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Effects of Heat Source Arrangements on Marangoni Convection
in Electrostatically Levitated Droplets

S. P. Song,*P. Dailey,T and B. Q. Li*
Washington State University, Pullman, Washington 99164

A numerical study is presented of surface deformation, Marangoni convection, and temperature distribution
in an electrostatically levitated melt droplet under both terrestrial and microgravity conditions. The numerical
model is developed based on the boundary element solution of the electric field distribution outside the droplet,
which is then integrated with the weighted residuals method for determining the droplet shapes that are defined
by the balance of the electrostatic stresses, surface tension, and hydrostatic pressure when gravity is present. The
internal fluid flow and temperature distribution in the electrostatically deformed droplet are computed using the
finite element method. Computed results show that the electrostatic normal stresses induced by the applied electric
field deform the droplet by pulling at its two poles. Noticeable Marangoni convection results from all laser heat
source arrangements studied. Among these arrangements, the ring heat source produces the lowest velocity level
and the smallest temperature gradient, whereas the highest velocity and greatest temperature difference occur
when heating is applied at only one of the poles. For all cases, an increase in the droplet surface covered by the
laser beam helps to reduce the temperature difference and hence thermally induced flows in the droplet.

Nomenclature
= radius
geometric coefficient, heat capacity
= applied electric field
gravity constant, Green’s function for free space
unit vector of the ith and jth component
thermal conductivity
outward normal, its r and z components
net charge on the droplet
laser beam heat flux constant
= distance measured from the center
of the unformed droplet
= dummy variable for surface integral
, Tw, T, = temperature, temperature of surroundings,
reference temperature
= maximum and minimum temperatures
tangential vector
maximum velocity
velocity, velocity at discretized nodal points
unit vector of z direction, z coordinate
thermal expansion coefficient
surface tension
difference between 7}, and T,;,
delta function: 6;; =1 wheni =j; §; =0 when =
= emissivity
= permittivity of free space region designated €2,
molecular viscosity
0 direction
density
= surface charge distribution, Stefan-Boltzmann
constant
= stress tensor including electric pressure
= electric potential
= shape functions for velocity, temperature,
and pressure
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Q = computational domain

\Y% = gradient operator

Subscripts

d = droplet

i = ith point

[ = laser beam

1,2 = region inside and outside the droplet

Superscripts

ith and jth components
transpose

i, J
T =

I. Introduction

HEN a sample, solid or liquid, is charged positively and

placedin a static electric field pointingupward, the Coulomb
force is generated in the same direction of the electric field and
acts on the sample as a result of interaction between the impressed
chargesand the applied electric field. If either the electric field or the
appliedchargeis large enough, the Coulomb forcecanbe sufficiently
strong to balance the weight of the sample. As a consequence, the
charged sample is levitated against gravity. This well-known prin-
ciple of electrostaticsis the foundation upon which the electrostatic
levitationtechnologyis developed.Simple as it may seem, levitation
in an electric field requires a quite delicate feedback control mech-
anism to ensure stabilized levitation of a charged sample (Refs. 1
and 2; W. K. Rhim, Jet Propulsion Laboratory, California Institute
of Technology, personal communication, 1997).

Originally developed under terrestrial conditions, electrostatic
levitation is now being explored for microgravity applications. Be-
cause gravity is negligiblein space vehicles, the conceptoflevitation
by the electric forces is exploited to position the sample at a desig-
nated location and to preventit from drifting around in microgravity
environment. Levitated droplets have several very important appli-
cations. First, a levitateddroplet may be cooled far below its melting
point(i.e., ata large undercooling stage) without being subjectto the
container wall-inducednucleation, thereby providing a unique vehi-
cle for the experimental verification of the fundamental theory gov-
erning solidification phenomena, such as homogeneous nucleation
and grain growth in undercooled melts. Also, electrostaticlevitation
can be applied to determinethe thermophysicalpropertiesof various
materials, in particular, those that are of a high melting point and
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corrosivein nature,and also those at the undercooled stage, without
contamination resulting from container walls. Moreover, levitated
droplets allow better control of protein crystal growth from solu-
tions and hold promise for processing materials of ultrahigh purity.
These attractive features have been the major impetus for an inter-
nationally consorted effort to develop and constructan electrostatic
levitation device and install it permanently in the much publicized
International Space Station, which is under construction.

