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In the era of tightening environmental regulations and fast rising fossil fuel costs, green-energy propelling
technologies have been in great demand for the maritime industry. By the electrohydrodynamic propulsion, this
work demonstrates the launch of an ion-wind powered boat (iBoat) that offers a novel propeller-free approach
with insignificant noise and rather low power consumption. The innovative design of the iBoat includes a
conducting wire functioning as the emitter, while the water surface was exploited as the downstream electrode,
thus, eliminating the need for the second electrode which is typically essential for the ion wind generation. The
proposed ion wind propulsion system can generate a thrust-to-power ratio of 1.45 mN/W using a simple wire-
dielectric-water configuration. In the experiment, we successfully launch the iBoat carrying payloads of 120 g
with wiring connected to the external power supply system. This novel concept can potentially pave the way for
the future development of propeller-free boats with insignificant noise in real-life applications including army

and wildlife surveillance missions.

1. Introduction

The electrohydrodynamic (EHD) systems have attracted a great deal
of interest in research and developments since the pioneering discovery
of Chattock [1] on a flow of ionized air generated by the corona
discharge created by a strong electric field, known as the electron
avalanche phenomenon. Generally, the Coulomb force causes the
ionized molecules of air to collide with and transfer their momentum to
neutral ones to generate ionic winds of significant thrust power. The
Coulomb force by the interaction among charged molecules, named
volumetric electrohydrodynamic for propulsion of a “silent and simple
ion engine power” was actively progressed since Robinson’s work [2] in
which he stated a conversion efficiency of around only 1 %. This was
confirmed by Goldman et al. [3] and also in several other publications
using various electrode arrangements, such as point-to-plane [4],
point-to-grid [5], point-to-ring [6], or wire-to-plate [7], multipin-to-ring
[8]. This conversion efficiency was reported to reach 1.72 % in an
optimized point-to-grid configuration [9].

Corona discharge and its accompanied ion wind are usually utilized
in many important applications including heat transfer enhancements
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[10], nano assisted coating/deposition [11], electrostatic generator
[12], and propulsion systems [13], drying and enhanced combustion
applications [14]. The advantages of this approach in generating ion
wind include fast response, low energy consumption, simple and
compact structure (no moving parts) compared with conventional
methods. Furthermore, optimized large-size ionic wind, known as
external propulsion, showed a great velocity promotion [15] and fast
response load control [16]. Besides the traditional EHD systems, several
modified configurations, for example wire-to-inclined wing [17],
point-to-wire [18], parallel plates [19], needle-to-needle [20],
point-to-parallel plate [21], wire-to-cylinder [22-24], sphere-to-sphere
[25], point-to-cylinder [26], and oppositely charged dual-pin [27-29]
were recently reported.

Over the last three decades, a great deal of effort has been devoted in
developing the ion-wind based propulsion. In such works, thrust is
introduced into the electric input power ratio (6) and the airflow area
ratio (&) as the essential parameters to investigate and evaluate the
system efficiency [30]. For example, several publications found that
with an optimization of @ and @ up to 20 N/kW and 20 N/m?, respec-
tively at the atmospheric pressure as well as the sea level, ion winds can
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generate a sufficiently strong propulsion in aerospace applications [31,
32]. Although such an optimization is challenging, several techniques
including multiple stages and alternating positive/negative discharge
were proposed to generate significantly strong propulsions [33].
Recently, a toroidal counter electrode for ionic propulsion has been
proposed [34], which can yield upto 288.55 mN of thrust and
23.15 N/m? of airflow area ratio. This setup utilizes ionic wind to rotate
propeller, thus may creating noise and vibration as in conventional
turboprop apparatus.

The EHD based propulsion perspective was recently demonstrated by
the first take-off of ionic wind based flying device [13] and a gliding
flight of EHD powered aero-plane [35]. The unprecedented flights
showed the potential of ion wind technique in generating a thrust den-
sity of about 7 N/m? or a thrust of 5 N/kW by optimizing the aero-
dynamic design of miniaturized aircraft. Since the devices are
in-atmosphere both electrodes of EHD are installed on their body; and
conventional flaps are used to control the direction of the EHD ion wind.
Additionally, to optimize the weight of EHD power supply system for
heavier-than-air aircrafts, a wireless power transmission system has
been developed and proven feasible for in-atmosphere ionocrafts [36].

The recent enhancement of EHD used propulsion allows to develop
unprecedented platform for maritime applications without the use of
propeller-based engine which is not environmentally friendly (making
noise) and especially not ideal for military applications. Aligning with
this approach, this work has developed the first launch of ion-wind
powered boat (named as iBoat) operated by EHD based propulsion
using our novel wire-dielectric-water configuration. The EHD based new
structure takes advantage of water surface as the system’s downstream
electrode, playing the role of a collector, meanwhile a dielectric plate
(also called flap) of polypropylene is installed to navigate the direction
of electric field. That controls the thrust in both direction and magni-
tude, thus controlling the boat’s motion. In other words, the novel
configuration does not use any ground electrode attached to the device
but introduces a dielectric as a flap for both electric and aerodynamic
fields to direct the EHD ion wind. As an illustration of the new concept,
the first miniaturized iBoat powered by the ion wind thrust is success-
fully sailed, featuring simple configuration, quiet moving and small
power consumption for a range of supplied voltages from 3 kV to 18 kV.
An achieved thrust-to-power ratio of 1.45 mN/W is able to drive the
iBoat carrying a load of 120 g, without considering the weight of the
power supply system. This initial performance demonstrates the feasi-
bility and of the present EHD system yet indicates the need for future
development and optimization.

2. New concept of iboat & mechanism

A typical configuration of ion wind generation system consists of a
sharply curved electrode (pin or small diameter wire) which plays the
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role of an emitter and a less curved counter-electrode (most commonly a
plane) as a collector [16]. By a sufficiently high electric field, a cylin-
drical region with a diameter of /D surrounding of the emitter is
ionized, where D (mm) is the diameter of the emitter. The momentum of
the ionized particles is transferred to the neutral particles through their
impacts, thus generating the thrust.

The present iBoat includes a circular wire of 0.1 mm in diameter,
acting as the emitter which is installed parallel to the water surface at a
distance d at the boat stern (see Fig. 1A). By an applied relevant voltage,
a strongly concentrated electric field ionizes air molecules and includes
corona discharge due to electron avalanche in ionized region. This
ionization zone is composed of electrons and ions. Positive ions are
predominantly produced in the case of high positive voltage, and
negative ions are primarily produced in the case of high negative
voltage. Every ion is subjected to Coulomb forces and is displaced out of
the ionization zone into the drift region. In this region, the ions do not
have sufficient energy for further charge creation owing to the low
electric field. Here, the ions collide with neutral air molecules and
transfer momentum with each collision [37]. This process drifts the air
and generates ion wind toward the water surface, which plays the role of
the ground electrode (Fig. 1B).

It is worth noting that for this approach, since the water surface acts
as the collector, it is not necessary to install a second electrode down-
stream as requested in the previous works. Therefore, in our new EHD
system, ion winds are successively generated from the wire (emitter) to
the water surface. The mechanism of the present system as illustrated in
Fig. 1 can be described as follows. An ion wind generated perpendicular
to the water surface creates a force in the tangential direction with the
ion wind flow, which is transformed into an optimized horizontal force
by a dielectric flap (see Fig. 1A). This flap is installed between the wire
and water to adjust the electric field generated by electrodes (the wire
and the water surface). As a result, at an optimal position of the flap, the
generated force is converted into a sufficiently strong thrust that propels
the iBoat forwarding. Our experimental results shown the parameters
including the distance between the wire and water surface (d) and the
inclination of dielectric flap (angle §) can be optimized to reach a desired
thrust.

3. Numerical simulation and results

In order to highlight the physical properties of the new concept based
EHD model (Fig. 1A), the 2-D multi-physic simulation of iBoat is carried
out using the conservation equations of mass and momentum (for air
flow field) coupled with the equations of Poisson and charge conserva-
tion (for electric and charge field) [38-40].

For electric and charge field, neglecting the conduction and diffusion
of ions in the atmosphere, the movement of a charge g generated at the
emitter (wire electrode) is governed by the equation of the charge
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Fig. 1. Mechanism of ion wind powered boat. A) A schema of the present iBoat using a wire (flap) as the emitter and water surface as the collector, and B) Working
principle of the present iBoat (cross-section view) with the emitter (wire) connected to a high voltage (HV+), creating an ionized cylindrical zone surrounding the
wire. Thrust generated by ion wind flows from the wire to the water surface, whose direction is adjusted by a dielectric flap to propel the boat forwards.
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conservation and the Gauss’ law, respectively as follows,

V-(u.Eq+Uq) =0, @
V(VV) = f%, @

where y, = 1.6 x 10~* m2/(Vs) is the mobility of ions [24]; U the ve-
locity of air drifted by the motion of charge; ¢ the permittivity of air; and
E is the electric field and determined as the gradient of the electric po-
tential E = — VV.

Boundary condition on the emitter is set up as the density g;, which is
a function of discharge current (I):

I

A @

s

where A is the area of the electrodes’ surface, I and V are approximated
by experiment as depicted in Fig. 5, and Eo, = 3.23 x 10° V/m the onset
electric field [41]. The interaction force between charged ions and
neutral molecules, consisting of the Coulombic force generated by the
electrical charge and permittivity gradient, and the electrostriction
force, is defined as the body force and given by

B 1 5 1 5 O¢
f. 7qE7§\E\ Ve +§V(\E\ p%> (€]

Meanwhile for the air flow, assuming iBoat works in the environment
of air with limited temperature gradient, the last two components of
body force in Eq. (4) are neglected. Thus, air flow is steady state and
governed by the Navier-Stokes and continuity equations as follow,

V.(UU) - V-WVU) = —Vp+%5, )

V-U=0, (6)

where p is the air pressure; v = 15.7 x 10~> m?/s the kinematic viscosity
and p = 1.204 kg/m® the air density.

Thrust (T) by ion wind which is generated by applying a high voltage
to the positive electrode (wire) and the ground electrode (water sur-
face), is estimated by the Coulombic force exerting on ions existing
between the electrodes [42]

od
T:/qu v:/ qEAdx, @
v 0

where q is the charge density, d\/ the differential volume, d the distance
between the electrodes, A the characteristic area, and E the electric field
intensity.

With the discharge current I = qv;A and the average velocity of ions
vi = u,E, introducing these relationships into Eq. (7) yields the thrust as
a function of current as

_Hd
He

T (8)

In this simulation, the 2-D multi-physic transient problem is solved in
a considered domain of two different regions for air and flap. Firstly, the
problem is time discretized and then at each time step Egs. (1)-(2) and
Egs. (5)-(6) together with boundary conditions by Eqs. (3)-(4) are solved
in the air region for the electrostatic coupled air dynamic system, whilst
only Eq. (2) is solved within the flap region, neglecting the polarization
effect of a dielectric placed inside an electric field.

It is worth noting that the interface between the two regions is a two-
way coupling boundary condition: the electric potential and the
impenetrable wall are for electric charge, and no-slip wall for the
remaining parameters. Moreover, on the circular emitter’ surface, the
positive potential and corona conditions are set up using Eq. (3). The
geometrical dimensions and meshing topology of the iBoat model for
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simulation are illustrated in Fig. 2. Also, a thin layer which is introduced
on the flap boundary (see Fig. 2B) is essential for the generation of
surficial charge, which results in the deflection of electric field at the
emitter as well as the unbalance of horizontal force. The mechanism of
this physical phenomena will be thoroughly discussed below.

The numerical results in Fig. 3 show the ion wind evolution from the
transient simulation of the iBoat, that clarifies the influence of the flap
on the charge density, velocity and developing direction of ion wind.
Fig. 3A shows charge (by contours) is emitted and moved in vertical
direction and perpendicular to the water surface, resulting in ion wind in
the same direction, as shown in Fig. 3E. Thus, the unbalanced force only
occurs in the vertical axis, and therefore only lift is generated. Mean-
while, by introducing a flap, both charge and ion wind velocity field are
produced and advance to culminate a state where a thrust is generated
due to the electric field deflection (Fig. B, C, D, F, G and H). Fig. 3B & C
capture states at initial time steps until elapsed time of 0.4 ms in which
charge density appears and gradually expands from the emitter to
quickly form a dense layer of ions on the flap’s surface (see Fig. 4).
During this period, electric field penetrates the dielectric medium and
leaves charge to form the dense layer. After an adequately elapsed time,
the layer of charge induces a potential (as implied in Eq. (2)) sufficiently
strong to counteract the emitter potential, that adjusts the electric field
surrounding the emitter to generate thrust pushing iBoat. Moreover, the
ion wind at these timesteps gradually developed following the move-
ment of charge, which yields vortexes as air is deflected by the solid wall
of the dielectric flap, shown in Fig. 3F & G. Eventually, the corona
discharge and ion wind field establish their stable state, resulting in an
adjusted flow and partially converting lift into thrust (Fig. 3H).

Furthermore, for the generation and development of charges with
respect to time into ion wind, which eventually creates thrust as shown
in Fig. 4, it is noted that the layer of ions on the flap is requested
extremely thin but contains an enormous number of charges. Our nu-
merical results show that the charge density measured within a grid
element of the layer is a hundred times higher than one of the adjacent
regions. That demonstrates the flap’s effect on electric field induced by
the electrodes. The simulating results also depict the flap configuration,
including shape and geometrical dimensions, distance to wire and in-
clined angle can be used to control the layer of ions in maximizing
thrust. The simulation of iBoat will be investigated by experiments using
the corresponding data and parameters of the model and hence to
demonstrate the physical appropriate of the new concept of iBoat.

4. Experiment results and discussions

The experiment with iBoat model whose configuration and apparatus
are presented in Section 1 of the attached Electronic Supplementary
Material (EMS) with a range of inter-electrode distances (d) between the
emitter (wire) to water surface from 10 to 20 mm is investigated.
However, a range from 13 mm to 16 mm is found to achieve optimal
force as shown in Fig. 5. In this circumstance, because the force is in the
vertical direction, we refer to it as lift to distinguish with the thrust force
in the horizontal direction. Fundamentally, our lift force has similar
physical definition with the thrust in Eq. 8, that is the force acted in the
reversed direction with the corona discharge.

Some experimental results on flapless configuration in Fig. 5 show
that with a given distance d, the lift (force in vertical direction) quasi-
linearly increases with the increase of the applied voltage. However,
at a certain distance d when the applied voltage exceeds a threshold
value, the spark occurs, yielding a critical reduction of the force. This
experimental observation is in very good agreement with the theoretical
approximation by Eq. (8). For example, a maximum lift of 5.6 mN was
observed at the distance of 15 mm by applied voltage of 17 kV. Since the
experiment was carried out with a source of limited voltage, the spark
was not found for inter-electrode distance be equal and greater than
18 mm.

The relationship of thrust versus the inter-electrode distance (d) and
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Atmospherlc 7

Dielectric flap

Fig. 2. Numerical simulation of the iBoat. A) Geometrical dimensions of considered domain: the emitter (circular wire electrode) is of 0.1 mm in diameter
(circumferential area: pi x diameter x length); distance from the emitter to flap is kept at 2 mm in all experiments, and B) Meshing topology with note: the emitter
and the flap’s vicinity are meshed sufficiently fine to capture differential electric field and charge accumulation, respectively, as shown in insets.
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Fig. 3. Simulation results of iBoat. Evolution of the charge density for four cases: A) without dielectric flap at elapsed time 5 ms; B, C, D) with dielectric flap at
elapsed time 0.2 ms, 0.4 ms and 5 ms respectively; contours express charge density in mC/m® Evolution of velocity and direction of ion wind for E) without dielectric
flap at elapsed time 5 ms; F, G, H) with dielectric flap at elapsed time 0.2 ms, 0.4 ms and 5 ms respectively; contours and vector field express ion wind velocity and
ion wind direction, respectively, red arrows generalize ion wind direction.
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Fig. 4. Simulation results of iBoat. Charge propagation on the upper surface of the flap at several elapsed times: A) at 0.1 ms, B) 0.2 ms, C) 0.4 ms, and D) 5 ms.
Emitter (wire) and flap are installed as shown in Fig. 2 and contour shows charge density in mG/m>.

the inclined angle of dielectric plane (5) is investigated for a range of
applied voltages from 3 kV to 18 kV. Experimental results by Fig. 6A
show that at an inter-electrode distance (wire — water surface distance),
the thrust continuously increases with the increasing of the applied
voltage and reaches a maximum when the spark occurs. Furthermore,
the maximum thrust increases from d = 11 mm and achieves peak at

d =15 mm then decreases when d is larger than 15 mm. According to
our experimental results, an optimal configuration of iBoat with inter-
electrode distance of 15 mm was registered to achieve maximum thrust.

In our concept, the equivalent inter-electrode distance compared
with the conventional ion wind configuration can be determined from
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Fig. 5. Experimental results for flapless configuration: Lift generated by ion
wind plotted versus applied voltage for a range of electrode distances (wire —
water surface) (11, 12, 13, 14, 15, 16, 17 and 18) mm.

Eq. (8) as d = % For instance, the equivalent distance d is about 5 mm
corresponding to a measured vertical distance of 15 mm. Experimental
observation by Fig. 6B also shows that at a given applied voltage, the
thrust (T) slightly increases with the increase of the flap’s inclined angle
(8) up to 60°. An experimental relationship of thrust T versus the flap’s

id

inclined angle & is proposed as T = Toy,

relating to the inclined angle of the flap. Our experiment found that in

, where 75 is the parameter
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general, an optimal thrust is achieved at the flap’s inclined angle of 45°.

In addition, our experiment shows that a fully loaded boat (payload
and its weight) can achieve a stable velocity v4 = 0.09 m/s with an inter-
electrode distance d of 15 mm and a § = 45° inclined flap angle (see
Section 2 in EMS). Considering that the boat’s unloaded weight of 15 g
(~0.147 N) and a maximum payload 120 g (~1.18 N), a simple calcu-
lation by fp = 1Cwp, Awv3 (Cy= 1.05 is resistance coefficient of water
depending on the Reynolds number, p,, (kg/m?) is the density of water,
A, is the submerged cross-section of the boat varying from 1 cm? to
9 cm? for unload and fully loaded condition, respectively) yields a cor-
responding resistance force of around 3.82 mN, which is in reasonably
good agreement with the experimental results of thrust in Fig. 6B. This
agreement is backed by the fact that at steady boat motion, exerted
forces reach an equilibrium f, = T, consolidating the reliability of our
model and measurements.

The current-voltage characteristics of ion wind using the present
wire-dielectric-water configuration for the boat is established in Fig. 7A
with the following relationship [43]

I=C(V-V,)", )
where the exponent n depends on the geometry of the emitter (wire/pin
and its diameter), C is a constant related to the material and geometry of
the electrode as well as the ion mobility. In this work, the current-
voltage characteristics in Fig. 7A is expressed by the relationship v/I ~
V where n = 2. It is worth noting that this relationship was used to
characterize the generation of ion wind in several configurations, for
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Fig. 6. Experimental results: A) Thrust plotted versus applied voltage for a range of wire-water vertical distances [11-17] mm with a flap angle of 45°; and B) Thrust
plotted versus applied voltage for a range of the flap’s inclined angles (8) (0, 20, 45 and 60)° for an inter-electrode (wire-water) distance d of 15 mm.
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Fig. 7. Experimental results: A) Current-voltage & power-voltage characteristics of the discharge current by ion wind for the present wire-dielectric-water
configuration; and B) Ratio of the thrust to power plotted vs the applied voltage using the flap’s inclined angle & = 45° and inter-electrode distance d = 15 mm.
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example the positive corona with inter-electrode distance of 50 mm
[44], the negative corona with inter-electrode distance of less than
15 mm for the configuration point-to-plane [43] and the point-to-plane
based corona discharge. Recently, our research group has used this
relationship to efficiently characterize bipolar corona discharge using
asymmetric electrodes [28] and parallel pin geometry [45]. In addition,
power consumption is also investigated with respect to the applied
voltage. The relationship between power (P) and the applied voltage
presented in Fig. 7A shows a maximum power consumption of about
1.5 W at applied voltage of 15 kV.

Furthermore, another imperative parameter to evaluate a propulsion
system is the thrust-to-power ratio x, which is considered as the ratio of
the thrust (T) to power in this work as follows [35]

K= (10)
the efficiency of the present iBoat by the thrust-to-power ratio for a
range of applied voltages from 11 kV to 16 kV as shown in Fig. 7B shows
an average propulsion ratio of 1.45 mN/W. Compared to the thrust ef-
ficiency of existing EHD propulsion systems, i.e. 5 mN/W (wire-to-airfoil
[35]), 5-15 mN/W (wire-to-cylinder [23,24,42]), the performance of
our concept is in the same order but less competitive as not all of the lift
is converted into thrust. Future modifications, such as flow-enhanced
ducts [46] or additional high-voltage pulse [47], can be implemented
to boost the performance of our wire-dielectric-water concept.

5. Conclusion

We demonstrated the first launch of an ion-wind powered minia-
turized boat using a novel wire-dielectric-water configuration. Simula-
tion results of our configuration elaborated the lift-to-thrust conversion
mechanism, demonstrating the possibility of the new concept. Further-
more, experimental results consolidated the feasibility of utilizing the
dielectric flap for adjusting ion flow, which allows to create a relevant
thrust to propel iBoat within a range of applied voltages from 3 kV to
18 kV. A thrust-to-power ratio of 1.45 mN/W obtained by our simple
wire-dielectric-water configuration demonstrates its capability yet im-
plies the need for optimization. The obtained results have proven that
the new concept yields promising applications of ion-wind powered
boats for industry and military areas which require low noise and small
power consumption.
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