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Abstract

Microgravity conditions pose unique challenges for fluid handling and heafetrapplications.
By controlling (curtailing or augmenting) the buoyant and thermocapillary ctomethe latter
being the dominant convective flow in a microgravity environment, signifiadvantages can
be achieved in space based processing. The control of this surfaoce tgadient driven flow is
sought using a magnetic field, and the effects of these are studigditetionally. A two-fluid
layer system, with the lower fluid being a non-conducting ferrofluidoissidered under the
influence of a horizontal temperature gradient. To capture the dabermterface, a numerical
method to solve the Navier-Sokes equations, Heat equations and MaxeelBsions was
developed using a hybrid Level Set/ Volume-of-Fluid technique. The convectoties and
heat fluxes were studied under various regimes of the thermal Marangotier Ma, the
external field represented by the magnetic Bond numbet Biod various gravity levels, Fr.
Regimes where the convection were either curtailed or augmenteddeatified. It was found
that the surface force due to the step change in the magnetieghelity at the interface could
be suitably utilized to control the instability at the interface.

Symbols

CHTx or y: Convective heat Transfer, x and y direction
Ma: Marangoni Number

Bo,m: Magnetic Bond Number

Fr: Froude Number

Gr: Grashof Number

Re: Reynolds number

We: Weber Number

L: Length scale

u,v: velocity in the x- and y- direction
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p: Density

Cp: Coefficient of Heat

T: Temperature

o: constant of surface tension
B: External magnetic field
H: Magnetization

w: Magnetic permeability

o: Level Set function

1 Introduction

Systems of immiscible fluid layers can be found in a number ofcapipins in areas such as
materials processing and convective heat and mass transfdre &rea of materials processing
we can provide examples such as use of encapsulants in floatrgstaé growth process and a
buffer layer in industrial Czochralski crystal growth procesprvent convection due to the
surface tension gradient force. In the microgravity and spacegsiog realm, the exploration
of other planets requires the development of enabling technologiesvanak fronts. The
reduction in the gravity level poses unique challenges for fluid handim heat transfer
applications. By controlling (curtailing or augmenting) the bwbyand thermocapillary
convection, the latter is the dominant convective flow in a microgravivironment, significant
advantages can be achieved by pursuing space based processing.

The study considers thermal convective flow and its control usegnetic fluids and
magnetic fields in a two immiscible fluid-layer system sgbgd to an imposed temperature
gradient, which is assumed to be parallel to the averaged locdtibe interface between the
two layers. Using an external magnetic field one can eaBgrdial in a volumetric force-
gravity level, on the magnetic fluid and thereby affect the system thernddsgiavior.

Convection control (flow reduction or enhancement) is an important probigmmany
practical applications; In terrestrial applications such as éezhanges where augmented heat
transfer is desirable in order to achieve higher efficiengessity induced convection due to
thermal buoyancy force assists fluid flow and heat transfemedaced-gravity situations heat
transfer enhancement is important and is solely achieved usicedfflow configurations; In
semiconductor crystal growth applications, however, convection can caussarainléemotions
in the melt resulting in higher defect densities, improper mixiagulting in reduced
inhomogeneity (dopant distribution) and therefore non uniform propertiestrieal) of the
grown crystals. Experiments conducted in space have yielded prgmesults for alloy-
semiconductors that are traditionally difficult to grown on Earttabee of wide disparities in
the material properties (densities) of the components; (iv) In ioenless processing of
materials that is used to significantly reduce the thermdl @ntact stresses and impurity
incorporation in the grown crystal, significant flows due to Maoandgthermocapillary) and
solutocapillary convection plaque the growth process and the resaftistal quality. Again
different methods of convection control such as liquid encapsulation¢ stati dynamic
magnetic field approaches have been used to reduce the so-calledtigens@ntamination in
the system. The encapsulant also serves to reduce the evaporatwwiaifle component in the
crystal growth, for example, Boron oxide encapsulant is used in Ggatl growth to reduce
the volatile As from escaping the system and thereby affecting thel ctgsthiometry.



While a level of convection control can be realized by using etagmeans, usually
through Lorentz dissipation, the force reduces as the system fthwea® so that in order to
approach diffusion limited conditions (Pe < 1, where Pe is the Paafeber, a ratio of the
system thermal to viscous transport), large magnetic fieldsTésla) are required. Dynamic
magnetic fields such as rotating magnetic fields (rmf) andltr@yvmagnetic fields (tmf) are also
being studied for this purpose. It has been shown that significantliced magnetic field
strengths (~3 orders of magnitude smaller) are required fordamping than a static one.
Magnetic damping is non-intrusive and its intensity can be cibedrexternally. A few studies
are ongoing that utilize a magnetic field gradient and theti@riaf the material susceptibility
with temperature to control fluid flow in a system. In this apghpdahe magnetic field-field
gradient product acts as a body force similar to gravity andeaailored to either curtail or
enhance the fluid flow. This can be likened to prescribing a degieatty-level on the system
and is a powerful experimental tool for simulating variable and reduced geavitpnments.

