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Abstract

Research on corona wind generation has been increasing in recent years because of its
potential technological applications, particularly those related to improving heat transfer in
small-scale devices. Since numerical simulations play a key role in the design of these
applications, computationally efficient modeling of corona discharge is imperative. This work
presents a new approach that allows rapid computation of the electrohydrodynamic force
density responsible for the generation of electric wind. Arbitrary electrode configurations can
easily be dealt with in the model, since only the Laplacian electric field lines have to be
determined numerically. Then, using approximated analytical approximations of the electric
field intensity along the field lines, the spatial distribution of the current density and the space
charge density can be easily determined. The model has been satisfactorily tested against
experimental measurements of the current-voltage characteristic and the current density
distribution on the cathode. Furthermore, the electric wind computed from the
electrohydrodynamic force agrees quite satisfactorily with measurements carried out in
different electrode configurations. Finally, the model has been applied to a new electrode
configuration that has greater potential for heat transfer applications.

1. Introduction

As is well known, corona discharge is a strongly non-equilibrium weakly ionized plasma that
is generated between two electrodes with highly asymmetric geometry. Generally, one
electrode is a small-diameter wire, needle, or sharp blade, while the other is usually a plane or
a large-diameter cylinder. The active corona region only exists in the immediate vicinity of
the electrode with singular geometry, where reinforcement of the electric field causes
electrical breakdown and ionization.
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Corona discharge processes have been widely used in many industrial and commercial
applications for a long time [1]. For example, corona discharge is used as an ion source in
electrostatic precipitators and xerographic machines. In addition, corona-induced plasma
reactors have found applications in flue gas treatment, for the removal of NOx, SOx, volatile
organic compounds, and other hazardous emissions. Another effect associated with corona
discharge is the direct conversion of electrical energy into kinetic energy
(electrohydrodynamic effect), a phenomenon often referred to as the ionic wind or the electric
wind. The electrohydrodynamic (EHD) motion of the gas arises as a result of momentum
transfer through collisions between the ions, which drift under the electric field, and the
neutral molecules of the gas. Although the phenomenon of corona-induced EHD gas motion
has long been known, it remains a complex problem, and research on this topic has multiplied
in recent decades due to its many interesting applications [2, 3], such as fluid pumping [4, 5],
enhancement of heat transfer [6], evaporation and drying [7, 8], electrohydrodynamic
thrusters [9, 10], or airflow control [11].

The first step in the modeling of the ionic wind is to calculate the electric field, the space
charge density, and the EHD force density, which usually requires solving a system of
coupled electrical equations composed of the Gauss equation and the continuity equations of
the charged particles. Once the EHD force density is obtained, the next step is to solve the
Navier-Stokes equations, to determine the spatial distribution of the gas velocity generated by
the EHD force. The system of electrical equations and the Navier-Stokes equations can be
solved separately because the electric drift velocity of ions (~ 10> m/s) is, typically, two
orders of magnitude higher than the electric wind velocity (~ 1 m/s). However, in certain
applications of corona discharge, such as airflow control around airfoils [11], or corona
discharge in air with high wind speeds [12], the background velocity of the gas can affect
electric drift of ions. In such cases, the electrical equations and the Navier-Stokes equations
cannot be decoupled.

The solution of electrical equations has been approached with a wide variety of numerical
techniques. For instance, early studies by Atten [13] and McDonald et al. [14] used the finite
difference method (FDM) to iteratively solve the Gauss equation coupled with the continuity
equation. Davies and Hoburg [15] proposed an alternative technique, employing the finite
element method (FEM) combined with the method of characteristics (MOC). However, in
these studies, the charge density on the wire is taken as a boundary condition and, since it is
unknown, different strategies must be followed to determine its value. According to the
method proposed by Kaptsov [16], the narrow ionization region around the coronating
electrode can be dealt as an effective boundary condition for the electric field. This approach,
often referred to as Kaptsov’s assumption, states that electric field on the corona wire remains
constant at the threshold value for corona onset. This approximation has been used by Zhao
and Adamiak [17, 18] to evaluate the charge density on the corona electrode surface in the
simulation of corona discharge in pin-plate and pin-grid configurations. They developed a
hybrid numerical algorithm based on the boundary element method, the finite element
method, and the method of characteristics. Other numerical techniques employed by
researchers include combining FEM and a donor cell method [19], using pseudotransient



relaxation and finite volume discretization (FVM) [20], or implementing a particle-in-cell
(PIC) method to simulate transient corona [21].

