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Damage of plasma-facing components in tokamaks due to various plasma instabilities remains one of the
most important problems for successful operation. Macroscopic melt losses from divertor plates and

nearby components into core plasma are significant material erosion lifetime and plasma contamination
issues. The linear stability analysis and computational modeling are used to predict the onset and growth
of surface waves on the plasma-liquid metal interface. The whole course of development, growth, and
breakup of waves is modeled for the first time. The new physics mechanism involved in breakdown of
a thin melt layer is presented. It is found that the melt layer undergoes macroscopic motion, bulk melt
splitting, development and growth of liquid tungsten ligaments that transform to thin threads and even-
tually break into droplets. These results shed light on the physical behavior of a melt layer under tran-
sient plasma instabilities such as edge-localized modes and disruptions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Transient heat loads due to plasma disruptions (20-100 MJ/m?)
and edge-localized modes (ELMs, ~1-3 MJ/m?) can erode divertor
materials in tokamak devices [1]. The deposited high-heat power
can generate vapor cloud, melt plasma-facing materials, causes
ejection of droplets, with subsequent surface damage and serious
plasma contamination [2]. One of the most significant problems
during plasma instabilities is macroscopic melt losses from a
metallic divertor plate and potential contamination of the core
plasma. Melt layer splashing due to macroscopic melt motion
was investigated in a number of laboratory experiments carried
out using laser, electron and plasma accelerator devices with dif-
ferent heat loads and time durations [3]. The plasma impact
momentum and/or Lorentz force were found to be responsible
for melt splashing.

The behavior of the melt layer under plasma disruptions is not
well understood. The development of Kelvin-Helmholtz (K-H)
instability at the plasma-melt interface could be one of the mech-
anisms for the loss of a melt layer [4]. The high-speed plasma can
produce surface melt perturbations and growth of waves. Breakup
of surface waves can later result in liquid droplets formation and
their ejection or splashing into the plasma.

The theoretical studies and modeling of momentum transfer
from the impacting plasma or other volumetric forces (e.g., Lor-
entz force) to a melt layer are very important for understanding
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the physical mechanisms involved in splashing and droplet for-
mation. The classical linear stability analysis and computer simu-
lations were used to study the onset of instability, development
and growth of surface waves, and formation of liquid tungsten
droplets dragged by the plasma flow [5]. In this previous work,
the continuous liquid tungsten ligaments, their elongation by
the plasma flow and development of long, thin threads that even-
tually can break into liquid droplets were predicted. In the pres-
ent work, the linear stability analysis is specifically adapted to the
case of plasma and melt layers of different thicknesses used in
the simulations. The melt behavior in a wide range of wave-
lengths is investigated. An intimate link between the predictions
of the linear stability analysis and comprehensive computer sim-
ulations is illustrated. It is clearly shown that long and short
waves are damped, but under considered plasma conditions inter-
mediate waves (~2 mm) develop and grow rapidly disrupting the
melt.

2. Theoretical and computational models

A linear analysis of the K-H instability [6] is applied to the flow
of tungsten and plasma fluids of different densities p, and p,
(pm > pp) and velocities V,,, and V,, (V, > V;;) flowing along the x
direction in plane (x,y) with the lighter plasma above the liquid
layer. The gravity g and the interfacial surface tension y are taken
into account. We adapted the linear stability analysis given in a
textbook of Chandrasekhar [6] for inviscid and infinitely thick flu-
ids to our plasma-liquid metal system with extension to account
for finite thicknesses of melt layer, hp,, and plasma flow, hp. The fol-
lowing dispersion relation was derived [7]
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where g}, = p, coth(khy) and pj, = p, coth(xhy), k= ‘/kf + kﬁ =
2m/2 is the real wave number associated with small interface dis-
turbances proportional to exp (i(kwx + k,y + wt)), ke and k, are the
x and y components of the wave number vector K = ki + kyj with
i, j, are the Cartesian unit vectors along the x and y axes, / is the
wavelength, and w is the frequency. The function under the square
root in Eq. (1) denoted here as F describes an interplay between the
stabilizing forces of gravity and surface tension for long and short
waves (first two terms in brackets) and the destabilizing force of
inertia (third term).

