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Tungsten in form of macrobrush is foreseen as one of candidate materials for the ITER divertor. Melting of
tungsten, the melt motion, and melt splashing are expected to be the main mechanisms of a surface damage
determining the lifetime of plasma facing components. Experiments with the long-time plasma action at the metalic
surface in a strong magnetic field demonstrated that the JxB force generated by the thermo-emission electrons
dominates in the acceleration of the melt layer and leads to a high target damage. In the paper numerical simulation
model implemented into the code MEMOS is described and modelling of tungsten target damage caused by the
long-time plasma heat loads supporting the TEXTOR experiments are performed with 3D version of the code
MEMOS. Calculated damages of tungsten targets are in a reasonable agreement with the target damages observed in
the TEXTOR experiments that allows projections upon the surface damage at ITER and DEMO conditions.

PACS: 52.40Hf

INTRODUCTION

Tungsten is foreseen as one of the armour materials
for plasma facing components (PFCs) in the ITER
divertor and dome and as the main armour material for
DEMO. During the transients expected in tokamaks
(disruptions, ELMs, and VDE) the armour will be
exposed to hot plasma streams and localized impacts of
runaway electrons (RE). The heat fluxes are expected to
be so high that they can cause severe erosion of PFCs
thereby limiting their lifetime. During the intense
transients the melting, melt motion, melt splashing and
surface evaporation are seen as the main mechanisms of
metallic armour erosion [1-5]. In case of RE impact and
long time transients (VDE) a melt layer can exist up to
several seconds [6]. Experiments at the TEXTOR (7, §]
with the long-time plasma action at the target surface
(with duration of few seconds) in a strong magnetic
field demonstrated that the JxB force generated by the
thermo-emission electrons dominates in the acceleration
of the melt layer and leads to a large scale melt motion
damage (up to 1 mm per event). Numerical simulations
of the TEXTOR experiments with 2D version of the
code MEMOS [9] confirmed importance of JxB force as
the main driving force causing significant melt motion
damage of the tungsten target.

The expected erosion of ITER PFCs under short
time transients (with timescale up to few miliseconds)
has been properly estimated using the code MEMOS
validated against plasma gun target erosion
experiments, in which the JxB force is practically
negligible [1-5]. The erosion of W target caused by JxB
force in short-time plasma action was properly
estimated using the code MEMOS and validated against
appropriate target erosion experiments at the plasma
gun facility QSPA Kh-50 [10]. Simulations of the long-
time interaction of a plasma with the tungsten limiter in
the TEXTOR experiments [11], demonstrated that
Richardson-Dushman expression used in the code
MEMOS significantly overestimated the thermo-
electron emission as well the code MEMOS has to be
significantly upgraded to simulate large scale melt layer
displacement observed in the TEXTOR experiments.
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To simulate the TEXTOR experiments with the
large scale melt layer displacements the code MEMOS
was significantly updated, in particular acquiring some
additional 3D features of the experimental conditions.
The 3D simulation model implemented into the code
MEMOS is described. New models of the space-charge
limited thermo-emission were implemented into the
code. In the paper new MEMOS simulations for the
TEXTOR experiments on tungsten target damage under
long-time plasma heat loads with heat fluxes measured
TEXTOR experiments (Q ~ 15..30 MW/m®) on the
timescale of 5..6s in a strong magnetic field are
performed, with taking into account 3D geometrical
peculiarities of the experiments. The melt layer damage
is calculated for single shot using 3D version of the
code MEMOS. Calculated damages of tungsten targets
are in a reasonable agreement with the target damages
observed in the TEXTOR experiments.