Although all these numerical approaches have certainly helped improve our understanding of
corona discharge, their implementation can be complex and computationally expensive.
Furthermore, after solving the electrical equations, the Navier-Stokes equations must be
integrated, which is normally done using computational fluid dynamics (CFD) simulations
based on FEM or FVM [17, 18]. Therefore, to speed up the computation time, asymptotic and
semi-analytical models of the stationary corona discharge have been developed in the past.
For example, Seimandi et al. [22] have proposed an asymptotic model for wire-to-wire corona
discharges that divides the discharge space into two narrow ionization regions around the
electrodes and one larger region between them. Inside each region, they established a
simplified quasi-analytical solution for the electric field and the space charge. This solution is
then used to estimate the velocity of the ionic wind. In previous studies, the authors have also
obtained semi-analytical solutions of the corona discharge [23, 24, 25], which provided
simple relations for the spatial distributions of electrons, ions, electric field, and the EHD
force density. Using this information, the ionic wind has been successfully simulated [26, 27,
28]. However, these semi-analytical solutions are only applicable to simple electrode
configurations, such as wire-to-cylinder, wire-to-plate, and point-to-plate.

In the present study, we introduce a new approach that allows us to handle complex electrode
configurations. Only the Laplacian electric field needs to be numerically integrated in order to
determine the electric field lines. Then, using the semi-analytical formulations previously
developed, satisfactory approximations of the electric field and the space charge density are
obtained, which helps to determine the EHD force density. Therefore, the proposed method is
easy to implement and computationally very efficient, as it does not require iterating on an
unstructured mesh to solve the electrical equations, which is usually required in FEM or
FVM. Furthermore, it avoids the convergence problems that may arise when solving the
Gauss equation coupled to the continuity equations of the charged species. By optimizing the
modeling process, we aim to be able to perform more accurate and realistic simulations of the
corona discharge and the electrical wind over a wide variety of electrode configurations.

2. Governing equations

2.1 Electrical modeling

The corona discharge for positive polarity can be successfully simulated by solving the
continuity equations for the charged particles coupled with the Gauss law. The continuity
equations quantitatively describe the transport and the gain/loss balance of the charged
particles due to the chemical reactions induced by the electrical discharge. Generally, in the
case of a positive corona, only two generic types of charged particles (electrons and positive
ions) need to be considered for the physical modeling [25]. In the stationary regime, the
governing equations can be expressed as follows:
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where subscripts e and p correspond to electrons and positive ions, respectively; N. and N, are
the number densities of the particles, with mobilities u. and u,, respectively; €o is the gas
permittivity; eo is the positive elementary charge; and « is the ionization coefficient, which
depends on the intensity of the electric field E [29]. The contributions of convection and
diffusion to J. and J, have been neglected, since the electron and ion drift velocities are much
higher than electric wind velocity and the diffusion velocities [30].

Since both the drift of electrons and ions are parallel to the electric field, the system of partial
differential equations (1)-(3) can be transformed into a system of ordinary differential
equations using the electric field lines as coordinate lines. Thus, applying the divergence
theorem to a flux tube of electric field lines (see figure 1), the governing equations along any
field line can be written as
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where Je, J,, and E are the magnitudes of their corresponding vectors, d/ is an infinitesimal
displacement along the electric field line, and AS is an element of surface perpendicular to the
field line, which is a function of / (the arc length along the field line). If the physical problem
has continuous translational symmetry (2D problem), AS reduces to an elementary line
segment perpendicular to the field line. Subtraction of (5) and (6) shows that the product of
the electric current density, j = eo(Je +Jp), and AS is constant along the field line, that is, jJAS =
const.
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Figure 1. Schematic illustration of a flux tube of electric field lines connecting the anode and the cathode.

In the positive corona, the space charge is mostly due to the positive ions. Therefore, as
shown in previous works [25], the magnitude of the electric field along the field line can be
obtained by direct integration of (7), which gives
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where subscripts 0 and 7 denote that the corresponding physical quantities are evaluated at the
corona electrode and at the ground (the cathode), respectively, and ¢, =2, /(g)u,), where jr

is the current density at the cathode.

