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ABSTRACT 

When a dielectric fluid is exposed to a high electric field (>1 kVmm-1), electric forces are generated due to the non-

uniformity of electric conductivity and dielectric constant.  The electric body forces often produce complex and 

macroscopic flow such as convection, turbulent and chaotic flow.  The secondary flow induced in high electric fields 

is well known as electrohydrodynamic (EHD) effects.  According to previous EHD experiments and numerical 

simulation in DC fields, the velocity of flow has been reported to be of the order of 10-2 ms-1 in electric fields of 

several kVmm-1. However, on the application of high DC electric fields to some dielectric oils, a fluid jet with a 

velocity of about 1 ms-1 can be created from the positive electrode as a bulk flow. In this study, the numerical 

simulation of EHD jet is carried out from the engineering aspects.  The high speed jet flow is theoretically 

reproduced, and the obtained flow patterns are compared with the experimental results under the conditions of simple 

electrode allocations. 
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NOMENCLATURE 

E electric field intensity, Vm-1 

f force, N 

L characteristic length, m  

p pressure, Pa 

t time, s 

U         characteristic velocity, ms-1  

u velocity, ms-1 

V0        characteristic field potential, V 

          permittivity, F m-1 

electric field potential, V

viscosity, Pas 

emobility 2V-1s-1 

 density, kgm-3 

e charge density, Cm-3 

 

e0 characteristic charge density, Cm-3

 electric conductivity, Sm-1 

 

Dimensionless numbers  



Coul 
e0V0
U 2

 



Elec 
V0
e0LU

 



Perm 
L2e0
V0

 



Re 
LU


 



Vmob 
eV0
LU

  

1. INTRODUCTION 

Dielectric fluids are characterized by very low values of 

the conductivity (<10 -8  Sm-1) and commonly 

regarded as insulating oils in industries .  When 

dielectric fluids are subjected to the high electric 

field (>1 kVmm-1), electric body forces are 

generated due to the non-uniformity of electric 

conductivity and dielectric constant. Under some 

conditions, macroscopic motions such as convection, 

turbulence, and chaos are induced in the systems.  The 

secondary motions of fluid, which are produced in high 

electric fields, is known as electrohydrodynamic (EHD) 

effects. (Castellanos 1991, Maekawa et al. 1992, Suzuki 
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1985, Worraker and Richardson, 1981).  The EHD 

effects are extensively studied from theoretical and 

experimental points. Recently the application of EHD 

flow to mechanical devices has received increasing 

attention. Zahn and Reddy (2006) have analyzed the 

micromixing process due to EHD instability for 

techniques of separation of DNA from other cellular 

components. For electronic cooling, the EHD 

micropumps have been extensively studied by Darabi et 

al. (2001, 2002, 2005, 2006). In the field of colloid 

science, the EHD flow of suspensions, which contain 

nanoparticles, has been accepted as the key technology 

of direct writing of nanoparticles for nanoprinting and 

formation nanostructures (Rocks et al. 2007, Wang et 

al. 2007). Also, the EHD flow can be used for 

formation of fine fibers and this method is called 

electrospinning (Skotak and Larsen 2006, Park et al. 

2008). In DC fields, the Coulomb force acting on a 

space charge dominates the dielectrophoretic force and 

often causes the EHD instability.  According to the 

numerical simulation and EHD experiments in DC 

fields, the velocity of the flow has been reported to be 

of the order of 10-2  ms-1  in electric fields of several 

kVmm-1 (Denat et al. 1979, Yasufuku et al. 1979, Haga 

et al. 1995). 

In previous papers, we have found that on the 

application of high DC fields to insulating oils, a fluid 

jet with a velocity of about 1 ms-1  is created from the 

positive electrode.  In this process, electric energy is 

directly converted to kinetic energy of the fluid. Since 

the high energy density can be generated, the EHD jet is 

very attractive in applications to mechanical elements.  

By controlling the velocity and the direction of EHD 

jet, the authors have developed three kinds of new fluid 

devices.  The first devices are the dielectric fluid motors 

(Otsubo and Edamura 1997), which consist of vane 

wheel, cup, wire electrodes, and working fluid. Several 

sets of wire electrodes are arranged around the inner 

wall of cylinder.  The rotational direction is regulated 

by the polarity because the flow of working fluid is 

induced in the direction from the positive to negative 

electrodes.  By modification of geometry and electrode 

design, various types of motors have been developed 

(Yokota et al. 2001a, b).   

