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Most important mechanisms of melt splashing and melt bridge formation under ITER transient heat loads are
analyzed. Approximate criteria for droplet gection are used to find the range of transent events where the droplet
injection is absent. The critical radius of brush edges rounding which prevents the bridge formation at the macrobrush

edgesis determined.
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INTRODUCTION

Tungsten in form of a macrobrush structure is one of
candidate materials for ITER divertor. In the tokamak
ITER even for moderate and weak ELMs with a rather
weak evaporation rate, when the vaporized material does
not protect the armour surface from the impacting plasma,
the main mechanisms of metalic armour damage is
surface melting and melt motion erosion caused by direct
action of dumped plasma which moves with the vel ocities
of 10* — 10° m/s aong the target surface. In case of strong
transient events such as the Type | ELMs and the
disruptions the heat loads of GW/m? range result in
melting and a violent evaporation at the surface of
metallic divertor armour. Due to formation of an ionized
vapor shield the exposed target is essentialy protected
from the main heat load, and the evaporation is mainly
caused by the radiation from the plasma shield. Due to
finite width of the shidding layer, an inhomogeneous
distribution of plasma pressure along the target surface
forms. The pressure gradient generates a rather intense
plasma motion aong the surface [1] with plasma
velocities of 10° —10° m/s.

Earlier the melt motion erosion at the surface of bulk
and W-macrobrush brush tungsten armour caused by
single and multiple transient events (TE) was numerically
investigated using the code MEMOS [2-4] without
accounting the droplet formation and melt splashing
under the high heat loads. However, formation of droplets
and the splashing of melt layer anticipated during ITER
ELMs and disruption therma quench phase may be
substantial for the erosion of W armour. Under typical
ITER TE the droplet formation may be caused by rapid
growth and further breakaway of liquid at the peaks of the
waves generated at the liquid — incident plasma interface
(in case of weak ELMs), or the liquid-plasma shield
interface (in case of essential evaporation during intense
TE), or a the interface between moving melt layer and
background solid surface. Depending on the intensity of
TE, different mechanisms may be responsible for those
perturbations. In the case of weak ELMs the direct action
of the plasma stream impacting on the target surface
under a rather low angle of 2-5 degree produces the
perturbation of Kelvin-Helmholtz type (KH) at the liquid-
plasmainterface. In the case of strong TE with developed
plasma shield, small initia perturbations of the surface
heat loads together with a rather rapid vapor flow aong
the target surface are responsible for the liquid-vapor
interface perturbations of different types, like the
instabilities by Kevin-Hdmholtz, Rayleigh-Taylor, and

the capillary wave instabilities. The Rayleigh-Taylor
instability may al so generate the perturbations growing in
the melt layer at the macrobrush edges which may lead to
the formation of the bridges between the brushes.

Droplet splashing of thin liquid films was investi gated
mainly for three cases. a gasliquid flow in channels
(annular flow) [5], droplet formation under intense laser
heat loads and laser welding (for instance [6,7]), and the
impact of either droplets or liquid spray on the solid walls
[8,9]. The case of annular flow is the most investigated
case, the experimental data on droplet formation, their
size distribution and droplet velocities in annular gas
liquid flows and several models of droplet formation are
reviewed in [5]. The most developed model is based on
the Kelvin-Hdmholtz instability mechanism. In case of
the droplet impact at the solid surface the Rayleigh-Taylor
(RT) ingability plays a major role which can be aso
relevant to the melt layer splashing occurring during the
melt motion caused by the plasma stream.

In this study two most important mechanisms of melt
splashing and melt bridge formation under ITER TE heat
loads are analyzed, namely the growth of the bridges
between neighbor brushes and droplet splashing at the
brush edges due to the RT instahbility, the growth of
surface waves due to the KH ingtability caused by the
impacting plasma stream, and a simplified
phenomenological modd for practical estimations of mass
loss rate due to the droplet formation. The conditions of
intense droplet formation in the QSPA experiments [10],
in typical ITER weak ELMs, and ITER Type | ELMs
(giant ELMs) are analyzed. It is assumed that the droplets
are formed due to the breakaway of liquid at the peaks of
unstable waves. An approximate criterion for the droplet
gjection is applied based on comparison of surface energy
of a droplet with the kinetic energy of the surface layer
element of the velocity equal to that in unstable wave [6].
The critica radius of the brush edges rounding is
determined which prevents the growth of the RT
instability and bridge formation at the macrobrush edges.