When the inertial force overcomes the restoring forces of grav-
ity and surface tension (the expression under the square root is
negative), the K-H instability develops. The maximum (critical)
velocity difference from Eq. (1) can be written as
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where G = g(pm — pp) is the gravitational restoring force, and we as-
sumed that ky = x in deriving Eq. (2).

A computational model treats the plasma-liquid metal flow as
the two immiscible fluids of different densities separated by a
sharp interface. The volume of fluid (VOF) method [8] is used to de-
scribe the two-fluid flow as a composition of two pure fluids with
volume fractions of plasma o, and liquid metal o, near the inter-
face (o, + o = 1), where away from the interface the flow contains
only one fluid. In the VOF approach, a single-field velocity and
pressure are used for both liquid metal and plasma. The velocity
field is assumed to be continuous at the interface, but the pressure
undergoes a jump due to the surface tension. The liquid metal and
plasma fluids are considered incompressible, since estimates of
mass wave speeds show that they are much slower than sound
speeds, thus justifying the assumption of incompressibility. As
the density of plasma is a constant, a continuity equation for the
volume fraction of the plasma is given by

0dp
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where V = (V,, V,)T is the single velocity field. The liquid metal vol-
ume fraction is then computed as a,, =1 — ap. The incompressible
single momentum equation can be written as

P%—‘Z:—VP-FFJ-F,D& (4)
where p is the single field pressure, p is the volume-fraction-
averaged density that depends on the densities of each fluid as
P = opPp + tmPm. The vaporization of tungsten at the plasma-liquid
interface is neglected, so the energy equation is not solved in this
case. The surface tension effect is modeled by using the continuum
surface force method [9]. This method transforms surface tension
into an equivalent volumetric force. It can be expressed as
F; =a{pn/(0.5(p, + py)), where o the surface tension coefficient,
n = Vo, the surface normal defined as the gradient of o, and { the
interfacial curvature. The Eqs. (3) and (4) are solved using the com-
mercial FLUENT program package.

3. Analytical and computational results

The onset of instability is analytically analyzed using the classi-
cal linear stability theory [6,7]. For typical plasma disruptions, the

plasma velocity is estimated to be in the range 10°-107 cm/s as
predicted by HEIGHTS simulation package [10]. The velocity of
melt motion is on the order of 10> cm/s [4]. The density of the
impacting plasma is p, ~107'° — 1079 g/cm>. The parameters of
tungsten melt: p,=17.6g/cm®, 7=2500dyn/cm and h, <
0.04 cm. The gravity constant is g = 981 cm/s2. The function F (solid
curve) and maximum velocity difference AV (dashed and dotted
curves) are shown in Fig. 1 for a tungsten melt layer with
hn,, =400 pm. The negative values of F correspond to the range of
unstable wavelengths. The most “dangerous”, fastest growing
wave corresponds to Z ~2.2 mm. The curves for F with h, = 1.6 mm
and h, ~ oo were superimposable meaning that a plasma layer
with h, = 1.6 mm can be considered as infinitely thick. The maxi-
mum velocity curve AV is parabolic-like in the case of an infinitely
thick plasma layer, h, — oo. The critical wavelength 2. corresponds
to the minimum velocity difference required to produce the grow-
ing K-H waves. The waves with wavelengths larger than /. are
damped due to gravity effects. The waves with wavelengths smal-
ler than /. are suppressed due to surface tension effects. The unsta-
ble region is above this curve. The plasma with h, = 1.6 mm can be
used in the simulations to accurately describe the range of unsta-
ble wavelengths. However, the dashed and dotted curves are quite
different for long wavelengths that are not of a practical interest as
the length of the computational domain is limited to 10 mm (see
Fig. 2). It is seen that the fastest growing waves with 1 ~2.2 mm
on the melt layer with h,, = 400 um can be generated by the plas-
ma stream with the velocity ~100 km/s.

