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Abstract 
 

This paper numerically examines the influence of electrode arrangements and number of electrodes on fluid flow under electric field. 

The distance between the electrode and ground positions varies in the vertical direction (i.e., H = −1 cm to 1 cm) and horizontal direction 

(i.e., L = 2 cm to 8 cm). Electrical voltage and inlet velocity are employed at 20 kV and 0.5 m/s, respectively. Numerical results show 

that swirling flow occur at H ≠ 0 cm and its direction depends on the location of H. When the distance L decreases, the swirling becomes 

smaller and the vorticity becomes stronger because of the higher and denser electric field intensity. Increasing the number of electrodes 

also increases the electric field, thus causing larger and more violent swirling. Comparisons of the flow visualization show that the simu-

lation results are in good agreement with the experiment results.  
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1. Introduction 

Conventional hot-air drying is simple and widely used in 

food preservation. However, this approach requires a long 

drying period, thus resulting in large energy consumption. 

Therefore, hot-air drying is combined with other external en-

ergy sources, such as microwave [1, 2], infrared [3, 4], and 

electric force or electrohydrodynamic (EHD) systems [5-7], 

which use electric force to control the hot-air flow structure 

and enhance the convective heat transfer on the product sur-

face. The mechanism of the Corona wind is explained as fol-

lows. The ion generated by the corona discharge near the 

sharp electrode moves to the ground when the electric field is 

exposed to airflow. Therefore, ionized air moves from the 

electrode to the ground and conducts the shear flow caused by 

the difference in fluid velocity between the charged and un-

charged airflows. Consequently, the shear flow induces a 

swirling flow [8]. 

The modification of flow patterns with EHD has been ex-

tensively studied by many researchers. Saneewong Na Ayut-

taya et al. [8] numerically examine the effect of ground wire 

and ground plate on flow. Their results show that ground plate 

produces a wider swirling than ground wire. However, ground 

wire can cause stronger swirling in a specific location. Ka-

sayapanand [9] studies heat transfer enhancement in a channel 

installed with an electrode bank. The results show that heat 

transfer performance depends on the electrode distance ratio, 

electrode number per length, and channel dimension. Chak-

tranond and Rattanadecho [11] investigate the enhancement of 

heat and mass transfer in the convective drying of a porous 

packed bed. Their experiments show that the convective heat 

transfer coefficient and drying rate are enhanced considerably 

by the EHD effect on the flow above the packed beds. In the 

current study, we investigate airflow that is subjected to EHD 

in a rectangular duct. The effects of electrode position and 

number of electrodes on fluid flow are also systematically 

investigated. 

 

2. Computational model 

The computational simulation domain is 0.15 m (high) × 

0.64 m (long) (Fig. 1). Electrode and ground wires are as-

sumed to be arranged in a circle with a diameter of 0.5 mm, 
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Fig. 1. Computational models: n = 3. 
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and the ground is fixed at x = 0 m and y = 0 m. The space 

charge density at the tip of the electrode (q0) is considered 

from David [12]. The electrode positions are based on the 

ground position, and the wire electrodes are varied in horizon-

tal (L) and vertical (H) directions. Electrodes (n) are installed 

in the horizontal direction at the same height as the other elec-

trodes (Fig. 2).  

 

3. Equations 

3.1 Electric field calculation 

In this study, the dielectric properties are constant, and the 

effect of the magnetic field is negligible. The electric field 

distribution is computed from Maxwell’s equations:  
 

∇ ⋅ =
�

E qε   (1) 

= −∇
�

E V  (2) 

0∇ ⋅ =J   (3) 

= +
�

�

J qbE qu   (4) 

 

where ion mobility b is 1.80 × 10
−4

 m
2
/V.s., and fluid permit-

tivity (ε) is 8.85 × 10
−12

 F/m. The electric force per unit vol-

ume (FE) on the fluid flow is computed from the electropho-

retic force or Coulomb force resulting from the net uncharged 

force within the fluid or ions injected from the electrodes: 
 

=
� �

EF qE . (5) 

 

The boundary conditions for solving the electric field (Fig. 

2) are considered zero-charge symmetry boundary conditions: 

 

0⋅ =n D . (6) 

 

The electric flux density is related to the electric field (E) 

and dielectric permittivity ( ε ):  

 

=D Eε . (7) 

 

The electrical voltage at the electrode and ground positions 

are 0=V V  and 0=V , respectively.  

