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Abstract— Numerical modeling of corona discharges has followed the same set of proce-

dures for many years. The studies that simulate corona discharges on large scales for ionic 

wind generation or electrostatic precipitation often neglect the ionization events that occur 

near the source electrode and model only positive ion drift. The studies that model the ioniza-

tion zone are often concerned with the species chemistry and consider a uniform axisymmet-

ric configuration. However, with the increasing applications of corona discharges in millime-

ter and micron scales, the combination of the two procedures is necessary to accurately cap-

ture the discharge physics and ion distribution. The present study conducts numerical simu-

lation of a wire-cylinder positive corona using both the purely ion-drift model and a model 

that includes species production and loss. A configuration where the wire is offset from the 

cylinder axis such that the electric field is asymmetric is considered.  The study demonstrates 

the necessity of including the generation terms in the charge transport equations to obtain 

improved accuracy, particularly in gap dimensions comparable to the size of the ionization 

zone. 

I. INTRODUCTION 

Corona discharges are partially ionized gas discharges that occur between a sharp elec-

trode (called a corona source), typically a needle or a wire, and a blunt electrode (called a 

collecting electrode or counter electrode) such as a plate or a cylinder.  A corona dis-

charge can be operated in direct current (DC) mode and alternating current (AC) mode or 

in pulsed mode. DC corona discharges can be operated in both positive and negative po-
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larity, depending on the whether the high voltage is applied to the corona source or the 

collecting electrode. Corona discharges have been a field of study since early in the 20th 

century as a detrimental mode of breakdown in high voltage conductors. Since then, co-

rona discharges have been studied for various applications including electrostatic precipi-

tation [1], flow generation and control [2], ion sources for mass spectrometers [3] and 

ozone generation [4].  Electrostatic precipitation and flow generation are particularly in-

teresting applications as they both capitalize on the electrohydrodynamic (EHD) flow or 

ionic wind generated by the drift of ions away from the corona source to the counter elec-

trode. In the 1990’s, advancement in electronics renewed interest in corona discharges as 

an alternative technology for convective heat transfer, both as a mechanism for spot cool-

ing [5] [6] and for the development of ionic wind blowers [7] [8] [9] [10]. In particular, 

corona discharges are governed by physical laws that are theoretically favorable to scal-

ing [11], an advantage given the recent trend in miniaturization of devices.  

While many researchers have studied corona discharges over the years both experi-

mentally and numerically, the studies have been primarily experimental with numerical 

simulations used as a supplementary tool.  This is frequently driven by the fact that coro-

na discharge simulations are often not very predictive due to both the complex nature of 

the phenomena and the practical susceptibility of corona discharge experiments to exper-

imental variability. Studies on numerical simulation of corona discharges are typically 

split into two camps, those that simulate the ionization zone alone and those that simulate 

the drift region alone. The former consists of groups primarily interested in studying the 

reaction chemistry within the ionization zone [12] [13] [14] [15] with the intention of 

mapping the concentrations of various species produced. The latter [16] [17] [18] [19] 

primarily focus on the drift of ions in the interstitial gap with the intention of studying its 

effects on EHD flow or interactions of the discharge with externally driven bulk flow. 

However, with the increased application of corona discharges and the resultant ionic 

wind in various fields, it becomes imperative to develop the numerical models to a level 

of accuracy required for their implementation as predictive design tools. Towards this 

end, it is necessary to bridge the gap between charge generation studies and charge 

transport studies in order to obtain accurate information regarding both the distribution of 

charged species as well as the generated ionic wind.  

