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A B S T R A C T

In this paper we presented results of the experiment on the use of controlled generation of a single Trichel pulse
and a series of single Trichel pulses in the two-phase fluid (air + cigarette smoke particles). Also results of the
monitoring the temporal and spatial evolution of the EHD smoke particles flow induced by these Trichel pulses
in the needle-to-plate negative DC corona discharge arrangement in the closed discharge chamber are presented.

1. Introduction

The pulsed regime of a negative corona in the form of Trichel pulses
has been experimentally and theoretically studied for over 80 years in
gaseous single-phase fluids, mainly in air. The early (1938–1962) basic
studies, carried out by Trichel [1], Loeb's group and others [2] con-
cerned mostly the regular Trichel pulses of negative corona in air. Later
the results of these early studies were analytically summarized and
experimentally verified by Lama and Gallo [3]. The basic data and re-
sults of negative corona studies till 1980s were also collected in Refs.
[4,5]. Afterwards hundreds of new papers on the various regimes of
negative coronas (not only the Trichel-pulse regime) in air (i.e. in a
single-phase fluid) have been published.

The negative coronas and inherent electrohydrodynamic (EHD)
flows in gaseous two-phase gaseous fluids were studied mainly in terms
of their practical aspects (breakdown voltage, back corona, dust particle
collection efficiency, NOx production, etc.) important for the perfor-
mance of electrostatic precipitators (ESPs). However, the investigations
of the fundamentals of negative corona in two-phase gaseous fluids
similar to that of the ESP flue gas (a mixture of an after-combustion gas
and solid dust particles and microdroplets suspended in it) are scarce
([6–10]). Recently, due to an increasing interest in the electrical dis-
charges in multi-matter environments, several new papers on the ne-
gative corona discharges in two-phase fluids have appeared [11–15].

This work was aimed at controlled generation of the single first
Trichel pulse or series of single first Trichel pulses of the negative
corona in a two-phase fluid, consisting of air and smoke particles sus-
pended in it. Usually Trichel pulses are generated in the form of regular
pulses, having a clearly distinguishing first pulse followed after a while
by a Trichel pulse train [16–23]. The amplitude and duration of the first

Trichel pulse, as well as its electric charge are substantially larger than
those of the following pulses. The controlled generation of the single
Trichel pulse (or series of such pulses) is expected to be helpful for the
refined studies of the fundamental electrical and electro-
hydrodynamical processes in the negative corona discharge in two-
phase (in general in multi-phase) gaseous fluids.

The idea of generating the single first Trichel pulse or series of
single first Trichel pulses in the negative corona in the needle-to-plate
electrode arrangement consists in generating the first Trichel pulse and
supressing the next Trichel pulses (in the Trichel pulse train). This can
be realized by applying an appropriately designed negative voltage
pulse to the needle electrode. We propose to use a ramp voltage pulse
with a fast rise time and much faster fall time. This enables precise
controlling the ramp voltage pulse peak value in order to reach the peak
voltage sufficient to generate the first Trichel pulse and to prevent the
generation of the next Trichel pulse train pulses.

In this paper results of the use of the proposed for the generation of
the single Trichel pulses (individually or in a series) and inherent EHD
flow structures in a representative of the after-combustion two-phase
fluid formed by air (at atmospheric pressure) seeded with cigarette
smoke particles are presented. The experiment was performed in a
discharge chamber with electrodes having the needle to plate electrode
arrangement. The EHD smoke particle flow induced by the single
Trichel pulse (or series of single Trichel pulses) was investigated using
the time-resolved flow imaging system typical of the time-resolved PIV
measurements [15,24,25].

2. Experimental set-up

The experimental apparatus for controlled generation of Trichel
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pulses consisted of a discharge chamber (a sealed acrylic box with a
needle-to-plate electrode arrangement inside), a digital signal gen-
erator, a high voltage amplifier, two voltage probes, a digital oscillo-
scope and time-resolved EHD flow imaging equipment (Fig. 1).

2.1. Discharge chamber

The discharge chamber (acrylic box L:W:H=600mm: 120mm:
50mm) with the needle-to-plate electrode arrangement was filled with
a two-phase fluid formed by ambient air seeded with cigarette smoke
particles (the smoke particle concentration about 200 000 particles/
cm3 measured using an aerosol spectrometer Grimm 1.109, most of the
cigarette smoke particles are submicron particles and their diameter
ranges from 0.1 μm to 0.4 μm [26]).

