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according to air pressure
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Electrohydrodynamic (EHD) force produced by corona discharge is considered as a new thrust for solar-powered
aircraft and stratosphere balloons in near space. However, its performance at low air pressures remains to be clarified.
An experiment of measuring the EHD force at 0.02 atm—1.0 atm (1 atm=1.01325x10% Pa) is carried out with the wire-
to-cylinder geometric structure. The ion distribution is analyzed by using the drift-diffusion model with two-dimensional
numerical simulation. The experimental result shows that the EHD force is not linearly related to the corona discharge
current at low air pressures. Numerical simulation finds that the proportion of ions in the counter-direction electric field
increases from approximately 0.36% to 30% when the pressure drops from 1.0 atm to 0.2 atm. As a result, the EHD force
with a constant power supply drops faster than the previous theoretical prediction in the ground experiment, suggesting that
the consideration of counter-direction EHD force is necessary to improve the ionic wind propulsion efficiency in near-space

applications.

Keywords: electrohydrodynamic force, ionic wind, corona discharge

PACS: 52.80.-s, 52.80.Hc, 51.10.+y, 52.40.Kh

1. Introduction

Electrohydrodynamic (EHD) force is produced by corona
discharges when ions are accelerated by the electric field and
transfer their momenta to neutral air molecules.!! It is usu-
ally achieved in the discharging structure of dielectric barri-
ers or wire-to-cylinder electrodes. The EHD force has di-
verse applications, such as providing thrust for the electro-
static precipitator or air vehicles.[>®! Comparing with con-
ventional propellers or turbofans, the generation of EHD force
requires neither mechanical components nor chemical com-
bustion, and it is nearly silent. With the development of ma-
terial and electrical technology, EHD force has received atten-
tion in recent years.[°-!!l Both experimental and theoretical
results show that EHD force has a high thrust-to-power ra-
tio but low thrust-to-area density at atmospheric pressure (in
unit atm). However, when EHD force is used to maintain the
position of stratosphere balloons or drive solar-powered air-
craft, as studied in Ref. [12], its performance at high altitude
is still unclear,['313] as most of studies were conducted at at-
mospheric pressure on the ground.

In 2018, Gilmore and Barrett theoretically analyzed the
effects of altitude and flight speed on EHD force and predicted
that the EHD force decreases with flight altitude increasing at
a constant power consumption.['®! In 2021, Khomich er al.
measured the EHD force at pressures from 1.0 atm down to
0.05 atm during positive corona discharge.!!”! The experimen-
tal results confirmed the decrease in EHD force with air pres-
sure lowering. However, the predictions obtained in Ref. [16]
do not fit the experimental results well. In theoretical predic-
tion, a 75% decline in the thrust-to-power ratio occurs at 20-
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km altitude, but it shows a 98% drop in Ref. [17]. The reason
for such an inconsistency is still unclear. Here, we carry out
the experiment at different pressures and use the drift-diffusion
model to analyze the air pressure effect on EHD force,[!31%1 in
order to better understand the EHD force at high altitudes.

2. Experiment setup

A vacuum chamber is convenient for conducting experi-
ments at low air pressure. Thus, we used a vacuum chamber
with a length of 1.5 m and a diameter of 2.0 m for the ex-
periment. The chamber was of stainless steel and electrically
grounded to keep the internal electric field undisturbed. An
adjustable vent valve was used to control the inflow airspeed
for pressure balance inside the chamber. We varied the air
pressure from 1.0 atm to 103 atm with an accuracy of 1.5%.

The EHD cell had three parallel sets of anodes and cath-
odes (Fig. 1), and each element was 40 cm in length. The
anodes were positively biased. They were made of tungsten
and had a diameter of 50 pm. The metal rod cathodes, each
with a diameter of 10 mm, were grounded. The distance be-
tween each discharging set was 14.5 cm, and the gap between
the anode and cathode was adjustable from 2.0 cm to 14 cm.
The chassis was made of high-resistivity Teflon.

Figure 2 shows the schematic diagram of the experimen-
tal setup. It consisted of a vacuum system, EHD cell, high-
voltage power supply, and measurement system. The Glass-
man EJ20P30 power supply controlled the bias voltage on the
anode. The voltage was increased from 0 kV up to the in-
ception voltage to trigger off the corona discharge. Then it
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was slowly increased up to the power supply limit or the cell
breakdown voltage at low air pressures.
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Fig. 1. Structure of EHD cell.
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Fig. 2. Schematic diagram of experiment setup.

The measurement system contained a force measurement
load cell and two current meters. The EHD cell was mounted
on an insulation plate above the load cell at a height of 5.0 cm.
A high-resolution SBT431 load cell with a resolution of 0.01 g
(equivalent to 0.1 mN) was used to measure the EHD force.
We used the Keithley 6517B electrometer to measure the cur-
rent on the cathode with an accuracy of £10 pA.