Recently, corona discharges have been studied in various configurations that induce a 

non-uniform electric field in the region of the corona source. These configurations in-

clude either asymmetric arrangements [7] [17] [20] of the two electrodes or the use of 

multiple electrodes, with either multiple corona electrodes [9] or multiple collecting elec-

trodes [10] [21] or both. Predominantly, numerical simulations of corona discharges have 

been conducted under certain assumptions. The few studies that have modeled the reac-

tion chemistry [12] [14] within the corona’s ionization zone have done so in a one-

dimensional field, thus analyzing a uniform (in this case, axisymmetric) electric field and 

charge density distribution in the region. The macroscopic procedure, that models only 

the ion transport within the discharge by solving coupled Poisson’s and drift-diffusion 

equations [16] [17] [20], artificially injects a spatially uniform distribution of charge 

around the corona electrode and neglects the production of ions through electron-neutral 

interactions. In most studies, a uniform charge distribution is implemented irrespective of 

the variation of electric field in the proximity of the electrode surface. However, asym-

metric electrode arrangements and multiple electrode configurations induce a non-
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uniform distribution of electric field in the ionization region, particularly around the co-

rona electrode. In such cases, the validity of the application of either of these procedures 

is not certain because the generation and distribution of charged species around the coro-

na electrode is inherently coupled to the local magnitude of the electric field. While the 

existence of non-uniform electric fields is true even in simple configurations like point-

to-plane coronas, because of the relatively large size of the gaps compared to the dimen-

sions of the ionization zone, the drift model with uniform charge injection yields accepta-

ble results in many of the past studies by various groups. However, in millimeter scale 

coronas, further analysis is required to ascertain the accuracy of this model.  

In the present study, the authors analyze the differences between the two modeling 

procedures that include and discount ion production, with the intent of characterizing the 

validity of applying the purely ion-drift models to asymmetric configurations. A wire-

cylinder configuration is considered for its simplicity and the corona is operated in posi-

tive polarity. The numerical results are compared with results from experiments to deter-

mine the relative accuracy with which the models predict the results. The work in this 

study extends the procedure of Chen and Davidson [12] to two dimensions and asymmet-

ric electric field distribution.  

 

II. CONFIGURATION AND EXPERIMENTAL SETUP 

 

A wire-in-cylinder configuration was chosen because of its relative simplicity, both for 

grid generation as well as for specifying the boundary conditions. A schematic of the 

configuration is shown in Fig.1 along with the experimental setup. The collecting cylin-

der is 3 mm in radius, and wires of three radii (25 µm, 50 µm and 100 µm) were used as 

the corona source. A positive potential was applied to the wire and the cylinder was 

grounded. A non-uniform, asymmetric electric field was generated in the discharge re-

gion by moving the wire off-center by a distance δ. In the case where the wire was locat-

ed off-center in an eccentric configuration, it was closer to the bottom half as shown in 

Fig. 1b. In concentric wire-cylinder discharges, as modeled in [12] [14], because of the 

axisymmetric nature, the value of the electric field at the wire’s surface is uniform all 

around the wire. Because of the eccentric wire location in the present study, the electric 

field distribution varies along the wire’s surface, which is referred to as a non-uniform or 

asymmetric electric field. Similar configurations have been used by other researches [17] 

[20] to study heat transfer augmentation in circular tubes using the Transport Model.  

Experiments were conducted to obtain the voltage-current characteristics to compare 

with the models. In the experiments, the cylinder was bifurcated into two halves and sep-

arated by thin dielectric spacers so that current could be measured individually on the two 

halves (I1 and I2). Experiments were conducted with wires of diameter 50 µm and 100 

µm, and a value of 1 mm for δ. A Bertan 225 high-voltage DC power supply was used as 

to apply voltage to the corona source and two Keithley 6485 picoammeters were used to 

measure the current through the two halves of the collecting electrode. 
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Fig. 1. Wire-in-cylinder configuration with (a) the wire concentric and (b) the wire eccentric by a distance δ.  
Dielectric spacers are used to separate the halves of the cylinder. I1 and I2 are the currents measured on each of 

the halves. (c) A picture of the experimental setup. 

