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Corona discharge is a common form of electrical fault in power equipment. Studying corona at different altitudes
is essential for ensuring reliable operation of electrical systems under varying environmental conditions. In this work,
a Multiphysics simulation model of corona discharge was developed to investigate the discharge behavior and induced
ionic wind characteristics under different air pressures. First, the accuracy of the simulation model was validated by
experiments. At 1 bar (1 bar=10° Pa), Trichel pulses with an amplitude of 1.1 mA and a repetition frequency of 250 kHz
were observed, along with a maximum ionic wind velocity of 9.49 m/s in the discharge channel. When the pressure
was reduced to 0.79 bar, the discharge was overall enhanced, with the Trichel pulse amplitude decreasing to 0.5 mA, the
repetition frequency increasing to 760 kHz, and the induced ionic wind becoming stronger. Both the velocity within the
channel and the gap increased with decreasing pressure. This study provided a theoretical reference for the deployment and
operation of electrical equipment in high-altitude environments.

Keywords: corona discharge, plasma simulation, plasma dynamics and flow
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1. Introduction

With the continuous construction of DC transmission
projects in China, more electrical equipment will be deployed
in high-altitude areas. Due to the climate characteristics of
low air density and low air pressure in high-altitude areas, the
operating reliability of electrical equipment in such an envi-
ronment is currently the focus of academic attention. Corona
discharge is a common form of local discharge in electrical
equipment.!!! The electrical corrosion and chemical corrosion
of the discharge will damage the insulation performance of the
equipment, and under certain conditions, they will cause vio-
lent discharges such as sparks or arcs. Therefore, it is gener-
ally believed that corona discharge is a precursor to insulation
failure of electrical equipment.!?! Therefore, it is necessary to
study the characteristics of corona discharge in high-altitude
environments to provide theoretical guidance for how to diag-
nose corona discharge in the early stage of discharge develop-
ment (i.e., low discharge current) and propose corresponding
suppression measures.

The study of corona discharge characteristics began in
the 1930s.[3! Scholars combined experiments and simulations
to conduct a preliminary diagnosis of the characteristics of
corona discharge.[*%! The results show that there is a charac-
teristic pulse current (Trichel pulse) in negative polarity corona
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discharge, which has the characteristics of strong periodicity
and a steep rising edge, and is one of the characteristics of neg-
ative polarity corona. Subsequently, scholars conducted a se-
ries of studies on the characteristics of the Trichel pulses.!”~!]

Zhang et al.!) used ICCD to photograph the time varia-
tion of Trichel pulses and measured the luminescence spectra
of N, molecules and N5 using a spectrometer. Meng et al.!®!
constructed an ultrafast optical counting and performance sys-
tem to measure the luminescence characteristics of Trichel
pulses in time and space based on an extremely high time reso-
lution of 55 ps. Li et al.[>'%! experimentally measured the cur-
rent characteristics of Trichel pulses in longer gaps (10.5 cm—
50 cm) and shorter gaps (4 cm—5.5 cm) under different applied
voltages.

With the in-depth study of the characteristics of corona
discharge, scholars found that a directional airflow is gen-
erated inside the gap during discharge, because when dis-
charge occurs, charged particles transfer energy through con-

12131 When some

tinuous movement and mutual collisions.!
ions collide with neutral molecules, they transfer kinetic en-
ergy, thereby driving the movement of neutral molecules. This
process is called corona discharge-induced ionic wind. In view

of the characteristics of ionic wind, Moreau et al.['410]

con-
ducted a series of studies and summarized the calculation for-

mula for the ionic wind propulsion force. They also took im-
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ages of the flow field of the ionic wind using the PIV system
and systematically summarized the characteristics of corona-
induced ionic wind. In addition, some scholars have studied
the characteristics of ionic wind generated by different elec-
trode shapes.[!7-18]

With the development of experimental technology, peo-
ple have a preliminary understanding of the formation mech-
anism and macroscopic characteristics of corona discharge.
However, since corona discharge is a fast, weak luminous dis-
charge, it is difficult to analyze its microscopic characteris-
tics by experiments alone. Therefore, while developing ex-
perimental technology, scholars are also exploring corona dis-
charge simulation technology.