The needle-to-plate electrode arrangement consisted of two elec-
trodes: a needle and a plate. The both electrodes were made of stainless-
steel. The needle electrode was a rod (1mm in diameter), the end of
which had a tapered profile. The tip of the needle electrode used for the
generation of a single Trichel pulse had a radius of curvature of 75 μm,
while the tip of the needle electrode used for the generation of a series
of single Trichel pulses had a radius of curvature of 130 μm. The in-
terelectrode gap between needle and plate electrode was 25mm. The
plate electrode was grounded.

2.2. Power supply and measuring equipment

The high voltage applied to the needle electrode was supplied by the
high voltage amplifier (Trek, 40/15) which amplified voltage signal
delivered by the digital signal generator (Tektronix, AFG 3052C). The
negative high-voltage was applied to the needle electrode through a
3.3 MΩ resistor. The voltage between the needle electrode and the plate
electrode was measured using a high-voltage probe (Tektronix,
P6015A) and recorded by a digital oscilloscope (Keysight, DSO 9064A,
bandwidth 600MHz, sampling rate 10 GS/s). Using a voltage probe
(Agilent, N2873A) the total current (consisting of the discharge and
capacitive currents) waveform was measured as a voltage drop across a
2 kΩ resistor placed between the plate electrode and the ground. The
voltage drop was recorded by the digital oscilloscope.

2.3. Time-resolved EHD particle flow imaging equipment

The time-resolved flow imaging system, sketched in Fig. 1, consisted

of a twin Nd:YLF laser (Litron LDY304-PIV, pulse duration of 150 ns,
pulse energy of 30mJ with a repetition rate of 1000 Hz, wavelength
λ=527 nm), a laser sheet forming optics (cylindrical telescope), a high
speed CMOS camera with lens (Speedsense M340, camera sensor size of
2560 pixels × 1600 pixels, acquisition rate of 800 Hz at full frame,
acquisition rate can be increased at lower frame resolution), a digital
trigger (digital delay/pulse generator BNC, Model 575) for triggering
the laser pulses and the camera shutter, a computer with Dantec Dy-
namicStudio software installed (typical of the time-resolved PIV mea-
surements). The time-resolved EHD smoke particle flow imaging was
carried out in the laser sheet plane (observation plane) passing along
the discharge chamber in the needle-to-plate axis. To avoid reflections
of the laser light on the needle electrode the laser sheet passed just
below the needle electrode tip. More detailed description of our time-
resolved imaging system and measurement procedure can be found in
Ref. [14].

3. Results

3.1. Single Trichel pulse in two-phase fluid (air + smoke particles)

The first part of experiment 3.1 was aimed at the generation of a
single Trichel pulse in the two-phase fluid (i.e. air seeded with smoke
particles (particle concentration of 200 000 particles/cm3)) and the
monitoring of the induced EHD particle flow. The tip of the needle
electrode used for this study had a radius of curvature of 75 μm.

First, we determined experimentally that the corona onset voltage
was about – 3.9 kV. Second, we designed a voltage pulse waveform
which was supposed to initiate a single Trichel pulse. The voltage pulse
had the form of a ramp voltage pulse. The ramp voltage pulse was
superimposed onto a DC negative component in order to maintain the
negatively charged smoke particles moving towards the plate electrode
after the disappearance of the Trichel pulse. We found that the negative
ramp voltage pulse of an amplitude of about – 0.9 kV having a rise time
of 1.5 ms and a fall time of 0.1 ms, superimposed onto the DC compo-
nent of – 3 kV (Fig. 2) was capable of inducing a single Trichel pulse
without any other following pulses (Fig. 3). Please notice that the
current waveforms in this paper (Figs. 3, 4 and 7) are inverted with
regard to the original oscilloscope display; as a result Trichel pulses,
negative in the physical sense, are appear as “positive”. We believe that
such presentation, also employed by other authors, is more readable.

