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Abstract

The intense AC magnetic field required to produméthtion in terrestrial conditions, along with theoyancy and
thermo-capillary forces, results in turbulent coetixee flow within the droplet. The use of a homoges DC magnetic
field allows the convective flow to be damped. Howmethe turbulence properties are affected atdneestime, leading
to a possibility that the effective turbulent dangpis considerably reduced. The MHD modified K-Omégrbulence
model allows the investigation of the effect of metic field on the turbulence. The model incorpesafree surface
deformation, the temperature dependent surfacéotgnturbulent momentum transport, electromagnetid gravity
forces. The model is adapted to incorporate a geriaser heating at the top of the droplet, whielve been used to
measure the thermal conductivity of the materiatélgulating the phase lag between the frequentlyeofaser heating
and the temperature response at the bottom. Thenmeahsimulations show that with the gradual ilasee of the DC
field the fluid flow within the droplet is initiayl increasing in intensity. Only after a certainetbinold magnitude of the
field the flow intensity starts to decrease. Iderto achieve the flow conditions close to thenilaar’ a D.C. magnetic
field >4 Tesla is required to measure the therroalductivity accurately. The reduction in the A€ldi driven flow in
the main body of the drop leads to a noticeablembecapillary convection at the edge of the drapléte uniform
vertical DC magnetic field does not stop a tramsitet! oscillation of the droplet along the fieldhieh is caused by the
variation in total levitation force due to the tidependent surface deformation.

Introduction

A number of different methods have been developdich allow the noncontact electromagnetic levitatof liquid
metal droplets to be used to measure the propesfigsese highly reactive materials. Building ortegahnique for
measuring heat capacity and total hemisphericabswily used by Wunderlich & Fecht [1], Fukuyamaadt [2]
developed a technique for measuring thermal condtyctThe technique involves applying a periodisér heating to
the top of an electromagnetically levitated dropletl measuring the temperature response at thenboftthe droplet.
The thermal conductivity is determined by compatimg phase shift predicted by a semi-analytical eh@@], with the
phase shift determined by experiment [4]. The iséeAC magnetic field required to produce levitatinorterrestrial
conditions, along with the buoyancy and thermo-tayiforces, results in turbulent convective flavithin the droplet,
which stops an accurate measurement of the theromaluctivity being made. The use of a homogenousriagnetic
field allows convective flow to be damped. Howetlex turbulence properties are affected at the saneg leading to
a possibility that the effective turbulent dampiisyconsiderably reduced. The effectiveness of @maidar flow
damping as a function of the magnitude of the Daliifis investigated by Tsukada et al. [3] usingfthi#ge difference
numerical model for a fixed shape spherical dropldtere it is determined that the damping effecstatic magnetic
field > 5T are sufficient for accurate thermal coativity measurements. In the present work differeamerical
modelling techniques are used to investigate thectsf of turbulence and free surface deformatiorihenuse of the
period laser heating method of thermal conductivityasurement. The spectral collocation numericadeh{b] has
been used to solve the transient electromagnétid, flow and thermodynamic equations. The MHD exgradk - o
turbulence model [6] is applied to investigate ttuebulence damping effect due to the high magné&dd.
Alternatively the problem for a fixed shape dropdee solved by the use of the COMSOL code, gividditaonal
validation to the results and supplementing wittatied electromagnetic field representation. Botbdels have been
adapted to incorporate the periodic laser heatinth@ top of the droplet, which is used to meadhee thermal
conductivity of the material.

Description of numerical models
We seek the numerical solution of the turbulent rapotam and heat transfer equations for an incomibtedtuid:
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wherev is the velocity vector,p - the pressurey - the density, v is the effective viscosity computed from the 2-
equationk-o model),f is the electromagnetic forcg,- the gravity vectorT - the temperatureo. - the effective
thermal diffusivity (related to), C, - the specific heat, andf/c is the Joule heat. We are considering the flow
representation for an axisymmetric fluid droplet the spherical co-ordinates with the detailed rhoeleresentation
given in previous publications [5]. Thew turbulence model including the magnetic field darggs given as in [6].
The boundary conditions at the external free serfare stated for the hydrodynamic stress tefibaromponent
projections on the surface, and the interface jposR(t) is moving continuously with the calculated nmakvelocity
v(t):
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where the subscripts, ¢ correspond to projections onéy ande, - the normal and tangent unit vectors at the free

surface, J/(T) is the temperature dependent surface tension cieeffi K - the local curvature. The boundary
conditions for the turbulence variables are theeabs of in/out flux at the free surface:
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The thermal boundary conditions are the radiatmss land the time modulated laser heating at thep#op of the
levitated droplet:
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wherer .« is the radius at which the laser intensity is leg a factor of @ wse is the angular frequency of the beam,
a is the absorptivity, the intensity of the laseaiveat the centreline is related to the beam p&yeln the experiment
[3,4] a beam withPy=9.56W, I ase;= 0.002 M,caser = 0.1 is used.
Two types of mutually complementing numerical solus (COMSOL and SPHINX) are obtained for the peofl
stated with the equations (1)-(6). The oscillatinge surface solution is produced by the SPHINXechdsed on
continuous transformation functions for the continsly varying shape [5]. A spectral-collocation hwet is used to
solve the resulting equations, according to whighvelocity vector components and pressure aresepted as series
of Chebyshev polynomials and Legendre functions [5]
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Numerical modelling results

The problem for a fixed shape droplet can be solyethe use of the COMSOL code, giving additionalidation to
the results and supplementing with detailed elacagnetic field representation (Figure 1).
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Fig 1: Magnetic field distribution (T): coil cumée 375 A (peak, 5 turns) and -375 A (peak, toprag) at 200 kHz.