Electric fields have some advantages over other types of fields
such as magnetic fields, for levitation purposes. Perhaps one of the
most important advantages is that electrostatic levitation in princi-
ple can support any type of material including metals, semiconduc-
tors, and insulators, while magnetic levitationis limited to electrical
conductors. Also, for electrically conducting samples levitated in
vacuum, no internal convection results from the electric stresses,
since the whole droplet is at an equal potential and the Maxwell
stress inside the sample is uniform. This is extremely important for
some planned microgravity experiments to measure certain thermo-
physical properties, such as melt viscosity and surface tension by
induced droplet oscillation in microgravity, because a strong flow
can makeit very difficultto interpretthe experimentalmeasurements
accurately’™>

There appears to have been very limited literature devoted to the
internal convection and heat transfer aspects of the droplets levi-
tated in electric fields. The published work on electrostatic levita-
tion is concerned primarily with system design and control.2 There
also have been some analyses on an inviscid oscillation of charged
dropletsforsimpleelectricfield configuration and shape stabilityS %
Information on electromagnetic and transport phenomena in elec-
trostatically levitated droplets is very scarce, however, despite the
growing importance of electrostatic levitation in the microgravity
research community. An exception is the work by Sadhal et al.,
who derived analytical expressionsfor the temperature and internal
flow in a liquid sphere under the assumption of pure thermal and
momentum diffusion” Drop shape deformationinduced by electric
fields, however, was not considered. Experience with earthbound
electrostatic levitation has suggested that internal fluid flow may
develop in levitated droplets. Whereas electrostatic forces are not
responsible for an internal flow in a conducting sample, it can arise
from other sources. For example, under terrestrial conditions, natu-
ral convectionoccurs due to a temperature difference in the droplet.
In addition, Marangoni convection may be induced in a levitated
droplet when its surface tension varies with temperature >'° These
thermally induced flows are sensitive to the heat source arrange-
ments used for dropletheating, which vary dependingon the specific
system design or experiment. Knowledge of heat source effects on
the internal flow is of critical importance for an accurate interpreta-
tion of the experimental measurements obtained from the levitated
droplet, for levitation system development, and for a fundamental
understanding of the droplet behavior.

This paper describes a numerical study of surface deformation,
fluid flow, and thermal phenomena associated with an electrostat-
ically levitated droplet, focusing on the effects of heating source
arrangements on the Marangoni convection and temperature distri-
butions. The motivation for the work is derived from the need to
develop a good understandingas well as first principal estimates of
electrostatically induced surface deformation and temperature and
internal fluid flowfields in these levitated droplets. The information
should be of great value in establishing a rational basis for devel-
oping electrostatic levitation systems for space applications as well
as for planning relevant experiments in space shuttle flights or in
the upcoming International Space Station. For this purpose, first
principal numerical models are developed to predict the thermal
and fluid flowfields and electrostaticallyinduced deformation of the
dropletslevitated in electrostatic fields. The computational method-
ology entails the mixed use of boundary element and finite element
methods. The boundary element method is employed to obtain the
solution for the electrostatic field, which is then coupled with the
weighted residuals method for an iterative solution of the equilib-
rium free surface shapes of the levitated droplets. The temperature
distribution and fluid flowfield in the droplets are calculated using

the finite element method. Numerical calculations are performed to
obtain information on both the steady-state and the transient evo-
lution of thermal and fluid flowfields in the levitated droplets for
various heating arrangements that either have been applied or are
being considered for electrostatic levitation. The transient results
are useful for assessing the behavior of the levitated droplets as they
are cooled into undercoolingregions. Both microgravity and terres-
trial conditions are considered; the latter is useful for ground-based
testing of electrostaticlevitation processes.

II. Mathematical Formulation

The problem under considerationis illustrated in Fig. 1. An elec-
trically conducting liquid droplet, charged positively, is suspended
in an electrostatic field generated by two horizontal, parallel elec-
trodes placed far apart (Fig. 1a). Two laser beams are applied in the
areas around the north and south poles to melt the sample and/or
heat it up to a designated temperature (Fig. 1b). The droplet shapes
are defined by the balance of the local forces acting along the free
surfaces, which include the electric stresses and the surface ten-
sion forces. The electric stresses can be computed when the electric
field distribution along the droplet surface is known. To obtain the
field distribution, the Maxwell equations need to be solved. For
the present problem the equations simplify to a partial differential
equation involving the electric potential only.'® For an electrically
conducting droplet such as a molten silicon or metal droplet, only
the electric potential outside the droplet is needed, since the elec-
tric field inside the droplet is identically zero by the Gauss law.®
Thus, the equations governing the electric potential distribution in
the region outside the droplet can be written as follows!!:

Vo =0, €D )]

D = D, €EQ N, 2)

&n- VO = —g,, EQ NQ, 3)

# o,ds = —# gon-Vdds = Q, EQNQ, @)
o o

® = —FERcos0, R — oo ®))

with @, being the unknown constant potential of the surface of
the droplet, which is calculated by the surface integral representing
charge conservation, as expressed in Eq. (4).