As it can be seen from the total current and voltage waveforms

Fig. 1. Experimental set-up.
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presented in Fig. 3 the applied voltage initiated a single discharge
current pulse of an amplitude of about 150 μA. The rise time of the
discharge current pulse was about 80 ns and its decay time was about
400 ns The single discharge current pulse injected an electric charge of
approximately 40 pC into the system.

To ensure that the single discharge current pulse generated by the
voltage pulse of a waveform shown in Figs. 2 and 3 is a Trichel pulse,
we compared its shape with that of the first pulse of Trichel pulse train
generated by us in the same experimental setup using a DC voltage of an
amplitude of - 4.5 kV. As it can be seen in Fig. 4 the shapes of both
compared pulses are almost the same, which allows us to concluded
that the generated single discharge current pulse is the first Trichel
pulse.

The second part of experiment 3.1 was devoted to monitoring the
EHD smoke particle flow which inherently is induced by Trichel pulses
in such a two-phase fluid [13–15]. For recording the time evolution of

the EHD smoke particle flow the time-resolved EHD particle flow
imaging equipment synchronised with the power supply equipment was
used. The time evolution of the EHD smoke particle flow was recorded
with a frame acquisition rate of the high speed CMOS camera set at
2000 frames per second (the frame resolution was reduced to 1280
pixel × 800 pixels). The total recording time was 500ms. The time of
the Trichel pulse onset in the recorded images was taken as a reference
time t=0. The images presenting the temporal and spatial evolution of
the EHD smoke particle flow induced by the single Trichel pulse are
shown in Fig. 5 (the corresponding total discharge current and voltage
waveforms as in Fig. 3). Note that a higher intensity of a given area (i.e.
a brighter area) in the image corresponds to a higher smoke particle
concentration in this area. Dark or black areas in the image show a
smaller concentration of particles or their absence in these areas.

In a separate experiment we found that almost immediately after
the Trichel pulse initiation (i.e. after 20 μs– 30 μs) the EHD smoke
particle flow was induced. At first, the EHD smoke particle flow man-
ifested by the removal of electrically charged smoke particles from the
very close vicinity of the needle electrode tip, forming a tiny dark area
at the tip. Then this tiny dark area, emptied of the smoke particles,
enlarged to form of a mushroom-like cap (Figs. 5a and 6b - t= 2ms and
t= 10ms, respectively). As seen in Fig. 5a–f the smoke particles, pu-
shed towards the plate electrode, formed a white layer on the surface of
the dark mushroom cap. We call this white layer consisted of the smoke
particles a mushroom front. With the time elapsing the mushroom-like
smoke particle flow structure has grown and moved further towards the
plate electrode.

When the mushroom-like smoke particle flow structure has con-
tinued its movement towards the plate electrode the smoke particles
located above the needle electrode tip (not seen as not illuminated by
the laser sheet in our experiment) began to inflow into the particle-free
area under the needle electrode tip (compare Fig. 5c, t= 20ms and
Fig. 5d, t= 100ms).

Fig. 5e (t= 200ms) and 5f (t= 400ms) show further development
of the EHD smoke particle flow structure. As it can be seen the mush-
room-like smoke particle flow structure has continued its growth and
movement towards the plate. The volume of mushroom-like structure
has increased during its movement towards the plate which means that
the process of smoke particle removal by the mushroom front prevails
over the reverse process of filling the particle-empty space left behind
the mushroom front. This suggests a relative weakness of the forces
which gas molecules exert on the smoke particles in the present fluid.

It can be found from the images presented in Fig 5a and f that in-
itially the mushroom-like structure moved relatively fast and slowed
down with the elapsing time. Such a behaviour is confirmed by a de-
pendence of the distance of mushroom front from the needle tip on
elapsing time (Fig. 6). As it can be seen from Fig. 6 the mushroom front
propagation velocity was highest just after the Trichel pulse onset, i.e.
in the close vicinity of the needle electrode tip. In the time period be-
tween t= 0 and t= 2ms the maximum propagation velocity of
mushroom front was about 0.6 m/s. Such a relatively high mushroom
front propagation velocity in the close vicinity of the needle tip is jus-
tified by a relatively high electric field there (e.g. Refs. [27,28]; note the
DC negative voltage remaining on the needle after the ramp pulse
voltage decay). Then, in the time period between t= 2ms and
t= 50ms the propagation velocity gradually decreased to about
0.23m/s. In the time period between t= 50ms and t= 500ms the
propagation velocity was almost constant and equal to about 0.02m/s.
In this time period the electric forces pushing the mushroom front to-
wards the plate electrode are balanced by the hydrodynamic drag forces
of the two-phase fluid compressed ahead of the mushroom front.

