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Due to excellent thermo-mechanical properties, tungsten (W) is considered as a promising divertor
material in ITER, full divertor in JET, first wall in DEMO and ASDEX Upgrade. During plasma disruptions

and ELMs the W material can be severely damaged because of macroscopic melt losses resulting in short
lifetime and plasma contamination. Therefore, understanding the underlying forces and physical
mechanisms of the development, motion, and removal of melt W layers is very important for successful
operation of fusion devices. We have performed viscous stability analysis to assess the initial conditions
for the development and growth of surface waves at the plasma-liquid W interface and computational
modeling to predict the effects of viscosity, heat conduction, and phase change on the stability of melt
layer. The developed theory and computational models are applicable to various fusion devices including
ITER, DEMO, and current devices such as JET, TEXTOR and ASDEX.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The flow of hot plasma affects tokamaks plasma-facing compo-
nents (PFCs) during plasma disruptions and edge-localized modes
(ELMs) [1]. The expected energy fluxes can be intense to cause ra-
pid heating, melting, and surface vaporization of wall materials.
These processes can result in severe erosion of PFCs predicted
using HEIGHTS simulation package [2]. Surface erosion can even
be significantly greater due to eventual macroscopic melt layer
losses compared to only vaporization [3]. Recent TEXTOR experi-
ments have shown constantly present fine melt spray and macro-
scopic losses of melt in the form of rare splashes with continuous
ligaments and large droplets [4-6].

The inviscid stability analysis was previously used to assess the
initial conditions for development and growth of surface waves at
the plasma-liquid metal interface [7-9]. The computational model-
ing was also performed [7,8]. It is predicted that plasma streams
with velocities of ~100 km/s and number densities ~6 x 10%°
m~3 can generate the growth of surface disturbances on a thin melt
layer with the most unstable wavelength ~2 mm that is several
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times larger compared to the expected melt thickness <0.4 mm
for disruptions and giant ELMs [7]. The main computational result
is observation of continuous liquid W ligaments, their elongation
by the plasma flow and development of long, thin threads that
can eventually break into liquid droplets [8].

In this work, the inviscid stability theory [7-9] is further devel-
oped to include the effects of viscosity, heat transfer, and mass ex-
change across the interface [10,11]. The critical velocity as a
function of wavelength is analyzed for various values of plasma
viscosity and heat transfer coefficient. The CFD solver that includes
the heat transfer and vaporization effects is developed using the
open-source OpenFoam CFD libraries [12]. The effects of heat con-
duction and phase change on melt layer stability are computation-
ally studied.

2. Melt layer stability analysis and computational model

The effects of viscosity, mass exchange, and heat transfer across
the interface can significantly influence melt layer stability,
especially when the melt is boiling with bubble bursts [13]. We
have adapted the approach of viscous potential flow developed
by Funada and Joseph [10]. The problem of flow with mass and
heat transfer in the stability analysis is considered using simplified
formulation of Hsieh [11]. Using harmonic normal modes in the
linearized Navier-Stock equations, we derive the expression for
the relative velocity AV = |V,, — V,,)| of the viscous instability [10,14]
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where Vj, p; are velocity and mass density, p;= p;coth(kh;),
W = p;coth(kh;), w; and h; are viscosity and thickness of plasma
and melt with j=p, m, k=27/4 is wave number associated with
small disturbances ~exp (i(kx + wt)), A is wavelength, w is fre-
quency, g is gravity constant, ¢ and oy are interfacial and magnetic
tension, ¢ = (1/h,,, — 1/h,)F/L is coefficient of heat transfer, L is la-
tent heat of evaporation, F= —K(T,, — T;)/hn, is equilibrium heat
flux, K is heat conduction coefficient, T; and T, are interface and
melt temperature. The definition of gy can be found in [7]. This vis-
cous stability analysis with account of heat transfer and phase
change was applied to the plasma-W melt.