During the experiments, the room temperature was 25 £+
1 °C. The electrode gap distance was fixed at 20 mm, 60 mm,
100 mm, and 140 mm separately. The vent valve adjusted the
air pressure balance inside the chamber. Once the desired pres-
sure was achieved and stable, the high-voltage power supply
delivered bias voltage to the anode. The voltage was slowly
increased from 0 kV to the feasible maximum. It took at least
15 s to wait for the corona discharge to reach a stable state. The
EHD force and discharge current were recorded three times at
an interval of 5 min.

3. Experiment results and analyses
3.1. Influence of air pressure on EHD force

Figure 3 shows the EHD force according to the corona
discharge current measured at different air pressures. In the-

ory developed by Masuyama and Barrett, the integration form
of EHD force is calculated from!”-%]

r=1 M

u

where F is the EHD force, I is the discharge current,  is the
ion mobility, and d is the electrode gap distance. When the
gap distance and air pressure are fixed, equation (1) predicts
the linear increase in EHD force with the corona discharge
current. In Fig. 3, although the thrust increases with the dis-
charge current at different gap distances or air pressures, the
growth trend bends as the discharge current increases, break-
ing the ideal linear relation.

In addition, the EHD force remarkably drops with air
pressure increasing. For example, in Fig. 3(a), the thrust
force is approximately 38.5 mN when the discharge current
is 1.53 mA and the air pressure is 1.0 atm. It drops to
20.6 mN at the same discharge current when the air pressure
is 0.5 atm. The result is inconsistent with Khomich’s experi-
mental result.!!”! However, in Jignesh Soni and Subrata Roy’s
experiment, the EHD force first increased to a max value and
then decreased when the air pressure dropped.!'8! The differ-
ence may be caused by different EHD cells and bias voltages.
In Ref. [18], a dielectric barrier discharge actuator was used
and the power was supplied by high-voltage transformer with
pulsed voltage output.
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Fig. 3. Measured EHD forces according to discharge current at different air
pressures and electrode gap distance d = 20 mm (a), 60 mm (b), 100 mm
(c), and 140 mm (d).

The decrease of EHD force with air pressure rising can be
explained by the increase of ion mobility with air pressure low-
ering. The dependence of ion mobility on air pressure splits
into two regions. Under low-field limit at a constant tempera-
ture, the ion mobility satisfies [
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where P is the air pressure. When the electric field is strong
enough, the ion mobility under the high-field limit (another
region) satisfies the following relationship instead:

1
Mee ﬁv (3)

Thus, the ion mobility increases when the air pressure drops.
It leads to the decrease of EHD force at lower air pressures
as described in Eq. (1). However, it cannot fully explain the
break of the linear relation between the EHD force and dis-
charge current.

3.2. Corona discharging current

Corona discharging current determines the number of
ions or electrons accelerated in the electric field. When the
air pressure drops, the inception voltage of corona discharge is
reduced, which leads to the growth of discharging current un-
der the same bias voltage. We measure the corona discharge
currents at different air pressures, and the obtained results are
shown in Fig. 4.
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Fig. 4. Measured discharge currents according to bias voltage at different air
pressures and electrode gap distances d = 20 mm (a), 60 mm (b), 100 mm
(c), and 140 mm (d).

Figures 4(a)-4(d) show that the discharge current de-
creases with the electrode gap distance due to lower mean elec-
tric field. When the air pressure drops, ion mobility increases,
thereby increasing the corona discharge current. The depen-

dence of discharging current on bias voltage can be written
[17]
as

(Va—Ve)?

e @)

9
I=A-ug
8#0

where [ is the discharging current, A is the cross-section area
of the drift region, & is the electric constant, V, is the bias
voltage on the anode, and V. is the inception voltage. The
inception voltage decreases with the air pressure rising and in-
creases with the electrode gap distance increasing. For exam-
ple, V. is 2.9 kV at a pressure of 1.0 atm and drops to 0.9 kV

at 0.02 atm for the same gap distance d = 20 mm. By substi-
tuting Eq. (4) into Eq. (1), we obtain
9gy (Va—Ve)?

F=A2
3 7 Q)

Equation (5) implies that the EHD force is insensitive to ion
mobility and only related to the difference between bias volt-
age and inception voltage, the electrode gap distance and the
drift cross-section area. If drift cross-section A is constant,
by moving other variables to the left-hand side of Eq. (5), we
obtain the following expression:
F ~ 9gA
(Vu—Ve)2  8d%

If equation (6) holds, the expression on the left-hand side

(6)

should also be constant for different air pressures with the
same gap distance. Figure 5 shows the measured curves
of EHD force versus (V, — V.)?/d>.
tion (6) is not fully satisfied, but the EHD force increases with

It shows that equa-

(Vo —Vi)?/d? increasing. The same result was also observed
in Ref. [17]. Therefore, the accuracy of Eq. (1) at low air pres-
sures is debatable.
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Fig. 5. EHD forces versus (V, — V.)?/d? at different pressures.