The value of Eo can be determined using Kaptsov’s assumption, which states that the electric
field on the corona electrode remains constant for a wide range of applied voltages. Therefore,
Peek’s law for the threshold field of corona discharge can be used to obtain Ey. Kaptsov's
hypothesis is especially suitable for corona wires centered inside axisymmetric grounded
electrodes, or corona wires away from grounded electrodes, since these configurations favor
the charge density and electric field to be constant at any plane section of the corona wire
[31]. However, refined simulations of corona discharge in hyperbolic point-plane
configuration using direct ionization criteria show that Kaptsov’s hypothesis, even if it may
not be entirely accurate, does not introduce significant errors in predicting the total corona
current [32]. Of course, some deviations can be expected with increasing voltage, as the effect
of the space charge becomes more important. Kaptsov’s hypothesis may not be applicable to
corona discharge with high gas velocities, which can modify the space charge distribution
[12].

For single curvature corona electrodes, which is the case for wires, the electric field on the
corona electrode predicted by Peek’s law is given as [33]
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where 7o is the radius of the wire in cm and 0 = (p/po)/(T/T) is an environmental factor that
depends on the ratios of the actual gas pressure to the atmospheric pressure (po = 101325 Pa),
and the actual gas temperature to the room temperature (7o = 298 K). For electrodes with
double curvature (e.g., needles, spheres, etc.), Peek’s equation can still be used provided that
ro is replaced by an equivalent radius, which is defined as Req = (R1™' + R2~")~!, where R; and
R> are the principal curvature radii at the given point on the corona electrode [32, 33].

In complex geometries, the numerical integration of the set of partial differential equations
(1)-(3) can often be time consuming. However, using (8) and adopting the Deutsch
assumption of undistorted field lines [34], the solution of the problem can be reduced to
integrating only the Laplace equation, followed by an iterative root-finding algorithm. This
strategy, which is schematically presented in figure 2, consists of the following steps:

1. Numerically integrating Laplace’s equation for the electric potential, ¢, subjected to the
appropriate boundary conditions:

V=0, (10)

where the electric potential at the anode (the corona electrode) is fixed, ¢ = V, and at the
cathode it is zero, ¢ = 0.

2. Calculating the electric field,
E=-V¢. (11)
3. Computing the electric field lines and the value of AS along the field lines.
4. Assigning a trial value to the current density on the cathode, jr.
5. Computing the magnitude of the electric field along the field lines using (8) and (9).

6. Evaluating the path integral of the electric field between the anode and the cathode along
the field lines,

b =- Edl. (12)

where L is the total length of the electric field line.

7. Testing whether the difference between V' and ¢o meets the desired convergence
criterion, C,

b —V[<< (13)

If it does not, the value of jr must be decreased if ¢po > V, or, conversely, it must be increased
if po < V. Steps 5 to 7 are then repeated until the convergence criterion is finally satisfied.

When the convergence criterion is met, both the electric field magnitude inside the physical
domain and the electric current density on the cathode are then known. Therefore, the current



density and the (positive) space charge density at any point in interelectrode space can be
determined as
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Therefore, if a more accurate solution is required, the process can be restarted by integrating
Poisson’s equation in place of Laplace’s equation, using the computed space charge density.
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Figure 2. Flow chart of the calculation procedure.
2.2 Mechanical modeling

When positive corona discharge occurs, the ions generated by the corona discharge are
accelerated and transfer part of their momentum to the neutral gas molecules through ion-
molecule collisions. Consequently, an electrohydrodynamic gas flow appears with velocities



of up to several meters per second, which can be successfully described by means of the
Navier—Stokes equations. Assuming that the air flow is incompressible and stationary, the
Navier—Stokes equations can be written as follows,

V-v=0, (16)
p(V-VV)=-Vp+nV’v+F, (17)

where v and p are, respectively, the fluid velocity and gas pressure, p is the air density, and 5
is its dynamic viscosity. The most important contribution to the EHD force is the Coulomb
force, which can be obtained as [27]
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3. Results and discussion

In this section, the accuracy of the numerical modeling proposed in the previous section will
be first tested by comparing their predictions with experimental measurements reported in the
literature. The tests are aimed at twofold validation: (1) electrical, to demonstrate the ability
of the numerical modeling to accurately predict the current-voltage characteristic of the
corona discharge and the spatial distribution of the current intensity on the cathode, and (2)
electrohydrodynamic, to demonstrate its capability to quantitatively describe the ionic wind
generated by the corona discharge. After setting the validity of the numerical technique, the
problem of EHD pumping between two parallel plates using positive corona discharge will be
addressed.