The Volume of Fluid (VOF) approach [7] is used to track the
interface. A transport equation for the volume fraction of melt
phase o, can be written as
Ol

GtV (i) + V- (o1 —ocm)ﬁf):; )

—

where i is single velocity field, p = onpm + 0ppp is density field
assuming values of p, and p, for melt and plasma phases,
op =1 — o4y is volume fraction of plasma, m is mass transfer rate
of molten W due to vaporization at the interface, and ii. is compres-
sion velocity which is included for artificial interface compression.
This extra compression contributes only in interfacial region
providing sharp interface and ensuring that o, is limited between
0 and 1. We assume that evaporated W contributes to the plasma
state since its fraction is small. The mass conservation equation is
given as

op - .

— S(pu) =m 3
o TV (i) 3)
where 1 is a source term due to the phase change. The momentum
equation can be written as

% + V- (pilil) = —=Vp+ V - (u(Vii + (ViD)")) + 6KVt
+pg 4

where p is single pressure field, pt = otmpm + otppp is viscosity with
components of u, and u, for W-melt and plasma phase,
K =—V-(Vo,/|Vouy|) is curvature of the interface. The gravity g is
included as a body force. The equation of thermal energy is given by

opc,T
ot

where T is single temperature field, ¢, = otmCpm + 0tpCpp and K=o,
Km + 0,K, are respectively the specific heat capacity at constant
pressure and thermal conductivity assuming the values c,m, K
and c,p, K, for melt and plasma phases, /1 is a source term account-
ing for enthalpy of vaporization (latent heat of phase change).

For droplet spraying at high-speed flows, the following linear-
ized equations of state pj= pg; + Yj(p — poj) — (T — To;) are imple-
mented with j=m, p. Here y; (; are the coefficients of
compressibility and thermal expansion of melt and plasma, py;,
Poj» To; correspond to a reference state about which a linearization
is performed. The compressibility vy, ~ 1/c% ~ 1077 s2/m? is esti-
mated using the speed of sound c,=3.2 km/s in the W-melt
[15]. The thermal expansion coefficient of W-liquid is {p
~43x107°1/K [15]. The expansion and compressibility

+ V- (pcyiiT) = V- (KVT) + h (5)

coefficients of plasma are estimated using the ideal gas law p = pR,
T as {,=1/T and v, = 1/(RpT) with R, = 8248.5 J/(kg K) is hydrogen
gas constant.

We use the phase change model developed by Hardt and
Wondra [16] that is suitable for continuum-field calculations and
compatible with VOF approach. The evaporation mass flux density
(in kg m3s~!) at phase boundary is defined as i = (T; — Ts)Noi,
Voun/(RmyL), where T = 5936 K is saturation temperature at which
the W-melt begins to boil. The latent heat of W vaporization is
L =4620K]/kg. The heat resistance R, of W-melt-vapor plasma
interface is defined as Ry, = (2 — x)T>*\27R,/(2yL*p,) [16],
where y =1 is evaporation coefficient and R, = 54.2 J/(kg K) is the
gas constant of W-vapor. For estimation of R, the vapor density
Py is assumed to be the same as the plasma density. A normaliza-
tion factor N is determined from the equation N [q0m|Vou,|-
dQ = [o|Von|dQ, where Q is the computational domain. In 2D,
the integral over Q gives the interface length. The source-term h
in Eq. (5) can be expressed as h = Lriv. In current implementation,
the interaction of W-vapor with W-melt and hydrogen plasma is
neglected since evaporation losses are small. The inclusion of W-
vapor will require the extension of the VOF model to three fluids
two of which are miscible (plasma and W-vapor).

The CFD solver was developed and implemented using the
OpenFoam library [12] that includes numerical solvers, prepro-
cessing, and postprocessing routines. The thermal energy equation,
heat, and vaporization models were implemented in compressible-
InterFoam. The evaporation model was validated against the Stefan
problems.