1. EROSION OF TUNGSTEN TARGET
IN TEXTOR EXPERIMENT.
SIMULATIONS VS EXPERIMENT

1.1. RESULTS OF TEXTOR EXPERIMENTS

Experiments have been performed by introducing a
limiter into plasma at TEXTOR. Experimental
conditions in more detail are described in [7, 8]. One
Shot experiments was performed for the un-castellated
target with sizes 3.5x5.5x0.2 cm (with the following
coordinate system: Z - (poloidal direction), Y, X -
(thickness of the target)); irradiated area along Y
direction is about 2.5 cm. The upper part of the tungsten
sample can receive up to Q ~ 45 MW/m* for leading
edges. The typical heat flux is about Q ~ 20...25 MW/m’
for plasma load duration of 5..6s. The peak
temperatures are about 4000 K. The heat fluxes and
surface temperature along leading edge (along poloidal
direction) of the limiter was measured with high time
resolution (Figs. 1, 2). The heat fluxes were measured
with the large shot noise therefore the averaging along
poloidal direction was done and average flux is
demonstrated on Fig. 1. Constant temperature level after
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2 s and decreasing of the heat flux at the surface are
observed in experiments (see Figs. 1, 2). These effects
are caused by the plasma shielding of evaporated
tungsten [9]. Typical melt layer thickness observed in
experiments is about 1...1.5 mm. Typical erosion of the
tungsten brushes caused by the JxB force generated by
thermo-emission electrons in the strong magnetic field
(B=2.25T) after single shot can reach few mm. The
thermo-emission current density estimated in the
experiments is about several tens A/cm’. The final
surface of the damaged W target is demonstrated in
Fig. 3.
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Fig. 1. The time dependencies of plasma heat flux along
poloidal direction at the top edge of the target
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Fig. 2. Measured time dependencies of surface
temperature along poloidal direction at the top edge of
the target (TEXTOR experiment)
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Fig. 3. Final surface profile of the W target after
resolidification (TEXTOR experiment)

1.2. NUMERICAL SIMULATIONS
The code MEMOS [1] significantly upgraded to 3D
geometry have been applied for numerical simulations
of the melt motion damage experiments carried out at
the TEXTOR [7, 8]. The main features of the numerical
model introducing into the code are described in the
Chapter 2.

4

exponential function with iy}

o ww%

e —————

o o
&
Y (em) Qaﬁy
Fig. 4. Sketch of the target used in the
3D simulations
The numerical simulations of the TEXTOR

experiments were carried out for the tungsten un-
castellated targets preheated up to 200°C using 3D
version of the code MEMOS. The geometry of the
numerical simulation is demonstrated at the sketch
(Fig. 4): with sizes 3.5x3.2x0.3 cm (Z(poloidal), Y,
X(thickness)); irradiated area along Y direction is about
2.5cm. The heat flux along poloidal direction is
assumed to be constant using smoothed experimental
flux (Fig. 1). Along Y direction exponential function of
flux decay is assumed. Several scenarios with different
maximum heat load Q ranged between 21 and
27 MW/m? are calculated. The plasma pressure at the
target were p=200 Pa (as at the TEXTOR experiments),
magnetic field B=2.25 T the Child-Langmuir expression
is used for calculation of the thermo-emission current. It
is also assumed that the back side of the tungsten target

is cooled radiatively.
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Fig. 5. Calculated time dependencies of surface
temperature along poloidal direction at the top edge of
the target Q=25 M| W/m? (MEMOS simulation)

Let us illustrate physical processes of plasma
tungsten interaction in the TEXTOR experiments.
Impacting plasma heats the tungsten target after
approximately 1s surface temperature exceeds the
melting temperature and then after approximately 2 s
the temperature becomes high enough for starting
significant evaporation. Tungsten evaporated from the
target produces plasma shielding above the surface
leading to the noticeable surface screening from the
impacting plasma: absorbed flux significantly drop
down, and the surface temperature stabilizes at
T ~ 4000 K (see Fig.2 and Fig. 5). Typical calculated
thickness of a melt layer is about 1.3...1.5 mm that is in
a rather good agreement with the measured data.
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Fig. 6. Calculated final surface profile of the W target
after resolidification (MEMOS simulation)

Simulations of brush erosion caused by the JxB force
for the several heat load scenarios Qp,.x ranged between
21 and 27 MW/m®> witth given timescale of 6s
demonstrates large scale displacement of the melt layer
and significant target damage. Typical maximal
amplitudes of the thermo-emission current calculated by
new model are about 30...40 A/cm®. The JxB force
generates melt layer motion with velocities of about
several tens cm/s. The final damages of the tungsten
brushes (Fig. 6) are of 2 mm for scenario Q = 25 MW/m’.
Comparison of the final calculated turget damages with
the measured ones (compare Figs.3 and 6)
demonstrates reasonable agreement between the
numerical simulations and the TEXTOR experiments.
Dependance of the surface damage on maximum heat
loads is demonstrated on Fig. 7.
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Fig. 7. Calculated dependence of maximum
mountain altitude on the maximum heat loads Q.