 

3.2 Flow field calculation 

The properties of air are assumed constant. The air is single 

phase and has an incompressible flow. The combination of the 

Navier-Stokes equations and Coulomb force equation yields 

the following expression: 

 

0∇ ⋅ =
�

u                       (8) 

2( )⋅∇ = −∇ + ∇ +
� �

� � �

Eu u P u Fρ µ  (9) 

 

where viscosity (µ) is 1.8 × 10
−5

 kg/ms, and density (ρ) is 

1.206 kg/m
3
. The strength of the swirling flow subjected to the 

electric field is assessed through vorticity (ω ):  

 

= ∇×
� �

uω .                                      (10) 

 

The pressure at the outlet is the atmospheric pressure (P0), 

and no viscous stress is used: 
 

( ( ) 0∇ + ∇ =
T

u u nη  and 0=P P  (11) 

 

where T is the transposed matrix. The upper and lower ends of 

the rectangular duct flow are considered the no slip boundary 

condition.  

The computational scheme for this study requires the as-

sembly of a finite element model by using a collocation 

method. The model of the Coulomb force and Navier-Stokes 

equation are then solved by using COMSOL. The system of 

governing equations is solved by using the unsymmetrical 

multi-frontal method. This convergence test results in a mesh 

with approximately 5,000 elements.  

 

4. Results and discussion 

4.1 Fluid flow under electric field 

Figs. 3 and 4 show the influence of electric field on fluid 

 
 

Fig. 2. Boundary conditions of the flow and electric field domains used 

in the analysis. 

 

              (a)                         (b) 
 

Fig. 3. Comparison of the fluid motion without electric field: (a) ex-

perimental results; (b) simulated results. 

 

              (a)                          (b) 
 

Fig. 4. Comparison of fluid motion under electric field in (a) the ex-

periments; (b) simulations. 
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flow from experiments conducted by Chaktranond and Rat-

tanadecho [11] and the simulations in the current study.  

The distance between the electrode and the ground in the 

vertical direction or elevation (H) and horizontal direction or 

gap (L) are fixed at 1 and 4 cm, respectively. The uniform 

velocity (uin) of 0.1 m/s is introduced at the inlet. The swirling 

flow cannot be observed without electric force. When the 

electric field is applied at V0 = 10 kV, swirling is clearly dis-

played near the electrode and the ground. This swirling also 

follows a counterclockwise direction. The comparison of the 

results shows that both techniques are in good agreement.  

 

4.2 Effect of single electrode  

Fig. 5 shows the electric field from a single electrode, where 

gap (L) varies. In this simulation, H = 0 cm, V0 = 20 kV, and 

uin = 0.5 m/s. Figs. 5(a) and 5(b) show the electric field when 

L = 2 and 6 cm, respectively. The electric field moves outward 

from the electrode to the ground and is concentrated at both 

the electrode and the ground, that is, E ∝L
−2

. 

The effect of the position of the electrode in the elevation 

(H) is shown in Fig. 6. When H = 0 cm, no swirling is ob-

served (Fig. 6(a)). However, when H ≠ 0 cm (Figs. 6(b) and 

6(c)), a swirling flow occurs around the ground because of the 

shear flow effect resulting from the velocity difference be-

tween the fluid inertia force and electric force on uncharged 

airflow. However, the maximum velocity (umax) in the region 

near the ground changes with varying elevations. For H = 

0 cm and H ≠ 0 cm (H = 1, −1 cm), umax is 0.708 and 

1.472 m/s. The electrode position also affects the swirling 

direction. Furthermore, swirling occurs in the lower wall when 

H = −1 cm in the clockwise direction. The swirling flow effect 

causes the effective area of the main flow to become smaller. 

At H = 1 cm, umax decreases when the gap increases (Fig. 7). 

When L = 4, 6, and 8 cm, umax is 1.225, 1.109, and 1.055 m/s, 

respectively. Thus, umax is inversely proportional to the square 

of L, that is, umax∝ L
−2

. 

Fig. 8 shows that H = 1 cm and that the gap varies from 

2 cm to 8 cm. When the gap becomes smaller, vorticity occurs 

in the narrow zone. In each case, the maximum vorticity area 

occurs between the electrode and the ground zone. When the 

gap is reduced, the swirling flow becomes smaller but vortic-

ity (ω) increases. 

 

4.3 Effect of multiple electrode positions  

Fig. 9 shows the effect of multiple electrodes (n) in the 

simulation when H = 1 cm, V0 = 20 kV, and uin = 0.5 m/s. 

 
 

Fig. 6. Swirling flow in various H when L = 2 cm (V0 = 20 kV and uin = 

0.5 m/s): (a) H = 0 cm, (b) H = −1 cm; (c) H = 1 cm. 

 

 

 
 

Fig. 7. Swirling flow in various gaps (V0 = 20 kV and uin = 0.5 m/s): 

(a) L = 4 cm; (b) L = 6 cm; (c) L = 8 cm. 

