
































































































































































































































































































































































































































































































































10. BELFOAM® CAPABILITIES AND APPLICATIONS FOR FUSION
TECHNOLOGY
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Figure 10.9: HCLL BU single channel T concentration in the SM

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 interaction 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

148



10.2 HCLL breeding blanket channels

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. 10.10(b) and Fig. 10.10(c). The rise velocity of the bubbles, shown in Fig. 10.10(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. 10.11(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. 10.11(c)):
temperature is higher where LM local residence time is longer. Fig. 10.11(d) shows how

the temperature distribution in the Pb15.7Li 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, Pb15.7Li 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 2 x10~* mol/m?
and 3.14x107° mol/m? respectively while the averaged He and T concentrations in the gas
phase at the duct outlet are 1.4x10~* mol/m?® and 1.61x10~* mol/m? 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 the barrier effect due to a He gas film on the surface is negligible for the simulated
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conditions.
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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-shape channel T concentrations, £:°%*"°, 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 0.1m is shown in Fig. C.2. Concentration inside the SM stays
below 2x10~* mol/m~2 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 of T 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 m? per BU a total amount of 2.43x10-*
g/day is permeated to the CSC.
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Figure 10.15: T concentration cross section profile at x=0.1m.

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 1D 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
Pb15.7Li 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. 10.16(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 of T inventory; for quantitative analysis
it is necessary to take into consideration the absorption inte He bubbles. Like for the 0D
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 of 9660 kg/m® 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 Pb15.7L1 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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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 I'ig. 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 em/s.

For a 2 m length multi-tubular permeator the total area in contact with the Pb15.7L1 is
254 m®. In a rolled permeator, assuming the annular simplification, with 45 annular chan-
nels (value chosen to have computationally affordable simulations) with r.,, — 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,

1i{~dc} =0 (10.1)

rdr 7%

with the following BCs:

After integration, the concentration profile is found.

Clr)=Clry)  In(r/ry)

C(ry) ~ Clry)  In(r,/r.) (10.2)

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

J = mp,rii_g (10.3)
dr
Therefore, the molar rate reads,
S = ~2W7"LD7\£ (10.4)

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:
C’I‘,L:‘ufks,?‘—m = C’J‘,SM ks,']‘—LM (19-5)

o) - (=) o)

ks,Tgm

{ry/r2)

The overall mass transfer coefficient including mass transfer resistance at the LM-m k.,

(10.6)

S = -2nLD,

and the resistance due to the membrane thickness can be expressed as follows:

1 1 In{ry/rs)
= R T2 10.7
P S s (10.7)

Combining eq. 10.6 and eq. 10.7 an expression for the molar rate per length of permeator

1s found. "

C(?"l) . ( ;:,T—-L;\a’) 0(7,2)
&, —m

1 in(ry/ry)

LT onLDy

(10.8}

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

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

correlation (Harriott et al. [58]):
k"nd 1 0.913 0.346
-

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

dimensionless numbers.

For an inlet temperature of 1000K, laminar flow (Re~65), and a low Sh, the mass trans-
fer coefficient is of 1.63x10-m/s. Diffusivity and solubility, together with other material
properties, have been taken from the Pb15.7Li database for nuclear fusion technology {94]
and for T in 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).

T yedge type 1S

: Etermal e
wall

oo™’

45 channels

50

membrane sp |
membrane =p

LM =p

\_____/ <= vacuum

Figure 10.20: Permeator scheme.

Domain has been discretized using a coarse structured non-orthogonal mesh with a max-
imum cell volume of 1 mm?®. 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 has been refined to a minimum of 10~°m 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 to be adsorbed onto the walls following the solubility ratio law eq. 10.5

and that system is at a constant temperature.

Thermodiffusion or Séret 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, Séret effect is neglected.

Again, diffusivity and solubility, together with other material properties, have been taken
from the Pb15.7Li 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
1000K in order to avoid buoyancy effects. At the permeator inlet a fully developed flow
with a mean velocity of Imm/s is set and T concentration of 1x10~* mol/m®. 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:

CT,PbLi CT,Nb
o r

(10.10)

kS,’I‘-— Phii kS,Twa

where ksr gy and kgr_y, are the Sievert’s coefficients and . 4y, and Cyr y, 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 (10-?) 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-

CS8C 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 Pb15.7Li 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 (O ~107°) 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

168



10.3 TES FusKite® permeator against vacuum (PAV)
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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 (L, = V4w D), is 2x10~*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 2.5x 107 s. T at the center of the channel needs around 100 s to reach the walls
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Figure 10.23: Velocity Cross section profile at x=1m.
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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~ 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).
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Figure 10.29: Channel 15 laminar and turbulent velocity profiles at x=1 m

10.3.6.3 Turbulent Case

Some fusion reactors are designed for higher LM velocities (e.g. DEMO). As a result the
velocity at the TES inlet is around 1m/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 permeator has been simulated for an inlet velocity of 1m/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=1m 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 I.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. If T 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.

THHe+H. | ppis 7Li+He+T

He+H, Pb15.7Li T

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.

<
l

He /
Pump

Stirred

O . tank
Onﬁce -—_: PRESSURE

DRIVEN

Plate NUCLEATION
¢ < g <
Main Stream
Pb15.7Li

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 concentration of 3x10~° mol/m?.
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.

i

Symmetry BC

Figure 10.33: Mesh detail for the orifice plate simulation.

176



10.4 Orifice Plate

lul [m(s]
0.00E+00 5.57E-01 1.11E+00 1.67E+00 2.23E+00 2.79E+00 3.34E+00 3.90E+00 4.46E+00 5.01E+00

(a) Velocity magnitude field

p [Pa]

0.00E+00 3.19E+04 6.37E+04 9.56E+04 1.27E+05 1.59E+05 1.91E405 2.23E405 2.55E405 2.87E+05

(b) Pressure

N, [bubbles/m?]