1. ESTIMATION OF SPLASHING
THRESHOLD AND DROPLET FORMATION
DUE TO THE RAYLEIGH-TAYLOR
INSTABILITY AT THE MACROBRUSH
EDGES

For droplet formation, the brush edges are the critical
points of macrobrush geometry. The macrobrush edges
are assumed as convex corners rounded with a radius R
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The sharp brush corners can be considered as convex
edges having a small radius R << 1 cm. There are two
main mechanisms of the melt splashing a the brush
edges. The first one is the separation of the liquid from
the solid surface and the second one is the Rayleigh-
Taylor instability. Both effects are caused by the
centrifugal force of longitudinal melt motion along the
convex corner.
Separation of melt as a splashing mechanism.
The mation of the liquid film aong the macrobrush edge
of aradius R is stable if the centrifugal force is smaller
than the capillary force. The balance of these forces gives
the stahility criterion:
r Vrﬁax :é
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The centrifugal force is in the left side and the capillary
force in the right hand sde of Eq.(1.1). The surface
tension s , the liquid density r and the melt thickness

h. The eguation gives the Taylor criterion on the
maximum splashing free velocity of the fluid [11]:
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The liquid film separation from the convex corner and

further splashing of the melt layer occurs as soon as
velocity of melt motion exceeds Vipax.

For the tungsten armor (s =2200din/cm, r =
17 gem®) and ITER transent events the maximum
vel ocities estimated from the Taylor criterion are:

For typical disruptions h~400 um, V,, =0.8m/s
For typical ELMs h~40 um V,, = 2.5 m/s. Typical

averaged melt velocities U obtained for W targets with
the MEMOS are below 1.5 — 2.0 m/s for the bulk target,

and U < 0.5 nv/s for the W macrobrush armour. In the
frame of the “shallow water” approximation [2-4] used in
the code it is assumed that the velocity of melt motion is
zero at the liquid - solid interface. The velocity reaches a
maximum vdue at the liquid - plasma interface. If
neglecting the influence of surface temperature gradient

upon the melt motion, U and the velocity at the liquid

plasmainterface V,, arereatedasV,, =1.5%J.

Thus the velocities of melt motion in the thin surface
layer do not exceed 2-3 m/s for the bulk target and are
below 0.75-1 m/s for the W-brush armour. Therefore at
the macrobrush edges the separation of melt layer from
the solid surface and violent melt splashing may occur for
the disruptions and not in case of ELMs. In the case of the
bulk target the melt separation from the solid surface may
occur bath for the disruptions and the ELMs.

The RT instability as a cause of melt splashing.

A rapid liquid motion in the melt layers along a convex
edge of W-brush can produces growing waves a the
plasmaliquid interface, named the Rayleigh-Taylor
instability [12] which in the rotating rest-frame of the
fluid is caused by the centrifugal acceleration in the melt
layer (see Fig. 1). The RT instability generated at the
liquid-plasma interface can lead to the extension of the
melt layer until the next macrobrush, thus producing the
bridges between the brushes after the resolidification as it
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is seen in the experiments [10] (see Fig. 2). Also the
droplets may form in perpendicular direction to the
convex surface splashing into the plasma shield.

melt layer

aRT

= /RT

Fig. 1. Sketch of droplet formation for the Rayleigh-
Taylor instability
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Fig.2. The view of the tungsten tile surface obtained
by means of electron microscope [ 10]

Let's assume that the melted material moves along the
top surface of the macrobrush with the convex brush
edges of aradius R. The velocity of melt motion along the
surface is V,,, the melt density r ,, and the surface

tension s . The centrifugal acceleration is given by
a, =V.2/R. The dispersion equation that describes the
RT perturbations of stationary moving melt stream in
linear approximation with the frequency W of sinusoidal
perturbations and the wave number k on the liquid
surface has the fallowing form:

13
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When Eq.(1.4) has complex roots, the perturbations grow
exponentially, which establishes the stahility criterion:

2
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The perturbations with k larger than the critical wave
number k; are unstable. The ks is given by

F Vi
sR

The surface tension stabilizes the perturbation with the
wave length | = 2p/k shorter than the critical wavelength
l &« =2p /k, given by

ke > (15)

| =2vsR (16)
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The maximum instability increment follows as
_0.62vp %1 w7

Yrr R3/4g 1/4
The increment gy corresponds to the wave with the
wavelength | r =2p /Kgr
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In assumption of exponential growth of RT the critical

edge convex radius Rgr can be found. At R> Rgr,

essential growth of instability and the bridges between the
brushes during the intense melt motion period t ,,, do not

occur. We assume that the growth of RT waves is
negligible if ggrt,, <1, from which the inequality
follows.
0.62v232r Y4t 1
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The critical edge convex radius Rg; follows from the
Eqg. (1.9) as

