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Outline

= Classical Analysis of Kelvin-Helmholtz Instability

= Modelling of Kelvin-Helmholtz Instability
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Kelvin-Helmholtz Instability

— Plasma Flow Question: can the K-H instability
— p

S— p develop under these plasma flow
conditions with finger-like
projections that break off to form
droplets?

If the K-H instability can develop, then

~ 106
Vp 10° cm/s = what is a minimal wavelength and the speed
©,~107°glcm®  of plasma flow?

= what is the effect of the depth of melt layer?

Vin ~0710°cm/S a \what is the effect of a magnetic field and its
direction with respect to plasma flow?

forLi: ©.,~0.512g/cm3 h,~0.2cm
forW: ©,~17.6g/cm3 hy,~0.04cm N
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r, Classical K-H Instability Analysis

—>  Plasma 0 Sketch of th_e parallel f_Iow of !olasma a_nd
$Vp O, l « melt streaming respectively with velocity
= V, and V., of densities o, and 0

(0 n>>p ) and of interfacial tension 7.
Gravity acts in the negative z-direction.

Surface perturbation of the form:

V.~ 105cm/s .
Iop 109 g/cm3 7 = EDE,L(ka+k},y+nt)

P The curvature of the surface:
g~ 981 cm/s? K = K2z,ei(kxxtkyy+nt)

for W : » ~ 2300 dyn/cm
0.~ 17.6 g/cm3 with k = J;f}; 1+ kf,

for Li: » ~405dyn/cm  The pressure at the intertace:

0. ~0512g/cm® Pp = Pm + yK \ .
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Classical K-H Instability Analysis

Classical dispersion relation:

mVm + PV — K3y kx
n=—k, (pm m T Pp p) + (gxpm Pp n } )tanh(}ch,m) __xPmPp _ (L";n _ %)2
Pm T Pp Pm T Pp Pm T Pp (pm + pp)

phase velocity  stabilizing  stabilizing destabilizing inertia
of waves gravity for tension for
long waves short waves

1)/2

Instability = 22 (41> (5252 5 i,
y (,Dm + pp)z ot Pm T Pp Pm T Pp
Minimize this inequality relative x to find 9/ (x) _ 0o
a cut-off wavenumber from the condition: ) —

Kehm (F + yr&) (tanh® (khy) — 1) + (F — yred)tanh(xc hy,) = 0

F = g(pm — pp) - gravitational restoring force 5= i ar Equation

Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic
Stability, Oxford University Press, Oxford. oo W
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Classical K-H Instability Analysis

The case of deep melt:  h,, > = tanh(x:h,)—1

F—yki=0 = k.= g(Pﬂ;PPJ
Cut-off wavelength  Criterion for the velocity difference
4 +
A. = 2m Y (Vm — L‘E})E = il (Pm F’p)
\ Q‘(ﬂm - JDI-'?) Ac PmPp

The case of finite-depth melt:

numerical solution of the Non-linear Equation is required to find a
cut-off wavenumber and wavelength and to determine the minimal
relative speed for generation of the K-H instability

Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic
Stability, Oxford University Press, Oxford. e SN
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Classical K-H Instability Analysis

Magnetic field in the direction of flow

WV + o,V
o _kx (pm m ,Op p) i
Pm t Pp

1)/2

3
—_ K y + v
(ngm pp + (} }H)
PmtTPp  PmTPp

kz
)mnh(}ch,,n) _ xPmPp > (L’;n . %)2
(om + pp)

destabilizing inertia

of the waves gravity for tension for
pH? k2 I(_)ng Wa:cves short-waves |V _ | § LH? (Pm +Pp)
Yy = o 3 - Magnetic surrace tension m pl = | PPy

» the K-H instability will be additionally suppressed by a magnetic field
If the relative speed does not exceed the root-mean-square Alfven speed
Magnetic field transverse to the direction of flow

the dispersion relation is not changed

» development of the K-H instability in the direction of the flow is
unaffected by a magnetic field transverse to this flow direction

Chandrasekhar, S. 1961, Hydrodynamic and Hydromagnetic
Stability, Oxford University Press, Oxford. .
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Classical K-H Instability Analysis