The second devices are electrorheological (ER) devices.  

The ER effect is defined as a rapid and reversible 

change in viscosity of fluids on the application or 

removal of electric fields.  Typical ER fluids are 

suspensions of polarizable particles dispersed in oils.  

But when subjected to high electric fields in electrodes 

with flocked fabrics, the pure oils without particles can 

cause the increase in viscosity (Otsubo and Edamura 

1998, 1999).  The most interesting feature is that the 

viscosity behavior is converted from Newtonian to 

shear-thinning profiles and the system becomes a 

viscoelastic fluid due to striking elastic effects.  The 

rapid and large-scale convection is generated between 

the tips of fibers and plate electrode. Since the 

additional energy is required to change the periodic 

patterns of EHD convection by forced shear, the ER 

effect demonstrated by the modification of electrode 

with flocked fabrics can be attributed to a combined 

effect of EHD convection and external shear.   

The third devices are inkjet nozzles (Edamura and 

Otsubo 2004).  The electric fields acting on space 

charges produce not only the body forces in the bulk, 

but also the extra stresses across the interfaces.  If the 

sufficiently high normal stresses are exerted, the 

continuous evolution of free surface from the nozzle 

exit can take place.  By the use of a needle electrode, 

the continuous liquid jet can be generated from the 

nozzle exit.  This can provide the feasibility of new 

basic technology for inkjet printing.  The developed 

models are very attractive as the elements of new fluid 

devices and have great potential in the field of fluid 

machine technology. However, the mechanism of jet 

flow generated in electric fields is not clearly explained.  

For improvement of device performance, it is essential 

to understand the EHD jet mechanism as a function of 

fluid properties.  In the present paper, the large-scale 

EHD convection is experimentally examined in 

simplified conditions and the obtained results will be 

quantitatively analyzed through numerical simulation. 

2. EHD FLOW PATTERNS GENERATED 

AMONG MULTIPLE ELECTRODES 

2.1 Materials and Methods 

The sample fluid was dibutyl decanedioate, whose 

density and viscosity were 0.936×103 kgm-3  and 10.1 

mPas at 25°C, respectively. The electrical conductivity 

was 1.03×10-9  Sm-1 at 1 kVmm-1 and1.35×10-9 Sm-1 

at 2.0 kVmm-1. A very small amount of silica particles 

were dispersed as tracers for image analysis.  

The fluid was placed in a petri dish at a thickness of 15 

mm, in which several electrodes made of copper wire 

with a thickness of 0.1 mm were vertically immersed at 

a depth of 1.0 mm.  A DC voltage of 4.0 kV was 

applied to the positive electrodes and the negative 

electrodes were connected to the ground (0 V).  The 

macroscopic flow electrically induced at the liquid 

surface was recorded through a high-speed videocamera 

(FASTCAM-Net 1000C produced by Photron).  The 

velocity profiles were calculated from the images taken 

at an interval of 1ms by the use of Pc-Vector obtained 

from Ohyoh Keisoku Kenkyusho, Inc.  In electric fields 

generated by different geometrical arrangements of 

electrodes, the flow patterns were determined after the 

steady flow states were established. 

2.2 Experimental Results 

Figure 1 shows the effect of electrode arrangement on 

the velocity profiles. Each arrow shows the direction 

and magnitude of flow at the point where the line starts. 

When the high voltage is applied to the sample fluid, 

the high-speed jet flow is generated around positive 

electrodes and the patterns of flow fields become steady 

in several seconds. In arrangement (A), one set of 

electrodes is immersed in the fluid at a separation of 20 

mm. The maximum velocity is attained near the 

positive electrode in the direction to negative electrode. 

The value is about 80 mms-1 on the line between two 

electrodes. In addition, the vortical flows with low 

velocity are confirmed behind the positive electrode. 

The jet flow is observed at voltages above 1.5 kV.  
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Fig. 1. Macroscopic movement of the EHD jet in different electrode arrangements. 

Hence there exists a critical voltage that must be 

overcome for continuous formation of jet flow. Beyond 

the critical voltage, the velocity increases with 

increasing applied voltage. 

In arrangements B and C, three electrodes are set in the 

form of equilateral triangle at an electrode separation of 

20 mm, whereas the polarity is changed. One electrode 

is positive and two electrodes are negative in 

arrangement (B). From the results in arrangement (A), 

it is easily expected that the flow is generated from 

positive to two negative electrodes, that is, the flow 

diverges in two directions. However, the main flow 

passes through the gap of two negative electrodes. 