0.00E+00 6.96E+08 1.39E+09 2.09E+09 2.79E+09 3I.48E+00 4.1BE+09 4.88E+09 5.57E+09 6.27E+09

(c) Bubble concentration field

al-]

0.00E+00 1.94E-09 3.8BE-09 5.83E-08 7.77E-09 9.7T1E-09 1.17E-08 1;!55-09 1.55E-08 1.75E-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

Asg 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.
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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-
gorption 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

180



11.1 Conclusions

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 of T.

* 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 100k cells, but the computational
resources needed for a 3D case are huge and need code parailelization. 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 Ph15.71i , 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 fo 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 riging in the eutectic alloy GalnSn 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 Pb15.7L1 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 eapabilities 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.1 Pbl5.7Li

HCLL breeding blanket operating conditions:

:Z-'pb‘(_,i - 723.15 K

ProL: = 2 bar

It has to be noted that T, 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.

prone = 10.52{1 —1.13 x 107 Tp,) g/em® (A.1)
Uppr: = 1.87 x 107" &40/ T Pas (A.2)
Copori = 0195 —9116 x 107 Ty J/ (g K) (A.3)
kppre = 1.05x 10724196 x 10 Tpy; W/ (mK) (A.4)
Brore = 1124 x 107" 4 1.505 x 1073 Ty, K7 (A.5)
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Properties and parameters at HCLL breeding blanket operating conditions:

Mpyr; = 0.17316 kg/mol
Prose = 9660 kg/m?
tpen: = 1.294x107* Pas

Cporor: = 0.1884 J/(gK)
kpyr: = 0,1612 W/(m K)

ﬁpbm = (0.000123 K

A.2 EUROFER’97

HCLIL: breeding blanket operating conditions:
T = 723156 K

it has to be noted that 7., = Tp,... This temperature has to be understood as the mean
temperature over the whole HCLL Ew'97 volume, at which properties and parameters are

calculated when taken as constants.

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

Come = 2.696Tp, — 0.00496T2, +3.335 x 107572 J/(kg K) (A.6)

ape = 0.08381 4+ 6.00691 x 107° Ty, — 50921372,  cem?/s (A7)

Properties and parameters at HCLL breeding blanket operating conditions:

P = 7750 kg/mol

C, e = 616.9 J/(kgK)
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A.3 He

Q. = 6.1569%x107% em?¥/s

Convective coefficient at the Euw'97 -CSC interface is set to 5050 W/(m?s) (Hermsmeyer
et al. [61]).

A3 He

HCILL breeding blanket operating conditions:
THe = 723.15 K

It has to be noted that Ty, = T, as He gas phase is assumed to be in thermal equilibrium

with Pb15.7Li .

Material properties have been taken from [84] Pb15.7Li database for nuclear fusion tech-

nology.
Gre,pbbs = 052 —0.11 % 10.“3 T.HG f\r/'m (A.S)
Properties and parameters at HCLL breeding blanket operating conditions:

My, = 0.004 kg/mol
Dnc‘pri == SXIO_S mQ/S
THe, PELi — 0.46 kg/s?'

7 = 3%107" moly, /(mol .y, Pa)

A4 T

HCLL breeding blanket operating conditions:

L= T23 16 K
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It has to be noted that T’ = T}, = T, 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].
Doy pyr: = 2.50 x 1077 27000/ /T molf(m?/s) (A.9)

Sievert’s coefficient for T in Pb15.711 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,

s0 both have been used as presented in Gastaldi et al. [46].

koG, = 023773 E ol /(P Pa®®), (A.10)
ks, = 117 x 1073 1350/ Ry mol /(m®Pa®?). (A11)

The recombination coefficient at the Ph15.7Li -He interface (eq. A.12) has been taken from
Pisarev et al. [114].
k?nT,PhL'ich == 4087 hed 16_4 m/l/(mol S) (A. 12)

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

Dy = 457 x 107 2% RTr mol/{m*/s) (A.13)
ksr-pe = 2.25x 10 %121/ mol/{m*Pa®®) (A.14)

Properties and parameters at HCLI breeding blanket operating conditions:

Dl‘rn_pb]‘i = 1.26>< 1073 mOl/(mzf'S)

kst = 1.034x107% mol/(m*Pa'/?)
kgigte, s = 2.799x 1072 molAm*Pa'/?)

87 POL

ko poricme = 4.087x107 m*/(mol s)
ko roror: = 4.5x107% m/s

Dy g = 1.119x 1078 mol/{m?/s)

kS,T—-Eu. = 1»825X10“2 mOU(mSPaI/E)
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Empirical coefficient k,, ;-_ .. 18 taken from Sedano et al. [129], who analyzed LIBRETTO-

3 data assuming that mass transfer is diffusion limited.
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List of related publications and
works

* Numeric implementation of two-phase tritium transport models for natural
helium nucleated bubbles in lead-lithium. Implications for HCLL breeding

blanket channels,
dJ. Fradera, L. Batet, E. Mas de les Valls and L. Sedano, 2009, SOFE-09, 23rd IEEE/NPSS

Symposium on.