 —
Plasma Flow

The case of a melt layer with
Infinite depth h, — oo

V, ~ 106 cm/s > perturbations  with  wavelengths
0, ~ 10 g/lem? smaller than a cut-off_ ~5.64 cm for Li
for Li - and ~2.2_9 cm for W will be_ stable due to
] ~5 6 4em suppression by surface tension

© - > waves can be created on the surface
Ve =95 10° ¢m/s with a wavelength greater than a cut-off

for W : when the relative velocity exceeds
A,.~2.29cm ~9.5-10° cm/s for Li and ~3.6-106 cm/s
V,~3.6- 106 cm/s for W | N
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Classical K-H Instability Analysis

— Plasma Flow The case of a melt layer with
finite depth h,, — Non-linear
Equation is solved numerically
to find a cut-off A for each h

18| 1 » cut-off wavelength Increases
el 1 with decrease of the thickness of
14l 1 a melt layer; it diverges for small

melt depth ~1.5 cm

Wavelength, (cm)
o
|
|

_ Li melt | > relative velocity decreases
T k 1 with decrease of the thickness h,
‘L. T—r————1 ofameltlayer

1 2 3 4 5 6 7 8 ST S
Melt thickness, h_ (cm) o, © N g
m B - 2 Ty i
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Classical K-H Instability Analysis
Summary

= waves with wavelengths below cut-offs, ~5.6 cm for Li and
~2.3 cm for W, will be suppressed on the surface of a deep
melt due to tension effects

= cut-off wavelength increases with decrease of the thickness
of a melt layer

= magnetic field transverse to the direction of the melt flow
has no the effect on development of the K-H instability
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Two-Fluid Computational Model

* fluids with different physical and thermodynamic
properties (out of thermodynamic equilibrium)

* fluids are separated by sharp interface
and co-exist at every point in space and
time with certain volume fractions

= each fluid Is governed by its own set of balance
equations closed by its own equation of state

= pressure and velocity relaxation procedures are used
to establish the mechanical equilibrium between fluids

»source terms can be included for dissipative
processes and phase transitions; equations for the
number density of bubbles, granules, etc. can be ad_,dgg
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Two-Fluid Computational Model

Mass conservation: plasma and liquid phase

dagpg , dagpgug  O0agpgVg  0AgPgWg

| | — 0
ot = ox 8y 0z
daipy | dapiuy | dapivy | dapiwy _ 0
ot  oax 9y 0z
ag and a; -gas and liquid volume fractions
(Ig + a, = 1
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Two-Fluid Computational Model

Momentum conservation: plasma phase

ad Fo) 5 5
agﬁptgug u dx (ﬂgpguﬁ, T Gfgpg) + 5 (aypgugvg) + Py (L‘Igpgugwg):

oa,p,v 0 9 3
yaty g4 . (Gfgpgvgug) + @ (agpgvj + a:gpg) + > (agpgvgwg) —

da,
= PIW+A(FE_T‘?§)
oa,p W 0 9 p
agrg—g
dt u dx (agpgwgug) +@(agpgwgvg) + @ (GfgngE -+ {,ifgpg) —
da,
— PIE + A(WE — Wg)
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Two-Fluid Computational Model
Momentum conservation: liquid phase

daipyuy 0 , 0 p
ot + g (ﬂ',{piul + ﬂ:lpl) + @ (aipiuivl) -+ & (alpiulwl) —
da,
- _PIW — A —ug) —aipg
dapiv; 0 i, 9
dag
— _PI W — /1(1?1 — T?g)
dajpyw; 0 0 9
ot ox (@pywiw) + dy (apwivy) + Ay (pwi + aypy) =
da,
= —PIE — A(W{ — Wg)
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Two-Fluid Computational Model

Energy conservation: plasma and liquid phase

da,E, 0 0 0
5 + T (ug(agEys + agpy)) + @ (vg(agEs+ agpy)) + Ep (wg(agEs + agpy)) =

da da da
== UIPIa_f‘l' prfa_::; + Wfpfﬁ_z‘,g_l_ﬂpf(pl + OK — pg)'l'