Since the maximum velocity is about 100 mms-1 near 

the positive electrode, the velocity profile is very 

similar to that obtained in arrangement (A). The 

addition of negative electrode does not strongly affect 

the velocity profile. On the other hand, the velocity 

profile is quite different in arrangement (C), in which 

two electrodes are positive and one electrode is 

negative. The most significant aspect is that the jet flow 

is induced from the negative electrode, although the 

main flow with maximum velocity is issued from the 

positive electrodes. It looks likely that the jet flows 

induced from the positive and negative electrodes are 

canceled in the center region of triangle. As a result, 

two strong parallel flows appear, the maximum velocity 

of which is 70mms-1, as if the negative electrode serves 

to repel the flow from the positive electrodes.  

In arrangement (D), two sets of electrodes are placed in 

parallel to form a square at an electrode separation of 

20 mm. Since the parallel jet flows are induced, the 

overall velocity profile can be explained by a 

superposition of flows observed in arrangement (A). 

But an interesting point is that the maximum velocity of 

86 mms-1 is obtained in the center region of square. 

Presumably the EHD jet flows are enhanced by two 

negative electrodes in a similar manner that the 

accelerated flow passes through the gap of two negative 

electrodes in arrangement (B).  

The velocity profiles of EHD jet in different electrode 

arrangements can be summarized as follows: The main 

jet is generated from positive to negative electrodes. 

Although the weak flow from negative electrodes is 

also observed, it is overwhelmed by the main flow. In 

the triangle and square arrangements, the vector of 

maximum velocity does not lie on the line connecting 

positive and negative electrodes. Because of 

cooperative motion of fluid elements, the velocity 

profiles are strikingly influenced by the geometry of 

electrode arrangement. 
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3. PAPER FORMAT NUMERICAL 

SIMULATION OF EHD FLOW PROFILES 

3.1 Basic Equations 

The basic equations governing the unsteady 

incompressible viscous EHD flow are expressed as 

follows:  

(a) Continuity equation 

0u                                     (1) 

(b) Momentum equation 

2

t

u
u u p u f  


      


 

                  (2) 

where 



f e  

(c) Charge transport equation 



e
 t

u e  ( ee )
2  

(3) 

(d) Electrostatic equation 



E 
e


 (4) 

where u is the velocity [ms-1], t is the time [s], p is the 

pressure [Pa],  is the density [kgm-3], e is the charge 

density [Cm-3 ],  is the viscosity [Pas] ,  e is the 

mobility [m2V-1s-1],  is the permittivity [Fm-1], σ is the 

electric conductivity [Sm-1], and is the electric field 

potential [V].  

These equations can be rewritten by the use of five 

dimensionless numbers, which are defined as 



Re 
LU


 
(5) 



Coul 
e0V0
U 2

 
(6) 



Elec 
V0
e0LU

 
(7) 



Vmob 
eV0
LU

 (8) 



Perm 
L2e0
V0

 (9) 

where the length L, velocity U, charge density  e0
 
and 

electric potential V0 are the characteristic vales for non-

dimensionalization. 

3.2 Numerical Analysis  

Equations (1) and (2) are solved by the SMAC scheme 

(Dodge 1977, Mckee et al. 2008), in which the forward 

Euler method is applied to convective and viscous 

terms, and the implicit Euler method to the pressure 

term, through the time-splitting procedure.  To assure 

the numerical stability and accuracy, the implicit 

Crank-Nicolson method and the second order Adams-

Bashforth method are used for viscous term and body 

force, respectively.  The calculation results of Eq.(3) are 

often unstable for high Reynolds number Re, the 

upwind-difference scheme is applied to the convection 

derivative terms and Chakravarthy-Osher second order 

TVD scheme to flux calculation (Chakravathy and 

Osher 1985).  The equations are solved by the finite 

difference method by the use of an irregular rectangle 

grid and the SOR method is applied for solving a linear 

system of equations.   

The geometry is a square with a length of 20cm. The 

boundary conditions are 

     (1) No slip condition on the solid wall is prescribed. 

     (2) The natural (Neumann) conditions are imposed   

          for the electric potential, pressure, electric  

          charge on the solid wall.   

The computational procedures for simulation of EHD 

flow profile are as follow: 

     (1) Set up the grid, physical parameter and  

           boundary conditions.      

     (2) Input the starting values.  Usually all variables  

           are predetermined to be zero.  

     (3) Compute the potentials of the electric field by  

           Eq. (4).   