3.2. Series of the single Trichel pulses in two-phase fluid (air + smoke
particles)

The first part of the experiment 3.2 was aimed at the controlled

Fig. 2. The voltage pulse waveform for inducing a single Trichel pulse (a ramp voltage
pulse superimposed onto a DC negative component).

Fig. 3. Oscillograms showing the total current (the induced single Trichel pulse and the
capacitive current) and voltage waveforms. The negative voltage pulse amplitude -
3.9 kV, the rise time - 1.5ms, and the fall time - 0.1ms.

Fig. 4. Comparison of the single Trichel pulse generated in this experiment and the first
pulse of the regular Trichel pulse train.

A. Berendt et al. Journal of Electrostatics 92 (2018) 38–44

40



generation of a series of the single Trichel pulses in the two-phase fluid
formed by air seeded with the smoke particles (particles concentration
about 200 000 particles/cm3) and monitoring the time evolution of the
EHD smoke particle flow structures induced by the single Trichel pulse
series. In this experiment (3.2) the tip of the needle electrode used had a
radius of curvature of 130 μm. We designed the voltage waveform
consisted of the ramp voltage pulses which were supposed to produce
the series of the single Trichel pulses. Similarly as in the experiment 3.1
(Fig. 2) the ramp voltage pulses for producing the single Trichel pulse
series were superimposed onto a DC negative component in order to
maintain the negatively charged smoke particles flowing towards the
plate electrode after the Trichel pulse disappearance. The lack of the DC
component between the ramp voltage pulses may lead to the accumu-
lation of the negative space electric charge in the vicinity of the needle
tip and the discharge quenching.

We established that the parameters of the applied voltage waveform

capable of producing a series of the single Trichel pulses have to be as
follows: the period between the ramp voltage pules 50ms (frequency
20 Hz), the amplitude of the ramp voltage pulses - 2.4 kV, the rise and
fall times of ramp voltage pulses - about 40ms and 0.2 ms, respectively,
the DC component - 2.7 kV (which gives the maximum value of the total
applied voltage - 5.1 kV). Note that the difference in the amplitude of
the ramp voltage pulses and DC component voltage with respect to
those of the experiment 3.1 is a result of the larger radius of needle tip
curvature in the present experiment (130 μm versus 75 μm; the ex-
planation can be found in Ref. [3]). The voltage waveform applied to
the needle electrode and the resulting total current waveform are
shown in Fig. 7. As shown in Fig. 7 each of the 5 ramp voltage pulses
generated the single Trichel pulse. The amplitude of the Trichel pulses
ranged from 350 μA to 420 μA. The electric charge injected into the
system by the single Trichel pulse was about 85 pC. The higher Trichel
pulse amplitude and injected electric charge than those of the

Fig. 5. Evolution of the EHD smoke particles flow induced by the single Trichel pulse generated by the voltage pulse shown in Figs. 2 and 3.
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experiment 3.1 could be expected taking into account the larger radius
of needle tip curvature in this experiment (3.2).

The second part of experiment 3.2 concerned the time evolution of
the EHD smoke particle flow structures induced by the series of 5 single
Trichel pulses monitored using the time-resolved EHD smoke particle
flow imaging equipment. The parameters of recording the images of
temporal and spatial evolution of EHD smoke particle flow structures
were similar as those in the experiment 3.1 (the frame acquisition rate
of the high speed CMOS camera - 500 frames per second, the total re-
cording time - 500ms) The time of the first Trichel pulse onset was
taken in the following images as a reference time t=0. The images
showing the temporal and spatial evolution of the EHD smoke particle
flow induced by the series of 5 single Trichel pulses (the corresponding
total current and voltage waveforms as in Fig. 7) are shown in Fig. 8.

Fig. 8a shows the EHD smoke particle flow structure image captured
20ms after the first Trichel pulse was generated. As seen after a time
t= 20ms the smoke particles has been removed from the vicinity of the
needle tip and the bright layer of the smoke particles, forming the cap
of the mushroom-like structure, headed towards the plate electrode.