We have simulated the flow of two incompressible, inviscid,
and immiscible plasma-liquid tungsten fluids separated by a sharp
interface under the effects of gravity and surface tension. A sketch
of the 2D computational domain is shown in Fig. 2. The two-fluid
flow zone is 10 mm long and 2 mm high. The domain’s length of
~10 mm corresponds to the element’s length in the tungsten mac-
robrush design [4]. The melt layer thickness is h,, =400 pm. The
mesh with 400 x 80 cells (step size 25 pm) was used. The periodic
boundary conditions are applied in the flow direction. The top and
bottom domain boundaries are modeled as frictionless walls. Vol-
ume fractions and densities of two fluids are implemented in the C
code as a user defined function (UDF) and used within the FLUENT
solver. To initiate the instability, an initial sinus perturbation of the
two-fluid interface ~ asin(2m x 4) with amplitude a and wave-
length / was also coded as UDF. The amplitude of perturbation at
the interface was within a computational cell. The plasma and
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Fig. 1. Stability function (solid curve) and velocity difference (dashed and dotted
curves) as a function of wavelength, 2 = 2n/k, for a tungsten melt layer with
hp,, =400 um. The arrows indicate the axis to which the curves belong. The density
of impacting plasma is 10° g/cm®.
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Fig. 2. Representative sketch of the computational domain used in simulations of
two-fluid plasma-liquid tungsten flows. Liquid tungsten is shown in blue and
plasma is displayed in red. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

tungsten melt velocities are taken to be 107 cm/s and 10% cm/s,
respectively. The plasma density is 107° g/cm>. The nonlinear
growth of waves was investigated for initial surface disturbances
within the range from 1 to 50 wavelengths (1 =0.2-10 mm). We
present the results of simulations demonstrating the most interest-
ing features of the breakdown mechanism of a melt tungsten layer.

Fig. 3 shows the temporal evolution of a small amplitude initial
disturbance at the plasma-liquid metal interface with two wave-
lengths of /=5 mm. We can see that long waves do not grow as
time increases. Melt is affected within a thin surface layer. The bulk
of metallic melt is not disrupted during long times (~60 ps). Rup-
ture of the tungsten melt into liquid droplets is also not observed.
The same behavior was found for a wavelength with 2 =10 mm.
These simulation results confirm the outcomes of the linear stabil-
ity theory predicted that long wavelengths are stable (Fig. 1, solid
curve).

The temporal behavior of the interface with an initial perturba-
tion wavelength of /. = 2 mm (five wavelengths) is demonstrated in
Fig. 4. The liquid tungsten waves grow quickly in amplitude at
t=0.48 ps. Small saw tooth-like secondary instability fingers are
developed. At t = 1.45 ps, the plasma flow elongates further liquid
metal waves forming five localized protrusions (ligaments). The
width of ligaments is smaller than their lengths. As ligaments
lengthen, they become curved and thinner. The ligaments collide
capturing small pockets of the plasma (t=4 ps). At t=28 ps, the
topological structures of liquid tungsten patterns suspended in
the plasma become highly irregular. Melt layer losses are esti-
mated to range from 80% to 90% of the initial melt thickness. There
is a thin liquid tungsten film still remaining at the bottom.

The evolution of an initial disturbance at the plasma-liquid
tungsten interface with 20 wavelengths (wavelength is
4 =0.5mm) is shown in Fig. 5. The surface disturbances with this
wavelength are stable according to the linear stability theory
(Fig. 1). At t=6.5 ps, the original wave crests are regularized by

t=60.0 ps

Fig. 3. Fields of volume fractions for plasma-liquid tungsten flow at different times.
Two wavelengths with /=5 mm were initially excited at t= 0.0 ps.

0.00

Fig. 4. Evolution in time of volume fraction fields for plasma-liquid tungsten flow.
Five wavelengths with 4 =2 mm were initially excited at t= 0.0 ps.