Morrow ! first established a one-dimensional (1D) simu-
lation model of corona discharge in 1985. On this basis, schol-
ars expanded the simulation fluid model from one dimension
to two dimensions!!*? and continuously optimized the calcu-

21221 Subsequently, Kang ez al. !>

lation method of the model. !
proposed a simplified set of simulation parameters based on
the experimental results of Kulikovsky.>*! Tran et al.*>! ap-
plied the parameters to simulate the discharge process of nega-
tive corona, successfully simulated a series of flow pulse wave-
forms, and intuitively demonstrated the distribution state of
charged particles in a single pulse. Dordizadeh er al.1?0-28]
followed this model and conducted a detailed analysis of the
pulse development process. Based on the above model, Chen
et al.!?®" established a model that couples the thermal field
and the flow field, so that the model could be applied to the
calculation of ionic wind.

At present, scholars have combined experiments and sim-
ulations to deeply explore the dynamic behavior and gen-
eration mechanism of corona discharge,!?>??31-34] and have
achieved certain results. However, there are still certain
limitations in adapting to complex discharge conditions and
multi-physical field coupling characteristics. In the present
study, we extended the atmospheric-pressure negative corona

mode] [28-33

I to high altitude scenarios by adjusting the input
parameters according to the gas pressure and temperature. Be-
sides, ionic wind and the thermal effect induced by the Trichel
pulses were studied, aiming to present a more comprehensive
understanding of the multi-physics of Trichel pulses under var-
ious conditions. The rest of the paper is organized as follows.
In Section 2, a description of the numerical model and exper-
imental setup is given as the first part, followed by the model
validation via comparisons between model predictions and ex-
periments. Section 3 presents the typical results on Trichel
pulses and the parametric studies. In Section 4, a brief discus-
sion of the results is given. Conclusions are summarized in

Section 5.

2. Modeling and experiments
2.1. Model introduction

This paper uses the classical three-particle hydrodynamic
model to describe the discharge dynamics of the negative

corona. The motion of electrons, positive ions, and negative
ions is described by combining three continuity equations:

on
a—; + V(—te Ene — DeVne)

= One|le E| — Nne|te E| — kepneny,
any

-5 +V - (upEny, —D,Vnp) = ane|Ue E| — kephen,,

ony
dt
The right-hand side terms of Eqgs. (1)—(3) represent the
collision processes considered in the model, including: impact

+V - (—tnEny —DyVny) = Nne| e E| — knpnnnp.

ionization (ionization coefficient «), attachment of electrons
to neutral molecules (attachment coefficient 77), recombina-
tion reaction of electrons to positive ions (recombination re-
action coefficient k), and recombination reaction of positive
ions to negative ions (reaction coefficient kyp). The electric
field vector E (including both the Laplacian electric field and
space-charge-built one) is calculated using Poisson’s equation

e(np —ne —ny)
VE=——— "~ 4
@

The ionic wind and thermal effects caused by corona dis-
charge are calculated by the Navier—Stokes equation (5) and
the heat conduction equation (7), where F.pq is the ionic wind
propulsion force, Py is the heat source, C;, is the specific heat
capacity of the gas at constant pressure, j is the current den-
sity, ¢, is the gas density, and & is the proportion of electric
power used for heating in the gas. Equations (6) and (8) are
used to calculate the ionic wind propulsion force Fepg and the
heat source Pyeqt, respectively,

d
Pe (;; +U-V“) = —Vp+uVu+Faa, ()

Feng = e(np —ne —ny) E, (6)
oT

ngpg +pCou-VT =V - (kyVT) = Pocar,  (7)

Pheat = (jp_jn) 'E_gexje‘E- (®)

Previous research showed!'”! that secondary electron
emission is an important mechanism for maintaining nega-
tive charge. In this model, the secondary electron emission
induced by positive ions impacting the cathode surface is cal-
culated by

Ie :anuplE'v &)

where I¢ is the surface secondary electron flux, v is the sec-

ondary electron emission coefficient, and its value is 0.01 in

1‘1.[27’35

the simulatio ! The parameter settings of the model are

shown in Table 1.
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Table 1. Simulation parameters. 222271

Parameter Value Unit

Tonization coefficient 1.4 x 10720 x N x exp(—6.6 x 10"9/EN) 1/m

Attachment coefficient 6.23 x 10723 x N x exp(—1 x 10719 /Ex) 1/m

Coefficient of recombination of positive and negative ions 2x 1013 m3/s

Coefficient of recombination of positive ions and electrons 2x 1013 m/s
Mobility of electrons 1.92 x (2.5 x 10% x En) 0% m?/(V-s)
Mobility of positive ions 2.43x 1074(Py/Py) m?/(V-s)
Mobility of negative ions 2.7x 107*(Py/P,) m?/(V-s)