 

 

(a) 
 

 

(b) 
 

Fig. 5. Electric field in various L when H = 0 cm (V0 = 20 kV and uin = 

0.5 m/s): (a) L = 2 cm; (b) L = 6 cm. 
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When n = 3 (Fig. 9(b)), the electric field is more concentrated. 

Increasing the number of electrode increases the magnitude of 

the electric field. The maximum magnitude of the electric field 

occurs between the electrodes and the ground because of the 

high gradient of the electrical voltage.  

Increasing the number of electrodes increases the swirling 

size (Fig. 10). In practice, a bigger swirling enhances the con-

vective surface heat transfer area between the product and hot-

air flow [11]. For n = 2 and 3, umax is 1.803 and 1.951 m/s, 

respectively. Fig. 11 also shows that increasing the number of 

electrodes increases the swirling size. The maximum vorticity 

appears near the ground and has different locations.  

4.4 Comparison of the effects of swirling flow between the 

simulation and experimental results 

Flow visualization is based on the incense smoke technique 

with vector form (Figs. 12(a) and 12(e)). H = 1 cm, L = 2 cm, 

uin = 0.5 m/s, and V0 = 20 kV. 

The results show that the swirling flow occurs above the 

electrode and the ground. Given that the electric force moves 

from multiple electrodes to the ground, the motion of swirling 

flow exhibits a counterclockwise direction. Furthermore, umax 

occurs between the electrodes and the ground. Considering the 

limited measurements in high voltage electric field, the veloc-

ity field magnitude is assessed through the simulations (Figs. 

12(f)~12(j)). When n = 1, 2, 3, 4, and 5, umax is 1.472, 1.803, 

2.03, 2.15, and 2.27 m/s, respectively. When multiple elec-

trodes and a single ground are used, the space charge density 

from each electrode induces different shear flows. In the 

above data, the electric field (E) intensity depends on the dis-

tance between the electrode and the ground. The electric field 

weakens when the gap is larger. These results indicate that the 

multiple electrodes provide a larger surface for convection 

heat transfer. 

 

5. Conclusions 

Numerical simulation is conducted to study the influences 

 
 

Fig. 8. Vorticity contour in various gaps when H = 1 cm: (a) L = 2 cm; 

(b) L = 4 cm; (c) L = 6 cm; (d) L = 8 cm. 

 

 

 

(a) 
 

 

(b) 
 

Fig. 9. Electric field when H = 1 cm (V0 = 20 kV and uin = 0.5 m/s): (a) 

n = 2; (b) n = 3. 

 

 
 

Fig. 10. Swirling flow in various electrode numbers (n) when H = 1 cm 

(V0 = 20 kV and uin = 0.5 m/s): (a) n = 2; (b) n = 3. 

 

 

Fig. 11. Vorticity contour in various n: (a) n = 2; (b) n = 3. 
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of the arrangement and the number of electrodes on the fluid 

flow in a rectangular duct. This electric discharge converts 

electrical energy into kinetic energy to reconstruct and accel-

erate airflow. The following conclusions are obtained from the 

results: 

A smaller distance between the electrode and the ground 

causes the Coulomb force to become stronger, thus resulting 

in higher vorticity strength. Inversely, a larger gap widens and 

weakens the swirling flow.  

The effect of shear flow is inadequate when the electric 

force and fluid flow have the same elevation (H = 0 cm); thus, 

no swirling occurs. Furthermore, different elevations (H ≠ 

0 cm) influence the swirling flow direction differently.  

Increasing the number of electrodes increases the electric 

field intensity and electrical voltage gradient. Consequently, 

the swirling flow becomes larger and stronger.  
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Nomenclature------------------------------------------------------------------------ 

b : Ion mobility (m
2
/vs)  

D : Electric flux density (C/m
2
)  

E : Electric field (V/m)  

FE : Electric force (C/m
2
s)  

H : Distance between electrode and ground in vertical 

direction (m) 

J : Current density (A/m
2
)  

L : Distance between electrode and ground in horizontal 

direction (m) 

n  : Unit normal vector and coordinate in x and y axis 

P : Pressure (N/m
2
)   

q : Space charge density (C/m
3
)  

T : Uniform temperature (K)  

u : Inlet velocity (m/s) 

V : Electrical voltage (V)   

 

Greek letters 

ε   : Fluid permittivity (F/m)  

η  : Kinematic viscosity (m
2
/s)  

µ   : Viscosity (kg/ms)  

ρ   : Density (kg/m
3
)  

ω  : Vorticity (s
−1

)  

 

Subscripts 

in : Inlet 

max  : Maximum 

0 : Atmospheric and wire 

x, y : Axis 

 

Superscript 

T : Transpose of matrix 
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