(1.9)
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With sufficiently rapid growth of RT-waves the liquid is
likely to splash normally to the convex surface. We
assume that the radius of droplets formed in this process

iS rgr =1 gr /4, sothat the volume of the dropletsisY =

=(4/3)p(rgr)®. The condition for the breakaway of droplet
with the given volume may be found in the assumption of

equality of the kinetic energy E, of the given liquid

Rer (1.10)

volume to the surface energy of thedroplet E:
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Here X = xoexp(ckrt) is a growing perturbation of the

melt surface. Thus the breakaway condition for the RT
waves is given by:

U, Eg=4pr% .
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After substitution of droplet volume Y the inequality
acquires the form:;
X g, 6s
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Substituting %:gmx the breakaway condition is

reduced as
X3 1 &s .
Orr Vrerlm

For the droplets to break away it is required that the RT-
wave's amplitude reaches the value in the right hand side
of Eg. (1.13) during the time of intense plasma motion
along the surface. In the assumption of exponential
growth of capillary waves Eq. (1.13) may be rewritten as

1 6s
Xo eXp(ggrt) 2 '
RT VIRt m

where X, is the amplitude of the incipient melt-surface
perturbation at the wavelength. It can be assumed that
Xo@h where h isthethickness of melt layer at the brush
edge. Then the characteristic time intervat ; for the
wave breaking is estimated:

(1.13)

(1.14)
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The rate of droplet production caused by the RT
instability (the number of droplets generated from the unit
surface per unit time) can be estimated using the
following assumptions:
a) the wavelength of RT waves with maximum ingability
increments has to be less than the thickness of the melt

layer h (otherwise the wave breaking will not occur):
Il wax /2ED (1.16)
b)The characteristic time interval t g for the wave
breaking (see Eq.(1.15)) has to be significantly less
than the time t . of intense plasma motion above the
melt layer.
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Fig. 3. Dependence of g gromth increment of

RT instability as function of the melt velocity for
different edge convex radius
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Fig. 4. Dependence critical edge convex radius
preventing intense bridge formation as function of
the mdlt vel ocity for different values of
characterigtic time of intense melt motion

For tungsten armor (s = 2200 din/cm, r = 17 g/om?)
the growth increment varies in the range 200-2000 s* for
convex edge radius R=0.1 cm and in the range 5000-10* s*
for R=0.001 cm (V,, varies in the range 0.4-2 m/s); see

Fig.3 in which the dependence of growth increment as a
function of melt vdocity is shown for different values of
convex edge radius. For instance when R@0.1 cm and
V,, »100 cm/s, we obtained for | =0.39cm that

Orr @10°s™ Thisvalue of | g ismuch larger than typical
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melt layer thickness expected after ITER ELMs. If
R @0.005 cm, the increment increases up to 10* s* for the
RT with wavelength | ; = 0.087 cm. If R@0.001 cm the

increment reaches 4-10° s* for RT with the wavelength
| gt = 0.039 cm. In this case the wavelength becomes
comparable with the expected melt layer thickness. That
demonstrates that in case of violent melt motion with the
melt velocity V,, =100 cm/s the sharp edge leads to a fast

RT instability and the droplet splashing can occur a the
brush edges with R<0.001 cm, for which the
incrementgg >4-10° s with  the  wavelength

| gy <0.039 cm.

In the opposite case the RT instability leads to the
bridges between neighbor brushes, but a large radius of
edge convex can prevent fast formation of bridges. The
dependences of critica edge convex radius as a function
of melt velocity are shown in Fig.4 for different values of
characteristic time of intense melt motion t ,, (0.5 ms,

1ms, and 2ms). From Eqg. (1.10) and Fig. 4 it for
example follows that in case of ITER like ELMs (or at the
conditions of the QSPA facility in Troitsk) with typica
time of melt layer existence t ,=1ms and the melt

velocity V., »100 cm/s the edge convex radius that

prevents the growth of RT instability and formation of the
bridges between brushes should exceed 0.12 cm.

In the experiments at the Troitsk facility QSPA with
the heat loads Q in the range 1.0~1.6 MJm? carried out
for the tungsten macrobrush targets with sharp bush
edges, overlapping the gaps between brushes and bridge
formation was observed with inggnificant droplet
injection after severa first shorts [27], which is in
qualitative agreement with the model described.