Diffusion coefficient of electrons 0.18 m?/s

Diffusion coefficient of positive ions 2.8 x 107%(T,/Tp) m?/s

Diffusion coefficient of negative ions 4.3 x107%(T,/To) m?/s

Note: N is the total number density in unit m~3; Ey is the reduced electric field in units V-m?; Py = 1 atm (1 atm=1.01325x 10° Pa),
To =300 K while P, and T are gas pressure and temperature at specified conditions, respectively.

The input parameters are adopted from literatures with
gas pressure of 1 atm, and therefore scaling should be done for
varying gas pressure (caused by the change of altitude). Please
note the fact that gas discharges are determined by the reduced
parameters rather than their practical value, i.e., the ionization
or attachment coefficient are functions on the reduced electric
field EN (Ex = E/N), but not solely depend on E. As such,
the mobility and diffusion coefficients are scaled with the first
order of total particle number density N (or pressure P or tem-
perature T determined by the idea gas law N = kgT /P), as
indicated in Table 1.

Geometry and mesh grid of the simulation domain is
shown in Fig. 1. In a two-dimensional (2D) symmetric ge-
ometry, the simulation domain is set as 30 mmx20 mm in r
and z directions, respectively. Although the discharge plasma
is mostly confined around the needle tip the axis of symmetry,
the much larger simulation domain guarantees a more realistic
boundary condition of the open boundaries (see Fig. 1) when
calculating the electric field and the thermal-flow fields. The
metal needle electrode is connected to a negative DC source,
while the plate electrode is grounded. The needle electrode is
composed of a hyperbola with a curvature radius of 250 um
and an air gap of 10 mm. In the vicinity of the needle tip, fine
mesh of 4 um is set to numerically resolve the steep gradient
of the corona discharge. The mesh size gradually increased to
80 um in the rest of the gas—gap region (z direction), where the
plasma was likely to migrate to with moderately high density.
While in the r direction, the mesh size is much coarser but
proved to be fine enough to capture the gradient of thermal-
flow fields. The total number of mesh grids is about 4.2 x 10°.
Validation of the mesh size independence is done before dis-
cussion. By setting the finest size to 1 pum at the needle tip and
a total mesh grid of about 8 x 10° of the simulation domains,
the physics and quantities of the corona discharge, the flow
field and the thermal field are technically identical, but with
three times higher of calculation time.

In the simulation, it is assumed that the initial density of
electrons and positive ions followed a Gaussian distribution

with a peak value npa = 10'° (in units of m~—3)

(r—ro)*> (z—20)°
ne = np :l’lmax<— 5 — 5 . (10)
PA 255
The corona current can be calculated by Sato’s formula
a

i=— [ E-E.- ) nudQ, an

V] Ja e,p;n o

where E is the Laplace electric field.
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Fig. 1. Geometry and mesh grid of the simulation domain.

2.2. Experiment setup

Figure 2 shows the main experimental setup. The needle
electrode used for discharge was a gold-plated probe with a
length of 50 mm and a radius of curvature of 250 um, and the
plate electrode was a brass plate with a radius of 50 mm. The
distance between the two electrodes was 10 mm as in the sim-
ulation. The needle electrode was connected to a high-voltage
power supply. The power supply used in the experiment was
a power supply that could generate a negative DC voltage of
0 kV~ —30 kV (Dongwen DWN3031ACD1). In the present
study, the applied voltage was set as —7 kV. The plate elec-
trode was grounded via a 200-Q non-inductive resistor in se-
ries. The resistor was used to measure the current in the circuit
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by a parallel voltage probe that was connected to an oscillo-
scope (Tektronix MDO3104). It should be mentioned that the
voltage probe was connected in the direction of current flow,
and therefore the measured voltage (or the current) waveform
was positive.

