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In this paper, we report on a miniaturized device that can generate ion wind flow with very low net
charge. Both positive and negative ions are simultaneously generated from two sharp electrodes placed
in parallel, connected to a single battery-operated power source. The two-electrode arrangement is sym-
metrical, where the electrode creating charged ions of one polarity also serves as the reference electrode
to establish the electric field required for ion creation by the opposite electrode, and vice versa. The
numerical simulation is carried out with programmable open source OpenFOAM, where the measured
current-voltage is applied as boundary condition to simulate the electrohydrodynamics flow. The air
flow inside the device is verified by eight hotwires embedded alongside the downstream channel. It was
confirmed that the jet flow generated in the channel has a linear relationship with the square root of the

Keywords:
Electrohydrodynamic
Neutralized ion wind

OpenFOAM
Bipolar corona discharge discharge current and its measured values agree well with simulation. The device is robust, ready-to-use
Parallel pin and minimal in cost. These are important features that can contribute to the development of multi-axis

fluidic inertial sensors, fluidic amplifiers, gas mixing, coupling and analysis. The proposed configuration
is beneficial with space constraints and/or where neutralized discharge process is required, such as iner-
tial fluidic units, circulatory flow heat transfer, electrospun polymer nanofiber to overcome the intrinsic
instability of the process, or the formation of low charged aerosol for inhalation and deposition of charge
particles.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Flow is known as a vital aspect in the function of microflu-
idic devices. Flow generators are essential for any microfluidic
system and have been an attractive topic of research for decades
[1]. Depending on the working principle, flow generators can be
classified into displacement type and dynamic type [2] categories,
which distinguishes the reciprocating and the continuous flow
[3]. In terms of geometry, an additional classification separates
these devices into categories with and without a check-valve, or
further classification is based on the design parameters, such as
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the size, rate, and power density [4]. In parallel with advancements
in micro technology, micropumps especially valveless pumps usu-
ally cover a hybrid study in conjunction with jet flow generation.
This inherently made piezoelectric lead zirconate titanate (PZT) as
the most commonly used actuator for valveless displacement type
because of its small stroke volumes, large natural frequencies and
commercial availability [5-10].

Another way to create jet flow is by electrokinetic actuation.
Under a strong electric field, every charged particle is subjected to
Coulomb force and while accelerated by the field, the charge parti-
cles collide with neutral fluid molecules, transferring momentum
which results in fluid drift. The sum of Coulomb forces is called
the volumetric electrohydrodynamics (EHD) force. This principle
can be applied upon either the existence of space charge in the
fluid such as ion injection pumping from corona discharge [11],
conduction pumping for weak electrolyte [12], induction pumping
for surface charge in a dielectric [13], or Maxwell pressure gradi-
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Nomenclature

E Electric field

Vv Discharge electric potential

q Charge

o Charge density

] Electric current density

S Distance between electrodes
A Effective area of electrode tip

&0 Permittivity of free space

w Mobility of charge

R; lon recombination rate

0 Air density

U Flow velocity

d Distance from electrode tip to hotwire
Inw Heat current for hotwire

Rnw Hotwire resistance

o Temperature coefficient of the resistance
Apw Surface area of hotwire

Viw Output voltage on hotwire

ent for electro-conjugate fluid [14]. For air pumping, the result of
the momentum transfer is a bulk air movement commonly called
the ion wind, and it has recently attracted more interest as it fea-
tures several advantages: low weight, simplicity, robustness, lack
of moving parts, and low power consumption. As a result, ionic
air pumping has been applied in airflow control applications [15],
cooling applications [16], propulsion technology [17], micro-pump
design [11], gas spectrometry [18], noise control [19], precipita-
tion filtering [20-22], bio-electronic device [23-25], synthetic jet
[26]. Integration of EHD force to ionic pumping has also been used
for spectrometry [27], vibrating element [28] or aerosol sampling
[29,30].