2. ESTIMATION OF DROPLET SPLASHING
CONDITIONS FOR QSPA EXPERIMENTS
AND ITERELMS

A rapid plasma flow aong a thin melt layer film
produces growing waves a the plasmaliquid interface,
which is cdled the Kelvin-Helmholtz instability. The KH
instability generated at the liquid-plasma interface can
lead to the droplets formation in perpendicular direction
to the liquid surface and splash the droplets into the
plasma shield. The KH dispersion equation for frequency
w of sinusoidal perturbations with the wavenumber k on
plane liquid surface has the following form

2r r K3
2 :_+p' - _+p' S_+ , (2.
(r pl rS) (r pl rS) (r pl rS)

where r ; is the vapor density of the plasma near the

(kvi)? +

melt layer surface, V|, the velocity of the plasma along

the liquid surface, r g and s are the density and the

surface tension coefficient of the melt layer, respectively.
According to the modd of the KH instability growth
described in Ref. [12] the maximum ingability increment

Omax @nd wavelength corresponding toiit |, are:
_2Ar pVv)*? _ s 22
S IV T VK
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As it was done in previous section for a sufficiently
rapid growth of the KH-waves, it can be assumed that the
radius of droplets formed in this process is
rew =! mex /4. The condition for breakaway of droplet

may be found in assumption of equality of the kinetic
energy of the given liquid volume to the surface energy of
the droplet. For the droplets to break away it is required
that the KH-wave's amplitude reaches this value during
the time of intense plasma motion along the surface and
the wavelength of the KH waves with maximum
instability increments has to be less than the thickness of
the melt layer (otherwise the wave breaking will not
occur). Thus in assumption of exponential growth of the
wave amplitude the characteristic time intervalt , for

the wave breaking can be estimated as:

( 1 6s
OmaXo VTkn s
where X, is the amplitude of the incipient melt-surface
perturbation at the wavelength.

In the case of weak ELMs expected in ITER
(Q< 25 MI¥m?) the velocity of impacting plasma aong
the divertor surface is to be V =10° m/s, the density of
impacting plasma is assumed to be N =10% — 10° m?,
The time of intense plasma motion above the melt layer is
expected as t < 340" s The thickness of melt layer

caculated for the W targets remains between 40 and
80 um. The KH instability analysis demonstrates that in
this case the plasma impacting on the target surface does
not cause growth of the KH instability waves therefore
the melt splashing would not expected.

For the experiments at the QSPA-T with the heat loads
1.0<Q <1.6 MIm? the following parameters of the
plasma are expected: 10* <V <10°> m/s, N <10 m™, the
time of intense plasma motion above the melt layer
negligible for Q <1 MJ¥m? and less than 3x10™* s for
1< Q <1.6 MJIm? The melt layer thickness calculated for
the W brush targets are about 10 pm for Q =1.3 MJm?
and increases up to 40 um for Q =1.6 MJm? The KH
instability analysis demonstrates that in this case the
plasma impacting on the target with velocities along the
surface V > 240" m/s can produce the KH instability
waves with the wave length less than the melt layer
thickness (H<40 um) and the time of wave breaking
below 10* s Thus for the rather high heat load
Q~151.6MIJm? intense droplet formation with
rew =! mex /4 ~ 10 pm may occur and mass loss from
the melt surface during t o =3x10 s are expected to be
more then 15 mg/cm?. In the experiments intense droplet
splashing was observed at Q > 1.3 MJYm?. Estimated mass
losses due to the droplet injection are in a reasonable
agreement with the experimental data obtained at the
QSPA facility [10].

tyy =In
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CONCLUSIONS

The Rayleigh-Taylor instability at the macrobrush
edges, the capillary-wave ingtability caused by violent
evaporation, and the Kelvin-Helmholtz instability due to
high speed plasma motion aong the target surface lay in
the background of melt splashing phenomenon. It is



concluded that for the ITER ELMs with the heat loads
below 2.5MJm? the met splashing due to droplet
formation would not be expected, but in case of ITER
disruptions a violent melt splashing may occur. It is
demonstrated that in the experiments at the QSPA facility
with heat loads exceeding 1.5 MJm? a violent melt
splashing caused by the KH instability may also occur. It
is aso demonstrated that rounded macrobrush edges
prevents intense bridge formation between the brushes.

REFERENCES

1. H. Wuerz et a. A 2-D numerical simulation of ITER-
FEAT disruptive hot plasma-wall ineraction and model
valiadation against disruption smulation experiments//
Fusion Science and Technology. 2001, v. 40, p.191-246.