* Helium Bubbles Nucleation, Growth and Transport Model for Liquid Metals

in Breeding Blanket Technologies,
J. Fradera, L. Batet, E. Mas de les Valls and L. Sedano, 2009, Reunién anual de la

sociedad nuclear espafiola, SNE-09

* Preliminary Study of a Permeator for Tritium Extraction in Nuclear Fusion

Reactors,
J. Fradera, 2010, Technology for fusion (T4F}, technical internal report, T4F201001_01

* Numeric implementation of a transport model for tritium in lithium-lead
HCLL breeding blanket channels: Theory and code implementation,
J. Fradera, L. Batet, E. Mas de les Valls and L. Sedano, 2010, submitted to Fus. Eng.
& Des.
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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 Euw97 as SM because of its significance; Ew97 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.1(a). When Fig. C.1(a) and
Fig. 10.14(a) are compared, it can be seen that T concentration in the Pb15.7Li close to
the Ew97 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
Euw97 (Fig. C.1(b)), which reaches higher T concentrations than those in Fig. 10.14(b). The
T concentration in the gas phase, shown in Fig. C.1(c), is algo 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 2.81x107% mol/m* while the
averaged T concentration in the gas phase at the duct outlet is 3.15x 107" mol/m®. It

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

A ZY plane cross section at 0.1m is shown in Fig. C.2. Concentration inside the SM stays

below 7.62x10* mol/m~* 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 m? per BU a total amount of 4.27x103
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.

e [mol/m?] NN

0.00E+00 8.97E-04 1.79E-03 2.69E-03 3.59E-03 4.48E-03 5.38E-03 6.28E-03 7.18E-03
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Figure C.1: HCLL BU C-shape channel T concentrations with Eu’97 as SM, recombination limited, 2
bar.
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Figure C.2: T concentration cross section profile at x=0.1m with Ew'97 as SM.

199



C. ADDENDUM

200



References

(1]

[2]

(3]

{41

(6]

[7]
[8]

19

[10]

(11}

(12]

G. Adking and U.W. Pooch. Computer simulation: a tutorial. computer, 10(4):12-17, 1977.
23

A, Ajello, G, Benamati, M. Chini, C. Fazio, E. Serra, and Z. Yao. Hydrogen permeation
through tritium permeation barrier in Pb-17Li. Fusion Engineering and Design, 58:
737-742, 2001. 19

A Aiello, A. Ciampichetti, and G. Benamati. An overview on tritium permeation barrier
development for WCLL blanket concept. Journal of Nuclear Materials, 329:1398-1402,
2004. 19

A Aiello, A, Ciampichetti, and G. Benamati. Determination of hydrogen solubility in
lead lithium using SOLE device. Fusion Engineering and Design, 81(1-7):639-644, 2006.
18,120, 190

A. Aiello, A, Ciampichetti, M. Utili, and G. Benamati. TRIEX facility; An experimental
loop to test tritium extraction systems from lead lithium. Fusion Engineering and
Design, 82(15-24):2294-2302, 2007, 19

A. Aiello, I. Ricapito, G. Benamati, and A. Ciampichetti. Qualification of tritium perme-
ation barriers in liquid Pb-17Li. Fusion Engineering and Design, 69(1-4):245-252, 2003,
19

J. Ambrosek. Verification and Validation of TMAP7. Idaho National Laboratory, 2005. 20

M. Attarakih, H. J. Bart, and N. M. Fagir. Solution of the Population Balance equation
using the Sectional Quadrature Method of Moments. Chem. Eng. Sci., in press using
the sectional quadrature method of moments, Chem. Eng. Sci, 2008. 56, 61

R. Aymar, VA Chuyanov, M. Huguet, Y. Shimomura, J.C.T. ITER, and H.T. ITER. Overview
of ITER-FEAT-The future international burning plasma experiment. Nuclear Fusion,
41:1301-1310, 2001. 2

R.G. Ballinger and J. Lim. Effects of chromium and silicon on corrosion of iron alloys
in lead-bismuth eutectic. 2008, 10

J. Banhart. Metal foams: produection and stability. Advanced Engineering Materials, 8
(9):781, 2006, 18

R. Becker and W. Déring. Kinetische Behandlung der Keimbildung in iibersittigten
Dimpfen. Annalen der Physik, 416(8).719~752, 1935, 17, 29

201



REFERENCES

{13]

[14]

{15]

[16]

[17]
(18]

[19]

[20]

1211

f22]

(23]

(24]

[25]

[26]
[27]

[28]

[29]

[30]

P. Bermidez. Modelat del transport de triti en un canal de Vembolcall regenerador de triti
d’un reactor de fusié DT. 2011. 20

G. Biswas, M. Breuer, and F. Durst. Backward-facing step flows for various expansion
ratios at low and moderate Reynolds numbers. Jowrnal of fluids engineering, 126:362,
2004. 135

M. Blander and J.L. Katz. Bubble nucleation in liquids. AIChE Journal, 21(5):833-848,
1975, 17

S. Bove, T. Solberg, and B.H. Hjertager. A novel algorithm for solving population bal-
ance equations: the parallel parent and daughter classes. Derivation, analysis and
testing. Chemical engineering science, 60(5):1449-1464, 2005. 21

P. Bratley, B.L. Fox, and L.E. Schrage. A guide to simulation. Springer, 1987, 23

L. Bihler, 8. Horanyi, and E. Arbogast. Experimental investigation of liquid-metal
flows through a sudden expansion at fusion-relevant Hartmann numbers. Fusion
Engineering and Design, 82(15-24):2239-2245, 2007. ISSN 0920-3796. 135

J.d. Carbajo. Applicability of Heat Transfer Coefficient Correlations to Single-phase
Convection in Liquid Metals. TRANSACTIONS-AMERICAN NUCLEAR SOCIETY, 98:
460, 2008. 10

LN Carteciano. Entwicklung eines Turbulenzmodells fiir Auftriebsstromungen. Wis-
senschaftliche Berichte [ Forschungszentrum (Karlsruhe). 75, 174