In addition, a development device is built using a smoke
generator, an acrylic sealed box, a laser (MGL-V-532), and
a high-speed camera (MEMRECAM ACS-4 M16) to display
the changes in the flow field during the discharge process. Be-
fore the experiment began, the prism direction was adjusted
to distribute the laser throughout the discharge gap, the frame
rate of the high-speed camera was adjusted to 1000 fps, and
the shooting time was 30 s. Subsequently, the smoke filled
the entire acrylic sealed box and the box was quickly sealed.
After there was no obvious difference in light and dark in the
sealed box, the high-voltage power supply and the high-speed
camera were started to capture the flow field morphology of
the ionic wind during the discharge process. Figures 2(b) and
2(c) show the distribution of the laser irradiation cross section
and the background smoke field during the experiment.

Fig. 2. Experiment setup: (a) needle-plate electrode configuration,
(b) laser irradiation cross section for flow field virtualization, and
(c) background smoke field.

2.3. Model validation

To ensure the validity of the model, the simulation results
obtained under the same conditions are first compared with the
experimental results. The comparisons of Trichel pulse wave-
forms are shown in Fig. 3.

The Trichel pulse amplitude obtained by the experiment
is about 1.1 mA and the frequency is 250 kHz. The pulse am-
plitude calculated by simulation is 1.1 mA and the frequency
is 300 kHz. The current waveform matches well.

@, — Experiment ------ Simulation (b) —Simulation

— Experiment

1&A)
S

Current (mA)
o
O

Current (;

0f
-02 -01 0 01 02 03

Time (ps)

-10 =5 0 5 10
Time (ps)

Fig. 3. Comparisons of Trichel pulses from experiments and simulations: (a)
pulse sequences and (b) a single pulse.

The flow field distribution morphology obtained by ex-
periment and simulation is compared as shown in Fig. 4. The
main channels of the ionic wind are located directly below the
needle electrode, and the flow field streamlines on both sides
are the same. The simulation results of the ionic wind also
have a high degree of matching with the experiment. It can be
considered that the model as a whole provides a certain refer-

ence.
\\Need//

Fig. 4. Comparisons of the ionic-wind-induced flow field distributions
between (a) experiment and (b) simulation.

3. Results

3.1. Trichel pulse and ionic wind characteristics under at-
mospheric pressure

The simulation results obtained at an applied voltage level
of —7 kV and a gas pressure of 1 bar are selected as the basic
case. The Trichel current waveform obtained under the above
conditions is shown in Fig. 5, with a pulse amplitude of ap-
proximately 1.1 mA and a repetition frequency of 300 kHz.

The simulation results in Fig. 5 are used as input items to
calculate the flow field distribution of the ionic wind induced
by the corona and the gas temperature distribution in the gap
after the current heats the gas. Figure 6(a) shows the flow field
distribution of the ionic wind. The arrows in the figure indicate
the direction of the airflow.

(a) (b)
1.0 1.0r

< <
E &
N £05
: :
O ]

0 0

5 10 15 20 25 30 11.8 12.0 122 12.4
Time (pus) Time (ps)

Fig. 5. Trichel pulse current obtained by simulation: (a) pulse sequence and
(b) single pulse.

The flow field distribution obtained by simulation calcu-
lation is consistent with the smoke development result. The
main airflow channel is located directly below the needle
electrode. The flow velocity in the channel can reach up
to 6.89 m/s, and the direction points to the plate electrode.
However, the simulation results show that within the range
of 25 um (corresponding to the ionization zone) near the tip
electrode, there is a high-speed area with the airflow direction
pointing to the tip of the electrode. The maximum flow veloc-
ity in this area can reach 9.49 m/s.
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Since the ionic wind originates from the momentum
transfer between ions and neutral molecules, its airflow direc-
tion and flow velocity are related to the polarity of the ions.[!?]
The airflow direction in the high-speed area near the needle
electrode is consistent with the movement direction of the pos-
itive ions in the ionization zone, and is mainly dominated by
the positive ions moving toward the needle electrode, forming
an ionic wind pointing to the needle electrode. The migration
zone in the gap is dominated by negative ions moving toward
the plate electrode, so an ionic wind pointing to the plate elec-
trode is generated. Due to the multiple negative ion clouds
in the gap, the neutral molecules in the gap are continuously
accelerated, and the airflow channel continues to extend down-
ward to the vicinity of the plate electrode.

The main airflow channel is located on the symmetry axis,
and the flow velocity on the axis can reflect the flow charac-
teristics of the ionic wind in the discharge gap. The velocity
distribution on the axis is plotted in Fig. 6(c). The line graph
shows a high velocity region in the ionization zone, with the
flow direction pointing toward the tip electrode. The velocity
then decreases rapidly and reverses in the drift region, where
the gas velocity decreases with increasing axial distance and
eventually drops rapidly to zero at the plate electrode.