3. Theoretical and simulation results

The viscous stability analysis was applied to the plasma W-melt
system shown in Fig. 1. The density of hydrogen plasma is ~10%°
m3(p, ~ 1.67 x 1077 kg/m?®) relevant for ITER conditions. The
plasma velocity was in the range from 1 to 100 km/s. The viscosity
of plasma was varied from zero to 107> kg/(m s). The specific heat
capacity is estimated using the ideal gas law as cpp=YRp/(y — 1),
where y =5/3 is the adiabatic constant of a monatomic hydrogen
plasma. The thermal conductivity for a hydrogen plasma due to
electrons is estimated as K, ~ 4.4 x 107"(T[K])*”* (In A/10)""
W/(m K), where In A ~ 10 is the Coulomb logarithm. The W-melt
density is p,, = 16,400 kg/m>. Melt thickness is ~200 um [2]. The
surface tension is ¢ =2.48 N/m. The velocity of melt is ~1 m/s.
The viscosity of W-melt is y,, ~ 7 x 10~3kg/(m s). The temperature
of molten W is T,,=3695K. The heat conduction coefficient of
W-melt is K, ~ 80 W/(m K). The specific heat capacity of W-melt
is cpm ~ 280 J/(kg K).

Y — 7

Plasma

Fig. 1. Schematic illustration of the plasma-melt system.
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Fig. 2. The critical velocity as a function of wavelength for various values of plasma
viscosity.
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Fig. 3. Critical velocity as function of wavelength for various values of heat transfer
coefficient.

The critical velocity as a function of wavelength 4 is shown in
Fig. 2 for various values of plasma viscosity. For viscous plasma-
melt flow, the critical velocity is significantly reduced with the
increase in plasma viscosity. Growing waves with i. ~ 0.5 cm can
be generated by the viscous plasma with p, ~ 107° kg/(ms) and
AV > 0.6 km/s (blue curve). When the relative velocity ~10 km/s,
the fastest growing “dangerous” wavelength is ~6 pm with the
growth rate ~0.1 ps. A critical velocity of AV~ 100km/s is
required in the inviscid case to produce the instability (black
curve). The value of critical wavelength /. is shifted slightly toward
shorter wavelengths as the viscosity of plasma increases.

The influence of heat and mass transfer across plasma-melt
interface on melt layer stability is demonstrated in Fig. 3. Long
wavelengths are strongly destabilized due to thermal effects and
the critical velocity is significantly reduced. The wavelength with
maximum growth rate increases. For larger thermal flux (larger

d), the critical velocity increases approaching the case with 6 =0.
However, the short-length capillary waves are stabilized with
increase of §. The presence of intense heat and mass transfer can
stabilize the interface against otherwise destabilizing viscosity
effects on short wavelengths (blue! curve in Fig. 3).

The computed fields of volume fractions of plasma and melt are
shown in Fig. 4. The phase change is not included with the melt
experiencing only viscous and thermal stresses. The domain is
5mm x 1 mm with the grid size of 10 um. The melt depth is
200 pm. At the bottom of the computational domain (Fig. 4),
W-melt is held at melting temperature and the plasma is hotter
(T, ~4000K at the top of the computational domain). Plasma
velocity is 10 km/s. The modeling is performed for the plasma-melt
system at 10%, 10* and 10° Pa. Faster melt destabilization is
observed at higher pressures. The results are presented in Fig. 4
for 10 Pa relevant for ITER conditions [4]. The interface is initially
perturbed with 10 (Fig. 4a), 20 (Fig. 4b), and 40 (Fig. 4c) wave-
lengths. The waves with shorter wavelengths grow much faster than
those with longer wavelengths. At an interface perturbed with 10
wavelengths, thin protrusions are initially developed. Later, 10 large
waves undergo local growth gradually transforming into ligaments
(Fig. 4a). The stripping of fine droplets from wave crests and tips
of ligaments is observed. The small droplets are dragged by plasma
colliding with each other, merging, and creating larger droplets. The
droplets merge with melt waves subsequently creating protrusions
that can transform into secondary droplets (Fig. 4a). In two other
cases with the interface perturbed by shorter wavelengths (Fig. 4b
and c), the entrainment of plasma into the melt is observed due to
plunging of wave tips onto nearby ligaments (Fig. 4b). Plasma
bubbles are trapped in the melt. At times >0.1 ms, the interface
represents a complex structure with droplets, melt breaks, liga-
ments, fingers, open shapes, and trapped plasma bubbles (Fig. 4c).