 

III. NUMERICAL MODELS AND PROCEDURE   

A. Description of the Numerical Models 

 Fluid models of a corona discharge typically consist of solving Poisson’s equation for 

the electric field, Eq. (1), and a set of scalar drift-diffusion equations, Eq. (2), for the 

charge transport   

0

2




 E ,    (1) 

  iiiii SDE   ,   (2) 

where the subscript i reflects the charge species of interest; electrons (e), positive (p) and 

negative ions (n).  Here, ρi is the charge density of species i, µi is the species mobility in 

air, and Di is the species diffusivity in air.    is the electric field, Φ is the potential, ε0 is 

the permittivity in free space, and ρ is the net space charge density (ρ = ρp – ρe – ρn).  Si 

accounts for the production or depletion of the charge species i and is typically dependent 

on the charge density of the other species involved in the discharge as well as the electric 

field. Hence, this is the term that couples the ionization and reaction chemistry of the 

various charge species. The product of mobility and electric field (µi ) gives the drift 

velocity of the charge species in the presence of an electric field. Diffusion is often ne-

glected because its flux is a few orders of magnitude lower than the electric field driven 

drift flux. Two models will be compared in this section, both of which use the same basic 

equations described above.  

 The first model that is widely used to model positive corona discharges in macroscopic 

geometries will henceforth be called the Transport Model. This model, as the name im-

plies, solves only the transport of ions through the interstitial space, neglecting any 

source terms. The size of the ionization zone is assumed to be negligible when compared 

to the gap distance between the electrodes and is hence neglected. As an extension of this 

assumption, the ion distribution is assumed to be uniformly distributed around the corona 
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source. Only positive ions are considered in the entire model, since, outside the ionization 

zone, the density of electrons and negative ions is negligible in comparison. Thus, ne-

glecting diffusion, the Transport Model reduces Eq. (2) to 

  0 Epp ,     (3) 

where ρp is the positive ion charge density and µp is the ion mobility. Equation 3 is solved 

in conjunction with Eq. (1) to simulate the discharge. The boundary conditions of Eq. (1) 

are fixed potentials (Dirichlet conditions) on the electrodes and zero fluxes on any dielec-

tric or symmetric boundaries (Neumann conditions). Equation (3) requires one boundary 

for the space charge density ρp. This is applied as an injection boundary condition on the 

surface of the corona source electrode, specified as ρp0, which physically represents the 

magnitude of ion density at the boundary of the ionization zone.  

 The second model being studied we will refer to as the Ionization Model. This model 

includes the transport equations for both electrons and positive ions as well as production 

(source) terms for both of these species. Negative ions were also included in initial trial 

analyses but the rate of production of negative ions is two orders of magnitude lower than 

that of positive ions and hence their contribution to the current was negligible. For this 

model, Eq. (2) therefore reduces to 

    EE eeee  
;
   (4a) 

    EE eepp    .      (4b) 

In the two production terms, α is Townsend’s first ionization coefficient, which quanti-

fies the number of ionizing collisions between electrons and molecules per unit path 

length, and β is the similar coefficient for electron attachment (resulting in negative ion 

formation). Since an electron impact with a neutral molecule results in the production of 

a positive ion and an additional electron, the rate of production of both ions and electrons 

is coupled by the local charge concentration of electrons. α and β are non-linear functions 

of the local electric field and are modeled with the empirical equations [12]  

   
   mVEmE

mVEmE

/1021056.4/1/1001.2exp1036.7

/1056.4109.1/1/1068.1exp1063.3

7675

6575








; (5a) 

  mE /1/10465.3exp10482.1 63  .         (5b) 

Near the wire surface, α is two orders of magnitude higher than β, but due to a more 

rapid decrease of α with reducing electric field, α and β become equal at a certain dis-

tance away from the wire surface [12] [22]. This location, where the electron production 

by ionization is balanced by its depletion through attachment marks the boundary of the 
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ionization zone. At atmospheric pressures, this equality occurs when the local electric 

field strength is the critical field strength, which for atmospheric air is ~3×10
6
 V/m [12] 

[22]  [23].  Note that negative ion formation is accounted for in Eq. (4a) and is used to 

define the ionization zone, even though negative ions are not modeled explicitly.  Thus, 

Eq. (4a) and (4b) do not exactly conserve charge.  However, given the negligible impact 

of negative ions on the overall current, reducing the number of equations did facilitate 

faster computation. 