Fig. 5. Plasma-liquid tungsten volume fraction fields as a function of time. Twenty
wavelengths with 4= 0.5 mm were initially excited at t = 0.0 ps.

the surface-tension force which strongly damps short waves
(Fig. 1). Ripply wave structures without vortices induced by the
plasma flow are seen (t = 6.5 ps). Thus, the interface is stable to dis-
turbances with a wavelength of 0.5 mm in agreement with the lin-
ear analysis. However, the development and growth of new waves
with larger wavelengths in agreement with predictions from the
linear stability theory is observed at t > 10 ps. These most danger-
ous and fastest growing waves self-develop. Their wavelength is
within 2 mm. The growth of melt waves splitting the bulk of the
melt layer is seen at ¢t = 13 ps. These liquid tungsten waves trans-
form to elongated ligament protrusions penetrating into the plas-
ma (t=24 ps). An influx of tungsten from the bottom supports
the ligament lengthening. Coalescence of ligaments occurs due to
their collisions. During ligament agglomerations, bubbles of plas-
ma become trapped and confined within a tungsten melt. Narrow
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Fig. 6. Volume fraction fields of plasma-liquid tungsten flow at different times.
Fifty wavelengths with /= 0.2 mm were initially excited at t = 0.0 ps.

and long liquid tungsten threads are formed at t = 50 ps. The plas-
ma flow changes the shape of threads creating thinner and thinner
segments. This effect is due to sufficiently large surface-tension
force of tungsten liquid holding the thread’s interface together
for long times. The thin threads are still bounded to the bottom
(t =50 ps). However, these liquid threads are highly thinned and
eventually can break into droplets (t=70 ps). Droplet size and
number could be estimated from the diameter and length of liga-
ments. The estimates show that droplet sizes are within the range
of ~25-200 pm.

Fig. 6 shows the time evolution of an initial wavy disturbance
with a wavelength of / =0.2 mm (50 wavelengths). This test case
was run until approximately 20 ps to verify if smaller wavelengths
are severely suppressed by the surface-tension force with the plas-
ma-melt system transiting from a short wavelength regime into a
long wavelength mode as it is observed in the previous simulation.
It is seen in Fig. 6 that these short wavelength corrugations are reg-
ularized faster (at t = 3 pus). At t = 10 ps, the four large waves devel-
op and undergo localized growth with subsequent transformations
into ligaments. Similarly, as in Fig. 4, the further behavior of liga-
ments is again irregular (t =20 us).

4. Summary

This work focuses on understanding the underlying physical
processes involved in the breakdown and erosion mechanism of
a liquid metal layer, macroscopic melt motion, and losses during
plasma instabilities such as edge-localized modes and disruptions
in tokamaks. Linear stability analysis and computer simulations of
the entire process of development, growth, and breakup of waves
at the plasma-liquid metal interface are presented for the first
time. The inviscid stability analysis predicts that plasma streams
with velocities of ~107 cm/s and densities ~10~° g/cm? can gener-
ate the growth of surface disturbances on a thin melt layer

(hm =~ 400 um). Short-length waves are strongly damped by the
surface-tension force. Long waves do not grow on the surface of
a melt layer with the length of 10 mm and the depth of 400 pm.
It is found analytically and numerically that under considered plas-
ma conditions the most dangerous waves correspond to A ~2 mm
(five wavelengths). The surface disturbances with 20 and 50 wave-
lengths were initially regularized by the surface-tension force.
However, these short wavelength disturbances give rise to the
growing of new waves with a critical wavelength on the order of
~2 mm. These relatively long waves in comparison to the melt
thickness (0.4 mm) undergo localized growth with transformations
into long ligaments and threads that eventually can fragment into
liquid droplets. It is predicted that due to the plasma impact about
80-90% of a melt layer can be lost in the form of macroscopic liquid
ligaments. Because the adhesion force stabilizing liquid tungsten
near the solid-melt interface was not included in the modeling, this
fraction may be overestimated. Thus, the bulk of the melt layer ini-
tially splits and disintegrates into ligaments and further into liquid
droplets. Recent experiments on melt splashing carried out in the
TEXTOR device clearly demonstrated the loss of molten tungsten
in the form of continuous fine spray with droplets [11]. This mech-
anism of melt layer losses is completely different from that assum-
ing the K-H instability is induced by the “plasma wind” on the
surface of a melt with droplets formed at peaks of surface waves
and dragged away by the plasma flow [4], thus not affecting the
depth of a melt layer. This classical picture of the K-H instability
is not observed in our simulations. No surface waves which amplify
to form a periodic array of compact spanwise rollers with conven-
tional K-H finger-like projections that eventually break off to form
droplets are revealed.
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