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Abstract. Free surface plasma facing components constitutes one of the most critical technological studies in
order to circumvent problems pertaining to the plasma-wall interaction. The flow pattern of liquid metals
employed for protection of the divertor region and the blanket first wall is characterized by the formation of a
free surface that is subjected to strong electromagnetic fields and heat load generated by the plasma. This study
investigates the static configuration of the Capillary Porous System, taking into consideration the capillary
force, the effect of an external electric field and the dielectric constants of the two media. Thus, the shape of the
liquid metal “drop” resting upon the wafer is derived numerically using the finite element method. Furthermore,
the capillary rise in a single pore is studied for a fluid resting in a reservoir of fixed pressure, in order to
demonstrate the basic concept in the operation of the CPS as a capillary pump. The finite element method is
employed in order to capture the time evolution of the interface accounting for viscous, inertia and static
pressure resistance to motion. The effect of pore size and material properties on the rise velocity is investigated.
1 INTRODUCTION
Free surface plasma facing components (PFCs) are of great importance concerning future fusion reactors
since they should have the ability to withstand power densities of the order 5-10 MW/m2 and up to 100 MW/m2
for off-normal events such as edge-localized modes (ELM’s) and disruptions. The plasma-wall interaction that is
generated by such events is expected to cause problems such as erosion, thermal stresses, thermal fatigue and
tritium retention which are difficult to deal with. In order to circumvent the above problems liquid metals are
considered as alternative plasma facing components [1]. The self-cooling and self-annealing properties of
flowing liquids increase their life cycle as they interact with the core plasma of the fusion reactor. The liquid
metal can be supplied in the form of (a) a free flowing liquid metal sheet or a jet-drop curtain [2], (b) a
continuously flowing film that coats the divertor wall [3] or (c) a capillary porous system [4] that contains the
liquid metal by capillarity and controls the replenishment of the liquid metal in contact with plasma.
Preliminary experimental studies with liquid lithium as the operating fluid provide encouraging results [2-5]
in terms of power exhaust and plasma contamination, while revealed the potential for a positive impact of
lithium in the deuterium/tritium inventory. As an alternative to lithium, liquid gallium has also been considered
as PFC, due to its low reactivity and much wider liquid state temperature range. The concepts of a jet-drop
curtain and liquid metal sheet were among the first to be tested as a means to assist power exhaust from fusion
reactors. In both cases [5-7] hydrodynamic instability was seen to destabilize the liquid metal carrier, thus
generating liquid metal drops which were then observed to be deflected towards the reactor walls as a result of
JxB effects. A recent first-principle study [8] verified the strong deflection of a gallium drop as a result of the
interaction between the electric and magnetic fields that surround it.
The concept of a flowing film that coats the divertor walls has also been investigated [9] with emphasis
placed in the thin wall configuration, convective liquid flow first wall (CLIFF), concept. However the necessary
speed and thickness of the film that coats the reactor walls are such that hydrodynamic instabilities may set in as
soon as the film exits the inlet nozzle. As a result the flow arrangement will soon lose its coherence and fail to
protect the reactor walls from the oncoming heat load from the reactor core.
The suggestion of using surface tension forces for suppression of lithium splashing was based on the idea of
compensation of ponder motive forces in liquid metals by surface tension forces in the interior of a porous
matrix that rests upon the divertor area and provides contact with the plasma interior. These porous matrices
made from Mo, stainless steel (SS), V or W are manufactured as pressed wire grids and are called “capillarypore systems’ (CPS). Two micrograph photos of typical CPS from 100µm Mo-grids with, fig. 1a, and without,
fig. 1b, Li filling are presented in Figure 1.
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(a)
(b)
Figure 1. View of the 100µm CPS with (a) and without (b) Li filling (top) [4]
Modelling of the power exhaust capabilities of such a system requires knowledge of the flow arrangement, if
at all present. The extent of convective heat transfer required for proper interception of the heat load and the
resulting evaporation rate are central issues. Thus far, the capillary porous system (CPS) has not been the subject
of extensive modelling activity partly due to the complex flow arrangement of the limiter containing the liquid
metal. Available studies [4,10,11] focus on the importance of the capillary forces to supply a mass flow rate of
lithium through the CPS system via a qualitative balance between capillary pressure and the different resistances
to flow. Based on the geometry of the existing CPS configurations, assuming a static configuration in the CPS
system that is in contact with a reservoir at 200oC while facing a heat load on the order of several MW’s, e.g.
~10ΜW/m2, would amount to a temperature gradient on the order of 300oC across a pore matrix that is 1 mm
thick with an average thermal conductivity on the order of 30 W/(m K). As the heat load approaches the
threshold value of 20MW/m2, based on estimates obtained from observations of divertor degradation at the JET
facility, either unrealistically large temperature gradients are obtained, on the order of 700oC, in the absence of
any appreciable liquid metal evaporation, or exceedingly large evaporation rates will arise, if the interface
between plasma and liquid metal is to maintained at a relatively low temperature, <1000oC. In the former case,
large interfacial temperatures may induce hydrogen combustion as a side effect of liquid lithium reaction in a
fusion reactor [12]. However, this would require quite large temperatures, >1000oC, in order for hydrogen
retention in the form of LiH to be arrested. On the other hand, large evaporation rates would lead to plasma
contamination via lithium vapor diffusion through the surrounding e-layer [1]. Clearly then, large heat loads will
lead to large evaporation rates or large temperature levels at the interface with plasma, followed by depletion of
the liquid metal layer covering the CPS system. Consequently, efficient replenishment of the interface with
plasma is required for reliable operation of the CPS system to be achieved. This is provided by flow in the small
capillaries of the matrix that serves to supply liquid lithium to the top of the porous matrix at a speed that
depends on the pressure difference between the lithium reservoir and the plasma interface, pore size and material
properties.
A study of the above described action of the porous matrix as a capillary pump is performed in the present
study, focusing on the factors affecting lithium transport through a micropore of the CPS. A fixed pressure drop
between the liquid metal reservoir and the external medium is assumed and its relative importance in comparison
with capillary pressure is assessed depending primarily on the pore size. To this end the finite element
methodology is employed for the numerical solution of the shape and speed of the liquid metal column that is
generated inside each micropore of the CPS as soon as a region of depleted liquid lithium arises on the exterior
surface. Static, viscous and inertia resistance to motion is taken into account. As a first step a quasi-steady state
flow arrangement is considered with the velocity profile in the pore immediately adjusting once the shape of the
interface is established.
2 INVESTIGATION OF STATIC ARRANGEMENT
2.1 Modeling and mathematical formulation
As a first approach, the static configuration of the liquid coolant is examined as it rests on top of the CPS in
contact with plasma. The entire arrangement follows the CPS matrix employed at Frascati [13], fig. 2a. The
entire top surface of the CPS structure is assumed to be covered by a liquid metal which is pinned onto the rim
of the surface, fig. 2b. The pressure inside the CPS is unknown and will be determined upon calculation of the
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drop shape. Both the hydrostatic and an approximate hydro-electro-static cases are considered using axially
symmetric models. In the latter case, the liquid metal is placed inside the reactor chamber treated as a capacitor
that prescribes an external electric field. The Young-Laplace equation at the interface and the integral force
balance over the entire “drop” surface resting upon the CPS wafer, determine the static configuration using a
known contact angle. Both media are treated as perfect dielectrics while the “drop” thickness is taken to be small
with respect to its length in order to estimate the electric stresses.