FAU; (u; — ug)+ AV (v — vy ) + AW, (W — wy) — agpgaugg

aHIEE a a a
o + o (ui(aEp + aypp)) + @(U’z(ﬂzEz + a;p;)) + Ep (wi (B + aipy)) =

Oag _ 9ag _
dx ay
=AU (u; — ug)—AVi (v — vy) =AW (w; — wy) — aipiug

da
= —U,P, VP, W, P, a—; —uP, (Pi + oK — pg)'

o - surface tension coefficient;  for tungsten g =2300 dyn/cm

V(IE .
Kk=-V- ( ) - Interface curvature
V|
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Two-Fluid Computational Model

Volume fraction equation
aag
dx

Stiffened equations of state
Pges = (Pg+ VgPo )/ (Vg —1); P1&1 = (L1 + ViPo)/ (v — 1).

o Jda da
a_f‘l‘UI +VI g‘l‘m g—_ﬂ(pl‘l‘ﬂ-}f_pg)

_1 2 2 2 . 1 2 2 2
kg = Ep.g(“:g t+vg +wg) + pgeq; Ep = Eﬁi(uz +v; +wi) + pe.

for tungsten:
Y1 = 2.2
Py = 1.41 Mbar

Interface pressure and velocities
AgPgUlgTaipiu
AgPgtaipg

P = AgPg T A1D1; Uy =

AgPgVgTAIPIV] W, — AgPgWgTaIPIW]
I — . Uk B,
agpg+aipy agpg+aipi woe, SN
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Two-Fluid Computational Model

A two-step numerical approach is used to solve the system of
eleven equations:

At step 1

= eleven two-phase flow equations are solved using the
MUSCL-TVDLF hyperbolic solver

= second order MUSCL-TVDLF numerical scheme was
elaborated, further developed and applied for the first time to
the 3D system of two-fluid flows

" new feature — non-conservative volume fraction equation
IS solved simultaneously with the balance equations

At step 2

" instantaneous pressure and/(or if needed) velocity
relaxation is performed to restore the equilibrium of the two
fluids W i
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2D Air-Helium Kelvin-Helmholtz Instability

roll up of initial horizontal air-helium interface

Air-Helium Kelvin-Helmholtz Instability : Mixture Density 10" Air-Helium Kelvin-Helmholtz Instability : Mixture Density x10°
gtime=0ms I ) ' I ' : , 1 B2 I time =0 ms 1 W12
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= broken vortex cores and development of spikes near the
Interface - variations in air density is necessary condition for K-H
= small vortices and broken droplets dominate in the late stages
= pinch-off of the interface with formation of droplets ‘%
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Plasma-Liquid Tungsten Instability

Plasma-Liquid Density Field, gA’cm3

2.5}

16
4 14

1 1 1 1 1 1 1 1 1 1
0 05 1 1.5 2 25 3 35 4 4.5 5
Y Coordinate, cm

Fq12

1+ 410

Plasma-liquid interface with
random initial perturbation

Plasma density: ~0.01 g/cm?
Plasma speed: ~10° cm/s

= disruption of the
Interface within the melt
depth ~1 cm

= formation of liquid
plumes, fingers and
droplets drugged by the
plasma flow

= topological structure of liquid patters is highly irregular — no
periodic array of compact spanwise K-H rollers

= velocity of liquid metal motion is ~2-5 m/s deeply inside the melt
layer; the velocity of melt fragments reaches up to ~150 m/s at

the surface
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Plasma-Liquid Tungsten Instability
1. Kelvin—Helmholtz instability mechanism: not observed

Plasma QSX %

Liquid Disturbance

» surface waves amplify forming finger-like projections
that break off to form droplets

» depth of the melt affected is of the order of the
wavelength of the surface disturbance

2. Plasma-driven flow instability mechanism: observed
» large droplets can be blown

out by shear forces acting on
ey 1 ' 1 the bulk of the molten metal

L}

* Impulse of the plasma flow can cause bulk fragmentation
of the melt layer with ejection of large particle fragments ‘%
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Conclusions

= high-speed (~104-10> m/s) and dense (>0.01 g/cm3) plasma
flows over the liquid surface can generate the ejection of droplets
from a homogeneous melt layer due to bulk shear forces

* introduction of bubbles and density inhomogeneities into a
melted layer can significantly change its behavior and cause
ejection of droplets for lower plasma densities and speeds

= for typical ELM parameters, these predictions mean no melt
splashing and droplet ejection from melt surface due to the K-H
Instability induced by plasma flow; JxB force could be the main
mechanism
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