3.1 Numerical validation
Electrical validation

The wire-duct electrode configuration (Fig. 3) is frequently used as a case study in the
research of electrostatic precipitators. The corona wire, with radius ro, is subjected to high
voltage, while the plates, separated from the wire by a distance d, are connected to ground.
Due to the symmetry of this configuration, the study of this problem can be made in 2D.
Therefore, as explained in section 2.1, the elementary normal section of the flux tube of
electric field lines, AS, becomes the line segment P1P>.



Ly

Figure 3. Schematic representation of a wire-duct electrostatic precipitator (not to scale).

Among other researchers, Yamamoto and Velkoff [35] have investigated experimentally and
numerically different variations of this electrode configuration. In their experimental set-up,
they use a corona discharge wire 19 cm in length with a radius 7o = 0.1 mm and a wire-to-

plate spacing d = 2.9 cm. The wire is subjected to a high positive electrical potential in the
range 10 kV to 17.5 kV.

In figure 4, the experimental measurements of the current intensity reported in [35] for
different applied voltages are compared with the numerical results obtained in the present
study for the same geometrical parameters. Clearly, the agreement with the experimental
measurements is quite satisfactory. The current-voltage characteristic follows the classical law
i =kV({V—V,), where & is constant and ¥} is the corona inception voltage [34, 36].
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Figure 4. Current-voltage characteristic of a positive corona wire-duct electrostatic precipitator, for a wire radius

ro= 0.1 mm and a wire-plate separation d = 2.9 cm. The experimental points (solid circles) correspond to the
measurements of Yamamoto and Velkoff [35].



Yamamoto and Velkoff [35] were also able to measure the current density distribution on the
cathode using an array of 1.6 mm diameter brass rods spaced 6.4 mm apart. The current
density at any rod was read by a micro-ammeter connected to it, while the rest of the rods
were grounded. These measurements are compared with the results of the present numerical
modeling in figure 5. The current density is normalized with its maximum value, which is
reached at x = 0 cm, beneath the wire. Again, the agreement between numerical simulation
and experiment is quite satisfactory. The current distribution follows a cos™ 6 Warburg-type

law, with m = 4.
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Figure 5. Normalized current density distribution on the cathode of a wire-duct electrostatic precipitator for an
applied voltage of +15 kV (wire radius: ro= 0.1 mm, wire-plate separation: d = 2.9 cm). The experimental points
(circles) correspond to the measurements of Yamamoto and Velkoff [35].

Electrohydrodynamic validation

To determine the gas velocity distribution generated by the corona discharge, the driving
force of the gas motion (i.e., the electrohydrodynamic force) must be first evaluated from the
solution of the electrical equations, using (18). Then, the Navier-Stokes equations (16)-(17)
must be integrated assuming the no-slip condition at all solid boundaries. Here, the open-
source solver OpenFOAM [37], a CFD software based on the finite-volume method, will be
used for that purpose. OpenFOAM is adequate for modeling both laminar and turbulent flows.
When dealing with fluid flows confined in narrow channels, the fluid simulation will be
performed assuming laminar flow, since Reynolds number will not exceed the critical value
for the onset of turbulence. However, in other configurations, where the flow is expected to be
turbulent, the RANS k-epsilon turbulence model will be chosen.

The electrohydrodynamic validation will be carried out by comparing the results of the
numerical modeling with the experimental measurements of the gas velocity reported for two
different electrode arrangements: parallel wire-plate and wire-duct. The first one has been
experimentally investigated by Elagin et al. [38], who measured the gas velocity distribution
using particle image velocimetry (PIV). Among other configurations, they used a corona wire



with radius 7o = 50 pum and a wire-plate separation d = 15 mm. The electric potential applied
to the wire was varied in the range 5-13.5 kV.