Asdiscussedinthe Sec. I, theinternal convectionin an electrically
conductingliquid dropletis attributed to thermal effects only, which
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b) Laser heating arrangement

a) Levitation mechanism

Fig. 1 Schematic representation of a positively charged melt droplet
levitated in an electrostatic field.
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in turn are determined by laser heating and radiative heat loss to
the environment. The mathematical description of the fluid flow
and temperature distribution in the melt droplet electrostatically
levitated in microgravity is given by the Navier-Stokes equation
and the thermal energy balance equation, viz.,

V U = 0, G.Q] (6)
0
po+pu-Vu==Vp+V-1Vu + (V)| = pg(T = T,)
€, (7)
oT
pcpg +pCpu-VT =V -kVT, €Q, 8)

These fluid flow and heat transfer equations may be solved subject
to both thermal and mechanical boundary conditions. Across a free
surface, the normal velocity must obey the kinematic condition and
mechanical stresses must be continuous. These, along with the ther-
mal environment given in Fig. 1b, are formulated mathematically
and stated as follows:

—kn-VT = 5ch(T4 - T;) - Qoe_'lzlalz, EOQNQ, (9

u-n=0, €EQ N, (10)

n-6-n=2yH, €EQ N, (11)

t-5on=4 97 €EQNO (12)
o n_dT s 1 2

Clearly, the last equation represents the flow along the surface of
the droplet induced by surface tension force if it is a function of
temperature.

III. Methods of Solution

The preceding equations, along with the boundary conditions,
are solved by the boundary element and finite element methods.
Computer programs were developed for the calculations. Because
the numerical details including program structure and accuracy of
calculationsare documentedin other related publications,!>~'# only
a brief outline is given here.

The scalar equation describing the electric potential distribution
is solved by the boundary element method. The method is uniquely
suitable for the solution of these types of problems and is superior
over domain-based methods such as the finite element and finite
difference methods. This is because the present problem involves a
boundary at infinity, and as such, domain-based methods would re-
quire the discretization of the entire free space outside the droplet.
In contrast, the boundary element method automatically incorpo-
rates the boundary conditions at infinity directly into the integral
formulation':

oG oD
Co; + | ®&—dr=| —Gdr'+ | En,Gdl
00 an 00 an 00

G
- / Ez— dT" — C,Ez; (13)
0 on

where 002 designates the surface of the droplet. To complete the
solution, Eq. (4) is discretized and solved along with this equation
to obtain the distribution of 0®/on and @,.

With 0®/0n known, the electric pressure [=—gy(n - V®)2/2] is
readily obtained,and thus the droplet shapes may be calculated.® To
simplify the computations, the hydrodynamic pressure and viscous
contributionto the shape deformationis neglected. Thus for the cases
consideredin this study, the surface shapes are determined primarily
by the balance between the surface tension and electrostatic forces.
To facilitate the calculations, the normal stress balance equation
is more conveniently written in a spherical coordinate system and
solved using the weighted residuals method (WRM). To derive the
formulation, the surface of the droplet is discretized and defined

by R;, the distance between the surface node and the center of the
droplet. Following the procedure of the WRM,'* one has the final
equation for the surface coordinates R (Ref. 13):

/" {RRg(dw,./de) + v (2R? + R2)
0

v R? + R}

Vo)
+ RZV/I(K + BRcosO — M)} sin0do =0

2y
(14)

The constraints of the volume conservation and the center of mass
of the electrostaticallylevitated droplet are needed to determine the
shape and position of the droplet:

/ R*sin0do =2 (15)
0

3 T
gf R*cosOsin0do =z, (16)
0

where z. is the center of mass. The free surface may be discretized
into N elements and Eqs. (14-16) are integrated numerically.'?

With the surface shapes of the droplets known, the governing
equations for the thermal and fluid flowfields along with the bound-
ary conditions are solved using the Galerkin finite element method.
To do that, the dropletis discretized into a group of elements, over
each of which the dependentvariablesu, P, and T are interpolated
by the shapefunctions ¢, v, and 6. Substitutingthe precedingequa-
tions into the governing equations and requiring that the residuals
of the resultant equations be orthogonal to the shape functions, the
Galerkin integral form of the governing equations for the fluid flow
and heat transfer can be obtained as follows:

[_/ w(j-Vo" + 8,9 r)dV:|U,~ = —s(/ wy! dV)P
17)
(/ p¢¢Tdv>%+ (/ p¢u-V¢TdV>Ui

- / (f-V¢+52i¢/r)y/TdV:|P
Q

+ /n(V¢-V¢T+25Zi¢-¢T|rz)dV:|Ui

+ /n(f-v¢)(i-V¢T)dV:|Uj+</ pﬂ(pQTg)T
Q Q

/ n-&-ipds (18)

kYol

dT
(/ pC,,(p(pTdV>—+ (/ pC,,(pu-V(pTd\/)T
Q dt Q
1 1
+(/ kVo-Vo' dV Tz—/ qrds (19)
o 0Ly

Once the form of shape functions ¢, ¢, and y is specified, theseequa-
tions can be integratednumerically. The resultant matrix equationis
solved using the successive substitutionmethod and the time deriva-
tives are approximated using the implicit finite difference scheme.
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The computational procedure for the calculation of the electric
potential,free surface shapes, and thermal and fluid flowfieldsis out-
lined next. The calculation starts with an initial guess of a droplet
shape, followed by the solution of the electric potential and electric
pressure by the boundaryelement method and the free surface shape.
The electric potential is then updated with the calculated shape and
is used again to update the free surface shape for the next round
calculation. The iteration continues until a convergenceis achieved.
With the free surface shapes so determined, the fluid flow and tem-
perature distributionis calculated using the Galerkin finite element
method as described earlier. The computer programs developed for
these calculations have been checked against available analytical
and numerical solutions. For all of the test cases, the match was

within the machine accuracy> 13~

IV. Results and Discussion

The computational methodology described is capable of predict-
ing the electric field distribution,electric pressure distributionalong
the surface of adroplet,dropletshapes, temperaturedistribution,and
internal convection in the droplets driven by buoyancy and surface
tension forces. Extensive numerical simulations were carried out.
A selection of computed results is presented. In the present work,
we focus on the behavior of a silicon droplet with various heating
arrangements. Silicon was chosen because of its importance to the
electronicindustry and because it is one of the core materials being
considered for microgravity experiments. Unless indicated other-
wise, the computations were based on the physical properties and
parameters listed in Table 1. Figure 2 shows the boundary element
(heavy dots) and finite element meshes used for the computation.

Table 1 Parameters used in calculations

Si property Value
Tinent, K 1685
Qo, W/m? 1.5 x10°
ag, mm 2.5

P, kg/m3 2510

u, kg/m-s 0.94 X 1073
v, N/m 0.864
dy/dT, N/m-K -1.3x107*
k, W/m-K 138.5
C,, Jkg-K 1040
E,V/m 2.5 x10°
Emissivity & 0.3

B, K! 7.6 X107°
Pr 0.706 X 1072

Fig. 2 Finite element mesh and
boundary-element discretization for
numerical computations.
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A total of 48 linear boundary elements was used for the electric
field calculations, and 24 quadratic boundary elements for the free
surface computations. The thermal and flow calculations used 264
nine-node elements, with penalty formulation for pressure. A con-
vergence criterion of 1 X 10™* was set for relative error associated
with all unknowns whenever an iterative procedure was applied. To
determine the grid effect, differentmeshes and/or mesh distributions
were used. The final mesh, as shown in Fig. 2, was chosen based on
the criterion that any further refinement of mesh produces an error
of less than 0.1% (relative to the final mesh).

To assess accurately the hydrodynamic pressure and viscous ef-
fects on the drop surface deformation, we also carried out the cal-
culations of drop shapes with a full integration of thermal and fluid
flowfields and electric field. These fully coupled calculations in-
volved one additional iterative procedure that required updating of
hydrodynamic pressure and normal viscous stresses in the free sur-
face calculations and iterating among the electric, mechanical, and
free surface variables. The integrated calculations, when converged,
gave simultaneously the results of drop shapes, temperature and ve-
locity fields, and electric stresses along the free surface. Calculated
results for selected cases showed that the dynamic pressure and vis-
cous stresses together contributeless than 2% for the worst-scenario
case, but the inclusionof them increasesthe computationaltime sub-
stantially because the fluid flow computation now has to be included
in the free-surfaceflectric-field iteration loop. Additional numeri-
cal simulations indicated that, for dynamic pressure and viscous
stresses to produce more than 10% derivation in shape deforma-
tions, the drop must be heated to a very high temperature, typically
within a few degrees (K) to the vaporization point. These suggest
that, for applications considered for electrostatic levitation, drop
deformationis essentially defined by the force balance between the
electricand the surface tension forces along the free surface and that
the hydrodynamicpressure and viscous stresses can be neglected to
simplify the calculations. This is the approach taken in this paper.