Many authors have reported the characteristics of vari-
ous electrode arrangements, which are typically point-to-plane
[31], point-to-grid [32], point-to-ring [33] or wire-to-plate [34].
Other modifications, including wire-to-inclined wing [16], paral-
lel plates [35], wire-to-rod [36], rod-to-plate [37], point-to-parallel
plate [38], wire-to-cylinder [39], sphere-to-sphere [37], wire-to-
wire [40], point-to-wire [32], point-to-cylinder [41], and conical
electrode [42] have been recently suggested. The fundamental
requirements of the above systems are a high-curvature electrode
that generates ions and a low-curvature reference electrode, which
is placed downstream to define the movement of the charged par-
ticles. Ion wind is generated at high-curvature locations, yielding
high velocity near the surface of the reference electrode. The cita-
tions above provide great references in the field although actual
designs of a ready-to-use device were not always provided.

Depending on the prospective application, one may find that
charge from ionic wind needs to be neutralized or controllably min-
imized. Owing to the charge, ion wind on one hand brings unique
applications in flow directed to targets, but on the other hand
raises significant challenges in designing a millimetre-scale device
because the charge tends to attach to the wall, therefore most of the
works for ionic air pumping are with rather large systems where a
far-field boundary condition is applied [43]. Although in some cases
the accumulated space charge was used as the sensing source for
very low velocimetry [23], in general the discharge ion current and
the space charge need to be compensated for by electrons in the
downstream space to prevent charging of the device [44,45]. Other
problems also exist, such as the application in inertial sensing,
where the flow must be able to freely vibrate in three dimen-
sional space under inertial force, which is however dominated by
electrostatic force in limited space [46-49]. In bio-applications,

the aerosol particles with highly reactive ionization products are
destructive for living cells, spore or viruses [50,51], therefore neu-
tralization with gaseous counter-ions or corona neutralizer is also
attractive for the formation of zero-charged aerosol [52]. One of the
proposals has been the mixing of positively and negatively charged
particles produced by electrohydrodynamics atomization from sev-
eral independent spray sources [53,54]. Another application of
neutralized, or mildly neutralized, ion wind is for electrospun poly-
mer nanofiber to overcome the intrinsic instability of the process
[55].

In this paper, we present an ion wind pumping device with a
unique bipolar discharge configuration using electrodes arranged
symmetrically from a single power source, thus minimizing the
footprint. The experiment and simulation show that with such a
symmetrical configuration, the air movement can be optimized to
be parallel to the axes of the electrodes, and directed away from the
device. It is well-known that ion wind can adjust its flow rate by
alternating the discharging voltage/current with utilizing an exter-
nal flow meter as a calibration tool, thus we propose a feasible
approach by integrating a “ready-used” calibrating element into
device as a hotwire anemometer, which has been widely used in
inertial fluidic sensors [56,57]. With both charges simultaneously
released from a power source, the amount of net charge released
out of the device is small and in principle can be controlled in var-
ious ways, for example by alternating the mixing condition [52].
Owing to the easy scalability of the configuration and the low
net charge, the proposed system is beneficial for applications with
space constraints [58], and for applications where a neutralized ion
wind is required, such as fluidic amplifiers, fluidic oscillators or flu-
idic actuators [59-61]. This gives the device a hybrid application of
micro pump for outer space use and micro discharge for internal
use. This study is also promising for vortex or convective inertial
devices [62,63], particle separation and extraction into portable
microfluidic labs-on-a-chip [64]. Other prospective views of this
configuration are towards the microfluidics-to-mass spectrome-
try to provide coupling, mixing methods between microfluidic
devices and mass spectrometers [65-67], pharmaceutical inhala-
tion aerosol by bipolarly charged particles [68] or to generate mildly
charged particles for insecticide dispensing where one electrode
sprays the formulation of interest [69].

In the remaining part of the paper, the design and working prin-
ciple of the device are described, followed by experimental and
numerical setup. The air flow is validated by the integrated ther-
mal sensing elements (hotwires) implemented at several positions
along the downstream channel. The simulation is conducted in
an open-source code environment, OpenFOAM. The device itself
is easy-to-build and can be implemented cost effectively because
of its simple and commercially available components.

