there. Efficiency of this 2m length tube is around 

99.5%, which is very high for a laminar flow. Note that the efficiency is much higher than 

that exposed in Sedano [127] due to the fact that initial conditions and assumptions are 

different. The present calculation shows that with a smaller permeator high efficiencies 

can be achieved. 
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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. See Fig. 10.20 for more details. It is also assumed that an inlet 

expansion distributes the flow among channels perfectly. Hence, constant velocity profile of 

1 mm/s and is set at each channel inlet. Spacers are needed to preserve structural integrity 

but, for simplicity, all the spacers in the domain have been removed (see Fig. 10.19). 

Figure 10.20: Permeator scheme. 

Domajn has been discretized using a coarse structured non-orthogonal mesh with a max-

imum cell volume of 1 mm3 . The whole domain has been divided into a fluid domain and 

a solid domain, coupled with an iterative procedure for temperature and T concentration. 

The iterative procedure is very sensitive to the gradient calculation at the interface bound-

aries so the mesh h as been refined to a minimum of 10-sm cell length normal to the bound-

ary. 
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10.3.4 Assumptions and parameters 

An axisymmetric simulation has been carried out with a 2 domains mesh with wedge type 

cells (see Fig. 10.21). The metallic membrane has been chosen to be made of pure niobium 

with no coatings. 

Figure 10.21: Mesh detail. 

Atomic T is assumed t o be adsorbed onto the walls following the solubility ratio law eq. 10.5 

and that system is at a constant temperature. 

Thermodiffusion or S6ret effect might have an impact on T mass transport. However, this 

effect is slow and its contribution to species flux is some orders in magnitude lower than 

that due to diffusion by a concentration gradient itself. As it is assumed that there are no 

thermal gradients, S6ret effect is neglected. 

Again, diffusivity and solubility, together with other material properties, have been taken 

from the Pbl5. 7Li database for nuclear fusion technology [94) and for T in Nb from [127) 

and references there. 

10.3.5 BCs 

Hydrodynamics are solved with the OpenFOAM® CDF code using a transient laminar 

solver. T concentration is solved using BelFoam® CHT and CST subroutines. 
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Fluid and solid domains (see Fig. 10.20) are set at a nominal constant temperature of 

lOOOK in order to avoid buoyancy effects. At the permeator inlet a fully developed flow 

with a mean velocity of lmm/s is set and T concentration of lxlO-' mol/m3
• No slip BC is 

set for all the walls in the system and zero mean pressure is set at the outlet. 

At the Pb15. 7Li -Nb interface the following equilibrium BC is used: 

Cr,PbIAlr 

ks,T--PblA 

Cr,Nblr 

ks,T-Nb 
(10.10) 

where ks,r-Pb1.; and ks,T-Nb are the Sievert's coefficients and C1.,Pbu and CT,m are the T 

concentrations at the interface I'. 

T desorption at the Nb-vacuum side is implemented as a convection or Robin BC with a 

recombination coefficient higher enough (l0- 2
) to be a non-limiting process. As a result, 

little resistance to desorption exists and most of the T is desorbed as it reaches the SM­

CSC wall. 

10.3.6 Results and analysis 

10.3.6.1 Hydrodynamics 

A standard OpenFOAM® laminar solver for incompressible fluids has been used to simulate 

the flow through the 45 channels of the permeator (see Fig. 10.22). Parabolic velocity profile 

at steady state is shown in Fig. 10.23. Despite the fact that solid surface area in contact 

with the Pbl5. 7Li changes from channel to channel, very little differences in velocity exist 

among channels. 

10.3.6.2 Permeation 

The high solubility ratio between Nb and Pb15.7Li (0 ~10- 5 ) increases the efficiency of 

the extraction process in comparison to other membrane materials. T is extracted almost 

completely (Fig. 10.27) in less that 2 m of permeator with an efficiency of 99.5%. Concen­

tration 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. This effect can be seen 
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2.S.-006 2.5e·004 5.0e·004 7.5e·004 1.0e·003 1.3•·003 1.6e·003 

u . velocity [ m/s ) 

Figure 10.22: Velocity field detail at inlet. 

in Fig. 10.24, where T concentration decreases more quickly as approaching the north wall 

than when approaching the south wall. The same effect is observed for all the channels, 

but only channel 5 is shown for simplicity. 

