Numerical Modeling of Ferrofluid Droplets
in Magnetic Fields
S. Afkhami*, Y. Renardy*, M. Renardy*, J. S. Riffle^ and T. G. St. Pierre**
* Department of Mathematics and ICAM, 460 McBryde Hall, Virginia Tech, Blacksburg VA 24061-0123, USA
"^Department of Chemistry, 2018 Hahn Hall, Virginia Tech, Blacksburg VA 24061-0212, USA
"School of Physics, M013, The University of Western Australia, Crawley, Western Australia 6009, Australia
Abstract. The motion and shape of a ferrofluid droplet placed in a non-magnetic viscous fluid and driven by a magnetic field
are modeled numerically. The governing equations are the Maxwell equations, momentum equation and incompressibility.
The numerical simulation uses a volume-of-fluid algorithm with a continuum-surface-force formulation for an axisymmetric
geometry. The deformations in the drop under non-uniform magnetic fields are simulated. Droplets exhibit shape changes
along the applied magnetic field. We have found that the ferrofluid droplet forms a prolate ellipsoid in the presence of a
non-uniform magnetic field. For higher magnetic field strengths, the droplet undergoes dramatic deformation. This in turn
influences the motion of the droplet through the viscous medium.
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INTRODUCTION
Ferrofluids consist of magnetic nanoparticles in a coUoidal solution. Recent developments in the synthesis and
characterization of ferrofluids are motivated by biomedical apphcations [ 1, 2]. A smaU amount of ferrofluid is inj ected
into the vitreous cavity of the eye and guided by a permanent magnet inserted outside the scleral wall of the eye. The
drop travels toward the side of the eye, until it can seal a retinal hole. The understanding of the dynamics of a droplet
under an apphed magnetic field is important for the efficient manipulation of the procedure. For instance, the size
and the shape of the ferrofluid droplet can influence the motion of the droplet as it travels in a viscous medium. To
investigate the response of a ferrofluid droplet to an applied magnetic field or to the capiUary effects requires a thorough
understanding of magnetohydrodynamics in such a system. The mathematical formulation of the flow of a ferrofluid
is described by Rosensweig [3]. In this paper, we present a methodology for the numerical modeling of a two-phase
system of a ferrofluid hquid and an immiscible viscous medium. The magnetic force competes with the interfacial
tension force and viscous drag to deform the drop. Here, we develop a numerical model to incorporate the magnetic
forces at the interface between a ferrofluid and an immiscible surrounding liquid in the context of the volume-of-fluid
method and the continuum-surface-force model and to simulate the field-induced motion of a ferrofluid droplet in a
viscous medium.

NUMERICAL METHODOLOGY
In the absence of an initially imposed velocity and the gravity, we non-dimensionahze the variables as foUows:
X* =

x/Ro,t*

u*

upoRo/rio,P*=PPoRl/{m)\'R*

=

= trio/{poRl),ri*

=

ri/rio,p*=p/po,
= 11/^0,

where Ro is the initial droplet radius, po and rjo are the ferrofluid density and viscosity, respectively, and Ho is the
characteristic scale of the magnetic field strength. The equations of motion then become
du*
p*-— = - V > * + V* • T* +La Fs* +ifl„ V* • o-^,
dt*
V*-u* = 0,
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(1)
(2)

where T* = T7*(V*U* + V*u*^) represents the dimensionless shear stress tensor, F*^ denotes the dimensionless body
force due to surface tension, a^ is the dimensionless magnetic stress tensor The Laplace number Za = ypoRo/riQ is
the ratio of the surface tension to the viscous dissipation (note that La = l/Oh^ where Oh is the Ohnesorge number)
and the magnetic Laplace number Zom = ^UQ^OPO^O/^O i^ the ratio of the magnetic force to the viscous dissipation.
Here, we present a summary of the numerical approach. The reader is referred to [4, 5] for details. A volume-offluid algorithm on a marker-and-cell grid of equidistant mesh A is used. Each hquid is identified with a color function
C{r,z,t) which is 0 in the outer hquid and 1 in the drop liquid. The color function is advected with the flow, and
the location of its discontinuity yields the interface position. Interfacial tension is discretized using the continuumsurface-force model. The new aspect is the extension of the algorithm to the ferrofluid. The magnetic stress tensor Om
is BH^+kl, where k denotes a constant (the latter term is absorbed into a redefined pressure field) and B and H are the
magnetic induction and the magnetic field, respectively. The Maxwell equations are V • B = 0 and V x H = 0, where
B