2. THE MODEL FOR MELT MOTION

In the code MEMOS motion melted material along
the surface is described in the ‘shallow water’
approximation of the Navier-Stokes equations, with the
surface tension, viscosity of molten metal, and the
radiative losses from the hot surface taken into account.
The plasma pressure gradients along the divertor plate,
as well as the gradient of surface tension and the JxB
force of the currents crossing the melt layer immersed in
a strong magnetic field, produce the melt acceleration.

For a derivation of the mathematical model for melt
motion the following assumptions are used here: the
thicknessof the melt layer is much smaller than the
width of the molten layer and pressure gradients across
the melt layer are absent. Therefore there exists only a
velocity component parallel to the surface and a melt
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velocity averaged over the molten layer can be used for
description of the melt motion. In this case the “shallow
water” approximation can be applied for the
mathematical description of the melt motion [13]. The
fluid is assumed to be incompressible. Temperature
dependent thermo-physical data are used. The physical
processes taken into account in the numerical model are:
heating, melting, evaporation from the surface and
resolidification, heat transport in the liquid and the
solid, viscosity and melt motion by the following forces:
surface tension, total external pressure, Lorentz force
due to external and Eddy currents.

The base system of Navier-Stocks equations [4]
together with the heat conductivity equation describe
the problem (coordinate system in Fig. 4):

divv=0, )

1% (% + VVVJ = —grad P+ Hu Av + FLnrentz > (2)

pCaa—Y;+vgradT:V(KVT)+Q , 3)

withv, T, p,C,x
specific heat and heat conductivity, g viscosity of the

velocity, temperature, density,

melt, p is pressure, (O is sum of volumetric energy

deposition and Joule heating. The following boundary
conditions are applied at the liquid vapor boundary:
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here in (4) temperature gradient is calculated at the
surface along the normal, W(¢) is surface heat load,

AH

v 18 enthalpy of evaporation. In (5) w,,u, is
velocity component along the surface, o is surface
tension coefficient. The classic Stefan boundary
condition is applied to the solid liquid boundary. At the
melting front (n=N,,) the velocity of the melt motion
assumed to be zero here # is normal to the melt front.
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here index s refers to the solid and index [ to the
liquid phase, 7V,

'w1s velocity of melting front
propagation, AH,, is enthalpy of melting.

The shallow water approximation allows to simplify
the system of Egs. (1)—(3) with the boundary conditions
(4)—~(6) to a system of quasi 2-D equations. The fluid
velocity is averaged over the melt layer thickness
assuming a parabolic dependence. After averaging Eqgs.
(1) and (2) with the boundary condition (Eq. (5)) the
system of equation of the St. Venant type [7] is derived:

oh  0(u,b)  O(u_h)

=Vt Vi, @)
ot oy oz



%+u%_-la_p_uy I/m Vazuzy_
or oy poy h oy ®
3 u, 3k, 8_T+ J.B,
W 2phdy  pc’
Ou, y Ou, _ 13p wu, ou, B
ot oz poz h " oz’ ©
u, 3k, oT J,B.

Here v is the kinematic viscosity, J,,J, component of
By.B,
components, T melt temperature, and instead of « the
negative coefficient given by k, =0a/0T is used, V,,

the current, the toroidal magnetic field

velocity of the surface caused by the evaporation. The
equations describing the evolution of the normal
velocity at the surface Vi and the heat transport along

the surface remain also intact:

_0u,h)  B(u,h)
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The 3D Stefan problem Eq.(3) for moving
boundaries attached to re-solidification, melting and
vaporization fronts is solved using the splitting method.