Even with a laminar flow, T solubility in Nb is so high that most of the the dissolved T 

is removed; the mean diffusion length, i.e. the characteristic length scale for diffusion 

processes (L0 = V47rD), is 2 x l0- 4 m and the mean diffusion time, i .e. the characteristic 

mean time needed for the diffusion process to have an effect on the system at a certain 

length, is 2.5 x 107 s. Tat the center of the channel needs around 100 s to reach the walls 
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~ l.Ox 10-> 
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Figure 10.23: Velocity Cross section profile at x=lm. 

by diffusion. 

O.Oe+OO 1.0e-04 

Figure 10.24: T concentration in the bulk liquid. Channel 5 Detail. 
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Figure 10.25: T concentration along Nb south membranes. 
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Figure 10.26: T concentration along Nb north membranes. 
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Figure 10.27: T concentration along liquid bulk 
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T concentration in the solid domain is higher than in the bulk liquid (see Fig. 10.28) in 

good agreement with the imposed solubility ratio. Overall T molar rate to the CSC channel 

is of 10- s mol/s, which is also in good agreement with the non-limiting boundary condition, 

resulting in high concentrations at the SM-CSC channel (Fig. 10.25, 10.26). 

1.0e-04 

O.Oe+OO 

Figure 10.28: T concentration in the bulk solid. Channel 10 detail. 
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Figure 10.29: Channel 15 laminar and turbulent velocity profiles at x=l m 

10.3.6.3 Turbulen t Case 

Some fusion reactors are designed for higher LM velocities (e.g. DEMO). As a result the 

velocity at the TES inlet is around lm/s. At this velocity the flow regime inside the per­

meator channels is turbulent. LMs have a high specific heat conductivity (low Prandtl 

numbers) which yields in numerical simulations to many problems, since the viscous and 
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the thermal length scales separate. In the present work the k-w SST is used (see Gordeev 

et al. [53], Lefhalm et al. [79] and Carteciano [20]). 

Channel number 5 of the rolled perm ea tor has been simulated for an inlet velocity of lm/s 

with a laminar solver and the k-w 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=lm are shown in Fig. 10.29. 

T concentration profiles along the channel are not shown as the concentration is almost 

unaffected, with an efficiency below 1 %. 

10.4 Orifice Plate 

A possible solution to avoid nucleation and, therefore, its negative impact on hydrodynam­

ics and the efficiency of the TES, may consist in keeping the LM loop at a relatively high 

pressure, while providing a purge for He (He Extraction System, HeES, in Fig. 10.30). He 

will otherwise accumulate in the loop and eventually nucleation will occur. IfT is extracted 

with permeators, its efficiency may be diminished by the accumulation of bubbles on their 

surfaces. In addition, bubbles will prevent T permeation in HCLL channels, which may be 

a desired effect as has already been mentioned. 

T+He+H, 

TES 
He ES 

He+H, 

Pb15. 7Li+He+ T 

Pb15. ?Li 

FW 
HCLL 

Figure 10.30: He and T extraction system. 

Pressure driven nucleation could be an efficient way to form He bubbles in the purging 

system; nucleation could be achieved simply by lowering the pressure by means of an orifice 

plate. Bubbles could then be extracted using liquid-gas contactors with a free surface, like 
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a stirred tank (Fig. 10.31). This way, sudden decompression of LM at the stirred tank 

would be avoided, increasing He purge efficiency. 

Pump 

He 

Orifice 
Plate 

Main Stream 
Pb15.7Li 

Stirred 
tank 

PRESSURE 
DRIVEN 

NUCLEATION 

Figure 10.31: He extraction system with an orifice plate. 

A transient simulation of a orifice plate geometry (Fig. 10.32) has been carried out. Proper­

ties an parameters are set as in Sec 10.2.1.2 with an initial T concen tration of 3x10- 3 mol/m3 • 

Results, 3 s after nucleation began, are shown in Fig. 10.34. The cavitation like phenomena 

at the orifice, observed in Fig. 10.34(c), is sufficient to trigger nucleation; the lower pres­

sure after the orifice (see Fig. 10.34(b)) keeps bubbles growing and stable. Void fraction in 

Fig. 10.34(d) shows how bubbles accumulate at the exit of the orifice and towards the walls. 
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ORIFICE PLATE 

Figure 10.32: Geometry for the orifice plate simulation. 

