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Abstract—Earlier studies have shown that electric field in the form of corona wind can sig-
nificantly enhance heat and mass transfer.  It has also been shown that the maximal en-
hancement can be achieved by optimal design and arrangement of electrode(s) involved.  To 
this end, a new electrode has been proposed.  To seek the optimal design of the electrode as 
well as the optimal operating conditions, a numerical study has been undertaken.  As the first 
step, electric field generated from the electrode assembly is calculated and verified.  The nu-
merical solutions of the three dimensional electrical fields, which are obtained through itera-
tions between the reduced Maxwell equation and the current continuity equation, are pre-
sented for some selected operating conditions. Once the electric field results become avail-
able, further numerical study on the flow and temperature fields can be continued.  

INTRODUCTION 
It has long been known that an electric field can significantly enhance heat and mass 

transfer [1-3].  In air, the mechanism for this enhancement has been attributed to the elec-
trohydrodynamically (EHD) induced secondary flow.  The EHD-induced secondary flow 
is also known as corona wind or ionic wind, which can be thought of as a micro-jet of 
fluid issued from the charged electrode to the grounded surface.  The net effect of this 
secondary flow is additional mixing of fluids and destabilization of boundary layer, 
therefore leading to a substantial increase in the heat and mass transfer coefficients.  Co-
rona wind is produced by an electrode charged with a direct current (positive or negative) 
at a sufficiently high voltage (in the kV range).  While the applied voltage may be high, 
the current involved is usually very small (in the μA to mA range), which makes the 
power required considerably insignificant.  This has become one of the most attractive 
features for EHD technique. 

In recent years, there has been a surge of interest to apply EHD technique to control 
and manipulate boundary layer separation that leads to drag reduction.  Different plasma 
actuators have been proposed and tested to increase flow attachment to induce more lift 
on aircrafts [4-6].  Many attempts have also been made to use corona discharge as a driv-
ing mechanism for a gas pump [7-8].  More recently, EHD gas pumps were used to drive 
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gas flow in pipes.  These EHD gas pumps are desirable because they are much cheaper to 
operate since they have no moving part and require less maintenance.  

Although EHD gas pumps are promising, there are still some challenging questions to 
be addressed.  The first is associated with the high voltage required to drive the flow in a 
large scale system.  However, it is expected that the operating voltage will decrease as 
the scale of the system is reduced, thus promoting its wide spread use in microsystems.  
In fact, the implementation of EHD pumping has received tremendous attention lately 
due to an increasing interest in microfluidics, chip-integrated cooling, and drug delivery 
systems [8].  The next challenge is related to its configuration.  The efficiency of an EHD 
pump lies in the design of its electrodes.  An appropriate configuration of the pumping 
system along with an optimal spacing between the electrodes (L) and its relation to other 
significant dimension (for the present case, the width of the channel; i.e., L/D) must be 
determined.  Finally, the formation of ozone and other ions from the discharge process 
can lead to health hazards.  This concern can limit the applications of EHD pumps if not 
properly addressed.  Not withstanding these minor drawbacks, EHD pumps are attractive 
for use in the thermal management of electronic and microelectronic circuits since the 
size of the pump and flow channel can be in the micron or millimeter range. 

The main objective of the present study is to numerically evaluate the electric field 
produced by electrodes used in an EHD gas pump in a rectangular channel.  To aid the 
numerical calculation, experimental measurements have also been conducted.  Because 
of the coupling between electric field and flow fields, the electrical field data obtained 
from the present study are needed for the further numerical analysis of the flow fields.  

EXPERIMENTAL SETUP, NUMERICAL FORMULATION AND PROCEDURE 

A. Experimental Setup 
The experimental setup used in this study is shown in Fig. 1.  The test channel was 

constructed using Plexiglas of ¼ inch thick.  The inner dimensions of the channel were 4 
inches by 4 inches with a length of 20 inches.  The dimensions of the wire-electrode and 
system configuration are shown in Fig. 2.  A copper wire with a diameter of 20 GA 
(0.03196 in) was used as the electrode.  The copper wire was bent and welded to form 
the electrode loop as shown.  Four one-inch-long copper wires were welded to the base 
loop at the center on each side of the wall.  These four extension wires served as emitting 
electrodes.  A ½ inch wide and 0.025 inch thick copper strip, which was also mounted on 
all four sides of the wall, was used as the grounded plate.  The gap between the tips of 
the wire and the grounded plate was 1.5 inches.  The electrode assembly and the 
grounded plate were press-fitted to pre-cut grooves on the inner wall of the channel so 
that their surfaces were flushed with the channel wall.  In this arrangement, the corona 
wind produced by the electrode will resemble that of a wall jet.  Also, the emitting elec-
trodes were intended to align with the direction of primary flow to maximize its effect of 
pumping.  