CFX. CFX products web site. URL http://www.ansys.com/products/cfx.asp. 21,
72

A.J. Chorin. Numerical solution of the Navier-Stokes equations, Mathemaltics of Com-
putation, 22(104):745--762, 1968. ISSN 0025-5718. 76

R. Conrad, L. Debarberis, V. Coen, and T. Flament. Irradiation of liguid breeder material
Pb-17 Li with in-situ tritium release measurements in the LIBRETTO 2 experiment.
Journal of nuclear materials, 179(B):875-878, 1991. 15

D. F Cowgill. Helium nano-bubble evolution in aging metal tritides, Fusion Science
and Technology, 48(1):539, 2005. 15

C.T. Crowe, D. Schwarzkopf, M. Sommerfeld, and Y. Tsuji. Multiphase Flows With Droplets
and Particles. Taylor and Francis Group-CRC Press, 2012. 63, 64

PG De Gennes. On fluid/wall slippage. Langmuir, 18(9):3413-3414, 2002, 96

SE Donneily. Density and pressure of helium in bubbles in implanted metals: a
critical review. Radiai, Eff, 1985. 18, 100

DA Drew and RT Lahey. Some supplemental analysis concerning the virtual mass
and lift force on a sphere in a rotating and straining flow. International journal of
multiphase flow, 16(6):1127-1130, 1990. 69

DA Drew and GB Wallis. Fundamentals of two-phase flow modelling. In Third Interna-
tional Workshop on Two-Phase Flow Fundamentals, 1992, 21

M.P. Dudukovic, ¥. Larachi, and P.L. Mills. Multiphase reactors-revisited. Chemical
Engineering Science, 54(13-14):1975-1995, 1999. 20

202



REFERENCES

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

G. Duhar and C. Colin. Dynamics of bubble growth and detachment in a viscous shear
flow. Physics of Fluids, 18:077101, 2006. 41

J.R. Emshoff and R.L. Sisson. Design and use of computer simulation models. Macmillan
New York, 1970. 23

P. S. Epstein and M. S. Plesset. On the Stability of Gas Bubbles in Liquid-Gas Solu-
tions. The Journal of Chemical Physics, 18:1505, 1950. 17, 29, 37, 46

G. A. Esteban, A. Pe na, I. Urra, F. Legarda, and B. Riccardi. Hydrogen transport and
trapping in EUROFER97. Journal of Nuclear Materials, 367:473-477, 2007. 48, 128, 129,
131, 190

J. H. Evans. Kinetics of bubble growth and point defect migration in metals. Euratom/UKAEA
Fusion Association, 2003. 15

W. Farabolini, A. Ciampichetti, F. Dabbene, M. A. Ftterer iiand L. Giancarli, G. Laffont, A. L
Puma, S. Raboin, Y. Poitevin, I. Ricapito, et al. Tritium control modelling for a helium
cooled lithium-lead blanket of a fusion power reactor. Fusion Engineering and Design,
81(1-7F):753-762, 2006. 19

L. Farkas. Keimbildungsgeschwindigkeit inubersattigten Dampfen. Z. Physik. Chem,
125:236-242, 1927. 17, 29

J.H. Ferziger and M. Perié¢. Computational methods for fluid dynamics, 2. Springer Berlin,
1999. 76

N. H. Fletcher. Size effect in heterogeneous nucleation. The Journal of Chemical
Physics, 29:572, 1958. 17, 29, 33

FLUENT. ANSYS FLUENT products web site. URL http://www.ansys.com/
Products/Simulation+Technology/Fluid+Dynamics/ANSYS+FLUENT. 72

KS Forcey and A. Perujo. Tritium permeation barriers in contact with liquid lithium-
lead eutectic (Pb—17Li). Journal of Nuclear Materials, 218(2):224-230, 1995. 19

J. Fradera. Simulacié numeérica dels canals de '’embolcall regenerador de triti d'un
reactor de fusié. Master’s thesis, Technical University of Barcelona, Spain, 2007. 73

I. A.I Frenkel. Kinetic theory of liguids. The Clarendon Press, 1946. 17, 29, 30

S. Fukada and N. Mitsuishi. Hydrogen Permeation through Walls with Laminar-Flow
between Two Parallel Plate Walls. Journal of Nuclear Science and Technology, 25(5):
4'79-488, 1988. 19, 47

F. Gabriel, Y. Escuriol, F. Dabbene, O. Gastaldi, J. F. Salavy, and L. Giancarli. A 2D finite
element modelling of tritium permeation for the HCLL DEMO blanket module. Fu-
sion Engineering and Design, 82(15-24):2204-2211, 2007. 19, 142

O. Gastaldi, N. Ghirelli, F. Gabriel, L. Giancarli, and J. F Salavy. Tritium transfers and
main operating parameters impact for demo lithium lead breeding blanket (HCLL).
Fusion Engineering and Design, 83(7-9):1340-1347, 2008. 19, 190

C.W. Gear. The automatic integration of ordinary differential equations. Communi-
cations of the ACM, 14(3):179, 1971. 182

203



REFERENCES

[48]

[49]

[50]

[51]

[52]

[64]

{55]

[56]

[57]

{58]

[59]

[60]

{61]

162)

J. W. Gibbs. On the equilibrium of heterogeneous substances, III. Reprinted in: H.A. Bum-
stead, R.G. van Name (Eds.), The Scientific Papers of J. Willard Gibbs, Ph.D., LLD., vol. I,
Thermodynamics, 55-353, Longmans, Green, and Co., 1906, 1906, 17