(a)
(b)
Figure 2: (a) Frascati CPS matrix and (b) Schematic diagram of the static configuration
At static equilibrium, fig. 2b, the Young-Laplace equation holds at the liquid metal plasma interface where
surface tension balances pressure drop and electric stresses that arise as a result of the different electric
permittivities of the two media [14], i.e. liquid metal and plasma:
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where θ is the contact angle, h0 is the CPS height, g is the gravitational acceleration, n is the normal to the
interface unit vector, Pin, Pout are the pressures in the liquid metal and the surrounding plasma, respectively, ρ, σ
are the liquid metal density and its surface tension, respectively, I denotes the unit tensor
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where εin, εout denote the electric permittivities of liquid metal and plasma, respectively
When an external electric field is applied, taking the “drop” to be thin, z/Rc<<1, the boundary conditions for
the electric potential at the interface simplify as follows:
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The above assumption loses validity in the vicinity of the of the drop equator where the normal potential
gradient  / n is much smaller than its value at the pole, a. For comparable film thickness and length the
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boundary element method may be used to calculate the electric potential inside and outside the film [14,15] more
accurately.
2.2 Main results
The governing forces applied on the liquid metal drop are clearly depicted in Figure 3. Capillary forces are
important at the contact line of the liquid metal drop covering the CPS provided there is a contact region
between the liquid metal, the CPS and the surrounding plasma. The goal of the study is to obtain the drop shape
and interior pressure for given radius of the CPS matrix. Alternatively the extent of liquid metal coverage on top
of the CPS system can be obtained for fixed pressure drop between the liquid metal reservoir and the
surrounding medium. The aforementioned problem formulation was solved with the finite element methodology
assuming axisymmetry and using the physical and thermophysical properties of lithium provided in [10].

