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Introduction 
 
 Direct current corona discharge is often used in many 
industry applications to charge small particles and liquid 
droplets and to control trajectories of their motion. 
Movement of charges in outer zone of the discharge is 
complicated due to drag of neutral air molecules. This is 
the reason of electrohydrodynamic flow rise named as 
electric wind. Electric wind phenomenon can be used for 
heat and mass enhancement, in ionic air cleaners etc. [1]. 
During the last decades many results of experimental and 
theoretical research are published [2]. Because of high 
voltage conditions in the discharge gap authors use for 
experimental research laser-Doppler anemometers, particle 
image velocimetry systems or hot-wire anemometers [3]. 
Theoretical research is related to simultaneous analysis of 
electric field in the electrode system with direct-current 
corona discharge and air flow field in the system. 
Analytical study of this complex problem can be 
performed only for one-dimensional field of coaxial 
electrode system. Analysis of the complex field in all 
practical electrode systems, such as wire-to-plate, pin-to-
plate etc, is available only by use of numerical methods. 
Finite-element method (FEM) of characteristics (MoC), 
boundary element method (BEM) of MoC, FEM-charge 
simulation method (CSM) and finite-difference method 
(FDM)-MoC are often used for numerical analysis of the 
field [2, 3]. Numerical analysis of the electric field of the 
system can be performed by use of software packages 
COMSOL or ANSYS [4], air flow field usually is 
simulated by use of package FLUENT [2]. Numerical 
study by aid of these packages is related to the use of high-
capacity computers. We present there the results of field 
simulation numerical model based on the FDM in the 
environment of the package DELPHI suitable to use the 
domestic personal computer of the usual capacity. 
Moreover, the generation of computational grid by use the 
FDM is easier in comparison with FEM. 
 
 

Numerical modeling of corona field 
 
 We present there results of an analysis of electro-
hydrodynamic air flow field in the wire-to-plane electrode 
system suitable to other two-dimensional electrode systems 
with wire emitting electrodes. Procedure of numerical 
analysis of the field consists of two stages. The first stage 
comprises of the numerical solution of the Poisson and 
charge conservation equations describing the direct-current 
corona discharge. The results of this stage are the 
components of Coulomb force in each the node of 
computational grid. The second stage performs 
computation of electrohydrodynamic flow field by use of 
Navier-Stokes and flow continuity equations. We perform 
an analysis of corona field in polar system of coordinates 
because of very sharp variation of electric field strength 
near the zone of ionization on the surface of wire 
electrode. The view of computational grid for the wire-to-
plane electrode system is shown in Fig. 1. Finite-difference 
approximation of the Poisson equation for irregular polar 
grid contains potential differences related to distances 
between central grid node O and neighbouring nodes P, R, 
Q and S [5, 6] 
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 Finite difference approximation of the charge 
conservation equation has the form 
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where partial derivatives of potential are the following: 
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and the partial derivatives of the charge density are of the 
form: 
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Fig. 1. Polar grid for wire-to-plane electrodes if m = 15 
 

 Components of electric field strength are the first 
derivatives of potential (for irregular polar grid): 
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 Boundary conditions for the problem solving are the 
following. Potential of the wire is equal to the given 
voltage U, potential of the plane electrode is equal to 0. 
The field strength on the surface of emitting electrode is 
constant, if U � U0 in accordance with the Kaptzov’s 
assumption [1]. U0 is the corona onset voltage. Charge 
density on the surface of the wire � �0r�  is increased from 
the value 0	�  by the step ��  to the value corresponding 
the field strength condition � � 00 ErE 	 . Computation 
procedure is shown in Fig. 2. 
 At the beginning wire potential is increased from 0 
until it reaches given voltage U. If the field strength E(r0) 
� E0 Laplace's equation is being solved, in the other case 
we find the solution of Poisson's equation. We solve this 
equation and the charge conservation equation until two 
conditions E(r0) = E0 and V(r0) = U are satisfied. At the 

end we find field strength components Er and E� by use the 
equations (7), (8). 
 Results of numerical modelling of direct-current 
corona field are given in Fig. 3 by presenting computed 
and experimental current-voltage characteristics. 
Parameters of wire-to-plane electrode system are the 
following: radius of the wire r0 = 0,05 mm, spacing 
between the wire and the plane electrode h = 12,0 mm, 
range of voltage variation U = 4,5–10,0 kV, negative 
corona ion mobility k = 2,20 cm2/V·s. Characteristic 
parameter of polar grid m = 15, corresponding to the 
central angle between neighbour radial lines �0 = 12° 
(0,209 rad). Number of nodes in computational area shown 
in Fig. 1 is 518. The law of changing of coordinate r is the 
following 

� �� � 1
0 1 ���	 i

i m/rr � .                          (9) 
 

 The value of linear discharge current density is 
defined as an integral of current density on side-on surface 
of the wire 
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where J is current density 
 

 � � � �00 rkr EJ ��	 �  (11) 
 

and S0 is the side-on surface of the wire of unit length. 
 