2. B. Bazylev et d. Erosion of divertor tungsten armor
after many ELMs // Europhysics Conference Abstracts.
V. 27A, P-2.44.

3. B. Bazylev et a. Erosion of tungsten armor after
multipleintensetransent eventsin ITER // J. Nucl. Mater.
2005, v. 337-339, p. 766-770.

4. B.N. Bazylev e a. Erosion of macrobrush tungsten
armor after multiple intense transient events in ITER/
Fusion Eng. Design. 2005, v. 75-79, p. 407-411.

5. B.J. Azzopardi. Drops in Annular Two-Phase Flow //
Int. J. Multiphase Flow. 1997, v. 23, p. 1-53.

6.  A.B.Brailovsky, SV. Gaponov,  V.I. Luchin,
Mechanisms of melt droplets and solid-particle gection
from target surface by pulsed laser action // Appl. Phys. A,
1995, v. 61, p. 81-86.

7. A. Bogaerts, Z. Chen, R. Gijbels, A. Vertes. Laser
ablation for analytical sampling: what can we lern from
modeling // Spectrochimica Acta part B. 2003, v. 58,
p. 1867-1893.

8. I.V.Roisman, C. Tropea. Fluctuating flow in liquid
layer and secondary spray created by an impacting spray//
Int. J. Multiphase Flow. 2005, v. 31, p. 179-200.

9. A.L. Yarin, D.A. Weiss. Impact of drops on solid
surface: self-similar capillary waves and splashing as a
new type of kinematic discontinuity / J. Fluid Mech.
1995, v. 283, p. 141-173.

10. A. Zhitlukhin et a. Effects of ELMs and disruptions
on ITER divertor armour materials // J. Nucl. Mater. (to
be published).

11. Gl. Taylor. The dynamic of thin sheets of fluid. I
waves on fluid sheets // Proc. R. Soc. London A. 1959,
V. 263, p. 296-312.

12. PG Drazin, W.H. Reid. Hydrodynamic stability.
“Cambridge University Press’, 1981.

®OPMUPOBAHHUE KAIIEJIb HA IOBEPXHOCTH BOJIb®PAMOBbBIX MUIIIEHE
THUIA «MACROBRUSH» B TEPEXOJIHBIX PEXXUMAX UTIPa

b.H. Baszvines, U.C. Jlanoman

[IpoananuzupoBaHo pasButHe HeycrolunBoctell Poanes-Telnopa u  KenbBuHa-l'enbMmroneua, Kak MEXaHM3MOB
Ppa30pBIB3TUBaHMs paciulaBa MPU BO3JICHCTBHH MEPEXOTHBIX TEIUIOBBIX Harpy30K Ha AWBEPTOpHbIC MiacTHHEI B MITOPe.
[TpnbmkeHHBIE KPUTEPUM [UIS 3KEKIMM Kalenb ObUTM HCIIONB30BAHBI IS HAXOXKICHMS AWAla3OHa IEPEXOJHBIX
PEKMMOB, HE COIPOBOMKAAIOIINXCS KAIeIbHOW 3PO3UEH, M ONpEeneNeHUs] KpUTHIECKOro paguyca 3aKpyIJICHHUs] TPaHHMI]
SIIEMEHTOB JIMBEPTOPHBIX IUTACTHH THITA «Macrobrush».

®OPMYBAHHS KPAIIEJIb HA TOBEPXHI BOJIb®@PAMOBUX MILIIEHE
THITY «<MACROBRUSH» ¥ HEPEXIJIHUX PEXKUMAX ITEPy

b.M. Bazunes, I.C. Jlanoman

[IpoanamizoBaHO po3BUTOK HecTilikocTel Pemes-Teinopa i Kenppina-lI'enpMronbiia, Sk MEXaHi3MIiB pO30pH3KyBaHHSI
pO3IIIaBy IpH BIUIMBI IEPEXiTHUX TEIUIOBUX HaBaHTa)XKEHb Ha nuBepTopHi ruiactiaA B ITEPi. Habmmkeni kputepil ms
eXeKIii Kpamens OylmM BHKOPHCTaHI IS 3HAXOMKEHHS Jialma3oHy MEepexigHUX PEeKHMIB, IO HE CYIPOBOMKYIOTHCS
KPaIUTHHHOIO €pO3i€l0, i BU3HAYCHHS KPUTHYHOTO pajiiyca 3a0KPYIJICHHS TPAaHUIb €IIEMEHTIB AWBEPTOPHUX IDIACTHH
THITY «Macrobrush»,

39