Figure 3. Dominant forces applied on the “drop”
As the drop size decreases, gravity does not play such an important role (microfluidic regime).
Consequently, as the pressure drop between the reservoir and the surrounding medium increases the drop does
not extend significantly and the dominant force balance is between pressure drop and capillarity:
2

p R c ~ 2 Rc sin 

(5)

As pressure drop decreases, while gravity still remains out of the picture, the dominant balance leads to a
larger spread radius, as can be seen in Figure 4. As the drop further spreads out the importance of gravity
increases until it becomes dominant, to the point that a static balance is not possible anymore. This result holds
whether the study fixes the drop radius and solves for the shape and internal pressure, as is more relevant to the
prevailing arrangement of CPS systems in existing machines, or by fixing the pressure drop between the
reservoir and the surrounding medium while looking for the extent of drop coverage on the CPS top surface.

Figure 4. Drop shape and internal pressure for different size of the porous structure
Upon introduction of electric stresses in the normal force balance due to an external electric field, the
effective internal pressure is affected thus rearranging the extent of the drop. This is better illustrated when
εout/εin<<1, Figure 5, in which case a perfectly conducting liquid metal is assumed [14,15] while the formulation
of the electrostatic problem assumes the form,

 
2

 / s in  0,  in  0,   r     az ,  2   0,  el  out   / n out 
2



 out
2

a2
1 zr2

(6)

Increasing the external electric field intensity, dΦ/dz=a, the drop size decreases since the internal pressure
increases as well. In this case increasing the external electric field amounts to increasing the effective internal
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pressure. This forces material out of the CPS matrix at static equilibrium thus reducing its size. It should be
stressed that when a different configuration is adopted, i.e. that of a conducting drop that freely elongates in
response to an increasing electric field [16], where drop adhesion onto a solid substrate (the CPS system in our
case) is not present, the electric field may eventually destroy the drop releasing liquid jets consisting of its
interior liquid metal.

Figure 5. Drop shape with increasing electric field intensity for Δp=80 Pa and εout/εin=1/100
In a nutshell, the increment of the pressure drop, the electric field and the ratio of electric permittivities
εout/εin contribute to the shrinking of the liquid metal drop which rests on top of the porous matrix. When the
dynamic flow configuration is considered, on the other hand, any additional normal pressure at the interface may
stabilize the liquid metal layer against drop ejection. In general it should be stressed that for negligible pressure
difference between the reservoir and plasma a static arrangement is difficult to be established. Finally, the pores
size and the number of them do not affect the static configuration of the liquid metal. They will play a significant
role and may prevent the static configuration from being established, when the dynamic flow configuration is
considered.
3 CAPILLARY FLUID MOTION WITHIN A PORE
3.1 Modelling and Numerical Methodology
As a first attempt to provide an upper bound of the convective effects within the CPS matrix, the flow within
a cylindrical pore is examined. This simplified geometry overestimates the permeability of the CPS but provides
the framework for studying the interplay between the different forces that act towards pushing liquid lithium out
of the porous matrix or resist its motion. Emphasis is placed in studying the potential of the CPS system to act as
a capillary pump against gravity, viscosity and magnetic braking. A quasi steady state configuration is examined
where the time evolution of the interface shape, f, is captured via the kinematic condition while the velocity and
pressure fields are concurrently updated neglecting transients. The volumetric flow rate of liquid lithium is
obtained, along with the meniscus shape at the interface, for known interfacial tension and contact angle, known
pressure drop and material properties. In the present study the hydrodynamic problem is examined in the context
of axisymmetry in order to obtain an understanding of the operation principle of the capillary pump. As a next
step, a radial magnetic field will be introduced in order to assess the importance of magnetic damping.
The dimensionless governing equations of the hydrodynamic problem are the continuity equation:
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the momentum balance:
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Bond, Webber and Capillary numbers, respectively, that relate the gravitational, inertial and viscous forces, with
surface tension. Furthermore the kinematic condition on the interface reads:
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The pressure in the reservoir is set to pin whereas the pressure drop, pin-pout, is determined by the static
arrangement. Symmetry conditions prevail at the axis of symmetry,

v(r  0, z )  0, u / r (r  0, z )  0

(11)

Finally the transverse velocity is set to zero at the pore entrance, v(z=0,r)=0, whereas at the pore wall a slip
length,  , is allowed near the meniscus tip in order to accommodate the rise velocity of the liquid metal
1 x
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The above relationship ensures that the no-slip condition pertaining to the axial velocity at the wall, is
reinstated after a very small slip length  . Variable x is introduced in order to fix the size of the mesh in the r, x
plane within 0 and 1. In this fashion the shape of the interface is introduced throughout the problem formulation
but the process of following changes in the shape of the interface is facilitated [17,18], Figure 6.