S.L. Girshick and C.P. Chiu. Kinetic nucleation theory: A new expression for the
rate of homogeneous nucleation from an ideal supersaturated vapor. The Journal of
Chemical Physics, 93:1273, 1990. 183

B. Glam, S, Eliezer, ). Moreno, and . Eliezer. Helium bubbles formation in aluminum:
Bulk diffusion and near-surface diffusion using TEM observations. Journal of Nu-
clear Materials, 392(3):413-419, 2000, 18, 100

B. B Glasgow and W. G. Wolfer. Simple Polynomial Expressions for the Helium Egua-
tion of State. US. Department of Energy, Damage Analysis and Fundamental Studies,
DOE/ER-0046/16:68-71, 1984. 34, 36

S. Goldman. The Stability of Bubbles Formed from Supersaturated Solutions, and
Homogeneous Nucleation of Gas Bubbles from Solution, Both Revisited. The Journal
of Physical Chemistry B, $112(51):16701-16709, 2008, 100

S. Gordeev, L. Stoppel, and R. Stieglitz. Turbulent liquid metal flow in rectangular
shaped contraction nozzles for target applications. International Journal of Computa-
tional Fluid Dynamics, 28(6):477-493, 2009. 75, 174

R.G. Gordon. Error bounds in equilibrium statistical mechanies. Journal of Mathe-
matical Physics, 9:655, 1968, 80

J. D. Gunton. Homogeneous nucleation. Journal of Statistical Physics, 95(5):903-923,
1999, 17, 30

B. Guo, T.A.G. Langrish, and D.F. Fletcher. CFD simulation of precession in sudden
pipe expansion flows with low inlet swirl. Applied Mathematical Modelling, 26(1):1-15,
2002. ISSN 0307-904X. 135

P. Hans-Josef et al. Influence of buoyancy on bubble formation at submerged orifices.
Chemical Engincering Science, 50(19):3009-3024, 1995, 184

P. Harriott and RM Hamilton. Solid-liquid mass transfer in turbulent pipe flow. Chem-
ical Engineering Science, 20012):1073-1078, 1965. 165

SC Hendy and NJ Lund. Effective slip boundary conditions for lows over nanoscale
chemical heterogeneities. Physical Review K, 76(6):66313, 2007. 96

SC Hendy and NJ Lund. Effective slip lengths for flows over surfaces with nanobub-
bles: the effects of finite slip. Journal of Physics: Condensed Matter, 21:144202, 2009,
96

S. Hermsmeyer, U. Fischer, M. Fiitterer, K. Schleisiek, I. Schmuck, and H. Schnauder, An im-
proved European helium cooled pebble bed blanket. Fusion Engineering and Design,
58:689-693, 2001. 189

T. Hibiki, Y. Saito, K. Mishima, Y. Tobita, K. Konishi, and M. Matsubayashi. Study on flow
characteristics in gas-molten metal mixture pool. Nuclear Engineering and Design,
196(2):233-245, 2000. 20, 114, 184

204



REFERENCES

[63] D.P. Hill. The computer simulation of dispersed two-phase flow. University of London, 1998,
21,65, 69,95

[64] E.F. Hill. Hydrogen separation using coated titanium alloys, August 28 1984. US
Patent 4,468,235. 163

[65] L. Holborn and J. Otto. Uber die Isothermen einiger Gase zwischen+ 400C und- 183C.
Zeitschrift fiir Physik A Hadrons and Nuclei, 33(1):1-11, 1925, 50

[66] GW Hollenberg, EP Simonen, G. Kalinin, and A. Terlain. Tritium/hydrogen barrier de-
velopment. Fusion Engineering and Design, 28:190-208, 1995. 19

[67] HM Hulburt and S, Katz. Some problems in particle technology: A statistical me-
chanical formulation. Chemical Engineering Science, 19(8):555-574, 1964. 20, 56

[68] M. Ishii. Thermo-fluid dynamic theory of two-phase flow. NASA ST1/Recon Technical
Report A, 75:29657, 1975, 21

[69] M. Ishii and N. Zuber. Drag coefficient and relative velocity in bubbly, droplet or
particulate flows. AIChE Journal, 25(5):843-855, 1979. 67, 68

[70] H.A. Jakobsen, H. Lindborg, and C.A. Dorao. Modeling of bubble column reactors:
progress and limitations. Ind. Eng. Chem. Res, 44(14):56107-5151, 2005, 21, 114, 184

[71] H. Jasak, A. Jemcov, and Z. Tukovic. OpenFOAM: A c++ library for complex physics
simulations. In International Workshop on Coupled Methods in Numerical Dynamics, IUC,
Dubrovnik, Croatia. 72

{72] S.T. Johansen. Multiphase flow modeling of metallurgical flows. Experimental Thermal
and Fluid Science, 26, 6-7:739-745, 2002. 18

[73] A.Kassab, E. Divo, J. Heidmann, E. Steinthorsson, and F. Rodriguez. BEM/FVM coenjugate
heat transfer analysis of a three-dimensional film cooled turbine blade. Interna-
tional Journal of Numerical Methods for Heat and Fluid Flow, 13(5-6):581-610, 2003, 82,
91

{74] JF Klausner, R. Mei, DM Bernhard, and LZ Zeng. Vapor bubble departure in forced
convection boiling. International Journal of Heat and Mass Transfer, 36(3):651-662, 1993.
38

[75] H. Kwak. Bubbles: Homogeneous Nucleation. Encyclopedia of Surface and Colloid Science.
CRC Press, Taylor & Francis, USA and UK, p. somasundaran, second edition edition, 2006.
32