As it was mentioned, the melt motion is generated by
the thermo-emission current in the TEXTOR
experiments. For a good agreement with the experiment
the model of space-charge limited thermo-emission
current based on the modified Child-Langmuir
expressions [12] is implemented into the code MEMOS
instead of Richardson-Dushman formula. Free
parameters entering into the expressions are fitted so
that calculated current is in a correlation with the
experimental values. A 3D heat transport equation with
two boundary conditions at the moving vapor-liquid-
and liquid-solid interfaces describes the temperature
inside the target. Temperature dependent thermo-
physical data are used [14]. The model of the plasma
shielding well developed, validated against experiments
at plasma gun facilities, and described in details in ref.
[15] have been implemented into the code MEMOS to
take into account influence of the evaporated material
on the surface heat loads.

CONCLUSIONS

To simulate long-time plasma action at the tungsten
surface and large space scale melt motion in TEXTOR
experiments the code MEMOS was significantly
updated to 3D geometry, in particular accounting for
some additional 3D features. The thermo-emission

current model was improved accounting for space
charge limitation.

Results of numerical simulations carried out for the
heat loads in the range 21...27 MW/m? on the timescale
of 5...6 s have demonstrated a reasonable agreement
with TEXTOR experimental data on time dependents of
surface temperature, and on tungsten target erosion.

The JxB force, generated by the thermo-emission
current, becomes important in melt motion damage for
the long-time transients such as VDE and runaway
electron impact in which melt layer can exist till few
seconds

Further numerical simulations of the TEXTOR
single pulse and multi-pulse experiments using 2D and
3D version of the code MEMOS have to be further
performed.

ACKNOWLEDGEMENTS

This work, supported by the European Communities
under the EFDA Task Agreement WP11-PWI between
EURATOM/F4E and Karlsruhe Institute of Technology,
was carried out within the framework of the European
Fusion Development Agreement. The views and
opinions expressed herein do not necessarily reflect
those of the European Commission.

REFERENCES

1. B. Bazylev, H.-Wuerz // J. Nucl. Mater. 2002, v. 307-

311, p. 69.

2. B. Bazylev et al. // J. Nucl. Mater. 2005, v. 337-339,
p. 766-770.

3. B. Bazylev et al.// Fusion Eng. Des. 2009, v. 84,
iss 2, p. 441.

4. B. Bazylev et al. // J. Nucl. Mater. 2007, v. 363-365,

p. 1011-1015.

5. B. Bazylev et al. // J. Nucl. Mater. 2009, v. 386-388,
p- 919-921.

6. B. Bazylev et al.//J. Nucl. Mater. 2011, v.417,
p. 655-658.

7.JW. Coenen et al.//J. Nucl. Mater. 2011, v. 415,
S78.

8.J.W. Coenen et al.// Nuclear Fusion. 2011, v. 51,
p- 083008 (11 p.).

9. B.B. Bazylev et al. // Physica Scripta 2011, v. T145,
p. 014054.

10. I.E. Garkusha et al. // J. Nucl. Mater. 2007, v. 363-
365, p. 1021.

11. G. Sergienko et al. // J. Nucl. Mater. 2007, v. 363-
365, p. 96.

12. S. Takamura et al. // Contrib. Plasma Phys. 2004,
v. 44, Ne 1-3, p. 126.

13 L.D. Landau, E.N. Lifshits
Pergamon. New York, 1959.
14. Y.S. Touloukian (ed). Thermophysical Properties of
Materials. New York, 1970.

15. H. Wuerz et al. // Fusion Science and Technology.
2001, v. 40, p. 191.

!l Fluid Mechanics,

Article received 18.01.13

ISSN 1562-6016. BAHT. 2013. Nel(83)