The phase-change effects on the stability of surface waves are
illustrated in Fig. 5. At the bottom of the computational domain,
the temperature of melt is set to the boiling (saturation) tempera-
ture with plasma temperature kept higher (T, ~ 6000 K at the top
of the computational domain). Fifty wavelengths were excited at
the interface. The short-length waves start to grow slightly during
<5 ps. Afterward, the growth slows down at ~10 ps and the vol-
ume fraction of melt at wave crests is reduced. The waves disap-
pear at ~30 ps with the interface is nearly flat even at ~150 ps.
The thickness of melt is reduced due to vaporization. It should be
noted that the heat flux and temperature gradients are kept con-
stant during simulation. The plasma energy deposition and W-va-
por shielding were not included. Therefore, these results
demonstrate the melt stabilization, not vaporization losses.

An estimate of W melt losses using the capillary droplet model
[9] based on viscous potential flow theory [10] is shown in Fig. 6. It
is assumed that droplets are formed due to breakaway of melt at
peaks of short waves (Fig. 4). The horizontal black line indicates
the thickness of initial melt layer, h,;, = 200 pm. For plasma stream-
ing with velocity >15 km/s and viscosity ~10~> kg/(m s), the entire
melt layer can be lost during 7 = 0.1 ms. For smaller plasma viscos-
ity ~107® kg/(m s), the thickness of melt ~100 pum can be removed
due to plasma impact with ~100 km/s. For plasma with even
smaller viscosity ~1077kg/(ms) and flowing with velocity
~65-100 km/s, the lost melt is ~0.5-4 um.

4. Discussion

According to the stability analysis based on the viscous poten-
tial flow theory [10], the stability of melt layer is significantly

! For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 4. Snapshots of volume fractions with the interface initially excited with (a) 10, (b) 20, and (c) 40 wavelengths. The topology of plasma-melt interface is shown at (a)

90 ps, (b) 60 ps and (c) 180 ps.
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Fig. 5. Evolution of volume fractions of plasma-melt flow with phase change taking into account. The interface was initially excited with 50 wavelengths.

influenced by small but finite viscosity of plasma. We find that vis-
cosity effects are destabilizing. Eq. (1) for critical velocity of viscous
plasma-melt flow can be reduced to that of inviscid flow [7] by
assigning 6 = 0 and , = 0. The inviscid formula can be also derived
by replacing the ratio m = up/un with r= pp/pm. In our melt prob-
lem, m ~ 0.1 and r ~ 107'° (m >> r, so-called low-viscosity fluids)
[10]. The variation in the stability is very large when m is larger
than r [10]. Therefore AV is rapidly varying with variation of m
(Fig. 2). The critical velocity for viscous fluids is always smaller
than that for inviscid fluids. It is a maximum at m = r corresponding
to the inviscid case. Thus, accounting for small viscous effects com-
pletely changes the inviscid instability.