A. Droplet Shapes

In microgravity, the electric forces are designed to position the
dropletin a designatedlocation. As a net lifting force is not needed,
the total net chargeis equal to zero. However, as the dropletis placed
in the electricfield, the electricfield is perturbedand induces surface
charges on the droplet. These induced surface charges interact with
the imposed electric field to ensure that the electric field inside
the droplet is zero or the entire droplet is at a constant potential.
While the net force is zero, the local electric force along the surface
is not zero, which must be balanced by the surface tension force,
thereby defining a free surface profile for the droplet. Because the
surface charges are negative on the lower half-surface and positive
on the upper half-surface, they combine with an upward electric
field to produce a force that pulls the surface away from the center.
Moreover, the surface charges are symmetrically distributed due to
the symmetry of the applied electric field. Consequently, the droplet
deforms symmetrically and is pulled outward from the center.

Under terrestrial conditions, on the other hand, the positive
charges interact with the imposed field to produce a net electric
force, which acts to balance the gravitational force so as to keep
the droplet levitated in air. For an electrically conducting sphere,
the resulting local surface charges are a sum of the induced electric
and the imposed charges and are nonuniformly distributed along
the droplet surface. These charges interact with the electric field to
produce an electric stress, which is then balanced by the mechan-
ical stress resulting from gravity effects and surface tension. The
equilibrium droplet shape in this case is plotted in Fig. 3. Clearly it
is different from that of microgravity conditionsin that the droplet
shape is no longer symmetric, as the lower half is flatter than the
upper half of the surface. Further calculations illustrate that an in-
crease in the applied electric field, or the density of surface charges
for the terrestrial case, causes greater surface deformation.

B. Thermal and Flowfields

As stated before, for an electricallyconducting melt, the Maxwell
stress is normal to the surface and thus no tangential shear stress
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Fig. 3 Comparison of free surface profiles of a Cu droplet in normal
and microgravity: 1, Eg =3.3 X 10° V/m and Q =1.56 X 10~° C (nor-
mal gravity); 2, E =3.3 X 10° V/m and Q = 0 C (microgravity gravity);
and 3, undeformed liquid sphere.

Fig. 4 Temperature distribution and internal velocity field in a Si
droplet with heating at the two poles (a; = 1.25 mm, @y = 1.5 mW/m?)
in microgravity: Vi, =13.1 cm/s.

componentsexist. Because this stress field is nonvorticalin nature, it
generatesno fluid motion in the droplet® However, internal convec-
tion in a droplet electrostatically positioned in microgravity occurs
when the surface tension varies as a function of temperature along
the droplet surface. Three laser beam heating arrangements that are
being considered at present are analyzed in this study: 1) heating at
the two poles, 2) heating at one of the poles, and 3) heating around
the equator by a ring source.

1. Case 1: Heating at the Two Poles

In this case the laser beams are applied to heat the regions around
the two poles. The heatingis symmetric with respectto the equatorial
plane, and the laser beams themselves are of rotational symmetry
with respect to the vertical axis, as shown in Fig. 1b. Because of the
laser heating, a nonuniform temperature distribution arises in the
droplet, which in turn induces the Marangoni convection. Figure 4
illustrates the thermal and fluid flowfields in the droplet when it
is heated to a designated temperature, assuming that a steady state
is achieved. The temperature contour clearly indicates that ther-
mal transport within the droplet is affected by convection at this
flow level. There exists a temperature difference of about 10 K in

the droplet, with the maximum temperatures at the two poles and
the minimum at the equator. This temperature difference produces
a recirculating Marangoni convection in the droplet such that the
fluid particle moves from the high-temperatureregion to the lower-
temperature region on the surface and inside the droplet from the
equator toward the pole regions. This recirculating Marangoni con-
vection may be readily explained. As the surface tension of Si de-
creases with increasing temperature, a higher surface tension exists
near the relatively cool equator. The higher surface tension exerts a
greater pulling force on a fluid element on the surface and thus pulls
the fluid element toward that region from the lower-surface tension
(or higher-temperature) part of the surface. To satisfy the flow conti-
nuity, the mass within the Si dropletmoves up from the equatorto the
poleregions, thereby forming an internal recirculating flow pattern.

In practice, when levitationis stabilized and the sample is heated
to a designated temperature, the laser beam is turned off and the
sample is allowed to cool below its melting point by exchangingen-
ergy with the environment. During this period, both fluid flow and
temperature distribution are evolving. The computational method-
ology discussed here may also be applied to predict the dynamic
development of these transient fields.