The main objectives of the study are briefly as follows. For pumgancy driven flow
studies, we will utilize a working fluid that is magneticaigsponsive (ferrofluid). For working
fluids that are not magnetically responsive (weak diamagneiepies) we propose the use of
an additional fluid, such as a ferrofluid, to form an immiscible dolayer system
configuration. For the latter, we would like to determine the fmlutions in both layers for
deformed interface cases. We would like to carry out stabitilysis to determine the range of
the parameter values under which steady and time dependent solugostatde and thus
preferred. We want to determine conditions under which such solutiomsoaterealistic and
search for the conditions on the magnetic fields and fluids wbengection is maximally
reduced (halt condition). For the deformed interface cases, we Wkeldo examine the
interface dynamics and the roles played by the magnetds fiith different strength and
orientation on the flow intensity, flow patterns, convective instgbiurface tension, due to
interface and free surface, and fluid viscosity.

1.1 Immiscible Fluid Layers

There have been a number of studies on the effects of convectioystems of
immiscible fluid layers subjected to imposed temperature gredigzekely and Todd 1971;
Simanovskii 1979; Bourde and Simonovskii 1979; Knight and Palmer 1983; Kenakd 985;
Sparrowet al.1986; Myrumet al.1986; Nepomnyashchy and Simanovskiil990; Simonoskii
al.1992; Liu and Roux 1992; Geore al. 1993; Ramachandran 1993; Doi and Koster 1993;
Prakash and Koster 1993, 1994a, 1994b, 1994c; Geloeak1994; Georis and Legros 1995;
Kats-Demianetset al.1997a,b; Georiset al.1997; Nepomnyashchy and Simanovskiil997;
Kliakhandleret al.1998; Xu and Zebib1998; Nepomnyashchy and Simanovskii 1999; Georis
al.1999; Kliakhandler and Nepomnyashchy 1999; Hamed and Florian 2000; Montizfladde
and Nepomnyashchy 2001; Smehal. 2002). Ramachandran (1993) investigated numerically
the effects of buoyancy and surface tension gradient forces onathesnvection in a system
with two horizontal immiscible fluids subjected to an imposed lateraperature gradient. The
investigated flow system consisted of a lighter fluid layertam of a heavier fluid layer, and
both layers were contained in a two-dimensional open cavity. Both @ngeesurface and the
interface between the two fluid layers were assumed to beafidt undeformable in his
calculations. Ramachandran (1993) solved the governing system diorguand boundary



conditions by using a control volume-based finite difference schi@meo cases of immiscible
fluids. The main results were that steady-state calculapoedicted dramatically different
flows when interfacial tension effects were included, and compdex patterns, with induced
secondary flows, were found in both of the fluid layers. Doi and K¢$893) investigated
analytically and numerically two-dimensional pure thermocapillagnvection in two
immiscible fluid layers with an upper free surface. Bothftee surface and the interface were
assumed to be horizontal flat with zero deformation. Their reatdtdriefly as follows. First,
based on some approximations, they found an analytical solution in #ay state for infinite
horizontal extent of the layers. Under a zero gravity environment,different flow profiles
exist which are controlled by a paramefer, This parameter is ratio of the temperature rate of
change of the interfacial tension between the two layers ttethgerature rate of change of the
surface tension of the upper layer. They found three ‘halt conditvamsh stop the flow
motion in the lower layer. They identified the technologicadlgvant halt condition as = 0.5.
Next, they studied numerically the effects of the vertical end walleeofidw. They determined
conditions on the flow parameters under which the above halt condition camidheand they
showed that for 0 A < 0.2, thermocapillary convection can greatly be suppressed in the
encapsulated liquid layer at some higher Marangoni number. A duwentrical simulation of
thermal convection in an enclosed cavity filled by three imrnisdiuid layers and subjected to
an imposed temerature gradient parallel to the interfacescasied out by Georist al.(1997),
where the deformations of the interfaces were neglected. &#sers found, in particular, an
essential influence of the nonlinear effects for particular eaofythe parameters, such as
Rayleigh and Marangoni numbers, and that depending on the value of teeggRaymber, the
flow intensity was observed in different layers

In regard to the investigated cases of convective flows in sgstétim deformed interface and/or
deformed free surface, kinematic and dynamic conditions need tatiskes on the deformed
surfaces (Davis 1987), which were treated either by applying sggpeoximations or by
numerical means (Sen and Davis 1982; Smith 1986; Hjellming and WE83t, Riahi and
Walker1989; Lie, Riahi & Walker 1989; Hamed & Florian 2000). Sen anis}a982) studied
steady thermocapillary flows in two-dimensional slot with ampadsed temperature gradient
along the free surface. They used an asymptotic theory in thefismall aspect ratio A of the
slot to determine the fluid and thermal field and the interfacial shael found that
deformation of an interface between the liquid flow in the slot hachimbient passive gas was
small of order A. Hjellming and Walker (1987) investigated willy the melt motion due to
buoyancy and thermocapillarity in a Czochralski crystal pulligh an axial magnetic field.
They found, in particular, that thermocapillarity, which becomes pssiyely more dominant as
the crystal grows and the melt depth decreases, is sensitikartgas in the amount of heat lost
through the part of the deformed free surface adjacent to th&alcryRiahi and Walker (1989)
investigated the deformed free surface stability and shapgkeomelt during the float zone
crystal growth process with the presence of the electromagmedy force due to a radio-
frequency induction coil. They found that this force pinches the #oae and produces a
smaller minimum radius, relative to the feed rod and crystal @t for coil, which is close to
the free surface, a sufficiently strong electromagnetic fdestabilizes the free surface of the
zone. Lie, Riahi and Walker (1989) investigated buoyancy driven fidvich was due to the
temperature gradient in the melt of a float zone, and the sudasm®n driven flow, which was