2. Working principle

An ion wind generator can be realized with various designs, a
typical needle-to-ring configuration consisting of a corona elec-
trode as a pin and a collector electrode as a ring is shown in Fig. 1a.
Ion wind is generated at the pin and yields high velocity near
the surface of the counter electrodes, where the charge is neu-
tralized. In our configuration, two electrodes of opposite polarity
are placed in parallel, and generate charged particles from a sin-
gle power source (Fig. 1b). This is principally different from multi
actuator designs powered from different power sources, providing
not only cost savings due to single power source, but also enabling
a charge-balanced design with simultaneous charge neutraliza-
tion as explained below. In our design, both electrodes serve as
emitters, and also represent the reference electrode defining the
electric field.
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Fig. 1. Schematic view of design. Left is typical point-to-ring configuration, right is our proposed bipolar configuration.

The ion wind is simultaneously generated by both pins. The
charge moves with the electric field and the resulting drift, which
in turn redistributes itself across the space. The pin tip can be mod-
elled as a protruding hemisphere with extremely high curvature
attached to the pin body, which focuses the electric field outwards
and nearly parallel to the pin axis. Thus, after being generated at
the vicinity of tips, ion clouds (charged particles) gain an initial
momentum to move in the direction away from the pin tips and in
parallel with the electrodes (inset in Fig. 1b). Under the impact of
the electric field between two electrodes, the clouds of oppositely
charged ions from two electrodes tend to impinge on each other at
the middle of electrode interspace, preventing them from reaching
the counter electrodes. Due to high speed of ion wind and its for-
warding momentum, the bulk of ions moves forward, resulting in
net flow.

A single direct current high-voltage generator is connected to
the pins. The generator is isolated and powered by a battery. The
isolation ensures that the current measured at the negative polarity
and representing the creation of the negative charge, is the mirror
image of the current at the positive polarity for the positive charge.

3. Design and experimental setup

In order to show the flow generation capability of the device,
we designed and fabricated a transparent prototype made by
polypropylene with a mechanical precision of 20 pm as shown in
Fig. 2. The internal cross section is 15 mm height x 20 mm width.
The pin electrodes are held, aligned and positioned at one end of
the device. All parts are designed for mechanical assembly via press
fitting and a small amount of conformal coating is applied at the
electrode holder to ensure electric isolation.

The electrodes are stainless steel SUS304, each 8 mm long and
0.4mm in diameter, and placed in parallel with each other. The
spherical radius of the pin tip is approximately 80 wm. The dis-
tance between the pins is adjustable with experiments carried out
at 5mm, 7 mm and 9 mm separation.

For the electronics part, a high voltage generator (Kyoshin Denki
Ltd.), battery operated, capable of generating 10kV direct cur-
rent is connected to the pins. The discharge current is recorded
at the negative electrode by a precision measuring circuit, which
is integrated in the high voltage generator. The system is cali-
brated with high voltage generator and high voltage meter (Japan
Finechem Ltd.). The isolation between the electrodes is guaranteed
by two polypropylene (PP) blocks with leak current <10 nA mea-
sured between the electrode contact points. Because of the isolation
from external sources, the current at both electrodes is equal in size
as dictated by Kirchhoff’s current law.

Pin electrodes _d

Aerosol

ﬂ HV generator & 4-point resistance
)]
‘ (3= current monitoring Mﬂn measurement electrometer

[ Data acqumtlon

Fig. 2. Schematic design of device and measurement setup. A battery operated
high voltage generator is connected to parallel pin electrodes and the ion wind is
measured by hotwires heated by constant current.

