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Abstract

Liquid metal plasma facing components (PFCs) have been identified as an alternative material

for fusion plasma experiments. The use of a liquid conductorwhere significant magnetic fields

are present is considered risky, with the possibility of macroscopic fluid motion and possible

ejection into the plasma core. Analysis is carried out on thermoelectric magnetohydrodynamic

(TEMHD) forces caused by temperature gradients in the liquid-container system itself in ad-

dition to scrape-off-layer currents interacting with the PFC from a diverted plasma. Capillary

effects at the liquid-container interface will be examinedwhich govern droplet ejection criteria.

Stability of the interface is determined using linear stability methods.

In addition to application to liquid metal PFCs, thin film liquid metal effects have application

to current and future devices where off-normal events may liquefy portions of the first wall and

other plasma facing components.
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1 Introduction

Plasma-facing components (PFCs) must meet increasingly difficult machine conditions. The

combination of increased machine power and pulse length creates large energies deposited onto

the materials, as well as high particle fluences. These largeheat and particle loads result in sput-

tering erosion and significant thermal gradients. A recent report to the Fusion Energy Science

Advisory Committee, known as the “Greenwald” report[1] highlighted the issues facing solid

components with respect to component lifetime and long-term damage. One alternative to solid

components is the use of liquid metal plasma-facing components (LMPFCs)[2].

Liquid metals present possible solutions even as they provide new challenges such as un-

intended motion of the liquid metal. In the case of the DIII-DDiMES probe, a liquid lithium

sample 1mm deep and 25mm in diameter was ejected into the plasma[3]. In order to arrest the

liquid against motion, mesh based porous systems have been used[4] with success on several

machines[5, 6]. The usage of a high-surface area structure is used to create a liquid which is

dominated by surface tension forces. Such capillary systems can also exhibit unexpected mo-

tion such as droplet ejection[7]. Contrasting these results is that of the CDX-U machine which

implemented an open tray of liquid lithium[8]. In this apparatus, careful implementation of the

tray was utilized to mitigate currents that would eject the lithium, although motion was observed

to be still possible during e-beam heating[9].

Recent experimental work with liquid lithium has reported anew result which informs

on additional sources of current. The demonstration of thermoelectric magnetohydrodynamic

(TEMHD) pumping has been achieved at the University of Illinois in the Solid/Liquid Lithium

Divertor Experiment(SLiDE)[10]. In brief, thermoelectric currents arise in the liquid metal and

container walls, these currents react with the external magnetic field and create a body force in

the liquid; it is this body force that creates motion in the liquid. TEMHD occurs without exter-

nal current inputs and only requires a liquid and solid pair with differing Seebeck coefficients,

a temperature gradient along the material interface, and a magnetic field. This difference in

Seebeck coefficient can even occur between the phases of the same material (e.g. between the

liquid and solid). It was found that TEMHD will dominate the dynamics of liquid lithium melts

in many systems over thermocapillary effects. This pumpingeffect may have implications for
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the power handling capability of the liquid metal[11] and the results of this effect on the stability

of fluid films is the subject of the present work.

In addition to currents induced in the PFC, currents from thescrape-off-layer (SOL) can

drive motion. The currents have been observed on several machines and are often caused by

plasma temperature gradients[12]. Along with these plasmathermoelectric currents, disruptions

can cause large currents to flow through PFCs (so called halo currents) and within them (eddy

currents).

Although the present analysis will use properties of liquidlithium for example calculations

and estimates (due to its relevance toward NSTX), the equations here developed are applicable

to other materials provided the appropriate databases are available.

2 Currents Within the PFC

Currents entering the PFC are divided into two classes: machine-linked and PFC-linked. Fig-

ure 1 indicates the difference between the two. That is, machine-linked currents pass through

the PFC and re-enter the plasma at another location. Examples include parallel temperature-

gradient thermoelectric scrape-off-layer currents(SOLC)[13] and halo currents arising from

bulk plasma motion. PFC-linked currents pass through the PFC material only and re-enter the

plasma. Examples of this include eddy currents arising fromrapid plasma current changes and

motion[14] and cross-field plasma current sources such as perpendicular temperature-gradient

thermoelectric currents[12].

[Figure 1 about here.]