Symmetry BC 

Figure 10.33: Mesh detail for the orifice plate simulation. 
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l u l [m(s] 
O.OO E• OO 5.57E-01 1.11E+OO 1.67E+OO 2.23E+OO 2.79E+OO 3.34E+OO 3.toE+OO 4.46E+OO $.01E+OO 

(a) Velocity magnitude field 

p [Pa I 
O.OOE+OO 3.19E+04 6.37E+04 Sl.58E+04 1.27E+OS 1.59£+05 1.91E+05 2.23E+OS 2.SSE+OS 2.87E+OS 

(b) Pressure 

(c) Bubble concentration field 

a[-) 
O.OOE+OO 1.94E·09 3.88E.OSI 5.13E·OSI 7.77E-OSI 9.71E·OSI 1.17E·08 1.36E·ot 1.SSE.08 1.75£-08 

(d) Void fraction field 

Figure 10.34: Orifice plate simulation. 

177 



10. BELFOAM© CAPABILITIES AND APPLICATIONS FOR FUSION 
TECHNOLOGY 

178 



11 

Conclusions and future work 

11.1 Conclusions 

As has already been exposed, the aim of the present thesis is, on one hand, the study of 

the transport phenomena in LMs under neutron irradiation, focused in fusion applications, 

specially for LM BBs like the HCLL design and, on the other hand, the coding of a CFD 

tool able to simulate the aforesaid phenomena. It should be pointed out that the final aim 

of this thesis is the development of a computational tool rather than the results simulated, 

that have been presented in Chap. 10 as to show BelFoam® code capabilities. The pre­

sented CFD solver has been validated and verified when possible in Chap. 9 in order to 

ensure that implemented models behave correctly, which does not mean that simulations 

are realistic. It is almost impossible to obtain reliable, realistic and quantitatively correct 

simulations of the exposed phenomena due to the lack of experimental data. However, the 

implemented code lets the user change all model parameters without programming; just 

by changing the solver's input. Hence, simulations can be run in order to validate the im­

plemented models once experimental data exists, and results would be suitable for design 

and operation purposes. 

Many improvements regarding the code implementation, algorithms and models can be 

done out of the scope of the presented thesis. In the present chapter the detected limita­

tions and future improvements are summarized, together with a proposal of some experi­

ments needed to validate the exposed models. 

179 



11. CONCLUSIONS AND FUTURE WORK 

He nucleation, growth and transport models in LM have been studied and developed in or­

der to be implemented in a CFD code. As fas as the author knows it has been the first time 

that a nucleation theory has been adapted to an open CFD code resulting into a novel algo­

rithm. Regarding He bubble transport, four different models with two different approaches 

have been developed and implemented: PSA (MRA, MC, nucQMOM) and PDP. Novel im­

plemented algorithms for the aforementioned models and a novel nucQMOM model solve 

the He bubble transport taking into account nucleation, which has been always a major 

problem for the CFD codes. Models have been verified an validated whenever possible and 

applied to different fusion technology related systems with satisfactory results. 

The following aims have been fulfilled: 

• CNT model for CFD implementation. 

• He bubble growth model formulation and implementation. 

• He EoS implementation for He bubbles and adaptation to CNT model. 

• CNT wall specific model for CFD implementation. 

• He bubble detachment model for CFD implementation. 

• PSA transport model CFD implementation including nucleation. 

• PSA mean radius approach model development and CFD implementation with nucle­

ation. 

• PSA MC CFD implementation with nucleation. 

• PSA nucleation embedded QMOM (nucQMOM) model development and CFD imple­

mentation. 

• PDP two-phase model development and CFD implementation with nucleation. 

• CFD implementation of a slip model wall function for LM due to bubbles nucleated 

on surfaces. 

• Verification an validation whenever possible of the implemented methods. 

• Fusion technology application simulations with the implemented code. 

Tritium transport complex phenomena that take place in LM BUs, with models for T ab­

sorption into He bubbles, and for T adsorption onto and desorption from SM surfaces (fac­

ing both LM and cooling channels) have been successfully developed and implemented. 