     (4) Predict the velocity and solve the vector  

           potential by the linear equations. 

     (5) New pressure are calculated. 

     (6) Compute the velocity to satisfy the continuity  

          condition.  

     (7) Compute the transportations of the electric  

          charge by Eq. (3) 

By repeating the procedures from (2) to (7) steps, the 

stable and accurate flow patterns are obtained.  

3.3 Results of Simulation 

Figure 2 shows the contours of electric potential at an 

electrode voltage of about 4.0 kV in different electrode 

arrangements. The voltage drop around the negative 

electrodes is very steep. The potential patterns are 

easily understood from the geometry of electrode 

arrangement. Although the charge distribution patterns 

are not shown, it has been confirmed that the charges 

are concentrated in the vicinity of positive electrodes.  

Because of low electric current, the charge density is 

suddenly decreased in the area apart from the positive 

electrodes.   

Figure 3 shows the velocity fields determined under the 

same conditions as in Fig. 1.  The change in velocity is 

shown by the color of arrow, that is, the velocity 

increases in the order of blue → green → red.  In 

arrangement (A), the main jet flows issued from the 

positive electrode and the flow patterns are very similar 

to the experimental results.  Moreover, the vertical 

flows drawn to the positive electrode in the rear region 

are reproduced in good agreement with the 

experimental results.  In simulation, all flows are 

generated by the motion of electric charges.  Therefore, 

the intrinsic mechanism of high-speed EHD flows may 

arise from the convective transport of the charge 

carriers or convective current.  However, it was not 

successful in the present programs to predict the weak 

flows generated from negative electrode, which were 

experimentally observed.  The maximum velocity 

obtained in the steady-state simulation is 37.9mms-1.  

The low value compared with experimental data may be 
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caused by the effects of impurity, surface tension, EHD 

of surrounding air, electric double layer formed around 

the electrodes, and heat convection.  These effects are 

neglected in the simulation.  The jet flow with a 

velocity beyond 1.0 ms-1 is established at the voltages 

above 20 kV in this program. 

In arrangement (B), the flow does not diverge in two 

directions of negative electrodes, but the main strong 

flow is constructed between two negative electrodes.  

This implies that the strongest electric field lies along 

the line between the positive electrode and the middle 

point of two negative electrodes.  Because of higher 

fled strength, the flow in arrangement (B) is faster than 

that in (A).  In arrangement (C), the flow is not directed 

to the negative electrode, but two strong parallel flows 

are generated from two positive electrodes.  The 

stagnation region appears in the vicinity of negative 

electrode.  Avoiding this region, two jet flows are 

generated, the velocity of which is lower than that in 

arrangement (A).  Also, in arrangement (D), the flow 

profiles obtained by the experiments and simulations 

are very similar.   As expected from Fig. 1, it is shown 

that the addition of negative electrode to arrangement 

(C) does not significantly influence the EHD flow 

patterns in simulation.  As a result, the effects of 

polarity on the flow patterns are well reproduced by the 

simulation.

 

Fig. 2. Contour lines of voltage in different electrode arrangements. 
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Fig. 3. Patterns of velocity fields at t = 3.0 s. 

 

 

Fig. 4. Time dependence of velocity and voltage after the electrification. 

 

Figures 4(A) and (B) show the time dependence of 

maximum values of velocity and voltage, respectively, 

after the electrification in different arrangements of 

electrodes.  The velocity increases with time and 

reaches the saturation which depends on the electrode 

arrangement, while the voltage shows a sudden increase 
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and gradually decreases to the constant values.  In the 

simulation, the voltage of positive electrodes is 

controlled to converge to the constant value of 4.0 kV, 

irrespective of geometry of arrangement.  The overdose 

of charges at the beginning of electrification may be 

responsible for the appearance of peak in time-

dependent curve of voltage.  From the time dependence 

of velocity and voltage, it is established that the patterns 

shown in Fig. 3 give the distribution of velocity in the 

stable states. 

4. CONCLUSION 

On the application of high DC fields to insulating oils, a 

high-speed jet flow is created from the positive 

electrode.  The EHD flow patterns generated among 

multiple electrodes are changed with geometry of 

electrode arrangement.  To reproduce the experimental 

results, the numerical analysis is carried out by the use 

of continuity equation, momentum equation, charge 

transport equation, and electrostatic equation.  The flow 

profiles obtained by the experiments and simulations 

are very similar.   The numerical analysis is successful 

in quantitative explanation of the experimental results. 
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