The electrode assembly was connected to a high voltage power supply (Bertan, Se-
ries 205B) and charged with a direct current of positive polarity.  The plate was grounded  
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Fig. 1  Schematic of the experimental setup. 

 
 
 

 
 

 
Fig. 2  Configuration of the EHD pump test section with dimensions (in inches). 

 
at the same level of the power supply.  A multimeter (Fluke 8000A Series) was con-
nected in series with the ground plate to measure the current flowing through the ground 
plate.   

Two ¼ inch NPT compression fittings were installed on the lower part (outlet section) 
of the channel to hold the velocity transducer (Omega FMA 902-I) in place to facilitate 
air flow measurements.  The transducer was connected to a process meter (Omega DP 
25B-E) so that the measured air velocity can be read out directly.  The velocity probe 
extended horizontally from channel wall allowing measurements along each centerline of 
the channel cross-section.   

Prior to the start of the experiment, a spirit in glass level was used to ensure that the 
channel was vertically upward and that the velocity probe was horizontally leveled.  To 
avoid electrical shock the power supply was kept in the off position until the start of the 
experiment.  The applied voltage was gradually increased until a flow was detected by 
the velocity transducer.  For the present setup, corona wind was too weak to be detected 
until the applied voltage was increased to 20 kV.  The applied voltage was then incre- 
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Fig. 3  V-I curve for the present experimental setup. 
 

mentally increased by half kilovolt until spark over occurred at about 25 kV.  The phe-
nomenon of sparkover can be easily observed through a visible bright light and cracking 
sound that it produced.  When it occurs, electric field becomes unstable and fluctuates 
violently.  As such, it should be avoided to operate beyond this voltage.  The V-I curve 
for the present experimental setup is shown in Fig. 3.  As seen, the current produced by 
corona discharges increases almost linearly with the applied voltage after the onset of 
corona.   

B. Numerical Formulation and Procedure 
For the problem considered, the governing equations for the electrical field are given 

by [9], 
2 2 2

c
2 2 2

ρV V V ,
εx y z

∂ ∂ ∂
+ + = −

∂ ∂ ∂  (1) 

2
c c cρ ρ ρV V V ,

x x y y z z ε
∂ ∂ ∂∂ ∂ ∂

+ + =
∂ ∂ ∂ ∂ ∂ ∂

cρ
 (2) 

which can be derived from Maxwell equation, current continuity equation and Ohm’s 
law.  

The corresponding boundary conditions are, 
At the wire, , (3a) 0V = V

At the ground plate, , (3b) V = 0

At the inlet and outlet of the channel, 
V = 0
z

∂
∂ ,  (3c) 

At the left and right channel walls, 
V = 0
x

∂
∂ , (3d) 

At the front and back channel walls. 
V = 0
y

∂
∂ . (3e) 
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For the solution of electric field, a numerical procedure proposed by Yamamoto and 
Velkoff [9] has been employed.  In this procedure, electric potential and space charge 
density are determined by iterations on Eqs. (1) and (2) with an assumed value of space 
charge density at the wire (ρc0).  The validity of the solution is checked by comparing the 
predicted total current with the measured current at the corresponding voltage.  If the 
currents do not match, a new value of space charge density at the wire is assumed and the 
calculations are repeated.  The flow chart of this algorithm is shown in Fig. 4.  There are 
other algorithms for the solution of electric field (e.g., those proposed by McDonald et al. 
[10] as well as Kalio and Stock [11]), in which the electrical field condition at the wire is 
estimated by the Peek's semi-empirical formula [12] instead of an assumed value.  It 
should be pointed out that an empirical constant, named the wire condition factor, has 
been introduced in the formula mentioned above such that the accuracy of the converged 
solution really depends on the value of the wire condition factor assigned.  Since the as-
signment of this empirical constant is somewhat arbitrary, we prefer the approach por-
posed by Yamamoto and Velkoff [9] over the later ones [10-11].  However, it has been 
reported [13-14] that the agreement between the results obtained by these two approaches 
is very good when the solutions converged.   

