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Introduction

It is known as Taylor’s leaky dielectric model1) that when an uniform electric field is applied on a dielectric drop suspended in another such fluids, circulatory flows are formed due to the tangential stress induced by leaky difference of electric conductivity. Because the resultant flow affects the behavior of heat and mass transfer from a drop, it is of interest for direct contact exchange between immiscible liquids. Recently this model is theoretically extended to the case of nonuniform electric fields 2,3). In a nonuniform electric field, an uncharged drop may be subjected to the dielectrophoretic force. The dielectrophoresis of a drop is important in variety of applications including bioengineering and multiphase separation.

Differently from the static electric field cases explained above, there are few studies on the time-periodic uniform electric field case. Torza et. al4) extended Taylor’s leaky dielectric model to the case of time-periodic electric field. But they could not obtained interesting results because the magnitude of circulating flow was only changed in a time-periodic uniform electric field.  When we consider the cases of nonuniform electric fields, however, the role of time-periodic electric field may be different. Lee and Kang3) found that in some nonuniform electric fields, circulating flow formed due to the electric field is unsymmetrical. This result suggests that time-periodic nonuniform electric field may change the pattern of electrohydrodynamic flow itself.  Thus the aim of the present work is to study theoretically both the electric potentials and the streamlines inside and outside a drop under a time-periodic nonuniform electric field. The behavior of particle trajectory will also be discussed in the Lagrangian point of view. 
Electric potential field
The problem we concern here consists of a spherical drop of radius a located at 
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 in a dielectric fluid medium. The drop is subject to a time-dependent electric field 
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. For simplicity, the fluid inside the drop is assumed to be incompressible to have constant radius. It is also assumed that the electrical properties are constant and there is no free charge in the fluid medium. 
As in previous study,  the nonuniform electric field can be approximated by 
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In  [1]  
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denote a uniform electric field and linear electric field respectively. As an example of nonuniform electric field, we treat axisymmetric case of [1] given by
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For convenience, we adopt the notations 
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, where R denotes the real part of complex number. We introduce also the electric potentials that satisfy 
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. Then the governing equations for the electric potentials are 
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where the subscript in denotes the variables associated with drop inside.  The matching boundary conditions are 
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and 
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at the drop surface where the surface charge density is defined by 
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, n is the outgoing unit normal vector from the drop surface, and t is the unit tangent vector. 

Solving [3] with boundary conditions [4], [5] and [6], the solutions of electric potentials are given by 
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where   
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In [9], 
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. Thus the electirc field at the drop surface are given by
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where 
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Stream function

Let’s consider electrohydrodynamic flow inside and outside of a dielectric drop induced by time-periodic electric field, both uniform and nonuniform. This can be determined by solving a linear fourth-orther equation for the stream function 
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where ( denotes 
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. Assuming that stream function is given in the form of 
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, we can obtain general solution of stream function given by 
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where 
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 is some integral form of the Legendre function. The corresponding boundary conditions at the drop interface are given by
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where 
[image: image36.wmf]E

t

and 
[image: image37.wmf]t

represent tangential shear stresses for the electric field and fluid flow. 
[image: image38.wmf]E

t

 is related to electric field as follows 

     
[image: image39.wmf]t

n

E

E

E

e

t

=

                                                        [16]

where subscripts n, t denote normal and tangential components of electric field respectively. 

    For convenience, let’s introduce dimesionless parameters given by 
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where subscript c denotes characteristic variables. Solving [12] with boundary conditions [14] and [15], the dimensionless stream functions are obtained as
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and
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where  
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In [19], M is the electrical permittivity ratio defined by 
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Results and discussions

The contour plots of streamlines in time-periodic uniform and nonuniform electric fields are shown in Fig. 1 for the case of 
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.  Under the uniform electric field,  the circulating flow pattern is similar to that of the static case except for the circulating strength. However, it is seen in the nonuniform electric field case that the electrohydrodynamic flow is greatly affected by the time change. As expected, the strong circulatory flow appeared at one side of a drop is moved to the other side of a drop with the time change. This phenomenon seems to be similar to result in an effective mixing so that additional increase in heat and mass transfer is obtained. In order to understand mixing behavior, the particle trajectory is now being analyzed in the Lagrangian point of view. 
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      Fig 1.  Contour plots of streamlines in a drop under time-periodic 
              uniform electric field 
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