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Abstract

The effect of the inclination angle between the high voltage electrode (needle) and the grounded one (plane) on the ionic
wind jet direction is considered. Ionic wind is induced by positive corona discharge. Experimental data (instantaneous
velocity field observed using PIV-method) show that jet direction is defined primarily by the needle inclination. The
computer simulation based on the finite element method allows one to reproduce both the current-voltage characteristics
and the flow pattern with a good agreement and also facilitates a physical explanation of the strong influence of the
needle inclination on the ionic wind direction.

Keywords: Computer simulation, corona discharge, Coulomb force, drift-diffusion approximation,
electrohydrodynamic flow.

1. Introduction

Ionic wind is a gas flow caused by a corona discharge [1, 2]. The phenomenon is also referred to as electric or
corona wind or electrohydrodynamic airflow and has wide application range for: the decontamination of
liquids and gases [3, 4], intensive cooling of locally heated surface [5-8], airflow control [9-11],
electrohydrodynamic pumping [12], and propulsion [13, 14], etc. The following expression is generally used
for estimating the total force moving air in the ionic wind jet [15, 16]:

Id
Fyy =;—Fd (1

Here [ is the total electric current of the corona discharge, d is the interelectrode distance, p is the mobility of
charge carriers (ions or electrons) in the air gap, F is the hydrodynamic drag force (it is frequently considered
to be small in comparison with F;, [16]). Equation (1) does not provide information about the jet direction;
however, generally, the latter issue is quite a trivial one: the ionic wind jet is directed perpendicular to the
plane in many simple electrode configurations, e.g., in wire- or needle-plane systems (see, e.g., [17, 18]).
However, the situation changes when considering systems that do not have a plane or an axis of symmetry.
Since the force acting on air is formed by momentum transfer from drifting charged particles to molecules, the
direction of the ionic wind jet should be affected by the direction of the charged particles motion. Therefore,
it can be assumed that the direction of the ionic wind jet can be varied. To achieve this, it is necessary to "force"
the ion flow to move to the plane electrode not along the shortest path. In the case of the needle-plane system,
the high-voltage electrode can be inclined concerning the plane. The needle inclination can be expected to
yield the change in the direction of the electric wind jet since the maximum value of electric field strength and
the maximum of the Coulomb volume force are observed near the tip of the pointed electrode. However, it is
not obvious how the tilt of the needle affects the jet and whether the latter will be straightforward in such an
electrode configuration.

The above issue is of special interest, in particular, when designing the devices for heat transfer enhancement
since the phenomenon can let one improve thermal management and control heat fluxes to avoid their
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overlapping, especially when cooling extended heat sources. Some original experimental data confirming the
feasibility of the jet direction control can be found in [19].

2. Model description

A numerical simulation is an effective way to estimate the characteristics of a corona discharge and ionic wind.
Usually, the corresponding computer models base on the finite element method implemented in specialized
software packages. The unipolar approximation is often used [20-23], which quickens the solution process
and claims for fewer resources in comparison with more complex treatments. However, the drift-diffusion
approximation taking into account electrons, ions and ionization processes in corona sheath may also be used.
The latter is more accurate in the description of base physical processes than the former though it is more
resource intensive. Nevertheless, it was possible to implement the drift-diffusion model without reducing it to
unipolar approximation in the considered system.

The corona discharge of positive polarity is chosen to investigate the effect of needle inclination angle on
the ionic wind direction. The corresponding set of equations (2)—(6) is equivalent to the one considered in [24]
and involves the Poisson’s equation (2), the definition of the electric field (3), the Nernst-Plank (transport)
equations for electrons (4) and positive ions (5), and the approximate equation (6) for photoionization rate Sph
(further details can be found in [25]). The latter equation was used in computer models of positive streamers
[24] where spatial scales and the electric field strength are of the same orders of magnitude as those in a corona
discharge.
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The unknown functions in the equation set (2)—(6) are the following: electric potential ¢, concentrations of
positive ions #; and electrons n., and photoionization rate S,:. D; . are the ion and electron diffusion coefficients,
Ui are the ion and electron mobility values, ¢ is the elementary charge, and ¢y is the vacuum permittivity.