Figure 5 illustratesa set of snapshotsof the time-evolving velocity
and temperaturefieldsin a Si dropletafter the laser poweris switched
off and the droplet is allowed to cool to approximately 200 K below
the melting point. The calculations began with the initial velocity
and temperaturefields as showninFig. 4. This setof resultsindicates
that the radiative loss of heat to the surroundingsresults in a lower
temperature at the poles and a higher temperature at the center of
the sphere. A temperature gradient is also established such that
the temperature at the equator is now higher than that at the two
poles. This dynamic change in temperature results in the evolution
of the fluid flowfield in the droplet. The internal flow reverses its
rotating direction at some point in time after cooling takes place,
and at this point two competing recirculatingloops occur. The outer
loop originates from the fact that the temperature at the pool cools
below that at the equator plane and hence the surface tension forces
tend to drive the fluid particles from the equator to the poles along
the surface of the droplet. The inner loop, on the other hand, is a
carryover from the initial flowfield and becomes weaker as cooling
continues. Eventually, the inner loop is engulfed by the outer loop
entirely.

Both transient and steady-state calculations were carried out for
the electrostaticallylevitated Si droplets heated with the same heat-
ing source under terrestrial conditions. The recirculating flow pat-
terns and thermal decay behaviorare very similar to those described,
indicating that the buoyancy effects are negligible in comparison
with the surface tension effects for these droplets. Numerical re-
sults show further that the internal recirculating pattern and thermal
decay behavior remain basically constant as laser heating area g, is
changed. However, the velocity level (or maximum velocity) is a
strong of function of the laser heating area in that a smaller temper-
ature gradient and hence a lower maximum velocity result from a
larger area covered by the laser heating beam. The computed results
for different-sizedbeams are given in Table 2 for both terrestrialand
microgravity conditions.

2. Case 2: Heating at One of the Poles

This heating configuration is similar to case 1 but with only one
laser beam directed at the sample. A situation like this can occur
when additional instruments are mounted to obtain certain informa-
tion on the droplets. The steady-statethermal and fluid flowfields for
this case are given in Fig. 6, and those when the droplet undergoes
coolingare plottedin Fig. 7. The temperature contour and fluid flow
recirculating pattern differ from that describedearlier. In the present
case, there exists only one large toroidal velocity loop recirculating
in halfof the droplet, with the rotationalaxis defined by the axial axis
of the laser beam. Both the maximum velocity and the temperature
difference (i.e., between the maximum and the minimum tempera-
tures) are higher. The thermal contour is also remarkably different
in that the highest temperature occurs at the point facing the laser
beam and the lowest at the opposite point along the rotational axis.
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Fig. 5 Dynamic development of temperature and internal convection
fields in a Si droplet as it undergoes cooling in microgravity with heating
at the two poles.

Table 2 Effects of heat source arrangements on temperature
difference and maximum velocity in an electrostatically levitated
silicon droplet

Case a,mm Qy, mW/m> Ty, K AT, K Upax,cm/s

g=0

Symmetric 0.75 5.2 1703.7 223 21.22
heatingat  1.25 1.5 1709.7 115 13.1
two poles  1.85 0.65 1719.0 6.6 10.03

2.276 0.27 1694.1 1.8 3.6

Asymmetric ~ 0.75 10.5 1717.0  46.7 32.38
heatingat  1.25 3.0 17134 25.7 21.8
one pole 1.85 1.25 17040 168 17.67

2.276 0.55 1709.7  10.5 13.4

Ring heat 0.75 0.66 1695.0 5.5 9.91

source 1.25 0.43 1704.2 4.6 8.78
2.25 0.25 1705.0 3.1 6.51
3.011 0.19 1708.3 1.4 3.28

g =981, m/s?

Symmetric 0.75 5.2 17054  22.74 21.18
heatingat  1.25 1.5 17225  12.0 13.3
two poles  1.85 0.65 1720.3 6.8 10.09

2273 0.27 1700.1 1.7 3.5

Asymmetric ~ 0.75 10.5 17222 47.57 32.43
heatingat  1.25 3.0 17186  26.3 21.9
one pole 1.85 1.2 1708.0 17.12 17.85

2273 0.55 17143 10.5 13.4

Ring heat 0.75 0.66 1693.4 5.5 9.91

Source 1.25 0.43 1703.2 4.7 8.82
225 0.25 1704.3 3.13 6.54
3.043 0.18 1687.0 1.3 3.12

Fig. 6 Temperature distribution and internal velocity field in a Si
droplet with heating at one of the two poles (¢;=1.25 mm, Qo=
3.0 mW/m?) in microgravity: Viyax = 21.8 cm/s.