Figure 6 shows the spatial distribution of the magnitude of the EHD force calculated
numerically for the same electrode configuration as that used by Elagin et al., and for an
applied voltage of +13.5 kV. In the positive corona, the ionization region is confined to a thin
layer around the anode of negligible extent. Therefore, the space charge is essentially positive
everywhere, and the electric force is directed towards the cathode along the electric field lines
(solid lines). The force magnitude is especially important right below the wire, where both the
electric field and the space charge reach their maximum values.
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Figure 6. 2D-spatial distribution of the EHD force density magnitude and electric field lines (solid lines) in the
vicinity of the wire for an applied voltage V' = +13.5 kV (wire radius: o= 50 pm, wire-plate separation: d = 1.5
cm). Isolines of the force density (dashed lines) are drawn at 2x103, 103, 4x10? and 2x10% N/m°.

The 2D gas velocity field generated by this force density, simulated with the RANS k-epsilon
turbulence model, is shown in figure 7(a) and can be compared with the experimental
measurements by Elagin et al., which are presented in figure 7(b). As can be readily seen,
both spatial distributions of velocity are globally very similar. The fluid is accelerated along
the symmetry axis and, after impinging on the ground plate, the gas flow is deflected in
opposite directions. The regions with the highest fluid velocities are located along the
symmetry axis and along the plate. A quantitative comparison can be made based on the
maximum values of velocities observed in each case: according to the numerical modeling,
the maximum velocity is 3.6 m/s, while according to the experimental observation it is about
3.5 m/s. Therefore, the agreement is quite satisfactory.
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Figure 7. 2D-spatial distribution of the velocity magnitude and their corresponding contour lines for an applied
voltage V' = +13.5 kV (wire radius: o = 50 pm, wire-plate separation: d = 15 mm). (a) Numerical modeling.
Isolines of the velocity magnitude are drawn at 2.8, 2.1, 1.5 and 1 m/s. (b) Experimental measurements using
PIV reported by Elagin et al. [38] in Experimental investigation of cooling of a plate by ionic wind from a
corona-forming wire electrode, Technical Physics, 61 (2016) 1218, Pleiades Publishing, Ltd. Reproduced with
permission from SNCSC.

The second electrode arrangement selected for the electrohydrodynamic validation is the one
used by Jewell-Larsen et al. [39] in his investigations of EHD air movers based on positive
corona discharge. This configuration is of special interest in the development of efficient
EHD cooling systems for laptop applications [40]. As shown in figure 8, the geometric
configuration corresponds to wire-duct, but the walls of the duct are made of insulating
acrylic sheets 7 cm long, spaced 6 mm apart. Two gold-plated aluminum strips stuck to the
walls and connected to the ground act as collector electrodes. They used a corona wire of
radius ro = 12.5 um and collector strips 5 mm wide, which protruded 0.1 mm from the duct
walls. The wire was located 4 cm away from the duct entrance, and the horizontal separation
between the center of the wire and the strips was 6 mm.
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Figure 8. Schematic representation of the EHD air mover device used by Jewell-Larsen et al. [39] (not to scale).

As explained before, the first step to obtain the velocity distribution is to determine the force
density from the solution of the electrical equations. An example of such computation is
shown in figure 9, where the magnitude of the EHD force density together with the
corresponding electric field lines are presented for the same electrode arrangement used by
Jewell-Larsen et al., and for an applied voltage of +10 kV on the corona wire. The
computational domain shown in this figure has been limited to the region between the anode
and the cathode, in which the EHD force is non negligible. As in the wire-plate case, the EHD
force is especially important around the corona wire, where it reaches a magnitude of about
1.3x10° N/m?, two orders of magnitude higher than at the grounded electrodes.
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Figure 9. 2D-spatial distribution of the EHD force density magnitude and electric field lines (solid lines) inside
the EHD blower, for an applied voltage V"= +10 kV (wire radius: 7o=12.5 um).

Once the EHD force density has been evaluated, the Navier-Stokes equations can be
integrated numerically to obtain the spatial distribution of the gas velocity. In addition to the
no-slip boundary condition at the solid boundaries, open boundary conditions for the pressure
are imposed at the inlet and at the outlet of the duct. The results of the numerical simulation,
assuming laminar flow, are presented in figure 10, where both the 2D spatial distribution of
the gas velocity magnitude and the corresponding streamlines are plotted. The maximum gas
velocity is reached along the axis of symmetry, at the entrance of the collector plates.
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Figure 10. 2D-spatial distribution of the velocity magnitude and their corresponding streamlines for an applied
voltage ¢o = +10kV (wire radius: ro= 12.5 pm).