The ion wind generated in the device is measured by an array of
8 hotwires placed across the downstream channel starting from a
distance of 12.5 mm downstream and is aligned in the plane of the
electrodes. The spacing between the hotwires is 2.5 mm thus the
hotwire array in total monitors a range of 17.5 mm streamwise. The
hotwire, made of gold, is bonded to the electric stands embedded
in the device’s body for signal reading. The hotwire has a diameter
of 25 um and length of 24 mm, and its temperature coefficient of
resistance is measured as 3700 ppm/°C.

By comparing the discharge I-V characteristics with and with-
out the existence of hotwires, the minimum distance of 12.5 mm
was confirmed to not have any influence on the discharge itself.
The measurement of -V characteristic of the device is repeated 8
times, corresponding to each velocity monitoring at each hotwire.
The hotwires are alternatively turned on to prevent the cross effect
of heat transfer between them. The hotwire is heated by constant
current of 0.2 A and its voltage is read out by a digital multime-
ter. Data is streamed to the computer using a LabVIEW DAQ6220
data acquisition system with a sampling rate of 1 Hz. Conversion
from the hotwire voltage to average air velocity is calculated by a
self-developed C-code routine.

In addition, the net charge of the released ion wind is mea-
sured using an aerosol electrometer 3068 (TSI). The results were
also recorded at 1Hz and averaged over every 60s. All the mea-
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Fig. 3. (a) Fabricated device showing pin electrodes and hotwires, (b) the bipolar corona simultaneously seen at both pin tips, (c)-(e) corona glows at different discharge

currents.

surements were carried out at 24°C and 55% relative humidity at
atmospheric pressure.

Fig. 3 shows pictures of the prototype in operation, where the
bipolar corona discharge is observable at both pin electrodes. The
observed corona glows reveal that the pin tips are similar to a
sphere partly embedded into the pin body and only a small partition
at the top hemisphere is unembedded and thus has extremely high
curvature, which focuses the electric field outwards and almost
parallel to the pin axis.

4. Numerical modeling of the device

Many numerical analyses have been carried out to understand
the EHD flow in different discharge configurations. Those studies
solved mass and momentum conservation equations (flow field)
coupled with the Poisson and charge conservation equations (elec-
tric and charge fields). For the unipolar corona discharge mode,
various EHD flow simulations for different electrode geometries
were carried out for the steady-state flow [17,70,71]. On the other
hand, sophisticated bipolar simulations were performed for the
glow discharge [72], aerodynamic flow control [73] and a review
of numerical studies of EHDs can be seen in the work of Adamiak
[74]. In this part, to avoid the complications of modeling of the
discharge itself, we deploy multi physics simulation to analyse the
flow characteristics of our system by treating the corona as abound-
ary condition.

The electric field E is represented as the gradient of an electric
potential V, E = —VV calculated by Gauss’ law and is written by the
Poisson equation:

V.E=-V?V =q/g (1)

where &g is the permittivity of free space and q=q, —q_ is the
total charge of from the positive and negative pins.

The charge drift creates a total electric current density], without
considering the external bulk flow and neglecting the ion diffusion,
the total electric current density is the sum of the positive and neg-
ative current densityj =—>Ji+->J-= i,uqii-" + qifj (where u is
mobility of charge). Because the total charge is conserved, the total
current density has a zero divergence V.J = 0. The continuity of the
positive/negative current density is described by the ion recombi-
nation, which is R;q;q-/qe (Where R; and ¢, are ion recombination
rate and electron charge).

- Ji = +nq:E +q.U (2-1)
V.= Je =FRiq:q9-/qe (2-2)
V(sJi+—>])=0 (2-3)

For the fluidic aspect, the flow is assumed to be incompressible
Newtonian fluid and is considered at steady state. The buoyancy
force due to temperature variations is neglected. The flow is then
described by the Navier-Stokes equations, including conservations
of momentum and of mass density. The impact of the electric field
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Fig. 4. Meshing and boundary conditions for numerical setup of device. The inset shows the meshing at electrode tip vicinity.
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Fig. 5. (a) I-V of bipolar configuration for electrode span=5, 7, 9 mm and (b) relation of +/I— V (b). The error bar is standard deviation from 8 repeats.