3.3. Analysis by drift-diffusion model

To investigate more in depth the EHD forces at low pres-
sures, here we use the drift-diffusion model developed by
Morrow.!!”! The drift-diffusion model has been validated. >!
It provides detailed insights into corona discharge and EHD
force. The model includes the Navier—Stokes equation for air-
flow, Poisson’s equation for electrostatic potential, and charge
continuity equation as follows:

V3V = —qu 7
£

@Jrvwﬂ' =q(Si —Ri), (®)

Ji = qiN{(lE +v) — ¢:D;VN;, )

%+(U'V)U:VAU—VP+F/pajr7 (10)

where N; is the number density of type I ions or electrons, g;
is their charge, S; is their production rate, R; is the loss rate
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due to recombination and collision, v is the flow velocity, is
the current density, D; is the diffusion coefficient of ions, ; is
the electric mobility of ions, v is the kinematic viscosity, F' is
the EHD force, and p,;; is the density of the atmosphere. The

EHD force is calculated from
F =Y ¢NE. (11)

]
Here, we have neglected the heat transfer process. Equa-
tions (8) and (9) describe the generation, drift, and diffusion of
ions and electrons during a corona discharge. The production
rate or loss rate of ions can be calculated by the cross-section
area of the chemical reactions during air discharge.*!! Equa-
tion (10) describes the effect of the EHD force on airflow. We
adopt a boundary condition of anode and cathode expressed

by the following coefficients!>*!

al]\]l+ﬁan]\]l = Kiv
o = qi,uiEom ﬁ =0, (12)

- E,—E
Ki = qiliEonN!  exp (u),
Eref

where E, is the normal electric field at the anode, Nrief is the
reference density for type I ions, E.f is a reference electric
field strength, and E,, is the onset electric field to trigger a
corona discharge, it changes with air pressure. A simple rela-

tion at constant temperature is

P

E, :EHOFO, (13)

where Ey is the onset electric field at the standard air pressure
Py, and P is the working pressure for E,. We use Eqgs. (7)—
(12) to calculate corona discharge characteristics in the wire-
to-cylinder cell used in the experiments. We consider ions 02+
and N;r because they are present in most air molecules.

According to the ion or electron behavior in a corona dis-
charge, the space around electrodes can be divided into ioniza-
tion region and drift region. The ionization region is around
the anode surface. Kaptsov’s hypothesis states that the free
charge emitted by a steady-state corona for voltages above the
inception voltage causes the anode to be shielded, which re-
sults in the clamping of the anode electric field at the onset
value.!?*! This region is called the ionization region. Its ra-
dius r; can be calculated by using the bias voltage V, and air
breakdown electric field strength E,,. When the ions leave the
ionization region, they, driven by the electric field, move to the
cathode. The region where the ions drift and diffuse is the drift
region. However, not all the ions or electrons can contribute to
the EHD force, for some of them escape to the wall and cause
the leakage current. Besides, the electric field has multiple
directions when the wall is grounded as shown in Fig. 6.

In Fig. 6, the electric field E, is generated in two opposite
directions. One direction follows the ionic wind flowing right-
ward, and the strongest electric field exists between the anode

and the cathode. On the left side of the anode, the electric field
pushes the ions leftward, generating a counter-direction force
that reduces the EHD force effect of the cell. As a result, not
all the ions of the discharging current can contribute to EHD
force, as indicated in Eq. (1).

E,
cim
401 1 W6
_—
r 1 M4
20F
L 2
0: 0
—20F 9
—40Ff | B—4
—50 0 50 cm [l —6
V/m

Fig. 6. Distribution of two-dimensional electric field E, in wire-to-
cylinder cell.

Most of ionization and recombination processes take
place in the ionization region, so we can neglect the produc-
tion rate and loss rate in the drift region in Eq. (8). We assume
that the ratio of O3 to N3 follows their molecular proportion
in the air. The Dirichlet boundary condition on the anode is

V=Y,
Ny = Nigexp (Fifon ), (14)
v =0.

The electric potential V, ion density Nj, and flow velocity v are
all set to zero on the wall and cathode, for they are grounded.
However, there is a difference between the airflows on the inlet
and outlet wall where we use the Neumann boundary condition

v _om_av
on  dn  on

At the initial stage, no ions move in the drift region. The ini-

=0. (15)

tial ion current density J; and flow velocity v are both set to
zero in the drift region. The EHD force is also zero. There
exists only the electric field between the anode and the cath-
ode. When the ions leave the anode and drift to the cathode,
the EHD force grows up, resulting in an ionic wind. It reaches
a balance when there appears a steady distribution of the ion
density.