Finite different method was used to solve above differential equations along with the 
boundary conditions.  Owing to the symmetry of the problem, only one quarter of the 
channel was needed for computations.  Since the radius of the electrode wire is very 
small, it is appropriate to treat the wire as a nodal point.  A uniform grid (51 x 51 x 176) 
has been used for the present calculations.  As shown in Fig. 4, Eq. (1) is solved first 
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 Solve Maxwell Equation (Eq. 1) with ρc = 0 
 
 
 Initial Guess of ρc0 

 
 

Solve Current Continuity Equation (Eq. 2) 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Flow chart of numerical procedure. 
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without considering the charge density.  The results obtained are used as the initial values 
of the potential field in the solution for the charge density using Eq. (2).  Once the charge 
density is known, the current on the ground surface can be calculated using the following 
equation.   

 
W L W L

c x c ycal 0 0 0 0 ,I bE dydz bE dxdz= ρ + ρ∫ ∫ ∫ ∫  (4) 
 

When this calculated current agrees well with the experimental data (i.e., to satisfy Eq. 
(5)), the electric field is considered converged. 
 

cal exp 3

cal

I I
10

I
−−

≤ . (5) 

 
Computations have been performed on a 64-bit workstation with 2 GHz CPU and 8 Gb 

RAM.  A typical run takes about one hour of CPU time with 45 minutes for the solution 
of electric field without charge density and additional 15 minutes for the electric field 
solution with charge density.  A further refinement of grid to 81 x 81 x 256 does not pro-
duce much improvement over the results but significantly increase the computational 
time.  As such, the present study settles on the grid of 51 x 51 x 176. 

RESULTS AND DISCUSSION  
The electric potential distributions inside the test channel are shown in Figs. 5 and 6 

without and with the space charge, respectively.  The potentials displayed have been nor-
malized with the voltage applied at the wire.  The first set of potential contours is viewed 
from the center planes inside the channel while the second set is viewed from outside of 
the channel.  From Fig. 5, a large potential gradient is observed between the wire elec-
trode and the grounded plate.  The electric potential then gradually decreases toward two 
ends of the channel.  By comparing the upper and lower frames of the contours, one ob-
serves that the electric potential is slightly higher in the core region of the channel than 
that on the channel surface.  With an increase in the applied voltage, the potential distri-
bution extends further to the two ends of the channel.  With the inclusion of space 
changes, the potential distribution is greatly modified which can be clearly observed 
from Fig. 6.  The potential contour becomes sharpened, particularly at the region close to 
the electrode.  Also, electric potential is extended further toward the ends of the channel.   

To better visualize the electric field in three dimensional space, the distributions of 
electric potential are displayed in various cross-sections in X-Y plane (Fig. 7).  For a 
given applied voltage, one observes that electric potential decreases as one moves along 
the z-axis toward the outlet.  At a given cross-section, the electric field intensifies as the 
applied voltage increases.  For cross-sections at or below the grounded plate, one notices 
that electric potential is higher at the center of the channel than that at the wall. 
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    (a) (b) (c)  
Fig. 5  Potential distribution in the channel without space charge (Δ v  = 0.05) , (a) 20 

kV, (b) 22.5 kV, (c) 24 kV. 

         

         
    (a) (b) (c)  
Fig. 6  Potential distribution in the test channel with space charge (Δ v  = 0.05): (a) 20 

kV, (b) 22.5 kV, (c) 24 kV. 
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 (a)              (b)              (c)             (d)              (e)  

20 kV 

22.5 kV 

24 kV 

Fig. 7 Potential distribution in X-Y plane (Δ v  = 0.05): (a) Z = 25.4 mm (the wire 
plane); (b) Z = 50.8 mm (the wire tip); (c) Z = 69.85 mm (the mid-plane between 
the wire tip and the grounded plate); (d) Z = 88.9 mm (at the edge of the 
grounded plate); (e) Z = 95.25 mm (the mid-section of the grounded plate). 