Equations (4a) and (4b) are both hyperbolic and require one boundary condition each, 

one for positive ions and one for electrons. In a positive corona discharge, the corona 

source is the anode and hence all positive ions move away from it. Hence a value of ρp = 

0 is set on the source boundary. The electron charge density ρe then decides the total cur-

rent generated by the discharge. Since the electron production is relatively small outside 

the ionization zone, a value of ρe = ρe0 is set for the entire gap beyond the boundary 

where |E| = 3×10
6
 V/m and ρe is solved for only within the ionization zone.  

In both the Transport and Ionization Model, a Dirichlet boundary condition is required 

that ultimately dictates the current through the computational domain; ρp0 on the corona 

source boundary for the former and ρe0 on the ionization zone boundary for the latter.  

Often times, when the Transport Model is used, the value of ρp0 is predicted a priori us-

ing a combination of Kaptzov’s hypothesis [24] and Peek’s breakdown criterion [23].  

However, this approach has had limited success in predicting experimental currents.  Fur-

ther, it is unclear how to utilize Kaptzov’s hypothesis when the field distribution around 

the corona source will clearly be non-uniform, as studied here.  An alternative, semi-

empirical approach is used where the value of ρp0 in the Transport Model and ρe0 in the 

Ionization Model, are specified in order to match a measured experimental current [18].  

As with the Kaptzov’s approach, this procedure also requires iteration as the current is 

modulated by the amount of space charge in domain when the model converges.  This is 

the approach taken here.   

B. Numerical Procedure 

  

 Since Eq. (2) is a first order hyperbolic equation, the method of characteristics was 

used to solve the charge transport equations for ρp and ρe. In Eq. (2), as well as in the case 

of the related Eqs. (3) and (4), the characteristics are simply the electric field lines. Tak-

ing advantage of the closed geometry, an elliptic grid was used to discretize the domain. 

The entire physical domain is split along the line of symmetry. Figure (2) shows the dis-

cretized domain. Orthogonality at the wire and cylinder boundaries (Fig. (2) inset) was 

implemented using the procedure in Thompson et al. [25]. The elliptic grid reduces both 

the Poisson’s equation and the charge transport equation to equivalently one dimensional 

equations along the respective field lines.  
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Fig. 2. The simulation domain with a generated grid of 30×30 points. Inset shows the orthogonality at the 

surface of the wire. 

IV. RESULTS AND DISCUSSION 

 To compare the Transport and Ionization Models and to check their validity, the pa-

rameter Iratio = I1/I2 was evaluated and compared with the experimental data for the ec-

centric configuration case with (δ = 1 mm). This parameter represents the percentage of 

current that flows through the portion of the cylinder farther from the corona source ra-

ther than the portion closer to the corona source, and therefore provides an indication of 

the distribution of ions around the discharge volume. When the corona source is centered, 

this ratio is Iratio = 1 because of symmetry, and both Models along with experiments con-

firmed this. In the eccentric cases, we anticipate the Iratio < 1 as more current with pass 

through the portion of the cylinder closer to the corona source. 

 Figure 3 plots the variation of Iratio with the applied potential (Φ0) for the two chosen 

wires of radii 50 µm and 100 µm. Data obtained from the two numerical models are pre-

sented along with experimental results. As can be seen from the figures, the values pre-

dicted by the Ionization Model are a significantly better match to the experimental data.  

 



Proc. ESA Annual Meeting on Electrostatics 2013 8 

 

Fig. 3. The variation of Iratio with the applied voltage (Φ0) for (a) wire with r0 = 100 µm and (b) wire with r0 = 

50 µm.  The error bars represent the precision uncertainty from multiple experimental trials at 95% confidence.   