[76] G. Laffont, L. Cachon, P. Taraud, F. Challet, G. Rampal, E. Rigal, JF Salavy, and Y. Peitevin.
Blanket manufacturing technologies: Thermomechanical tests on helium cooled
lithium lead (HCLL) blanket mocks up. Fusion Engineering and Design, 83(7-9):1208-
1211, 2008. 48, 142

[77] H. Laux and ST. Johansen. A CFD analysis of the air entrainment rate due to a plung-
ing steel jet combining mathematical models for dispersed and separated multi-
phase flows. pages 21-30, 1999, 1§

[78] P. Lebaud and G. Isnardon, Process and device for ultrasonic detection of gas bubbles
in a Hguid metal, March 15 1988. US Patent 4,730,493. 184

205



REFERENCES

[79] C.H. Lefhalm, N.I. Tak, H. Piecha, and R. Stieglitz. Turbulent heavy liguid metal heat
transfer along a heated rod in an annular cavity. Journal of Nuclear materials, 335(2):
280-285, 2004. 75, 174

[80]1 W. K. Lewis and W. G. Whitman. Principles of Gas Absorption. Industrial & Engineering
Chemisiry, 16(12):1215-1220, 1924, 45

[41] L. Liebermann. Air bubbles in water. Journal of Applied Physics, 28:205, 1957, 17, 37

[82] PW Lisowski. The Accelerator Production of Tritium Project. In Particle Acceler
ator Conference, 1997. Proceedings of the 1997, 3, pages 3780-3784. IEEE, 2002. ISBN
078034376X. 3

{83] X. Y. Liu. A new kinetic model for three-dimensional heterogeneous nucleation. The
Journal of Chemical Physics, 111:1628, 1999, 33

{841 G.R. Longhurst. The soret effect and its implications for fusion reactors. Journal of
Nuclear Materials, 131(1):61 — 69, 1985, 62

[85] G.R. Longhurst. TMAPY User Manual. Technical report, INEEL/EXT-04-02352, Idaho
National Laboratory {INL), 2008. 20

[86] G.R. Longhurst and J. Ambrosek. Verification and Validation of the Tritium Transport
Code TMAPYT. Fusion Science and Technology, 48(1):468, 2005. 157

[87] N. Makrides and E.W. Stephenson. Casting having wear resistant compacts and
method of manufacture, August 26 1986. US Patent 4,608,318, 163

[88] D. Manley. Change of size of air bubbles in water containing a small dissolved air
content, British Journal of Applied Physics, 11:38-42, 1960. 17, 37

[89] C. San Marchi, B. P. Somerday, and 3. L. Robinson, Permeability, solubility and diffu-
sivity of hydrogen isotopes in stainless steels at high gas pressures. Internotional
Journal of Hydrogen Energy, 32(1):100--116, 2007. 50

[90] Daniele L. Marchisio, Jesse T. Pikturna, Rodney O. Fox, R. Dennis Vigil, and Antonello A,
Barresi. Quadrature method of moments for population-balance equations. AIChE
Journal, 49(5):1266-1276, 2003. 108

[91] D.I. Marchisio and R. O Fox. Solution of population balance equations using the di-
rect quadrature method of moments. Journal of Aerosol Science, 36(1):43-73, 2005. 56,
61

[92] D.L. Marchisio, R. D Vigil, and R. O Fox. Quadrature method of moments for
aggregation-breakage processes. Journal of colloid and interface science, 258(2):322—
334, 2003. 21, 56, 59

193] P. Martinez, N. Moral, L. Magielsen, A. Fedorov, C. Moreno, J.M. Perlado, and L. Sedanoc.
LIBRETTO-4: Understanding and modeling tritium transport under irradiation.
Fusion Engineering and Design, 2011, 20

[94] E. Mas de les Valls, L. Sedano, L. Batet, 1. Ricapito, A. Alello, O. Gastaldi, and ¥. Gabriel.
Lead-lithium eutectic material database for nuclear fusion technology. Journal of
Nuclear Materials, 2008. 9, 15, 18, 141, 165, 167, 187, 189, 190

206



REFERENCES

[95]

f96]

[97]

(98]

[(99]

{100]

[101]
{102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Glenn E. McCreery, Jr. Hugh M. Mcllroy, Kurt D. Hamman, and Honghin Zhang. Design of
Wire-Wrapped Rod Bundle Maiched Index-of-Refraction Experiments. ASME Con-
ference Proceedings, 2008(48167).595-605, 2008, 67

R. McGraw. Description of aerosol dynamics by the quadrature method of moments.
Aerosol Science and Technology, 2(2):255-265, 1997. 56

J.A. McKnight. Detection of bubbles in a liquid, September 12 1978, US Patent 4,112,735,
184

K. Mergia and N. Boukos. Structural, thermal, electrical and magnetic properties of
Eurofer 97 steel. Journal of Nuclear Materials, 378(1-3):1-8, 2008, 188

B. Militzer. Hydrogen~Helium Mixtures at High Pressure. Journal of Low Temperature
Physics, 139(5):739-752, 2005, 49

R. L. Mills, D. H. Liebenberg, J. C. Bronson, and L. C. Schmidt. Equation of state of
fiuid n-H from P-V-T and sound velocity measurements to 20 kbar. The Journal of
Chemical Physics, 66:3076, 1977, 50

L.M. Milne-Thomson. Theoretical hydrodynamics. Dover Pubns, 1996. 69

K. Mishima, T. Hibiki, Y. Saito, H. Nishihara, Y. Tobita, K. Konishi, and M. Matsubayashi.
Visualization and measurement of gas-liquid metal two-phase flow with large den-
sity difference using thermal neutrons as microscopic probes. Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Asso-
ciated Equipment, 424(1):229-234, 1999. 20, 184