To determine the gas flow rate and the averaged velocity at the outlet of the duct, Jewell-
Larsen et al. affixed the EHD air mover to a wind-tunnel, where the relative pressure drop
across a calibrated nozzle was measured using a digital pressure gauge. In this way, they were
able to measure the airflow performance of the device as a function of the input electric power
per unit of wire length. Figure 11 shows the measurements of the mean outlet velocity and
how they compare with the results of the present numerical simulation. Again, it can be
concluded that the numerical modeling accurately reproduces the EHD gas flow generated by
the corona discharge in this electrode configuration.
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Figure 11. Average velocity at the outlet of the duct as a function of the electric power per unit of length of
corona wire according to the numerical simulation and its comparison with experiments. The experimental points
(black circles) correspond to the measurements of Jewell-Larsen et al. [39].

3.2 Improved electrode configuration for EHD air movers

As previously explained, the increasing miniaturization of electronic components demands
highly efficient cooling solutions to meet heat dissipation requirements. In this context, EHD
air pumps present notable advantages over conventional rotary fans, particularly a superior



heat transfer performance for small-scale applications. Ideally, the design of the EHD air
pump electrodes should be as simple and robust as possible, without compromising
efficiency, which will ensure longer operating time before failure.

The electrode configuration of the EHD air blower shown in figure 8 has the major drawback
that the corona wire must be placed equidistant between the two insulating plates. Therefore,
as the blower dimensions are reduced, the placement of the corona wire becomes more
difficult and error prone. Furthermore, the corona wire intercepts the air flow, and mechanical
vibrations of the wire can be induced by the effect of electrical forces [41].

Therefore, in this section, a variation of the electrode configuration considered by Jewell-
Larsen et al. [39] is presented. As shown in figure 12, instead of a single corona wire located
in the center of the channel, the proposed configuration consists of two corona electrodes of
radius 7o = 12.5 um half embedded in the dielectric walls that confine the flow. Thus, the
effective wire surface for corona discharge is the same as that of a single corona wire.
Similarly to [39], two 5 mm wide strips protruding 0.1 mm from the walls act as collectors of
the corona discharge current. The wire and the collector strip are also separated by 6 mm.

¥y A —

/ 2 N

diclectric corona
: SR S
walls e collector 6 mm

NN

<« 40 mm—><€6 mm »5 mm »<<—19 mm —>
Figure 12. Schematic representation of the improved EHD air mover (not to scale).

Figure 13 shows the numerical simulation results for the current-voltage characteristic
corresponding to the new configuration (with two corona wires) and its comparison with the
previous one (with one corona wire). The current intensity is somewhat lower in the case of
two corona wires, although in both cases it can be fitted satisfactorily assuming a V(V — V)
dependence, with Vo =~ 4.5 kV. Certainly, in the configuration with two corona wires, the
usual shielding effect that arises between adjacent discharge electrodes must be present.
However, this effect is counterbalanced by the shorter distance between each corona wire and
its nearby collector, which leads to higher values of the ion density, the electric field, and the
current density inside the fluid, compared to the case of a single wire. Therefore, the lower
current intensity found in the new electrode configuration must be attributed to the way the
current density is distributed over the collector strips, which is different in the two cases.
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Figure 13. Numerical simulation results for the current-voltage characteristic corresponding to the EHD blower
with a single central corona wire (black circles) and two corona wires half embedded in the diclectric walls
(white circles).

The 2D-spatial distributions of charge density and electric force density are shown in figures
14 and 15, respectively, for a voltage applied to the wires of 10 kV. The maximum value of
the electric force density is about 30 % higher than in the configuration with a single wire,
and most of the space charge is distributed in the proximity of the dielectric plates, where the
electric field lines run near parallel to them. In contrast, the force density in the central part of
the channel is negligible. This situation is completely opposite to that observed in the
configuration with a single central wire (figure 9), in which the electric force density was
negligible near the dielectric walls, but had an appreciable value near the axis of symmetry.
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Figure 14. 2D-spatial distribution of the charge density inside the improved EHD blower, for an applied voltage
V'=+10 kV and corona wires of radius o= 12.5 um. Isolines of the charge density (dashed lines) are drawn at
5%107%, 1073, 1.5%1073, 2x107% and 3x107% C/m>.
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Figure 15. 2D-spatial distribution of the EHD force density magnitude and electric field lines (solid lines) inside
the improved EHD blower, for an applied voltage /= +10 kV and corona wires of radius ro= 12.5 pm.