due to the non-uniform temperature distribution along the deformed freeeswf the zone, in
the presence of a strong axial magnetic field. The non-cyalddeformed shape of the free
surface of the zone was found to have a profound effect on thenmagltin. Their results
indicated that the regions near the free surface were cedtnoidinly by the thermocapillarity,
while the inner region was dominated by the buoyancy driven flomméd and Florian (2000)
investigated computationally two-dimensional Marangoni convection incagity with
differentially heated sidewalls. Their study took into aaotd the complete effects of the
deformed interface between the liquid layer and a passive gag.fdimed that under certain
parameter regime, multiple states with steady and oscifldlfiows were possible and transition
between the steady and the oscillatory states appeared to involve a nonlinbgityrstacess.

1.2 Hele-Shaw cell systems

There have been a number of studies of flow of two immiscibldsflin a Hele-Shaw
cell (Saffman and Taylor 1958; Zeybek and Yortsos 1991; McCloud and MaB&r Gondret
and Rabaud 1997; Miranda and Widom 2000), which provides a simple matheraatical
experimental model for theoretical and experimental studidsedfrto-layer systems in order to
hopefully gain further physical understanding of the qualitatiyge@s of related but more
complex flow pattern-evolution problems. Most of the studies of tbddyer flow in the Hele-
Shaw cell have been focused on viscous fingering that was tilsedtby Saffman and Taylor
(1958) who considered two immiscible viscous fluids moving in the narroee dpetween two
parallel plates of a Hele-Shaw cell. They demonstrated ithdtizen into glycerin in such a cell
could form a steady pattern in the form of a single fingerpfaaid the flow equations admit a
family of solutions one of which agrees well with the experimarittaervation. McCloud and
Maher (1995) reviewed experimental perturbations to Saffman-T4$@ar) flow problem,
which provides a simple case of nonlinear interfacial pattermdton. In a number of
experiments perturbations have been added to the S-T problem int@rgarn more about
interface dynamics and about the roles played by the maproperties on the dynamical
evolution of the resulting flow patterns. Zeybek and Yortsos (19@tljesl theoretically and
experimentally the long waves in parallel flow in Hele-Shaw
cells. To study interface dynamics, they first deriveditieat dispersion relation using normal
mode approach (Drazin and Reid 1981) and then determined the solutions. thigxused
asymptotic analysis to determine the nonlinear evolution of smablitade and long wave
disturbances. They found that such disturbances are governed by dcdevv&ies and Airy
equations (Whitham 1974; Drazin and Reid 1981). For a symmetriceogserimental evidence
supported the theory, including the propagation of solitary waves (Wih&f@d). Gondret and
Rabaud (1997) studied experimentally the parallel flow in a HesavScell of two immiscible
fluids, a gas and a liquid layer, driven by an imposed pressure gradieey. observed that the
interface destabilized above a critical value of the gas #fiowhich waves grew and propagated
along the cell. Their theoretical prediction based on a lirtebilisy analysis agreed with their
experimental results.

1.3 Flow Instability

We already referred to a number of investigations for the defbinterface or deformed
free surface effects on the convective flow, which involved flowalrilties under certain



conditions. Here some other notable studies in the past that involved flow inetahil briefly
described. Smith and Davis (1983a) investigated instabilities imtoapillary liquid layers by
considering a horizontal liquid layer subjected to an imposed teropergtadient along the
layer, which led to the flow motion due to thermocapillarity. Thayied out linear stability
analysis of disturbances superimposed on their detected basicsdlotions and found, in
particular, that the dynamic state of the flow is then suddepto two types of thermal-
convective instabilities of either stationary longitudinal rollshick involve the classical
Marangoni instability (Pearson 1958), or unsteady hydrothermaksyawvhich derive their
energy from the horizontal temperature gradient. In the secahafpthis study (Smith and
Davis 1983b) the authors found, in a particular, that for a particakarized case, the thermal
field decoupled from the hydrodynamic field and the instabilityhef basic flow set up by the
thermocapillarity is a purely isothermal one. Xu and Zebib (1998)stipated numerically
oscillatory two- and three-dimensional thermocapillary convedloves in a rectangular cavity
and in a box, respectively, and determined, in particular, the character lahty stbsuch flows.
For two-dimensional cases, they used a finite-volume based schetagtmine the solutions,
while in three-dimensional cases a finite-volume-based pwvenitiariable solver was used.
Kliakhandler and Nepmnyashchy (1999) investigated theoretically amenically instabilities
of thermocapillary flow in three-layer systems. They deriviegar and weakly nonlinear
eqguations for the evolution of the interface and carried out lingaitist analysis. They found,
in particular, new types of long-wavelength instabilities, whichsiped at arbitrary small
Reynolds number. Hoyag al. (2002) investigated thermo-convective instabilities in a fluid
within a cylindrical annulus heated laterally. They consideaeparticular domain in the
parameter space where buoyancy force dominated over the deriammn gradient force. They
found a nonlinear basic flow computationally and carried out a linalilisy calculation of the
base flow. They found, in particular, that there existed statidnfmcations to radial rolls and
oscillatory bifurcations to hydrothermal waves.