In order to begin assessment of the plasma currents arising from these several effects in

NSTX, a set of Langmuir probes have been deployed in the machine[15] with electronics capa-

ble of measuring both types of current[16]. Machine-linkedcurrents are determined directly by

measuring the current collected by a grounded probe tip. PFC-linked currents are determined

directly by measuring the current passing through two probe-tips at different locations in the

plasma. Figure 2 shows measurements of the machine-linked currents in a 900kA, 2MW NBI,

ELM-free discharge in NSTX. The strike point sweeps over theinner two probes at about 0.5
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s and was was held nominally held at the set-point location after this time. The measurements

indicate significant spatial gradients in SOLC in the vicinity of the strike-point and a typical

magnitude is of order 10–20kA/m2. Figure 2 also shws initial measurement of the PFC-linked

SOLC in NSTX. The two probes were initial set at the same radial location with a toroidal gap

of 500µm for testing during two 900kA discharges with the strike point approximately 10cm

inboard of the probe location. In order to demonstrate that areal current was being measured,

the toroidal order of the two probe tips was reversed and the measured current reversed as well.

Detailed study of the source of this current is planned for future work.

[Figure 2 about here.]

3 Thermoelectric Material Currents

The thermoelectric effect operating between the liquid layer and the solid substrate also creates

a current within the PFC[17, 10]. The current resulting in the liquid metal under the conditions

for TE current listed above is give as:

jTEMHD =
σP∇Ti

C + 1
(1)

wherejTEMHD is the current density,σ is the liquid electrical conductivity,P is the thermoelec-

tric power of the liquid-solid pair,∇Ti is the temperature gradient along the interface between

the material pair, andh is the liquid thickness. The variableC = σh/(σwtw) represents the

non-dimensional impedance ratio between liquid and solid whereσw andtw are the electrical

conductivity and thickness of the solid, respectively.

4 Expected Motion from Currents

As the two current paths are orthogonal, one would expect very different behavior from each.

For example, in a horizontal divertor target the machine-linked currents arez-directed. Mag-

netic field is approximated as being purely tangential to thePFC surface. The primary gradient

in material temperature, and plasma temperatures, are in the radial direction. As a result, the
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PFC linked currents areR-directed. The resulting Lorentz force from the machine-linked cur-

rents is then along the surface of PFC and for the PFC-linked currents, in the vertical direction.

In the case of lateral forces along the PFC surface, the velocity of the liquid can be esti-

mated from the Navier-Stokes equation for a conducting fluid[18]. The solution to lateral flow

maximum,u0, caused by an incident current density is given as follows:

u0 =
js

σB

[

1 − 1

cosh(Ha)

]

(2)

whereHa = hB
√

σ/µ is the Hartmann number,js is the current density,B is the magnetic

field, h is the fluid depth,σ is the fluid electrical conductivity andµ is the dynamic viscosity.

For reference, the liquid lithium layer in the NSTX Liquid Lithium Divertor(LLD) is of order

1 µm on the porous surfaces[19]. For layers of this thickness, the expected velocity is less than

100µm/s for an incident current density of 20kA/m2.

In the case of vertical forces there is the possibility of droplet ejection. The governing in-

stability in this situation is the Raleigh-Taylor instability as there is a body force accelerating

the fluid away from a stagnant equilibrium configuration. Thesolution for a magnetized fluid

under the destabilizing influence of gravity is a long studied problem and we simply cite Chan-

drasekhar’s work on the topic of fluid instabilities[18]. The imposed current is separated from

the MHD generated currents such that the resulting acceleration is jB/ρ − g for an upward

directed Lorentz force and the normal mode perturbation follows exp(ikxx + ikyy + nt) and

here treating the plate as a Cartesian system withx andy representing the toroidal and radial

directions, respectively.kx andky are the wave numbers of the perturbation in these directions

andn is the growth rate. Following with the derivation in [18], the resulting growth rate for the

instability is given as follows:

n2 = k(jB/ρ − g)

[

1 − k2Σ

(jB/ρ − g)ρ
− B2k2

x

2πµ0(jB/ρ − g)ρk

]

(3)

whereµ0 is the permeability of vacuum,Σ is the surface tension andk =
√

k2
x + k2

y. From the

normal mode definition above, values ofn which are real are unstable and grow exponentially.

Imaginary values ofn result in oscillatory solutions and are stable. Here, the influence of surface
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tension and magnetic field can be seen to stabilize against instability by driving the value of

n2 < 0. The most unstable mode occurs when the wave vector is oriented perpendicular to the

magnetic field (kx = 0) and this is considered in the following analysis.

Equation 3 can be re-arranged to determine the critical wavenumber,kCr, of the system (for

the least stable mode) by setting the group within the[· · ·] equal to zero. The solution is given

as follows:

kCr =

√

jB − ρg

Σ
(4)

Making use of eq. 1 in eq. 4, the critical wavenumber as a function of temperature gradient for

a given liquid-container pair can be calculated and is shownin Fig. 3 for the case of a lithium

layer on top of a 10mm thick molybdenum substrate.