to the momentum of the gas is described by the volume force qE‘ on
the right-hand side of Eq. (3),

V. (00) - 9V.(VU) = -Vp+gE/p 3)
v.i=0 (4)

The solutions of Egs. (1)-(4) are obtained by the development of
a solver in the finite volume library OpenFOAM [75]. For a typical
corona discharge, the electric field magnitude E is of the order of

Jet from oS

No wind

Stationary
smoke

108V m~! which yields the drift velocity uE~100ms-!. This is
much larger than the air velocity U, which is of the order of several
ms~!. Therefore, the term q+fl in Eq. (2-1) is neglected. For stable
simulation, an additional solver was developed to solve Eqs. (1) and
(2) only to provide the initial electric field condition for the coupled
Egs. (1)-(4) in the main solver.

The simulation domain was modelled as shown in Fig. 4. The
non-slip, no-penetration fluidic condition was set on the wall of
the pin electrode and the free condition was used for the other

“i\'c p.\“
(2)

Wind generation

Flowing
smoke s

Fig. 6. (a) Simulated flow stream line and (b) flow pattern visualized by smoke.
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boundaries. For the electric field, voltage was applied to the bound-
ary of the electrodes and the Neumann condition was applied at the
edges of the domain. At the electrode, we assumed that the corona
discharge maintained a constant ion density p+

px =1/ (LEwA) (5)

where A is the total area of the tip. The electric field at the wall
tip Ey, is determined based on Peek’s law for the barbed wire with
spheroidal tip for air at standard condition, without correction for
surface roughness and pressure dependency as [76]:

Ew =27.2 (kv/cm) (1+0.54/R"/?) (6)

where R is the radius of the tips in units of meters. Alternatively,
for the case of an arbitrary shape with double curvature, the for-
mula differs only by a factor of 1/2 to the radius of curvature E, =

31 (kV/cm) {1 +O.308/(O.5R)l/2} [77]. By applying both equa-

tions for our configuration, we can conclude that the threshold
difference is small, around 5%. Finally, with air used as the media,
the following constants close the modeling portion: g9 = 8.854 x
1072cvim, R =10"2m3s1, . = 1.62 x 10719C, p. = 1.6 x

1074m2v-1s-1, p = 1.2041 kg m~3 andv = 15.7 x 107> m2.
5. Results and discussion
5.1. I-V characteristics

Fig. 5a shows the I-V characteristics of the system. In unipolar
coronadischarge, the relationshipI/V « V (Townsend relationship)
is typically used in the analysis of various configurations including
point-to-plane [78], point-to-grid [79] or point-to-ring [80]. We
found that the I-V in our configuration better matches with the
relationship /I « V as shown in Fig. 5b. The match is especially
accurate for electrode spans 7 mm and 9 mm, and is less followed
with 5 mm. Although this relation is much less common in compar-
ison with the Townsend relationship, this is however in agreement
with the reported literature for some restricted tests, for example
in point-to-plane for the positive corona with electrode distance
50 mm [81] or spherically symmetric unipolar corona [82]. In this
work, the relationship /T « V is used to analyse the present con-
figuration in the next sections.

5.2. Flow pattern and net charge of ion wind

Fig. 6a presents the simulated result of the flow field. In order
to facilitate the discussion, a Cartesian coordinate system is desig-
nated with the origin located at the centre of electrode interspace
as shown in Fig. 6a. After being generated in the vicinity of the
tips, the ion clouds gain an initial momentum to move in the direc-
tion away from the pin tips and in parallel with the electrodes.
Under the interaction with the electric field between the two elec-
trodes, the jets of oppositely charged ions tend to impinge on each
other at the middle of the electrode interspace, resulting in pres-
sure drop and charge neutralization. This causes the bulk flow of
ions to move forward. The overall view of the generated ion wind
demonstrates that the jet flow is maintained downstream far away
from the pins. Fig. 6b shows the visualization of ion wind by smoke
particles introduced to the device from both sides of pins. With-
out applied voltage, the smoke remains almost stationary, slowly
diffusing inside the device (Fig. 6b, left). When the device is in oper-
ation and ion wind is generated, the two jet flows are demonstrated
by smoke movement as shown in Fig. 6b (right).