Y.G. Mokeyev. Effect of particle concentration on their drag and induced mass. Fluid.
Mech. Souv. Res, 6:181, 1977. 69

L. Monette and W. Klein. Spinodal nucleation as a coalescence process. Phys. Rev. Lett.,
68(15):2336-2339, Apr 1992, 183

C. Moreno and L. Sedano. A Pfd-based 1D model for dynamic and transient tritium
transfers between ITER HCLL TBM auxiliary systems. Symposium on Fusion Engi-
neering, SOFE, 23rd IEEE [ NPSS, 2009. 20

M. Nakamichi, TV Kulsartov, K. Hayashi, SE Afanasyev, VP Shestakov, YV Chikhray,
EA Kenzhin, and AN Kolbaenkov. In-pile tritium permeation through F82H steel with
and without a ceramic coating of Cr;0;-8i0; including CrPOQ,. Fusion Engineering
and Design, 82(15-24):2246-2251, 2007. 19

C. Neto, DR, Evans, E, Bonaccurso, H.J. Bul{, and V.8.J. Craig. Boundary slip in Newto-
nian liquids: a review of experimental studies. Reports on Progress in Physics, 68:2859,
2005. 96

OECD/NEA. Handbook on Lead-bismuth Eutectic Alloy and Lead Properties, Materials Com.-
patibility, Thermal-hydraulics and Technologies. 2007. 10

K. Onnes et al. Expression of the equation of state of gases and liquids by means of
series, Koninklijke Nederlandse Akademie van Weteschappen Proceedings Sertes B Physical
Sciences, 4:125-147, 1901, 50

OpenFOAM. OpenFOAM official web site. URL www.opencid.co.uk/openfoam/. 21,
79, 74

207



REFERENCES

[111]

[112]
[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

D. W Oxtoby. Homogeneous nucleation: theory and experiment. Journal of Physics
Condensed Matter, 10(4):897-897, 1998. 17, 31, 32

S.V. Patankar. Numerical heat transfer and fluid flow. Hemisphere Pub, 1980. 73, 92

F.N. Peebles and H.J. Garber. Studies on the motion of gas bubbles in liquids. Chem.
Eng. Prog, 49(2):88-97, 1953. 67

A. Pisarev, T. Tanabe, T. Terai, G. Benamati, and M. Mullin. Modeling of In-Pile Experi-
ments on Tritium Release from Molten Lithium-Lead. Journal of Nuclear Science and
Technology, 39(4):377-381, 2002. 19, 131, 190

Y. Poitevin, LV Boccaccini, A. Cardella, L. Giancarli, R. Meyder, E. Diegele, R. Laesser, and
G. Benamati. The European breeding blankets development and the test strategy in
ITER. Fusion Engineering and Design, 75:741-749, 2005. 16

A. Li Puma. Helium cooled lithium-lead blanket module for DEMO. Design and analyses.
2003. xix, 8

D. Ramkrishna and A.W. Mahoney. Population balance modeling. Promise for the fu-
ture. Chemical Engineering Science, 57(4):595-606, 2002. 21

G. Rampal, A. Li Puma, Y. Poitevin, E. Rigal, J. Szczepanski, and C. Boudot. HCLL TBM
for ITER-design studies. Fusion Engineering and Design, 75:917-922, 2005. xix, 8, 140

F. Reiter. Solubility and diffusivity of hydrogen isotopes in liquid Pb—17Li. Fusion
Engineering and Design, 14(3-4):207-211, 1991. 18, 120, 129, 142, 190

HH Rosenbrock. Some general implicit processes for the numerical solution of dif-
ferential equations. The Computer Journal, 5(4):329, 1963. 182

H. Rusche. Computational fluid dynamics of dispersed two-phase flows at high
phase fractions. 2002. 21, 65, 94, 114, 184

Y. Saito, K. Mishima, Y. Tobita, T. Suzuki, and M. Matsubayashi. Velocity field measure-
ment in gas-liquid metal two-phase flow with use of PIV and neutron radiography
techniques. Applied Radiation and Isotopes, 61(4):683-691, 2004. 20, 184

J. F Salavy, G. Aiello, O. David, F. Gabriel, L. Giancarli, C. Girard, N. Jonquéres, G. Laffont,
S. Madeleine, Y. Poitevin, et al. The HCLL Test Blanket Module system: Present ref-
erence design, system integration in ITER and R&D needs. Fusion Engineering and
Design, 83(7-9):1157-1162, 2008. 48

M.E. Sawan and M.A. Abdou. Physics and technology conditions for attaining tritium
self-sufficiency for the DT fuel cycle. Fusion Engineering and Design, 81(8-14):1131—
1144, 2006. 3, 4

L. Schiller and Z. Naumann. A drag coefficient correlation. Vdi Zeitung, 77:318-320,
1935. 68

L. E. Scriven. On the dynamics of phase growth. Chemical Engineering Science, 50(24):
3907-3917, 1995. 18

L. A. Sedano. Helium Bubble Cavitation Phenomena in Pb-15.7Li and Potential Impact
on Tritium Transport Behaviour in HCLL Breeding Channels, 1111 of Informes Técnicos
Ciemat. CIEMAT, 2007. 15, 16, 17, 164, 165, 167

208



REFERENCES

(128] 1. A. Sedano. Tritium Cycle Design for He-cooled Blankets for DEMO, 1110 of Informes
Técnicos Ciemat. CIEMAT, 2007, xix, 16

[129] L. A Sedano, R. Conrad, M. A Fiitterer, R. May, R. Viola, and X. Dies. LIBRETTO-3: Mod-
elling tritium extraction/permeation and evaluation of permeation barriers under
trradiation. Journal of Nuclear Materials, 238:1411-1415, 1996, 18, 97, 99, 120, 191

