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Abstract The thrust generation by electro-hydrodynamic (EHD) effect has been studied for a
wire-cylinder arrangement under high DC voltage. Series of measurements have been conducted
in order to determine the relationship between generated thrust and corona discharge current,

as well as its dependence on geometrical characteristics of the electrodes, e.g.

electrode gap,

wire and cylinder radii. The experimental investigation has shown a linear relationship between
the generated thrust and the discharge current, while parametric analysis showed that increased
electrode gap and emitter radius reduces the thrust. On the other hand, large gaps favor the

thrust per unit power ratio.
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1 Introduction

It is widely accepted in literature that an electro-
hydrodynamic (EHD) effect appears when high voltage
is applied across a pair of electrodes having substan-
tially different radii of curvature e.g. a sharply pointed
electrode (emitter) and a larger radius electrode (collec-
tor) 2. The high intensity of the electric field in the
vicinity of the electrode with the smaller radius causes
gaseous ionization in the surrounding air. The onset of
corona discharges results in space charge accumulation,
which, in turn, produces current flow (corona discharge
current) as the molecules of ionized air drift towards
the collector. During their motion, charged ions collide
with neutral air molecules and atoms which lie along
their path, thus transferring their momentum and gen-
erating a flow towards the collector, known as “ionic”
or “electric” wind !, At the same time a unidirec-
tional thrust appears in the direction towards the emit-
ter, regardless of the electrode polarity. The resulting
force seems to be proportional to the amount of energy
stored in the electric field in the area between the two
electrodes ). The EHD effect has many industrial and
research applications P~10.  Other potential applica-
tions may include flow control '], drag reduction 2
and turbulence transition delay 3!, as well as dielectric
pumping 4 and enhancement of heat transfer in cool-
ing (15161 Recently, significant research has been con-
ducted for propulsion applications 1723 or for the op-
timization of the EHD flow characteristics [242%! within
the narrow range between the corona inception voltage
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and the breakdown voltage of the gap between the elec-
trodes 26, According to the bibliography [11:23-25,27]
positive coronas have been proved to be more efficient
than negative ones.

In this work, the generated EHD flow has been
studied for the arrangement of a thin wire parallel to
a conducting cylinder of significantly larger diameter.
This electrode setup has been selected because of the
strongly inhomogeneous field that can be produced dur-
ing high-voltage application, which, in turn, is capable
of generating significant EHD flow.

2 Experimental setup

In order to study the wire-cylinder arrangement,
experimental modules were carefully prepared. Each
module consisted of a thin polished copper wire with
radius r (emitter) and an aluminum cylinder (collec-
tor) with radius R, while both electrodes were 300 mm
long. Fixed on a polyethylene frame, the two electrodes
were placed parallel to each other at a distance of d in
atmospheric air.

As shown in Fig. 1, the whole construction hung
freely by a thin cotton thread, which was available at
the bottom of a precision balance. The balance stand,
containing the electrode setup, was isolated from out-
side air disturbances by the use of detachable Plexiglas
covers, which formed in this way a closed box. This ar-
rangement ensured undisturbed EHD flow between the
electrodes.

An adjustable 40 kV high voltage source (Matsusada



Precision W Series) supplied the emitter with positive
DC voltage, while the collector was connected to the
electrical ground. The positive corona discharge cur-
rent was measured by a Metra Hit 28S precision multi-
meter connected in series between the collector and the
ground, while the thrust generated by the EHD effects
was detected and measured as a reduction in weight
of the electrode system with a Kern 572-32 precision
electronic balance with 1 mg resolution.
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Fig.1 (a) Schematic of the experimental setup and (b)

perspective view of the electrode setup with supporting con-
struction

3 EHD thrust model

According to the bibliography, EHD flow is directly
related to the onset of corona discharges, above a crit-
ical value of the electric field strength. On the other
hand, high field homogeneity is required to confine these
discharges locally in the vicinity of the sharper elec-
trode, thus avoiding undesirable breakdowns 2830 In
our case, the corona current, flowing from the wire to-
wards the grounded cylinder, generates an air flow (ion
wind) in the same direction, as moving positive ions
collide with neutral air molecules, exchanging their mo-
mentum and, finally, accelerating them.