A
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. ol 400
/ )
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El 5
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Fig. 6. Characteristics of the Trichel pulse current obtained by simu-
lation: (a) ionic wind, (b) thermal, flow velocity (c), and temperature
(d) along the symmetric axis.

Figures 6(b) and 6(d) show the temperature rise trend of
the gas caused by the thermal effect of the corona current in
the gap. Since the corona current generated by the needle-
plate structure is relatively weak (the average value is tens of
microamperes), the temperature rise caused by heating the gas
through the thermal effect of the current is limited. The high-
temperature area is mainly concentrated near the tip of the nee-
dle, with the highest temperature reaching 575 K, which de-
cays rapidly outside the ionization zone, and the average tem-

perature on the symmetry axis is about 302 K. From a micro-
scopic perspective, when charged particles collide with neutral
molecules, they transfer kinetic energy to the molecules, re-
sulting in intensified molecular thermal motion, which is man-
ifested as a temperature rise of the gas at a macroscopic level.
In the ionization zone, frequent collisions produce a signifi-
cant temperature rise, and then the heat is transferred outward
by convection, diffusion, efc. Due to the guidance of the ionic
wind on the airflow, the heat mainly diffuses downward along
the symmetry axis.

3.2. Trichel pulse characteristics under different gas pres-
sures

In order to explore the discharge characteristics at high
altitude, the air pressure in the air gap is reduced to 0.78 bar
(1 bar=10° Pa), corresponding to an altitude of 2000 m. The
amplitude-frequency characteristics of Trichel pulses and the
time-averaged current change trend of corona under different
air pressures are shown in Fig. 7.
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é o9l \I/ 5 i
~ >
o {500 &
E 0.8k / \ §
Z ol . . 1400 §
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i \-
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g 20l 0.95 atm(500 m
<
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Fig. 7. Trichel pulses at different gas pressure: (a) the peak value and the
repeating frequency, (b) time-averaged current, 5 pressure points are shown
with the value in units of atm and corresponding altitude value in units of m.

When the air pressure dropped from 1 bar to 0.78 bar, the
pulse amplitude dropped from 1.1 mA to 0.5 mA, and the pulse
repetition frequency increased from 300 kHz to 760 kHz. The
time-averaged current increased from 15 pA to 34 pA. The
change trend of the total number of three charged particles un-
der different air pressures is shown in Fig. 8. At low air pres-
sure, the total number of positive ions and electrons was less,
and negative ions accounted for a larger proportion of the total
number of charged particles.
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Fig. 8. Trend of charged particles under different pressures: (a) negative ions, (b) electrons, and (c) positive ions.

3.3. Characteristics of ionic wind under different air pres-
sures

Subsequently, the effect of air pressure on the thermal
field and ionic wind flow field characteristics is further cal-
culated. When the air pressure is 1 bar (pressure at sea level),
0.89 bar (pressure at 1000-m altitude) and 0.78 bar (pressure
at 2000-m altitude), the trends of the gas temperature and gas
flow rate on the symmetry axis are shown in Fig. 9.

6501 @ 0.78 bar
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400
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W
T
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0 2 4 6 8 10
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Fig. 9. Distribution of (a) gas temperature and (b) gas velocity on the
symmetry axis under different pressures.

Among them, as the air pressure decreases, the tempera-
ture rise in the gap becomes more obvious. When the air pres-
sure dropped from 1 bar to 0.78 bar, the maximum gas temper-
ature in the gap increased from 574 K to 635 K. The gas flow
rate in the channel also increased from 6.89 m/s to 8.37 m/s.
The maximum flow rate in the ionization zone increased from
9.49 m/s to 13.38 m/s. Figure 10 shows the change trend of
the maximum gas flow rate in the gap and the main channel of

the ionic wind. Overall, with the increase of air pressure, the
maximum flow rate in the channel and the gap decrease.
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Fig. 10. Maximum flow velocity in gap and in the ionic wind channel
under different pressures.