We solve these equations by using the COMSOL Multi-
physics software. The electrostatic module, transport of di-
luted species module and the laminar flow module are used.
The model is solved by using the finite element method in
the software. In the simulation, the mobility for O] is
247x10~* m?- V157!, and 2.04x10~* m?-V~!.s7! for N3
Their diffusion coefficients conform to the Einstein’s relation.
The total reference ion density on the anode is 1x10'* m—3
and the onset electric field is 2.88x10° V/m. The reference
electric field is 107 V/m. We should notice that all these values
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are at 1.0 atm. When the air pressure drops, the ion mobility
and onset electric field change at the same time. They can be
calculated by using the relations in Ref. [16]. A validation ex-
ample for the model is shown in Fig. 7. The experimental data
are cited from Ref. [7].

We analyze the charge density distributions for a two-
dimensional EHD cell at different pressures. The results are
shown in Fig. 8. The drift and diffusion area of ions expand
as the air pressure drops. However, the electric field distribu-
tion remains unchanged as shown in Fig. 6. As a result, the
proportion of ions that drift or diffuse toward the left direction
of the anode substantially increases as shown in Fig. 9. By
integrating the two opposite directions of EHD force, we can
define Fy. for the left direction EHD force and F, for the right
direction. Figure 10 shows the variation of their ratio with air

P=0.4 mm
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—40

P=0.8 mm

ab—20
—40
—40 0 40
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s 200r 91 em
Z
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9
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Fig. 7. Comparison between experimental results and simulation re-
sults, with lines representing simulation results and symbols denoting
experiment results cited from Ref. [7].
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Fig. 8. Charge density distributions in thrust cell at different pressures, bias voltage of 20 kV, and electrode gap of 10 cm, with lines denoting

electric potential contours.
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1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
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Fig. 9. Proportions of ions on left side of anode at different pressures
and bias voltage of 20 kV for electrode gaps of 10 cm and 15 cm.
Figure 10 shows that the ratio Fy /F,c increases with pres-

sure lowering. The growth rate is different from that in Fig. 8
due to the irregular distribution of the electric field. Figures 9

and 10 suggest that when the air pressure drops, the counter-
direction EHD force grows faster, thereby undermining the
total thrust effect of the cell. The thrust efficiency of the
EHD cell can be measured from the thrust-to-power ratio as
follows: 23]

A== —— (16)

where S is the supplied power. By adding it into the counter-
direction EHD force, we can evaluate the thrust-to-power ra-
tios for different air pressures. For comparison, we use the ex-
perimental results from Ref. [17] at constant power, and the
theoretical predictions by previous theory under both high-
field and low-field limits. The results are shown in Fig. 11.
The average ion mobility used here is 1.67x 10™* m?/(V/s).[>4]
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Fig. 10. Curves of ratio Fg/Fy versus pressure for electrode gaps of
10 cm and 15 cm.
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Fig. 11. Theoretical and experimental results of normalized thrust-to-
power ratio versus air pressure at a given power. The dashed lines are
simulation results obtained by using drift-diffusion model. The symbols
show the experimental results cited from Ref. [17] at a constant power.

According to the previous estimation, the loss of A4 is
about 29% by the low-field limit and about 40% by the high-
field limit when the air pressure drops from 1 atm to 0.6 atm.
However, the experimental results are 50% loss for 10-cm gap
and 53% loss for 15-cm gap. With the drift-diffusion model,
the rate updates to 51% for 10-cm gap and 54% loss for 15-
cm gap, which gives a better estimation. Thus the counter-
direction EHD force is also an important factor when the air
pressure drops.

4. Conclusions and perspectives

In this work, we investigated the effect of air pressure on
the EHD force of a wire-to-cylinder cell. The EHD force and
corona discharge current were measured at different air pres-
sures and electrode gap distances. Experimental result shows
that increasing the corona discharge current does not lead to
a proportional growth in the EHD force at low air pressures.
Their linear dependence breaks down when the air pressure
drops. We used the drift-diffusion model to analyze the rea-
son and found that there might exist a counter-direction EHD

force to undermine the total EHD force in the cell. The simu-
lation result showed that the ion drift region expands and the
proportion of ions accelerated in the opposite direction is in-
creased when the air pressure drops. By counting in this effect,
a more correct estimation of the thrust-to-power ratio for low
air pressures can be obtained.

A corona discharge under high voltage is a complicated
physical and chemical processes. The types of ions to be con-
sidered in the model and the variation of ion mobility with
air pressure remain to be further investigated. Although we
showed that there is a counter-direction EHD force on the left
side of the anode, further experimental proof, such as particle
image velocimetry of the cell, is necessary. In real conditions,
there is no grounded wall, and electrodes are electrically iso-
lated. Its practical application should be further studied.
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