MOJIEJIMPOBAHUE 3PO3UU PACIIJIABJIEHHOI'O CJIOSI BOJIb®PAMA, OBYCJIOBJIEHHOM
JxB-CWJIOM, B TEXTORe KOJIOM MEMOS

b. Basvines, J.W. Coenen

Bomedpam B Bume mMakpoOparmieli paccMaTpuUBaeTCs B Ka4eCTBE OCHOBHOTO Marepuana st nuBeptopa MTOPa.
[TnaBnenuss Bonb(dpama, ABMKEHHE M Pa30OpBI3TMBAHHE pacllaBa PacCMATPHUBAIOTCA B KadyeCTBE OCHOBHBIX
MEXaHU3MOB TIOBPEKACHUSA IOBEPXHOCTH, KOTOPBIE OIPEIEISIOT BpeMs JKM3HHM DJIEMEHTOB JIHUBEPTOpA.
OKCHEpUMEHTHI C [UIUTENbHBIM BO3ACHCTBUEM IUIA3Mbl HA METAUIMUYECKHUE MOBEPXHOCTU B CHIBHOM MarHUTHOM
noJie ToKaszanu, 4ro JxB-cuia, reHepupyemass TEPMOIMHUCCHEN DIIEKTPOHOB, JOMHUHHMPYET B YCKOPEHHH CIIOS
paciuiaBa W MPHUBOIUT K OOJBIIOMY TOBPEXICHUIO MOBEepXHOCTH. OnucaHa 4yKCICHHas MOJAENIbh MOAEIHPOBAHUS
3pO3UH METAIIMYECKOW MOBEPXHOCTH IpH IJIa3MEHHOM BO3IEHCTBUH, MMIUIEMEHTHpoBaHHas B kox MEMOS.
[TpuBeneHs! pe3ynbTaThl MOJSIUPOBAHHS SPO3UU BOJIb(PPaMOBOIl MUILIEHH, BBI3BAHHOM JUTMTEIBHBIM BO3JEHCTBHEM
ria3mbl B 9kcniepuMmentax B TEXTORe, nposenennoro 3D-Bepcueii kona MEMOS. Pacdernast spo3us Bosbhpama
HaxXOJUTCSI B Pa3yMHOM COTJIaCHH C 3po3Heil BOIb()PaMOBOTO JIMMHUTEPA, KOTOpasi HaOJII01aJ1ach B SKCIIEPUMEHTaxX B
TEXTORe. JlanHble pacuera HO3BOJISIIOT J€JIaTh IPOTrHO3bl OTHOCUTENIBLHO 3PO3UU MOBEPXHOCTH B ycnoBusix UTOP

u TEMO.

MOJIEJTIOBAHHSA EPO3II PO3ILJTABJEHOT O IIIAPY BOJIb®PAMY, 3YMOBJIEHOI
JxB-CHJIOIO, B TEXTORi KOJJOM MEMOS

b. Bazunes, J.W. Coenen

Bonbdpam y BUMIAAI MakpoOpalliB pO3MISAAETHECS B SIKOCTI OCHOBHOTrO Matepiany s nuepropa ITEPa.
[InaBneHast BombppaMy, pyX 1 pO3OpU3KYBaHHS pO3IUIABY PO3TIBIIAIOTHCS B SIKOCTI OCHOBHUX MEXaHi3MiB
TMOIIKO/DKEHHS TIOBEPXHI, [II0 BU3HAYAIOTh Yac JKUTTS €JIEMEHTIB IUBEpTOpa. EKCIIEpUMEHTH 3 TPUBAJIUM BIUTHBOM
IUTa3MHA Ha METaJeBi MOBEPXHI B CHIBHOMY MAarHiTHOMY ITOJIi TOKa3and, mo JxB-cuma, mo reHepyerscss TepMo-
eMICi€l0 eJIeKTPOHIB, AOMIHYETbCSA B MPHUCKOPEHHI IIapy poO3IUIaBy 1 MPHBOAWTH A0 BEIUKHX IIOIIKOIKCHb
noBepxHi. OmmncaHa dYHceTbHA MOJENb MOJIENIOBAHHS €po3ii MeTajeBOi MOBEPXHI NPH IUIa3MOBOMY BIUIHBI,
immemMenToBana B ko MEMOS. HaBeneHo pes3ynbTaté MOJENIOBaHHS €po3il BOJb(PPaMOBOi MillleHi, BUKIMKAHOT
TpUBAIMM BIUIMBOM IU1a3Mu B ekcriepuMeHtax B TEXTORI, mnpoenennoro 3D-epcieto komy MEMOS.
Po3paxyHkoBaHa epo3ist BoJb(paMy 3HAXOJUTHCS B PO3YMHIM 3rofi 3 €po3i€ro BOJb(PPaMOBOro JiMiTepa, siKa
crnocrepiranacst B ekcriepumenTax B TEXTORI. Jlani po3paxyHKy AO3BOJISIOTE POOMTH NPOTHO3M, IOJAO0 €po3ii
nosepxHi B ymoBax [TEP i JIEMO.
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