The generated thrust is in fact a reaction force
against the field force, so it can be approximated by
the sum of all electric field forces acting on moving ions
as follows [30]:

F=n-A-d-e-E, (1)
where n; is the ion density, A [m?] is the discharge cross
section, d is the gap length [m], e is the unit charge
(charge of an electron) and E [V/m] is the average elec-
tric field .
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The total charge @ can then be expressed as:

Q:N'€7 (2)

and the discharge current expressed as :

d@ d d

=% = —(ni-A-u-dt-

dt ~ dt (A udiee)
:nlAue:nlAluEe

(nlAde)
3)

From Eqgs. (1), (3) we finally obtain the following ex-

pression (30

d
F=<=.1,
"

(4)
where F' [N] is the generated thrust, I [A] is the corona
discharge current, d [m] is the electrode gap and p is
the ion mobility (1.8-2.2x10~* m?/V-s in air) [31:32],

Eq. (4) represents the relation between the generated
thrust and the corona discharge current in a uniform
electric field with a constant discharge cross section A.
In the case of a wire-cylinder arrangement, the electric
field is not uniform along the axis of the gap, so the
discharge cross section is a function of the distance be-
tween the wire and the cylinder. Thus the thrust could
be expressed as:

Fyc=ni-A(d)-d-e-Epy=ni - Vg_c- € Eay, (5)

where Vi,_. [m?] represents an ‘equivalent’ ionic flow
volume (see Fig. 2) and Fy, [V/m] is the average elec-
tric field intensity within this volume.
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Fig.2 Graphical representation (on plane) of the mov-
ing ions trajectories along the field lines, which define the
boundaries of the ionic flow volume

Combining Egs. (4) and (5), we have:

waczf'g'l'
1

(6)
In the above equation f is introduced as a ‘field co-
efficient’ for the wire-cylinder arrangement, defined as:

wac Eav
: : (7)
Vhom Ehom

Here Viom [m?] is the ionic flow volume that should be
considered for a homogeneous electric field (e.g. be-
tween parallel plates) across the same gap d and volt-
age V, where the average field strength Fyo, would be
equal to the ratio V/d. It should be noted that f could
be considered as a measure of the electric field inhomo-

geneity and equals 1 for a totally homogeneous electric
field.

f=
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4 Corona current distribution

The corona current distribution in space is controlled
by the applied electric field flow lines (see Fig. 2). These
flow lines define ion trajectories starting from the wire
and terminating at the cylinder’s surface, with inci-
dence angle 6.

Assuming single carrier conduction in air, the distri-
bution of saturated current density j(6) over the cylin-
der’s surface can be approximated by the following for-
mula, 271 )
v (8)
L(0)?
where j(0) is the saturated current density over the
cylinder’s surface [A /m?], as a function of the incidence
angle 0 (see Fig. 4), € is the dielectric permittivity of
air (8.85 x 10712 F/m) and L(f) [m] is the total drift
distance of the ions along every single trajectory.

The corona current distribution on the cylinder ver-
sus angle # can be estimated by integrating Eq. (8) as
follows:

JjO)=p-eo-

0 2
1(9):2./0,1.&0.#

The total current per unit electrode length can be
estimated for 6 = 7.

Dedicated multiphysics modeling software has been
implemented to determine L(#) in each case and then
I(0) according to Eq. (9). Fig. 3 shows the results of
the normalized current density distribution over the
cylinder’s surface, which follows the well-known War-
burg law 3], as well as the normalized current versus
the angular displacement.
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malized current I(f) with angular displacement (d= 1 cm,
3 cm and 5 cm, 7 = 50 pm and R=15 mm). Similar results
can be obtained for other r and R values
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It can be seen that the contribution of the current
density for incidence angles over 80° is minimal. So, the
trajectories with incidence angle equal to 80° could be
considered as the boundaries of the ‘active’ flow region
(see Fig. 4). In this way, the ‘active’ flow volume can
be estimated by finite element analysis considering the
volume surrounded by these trajectories.
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IONIC FLOW VOLUME

[ ; FIELD LINES
T \\
GROUNDED b /" ANGLE OF
~
CYLINDER (R) ~—v—"  INCIDENCE (8)

6=180°

Fig.4 Representation of the field lines, which define the
boundaries of the ‘active’ flow volume Vi _. (Grey part)

5 Experimental results and dis-
cussion

Series of measurements were carried out to determine
the relation between generated thrust and discharge
current, as well as the dependence of the thrust and
field coefficient f on electrode gap d and emitter and
collector radii r and R, respectively, while the electrode
length was kept unchanged at 300 mm in all cases.

The experimental investigation was conducted in a
controlled lab environment with temperature and rela-
tive humidity almost constant at 25°C and 45%, re-
spectively, while the measurements of the generated
thrust were performed by applying high DC voltage
to the emitter electrode at 1 kV increments, above the
corona inception threshold.

5.1 Influence of the electrode gap d

Investigation of the generated thrust was carried
out on three modules with electrode gap dy=20 mm,
d>=30 mm and d3=40 mm, while the emitter and col-
lector radii were 50 pm and 15 mm, respectively. Plots
of the generated thrust per unit electrode length are
presented versus the applied voltage and the corona dis-
charge current in Fig. 5(a) and (b) respectively.

Field coefficient f was derived from the experimen-
tal results (Fig. 5(b)), by applying a least square fit to
Eq. (6). The average electric field intensity F,, and
the ‘active’ ionic flow volume V,_. were determined
by finite element analysis, considering the volume sur-
rounded by the electric field lines with incidence angles



up t0 Onax=80° (see Fig. 4). The equivalent homoge-
neous ionic flow volume was derived in each case accord-
ing to Eq. (7). All the above results are summarized in
Table 1.

Table 1. Field coefficient f and ionic flow volumes Vi,_.
and Vhom versus electrode gap d for r=50 pm and R=15 mm
Electrode gap Field coefficient Vw—c Vhom
d (mm) f (cm?) (cm?)
di =20 0.541 484 868
d2 = 30 0.600 656 1050
dsz =40 0.674 1065 1406
0,08
() 3
0,07 o Experimental data, d, =20 mm
o Experimental data, d, =30 mm L)
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Fig.5 Generated thrust per unit length [N/m] versus
(a) applied voltage and (b) discharge current [A/m]
(d1=20 mm, d2=30 mm and d3=40 mm, =50 pm and
R=15 mm)

As shown in Fig. 5, the generated thrust reduces with
gap distance d, but on the other hand, the field coeffi-
cient f increases with d. This is reasonable, since larger
gaps produce more homogeneous electric fields (f — 1).

5.2 Influence of the emitter radius r

The dependence of the generated thrust on the
emitter electrode radius r was also investigated, with
measurements of the thrust on three modules with
r1=50 pm, ro=100 pm and r3=250 pm, while the elec-
trode gap d and the collector electrode radius R were
kept unchanged at 30 mm and 15 mm, respectively. In
this case also, fitting curves were drawn according to
Eq. (6). The average electric field intensity FE,,, the
ionic flow volume Vi _., as well as the equivalent homo-
geneous ionic flow volume Vjom, were also determined
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as in the previous section. The results are given in
Fig. 6 and Table 2, respectively.

As shown in Table 2, field coefficient f differs slightly
as far as the emitter radius is concerned. This is in
agreement with the small changes in the ionic flow vol-
ume, due to the fact that the emitter radius is very
small in comparison with d or R, thus having a small
effect on the distribution of the electric field lines in
space.

Table 2. Field coefficient f and ionic flow volumes
Vw—ec and Vhom versus emitter radius r for d=30 mm and
R=15 mm

Emitter radius Field coefficient Viw—e Vhom
3 3
7 (pm) f (cm”)  (cm”)
r1 = 50 0.600 656 1050
ro = 100 0.597 662 997
r3 = 250 0.594 689 985
0,06
- @ =
Experimental data, r, =50 pm T
0,05 Experimental data, r, =100 pm §
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=
0,04 - - =
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Fig.6 Generated thrust per unit length [N/m] versus (a)
applied voltage and (b) discharge current [A/m] (r;=>50 pm,
r9=100 pm and r3=250 pm, d=30 mm and R=15 mm)

5.3 Influence of the collector radius R

Measurements of the generated thrust were per-
formed on three modules with R;=5 mm, Ry=10 mm
and R3=15 mm, for the purpose of defining the depen-
dence of the thrust on the collector electrode radius,
while the electrode gap d and the emitter electrode ra-
dius r were kept unchanged at 30 mm and 50 pm, re-
spectively (see Fig. 7).

Fitting curves were drawn to determine the field coef-
ficient f for different cylinder radii. The average electric
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field intensity FE,, the ionic flow volume V4,_., as well
as the equivalent homogeneous ionic flow volume Vjom,
were determined accordingly, as shown in Table 3.

It becomes clear that the collector radius R has a
very small effect on the field coefficient f, but on the
other hand, Vi _. and V}on, increase abruptly with R,
mainly because of the electric field line spread-out as R
increases.

Table 3. Field coefficient f and ionic flow volumes Vi,_.
and Vihom versus collector radius R for d=30 mm and
r=50 pm

Collector radius  Field coefficient Vi—c Vhom
3 3
R (pm) f (cm”)  (cm®)
Ri=5mm 0.583 279 436
Ry= 10 mm 0.592 528 839
R3= 15 mm 0.600 656 1050
0,06
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0,05 - o Experimental data, R, = 5 mm £ =
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Fig.7 Generated thrust per unit length [N/m] versus (a)
applied voltage and (b) discharge current [A/m] (R;=5 mm,
R>=10 mm and R3=15 mm, d=30 mm and =50 pm)

5.4 Thrust per unit power, thrust effi-
ciency and flow efficiency

Based on the above results, the generated thrust
[N/m] was plotted against consumed power per unit
electrode length [W/m] for various geometrical char-
acteristics of the wire-cylinder electrode assembly (see
Fig. 8).

Moreover, plots of thrust efficiency ¢ [N/kW] against
the thrust per unit length of the electrodes [N/m] were
also made for various gaps and emitter and collector
radii (see Fig. 9).

It becomes clear from Figs. 8 and 9 that in terms of
thrust efficiency, which is frequently used in literature
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as an overall performance evaluation factor [20-24:30]

the electrode gap d, primarily, and the wire radius,
secondarily, play the most important role in the vari-
ation of thrust per unit power ratio. The cylinder ra-
dius seems to have limited effect. The maximum value
of the generated thrust (F=0.076 N/m at 20 kV) was
measured for the shortest gap (d;=20 mm), as shown
in Fig. 8(a), but on the other hand, the correspond-
ing efficiency was very low (~3 N/kW). Although the
generated thrust reduces with d, large gaps favor the
thrust per unit power ratio. The maximum values of the
efficiency were recorded for the larger gap ds=40 mm
(¢p=23.3 N/kW), as shown in Fig. 9(a), but with very
low generated thrust (=0.002 N/m).

Small emitter radii produce higher thrust, with
higher efficiency (see Fig. 8(b) and 9(b)). On the other
hand, as far as the collector electrode radius is con-
cerned, increased R resulted in increased generated
thrust and thrust per unit power ratio (see Fig. 8(c)
and 9(c)).
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Fig.8 Generated thrust [N/m] versus power [W/m] for
various geometrical characteristics: (a) variable electrode
gap d, (b) variable emitter radius r and (c) variable collec-
tor radius R
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electrode gap d, (b) variable emitter radius r and (c) vari-
able collector radius R

As far as the flow efficiency is concerned, it can be
estimated by the following expression:

n= Poen/V - I, (10)

where Ppech = F' - ugup is the mechanical power out-
put, F is the generated thrust [N], ugpp is the ionic
wind velocity [m/s], V' is the applied voltage [V] and I
is the corona discharge current [A].

Measurements of the ionic wind velocity in the wire-
cylinder arrangement have shown that velocities up to
2.88 m/s may be reached within the range of the ge-
ometry adopted in this study 4. In this case, the
maximum electromechanical efficiency is relatively low
(n=1.12%), which is however in agreement with other
results found in literature for different electrode geome-
tries 24, Even though the wire-cylinder arrangement
doesn’t seem completely efficient, the thrust per unit
power ratio that has been achieved was high enough

compared with similar studies [20:23:30],
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6 Conclusions

Theoretical and experimental investigation of the
generated EHD thrust has been conducted for a wire-
cylinder electrode arrangement in atmospheric air un-
der high dc voltage. A theoretical model has been pro-
posed based on the momentum exchanges, through col-
lisions, between the field force-accelerated ions and the
electrically neutral air molecules. A field coefficient f
has been introduced to determine the generated thrust
as a function of the corona current intensity. Experi-
mental results have shown a linear relationship between
the generated thrust and the corona discharge current,
while parametric analysis showed that smaller electrode
gaps and emitter radii result in increased thrust. On
the other hand, large gaps and collector radii favor the
thrust per unit power ratio. The experimental findings
are in good agreement with the theoretical expectation
inferred from the proposed model. The wire-cylinder
setup used here seems to be quite efficient in terms of
thrust per unit power ratio.
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