1.4 Effects of magnetic fields and fluids

There have been a number of studies on the application of the dfechagnetic field
on the flow in a liquid layer (Hjellming and Walker 1987; Riahi and Walker 1989; liai Rnd
Walker 1989; Lie, Walker and Riahi 1990; Morthland and Walker 1996, 1997a, 1997b) or in a
ferrofluid layer (Miranda and Widom 2000; Zahn 2001; Leslie and Ramdcha 2001).
Applications of a strong magnetic field on flow of melt in Czodkiabr float zone crystal
growth processes (Hjellming and Walker 1996; Lie, Riahi and WdlR8P; Lie, Walker and
Riahi 1989, 1991) led to significantly reduced effects of the inetiahs in the momentum
equation and consequently the fluid flow was significantly weakenkliranda and Widom
(2000) carried out a linear stability analysis for paral®hfin a Hele-Shaw cell when one fluid
was ferrofluid and a magnetic field was applied. They found thah#gmetic field may provide
a new mechanism for destabilizing the interface in the abseintee inertial effects. They
determined the magnetic correction to the dispersion relation agdstad that parallel flow of
ferrofluids can be a novel system for investigating soliton iotenas. Leslie and
Ramachandran (2001) pointed out the importance of establishing a solutatcatan gradient
in a magnetic field under microgravity conditions. In particular, @rapriate magnetic field
gradient acting on the ferrofluid flow can counteract the effédtarth’s gravity effectively
producing suitable low gravity conditions in an experimental laborat®®gmachandran and



Leslie (2001) investigated numerically magnetic susceptibility effaietl Lorentz force damping
in diamagnetic fluids. They found, in particular, that convection damirig% observed in
the experiment can be attributed to Lorentz force damping efead higher level of flow
reduction was possible by exploiting the fluid diamagnetic susceptibilitgtioans.

1.5 Moving interface capturing

In dealing with moving surfaces a variety of computationathows have been
developed, which can be classified basically into two categanesing-grid and fixed-grid
methods. The moving-grid method is a Lagrange-type method ftingehe free surface as the
boundary of a moving surface-fitted grid (Floryan and Rasmussen 18&8yever, when the
grids are highly distorted because of strongly deformedsiueface, then rezoning or re-meshing
becomes necessary, which could lead to excessive numerical afifiisrequent rezoning is
done. An important fixed-grid type method, which is based on the swdgtering approach is
the so-called Level set method (LSM) (Osher and Sethian 1988), whecbheem used in a
number of problems in applications including those in solidification anstatrgrowth areas
(Kim et al. 2000; Smereka 2000). In this method one defines a fungtiory, z, t), called level
set, with some degree of smoothness (8us. 2003) that represents the interfaceat0. The
level sets are advected by the local velocity field. Tierface can be captured at any time by
locating the zero level set, which alleviates the burden of inogeagid resolution at the
interface in many other numerical methods. The LSM provides canteieiatures for handling
topological merging, breaking and self-intersecting of inteda@nd information about the
interface, such as orientation and curvature can be conveniently doagineell, so that surface
tension can be accurately estimated (¥ual. 2003). In addition, using LSM, extension from
two to three dimensions can be done easily.



2 Equations of motion of the magnetic fluid

The Governing Equations consisting of conservation of mass, x-momentum, gatsomand
heat solved are presented below in the non-conservative form.

Continuity: —+—=0 21
Y ox oy @D
ou ou Ju ap 0 X X
X - Momentum: p— + pu— — + f 2.2
Par T ox ’Nay X 0x§70xm ay a (22)
y- Momentump@houﬂ pv@— o, 6 fr+f, ~+f9
ot 0x oy ay 6XD 6XD ay
(2.3)
00C T 00CT 0pCT
Heat: PCy +u Py +v PCT _ 0 aTB+ (2.4)
ot 0X oy 0x D ox [ oy
, 0B 1
Maxwell sEq.l:E =rot[vx B] ——rot[rotH ] (2.5)
w
Maxwell'sEg.2:divB =0 (2.6)
Maxwell'sEqg.3: rotH = | (2.7)
Maxwell'sEqg.4: | = (fE +vx B] (2.8)