 

 As shown in Table 1, the computationally calculated Iratio for r0 = 100 µm (average = 

0.16) matches well with the experimental value (average = 0.12). For r0 = 50 µm howev-

er, the predicted value (average = 0.26) is relatively higher than the experimental value 

(average = 0.16). The prediction by the Transport Model (average ~ 0.4) is much higher 

for both the wire radii and predicts a far greater current to the further portion of the cylin-

der than measured experimentally. 

 

TABLE 1: EXPERIMENTAL AND NUMERICAL VALUES OF Iratio vs APPLIED VOLTAGE 

(Φ0) FOR THE WIRES WITH (a) RADIUS 100 µm AND (b) RADIUS 50 µm. 

(a)  r0 = 100 μm 

Voltage 0 (V) Experiment Ionization Model Transport Model 

3900 0.10 0.18 0.42 

4000 0.11 0.17 0.42 

4100 0.12 0.17 0.42 

4200 0.12 0.16 0.42 

4300 0.13 0.15 0.42 

4400 0.13 0.15 0.42 

4500 0.13 0.14 0.42 

Average 0.12 0.16 0.42 

 
(b) r0 = 50 μm 

Voltage 0 (V) Experiment Ionization Model Transport Model 

3400 0.17 0.27 0.40 

3500 0.16 0.27 0.40 

3600 0.16 0.26 0.40 

3699 0.16 0.26 0.40 

3800 0.16 0.25 0.41 

3900 0.16 0.25 0.41 

4000 0.16 0.25 0.41 

Average 0.16 0.26 0.40 
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The primary reason for the better fit from the Ionization Model is the inclusion of ioniza-

tion. In the Transport Model, the distribution of space charge in the discharge gap and, as 

a consequence, the variation of current density around the cylinder is dictated only by the 

asymmetry in the electric field. The uniform ion density distribution around the wire as 

applied by the boundary condition ρp0 is simply redistributed in the gap by the asymmet-

ric electric field. However, this does not account for the fact that charge creation is field 

dependent and thus should also be asymmetrically distributed. The Ionization Model, on 

the other hand, considers both asymmetric transport and asymmetric production of ions. 

The combination of the two results in a larger fraction of the current going to the closer 

collecting electrode. Figure 4 plots the positive ion charge density distribution from the 

two models for the same total current. As can be seen, there is a much higher angular 

distribution from the Ionization Model than in the Transport Model.  

 

 

Fig. 4. Distribution of the positive ion density in (a) the Ionization Model and (b) the Transport Model for r0 = 

100 m, R = 3 mm,  = 1 mm, and 0 = 4300 V.  Note that the range of charge density values for the two plots 

are different. 

 Another way to assess this non-uniformity is to consider the current as a function of 

the angle along the wire surface .  Figure 5 plots the variation of the normalized current 

density around the wire, Jwire()/Jwire( = 0), for both the Ionization Model and the 

Transport Model for three wire radii – 25 µm, 50 µm and 100 µm. It can be observed that 

the variation is much higher for the Ionization Model (solid lines) than for the Transport 

Model (dashed lines). Also, the relative variation among the Ionization Model data re-

duces as the wire radius decreases, slowly approaching the values of the Transport Mod-

el, which are almost uniform around the wire surface. 
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Fig. 5. Plot showing the variation of the normalized current density Jwire()/Jwire( = 0), around the wire surface 
for the Ionization Model (solid lines) and the transport model (dashed lines). Angle on the wire surface (θ) is 

defined as shown on the right.  The applied voltages were 0 = 4300 V, 3800 V, and 3100 V for r0 = 100 m, 

50 m, and 25 m, respectively.  For all cases R = 3 mm and  = 1 mm. 

 Figure 6 plots the variation of the positive ion density (ρp) and the ionization coeffi-

cient (α) around the wire for the three wire radii for data from the Ionization Model. As 

can be seen from Fig. 6a, the positive ion density is not uniform around the wire surface 

as presumed by the Transport Model. These figures, in which the variations tend to even 

out for smaller wire radii, also demonstrate the decreasing effectiveness of the Ionization 

Model for wires with extremely small radii, where the values predicted by the two nu-

merical models are similar and differ from the experiments significantly. Data on ioniza-

tion and attachment coefficients, as well as on electron mobilities are sparse for electric 

fields > 2×10
7
 V/m, a range which is achieved by the wires of radii 25 µm and 50 µm and 

the formulations used in this study may not be accurate. This could potentially be one 

reason to explain the discrepancies between the Ionization Model and the experimental 

data. 