The dependences of electron mobility and diffusion coefficient on electric field strength are set in
accordance with [26-28]. The dependence of the ionization coefficient @ on the electric field strength E is
given in accordance with the interpolating function a(E) = A - exp (—B/E) [26]. The ion mobility p; was set
equal to 1.8x107* m?V's7!; the value is used in [29] although some authors consider larger values (up to
3x107* m*V's™ [15]). Ion diffusion coefficient is set equal to D; = p;kgT/e = 8x107°% m*s ™' where kj is
the Boltzmann constant, T = 293 K. The dimensionless coefficient g characterizing the relationship between
impact ionization and ionizing photons emission is equal to p,/(p + pg) - A1/2; according to [25] (here p is
the air pressure, pq is the so-called “quenching pressure”, A; and A4; are coefficients in interpolation of
experimental data). The coefficient g is set equal to 510~ whereas the absorption coefficient for ionizing

radiation k is 4.5x10° m™' (in accordance with [25]). The presence of negative ions is neglected since they
appear in the sheath only and their concentration is much lower than that of positive ions in the case of the
positive corona.

The key feature of the model used is that it enables simulating the corona discharge without applying the
Kaptsov’s assumption [30], Peek’s empirical formula [31] or an experimental [-V curve. Thus, the numerical
modeling of the discharge can be performed for any electrode shape without carrying out preliminary
experiments unlike the case of many papers including recent ones, e.g., [32-34]. It is known that both
secondary emission and photoionization may be seed electrons sources in positive corona [25]. Disregarding
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the secondary emission can be substantiated in the following way. In positive corona, the secondary emission
is possible on a grounded (plane) electrode. However, the intensive attachment shortly turns emitted electrons
to negative ions since the electric field strength near the grounded plane does not exceed 3 kV cm ™. Thus, the
secondary emission provides negative ions flux from the plane to the needle instead of that of electrons. It is
possible to turn negative ions back to electrons ("detachment"); however, a strong electric field strength
(approximately 60 kV ¢cm™' according to [25]) is necessary. To estimate whether the detachment and the
secondary emission should be taken into account, one can assess whether the detachment might be sufficient
beyond the ionization zone obtained in the considered model (where photoionization is the only seed electrons
source).One may estimate the border of ionization zone by the ratio of the impact ionization intensity to that
of photoionization. The ratio of intensity of the impact ionization to photoionization intensity reaches 10 at
140 um from the tip (Fig. 1). Inside this zone, variations in seed electrons sources are negligibly small in
comparison to the impact ionization. Meanwhile, the electric field strength sufficient for detachment (60 kV
cm ') is obtained in the model at the distance of 100 yum from the needle tip—inside the ionization zone. Thus,
the secondary emission (with consequent detachment) fails to compete with the photoionization as a seed
electrons source and may be excluded from the consideration. The set of equations (2)—(6) is supplemented
with hydrodynamics equations (7)—(8) to describe airflow:

pdV/at + p(V,V)V = —VP + nV2V + en;E (7)
div(V) = 0. )

Here V is the air velocity, P is the pressure, p is the mass density, and 7 is the dynamic viscosity.

Electrons concentration contributes to the Coulomb force as well as ions concentration. However, electrons
concentration is less than 1% of ions concentration in any point of the considered air bulk. Therefore, electrons
contribution to the Coulomb force would not significantly influence the Coulomb force distribution and it was
not taken into account. The hydrodynamics equations (7)—(8) describe incompressible laminar flow with
viscosity. The assumption of incompressibility is based on the sufficient condition V/V; << 1 where Vs is the
sonic speed: air velocity ¥ in the solution does not exceed 10 m s, which corresponds to V/V, = 1/30. The
Reynolds number can be estimated as Re = pVD)/n = 10 where D is the needle diameter. Flows with such a
low order of Re can be described as laminar. It was also checked in experiments that noticeable chaotic
fluctuations of velocity are absent.
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Fig.1. Photoionization and impact ionization source terms for equation (4). The vertically
oriented needle (inclination angle B is 0°). Voltage 6.8 kV, electric current 1.0 pA.