However, the present electrode configuration has the intrinsic advantage of accelerating the
fluid next to the walls, where the retarding force due to shear stress is stronger. This fact can
clearly be appreciated in figure 16, where the 2D velocity distribution is presented for an
applied voltage to the corona wires of 10 kV. It is worth mentioning that the characteristics of
this flow pattern are particularly suitable for applications requiring efficient cooling, since a
high fluid velocity along the walls enhances heat transfer between the walls and the fluid.

Compared to figure 10, the maximum values of the velocity field are now reached closer to
the walls, and further downstream, between the two collector strips. Moreover, the
recirculating eddies that previously originated in the vicinity of the collecting strips (see
figure 10) have been completely eliminated. Interestingly, although the maximum gas velocity
inside the blower in this electrode configuration is about 10 % lower than with a single corona
wire, the averaged values of velocity at the exit of the duct are nearly identical (slightly higher
in the new configuration). Of course, as shown in figure 17, the velocity profiles are quite
different at the outlet, as they still bear the imprint of the upstream EHD force distribution
driving the gas flow.
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Figure 16. 2D-spatial distribution of the velocity magnitude and their corresponding streamlines inside the
improved EHD blower for an applied voltage ¢o = +10kV and corona wires of radius o= 12.5 um.
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Figure 17. 2D-spatial distribution of the velocity magnitude at the exit of the EHD blower using an electrode
configuration with a single central corona wire (dashed line) and two corona wires half embedded in the
dielectric walls (solid line). for an applied voltage ¢o = +10kV and corona wires of radius o= 12.5 pm.

Although the electrode arrangement in the improved EHD blower has the aforementioned
advantages of simpler construction and superior heat transfer from the walls to the fluid, it
would be interesting to determine if these advantages come at the cost of higher energy
consumption. To elucidate this question, the averaged outlet velocity is presented as a
function of the electrical power in figure 18. In this figure, the numerical simulation results
corresponding to the new electrode configuration are directly compared with the experimental
measurements carried out by Jewell-Larsen et al. [39], which correspond to a single corona
wire. As can be readily seen, for the same electrical power, the outlet velocity is slightly
superior when using the modified EHD blower (with two corona wires), especially at the
higher electrical powers. Therefore, the proposed electrode arrangement also has better energy
efficiency.
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Figure 18. Average velocity at the outlet of the duct as a function of the electric power per unit of length of
corona wire according to the numerical simulation and its comparison with experiments. The experimental points
(black circles) correspond to the measurements of Jewell-Larsen et al. [39] using a single corona wire.

4 Conclusions

In this paper, we have shown the possibility of successfully modeling a steady corona
discharge by taking as the starting point the Laplacian electric field lines and using
approximated analytical expressions of the electric field intensity along the field lines. Then,
applying a simple root-finding algorithm to match the electric field circulation along each
field line to the actual voltage drop, the space charge and the EHD force density can be
determined. The proposed approach has the advantage of being able to easily treat arbitrary
electrode configurations of practical interest, since only the Laplace equation needs to be
integrated numerically. Furthermore, the model is robust, since it avoids the convergence
problems that may arise when integrating the Gauss equation coupled to the continuity
equation for charge species. And, finally, the solutions provided by the model are
computationally unexpensive, which is essential to simulate more complex problems, like the
electric wind, which requires a prior knowledge of the EHD force. The accuracy of the
solutions provided by the model has been demonstrated by directly confronting its predictions
with the experimental measurement of the corona current intensity and the corona current
distribution over the cathode.

The suitability of the corona model to obtain the velocity distribution generated by the EHD
force has been successfully tested in two different electrode configurations, again comparing
with direct experimental observations. Of particular interest is the study of corona wind
blowers in narrow channels, as they are being considered for efficient cooling in
microelectronics. In this regard, modeling has shown that superior heat transfer performance
can be expected by placing the corona wires attached to the duct walls, rather than between
the two plates.
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