As one might expect, the timely change of the velocity and tem-
perature fields is also different in the droplet when the laser beam
is shut off to allow the droplet to cool into the undercoolingregion.
Initially, the single flow loop occupies the entire droplet. As time
goes by, a second loop starts to appear near the north pole and grad-
ually evolves and enlarges in size until it occupies the whole upper
half of the droplet. This change in flow structure is accompanied by
the temperature change, which gradually evolves into a symmetric
pattern with the temperature highest at the equator and decreasing
toward the two poles, as appearsin Fig. 7.

Calculations were also carried out for terrestrial conditions and
for differentheating sources. As in the case of the symmetricheating
(or heating at the two poles), buoyancy effects play a minor role,
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Vmax = 0.9 cm/s; time=5 s

Fig. 7 Dynamic development of temperature and internal convection
fields in a Si droplet as it undergoes cooling in microgravity with heating
at one of the two poles.
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Fig. 8 Temperature distribution and internal velocity field in a Si
droplet with a heat ring source around the equator (¢;=1.25 mm,
Qo =0.43 mW/m?) in microgravity: V., = 8.78 em/s.

and a larger laser beam coverage results in a reduction of velocity
intensityin thedroplet,asis evidentfrom Table 2. Also, the evolution
of fluid flow and thermal fields inside the dropletfollows very similar
patterns, as shown in Fig. 7.

3. Case 3: Heat Ring Source Around the Equator

In this heating configuration, a ring heat source is located around
the equator of the droplet. The steady-state thermal and fluid flow-
fields for this case are given in Fig. 8. It is noted that, for this type
of heating, the flow recirculatesin the opposite direction as shown
in Fig. 4 and the fluid particles on the droplet surface move from
the equator to the two poles. This is readily explained by the fact
that, for this type of heating, the higher temperature occurs at the
equator plane and temperatures are lower near the two poles. Unlike
the preceding two cases, the temperature contour remains the same,
with the higher temperature remaining at the equator plane, after
the laser beam is switched off. Because of this, the fluid flow recir-
culating pattern also remains the same. However, the magnitude of
both temperature and velocity in the droplet becomes diminished as
cooling continues. Calculations were also carried out for terrestrial
conditions and for various heating areas defined by a;. The results
are given in Table 2. Again, the natural convection effects are mini-
mum and contribute at most about a 5% difference. Also, the larger
laser beam coverage results in a lower velocity and a more uniform
temperature distribution in the droplet. Furthermore, inspection of
the results in Table 2 also indicates that a ring heat source is prefer-
able, if the instrument arrangement allows, as the convection and
thermal nonuniformity are much reduced in comparison with two
other cases. Care, however, has to be exercised to position the drop
at the center of the heating source, because any perturbations would
cause deleterious unsteady flows. In this regard, a microgravity en-
vironmentcan be particularlyusefulin that only a minusculeelectric
force is required to control the drop in position.

It is noteworthy that hydrodynamicinstability in thermocapillary
flows may occur under certain conditions, and its occurrence de-
stroys the symmetric steady-state flow structure, thereby leading
to oscillatory or three-dimensional flows.!%!” The phenomenahave
been analyzed for other configurations. On the basis of the criteria
published, all of the cases presented are estimated well within the
stable regime. Of course, detailed study is required to establish a
precise criterion for levitated drops, which is beyond the scope of
this work. Nonetheless, the computational methodology and results
presented should serve well as a basis on which instability studies
on drops are carried out.
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V. Conclusion

A numerical study of surface deformation, Marangoni convec-
tion, and temperature distribution in an electrostatically levitated
melt droplet under both terrestrial and microgravity conditions has
been presented. In developing the numerical model for the study,
the boundary element method was applied to obtained the solution
of the electric field distributionoutside the droplet. The equilibrium
droplet shapes are defined by the normal stress balance equation in-
volving electrostatic stresses, surface tension, and hydrostatic pres-
sure when gravity is present. The equation was solved using the
weighted residuals method. The internal fluid flow and temperature
distribution in the electrostatically deformed droplet were calcu-
lated using the finite element method. Numerical simulations were
carried out for the effects of different heat source arrangements on
the thermal and fluid flow behavior of the droplet. The results show
that the droplet deforms into an ellipsoidal shape under the pulling
action of the electrostatic normal stresses induced by the applied
electric field. A noticeable Marangoni convection can occur for all
of the laser heat source arrangements. Among the three arrange-
ments examined, a ring heat source gives rise to the lowest velocity
level and temperature gradient, whereas the largest velocity and
temperature difference occur when heating is applied at only one of
the poles. For all of the cases, a larger laser beam coverage results
in a reduction of the temperature difference and thermally induced
flows in the droplet. To eliminate completely the convection in the
droplet, a uniform heat source needs to be applied. The computa-
tional methodology presented should be very useful in exploring
various heat source designs for electrostatic levitation applications.