The geometry of the computational domain is shown in Fig. 2. A 3D model is implemented since the system
has neither 2D nor 2D axial symmetry; however, there is a symmetric plane, which was used to reduce
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computational costs since solving such a 3D problem is quite a resource-intensive task. The angle of inclination
B is varied from 0 to 90° with the position of the needle tip being fixed. Consequently, the needle length
between its tip and model boundary varies in the computational model. Nevertheless, it is an acceptable
adjustment since geometric features of the needle holder has nearly no effect on the ionic wind as well as on
the corona discharge per se. The shape of the needle is a cylinder with a conical end like it is shown in Fig. 2
(a). The diameter of the needle base is 0.7 mm; the conical end length is 1.3 mm; the curvature radius of the
conical end is 0.12 mm.

The boundary conditions are summarized in Table 1. U is the electric potential value at the high voltage
electrode, N denotes the normal to the boundary. Boundary conditions for electrons on the high-voltage
electrode “A” and for ions on the grounded electrode “C” are trivial: particle fluxes formulation in these
boundary conditions coincide with the formulation in the bulk equations (4) and (5). Such a boundary condition
setting allows avoiding the necessity to resolve thin diffusive layers on electrodes that thickness is negligibly
small. The diffusion layer thickness may be estimated as D, /|l.;E and does not exceed 1 um at the needle and
10 um at the grounded plane for electrons. For ions, the diffusion layer thickness is at least one order of
magnitude smaller. A convergence control ensures that the resulting numerical task is a well-posed one.
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Fig.2. Model geometry with paths for linear plots (a) and boundary indexes (b) used in Tablel.

Table 1. Boundary conditions. Boundary indexes "A"-"D" are introduced in Fig. 2.

Equati "B"— the "C"—the grounded "D"—the external "A"—the high voltage
quation #
symmetry plane electrode boundary electrode
2-0) dp/dy = 0 =0 (E,N)= 0 p=U
“4) on./dy = 0 (=DeVne —neu.E) N = 0) Jen = —DeVyne —nepteEy
(5) on/dy = 0 Jin = =DiVyn; + nyEy (=DiVn; + ny;E) N =0
(©6) dSpn/dy =0 dSpn/n =0 dSpn/0n =0 3Spn/0n = 0
- _ —PN+ VWV = 0 _
(7)-®) =0 V=120 (“open boundary”) V=20

The computation uses software package COMSOL Multiphysics® based on the finite element method. The set
of equations (2)—(6) is calculated as a transient problem until the steady-state regime is obtained. The air bulk
is split into the domain where high velocity is observed and the domain where air velocity is low (Fig. 2). A
uniform triangular mesh is built in the high-velocity-domain. The element size is decreasing gradually towards
the needle tip. A mapped mesh is built in a 0.1 mm-layer encircling the needle. Boundary layers are built on
the grounded electrode surface. A boundary layer at the needle surface is used to resolve thin details of the
ionization zone. The layer's thickness is 100 um, which includes the ionization zone. The reciprocal ionization
coefficient out of the layer exceeds 1 mm, which defines characteristic spatial size for concentration gradients.
The element size in the layer is between 3 and 15 um. The computation time lies within 4 hours for one voltage
value at Intel 17 CPU (3.4 GHz). The total number of elements is above 500000, which corresponds to 1100000
degrees of freedom solved for. To ascertain the solution to be mesh independent, a separate investigation was
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undertaken, and reducing element sizes by a factor of 1.5 (i.e., approximately twofold increase in the number
of elements) was found to change the solution in the most important area (near the needle tip) by less than 1%
(though some greater differences were found far away from the tip).

3. Results and discussion
3.1 Current-voltage characteristics

In the experiment, a DC voltage source was used to maintain the corona discharge. The voltage was applied to

the needle electrode, while the plane one (which size was 190 x 110 x 6 mm) was grounded. Experimental
set-up provided an opportunity to measure current and voltage values using measuring resistance and an
analog-to-digital converter. In the computer simulation, the electric current was evaluated by integrating the
ion flux over the grounded electrode (plane) surface. The latter equals the integral of the electron flux over the
needle electrode due to using the steady-state solution. The observed and computed current-voltage
characteristics for the vertically oriented needle have a classical parabolic shape (Fig. 3). The calculation is in
good agreement with the experiment except for the range from 6.5 to 7 kV where streamers were observed in
the experiment. Positive corona may issue in a streamer form near (about 1 kV) the threshold voltage with
short weak streamer channels which causes short current pulses [35]. Our simulation does not describe the
streamer phenomena, which may be the reason for the difference in current-voltage characteristics at 6-7 kV.
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Fig. 3. Experimental and numerical current-voltage characteristics for the vertically oriented
needle (inclination angle f is 0°).