These basic equations will be expanded to a form which is suitable for digmetiza

2.1.1 Magnetic body force
The magnetic body force per unit volume can be written as per Rosensweigg4.:985)

O H 0
. :—DBJOJ'BMH dH O+ g, MOH 2.9)
g +009 O [
This contains many pressure-like variables which are obtained by expanding as follows:
0 H H U
:—DEuOJ'MdH +/,10J'79BMH dH O+ g,MOH , or (2.10)
£ o y [0J Lir B

f, =-0p,, —0ps + 4,MOH , where
H

= ,uOIMdH , thefluid - magnetigressure
N (2.11-12)
B EEM H .
P, = K, J' g dH, themagnetostctive pressure
0 Daﬂ Qm

The fluid-magnetic force term
Generally considering thafl = M (u,H,T), then



H H oM H oM
-0Op,, = —,uOD.C[MdH = —uo.!a—TDTdH—yOJO'EDudH - 1,MOH (2.13)
11 12

Considering each term separately,

TermlI1: Although in the study, the flow is non-isothermal (U&.# 0), we have%% =0 as the

operating conditions are within the Curie temperature limit (i.e. the tempeksyond
which%—'¥ # 0). Thus this term drops off.

TermI2: Linearly magnetizable fluids are considered in this study, therefore the Magjoetiz
written as:

M = (= o) H (2.14)
Mo
the term becomes:

H 1 H H2
-, (—HOwdH =-0u(HdH =-0Ou— (2.15)
2 I 2
Therefore the fluid-magnetic force per unit volume:
2
-0Op,, =—D/,1H7—uOMDH (2.16)

The magentostrictive force term
Substituting (2.14) into (2.12)

H —
- Op, :—DJ'79 (u a;’o)H B dH . Substitutinge =1/9
o U L r

[ o o 2
—DpS:Dgpg#%HdH D:DW%QH—D:O as%% =0 (2.17)
P 0 oPG 20 P

Thus, substituting into (2.10)

H? H 2
fm =_|:|,L17_ILIOMDH +,LIOMDH =_|:|,L17 (218)

The expressions for the magnetic force term is then ,
__OpH® . _ _ouH’

mx &7’ my ~ a_y7

It is seen that the magnetic body force for the case considered is attributablstép ttieange in

L at the interface.

(2.19)

2.1.3 Buoyancy term
To include the effect of gravity, the body force is given by:

f9=-pg,



where g is acting in the negative y direction. The Boussinesq apptanms applied, i.e. the
density variation to temperature is neglected everywhere excepke wheppears as the
buoyancy term. Thus:

p=pQL-B(T-T,),or
f9=-p-B(T-Ty))g

Substituting the body force terms, we obtain:

(2.24)

2.1.4 The Maxwell's equations
At this stage, for simplicity the study will cover non-conducting ferrofluids. For sudsfiue
havew =0. The Maxwell’'s equations reduce to:

divB=0

(2.25)
rotH =0
The magnetic induction B, the magnetic intensity H and the magnetization H aed tBlat
B=p,(H+M) (2.26)
Substituing (2.14) into (2.26)
B = uH (2.27)
One can define a magnetic poten®atlhich satisfiesH = [J® (2.28)
Substituting (2.28), (2.27) into (2.25), the Maxwell’s equation is obtained
Olu0d =0 (2.29)
The boundary conditions on the Maxwell’s equation are:

(B,-B,)in=0
(H, —-H,)xn =0, wherenis thenormalat theinterface
Substituting the various terms into the original Governing equations of (2.1-2.8)

2.2 Two-layer fluid problem

The application considered mainly is the two immiscible fluid lagergained in a square box,
subjected to a temperature gradient applied in the horizontal diredthe lower fluid is a
ferrofluid (water based) while the upper fluid is a diamagrfktid, oil. The system is subjected
to an external magnetic field gradient. The aspect ratio isdoggtant, and the wall boundaries
are solid. A schematic of the setup is shown in Fig. [2.1]
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Fig. [1] A Schematic of the Two-laymoblem
The non-dimensionalization is as follows
12 X y u % t p g k H TTo o
o L U U WU pu? g« VL Ho 0OT, 04

Table [1] non-dimensionalizing parameters

The final resulting equations (2.46-2.52) are then:
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plp) =1+ A-L2)He(g);

1

ue) =t v (- Foyney By =1+ - P2)He(o)
Ho My Ho B,

Typical Material properties

1-Ferrofluid (water based) 2- Shell Ol
L 1380 kg/m® 800 kg/nr’
K 2.7WmK 0.122 WmK
Co 3000 J/kg K 2038 J/kg K
n 0.00664 kg/ms 0.00381 kg/ms
o 0.00307 kg/s® 0.00307 kg/s®
[ 0.000260 (1K) 0.000717 (VK)
ul 3.2 1.0
Table [2] Typical material properties of Ferrofladd diamagnetic fluid
. : AT
Thevelocityscaleschosen tbbe U = ¥ ;
Nref

L =.005M g, =9.81m/s?; Hy = 2400Amp/ m; AT =100 K

Taking the material properties of the ferrofluid as the reference, the mamsional parameters
are obtained follows for the typical base solution:

Re We Gr Bo Pr Fr Ma

m

Two-layer 135.542 33.3979 1805.22 5.89415 7.3778 0.2646 1000.0
Table [3] Typical values of Non-dimensional paragngt

The boundary conditions:

Isothermal boundary conditions on the left and right walls
(T=0 & T=1 respectively)

and adiabatic upper and lower wall$£0).