(a)
(b)
Figure 6. (a) Computational mesh and (b) real mesh, at the same time instant.
The velocity and pressure fields, (u,v) and p, respectively, along with the shape of the interface f constitute
the unknowns of the problem as function of the cylindrical coordinates (r,x=z/h) and time t. The finite element
representation is employed for the discretization of the unknowns
M

 u, v     ui  t  , vi  t   i  r , z ,
i 1

N

P   Pi  t   i  r , z ,
i 1

K

f  r    fi  t  Bi  r  (13)
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with the biquadratic, Xi(r,z), and bilinear, Ψi(r,z), basis functions for the velocity and pressure field,
respectively, in the standard staggered mesh approach. In this fashion the weak form of the momentum equation
is obtained:
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with k=1,2 standing for the z and r components of momentum, along with continuity
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the latter is discretized in time using a fully implicit scheme. The aforementioned system of equations produces a
set of nonlinear equations with a banded Jacobian matrix that is solved using Newton’s iterations.
In order to validate the above numerical model the results were tested for the case of a pore with a radius of
1mm that is gradually filled with water from a reservoir held at atmospheric pressure, solely via capillary forces,
until a static arrangement within the pore is established. Fig. 7a provides a sequence of shapes for the meniscus
during the process of capillary rise. As can be gleaned from the final stages of capillary rise, and more clearly in
fig.7b, the meniscus shape, obtained with and without inertial effects, is in good agreement with the static
arrangement of liquid water within a cylindrical pore with a radius of 1 mm obtained independently via solution
of the Young Laplace equation at static equilibrium, i.e. eq. (10) without the viscous terms.

(a)
(b)
Figure 7. (a) Time evolution of the meniscus shapes during the process of capillary rise and (b) Comparison of
the current numerical model (with and without inertial terms) against the static arrangement of liquid water
within a pore.
3.2 Results and Conclusions
Currently the above methodology is employed in order to assess how the pore radius affects the seepage
velocity of liquid lithium within a pore of 1mm in height. Upon decreasing the pore radius the capillary rise
velocity is seen to decrease linearly owing to the emergence of viscous effects along the radial direction, fig. 8a.
This scaling qualitatively agrees with the viscous scale employed for making velocity dimensionless. It
corresponds with a balance between the axial pressure drop generated due to capillary wetting of the interface
and radial momentum diffusion via viscosity
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It should be stressed that contrary to the case shown in figure 7 the flow arrangement with lithium rising
shown in Figure 8 is far from static equilibrium hence the rise velocity is relatively large while being slowly
reduced as the height of the column increases. Nevertheless, for relatively large pore sizes, R0~0.1 mm, the
simulations with inertia effects tend to reduce the seepage velocity in comparison with the simulation assuming
purely Stokes flow. Consequently, the time needed for the liquid metal to exit the pore tents to be bigger for the
case where the inertial terms are taken into account, fig. 8b. In this context the importance of transient effects at
the pore level seems to play a role at relatively large pore sizes and this is currently under numerical
investigation in order to be validated.

(a)
(b)
Figure 8. (a) Seepage velocity at the exit of the pore and (b) Time needed for the liquid metal to exit the pore as
a function of the pore radius both with and without the inertial terms included
As a next step, a radial magnetic field will be introduced in order to assess the importance of magnetic
damping. Coupling with charge conservation will be performed in order to obtain the electric potential and
through it the Lorentz force. Emerging axial electric potential gradients will generate a rotationally symmetric
flow pattern that entails flow in the azimuthal direction. This type of interaction, in the presence of thermal
effects, will generate a microscopic thermoelectric effect [19] which, however, is expected to be subdominant to
that due to surface tension. Such calculations will offer the opportunity to test this assertion by incorporating the
results of the analysis regarding the thermoelectric effect on the hydrodynamic analysis on the level of a single
pore.
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