In the considered system, the needle inclination affects the current-voltage characteristics (Fig. 4), though
the threshold voltages for all cases coincide within the measurement error—the extrapolation of //U vs. U
dependency unto crossing with the abscissa axis shows the onset voltage Uy to be 6.0 + 0.1 kV. The inclination
reduces the electric current value up to 30% at the constant voltage when the inclination varies from 0° to 90°.
One of the possible explanations of the latter is the following. When the needle is vertically oriented, the
electric field distribution along its bottom part (and the tip, in particular) is similar to that of a sphere electrode;
consequently, the electric field strength is in inverse proportion to the squared tip radius. However, the strength
near the electrode bottom part (except the very tip) is in inverse proportion to the first power of the needle
radius when the needle is horizontally oriented since the electrode arrangement is like a wire-plane one. The
above should lead to the decrease in the electric current since the ionization intensity is highly dependent on
the electric field strength. The computer simulation succeeds to describe the key features of the current-voltage
characteristics: the total electric current rises with increasing the inclination whereas the threshold voltage is
independent of the tilt. Quantitatively computed threshold voltages (5.95 = 0.1 kV) are in good agreement with
experimental ones (6.0 = 0.1 kV). However, the electric current values are in good agreement for p = 0° only
whereas for B = 90° the difference reaches 15%, which may be considered as a satisfactory agreement,
especially, regarding the absence of any empirical suggestions introduced to the model.
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Fig. 4. I/Uvs. U dependencies: comparison of the experiment (“Exp”’) and simulation (“Sim”).
Needle inclination [ is varied.

3.2 Influence of the inclination on flow velocity field

Velocity field distributions were observed using LaVision FlowMaster equipment based on the particle image
velocimetry (PIV-method) [36]. The investigated area was filled with seeding particles—aerosol of
C2sHs0O4—that has a small droplet size and do not change studied parameters significantly. Laser beam plate
was configured to light the needle tip and flow jet area. According to the PIV technique, two consecutive
frames were recorded with a tiny delay. Then, images were processed using a two-dimensional cross-
correlation algorithm to restore the velocity distribution in the plane of a laser beam. Since the flow structure
is the steady-state, statistical evaluation was performed using several data sets. Original experimental results
are presented and discussed in [19]. The calculated and experimental flow patterns are presented in Fig. 5 for
inclinations: = 0°, B = 45° and p = 90°. The flow form is a thin jet. The jet is directed from the needle and
approximately coincides with the needle axis. It is obtained on closer inspection that air jet wraps down to the
grounded plane at § = 90°.

The velocity profiles (Fig. 6) show that the thickness of the jet (at a level of 50% of the maximum speed) is
about 2 mm. The maximum gradually decreases when moving away from the needle. Experimental and
computational results are in a good agreement. However, some overestimation of the velocity peak near the
needle is observed. Also, the side stream which flows along the ground electrode surface to the right is weaker
in the simulation than in the experiment (Fig. 5). These discrepancies may indicate that simulation
underestimates moving force of peripheral ions in relation to moving force of ions near the needle tip. It may
indicate the variation of ion mobility (that is considered to be constant in the numerical model) in the
interelectrode gap, which is discussed, in particular, in [37]. The airflow is not ideally straight, so the formal
definition of jet direction 0 is presented in Fig. 5b: the point of maximum air velocity on the distance of 18
mm from the needle edge is considered and the jet direction 0 is the angle between the vertical direction and
the segment connecting this point and the needle tip.

