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1. Introduction

During the past three decades, a lot of experimental and computational works elucidating the behavior of the electrified drop have become available in literature [1-3]. As a result, we can fairly predict the behavior of conducting drop immersed in an insulating medium. In contrast, in the case of a less conducting drop suspended in a more conducting continuous phase, only a scare attention has been paid in an experimental point of view. This is partially due to the fact that the dielectric breakdown occurs easily when the medium is not highly insulating. In almost of previous studies, the effect of rotation of drop induced by electric field has not been considered. Recently, Krause and Chandratreya [4] showed that the rotational motion of the drop can alter the deformation behavior of the drop. According to the authors, the electrorotation can suppress the deformation perpendicular to the applied field direction. This is probably due to the fact that the rotation of the droplet interferes with the electrohydrodynamic flow along the interface between the droplet and the continuous phase. In this study, we consider the electric-field-induced rotation of the less conducting drop suspended in a more conducting drop and its consequences on the deformation and burst behavior of the drop under the action of dc electric field in an experimental point of view. Due to the lack of theoretical background on the electrorotation of deformable particles, we cannot fully analyze our experimental data on the basis of well-developed theoretical framework. Instead, in the following sections, we will introduce the well-known theory on the electrorotation of rigid sphere in a dc electric field and discuss the deviation from theory which is probably resulted from nonspherical, that is, oblate shape of the drop or dissipation of rotational energy due to the viscous flow inside the drop. We will also discuss the failure of Taylor's leaky dielectric theory when the rotation motion of drop exists.

2. Experimental
The castor oil purchased from Aldrich Chemical Co. was used as a suspending medium without further treatment. Its viscosity, dielectric constant and conductivity were 0.75 Pa.s, 3.8, and 3.9 ( 10-11(-1m-1, respectively. In order to exploit the effect of viscosity ratio between the drop phase and its surrounding, we prepared five kinds of silicone oil with a wide range of viscosity. The flow cell was made by transparent acrylic resin in rectangular shape and two vertical copper plates were used as electrodes. The distance between two electrodes was 3.5cm. The space between the electrodes was occupied by medium fluid, that is, castor oil. After small volume of the drop fluid was deployed by micropippet in the middle of flow cell, the electric field was applied by high voltage dc power supply (Glassman High Voltage Inc., Series EH). The onset of electrorotation was detected by optical microscope equipped with CCD camera. If necessary, the steady-state shape or burst behavior were recorded by video cassette recorder and captured by frame grabbing board during the replay of recorded images. In order to visualize the fluid flow inside the drop, trace of aluminum powder was dispersed in silicone oils. In a moderate strength of electric [image: image1.png]


field, circulating flow was generated as predicted by Taylor [5]. When the electrorotation occurred, the circulating flow patterns were disappeared and simple rotating flow patterns were observed. We measured the electric field strength at which circulating flows were shifted to rotational motions. These values were considered as the threshold electric field strength of electrorotation.

3. Results and discussion

In Figs. 1(a) and 1(b), the flow patterns inside the less conducting drop are illustrated for stable and unstable to rotational disturbance, respectively. The flow patterns appears in Fig. 1(a) has been predicted by the well-known Taylor's leaky dielectric theory and visualized by many investigators. The strength of circulating flow increases with the electric field strength and decreases with the viscosity of drop fluid. When the electric field strength increases further, and thus, exceeds threshold electric field strength the drop becomes unstable to small

rotational perturbation. As a consequence, the axisymmetric circulating flow disappears and the drop continues rotation. As can be seen from Fig. 1(b), the axis of symmetry of oblate spheroid inclines and is not parallel to the direction of electric field in contrast to the case of stable drop. Although the drop rotates continuously, and thus, has no steady-state shape, the degree of drop deformation remains constantly within a certain range of electric field. As we can see shortly, further increasing of electric field induces 'pseudo deformation' and actual breakup of droplet.

For a given drop-continuous phase pair, the degrees of drop deformation can be represented via single deformation curve without regarding to the size of drop if we express them as a function of dimensionless group, the electric capillary number. Since the electric capillary number is linearly proportional to the size of drop, the only effect resulted from the larger drop is increasing the electric capillary number. This statement can be confirmed clearly from Fig. 2. The data sets included in the plots are determined by examining the flow patterns inside the drop and orientation of axis of symmetry. The final point for each drop corresponds to the last steady-state shape observed before the onset of electrorotation. The dotted line included in each plot is calculated from the leaky dielectric theory. Although there exist slight scattering of points, it is obvious that the effect arising from different size of drop is fairly interpreted by the electric capillary number. It should be noted that the theoretical prediction is in good agreement for the case of very viscous drop (Fig. 2(a),  = 13.07) whereas the deviation from experiment is apparent for the less viscous drop (Fig. 2(b),  = 0.07). 