Conjugate T transport between different domains (liquid-solid, liquid-gas, gas-solid) has 
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been modelled with an adapted conjugate heat transfer solver taking into account wall 

nucleation and transport resistance (GCMT). Tritium transport models have been success­

fully implemented with novel algorithms for He nucleation, growth and transport models 

into a CFD code. 

The following aims have been fulfilled: 

• Absorption models implementation into a CFD code. 

• Adsorption models implementation into a CFD code. 

• He-T mixture EoS implementation for He bubbles and adaptation to CNT model. 

• Multidomain conjugate scalar transport (GCMT) models development and novel al­

gorithm CFD implementation. 

• Specific adsorption CFD boundary condition (BC) for T permeation with He bubbles 

attached to the interface. 

• Verification an validation whenever possible of the implemented methods. 

• Fusion technology application simulations with the implemented code. 

The following interesting main results have been found: 

• He nucleation may occur under fusion conditions. 

• He nucleation models have a large sensitivity to the surface tension and the volume 

of the He atom. 

• He bubbles accumulate in vortices, which affects mass and heat transport. 

• He bubbles reach very high upward velocity values in the HCLL channels and accu­

mulate at the upper walls. 

• He bubbles nucleated on surfaces tend not to detach, so bubbles on bottom walls will 

accumulate on that surfaces. 

• MRA turns out to be a good and computationally affordable method with qualitatively 

significant results. 

• T absorption strongly depends on the T solubility in the LM. 

• He bubbles absorb very low amounts ofT. 

• T concentration inside bubbles is in most of the cases in equilibrium with the LM T 

concentration. 
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• He bubbles may be a significant permeation barrier when they are attached to LM­

SM interfaces. 

All models have been implemented in OpenFOAM® as a novel solver under the name 

BelFoam® , which has proven to be a useful numerical tool for fusion technology appli­

cations and analysis. Due to the lack of experimental data, BelFoam® has no been fully 

validated, however, results and sensitivity analyses show key parameters and may be used 

for experimental device design purposes. 

11.2 Future Work 

11.2.1 BelFoam© implementation 

Presented CFD solver BelFoam© has been implemented following a scalable procedure that 

lets the programmer upgrade the code or modify the models easily; code debbuging is sim­

ple as well due to OpenFOAM® 's implementation. Modular implementation of the exposed 

models lets the programmer test each model separately or run complex cases in order to 

test model interactions. Moreover, a set of tools for data extracting have been coded with 

the aim to facilitate code development and data analysis. 

To the present date, many work has been done in order to integrate all model phenomena 

in one single code, but the code itself has not been fully optimized from the computational 

point of view. Solving procedures and algorithms can be improved by recoding them in a 

more efficient way or by replacing the implemented methods with better and faster ones. A 

good example of the latter possible improvement is the integration method used to calculate 

the stiff ODE needed to solve gas absorption into He bubbles (see Sec. 8.3.2). The RKF54 

implemented method can be replaced by other more efficient or accurate methods like Gear 

[47] or any suitable Rosenbrock [120] method. 

BelFoam® has proven to be fast even for 2D cases up to lOOk cells, but the computational 

resources needed for a 3D case are huge and need code parallelization. Programming 

was not done thinking in a future parallelization upgrade; however, as BelFoam® is mod­

ularized from the models standpoint and OpenFOAM® can run parallel cases, upgrading 
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BelFoam© should not be a very difficult task. Parallelizing such a complex code may itself 

constitute an independent project or thesis. Resulting optimization may improve by far 

present code version efficiency and may expand its application to more complex cases. 

11.2.2 Models improvements and experiment proposals 

Implemented nucleation model (Sec 5.2) was based on the CNT, which is known to under­

estimate nucleation under some conditions. Due to the lack of experimental data and the 

fact that even with this data the model might not be validated, other models can be im­

plemented, e.g. the Self-consistent Nucleation Theory (Girshick et al. [49]) or the spinodal 

nucleation theory (Monette et al. [104]). It should be noted that for simulation of oper­

ating conditions, the implemented CNT, with the adjustable parameters set to express a 

constant generation rate or tuned to fit future experimental data, may be suitable enough 

to yield reliable, accurate and realistic simulations. In order to validate the nucleation 

model for Pb15.7Li , as exposed in Sec 5.2, two kind of experiments may be made, for 

HON and for HEN. These experiments may consist of a pressurized He supersaturated 

Pb15.7Li volume in contact with an inert gas plenum. Once the volumes, previously at a 

pressure that makes supersaturation be below onset, are depressurized, nucleation shall 

be detected. Radiation induced nucleation may also be detected and analysed provided a 

neutron source focused on the Pb15.7Li volume. Bubble detection methods and nucleation 

rate inversion may be very interesting research topics as well. 

In Sec 5.3 a simple model for He bubble growth has been exposed. Other models can 

be implemented; however, bubble growth depends, among other issues, on the nature of 

the fluid surrounding the bubbles, which makes necessary to invert experimental data in 

order to have reliable models. A He supersaturated Pb15. 7Li column with a He injector at 

its bottom may be a suitable experiment to determine how bubbles grow and to invert or 

adjust a model. 

Bubble detachment from surfaces and its behaviour have not been studied for Pb15.7Li 

systems as fas as the author knows. Detachment models as exposed in Sec 5.4 depend on 

the bubble shape and a detachment criterion. Other models for different bubble shapes 

and more advanced detachment criteria may be studied and implemented. An experiment 
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like the one presented in Hans-Josef et al. [57], which studies the influence of buoyancy on 

bubble formation at submerged orifices, but adapted to the present study case, may be a 

good experimental data source. 

Despite the fact that T impact on He bubbles volume is negligible, as shown in Sec 9.3.1, 

an experiment to determine an EoS for He-T mixtures for engineering purposes could be 

very interesting and can be applied to other research fields. 

PBE methods other than those exposed in Sec 8.3.3 can be implemented. However, this 

kind of models are very difficult to validate as bubble detection techniques are not fully 

developed for LM systems (e.g. Lebaud et al. [78] or McKnight [97]). One possible ex­

periment, provided bubble detection is accurate enough, is the flow through a backward 

facing step (BFS) geometry: Silva et al. [133] validated the DQMOM method for this kind 

of geometry with very good results. Other possible experimental device and flow detection 

techniques configurations are those of Saito et al. [122] and Mishima et al. [102]. 

Regarding PDP two-phase model (Sec 7.3) many other improvements can be done as this 

topic is a full research field itself. For instance, PDP drag coefficient, lift forces and vir­

tual mass coefficient models can be improved, either by reformulating the model by tak­

ing into account more force contributions or by inverting experimental data. Zhang et al. 

[156] studied the motion of single argon bubbles rising in the eutectic alloy GainSn under 

the influence of a direct current induced longitudinal magnetic field with a rather simple 

experimental device where bubble motion was detected with ultrasounds. A similar ex­

perimental device can be used to determine the aforesaid coefficients in Pb15. 7Li. Bubble 

flow and bubble distribution can be studied by setting up a plume experimental device as 

presented in [121, 70, 136, 62] among others. 

Many research is being done in tritium transport which may lead to better parameters or 

even new transport models. Some examples are Soret effect, trapping, recombination coef­

ficient determination and permeation barriers. An experimental device has been proposed 

by CIEMAT, within the Tecno_FUS® and simulated with BelFoam© by the author within 

this thesis' scope. The experimental device, under the name FusKite© , will be designed 

and physically implemented by CIEMAT, bFUS, UPC and SENER® in order to test the 

in-line vacuum permeation principle for fusion applications. Data would be then analysed 
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and inverted so as to validate BelFoam© solver among other things. 

A Pb15.7Li loop able to integrate different in-line experiments will also be necessary for 

research purposes. It should be pointed out that, since many of the phenomena may happen 

at the same time, phenomena interactions have to be experimentally determined. One 

clear example that illustrates the importance of this later fact is the bubble nucleation 

on surfaces of a permeator that act as a permeation barrier. Bubbles will interact with 

the system's hydrodynamics by reducing the friction between liquid and solid walls at the 

same time that they will dramatically reduce the T permeation. An in-line permeator 

with induced nucleation capabilities will be a valuable source of data for the purpose of 

validating BelFoam© and study phenomena interaction. 
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Appendix A 

Properties and Parameters 

A.I Pb15.7Li 

HCLL breeding blanket operating conditions: 

]°pbLi = 723.15 K 

]JP&Li = 2 bar 

It has to be noted that TP&Li corresponds to the HCLL inlet temperature. This temperature 

has to be understood as the mean temperature over the whole HCLL Pb15.7Li volume, at 

which properties and parameters are calculated when taken as constants. 

Material properties have been taken from Mas de les Valls et al. [94] Pb15. 7Li database 

for nuclear fusion technology. 

PPbLi 10.52 (1 - 1.13 x 10-0 
TPbLi) g/cm3 (A.1) 

µPbLi 
1.87 X 10-4 C11640/HT/'tif,, Pas (A.2) 

Cp,PbLi 0.195 - 9.116 x 10-6 TPl,u J /(g I<) (A.3) 

kPl>Li 1.95 X 10- 2 + 19.6 X 10-'TPbLi W/(mJ<) (A.4) 

j3 F'bf;i 1.124 x 10-' + 1.505 x lo-s TPbLi J{-1 (A.5) 
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Properties and parameters at HCLL breeding blanket operating conditions: 

Mp,u = 0.17316 kg/mol 

(Jl'bLi = 9660 kg/m3 

!",,"" = 1.294xl0-3 Pas 

Cp,PbLi = 0.1884 J/(g K) 

krb1~;. = 0.1612 W/(mK) 

PPbLi = 0.000123 K-I 

A.2 EUROFER'97 

HCLL breeding blanket operating conditions: 

TBu = 723.15 K 

It has to be noted that TEu = TPbLi· This temperature has to be understood as the mean 

temperature over the whole HCLL Eu'97 volume, at which properties and parameters are 

calculated when taken as constants. 

Material properties have been taken from Mergia et al. [98]. 

2.696 TE,, - 0.00496 r:u + 3.335 x 10-0 T~u 

0.08381 + 6.00691 x 10- 6 T1,,, - 5.092Ll 7~~" 

J/(kgK) 

crn'/s 

Properties and parameters at HCLL breeding blanket operating conditions: 

(JBu = 7750 kg/mol 

Cp,Eu = 616.9 J/(kgK) 
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A.3He 

0:1;u = 6.1569x10- 2 cm2/s 

Convective coefficient at the Eu'97 -CSC interface is set to 5050 W/(m2s) (Hermsmeyer 

et al. [61]). 

A.3 He 

HCLL breeding blanket operating conditions: 

Tu,= 723.15 K 

It has to be noted that T11 , = Tp;1,; as He gas phase is assumed to be in thermal equilibrium 

with Pb15.7Li. 

Material properties have been taken from [94] Pb15. 7Li database for nuclear fusion tech­

nology. 

Cluc,PbLi 0.52 - 0.11 x io·- 3 Tu, N/rn (A.8) 

Properties and parameters at HCLL breeding blanket operating conditions: 

Mu,= 0.004 kg/mol 

CYHcJ'bLi = 0.46 kg/s2 

A.4 T 

HCLL breeding blanket operating conditions: 

Tr = 723.15 K 
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A. PROPERTIES AND PARAMETERS 

It has to be noted that Tr = T,'" = TPbJ,; as T-He gas mixture phase is assumed to be in 

thermal equilibrium with Pb15. 7Li . 

T diffusivity in Pb15.7Li has been taken from [94]. 

Dr.~P1ir,1. = 2.50 x io-1e-21000/RTr mol/(rn 2 /s) (A.9) 

Sievert's coefficient for Tin Pbl5,7Li has been taken from Reiter [119] and Aiello et aL [4] 

experiments. There is a large discrepancy in the T law derived from these two experiments, 

so both have been used as presented in Gastaldi et aL [ 46]. 

kSOLE = Q.237e·-12844/RT'l' 
·s,T-PbLi 

kHciter 
S,1-FbLi 

mol/(m3 Pa0
'), 

rnol/(m3 Pa0
''). 

(A.10) 

(A.11) 

The recombination coefficient at the Pb15. 7Li -He interface (eq. A.12) has been taken from 

Pisarev et aL [114]. 

k,.,r.PbLi-IIc = 4.087 x 10-1 m'/(mol s) 

T solubility and diffusivity in Eu'97 have been taken from Esteban et aL [34]. 