It was confirmed that as a result of the mixing
of opposite charges, the total charge of the ion wind
outside the wind collector was very low. It was typically around
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Fig. 7. Velocity measured by hotwire with electrode span of (a) 5mm, (b) 7 mm,
and (c) 9 mm.

—10fA to +30fA on the aerosol electrometer measured at outlet
of device. This charge was almost independent of the electrode
separation in experiments and is comparable with the value of the
background noise, which was measured with the device turned off.
Since this net charge of ion wind is very small compared with the
discharge current (of the order of wA, which is 9 orders larger), this
confirms that the positive and negative charges are well balanced.


https://www.researchgate.net/publication/235031397_Movement_of_Air_in_the_Electric_Wind_of_the_Corona_Discharge?el=1_x_8&enrichId=rgreq-c1d4c5c1-c9ff-4af6-95c7-a91e8f08b480&enrichSource=Y292ZXJQYWdlOzMwMTM1MjkzOTtBUzozNTQ1MzM1NzUyODI2ODhAMTQ2MTUzODc5OTA0OQ==
https://www.researchgate.net/publication/224492116_An_empirical_formula_for_negative_corona_discharge_current_in_point-grid_electrode_geometry?el=1_x_8&enrichId=rgreq-c1d4c5c1-c9ff-4af6-95c7-a91e8f08b480&enrichSource=Y292ZXJQYWdlOzMwMTM1MjkzOTtBUzozNTQ1MzM1NzUyODI2ODhAMTQ2MTUzODc5OTA0OQ==
https://www.researchgate.net/publication/224512280_The_current-voltage_characteristics_of_point-to-ring_corona?el=1_x_8&enrichId=rgreq-c1d4c5c1-c9ff-4af6-95c7-a91e8f08b480&enrichSource=Y292ZXJQYWdlOzMwMTM1MjkzOTtBUzozNTQ1MzM1NzUyODI2ODhAMTQ2MTUzODc5OTA0OQ==
https://www.researchgate.net/publication/241366244_Onset_Studies_of_Positive_Point-to-Plane_Corona_in_Air_at_Atmospheric_Pressure?el=1_x_8&enrichId=rgreq-c1d4c5c1-c9ff-4af6-95c7-a91e8f08b480&enrichSource=Y292ZXJQYWdlOzMwMTM1MjkzOTtBUzozNTQ1MzM1NzUyODI2ODhAMTQ2MTUzODc5OTA0OQ==
https://www.researchgate.net/publication/224530881_Simple_approximate_treatment_of_unipolar_space-charge-dominated_coronas_The_Warburg_law_and_the_saturation_current?el=1_x_8&enrichId=rgreq-c1d4c5c1-c9ff-4af6-95c7-a91e8f08b480&enrichSource=Y292ZXJQYWdlOzMwMTM1MjkzOTtBUzozNTQ1MzM1NzUyODI2ODhAMTQ2MTUzODc5OTA0OQ==

152

V.T. Dau et al. / Sensors and Actuators A 244 (2016) 146-155

20

Velocity (m/s)

—o—d=12.5mm
--0--d=15.0mm
coaeed =17.5 mm
--v--d =20.0 mm
=0 = 22.5 mm
'''''' -d =25.0 mm
—b—d =27.5mm
—o—d =30.0 mm

20.0
® Pins gap 5 mm e
@ Pinsgap 7 mm o Lo4
1751 4 Pinsgap9mm o N
% 15.0 ] A BT £
A 7 2
E’ ol L 103 g
© ] ' =2
Q2 125 e . [
o 7
£ o £F S
5 10.0] Al 5
T i 0.2 E
,A_E,—"" ------ Fit curve (electrode span s = 5 mm)
754~ .- N _
s - — —Fit curve (electrode span s =7 mm)
= — Fit curve (electrode span s = @ mm)
50 7 77 v+ 7+ + 17—+ 0.1
0.5 1.0 1.5 20 25 3.0

-10

-8

-6

-4

-2

0

2 4

[

10

Transverse distance from center of interelectrode (mmj)

Fig. 8. Velocity profile at hotwire position, electrode distance 7 mm, discharge cur-
rent 5.37 pA.

Distance to pin electrodes (mm)

125 150 1756 200 225 2560 276 300

25

25

20 L 20

s _

E -8 IO 2

Y 15? -9 s

S 1 ?

3 <

>

o 104 [0

g

T 5] - - =Simulation @ Experiment s
0 ‘l T T T : . 2 T-0

1 2 3 4 5 6 7 8
Wire number

Fig. 9. Comparison of simulation and experiment. Electrode distance 7 mm, dis-
charge current 5.37 pA, hotwire current 0.2 A.

5.3. Flow measurement by hotwire

The effect of ion wind on the temperature of the hotwire Tp,,,
heated by the current I,,, is determined from the equilibrium equa-
tion of heat transfer at steady state between the hotwire and air

I Riw = MApy (Thw — Ta) (7)

where Ay, h, and T, are surface area of the hotwire, heat trans-
fer coefficient, and ambient temperature, respectively. Ry, is the
hotwire resistance expressed as

Riw = Ra [1 + & (Thw — Ta)] (8)

with R; and «a are the resistance at temperature T, and the
temperature coefficient of the resistance of the hotwire material,
respectively.

Without corona discharge, stationary air defines the initial state
of measurement by natural convection. When the corona is acti-
vated, the ion wind cools the hotwire down by forced convection.
The heat transfer coefficient of forced convection [83] and natural
convection [84] are respectively calculated as presented in Egs. (9)
and (10)

h=0.24+ 0.56Re0'45% (9)

SQRT(1) (nA"?)

Fig. 10. Relation between hotwire output voltage and discharge current. The right
axis shows the average velocity calculated from hotwire voltage.

A
_ 0.1
h=1.02Ra*' 5 (10)

where Ra is the Rayleigh number, D is the effective diameter of
the hotwire, and Re = UDp/ . is the Reynolds number. The output
voltage on the hotwire, offset to the initial value measured with
still air, is measured as Vpy, = Iy ARy = [nw AT. This voltage Vi,
is shown in Fig. 7.

Electrode span of s =5 mm creates lower velocity than the others
and the flow is more unstable (see Fig. 7a). This is because as the pin
separation decreases, the electrode itself becomes significant com-
pared with the interelectrode space. Intuitively when the electrode
span becomes comparable with the electrode radial dimension,
the flow component towards the counter electrode increases, and
the attack angle formed by two jet flows becomes larger. In other
words, the flow velocity component towards the counter electrode
becomes stronger. This results in a more direct collision of jet flows
from the pins, introducing turbulence and reducing the streamwise
flow velocity.

The above explanation is confirmed again with results in Fig. 7b
and c where the electrode span is 7mm and 9 mm, respectively.
The measurement is more repeatable between different hotwires.
Hotwires placed further away from the electrodes have smaller
output voltage, which reflects the decay of the jet flow. The flow
velocity is slightly larger with increasing electrode separation,
however there is not much difference between 7 mm and 9 mm.
The flow velocity profile, which cannot be revealed by hotwire
anemometry, is demonstrated from simulation.

The profiles of the velocity along streamwise direction at eight
hotwire locations are plotted in Fig. 8 for electrode span of 7 mm,
discharge current [=5.37 pA and discharge voltage V=5KkV. From
Fig. 8, it is evident that the peaks of the profiles decrease with
increasing streamwise distance from the pin tips. This confirms that
the jet decays with increasing distance from its source, as expected.
The tails of these profiles have negative values, which show that
there is a circulatory flow in the channel. A flow peak velocity up
to 1.8 ms~! is achieved. The figure implies that the device can cre-
ate bulk flow movement with typical jet flow characteristics. This
characteristic of the device allows us to further develop multi axis
inertial units, or multi direction synthetic jets in the future.

Fig. 9 compares the hotwire anemometry result elicited in the
experiment and the above simulation. The abscissa is the hotwire
position and the vertical axis is the output voltage in millivolts. For
direct comparison, the simulation values are expressed in terms of
hotwire voltage. As it can be seen, the simulation agrees well with
experiment. It is noted that because the hotwire is placed across the
entire width of the device, its measurement represents the cooling
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effect of the average flow velocity in hotwire plane, thus although
the peak velocity decays rapidly with distance, the average velocity
across the device and thus the output voltage on the hotwire decays
much slower.

Itis also important to note that while ion is discharged with cur-
rent of several pAs, the current supplied to hotwire is six orders
larger, so the effect of discharge current to the hotwire voltage
is very small. In addition, because both charges are released, this
error is further minimized and is negligible, therefore the voltage
on hotwire can be calculated by only considering the cooling effect
of the flow. This is further confirmed by turning on the corona dis-
charge without heating the hotwire, when we observed zero output
voltage.

However there was still a difference with the experimental
results, particularly at the wire closest to the pin. Because the
experimental device was fabricated with limited resolution, the
device wall surface was unsmooth at a submillimeter scale and
it was excluded from the simulation. Also the pin holder, which
indeed has considerable size compared with the chamber although
its location at upstream would scale down its impact, is ignored
in the simulation. Finally the tolerance in pin alignment made the
tolerance at the closest hotwire larger compared with the others.
Better agreement can be expected if a microfabrication process is
involved.

Fig. 10 presents the relationship between the output voltage
on the hotwire, which is proportional to the average flow velocity,
and the discharge current. The result shows that the output volt-
age has a linear relation with the square root of discharge current
Viw o +/1. Because the relation of the flow velocity and discharge
current can be estimated by the balance of kinetic energy of mov-
ing flow with discharge power, thus can be represented by hotwire
anemometry in our device. It can be noted that, in the experiment,
the relation V,,, o +/I also holds for all electrode spans. The power
for corona discharge itself is small, for example around 25 mW and
the power consumption of our electric circuit is less than 70 mW
for the experimental condition in Fig. 9.

6. Conclusion

We have presented the design of a bipolar corona-based airflow
generator and examined its characteristics by numerical simula-
tions and experimental validation. The modified airflow generator
is based on the simultaneous generation of both positive and nega-
tive ions using two sharp electrodes placed in parallel. The resulting
neutralized ion wind is created with low power consumption. The
model showed good agreement with experimental data in terms
of the dynamic response. Based on the measured current-voltage
curves of bipolar corona discharge, simulations of flow rate and
charge distribution were carried out. The measured result of the
present device has slight discrepancy with experimental data par-
ticularly at close vicinity around the electrodes. We believe that
this mismatch can be improved with better fabrication process and
more precise simulation of boundary conditions. The ion diffusion
was not taken into account and the positive and negative coronas
and theirinduced ions were treated equally, which is different from
reality. In this regard many improvements are in progress, such as
more precise simulation of the electron-ion interaction plane.

Although in theory the system is expected to have increased
efficiency as the distance between the electrodes is reduced, this is
limited by the geometrical constraints of the system setup. The pins
and electrical connections still have finite size, impeding the airflow
around the pins. Itis believed that with a revised system setup, such
as usage of pins with smaller diameters or utilization of a micro-
fabrication process, the efficiency could further increase and ion
wind generation of similar magnitude could be expected at lower

voltage levels and reduced applied power. In addition, as for any
corona-based device, external factors such as temperature, humid-
ity and atmospheric pressure will also affect the device and need
to be considered to ensure reliable operation. These improvements
are currently in progress and will be reported in future publications.
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