According to Fig. 7 (a), the jet direction is nearly independent of the voltage for f = 90°; the conclusion is
also valid for other values of . The direction of the jet is an intermediate one between the vertical line and the
direction of the needle axis. Larger needle inclination [ leads to the larger difference between the needle axis
and airflow direction (Fig. 7 (b)).
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Fig. 5. Airflow velocity distributions in XZ-plane (the symmetry plane): the comparison of the
experiment (on the left) and the simulation (on the right). (a) needle inclination § = 0°, corona
discharge current / =1.1 pA, voltage U= 6.8 kV; (b) § =45° =13 uA, U=7.2kV; (c) § =90°,
I=1.1 pA, U=7.3 kV.
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(a): the experimental (“Exp”) and simulation (“Sim”) data. Inclination angle 8 = 45°; current / =
1.3 pA, voltage U=7.2 kV.
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Fig. 7. (a) jet direction angle 0 vs. voltage U for needle inclination B = 90°; (b) jet direction angle
0 vs. needle inclination angle B for voltage U = 7.3 kV.

Fig. 8. The arrow and contour plot of velocity for inclination angle B = 90°, electric current / =
1.1 pA, and voltage U= 7.3 kV.

The maximum difference between the needle axis and electrohydrodynamic jet direction is observed for
inclination B = 90°. As mentioned above, the discrepancy may be related to the lower mobility of ions that are
far from the corona sheath. Such inequality of mobilities far and near to corona sheath would increase the
Coulomb force near the grounded electrode (in accordance to (1)), which turns the jet to the grounded plane.
There is no axial symmetry in airflow for f§ > 0°. The general structure of the flow remains the following: a
narrow jet with vortexes sideways. If the inclination is strong (B = 90°), vortexes in YZ-plane are more
expressed than in YZ-plane (Fig. 8).

3.3 The Coulomb Force Analysis
Since the effect of inclining needle to the jet tilt is reproduced in the computer model, an analysis of the effect

can be made by the simulation results. Electric field lines are perpendicular to the surface of the electrode, so
the needle direction determines the direction of electric field vectors near the tip (Fig. 9 (a) and (c)). It is here
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where the electric field intensity is the largest, and therefore it is here where the Coulomb force is the largest.
Fig. 9 (b) and d shows that the Coulomb force is concentrated in a narrow region near the tip of the needle.
Coulomb force of a sphere built around the center at the needle tip may be calculated as:

Fe®) = [[f,2, 24 pyecne (1 (6,9,2) = 16,3, ) ECr,y, 2)dxdydz ©)

Here R is the sphere radius, H is the interelectrode distance. The following results are obtained for the model
with inclination B = 90°, I = 1.1 pA, U = 7.3 kV. For the whole bulk (R = o) integration (9) gives a force
which z-component is 1.4 times as much as its x-component: it means that the total force is turned at an angle
of 55° relative to the needle. However, for the sphere with R =3 mm, the integration (9) gives the force that z-
component is six times smaller than its x-component; thus, the force is almost co-directional with the needle
axis. The force concentrated within the small volume is more than 10% of the total force. Such a high force
density provides the generation of a thin ionic wind jet that may be hardly turned by a dispersed force in the
peripheral zone. In the vicinity of the needle tip, electric field lines are diverging from the tip and do not wrap
up to the ground electrode (Fig. 9 (b) and d). So, it is the electric field at the needle point, which defines the
air jet direction (Fig. 9 (a) and (¢)).
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Fig. 9. The ion concentration and the Coulomb force distributions in XZ-plane (the symmetry plane) for different needle
inclinations B and for voltage U = 7.3 kV: (a), (c) the ion concentration (m>) (contours) and the electric field direction
(arrows); (b), (d) the Coulomb force (N m3) (contours and arrows).

4. Conclusion

The ionic wind jet direction is not determined by that of the shortest path from the high-voltage electrode to
the grounded one, which is because the main pulse of the jet is gained in a zone near the point of the high-
voltage electrode. The Coulomb force direction coincides with that of the electric field, yielding that the
electrode tip orientation strongly affects the ionic wind direction. As a result, the airflow line in the needle-
plane system is close to the needle inclination (the jet direction deviates from the needle axis when the
inclination is close to 90° only). Thus, one can change the ionic wind direction, varying the high-voltage
electrode inclination.
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