Mo (1 + ;tm) H in the ferrofluid
;UoH
in the viscous medium

(3)

where jio is the permeability of vacuum and Xm is magnetic susceptibility. The MaxweU equations can be described
in terms of a magnetic scalar potential i// as V • (1 + XmWw = 0' where H = Vi//. The susceptibility jumps in value
across the interface, so that \j/ changes as the interface evolves. The boundary conditions on the magnetic field are
reconstructed from the experimental measurements of [2]. A multigrid Poisson solver is then used to obtain the solution

ofv-{i+xm)yw=o.
RESULTS
We first present the results of the simulated applied magnetic field and the imposed magnetic field boundary
conditions. Figure 1 shows the magnetic field contour lines plotted for cases of a 2mm diameter droplet centered
at distances 8mm and 4mm from the bottom of the computational domain. The magnetic field fines in the viscous
medium that is non-magnetizable are disoriented in the presence of the ferrofluid droplet due to having different
permeabflity.

FIGURE 1. Magnetic field lines (left) and magnetic field contours (right) in the presence of a ferrofluid droplet in a nonmagnetizable medium. A 2mm droplet is centered at 8mm and 4mm distances away from the bottom of the computational domain
(from left to right), 2m = 1-

The results on the deformation behavior of the ferrofluid droplet under apphed magnetic fields are presented next.
Past theoretical studies have shown that microscopic ferrofluid droplets (2-20;Um) deform to prolate droplets in the
direction of the uniform applied magnetic field [6]. Here we also numerically observe that drops elongate in the
presence of non-uniform magnetic fields. The computational domain is l.6Ro x 12.8i?o- A freely suspended ferrofluid
droplet of radius Ro (1.25mm) is initially centered at (0, 10ARQ). The permanent magnet is at the bottom of the
domain. At the waUs, the velocities satisfy no slip. Due to symmetry, only half of the domain is simulated. The mesh
size is A = Ro/20. The value of the magnetic susceptibility is ;^m=0.25. The density ratio {pdroplet/pviscous) is 1.32 and
the viscosity ratio {ridropiet/tlsurrounding) is 1.5. The Laplace number Za is 5.15. Figures 2 shows droplet shapes for
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magnetic Laplace numbers Lom « 0.3, 1.5, 3, and 6 at non-dimensional times T = tr]Q/{pQR^). These figures show
that the increase of the magnetic field results in a drop elongation in the direction of the apphed magnetic field. While
for Lom « 0.3, the shape of the droplet remains almost rounded for all time, higher magnetic Laplace numbers result
in a dramatic deviation from rounded shapes to further elongated shapes forming columnar configurations. Figures 2
also shows that increase of the magnetic Laplace number Lom results in a continuous drop prolation accompanied by
a deformation from a rounded shape to a tear-drop shape. At the highest magnetic Laplace number {Lom « 0.3), small
surface undulations begin to appear on flat sides of the front of the droplet.
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FIGURE 2. Droplet shapes at different magnetic Laplace numbers: La^ ~ 0.3 (T = 0,410,500,560), La^ ~ 1-5 (T
0,7.5,11.2,15), La„ ~ 3 (T = 0,1.9,2.6,3.3), and La„ ~ 6 (T = 0,0.6,0.9,1) (from left to right).

ACKNOWLEDGMENTS
This research is supported by NSF-DMS 0405810, NCSA TG-CTS060013N, and NSF/ARC Materials World
Network for the Study of Macromolecular Ferrofluids (DMR-0602932/LX0668968). We thank Ohn T Mefford for
discussions and data.

REFERENCES
1. Xianqiao Liu, Michael D. Kaminski, Judy S. Riffle, Haitao Chen, Michael Torno, Martha R. Finck, LaToyia Taylor, and Axel J.
Rosengart. Preparation and characterization of biodegradable magnetic carriers by single emulsion-solvent evaporation. J.
Magn. Magn. Mat, 311:84-87, 2007.
2. O. L Mefford, R. C. Woodward, J. D. Goflf, T. P Vadala, T. G. St. Pierre, J. P Dailey, and J. S. Riflfle. Field-induced motion of
ferrofluids through immiscible viscous media: testbed for restorative treatment of retinal detachment. J. Magn. Magn. Mater.,
311:347-353,2007.
3. R. E. Rosensweig. Ferrohydrodynamics. Cambridge University Press, New York, 1985.
4. J. Li and Y. Renardy. Direct simulation of unsteady axisymmetric core-annular flow with high viscosity ratio. J. FluidMech.,
391:123-149, 1999.
5. J. Li, Y Renardy, and M. Renardy. Numerical simulation of breakup of a viscous drop in simple shear flow through a
volume-of-fluid method. Phys. Fluids, 12(2):269-282, 2000.
6. J. C. Barci and D. Salin. Instability of ferrofluid magnetic drops under magnetic field. J. Phys. Lett, 649-654, 1982.

886
Downloaded 11 Jul 2010 to 128.173.127.127. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp

