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Abstract

Ionic propulsion, where charged particles, ions, are produced between electrodes and
accelerate towards the negative electrode, has practical applications as a propulsion system
in the space industry; however, its adoption to in-atmosphere ionic propulsion is relatively
new and faces different challenges. A high potential difference is required to achieve a
corona discharge between a positive and negative electrode. In this work, we will explore
the feasibility of ionic propulsion using CFD modelling to replicate the effect of the ions,
with a future aim of improving efficiency. The ionization region is modelled for a 15 kV
potential difference, which is replicated with a velocity inlet, based on experimental data.
The output velocity from the numerical simulation shows the same trend as theoretical pre-
dictions but significantly underestimates the magnitude of the ionic wind when compared
with theoretical estimates. Further modelling is highlighted to improve predictions and
assess if the theoretical model overestimates the ionic wind.

Keywords: ionic wind; corona discharge; sustainable aviation; electro-aerodynamic devices;
thrust

1. Introduction

The basic principle behind ionic propulsion arises from the use of two electrodes with
a potential difference between them. When the potential difference is sufficiently high,
electrons will flow between the electrodes. These electrons will collide with neutral atoms,
producing an ionic wind and a corresponding force, or thrust, in the opposite direction to
the flow of the electrons. Harnessing this thrust to power an aircraft would provide the
double advantage of a potentially carbon-neutral power source for sustainable aviation
and a quiet propulsion system reducing noise pollution for passengers and in the regions
surrounding airports. lonic propulsion has attracted increased research interest in recent
years, and the key developments are highlighted in the rest of this section.

An aircraft powered by ions would be quiet and potentially carbon neutral, and have
a lower failure rate than those powered by conventional engines due to the absence of
moving parts within the engine. The basis of ionic propulsion is to have two electrodes,
one negative and one positive. As the potential difference between the electrodes increases,
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electrons will start to flow between the electrodes. As the electrons pass through space, they
collide with neutral atoms in the atmosphere. This creates an ionic wind, which creates
a force in the opposite direction of the flow of electrons. This force is thrust, which could
potentially be used to power sustainable aircraft.

The origin of ionic wind stems from the corona discharge that was found in 1672 by
Otto Von Guericke [1]. Von Guericke created a sulfur globe model, in which he performed
multiple electrical experiments. Rubbing the surface of the device was found to produce
static electricity as the electrical charge accumulated. In 1750, a device known as ‘The
Electric Fly’ was invented [2]. The device consisted of a thin brass or iron wire that had
sharp ends and was formed into an S-shape. The wire was supported at its midpoint by a
metal holder and allowed to rotate. The other end of the holder was fixed onto a piece of
wood. Once an electric charge is delivered to the wire through the holder, the wire begins
to rotate like a pinwheel. Using a similar principle in 1929, Thomas Townsend Brown built
a device that uses ionic wind to generate movement [3].

These devices are now known as Electro-Aerodynamic Devices (EADs) that generate
propulsion without any moving parts in neutral fluid regions [4-7]. EADs use electricity to
create an electromagnetic field between an anode and a cathode. In the electro-magnetic
field, negatively charged ions are produced and repelled by the electrostatic force of the
positively charged anode towards the negatively charged cathode. As they are repelled, the
ions collide with neutral particles in the fluid (air). The collisions induce a propulsive force,
thus creating ionic wind [8]. EADs use this ionic wind to fly. The wind can be directed
vertically to oppose weight or directed horizontally to pass over wings, producing lift.

In contrast to conventional propulsion systems such as propellers, rotors, or jet engines,
ionic propulsion produces no pollution and very little noise. Another benefit is that there
are no moving parts, meaning that less maintenance is required. However, although there
are many benefits to using ionic propulsion, the main drawback is that it is difficult to
produce a device that can use ionic propulsion to a scale that is suitable for transportation.