The boundary conditions o derived from (2.25) are:

ai):o; @:&HO; Upperwall
ox oy I

9 _ 0; 9% _ o, Left& Right wall
0x

ai):o; @:&HO; Lower wall
ox oy U,

Finally, a contact angle is specified at the intersection of theawsteend the sidewalls, to complete the
boundary conditions for the problem.

13



3 Results

The results from the two-fluid layer described in Section 2, is n@septed. The first effect
studied is that of, the magnetic field on the thermo-capillary flbus, the Magnetic field is
increased over different Marangoni numbers, and the behavior of tHutd/gystem is studied,
in particular we track:

-The maximum velocity in the system

-The maximum local velocity near the interface.

-The heat diffusion across the interface per unit volume.
The gravity is completely eliminated as the thermo-capillaryceffare particularly sought out.
Thus Fr= infinity and Gr=0. The other non-dimensional parameters are:

Ar=1, Pr=7.37, Re=200, We=33, Contact angle=67.5

The Marangoni number is varied from 10,100,1000, Bovaried from 0 to 0.5.

DDSH-‘

0oz -' Bo,=0

- J\/\/—
oo+
: ' B0,=0.05

|:| 1 1 1 1

v/Uref

Lo vovo0 b0y 1oy
000 2000 2000 4000

t*
Fig. 2 The maximum velocities globally and locally t* for (a) Ba,=0 and (b) Bg=0.05 for Ma=100

The benefit of the magnetic field is seen instantly from Fig.2th@rapplication of a Bg=0.05,
both the global and local and velocities fall by almost 50%. ThisateBdmmense potential for
the use of magnetic fields in curbing the convective velocitiestaltleermo-capillary effects.
The applicability range is now studied.
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Fig. 3 The maximum velocities globally vs. Bfor Ma=10,100,1000

From the parameter space chosen, a number of effects can beosednd. 3. Firstly, for the
lowest Marangoni number, the maximum velocity actually increaseshammddecreases with
increasing Bg, indicating that it takes more magnetic field strength forstaeilizing effect of
the magnetic field to register. However, for a higher Marangoni numib&00, the velocity
immediately decreases and reaches an optimum g@Bbb, after which the magnetic field
stabilizing effect begins to wane. For higher Marangoni numbers (1000 e) thermaximum
velocity almost monotonically increases with the magnetic field, gawim stabilizing effect
whatsoever. It would appear that applying an external magnetic field Wwauédno role to play
in stabilizing thermocapillary flows of Ma>1000, However more irdténg patterns are seen
from the local velocity variation in Fig.4.
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Fig. 4: The maximum velocities locally vs. Bor Ma=10,100,1000
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The effect seen is that for almost all the Ma, the localcigl decreases with increasing 30
This suggests that velocities away from the local area akesit@lay a major role in increasing
the convective velocities. However in cases where the veloaitvay from the area of interest
are not significant, the application of the magnetic field could render beheésults.

From Fig.5, there are even more beneficial results seen frorapiiiEation of the magnetic
field. For all the Ma chosen, the heat flux across the intedeabmatically decreases. In crystal
growth applications, this is a highly desirable feature.

Y
BN

—+—Ma=100
—&— Ma=1000
—&—Ma=10

ffusion per unit volume

Heat

025 03 035 04 045 05
Bom

Fig. 5: The maximum velocities locally vs. Bfor Ma=10, 100, 1000

In summary, the magnetic field coupled with the ferrofluid has a sa&wificant effect in
reducing the convective velocities of the system, and there is indegehse potential of using
such a technique, based on the simulations conducted in this study.

To gain further insight into the mechanism of the convective vaecihe velocity contours are
studied next.

Figure 6a-c shows u-velocity contours for Ma=10 at 3 differepf8d he temperature contours
are neglected as it is almost identical to the conduction solaraallfthese cases. For B0, if
the interface, as indicated in Fig. 6-a is noticed, there are sahstructures seen in the upper
diamagnetic fluid phase, while in the lower ferrofluid there are well definedarestructures.
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interface

Fig.6a-c: Streamwise velocity contours for Ma={),Bq, = 0, (b) Bg, =0.05, (c) B@=0.5
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The interface consists of fluids having different properties witbrestant shear force acting on
it, which is why the irregular patterns are seen. However, witaddaion of the magnetic field,
we see the disappearance of these irregularities in Fig. 6-bsemdvell defined cellular
structures even in the diamagnetic fluid.

Recalling Equation (2.37-38) the force due to the magnetic fieldisface force due to the step
change in the magnetic permeability. It is proposed here thahisisurface density force which

is primarily responsible for suppressing the instabilities, for the given configuration.