[130] A. Serizawa and I. Kataoka. Dispersed flow-1. Multiphase Science and Technology, 8(1-4),
1894. 21

{131] R.E. Shannon. Simulation: A survey with research suggestions. ITE Transactions, 7(3)
289-301, 1975, 23

(132] R. A. Sigsbee. Vapor to condensed-phase heterogeneous nucleation. Nuclealion, page
151, 1969. 17, 29

[133] L. Silva, RB Damian, and PLC Lage. Implementation and analysis of numerical so-
lution of the population balance equation in CFD packages. Computers & Chemical
Engineering, 32(12):2933-2945, 2008. 21, 94, 184

[134] V. V. Slezov, A. S. Abyzov, and Z. V Slezova. The Nucleation of Gas-Filled Bubbles in
Low-Viscosity Liguids. Colloid Journal, 66(5):575-583, 2004, 36

{135] JH Stuhmiller. The influence of interfacial pressure forces on the character of two-
phase flow model equations. International Journal of Muliiphase Flow, 3(6):651--560,
1977. 69

[136] T. Suzuki, Y. Tobita, S. Kondoe, Y. Saito, and K. Mishima, Analysis of gas-liquid metal two-
phase flows using a reactor safety analysis code SIMMER-HI. Nuclear Engineering
and Design, 220(3):207-223, 2003. 114, 184

[137] V. Talanquer. Nucleation in Gas-Liquid Transitions. Journal of chemical education, 79
(7), 2002. 32

[138] M. Tarantino, 8. De Grandis, G. Benamati, and F. Oriclo. Natural circulation in a lguid
metal one-dimensional loop. Journal of Nuclear Materials, 2008. 11

[139] R. Temam. Sur 'approximation de la solution des équations de Navier-Stokes par
la méthode des pas fractionnaires (I). Archive for Rational Mechanics and Analysis, 32
(2):135-153, 1969. ISSN 0003-9527. 76

{140] T Terai. In-situ tritium release behavior from CTR liquid breeding materials under
14 MeV neutron irradiation. Journal of Nuclear Science and Technology, 27(7%.667-670,
1990. 18

[141] T. Terai. Research and development on ceramic coatings for fusion reactor liquid
blankets. Journal of Nuclear Materials, 248:153-158, 1997, 18, 99

[142] T. Terai, S. Nagai, T. Yoneaka, and Y. Takahashi. Mass transfer coefficient of tritium
from molten lithium-lead alloy (Li17Pb83) to environmental gas under neutron ir-
radiation. Fusion Engineering and Design, 17:237-241, 1991. 18, 19, 45

[143] T. Terai and S. Tanaka. Tritium release behavior from liguid tritium breeding mate-
rials for fusion reactor blanket under neutron irradiation. Progress in nuclear energy,
32(1/2), 1998. 18

209



REFERENCES

[144]

[145]

[146]

[147]

{148]

(149]

(150}

[151]

[152]

[153]

[154]

(155]

[156]

T. Terai, T. Yoneoka, H. Tanaka, H. Kawamura, M. Nakamichi, and K. Miyajima. Tritium
permeation through austenitic stainless steel with chemically densified coating as
a tritium permeation barrier. Journal of Nuclear Materials, 212:976-980, 1994, 18, 99

V. Tom and R. Van den Braembussche. A NOVEL METHOD FOR THE COMPUTATION
OF CONJUGATE HEAT TRANSFER WITH COUPLED SOLVERS. 91

H. Trinkaus. Energetics and formation kinetics of helium bubbles in metals. Radia-
tion Effects and Defects in Solids, 78(1):189, 1983, ISSN 1042-0150, xix, 34

D. Turnbull and B. Vonnegut. Nuecleation Catalysis. I'ndustrial & Engineering Chemisiry,
44(6):1292-1298, 1952, 17, 29

H.K. Versteeg and W. Malalasekera. An introduction to computational fluid dynamics: the
finite volume method. Prentice Hall, 2007. 72, 73

M. Volmer and A. Weber. Keimbildung in iiber sittigten Gebilden. Z. Phys, Chem, 119
277-301, 1926, 17, 29

HG Weller, Derivation, modelling and solution of the conditionally averaged two-
phase flow equations. Technical report, TR/HGW/02, Nabla Ltd., 2002. 21, 65, 94

1.V, Wijngaarden and DJ Jeffrey. Hydrodynamic interaction between gas bubbles in
liquid. Journal of Fluid Mechanics, T7(01).27-44, 1976. 69

CPC Wong, J.F. Salavy, Y. Kim, 1. Kirillov, E. Rajendra Kumar, NB Morley, S. Tanaka, and
YC Wu. Overview of liquid metal TBM concepts and programs. Fusion Engineering
and Design, 83(7-9).850-857, 2008, 8

D.T. Wu. Nucleation theory. Solid state physics{New York. 1955}, 50:37-187, 1996, 17, 30,
32

G. Yadigaroglu. Computational Fluid Dynamics for nuclear applications: from CFD
to multi-scale CMFD. Nuclear Engineering and Design, 285(2-4):153-164, 2005, 20

Y. B Zeldovich. On the theory of new phase formation; cavitation. Acta physicochim.
URSS, 18(1%:1-22, 1943. 17, 29

C. Zhang, 8, Eckert, and G, Gerbeth. Experimental study of single bubble motion in a
liguid metal column exposed to a DC magnetic field. International Journal of Multi-
phase Flow, 31(7):824-842, 2005, 184

210



	20141124100001
	20141124102824