Until recently, EADs have not been able to fly with their power source onboard. This
is primarily due to the weight of the components needed to produce the high voltages
required [9]. To get around this, several lightweight power converters were required for
EADs. The first EAD with an onboard power supply was created by Ethan Krauss, Electron
Air LLC [10], which was patented for lifting its power supply against Earth’s gravity using
ion propulsion [4,11]. The VTOL design requires a geometry optimized for efficiency and a
miniaturized electrical system. In 2018, the Massachusetts Institute of Technology (MIT)
used the same technology in the horizontal plane to power a model with a 5 m wingspan.
Their design converted the battery voltage of —225 V battery to 40 kV output and provided
up to 565 W of power with an efficiency of 85% and a specific power of 1.15 kWkg~! [12].
The craft flew a total of 60 m (the team was limited to the size of the sports hall they
used for testing). The team’s final design resembled a large, lightweight glider with a 5-m
wingspan and weighed approximately 2.27 kg, with most of the weight coming from the
batteries. The rudder and elevator surfaces were actuated with electronic servos, which
were trimmed for straight flight, but adjusted during flight by the pilot via remote radio
control during launch and landing. Other than this, the craft had no other moving parts.
The craft was powered by a stack of lithium—polymer batteries, which fitted within the
fuselage. The batteries produced 40 kV to support the sustained flight [5]. Although the
craft did manage sustained flight, the team had to use a launching runway fitted with an
elastic cable system that provided enough force to accelerate the craft from a standstill
and get it airborne. Once in the air, the ion engines provided enough energy to sustain
the flight. However, the ionic propulsion method still had a much lower efficiency than
conventional propulsion. Another area of study in aeronautical applications is the use of
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EAD flow to aid in the control of boundary-layer airflow near the surface of an airfoil using
plasma actuators [6]. This technology would reduce turbulence near the surface, improving
efficiency and, thus, increasing the fuel economy and speed of the aircraft.

The use of EAD technology could be utilized for several practical applications away
from its use in in-atmosphere aircraft. One application is cooling, which is an active area
of study [13]. As computing performance increases and the size of devices decreases, the
amount of heat emitted from the components also increases [14]. In the use of microelec-
tronics, an EAD device could be created where the ionic flow between two electrodes could
be used to pass over hot components, supplying cooler air towards the components and
drawing the hot air away, removing the use of a traditional fan-based system. Another area
is the use of corona discharge in water, which could be used in the treatment of drinking
water and wastewater [15]. By establishing an electric field in a water stream, chemical
and physical reactions are created. These include small shockwaves, bubbles, and a limited
amount of UV radiation. This leads to the elimination of bacteria and viruses in the water
and the removal of dirt build-up in supply pipelines.

2. Influential Factors for Ionic Wind Calculations

There are multiple factors that may affect the thrust produced during ionic propulsion.
These factors need to be understood to maximize the thrust and to produce the ideal
conditions for flying, for example, the distance between the anode and the cathode, more
commonly referred to as the electrode spacing. Bouazza et al. [16] have predicted the flow
of ions and the force they carry once they leave the wire. The further the ions travel from
the wire during corona discharge, the weaker the force produced. Therefore, if the distance
between the electrodes is too large, the ionic wind induced will be much weaker. This
claim is backed up by experimental data [4], where it is evident to see that the distance
between the electrodes has a direct effect on the amount of voltage needed to create thrust.
Xu et al. [4] found that when using an electrode spacing of 50 mm to generate 50 mN/m of
thrust, a voltage of 29 kV is required, whereas with a spacing of 300 mm, a voltage of 62 kV
is needed, which is 2.1 times the amount of voltage needed with a 50 mm spacing. However,
Xu et al. [4] also showed that larger gap spacings can have higher thrust-to-power ratios.
For instance, increasing the gap spacing from 50 mm to 200 or 300 mm could increase the
thrust-to-power ratio up to two- or three-fold. Although bringing the emitter wires closer
to the collector surface generated more thrust, it also caused a steep increase in current
draw, leading to greater joule heating and, consequently, higher power losses [6]. Therefore,
electrode spacing must be considered when designing an EAD, as the larger the spacings
between electrodes, the weaker the electro-magnetic field and ionic wind, but potentially
higher efficiencies can be achieved.