DT···Eu = 4.57 X 107
e-2Z:l/RTr mol/(m2/s) 

Properties and parameters at HCLL breeding blanket operating conditions: 

Dr-Pbu = l.26x 10-s mol/(m2/s) 

k.~.'.1'."~'b'·' = 2. 799x10- 2 mol/(m'Pa1i
2

) 

k,-,1\PbLi-IIe = 4.087x 10-·4 m''/(mol s) 

k,,,:r-POLi = 4.5x 10-0 m/s 

Dr-Du = l.119x 10-s mol/(m2/s) 

ks:r-Eu = 1.825x10-2 mol/(m3Pa1i 2
) 
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A.4T 

Empirical coefficient k,,,,r-PbDi is taken from Sedano et al. [129], who analyzed LIBRETT0-

3 data assuming that mass transfer is diffusion limited. 
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Appendix C 

Addendum 

C.1 C-shape channel MRA results for Eu'97 as SM. 

In addition to the results presented in Sec. 10.2.1.5, the C-shape channel case has been 

simulated with Eu'97 as SM because of its significance; Eu'97 will most probably be the 

selected RASM for the EU-HCLL TBM. Present appendix simulation was carried out after 

thesis' deposit. 

Atomic T concentration in the Pb15.7Li is shown in Fig. C.l(a). When Fig. C.l(a) and 

Fig. 10.14(a) are compared, it can be seen that T concentration in the Pb15.7Li close to 

the Eu'97 walls is lower. This effect happens due to the fact that Eu'97 has a larger T 

solubility than that used for Sec. 10.2.1.5 case. A higher amount of T permeates to the 

Eu'97 (Fig. C.l(b)), which reaches higher T concentrations than those in Fig. 10.14(b). The 

T concentration in the gas phase, shown in Fig. C.l(c), is also affected. T concentration in 

the gas phase stays around two orders of magnitude below that in the Pb15.7Li, which is 

a smaller amount of absorbed T than that shown in Fig. 10.14(c). 

The averaged atomic T concentration at the duct outlet is 2.Slxl0-3 mol/m3 while the 

averaged T concentration in the gas phase at the duct outlet is 3.15x10-7 mol/m3
• It 

should be noted that concentrations are expressed per volume of LM. 

A ZY plane cross section at O.lm is shown in Fig. C.2. Concentration inside the SM stays 

below 7.62x10· 3 mol!m- 3 all over the duct, which is much higher than that in the gas 
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phase. The amount of T desorbed to the CSC can be found by integrating the T fluxes 

along the SM-CSC interface. For a total area of 4.5 m2 per BU a total amount of 4.27x10-3 

g/day is permeated to the CSC. 

It must be noted that even with a much higher concentration in the Eu'97, the total amount 

of T permeated to the CSC is only twice when compared to that in Sec. 10.2.1.5. Eu'97 to 

CSC desorption process is recombination limited. 

x 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

0.092 -I--'--..__ ........... __..__.__~.....__.__~ ..................... __._ _ _.__.__.__..__ .................... __.__~_.__.__..__ .................... ~-~ 

-- ~----- - --
-< 0.046 

01---......::..,.;_;~...;._--------------..... 
CT, "'" [ mol / m ' J 

CT, """ [moll m ' ) 

0 
0.092 

-< 0.046 

0 

0.1 

CT,o [ mol/m • I 

O.OOE+OO 8.97E-04 1.79E·03 2.69E-03 3.59E-03 4.48E·03 5.38E-03 6.28E-03 7.18E·03 

(a) T concentration in the Pb15.7Li phase 

x 

O.OE+OO 8.3E-04 1.7E-03 2.5E-03 3.3E-03 4.2E-03 5.0E-03 5.SE-03 6.7E·03 7.5E-03 

(b) T concentration in the Eu'97 phase 

x 
0.2 0.3 0.4 0.5 0.6 0.7 

O.OOE+OO 1.89E-07 3.78E-07 5.67E-07 7.56E-07 9.45E·07 1.13E-06 1.32E-06 1.51E·06 

(c) T2 concentration in the gas phase 

Figure C.l: HCLL BU C-shape channel T concentrations with Eu'97 as SM, recombination limited, 2 
bar. 
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C.1 C-shape channel MRA results for Eu'97 as SM. 

:--c 
! T,L 

6,ox10·~ 

i--·C 
: T1G 

1--CT,S 

u" 

0,06 0,07 0,08 0,09 

YI m J 

Figure C.2: 'l' concentration cross section profile at x=O.lm with Eu'97 as SM. 
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