 

 

Fig. 6. Variation around the wire's surface of (a) positive ion density (ρp) and (b) ionization coefficient (α).  The 

applied voltages were 0 = 4300 V, 3800 V, and 3100 V for r0 = 100 m, 50 m, and 25 m, respectively.  For 

all cases R = 3 mm and  = 1 mm. 

θ
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 As the wire radius decreases, the electric field at the surface of the wire increases and 

the radius of the ionization zone decreases. Since the Ionization Model relies on the com-

bined effects of asymmetry in electric field and in ionization, its predictions differ from 

the Transport Model only as long as the ionization zone is non-negligible. Since the size 

of ionization zone is related to the wire radius, the parameter d/r0, where d is the shortest 

gap distance, represents the fraction of the interstitial space occupied by the ion-zone and 

can be employed to understand the behavior. To check this relation, the Ionization Model 

and Transport Model were repeated in two other conditions with cylinder radii (R) of 1.5 

mm and 2 mm, and offset distances (δ) of 0.5 mm and 1 mm, such that the gap distances, 

d, was 1 mm in both cases.  Table 2 shows the predicted ratios for the two models. For 

the same wire radius of r0 = 25 µm, the difference between the Ionization Model and the 

Transport Model is more noticeable when d/r0 is 40, rather than 80 as in the previous 

case. Eccentricity can be parameterized by the ratio R/δ, and it can be observed from Ta-

ble 2 that the ratio of currents predicted by the Transport Model is dependent on this val-

ue. Experiments weren’t conducted for the second and third set of geometric parameters 

(R = 1.5 mm and 2 mm), the intention only being to highlight the difference between the 

two models.  

 

 

 

TABLE 2: VARIATION OF THE CURRENT RATIO (Iratio) WITH THE ION-ZONE FRACTION 

PARAMETER (d/r0) AND THE ECCENTRICITY PARAMETER (R/δ) FOR THE TWO 

NUMERICAL MODELS. 

 

 
r0 

[μm] 

R 

[mm] 

δ 

[mm] 

d 

[mm] 

d/r0 

 

R/δ 

 

Iratio 

Ionization 

Model 

Iratio 

Transport 

Model 

Set-1 25 3.0 1.0 2.0 80 3 0.40 0.41 

50 3.0 1.0 2.0 40 3 0.27 0.41 

100 3.0 1.0 2.0 20 3 0.15 0.42 

Set-2 25 1.5 0.5 1.0 40 3 0.27 0.42 

50 1.5 0.5 1.0 20 3 0.14 0.42 

Set-3 25 2.0 1.0 1.0 40 2 0.16 0.24 

50 2.0 1.0 1.0 20 2 0.07 0.24 

 

V. CONCLUSION 

 The study extends past numerical models to two dimensions and conducts simulations 

of corona discharges in asymmetric electric fields. The Ionization Model works reliably 

on both the small scales, predicting the events within the ionization zone, as well as on 

the macroscopic scales of predicting trends in current distributions. While the Transport 

Model is sufficient when the gap distances are far larger than the size of the ionization 

zone, the Ionization Model needs to be used when the zone is no longer negligible. The 

procedure can be extended to ionic wind generation by coupling the calculated space 

charge density with Navier-Stokes equations. The Ionization Model requires solving two 
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transport equations instead of one, but the similarity in the equations implies that it re-

quires no extra effort procedurally. However, the Ionization Model requires significantly 

higher resolution at the wire surface, which is computationally more expensive. In addi-

tion, the Ionization Model allows for the inclusion of reaction chemistry in the design 

process, with an individual transport equation for each species, which can be used to 

predict ozone generation from ionic wind blowers. 
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