The higher the voltage, the larger the thrust, thus increasing the amount of ionic
wind produced, as found by Chirita and leta [17]. However, at atmospheric pressure, the
breakdown voltage in air is ~3 kV/mm [18]. This implies that at lower distances, the
voltage applied would have to be limited to prevent an electric arc from forming between
the electrodes, thus reducing the amount of thrust produced by the proposed EAD design.
Hence, a compromise is needed.

The size in diameter and length of the emitter wire, and the collector size and shape
are also important considerations. The emitter wire’s cross diameter should be as small
as possible to improve ionization, but large enough to withstand mechanical and thermal
damage. The length of the emitter wire should be long enough to generate adequate thrust,
whilst not too short, which could cause overheating of both the power supplies and the
wires themselves [6]. The collector diameter is the distance across the cross-section of the
collector. The collector diameter directly affects the thrust produced during ionic propulsion.
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With a larger area, the attractive force is increased due to the greater surface area attracting
ions, meaning more ions are pulled by the electrode, thus inducing a stronger wind. A
collector diameter of 10 mm will produce about 145 mN/mm of thrust at 80 kV [4], whereas
a collector diameter of 38 mm produces a thrust of 200 mN/mm. This is a 37.9% increase in
thrust for a diameter that is 280% larger. The use of multi-stages can produce more thrust
per area, but multi-stages exhibit diminishing returns with each additional stage due to
reduced efficiency. Using a larger diameter for an airfoil that is to experience ionic wind
or using multi-stages will increase the overall mass, meaning more force is needed, which
would need, in turn, either a higher voltage or an even larger collector diameter, which in
turn further increases the mass of the plane. For this reason, the collector diameter and use
of multi-stages need to be taken into careful consideration when designing an EAD [6].

Another important factor to consider is the temperature. The temperature can have
a drastic effect on ionic propulsion. At high temperatures, particles gain more kinetic
energy, which in theory, is beneficial, as the higher the kinetic energy, the more collisions
occur, and the more energy is transferred during those collisions, resulting in a higher
propulsive force. This is supported by previous studies that show that as the temperature
rises, the current density rises along with it. Current density is termed the ion current
through a unit area [19]. With more ions travelling through a particular area due to the
increased kinetic energy—in this case, between the electrodes—more collisions can occur,
thus making the air between the electrodes highly conductive. The results from a study
show that at 373 K, the current density is 0.007 mA /m, while at 973 K, the current density
is 0.87 mA/m [20]. These results reveal that at 973 K, an EAD will produce more thrust.
Although the temperatures in the experiment are very high, this information is vital, as
it confirms the theory. When the relative humidity is increased, the ionic wind velocity
decreases [21]. The current was also measured against the relative humidity, which shows
it decreasing as the relative humidity increases. Therefore, the overall effect on the ionic
propulsion is that it decreases as the overall thrust is reduced. Lee and Lau [22] also show
that there is a relation between how positive and negative ionic winds affect the current
readings based on a change in relative humidity.

3. Theoretical Calculations for In-Atmosphere Ionic Propulsion

The theoretical equations in this section have been taken from the literature [23-25]
and are included here to aid clarity of the subsequent theoretical predictions presented
later. A more detailed explanation of most of the formula in this section can be found
in Perkins and Thompson [23]. During corona discharge, positively charged ions travel
from the emitter to the receiver. During this journey, they collide with air particles, which
accelerate towards the collector, producing thrust, as shown in Figure 1.

Figure 1 shows how ions travel and collide with neutral air molecules between the
electrodes and transfer momentum before re-accelerating towards the opposite electrode to
create ionic wind. The region of the air current produced by this process is called the ionic
region and is directly proportional to the area of the emitter [23]. It can be found using the
following formula:

6= +a 1)

where a is the radius of wire or tip radius of a point, and ¢ is the thickness of the ionization
region. The thrust produced by the ionic thruster is proportional to the distance between the
two electrodes and the current in the discharge. It is found that if the voltage is increased
too much between the electrodes, the medium (in this case air) between the electrodes will
break down, causing a spark. This must be avoided, as it is the glow breakdown that is
required for ionic propulsion, which occurs before sparking. The ion mobility affects this
breakdown and will be different depending on the atmospheric conditions. Christenson
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and Moller [24] derived the formula whereby the thrust in Newtons generated, T, by the
ionic wind in air is as follows:

T = Id/u 2

where I is the current in the discharge (amps), y is the ion mobility (m?/V.s), and d is the gap
between electrodes (m). The power generated by the ionization zone is equivalent to the
amount computed for the thrust. The thrust per unit power may therefore be determined
using the following formulae:

P =1V ©)
0=T/IV 4)
0= (d/V)/u ®)
0=1/Eu (6)

where 6 is the thrust per unit power (N/kW); V is the applied voltage (V); and E = V/d,
which is the average electric field (V/m). The efficiency of the ionic thruster will be
determined by how much thrust can be created per unit of power into the thruster, which
is what must be optimized.

neutral air particles
[ ] L]

ionised air
particle ®

: o
a 1 -
radius P

between el d

Figure 1. Diagram shows ion collisions and momentum transfer to neutral air molecules.

Equation (2) may be derived assuming that a voltage of V (volts) is supplied and that
the electric field is uniform in the main area of the corona discharge. Since no more ions can
be produced once the ions have left the high field area surrounding the tip, the product of
the discharge cross-section, A, and the ion density, i, will stay constant. Tj, the electrostatic
force experienced by each ion, is formulated as follows:

T; = eE 7)

where e is the unit of charge, and, naturally, the forces acting on the electrodes are equal
and opposing. The total force of all the ions on the electrodes is as follows:

T = NT, = NeE 8)

where N, the total number of ions in the discharge, is N = n;Ad. The discharge current is
given by the following:
I = nieviA (9)
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where A is the discharge cross-section; 7; is the product of ion density; and v; is the average
ion velocity, which is given by v; = uE. Thus, the total force acting on the electrodes is
as follows:

T = NeE = n;AdeE = n;jev;AdE/uE = Id/u (10)

Since the ions are assumed to be in a homogeneous field, their acceleration will be
constant, 4, which is determined by the following;:

a = eE/m; (1)

where m; is the mass of the ion. On average, an air molecule will collide with the ion after a
distance from the emitter, A—the mean free path of the ions in air. If it is assumed that the
ion transfers all its momentum to the ion during the collision, then the ion will be brought
to rest during the collision. The ion will have therefore travelled distance A in each time, t,
as follows:

A = at?/2 (12)

Thus, the average velocity of the ion leaving the emitter is as follows:
— — _ 1/2 _ 1/2
v, = A/t = at/2 = (eE/2m;)(2m;A/eE)’~ = E(eA/2m;E) (13)

Depending on the air saturation, the ion mobility of air can vary. The ion mobility of
air is known to be 2.14 x 10~% m2/Vs for dry air and 1.6 x 10~% m?2/V-s for saturated
air [26]. It is also possible to compute the ion mobility value as v;/E; thus, the ion mobility,
H, can be formulated using the following:

u = (er/2mE)"/? (14)

where y is the ion mobility (m?/V-s), A is the distance travelled by the ion (m), m is the
mass of the ion, and E is the average electric field strength.

The conclusion that ion mobility is proportional to the inverse square root of the
electric field is consistent with findings reported for ions in air at high electric fields [25].
When an ion travels the distance (d) between the emitter and collector, it will collide d/A
times. This is due to the ion still being in the electric field (between the emitter and receiver),
and so, after each collision, it will therefore accelerate again. The air molecule receives
momentum from the colliding ions, given by 2m;v;. This supposes that equal-mass ions
and air molecules collide head-on. Consequently, the magnitude of the force accelerating
the air, F, or the total momentum imparted to it each second, is as follows:

F = 2nmvid/ A (15)

where 7 is the number of ions arriving at the collector per second = I/e. Inserting this and
Equation (13) for v; into Equation (14), the force accelerating the air is as follows:

F = Id(2m;E/e))'/? (16)
Using Equation (16) to rewrite the formula as
F=1d/u (17)

it is evident from this that the force that accelerates the air, or the momentum imparted to
the ionic wind, is the same as the thrust applied to the electrodes that is a response to the
electrostatic force acting on the ions.
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The ionic field is generated throughout the entire area of the ionization region, B.
Greater thrust and ionic wind production result from more particles gaining a positive
charge across bigger areas. If the emitter is a wire or needle tip, the area it produces will
have a constant thickness, as determined before, creating a circular zone for ionization.
Thus, the area may be computed as follows:

B = 7t(6/2)(L/4) (18)

where L is the length of the wire to the number of emitter points; B is the total area of the
ionization region (mz) ; and ¢ is the thickness of the ionization region, and it takes the place
of the circular area’s diameter. Using the above equation to find ionic wind velocity, it can
be calculated as follows:

v=T/Bp (19)

where v is the ionic wind velocity (m/s), and p is the density of fluid. The density for air
at sea level is given as 1.225 kg/m? at 15 °C. Air from the ionic zone flows towards the
collector at a velocity known as the ionic wind velocity. The negatively charged collector
draws the flow towards it. A more detailed explanation of most of the formulae above can
be found in Perkins and Thompson [23].

4. CFD Simulation of Ionic Wind

The modelling software Star CCM+ 12 was chosen, as it can simulate both electromag-
netic and physical-fluid flow phenomena. The coupling between fluid flow and electrical
potential is handled through a multiphysics framework in STAR-CCM+ 12 that allows for
a simultaneous solution of fluid dynamics and electromagnetics. STAR-CCM+ 12 uses
the Navier-Stokes equations and continuity equation for fluid flow, and they are solved
using the finite volume method (FVM). Electromagnetic phenomena are modelled using
Maxwell’s equations, which govern electric and magnetic fields, and are also solved using
FVM. The electric field, E, is derived from the electric potential, ¢:

E= -V¢ (20)
STAR-CCM-+ solves Poisson’s equation for ¢:
V.(eV¢) = —pe (21)

where ¢ is the permittivity of the fluid, and p, is the free charge density. The electric field
contributes a body force, F,, in the momentum equation:

F, = p.E (22)
This force is added as a source term in the Navier-Stokes equations:
p(u.Vu) = —Vp+uV?u+p.E (23)

where p is fluid density, u is dynamic viscosity, u is velocity, and p is pressure. This equation
is solved in 2 dimensions, along with the continuity equation,

Vu=0 (24)

The resulting simulation provides a solution for ionic wind. Both an electromagnetic
and a fluid flow simulation are run concurrently. To achieve this, the variables that are
tested need to be used to calculate the values used in the simulation. This is quite a
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challenging task, as the lack of validation and testing means that several variables that
depend on the specific geometry have to be estimated. This is a major hurdle to gaining an
accurate simulation, as the values for these variables have to be based on data obtained
from similar testing carried out by Strzelczyk and Gatek [27]. The mathematical model
suggested and validated by Galek and Strzelczyk [27] is based on a point discharge and is
as follows:

I = KV(V-V) (25)

where [ is the current discharge, V is the supply voltage, Vy is the supply voltage at the
corona onset, and K is a constant defined by the geometry and ion mobility of the ion
generator. K can, however, be estimated with the following equation:

K = AdB (26)

where d is the length between electrodes, and A and B are both constants depending on the
geometry of the test area. For these simulations, values of 482 and —3.15 were used for A
and B, respectively, to bring them in line with results obtained by Strzelczyk and Gatek [27].
Finally, the equation defining the speed of the discharge air follows the equation

u = uk (27)

where yi is the ion mobility, and k is the constant dependent on geometry. To bring values
in line with previous work [28], a value of 0.00786 was chosen for the value of k. So, for
10 mm spacings with 15 kV between them, the value of u could be found to be 34.7 m/s of
discharge velocity. The voltage difference between the two electrodes was set as initially as
15 kV and varied up to 40 kV.

The domain used is two-dimensional and is a rectangular box of dimensions
40 mm x 250 mm. Standard atmospheric conditions were used. The emitter electrode
was assumed to be a 0.025 mm circular cross-section, whereas a 2.5 mm circular cross-
section diameter wire was used for the collector electrode. This equates to ionization
regions for the emitter and collector of 0.16 mm and 1.6 mm, respectively. These values
were used as circular boundary conditions, with velocity inlet being normal to the boundary
of +34.7 m/s for the emitter and 6 m/s for the collector. Spacing of various lengths was
applied between the two electrodes between 10 mm and 50 mm.

The boundary conditions at the outer boundaries of the fluid domain were set as
electrically insulated to represent acrylic walls, with the upper and lower boundaries set as
no-slip walls, and the left (inlet) and right (outlet) boundaries set as zero pressure to enable
outflow in either direction, as can be seen Figure 2a.

The mesh generation was targeted to allow for detail around the two electrodes, with
less detail being produced around the outer walls. To achieve this, a two-dimensional
automated polygon mesh was used with an additional 10 prism layers to add detail around
the ionization region. A mesh convergence study was performed from a base size of 4 mm
to 0.0005 mm. The convergence study was performed using the total momentum in the
x-direction.

The total momentum quickly converges once the base size has reached a value of
0.015 m and continues at that value without much deviation past a base size value of 0.001.
Opverall, a base size of 0.001 m was chosen, as it had enough detail around the circumference
of the small electrode that the program allowed for the addition of prism layers around it,
of which there were 10 added with a total thickness of 0.00005 m so that there would be a
smooth transition between the base mesh and the prism layers. Also, the target growth rate
was chosen to be 1.1 so that the mesh size did not expand too quickly and lose detail in the
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area between the two electrodes, a factor which is most important. The final mesh can be
seen in Figure 2b,c.

Slip Wall, Electrically Insulated

Velocity inlet (normal) 34.7m/s Thrust Flow direction
Zero Electrical potential 40kV Zero
Pressure —~ o O <:| |:> Pressure
Inlet, Outlet,
Electrically \ Electrically
Insulated Velocity inlet (normal) —6m/s Insulated

Electrical potential OkV

Slip Wall, Electrically Insulated

(a)

Figure 2. Simulation of (a) boundary conditions (not to scale), (b) mesh of whole domain, and
(c) zoomed-in section between electrodes.

Further evaluation of mesh metrics such as skewness angle and face validity aids
in identifying if there are any regions of poor resolution or distortion. The simulation is
run as a steady-state solution. The model uses a segregated solver for its stability and
versatility when solving steady-state simulations. Due to the low Reynolds number, the
laminar model was chosen, and the density of the air was constant as 1.226 kg/m?. Because
the modelling of the electromagnetic environment is an important part of the simulation,
the optional electromagnetic module was added using electrohydrodynamic potential to
model the passage of electric fields through the fluid.

The theoretical calculation described in the previous section is aimed at deriving
the thrust in one direction along the horizontal axis. The velocities calculated from the
numerical solution are in 2 dimensions; however the forces cancel in the vertical direction
due to symmetry, and so only forces in the horizontal plane are considered.

5. Results
5.1. Theoretical Calculations at 15 kV

Theoretical results are collected using the formulae listed in Section 3. We chose 15 kV
as an arbitrary voltage to test. The critical distance where the corona discharge becomes a
spark and breaks down in the air was calculated to be approximately 7.5 mm. Hence, the
theoretical calculations start with 10 mm electrode spacing and increase by increments of
5 mm up to 50 mm. Ionic wind speed can be seen in Figure 3a to be inversely proportional
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to the distance between electrodes. As electrode spacing increases, the ionic wind speed

decreases. This trend is also true for the thrust and average electric field, as can be seen in

Figure 3b.

25
(a)

N
°

4.5

IS

(e
o

]
-
-
[N
-

lonic wind velocity (m/s)
Thrust (N)x 105

N
(4]
o~

/S
7
e
J
/

!
i

o
3

10 15 20 25 30 35 40 45 50
Distance between emitter and receiver
(mm)

10 15 20 25 30 35 40 45 50
Distance between emitter and receiver
(mm)

Figure 3. Variation in (a) ionic wind velocity and (b) theoretical thrust with various electrode spacings.

The maximum theoretical ionic wind velocity achieved is 19.455 m/s at 10 mm spacing
with 15 kV. The thrust generated vs. electrode spacing follows the same trend as the ionic
wind velocity. lon engines generally do not produce much thrust, a notion which is
supported by previous experiments and analytical calculations in the literature review. The
theoretical thrust produced is incredibly small. The maximum thrust achieved using 15 kV
at 10 mm electrode spacing is 3.81 x 10~ Newtons.

5.2. Electromagnetism Modelling Results

From the conditions set up above, the simulation results were calculated, and these
results can be seen below. Electromagnetic simulations like the ones shown in Figure 4a—
allow us to see how factors such as electrode distance and voltage difference change the
average electrical field strength.

The electromagnetic simulation results show that the electromagnetic field was highly
dependent on the change in the gap length. The average electric field strength decreases
when the two electrodes are pulled apart. The average electric field strength was measured
at the faces of the two electrodes using an inbuilt report in star CCM+. Testing simulation
results also suggest that there is a strong relationship between the difference in voltage and
the average electric field strength. These relationships are important because they define
the base on which the velocity for simulations on wind velocity were based.

5.3. Flow Modelling Results

Following on from electromagnetic modelling, the flow modelling results are similarly
affected by both distance between electrodes and voltage difference, as well as the electric
field on which the flow model is placed on top of. The results of the flow modelling can
be seen in Figure 5a—c. The output velocity was taken as an average across the face of the
outlet of the bounding box. The output velocity for varying voltages and spacings is shown
in Figures 6 and 7, respectively.
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Figure 4. Electric field between electrodes (a) zoomed out and (b) zoomed in with the electric field
strength, and (c) direction of the electrical field lines.

Figure 5. Velocity of air between electrodes: (a) scalar, (b) generalized flow, and (c) vector field.
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Figure 6. Plot showing the link between output velocity and voltage between the electrodes at 10 mm
spacing between electrodes.
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Figure 7. Plot showing the link between output velocity and spacing between the electrodes at a
voltage of 15 kV.

As can be seen from the figures above, there is a clear link between output velocity
and both voltage difference and the spacing between electrodes. With higher voltage, the
velocity of the ionic wind increases. The velocity decreases initially with higher spacings
and then appears to be near constant at spacings greater than 30 mm. Figure 8 shows
a comparison between numerical and theoretical estimates of ionic wind with varying
spacings between electrodes.
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Figure 8. Plots showing a comparison between the analytical and simulation results at 15 kV.

Figure 8 shows the same trend between the analytical and simulation results, but
a significant difference in terms of the magnitudes. Clearly, the simulation work under-
estimates the speed with respect to the analytical predictions. Further work is required
to fully address these differences and to refine the simulation and analytical models. In
particular, the system is dependent on temperature and humidity effects, which have not
been considered here.

6. Conclusions

In conclusion, the theoretical ionic wind velocity was estimated to have different
voltages and spacings. The relationship between voltage, electrode distance, thrust, and
wind speed was reported. A method using CFD simulations attempting to model the
natural phenomenon known as ionic wind was shown to predict similar trends to theory;
in particular, the ionic wind velocity was found to increase with the voltage over the range
considered from 15 kV to 40 kV and to decrease with the separation of the electrodes. The
flow field between and around the electrodes was also presented.

The values in this preliminary work are underestimated when compared to theoretical
predictions. Further work to enhance the modelling of the interaction between electrodes
is predicted to improve the findings. This includes the geometrical configuration and
sensitivities due to changes in temperature and humidity. Further analysis of the theoretical
formulations and assumptions used are also envisaged to improve the correlation, includ-
ing any configuration dependency. Nevertheless, the preliminary results and theoretical
predictions presented herein provide a framework to improve the numerical modeling of
ionic propulsion.
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