)o()o( rVrE ��	

�r,�r,Vr,� )/()()( 2 ��� 	���

 
Fig. 2. Numerical algorithm of corona discharge field analysis 
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 Maximum difference between numerical and 
experimental values of linear current density shown in Fig. 
3 corresponding to the voltage value U 	 7,0  kV is 150 
�A/m. The laws of numerical and experimental current 
variations corresponding to the rising voltage values are 
the similar. 
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Fig. 3. Current-voltage characteristic 
 
Numerical analysis of electrohydrodynamic air flow 
 

 Incompressible and viscous air flow induced by 
Coulomb force determined as the production of electric 
charge density and field strength of the discharge is 
governed by the system of equations comprising of the 
Navier-Stokes and the flow continuity equations (for 
steady-state conditions). The area of cross section of 
emitting electrode with the zone of ionization is negligible 
in comparison with the overall computation area of the 
field and the cross section of the wire can be assumed as a 
point. Therefore the grid in Cartesian system of 
coordinates can be used for computation of velocity 
components. 
 Finite-difference approximation of the Navier-Stokes 
and the flow continuity equations for this system of 
coordinates contains the Coulomb force components Fx, Fy 
and the flow velocity components wx, wy: 
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There 1)(
C
��

xw is the velocity x component value of new 

iteration, )(
C
�

xw  is the value of previous iteration, Pxw , 

Rxw , Sxw , Qxw  are the x components of velocities in the 
neighbour nodes, Oxw  is the x axis component of average 
velocity in the square (Fig. 4), �� - variation of time 

between iterations, a – distance between nodes, regular in 
all the grid. 
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Fig. 4. Computational grid with square elements 
 
 Computation of air flow field is performed in 
accordance with boundary conditions. At the beginning of 
computation, for � 	 0, air velocities in all the area w 	 0. 
We assume that air is incompressible, therefore air density 
�v	 const. Coefficient of kinematic viscosity is assumed as 
constant � 	 1,507·105 m2/s for t = 20 °C and p = 
1,033·105 Pa. Velocity component wx = 0 in all points of y 
axis (x = 0) due to the symmetry of the field. Components 
wx = 0 and wy = 0 on the surface of the plane electrode (x = 
–h) because of stillness of the air at the boundary. The 
condition for free space boundary is constructed by use of 
the assumption that the velocity derivatives in the inner 
point near the boundary and the outer one are the same for 
the determined value of i or j (Fig. 4). 
 Procedure of electrohydrodynamic air flow field 
computation is shown in Fig. 5. Iterative successively 
computation by equations (12), (13) and (14) is repeated 
until stationary conditions are established. 
 

Begin

Boundary condition

Calculating Navier-
Stokes equations

Recalculating by flow 
continuity equation

Steady computation

yes
End

no

 
Fig. 5. Computation scheme for numerical analysis of air flow 
 
 Visual representation of air flow velocities is given by 
vectors in Fig. 6. The length of each vector is proportional 
to modulus of velocity and the angle is proportional to the 
meaning of function arctan(wy/wx), where wx and wy are the 
components of velocity. 
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Fig. 6. Electrohydrodynamic air flow distribution in the electrode 
system for h = 12 mm  
 

 Velocity y-component gains maximum values of ~4 
m/s on the axis of symmetry and near it above the wire. 
That component diminishes to 0 on the approach to the 
plane electrode. Velocity x-component increases with 
receding from the axis of symmetry. 
 Experimental test of analysis is performed by 
comparison of numerical results with the ones of 
measurement by use of hot-wire anemometer DO 9847K. 
Anemometer probe placed near the discharge electrode 
distorts not only the electric field but also the air flow 
field. Therefore comparison of the results is only 
qualitative. Numerical value of velocity at the point x = 6 
cm near the surface of plane electrode is 1,57 m/s, the 
measured value is 1,02 m/s. The difference between the 
results is 35 %. Such a disagreement is determined by the 
field distortion and by the assumptions of modeling. 
  
Conclusions 
 

 Two-dimensional numerical model of direct current 
corona field analysis in wire-to-plane electrode system is 

based upon the finite-difference method in polar system of 
coordinates. 
 Results of corona field modeling are tested by 
comparison of the numerical and experimental current-
voltage characteristics. Maximum difference of discharge 
current values at U = 7,0 kV is 150 �A/m. 
 Numerical model of electrohydrodynamic flow field 
analysis is based upon the finite-difference method in 
Cartesian system of coordinates. 
 Numerical value of velocity in the point near the plane 
electrode at x = 6,0 cm differs from value measured by 
means of hot-wire anemometer by 35 %. 
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