Acknowledgment

Financial support of this work by the NASA Microgravity Sci-
ence and Applications Division (Grant NAG8-1477) is gratefully
acknowledged.

References
IRhim, W. K., Chung, S. K., and Barber, D., “An Electrostatic Levitator

for High Temperature Containerless Materials Processing in 1-g,” Review of

Scientific Instruments, Vol. 64, No. 10, 1993, pp. 2961-2970.

2Rhim, W. K., “Thermophysical Property Measurements of Molten Semi-
conductors,” NASA Microgravity Materials Science Conference, edited by
F. Szofran, D. McCauley, and C. Walker, NASA Conf. Publication 3342,
1997, pp. 427-432.

3Z0ng, J.-H., Li, B. Q., and Szekely, J., “The Electrodynamic and
Hydrodynamic Phenomena in Magnetically-Levitated Droplets, Part 1.

Steady State Behavior,” Acta Astronautica, Vol. 26, No. 6, 1992, pp. 435-
449.

4Zong, J. H., Li, B. Q., and Szekely, J., “Electrodynamic and Hydro-
dynamic Phenomena in Magnetically-Levitated Molten Droplets: Transient
Behavior and Heat Transfer Considerations,” Acta Astronautica, Vol. 29,
No. 4, 1993, pp. 305-311.

5 Song, S. P,,and Li, B. Q., “A Boundary/Finite Element Analysis of Mag-
netic Levitation Systems: Surface Deformation and Thermal Phenomena,”
Journal of Heat Transfer, Vol. 120, No. 2, 1998, pp. 492-504.

Taylor, G. 1., “Studies in Electrodynamics,” Proceedings of the Royal
Society of London, Vol. 291, 1966, pp. 159-166.

7Adornato, P. M., and Brown, R. A., “Shape and Stability of Electro-
statically Levitated Drops,” Proceedings of the Royal Society of London,
Series A: Mathematical and Physical Sciences, Vol. 389, No. 1796, 1983,
pp. 101-117.

SFeng, J. Q., and Beard, K. V., “Small-Amplitude Oscillations of Elec-
trostatically Levitated Drops,” Proceedings of the Royal Society of London,
Series A: Mathematical and Physical Sciences, Vol. 430, No. 1878, 1990,
pp. 133-154.

9Sadhal, S. S., Trinh, E. H., and Wagner, P., “Thermocapillary Flows
in a Drop with Unsteady Spot Heating in a Microgravity Environment,”
Microgravity Science and Technology, Vol. 9, No. 2, 1996, pp. 80-86.

0L, B. Q., and Song, S. P, “Surface Oscillation and Fluid Flow
in Magnetically-Positioned Droplets Under Microgravity Conditions,”
Japanese Journal of Microgravity Science, Vol. 15, 1998, pp. 331-336.

UTackson, J. D., Classical Electrodynamics, Wiley, New York, 1976.

12Song, S. P, and Li, B. Q., “Coupled Boundary and Finite Element
Computationof Magnetically-Levitated Droplet Shapes,” Boundary Element
Technology XII, edited by J. 1. Frankel, C. A. Brebbia, and M. A. H. Aliabadi,
Wessex Inst. of Technology, Southampton, England, U.K., 1997, pp. 239-
250.

13Song, S.P,and Li, B. Q., “A Coupled Boundary/Finite Element Method
for the Computation of Magnetically- and Electrostatically-Levitated
Droplet Shapes,” International Journal for Numerical Methods in Engi-
neering, Vol. 44, 1999, pp. 1055-1077.

4Song, S. P, Li, B. Q., and Khodadadi, J. A., “Coupled Boundary/Finite
Element Solution of Magnetothermal Problems,” International Journal of
Numerical Methods for Heat and Fluid Flow, Vol. 8, No. 3, 1998, pp. 321~
349.

I5pan, B., Li, B. Q., and de Groh, H. C., “Magnetic Damping of g-
Jitter Induced Flow in Microgravity,” Spacebound-97: Experimental Meth-
ods for Microgravity Materials Science, edited by J. Sygusch, Canadian
Space Agency, Montreal, QC, Canada, 1997, pp. 347-360.

16Wanschura, M., Shevtsova, V. M., and Rath, H. J., “Convective Insta-
bility Mechanisms in Thermocapillary Liquid Bridges,” Physics of Fluids,
Vol. 7, 1995, pp. 912-918.

Davis, S., “Thermocapillary Instabilities,” Annual Review of Fluid Me-
chanics, Vol. 19, 1987, pp. 403-435.