Although inertial forces prevail in high-speed bulk plasma flow,
at the plasma-melt interface a thin boundary layer develops in
which viscous forces are very important. Close to the interface,
the plasma velocity sharply decreases from its bulk value to that
of melt motion. Plasma transfers the momentum to surface melt
layers due to the friction, or stickiness of real fluids. The viscous
stresses can develop causing friction drag of melt. These viscous

stresses are significant due to high velocity gradients in a boundary
layer. Melt disturbances can grow as viscous fingers. The destabi-
lizing suction of melt into ligaments can dominate the stabilizing
effect of surface tension. Arrays of melt protrusions have been ob-
served in our CFD modeling that did not include phase change ef-
fects. We speculate that viscous melt fingering could be relevant to
regular ligament-like structures on the melt surface revealed in
TEXTOR experiments [5]. The disturbances with shorter wave-
lengths evolve much faster than those with longer wavelengths.
This finding agrees with predictions of the viscous stability analy-
sis. Fine droplets are sprayed from the melt even in the case of
waves and ligaments with large wavelength. For short-length dis-
turbances, the viscous fingers induced at the interface quickly
grow, plunge onto neighbor fingers, thus entraining plasma bub-
bles into the melt. A complex interface topology develops as a re-
sult of melt motion and splashing. The disintegration of melt as a
whole was not observed under the modeled plasma conditions.
At high heat loads ~10-100 MJ/m? with load duration ~0.1-
10 ms (plasma disruptions), rapid vaporization can take place at
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Fig. 6. Thickness of removed W melt during 7 = 0.1 ms as a function of the plasma
velocity for different values of plasma viscosity.

the surface of the melt. We find that the phase change with heat
and mass transfer across the interface suppresses the development
and growth of short-length waves. The pressure and viscous
stresses facilitate the instability, but heat and mass transfer effects
stabilize the interface. The melt crests evaporate locally since they
are closer to the hotter plasma than melt troughs. This phenome-
non flattens the interface with an evaporation front moving into
the melt. The formation of vapor bubbles in melt is not observed
since the nucleation model is not included.

The viscous stability analysis and CFD modeling have revealed
that viscous plasma flowing over melt surface with velocities
>10 km/s can generate growing waves in the 1-10 um wavelength
range. This wavelength is much smaller compared to the thickness
of melt ~200 pum making the capillary droplet model [9] applicable
for estimations of melt losses. The estimates show that high-
viscosity plasma ~107°kg/(ms) streaming with high speeds
>10 km/s is capable of eroding melt layers with thickness larger
than ~200 pm .

Effects of magnetic field on melt stability are also investigated
using Eq. (1). As in an inviscid case [7], W-melt is stable for the
plasma streaming along the magnetic lines (toroidal direction),
and no stabilization is predicted for the plasma flowing perpendic-
ular to the magnetic lines (poloidal direction). However, it is found
that melt stabilization is much weaker in the toroidal direction
compared to an inviscid case [7]. The melt can be destabilized by
the viscous plasma flowing with velocity ~50km/s along the
magnetic field with ~5T. The results on stability curves are not

S$159

shown due to space limitations. The magnetic field is not yet
implemented in the VOF model. We presume that our computa-
tional results are correct for the plasma flowing in the poloidal
direction.

5. Summary

Stability analysis based on the viscous potential flow theory and
accounting for heat and mass transfer across the interface is used
to study plasma-melt instability. It is predicted that viscous normal
stress at the interface has destabilizing effect on melt layers. The
critical velocity required to induce the instability is greatly
reduced, and the range of fastest growing waves extends toward
shorter wavelengths. However, the heat and mass transfer phe-
nomena stabilize the short-length waves. The CFD modeling that
includes effects of plasma streaming, surface tension, gravity,
shear, viscous and thermal stresses, heat and mass transfer is also
performed. In the absence of melt evaporation, the main observa-
tions are the growth of short-length waves, their transformations
into ligaments with fine melt droplets continuously stripped from
ligament tips and dragged away by the plasma flow. Melt losses are
estimated for ITER conditions using the capillary droplet model. In
the presence of intense phase change at the interface under the
same flow conditions as used before, it is found that the growth
of unstable waves is suppressed and melt is stabilized. It is impor-
tant to point out that further investigations are needed to quantify
this viscosity-induced instability, stress disturbances in the melt
layer, and melt stabilization due to heat and mass transfer.
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