[Figure 3 about here.]

As the linear stability theory can only provide informationabout the modes and associated

growth rates near equilibrium, additional information is needed to provide limits on whichk

are likely to result. This information often comes from geometric considerations, such as the

container radius or a mean pore size, for instance. In the case of a semi-infinte flat plate with a

thin layer of liquid, however, there are no nearby features on which to rely. To overcome this

limitation, we propose a simple non-linear model for the resulting droplet.

[Figure 4 about here.]

Figure 4 shows a diagram of the droplet. The critical point ofthe droplet is defined by the

static force balance of the droplet given as:

ρ(jB/ρ − g)Vdrop = 2πRdropΣ cos θ (5)

whereVdrop is the droplet volume,Rdrop is the droplet radius andθ is the contact angle of the

droplet side walls. The surface tension force is maximized when the contact angle zero and this

represents a half-sphere droplet. The solution is assumed to be periodic, similar to the linear

stability theory and mass is assumed to be conserved in the periodic domain. That is, an original
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disk of material of thickness,h, and radius2R transitions into a droplet on top of a thinned disk

of thickness,δ given as follows:

1

2

(

4

3
πR3

)

+ π(2R)2δ = π(2R)2h (6)

which, solving for the maximum droplet radius (atδ = 0) providesRdrop = 6h.

In order to achieve initial thinning or “necking” and eventual ejection from the surface, the

net body force must exceed the surface tension at the critical point. Solving eq. 5 for the critical

current density after non-linear growth gives the following criteria:

jcrit,NL =
ρg

B

(

3Σ

ρR2g + 1
+ 1

)

(7)

Or, in the case of a thermoelectric current source, the resulting critical temperature gradient is

given as follows:

∇Ti,crit,NL = (C ′ + 1)
ρg

σPB

(

3Σ

ρR2g
+ 1

)

(8)

whereC ′ = σ(h + R)/(σwtw) is the adjusted dimensionless impedance accounting for the

droplet growth. Figure 5 shows the critical current densityfor a range of droplet radii and

equivalent fluid depths according to the non-linear estimate.

[Figure 5 about here.]

5 Discussion

In both the linear stability analysis and non-linear droplet ejection, the critical current densities

increase as the fluid depth decreases. A simple estimate for temperature gradient can be made

by assuming 1D conduction through the substrate material such that∇Ti ≈ L/k∇q. Temper-

ature gradients of order103 K/m could be expected for a molybdenum substrate and incident

heat flux gradients of 100MW/(m2 − m), typical of the NSTX divertor[20]. For these temper-

ature gradients the TE current density would approach the 100 kA/m2 level which exceeds the

quiescent SOLCs measured to date.

For the LLD in NSTX, the present fill thickness is not expectedto have exceeded 10µm.
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At such thin liquid levels, very large current densities would be required to produce significant

motion laterally or to create instability. To date, no droplet formation or ejection has been

observed which is consistent with the present work.

For the case of the CDX-U tray, no droplet ejection was observed during plasma discharges,

though this tray was 5mm thick and would be less stable to ejection. The typical shot length

in CDX-U was less than 100ms and this amount of time is a factor of 10 less than the thermal

diffusion time,τ , through 5mm of liquid lithium (τ ≈ h2/α ≈ 1 s whereα is the thermal

diffusivity).

Despite these null results, an experimental investigationwould strengthen the theories de-

veloped here. The existence of TE currents as demonstrated in [10] could strongly alter the mo-

tion of liquid lithium layers, and for materials which have discontinuous Seebeck coefficients

at phase change, could alter the motion of melt layers in solid PFCs that undergo anomalous

heating from the plasma (e.g. a runaway electron beam).

6 Conclusion

The motion of liquid metal plasma facing components under interaction with divertor plasmas is

analyzed. SOLC are divided into machine- and PFC-linked currents which result in orthogonal

motion of the liquid metal. In addition to currents enteringfrom the plasma, thermoelectric ef-

fects between the liquid and solid substrate will also create currents when temperature gradients

are present. PFC-linked currents in the radial direction will be capable of producing vertically

destabilizing forces. Linear stability theory utilizing these external Lorentz forces is provided

indicating when the fluid layer will go unstable. A simple non-linear model is provided to es-

timate the maximum droplet radii for thin-layers of fluid. Critical current densities and, in the

case of TE generated currents, critical temperature gradients, are developed. In all cases, thin

layers are more resistant to motion and this is consistent with observations made in NSTX to

date.
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Figure 1: Cartoon indicating currents interacting with theliquid metal layer. Arrows indicate
current flow.
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Figure 4: Diagram of droplet after non-linear growth period.
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