In Actual, however, the threshold value of electric field strength to invoke the electrorotation is a weak function of the dimension of drop as can be seen from Fig. 3. It is apparent that the threshold electric field strength is slightly decreases as increasing the size [image: image2.png]


of drop. It is the viscosity ratio that produces much greater influence on the threshold electric field strength. As increasing viscosity ratio or equivalently when the drop fluid is highly viscous, the electrorotation is induced more easily. The estimated values of threshold electric field strength included in Table 1 are severely underestimating for whole experimental systems except one in which highly viscous drop is employed (Exp. 1).
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Now, let us discuss why the experimental results for the less viscous drop deviate largely from theory for the electrorotation and Taylor's leaky dielectric theory. At first, theory for the electrorotation of particles introduced in the previous section has been developed for the rigid spherical particles in a dc electric field. As a matter of fact, the applicability of that theory to our experimental systems should be severely limited. There is a considerable difference between the rotation of a solid particle and a liquid droplet, since motion within the droplet can occur in the latter case. The actual shape of the drop in an electric field is an oblate spheroid. As a consequence, the electric and hydrodynamic torques exerted on the drop must be modified. In this context, when the drop fluid is highly viscous and extremely small (and thus, the deviation from spherical shape is very small), the theory can describe the electrorotation of deformable fluid drop with accuracy. For the less viscous drops, the electric energy which tends to rotate the drop is probably transformed to viscous dissipation due to the strong internal fluid motions. As a result, more electric energy is required to produce the drop rotating. It may be also suggested that the ellipsoidal shape of the drop is responsible for the decreasing threshold electric field strength with regard to the size effect represented in Fig. 3.

In Fig. 4, the effect of viscosity ratio on the actual breakup of the drop is depicted. Analogous to the drop subjected to the shearing flow, there is a viscosity ratio shows the minimum electric capillary number. For a highly viscous drop, much stronger electric field is required to fragment the drop. It can be of course attributed to the vorticity of the electric-field-driven flow resulted from electrorotation. However, although it is obviously true that the fragment of the drop is greatly influenced by the electrorotation, we cannot be sure that there is a limiting steady deformation as like the case of shearing flow due to the presence of deforming electric force. Unlike the less conducting drop reported here, our research group has shown that the critical electric capillary number is nearly independent of the viscosity ratio since the electrically driven flow is too weak to reflect its hydrodynamic effect on this phenomena.

4. Conclusions

The electric-field-induced rotation of deformable fluid drops is considered experimentally. For whole experimental systems, the drop fluid is less conducting than continuous phase. As expected from traditional theory for the electrorotation of rigid spherical particle in a dc electric field, there is a threshold electric field strength at which the drop initiates the rotation. However, the estimation of threshold electric field strength by theory employed in this study is not satisfactory when the electrically-driven viscous flow inside the drop and the degree of drop deformation are considerable. The threshold electric field strength increases as decreasing viscosity ratio or the size of considered drop. The validity of leaky dielectric theory is also examined. When the viscosity ratio is much smaller than unity, the deviation from theory is not negligible even within the small deformation limit. The critical electric capillary number which is responsible for the actual breakup of the drop shows minimum at a certain range of viscosity ratio. This result is consistent with that of viscous drop subjected to an external shearing flow where the vorticity plays an important role.
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Fig. 1 Circulating and rotating flow patterns inside the silicone oil drop  = 1000cSt.  (a) a = 0.13cm, E0 = 2.86 kV/cm; (b) a = 0.13cm, E0 = 3.54 kV/cm.
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Fig. 2 Degree of drop deformation in terms of aE02. (a) Exp. 6 (= 13.07); (b) Exp. 1 ( = 0.07)





 Exp. No.         Drop phase                    2/1       2/1        (E0)cr  


    1        silicone oil ( = 50cSt)        0.07     0.71       0.16        2.70


    2        silicone oil ( = 300cSt)       0.39     0.72       0.16        2.70


    3        silicone oil ( = 600cSt)       0.78     0.72       0.15        2.66


    4        silicone oil ( = 1000cSt)      1.31     0.72       0.15        2.66


    5        silicone oil ( = 4000cSt)      5.37     0.72       0.15        2.66


    6        silicone oil ( = 10000cSt)    13.07     0.73       0.14        2.56    





Table 1. Experimental runs.
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Fig. 3 Effect of drop size and viscosity of drop fluid on the threshold of electrorotation.
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Fig. 4 Effect of viscosity ratio on the actual breakup of the drop. 
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