On further increasing B we see in Fig. 6-c the flow went through an instability to bifurcate
into multi-cellular structures. This is accompanied by an increase@ture of the interface. A
similar behavior is witness for the Ma=100 case in Fig. 7a-c

For Ma=1000, the existence temperature gradients at the interface are sberifsttime. For
the Bg, =0 case, the gradients are sufficiently discernable. On increasing the mégitktive
see the temperature contours “straightening out”. This helps understanding how thexlgessfl
so dramatically reduced with increased magnetic field. It is also noticeat the, =0.5 the cell
has not bifurcated into cellular structures. Thus the Marangoni number has an impatant rol
play in this phenomenon.
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Fig.7-a-c: Streamwise velocity contours for Ma=1@0 Bq, = 0, (b) Bg, =0.05, (c) Bg=0.5
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Fig. 8a-c: Streamwise velocity contours for Ma=0,0@) Bg, = 0, (b) B@, =0.05, (c) Bg=0.5

20



3.2 Two fluid-layer, Mixed Thermo-capillary Buoyancy effects

In the next set of simulations, the effect of gravity of 3 levels are investigated anal Iitd seen
whether the magnetic field has any effect on the velocities in such cases. imhagldition to
the thermo-capillary effect.

The parameters chosen are:

Aspect ratio=1, Gr=1805, Pr=7.37, Re=135, We=33, Ma=1000, alpha=67.5
(Fr =100000, 1000, 10)

Bo,=0-0.5
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Fig. 9 Maximum global velocity vs. Bp Fr = 100000, 1000, 10

From Fig. 9, 10, once again the maximum velocity is found to decreéisenaieasing Bg.
However the mechanism which causes this is different from that in the thepiflargaase.
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Fig. 10: Maximum local velocity vs. Bp Fr = 100000, 1000, 10

Unlike in the thermo-capillary case, the velocity contours show a smooth pattemupper and
lower phases. Figure 11 shows the u-velocity contours for Fr=1000,
u
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Fig. 11: U velocity contours, Fr=1000

The effect of the magnetic field can be best understood by seeing it's effect otetface
shape. Fig 12a-c show the interfaces and it's adjoining temperature contours.
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Fig. 12-a Interface and temperature contours,=BpFr=1000

In Fig 12-a above, Bp=0. This is the base state solution. Due to the effect of the gravity and
Grashof number, the interface is no longer symmetrical as there is buoyancy driven convecti

going on the cell.
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Fig. [5.21b] Interface and temperature contours,=8005, Fr=1000
In Fig. 12-b above, Bp=0.05 The effect of the magnetic field is to shift the maxima of the
interface towards the center. This affects the curvature of the irgevfach consequently
changes the interface region velocities. This is the stabilizing effect ofageetic field in this

case.
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Fig. 12-c: Interface and temperature contours,#a5, Fr=1000

However this may not always hold true. In the Fig. 12-c above, the curvature hasagif
changed to increase the convective velocities. This could be the effect of thieasigni
temperature gradients which were virtually absent in the thermoargpthse. It is also to be
seen that due to these significant temperature gradients, the diffusivedhexeot much
affected by the magnetic field as seen in Fig. 13.
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Fig. 13: Heat diffusion vs. Bg Fr = 100000, 1000, 10

3.3 Two-fluid layer Instability
Noticing in Fig. 12-a the significant angle that the steady state interface makeisewi

horizontal, it was found that on increasing the Grashof number, the angle the inteltase ma
with the horizontal keeps increasing. Fig. 14-a shows the steady state inteféaiderat 000 at
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Gr=6305. This was found to be the critical Grashof number at this Fr. On increasihg fBowt

was found to undertake revolutions and thus become unstable, as in Fig. 14-b. A Stability curves
is thus constructed in the Gr vs. Fr space and shown in Fig. 15. The critical Gr number falls
rapidly with the increasing Fr number upto 100, after which there is less effect of Fr.
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Fig. 14: Oscillating Two-layer flow: Temperaturedavelocity vectors at (a) Fr=1000, Gr=6305; (b) &365
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Fig. 15: Neutral stability curve in the Gr vs. rmnber space.

3.4 Weber Number Effect

Figure 16 shows the effect of increasing the magnetic field on tlaé \tetocity, for different
Weber numbers, indicative of varying magnitudes of the surface tensioredpetthe
participating fluids. It is uniformly seen that the magnetic fidecreases the convective
velocities. However, from the Fig. 16 it is noticed that theren@se significant drop in the
velocities at lower We (higher surface tension) that at higheerWus the effect of the magnetic
field is best seen at lower We (0~40).
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Fig. 16: Weber number effect
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3.5 Convective Heat Transfer