The finite element representation of the coil vétfinite cross section gives a possibility to conepile solution to the
often used filamentary approximation for the calbé. The comparison for the total force actinglangpherical shape



droplet at various axial positions, as it happenthe experiment when the centre of mass of thpleirés moving in
the vertical direction, gives evidence that to aaie accuracy the filamentary approach is suffitie accurate to
represent the effect of the coil. However, whempétsing the phase portrait of the rigid spherellasicins in the field
of this coil, we can conclude that a small deviataf the droplet in the vertical direction easigatls to an unstable
situation when the droplet will fall out of a stalbscillation orbit. Moreover, this translatiorescillation along the
vertical axis leads to a change in the Joule loaédsn the droplet, affecting the time dependessponse of the droplet
temperature. When the laser heating is added, tdulation frequency for the laser should be chdseing in a
different range to the transversal droplet osaddlz.

The droplet in experimental conditions is subjectatnoticeable surface deformation and an intemdritent flow is
developing in the droplet interior. These featusss addressed by the use of the SPHINX code. Imaltsence of an
additional DC magnetic field the computed flow d@adhperature distribution (without laser heatingy ahown in the
Figure 2. The rotational part of the time averag€delectromagnetic force creates an intense intélma of typical
magnitude of about 0.1 m/s, which permits to esténaatypical Reynolds number of the ordef 1This flow generates
a mildly turbulent flow where the effective turbnteviscosity and the thermal diffusion are enhanggdhe action of
the turbulence, see Figure 3 for the effectiveogdy distribution.
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Fig. 2: Velocity and temperature without DC field. Fig. 3: Velocity and turbulent viscosity distribori
without DC magnetic field.
T/T,=1.000 Reference Vector
/T, = 1.001 Reference Vector
0.1 mis
T/T,, = 1.004 b T/T, = 1.006
Fig. 4: Velocity and temperature with field8 1 T. Fig. 5: Velocity and temperature with field8 5 T.

In an attempt to damp this turbulent diffusion dahd electromagnetically driven convective flow, #ngthors of [3]
proposed to use a uniform vertical DC magnetidfi@hey observed that a relatively large field lobat 4 T is required



to bring the droplet to conditions close to theilzan flow and thermal diffusion. Our model perntitspredict the flow
behaviour when the DC field is being gradually eaged. At a moderate, B1 T, the flow intensityactually starts to
increase relative to the situation without the Dé&df Figure 4. This is explained by the turbulebeéng damped by
the magnetic field and the effective viscosity lgefeduced to almost a laminar value. But, at theestime, the large
scale circulation flow grows to a typical value afout 0.2 m/s in the presence of the reduced \itgcds further
increase of the DC field leads to the gradual deserein the average flow intensity, and the conastiapproach the
laminar viscosity and the heat transfer, as showtheé Figure 5. Comparing the Figures 2, 4 anddsvstthe effect of
the high DC magnetic field damping. At the highield values the thermocapillary effects start tonls¢iceable, as
these are apparently not damped easily by theracfithe DC magnetic field (Figure 5).

Finally the predictions of the modulated laser meptesponse as measured at the bottom of theedroph be seen
from the Figure 6, which is obtained for the coiadis when the turbulent flow is either suppressgthbe DC magnetic
field or assuming that the flow is absent. Both 8¥and COMSOL models were run with the laser freiey fixed

at 0.1Hz to understand the dependency of the plagsg on the thermal conductivity (W/mK). Fig. 6 shows the
temperature response at the bottom of the droplevdriousk over one cycle of the laser power modulation. The
average temperature decreases wkés reduced, but the phase lag increases. VWhkéd W/mK the phase lag is
approximately 90 Figure 7 shows the phase lag as a functidhafmputed with the numerical model. This gives a
possibility to quantify the experimental observatoand the relation between the phase lag and heenal
conductivity of the levitated liquid.
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Fig. 6: The temperature modulation states at thpldt Fig. 7: Phase lag as function of thermal condusstivi

bottom as a function of time.

Conclusions

AC levitated liquid metal droplet is subject togarscale internal flow and increased transfer pt@sedue to the small
scale turbulence. Additional DC field damping isrmeffective for the small scale turbulence, and tould result in
the increased large scale flow intensity. Suffidietarge DC magnetic field damps both the flow andbulence,
resulting in the conditions similar to laminar thiad diffusion. Thermal conductivity measurements an example of
possibilities for the material properties detectismg the high DC magnetic field.
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