4. Discussion

According to the theory of Trichel pulses,[62*3%3] the

transport of the negative ion cloud determines the periodic for-
mation and extinguishing of the pulses. That is to say, after
the first breakdown, positive ions are concentrated around the
needle tip, while the negative ions drift towards the grounded
plate electrode (anode), as illustrated in Fig. 11. Electrons do
not contribute at this stage because of the very high mobility
and the fast dissipation into the anode. Separation of the pos-
itive and negative ions leads to the formation of space charge,
which will build an electric field E that is opposite to the ap-
plied one (the Laplacian electric field Ey ), and thus weakens
the whole electric field strength and eventually quenches the
pulse. As the negative ion cloud continues to move away from
the needle electrode, the counterpart electric field strength is
reduced, meaning the electric field at the needle tip Ej;p, recov-
ers. Another discharge pulse will emerge once Ej;, reaches a
certain value.>!>] Repeating the process results in the forma-
tion of Trichel pulses.

By reducing the air pressure, the gas density N decreases,
while the critical value of E/N for corona inception remains
almost unchanged for the gas pressure range considered in the
present work.3®! As such, the corona discharge will emerge
at a lower E value at lower pressure. Since Ep, i equal to
Ep — Ei as shown in Fig. 11, Ei will be higher than E at
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the discharge inception moment, implying that the drift length
l4x of the negative ions is shorter for the lower pressure cases.
Meanwhile, the ion drift velocity V4 equals E X t; = (E/N) x
(wN) = (E/N) x ton, where L; is the pressure-dependent ion
mobility, ton is the reduced ion mobility at atmospheric pres-
sure. Thus, the drift velocity of the negative ion cloud remains
the same for different gas pressures. Therefore, it requires less
time for the negative ion to move to the position where the next
discharge event can emerge. In other words, the repeating fre-
quency of the Trichel pulse increases at lower gas pressure, as
shown in Figs. 7(a) and 8.

—DC —DC
A Pr E|ip:EL-E5 A Prx Elip:EL'Esx
lax
Iy l Eqy
E.

v Pnx
E | Po EL

(a) Py=1 atm (b) P<I atm

T T

Fig. 11. Schematic diagram of formation of Trichel pulses: (a) at at-
mospheric pressure, (b) at lower pressure. Distribution and parameters
in the figure are for the moment right before the inception of an Trichel
pulse.

The ionization coefficient ¢ is proportional to N (see Ta-
ble 1) at the inception inception condition where the reduced
electric field kept almost the same respect to the change of
gas pressure.>®! That is to say, the Trichel pulses are emerged
with lower initial & under lower pressure. Please note the cur-
rent density J ~ el & n.Vy o« ne o< exp(ad), where d is the
characteristic ionization length of the corona discharge, it is
expected the current peak of Trichel pulse at lower pressure is
lower, as predicted by the model and shown in Fig. 7(a). How-
ever, the time-averaged current shows an increased trend with
reducing air pressure (Fig. 7(b)), which should be attributed
to the higher increasing rate of the repeating frequency that
surpassed the declining rate of the peak value.

The above-mentioned mechanism is also applied to ex-
plain the phenomenon that the time-averaged ion density in-
creases at lower pressure. Since the ionic wind originates from
the momentum transfer between ions and neutral molecules,
the induced ionic wind speed increases with an increase in
discharge. At the same time, more intense discharge also en-
hances the thermal effect caused by it, so the maximum tem-
perature in the gap increases.

5. Conclusion

This paper used a multi-physics simulation model to
study the negative polarity corona discharge at high altitude
and the characteristics of the ionic wind induced by it. It
is clear that the microscopic characteristics of the discharge

and ionic wind under different air pressures help to deepen
the understanding of the microscopic morphology of corona
discharge and the dynamic characteristics of the ionic wind
induced by it. The specific conclusions are as follows:

(1) Under an external voltage of —7 kV and a discharge
gap of 10 mm, Trichel pulses with an average amplitude of
1.1 mA and a repetition frequency of 300 kHz are generated.
The discharge-induced ionic wind channel is mainly located
below the needle electrode, and the maximum wind speed in
the channel is 6.89 m/s.

(ii) As the ambient air pressure decreases from 1 bar to
0.78 bar, the discharge shows an overall strengthening trend.
The pulse amplitude decreases from 1.1 mA to 0.5 mA, while
the pulse repetition frequency increases from 250 kHz to
760 kHz. The time-averaged current increases from 15 pA
to 34 pA.

(iii) As the air pressure decreases, the corona-induced
ionic wind also increases, and the gas flow rate in the chan-
nel increases from 6.89 m/s to 8.37 m/s.
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