 
 
 
 
 
 
 
 
 
 
 

 20 kV 

(a)           (b)         (c)  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Potential distribution in Y-Z plane (Δ v  = 0.05): (a) X = 0 mm (channel wall); (b) 
X = 12.7 mm; (c) X = 25.4 mm. 

 

(a)          (b)          (c)  

 22.5 kV 

(a)          (b)          (c)  

24 kV 
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The electric field inside the channel can also be examined through the distributions of 
electric potential in various cross-sections in Y-Z plane (Fig. 8).  For a given applied 
voltage, one observes that a large potential gradient exists at the wire tip and at the edge 
of the ground plate.  The gradient becomes less pronounced as one moves away from the 
channel wall.  Also at a given cross-section, the electric field intensifies as the applied 
voltage increases. 

The distributions of space charge are shown in Fig. 9 for various potentials considered.  
The charge density displayed is also normalized with its value at the wire tip.  As ob-
served, space charges are clustered around the wire tip.  Their density reduces signifi-
cantly when moving away from the wire tip.  With an increase in the applied voltage, the 
cluster of space charges is further confined to a smaller region at the tip.   

To visualize the charge distribution in three dimensional space, the distributions of 
space charge are displayed in various cross-sections in X-Y plane as well (Fig. 10).  For 
a given applied voltage, one observes that there is no space charge on the wire plane 
above the tip since space charge propagates like a one-dimensional wave toward the 
grounded plate.  As one moves along the z-axis toward the grounded plate, space charge 
gradually spreads from the wire tip to the center of the channel.  With an increase in the 
applied voltage, space charge spreads wider.  At a given cross-section, space charge is 
observed to spread radially outward from the wire tip.  For cross-sections at the grounded 
plate level, one notices that the distribution of space charge is nearly uniform. 

 
 

           

       
    (a) (b) (c)  
Fig. 9 Space charge distribution in the test channel (Δ cρ  = 0.1): (a) 20 kV, (b) 22.5 kV, 

(c) 24 kV. 
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 (a)              (b)              (c)              (d)              (e)  

 20 kV 

      22.5 kV 

 24 kV 

Fig. 10 Space charge distribution in X-Y plane (Δ cρ  = 0.1): (a) Z = 25.4 mm (the wire 
plane); (b) Z = 50.8 mm (the wire tip); (c) Z = 69.85 mm (the mid-plane between 
the wire tip and the grounded plate); (d) Z = 88.9 mm (at the edge of the 
grounded plate); (e) Z = 95.25 mm (the mid-section of the grounded plate). 

 
  20 kV 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Space charge distribution in Y-Z plane (Δ cρ  = 0.1): (a) X = 0 mm (channel wall); 
(b) X = 12.7 mm; (c) X = 25.4 mm. 

 

(a)          (b)          (c)  

 22.5 kV 

  (a)         (b)          (c)  

 24 kV 
  (a)         (b)         (c)  
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The spread of space charge in the longitudinal direction can be examined from the con-
tour plots in Y-Z plane (Fig. 11).  At the wall, it is observed that space charge spreads 
from the wire tip toward the channel outlet.  As one moves away from the wall, the influ-
ence from the other wire tip becomes obvious.  From Figs 10 and 11, one concludes that 
space charge although weak distributes rather uniform in the core region of the channel.  

CONCLUSION 
The present study examines the electric field inside a rectangular channel equipped 

with an EHD gas pump.  From the numerical results obtained, one can visually inspect 
the distribution of potential and space charge.  The results obtained provide the needed 
information for further numerical analysis of flow field.  Through the study of coupled 
flow field, one will be able to optimize the design of an EHD gas pump. 

NOMENCLATURE 
b ion mobility of air, b = 1.4311 x 10-4 m2/V⋅s for positive ions 
Ex electric field strength in x-direction 
Ey electric field strength in y-direction 
Ical numerically calculated corona current 
Iexp experimentally measured corona current 
L length of channel 
V electric potential 
V0 applied voltage at the wire 
v  normalized electric potential, = V/V0 

W width of channel 
x, y, z Cartesian coordinates 
ε permitivity of air 
ρc space charge 
ρc0 space charge at the wire tip 

cρ  normalized space charge, = ρc/ρc0 
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