Figures 17-20 show the change of the Convective Heat transfer ovesimaeper space of the
Marangoni, Froude and Grashof Numbers. Since CHT is a vector, Ithesva the x- direction
and y-direction are separately shown. The variation of CHT is foanbletnon-trivial, for
example in Fig. 17, while for 0 Grashof number, over a range of MaHeilCthe x-direction
is uniformly and monotonically increasing, it is seen that for non-@erthere is a slight dip in
the CHT and then it increases with magnetic field. The safeeteé$ noticed for the CHT in the
y-direction (Fig. 18). The Froude number effect Figs. 19-20 is found to damperfféct of the
magnetic field. Thus it is seen that for very high Fr, the magfietdt has less of an effect on
curbing/enhancing the Convective Heat Transfer.
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Fig. 17: Convective Heat transfer in the x- directas a function of Magnetic Bond humber for Gr&0;:1805
over a range of Marangoni numbers.
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Fig. 18: Convective Heat transfer in the y- directas a function of Magnetic Bond humber for Gr&@;:1805
over a range of Marangoni numbers.
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Fig. 19: Convective Heat transfer in the x- directas a function of Magnetic Bond humber for Gr&@;:1805
over a range of Froude numbers.
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Fig. 20: Convective Heat transfer in the y- direstas a function of Magnetic Bond number for Gr&@:=1805
over a range of Froude numbers.
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3.6 Contact Angle Effect

The simulations presented so far have been done assuming a constahbogftaat the
wall to be 67.5. It is to be seen whether for different contact artgkre is a change in the
beneficial effects of magnetic field. Interesting phenomenon areedoiic Fig. 21. where the
global velocity is varied for different contact angles and differentB It is seen that at higher
Gr, the magnetic field still has a beneficial effect, but thigalid only for a concave interface
(i.e contact angle > 90). For a convex interface, increasing the nadeddi increases the
velocity. This trend is noticed even at non-zero Gr. In Fig 22, higleetevid to give a lower
velocity for certain magnetic fields. This trend was seen llyitia Fig 2. The reduced effect of
magnetic field for convex interfaces is once again seen fa@n 22. Thus there is strong
dependence on the contact angle. Figure 23 shows that with increasing Gr, at a cogsietnt ma
field, the convective velocities increase significantly. Howevés ihteresting to see that these
velocities reduce with increasing Marangoni number when the inteidacencave (and vice
versa when convex). The velocities are further reduced as the canggettends to 90, and the
effect of the Marangoni number seems to be more pronounced at such aagtest Figure 24
shows that uniformly the velocities decrease with increasing Froudeemuwmhether a concave
or a convex interface. The effect of the contact angle on the douevbeat transfer is next seen.
In Figure 25, it seen that the CHT is reduced only slightly with asingg magnetic field for the
Gr=0 and concave interface. For all other cases the CHT was seen to increase.
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Fig. 21: Global velocity vs. Contact angle at cansiMa, and 2 different Gr.
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Fig. 22: Global velocity vs. Contact angle at canstGr=0, and 2 different Ma.
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Fig. 23: Global velocity vs. Contact angle ovenage of Marangoni numbers and at constant Ext&iaghetic
Field, and 2 different Gr.
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Fig. 25: Convective velocity vs. Contact anglercw@ange of magnetic field and at constant Ma=ahd, 2
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Fig. 26: Convective velocity vs. Contact angle caeange of magnetic field and at constant Gr=6@,2different
Ma.

4. Concluding remarks

In this study, a novel numerical framework using state-of —the-anface capturing numerical
techniques, has been used to simulate a two-layer fluid problem gnihtexesting physical
properties were demonstrated pertinent to the application of intéresas found that the
interface properties of a magnetic fluid can be used to recheteantrol the convection in a
fluid system under the influence of a magnetic field inside icertgimes of the Magnetic Bond
number and the Marangoni number.

The results of the present investigation on reduction or otherwibe cbnvective flow velocity
and heat transfer under certain conditions and certain values pdrdreters indicates that the
present method of approach and the associated modeling and numeridatioalcan be useful
to be employed or extended in the problems in crystal growth applicationsodrol of
convective flows, in particular, where convection can cause undesimnadions in the melt
resulting in higher defect densities, improper mixing and non-uniform prapeftiee produced
crystals.

A reader may get an impression that the results presented iprakent paper are strictly
applicable to situations where the fluid flows lack three dimenkignas in the case of flow in
a Hele-Shaw cell, for example. Although this can be true, it shoulbtesl that the present
model can also model many quasi-three dimensional flow cases tukdtew depends weakly
in a third dimension z and flow velocity is quite small in the z-direction. In additishould be

noted that the present investigation of such two-dimensional model w@esdna® a first step in
understanding the roles plays by the magnetic fluids and fields in fhowvots aspects, which
may be needed in the pratical and technological applications. Thentwrdwo-dimensional
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results can also stimulate future three-dimensional developmemitfrsnumerical techniques
and subsequent three-dimensional studies in problems in various applications.

Other possible extensions of the present problem, which can be fiefirt® work, include flow
optimum control studies using a combination of vertical and transugaigeetic fields in static
and dynamic states acting on multi-layer systems composed of fatrafhai working fluid
layers. It would be of interest to search for the most effective possiblenvidyse-dimensional
systems where convective flow could be controlled especially inceogmavity environment,
which could help to produce high quality materials, for example.
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