The next image (Fig. 8b) was captured at a time t= 70ms (i.e.
20 ms after the second single Trichel pulse generation). It shows that
the first mushroom front has grown and moved away of the needle tip
vicinity. The image also shows the second mushroom front formed by
the second single Trichel near the tip of needle electrode.

In Fig. 8c (t= 120ms, i.e. 20ms after the third single Trichel pulse
generation) further development of the EHD smoke particle flow is

presented. It is seen that both the first and the second mushroom fronts
have become larger when moving towards the plate electrode. Likely
due to a lower hydrodynamic drag encountered by the second mush-
room front, the second mushroom front has approached the first one
and has begun to merged with the first mushroom front. In Fig. 8c also
the generation of the third mushroom front, induced by the third single
Trichel pulse is clearly seen. We established that the merging of the first
and second mushroom fronts can be avoided if the time interval be-
tween the first and second single Trichel pulses is longer (in the ex-
periment 3.2 the time interval between ramp voltage pulses is 50 ms).

The next image (Fig. 8d) presents the EHD particle flow structures at
a time t= 170ms (i.e. 20ms after the fourth single Trichel pulse gen-
eration). In this moment the first and the second mushroom fronts have
already merged together and have been moving together towards the
plate electrode. The third mushroom front has been approaching the
preceding particle flow structure to merge with it. Fig. 8d presents also
the formation of the fourth mushroom front.

Fig. 8e (t= 220ms, i.e. 20 ms after the fifth single Trichel genera-
tion) records the formation of the fifth mushroom front. The earlier
generated mushroom fronts moved further towards the plate electrode.

The images in Fig. 8 clearly show that the series of 5 consecutive
single Trichel pulses induced 5 mushroom fronts which travelled to-
wards the plate electrode. A careful observation of the movement of
consecutive mushroom fronts shows that each subsequent mushroom
front has attained higher velocity than the preceding one (which causes
that the distances between subsequent mushroom fronts decreases
during their movement towards plate electrode). As mentioned above
this due to setting an interelectrode flow channel by the first mushroom
front, in which the following mushrooms front meet a lower hydro-
dynamic drag of the fluid and can reach higher velocities.

It is worth noting that the evolution of the EHD smoke particles flow
induced by the series of 5 single Trichel pulses is similar to that induced
by the ‘naturally’ generated Trichel pulses as described in Ref. [14].

4. Summary

In this paper we presented the results of experiment aimed at the
controlled generation of the single Trichel pulses in the two-phase fluid
(air + cigarette smoke particles) and monitoring the temporal and
spatial evolution of the EHD smoke particles flow induced by these
Trichel pulses in the needle-to-plate negative DC corona discharge ar-
rangement in the closed discharge chamber.

In the first experiment (3.1) we generated the single Trichel pulse
using the negative ramp voltage pulse superimposed on the DC com-
ponent in the two-phase fluid (air + smoke particles). We found that
the shape, amplitude, rise time and fall time of the generated single
Trichel pulse were the same as those of the first Trichel pulse in the
“regular” Trichel pulse train typical of the “standard” DC negative
corona discharge.

The time-resolved EHD smoke particle flow images captured just
after the single Trichel pulse generation showed that the smoke parti-
cles from the close vicinity of the needle electrode tip have fast been
removed. The mushroom-like area free from the smoke particles was
formed and moved towards the plate electrode. At the front of this area
the plate electrode-pushed smoke particles formed a bright layer, called
the mushroom front. The initial mushroom front propagation velocity
was relatively fast (up to about 0.6 m/s). Then it gradually decreased
with the elapsing time (0.02m/s at 500ms after the Trichel pulse in-
itiation).

The second experiment (3.2) presented in this paper was aimed at
the generation of the series of single Trichel pulses and monitoring the
evolution of induced EHD smoke particle flow structures in the two-
phase fluid (air + smoke particles). The series of 5 single Trichel pulses
was successfully produced using the voltage consisted of 5 negative
ramp voltage pulses superimposed on the DC component. The EHD
smoke particle flow structure images showed that 5 mushroom-like

Fig. 6. Graph illustrating the propagation of the mushroom front induced by the single
Trichel pulse in the two-phase fluid (air + smoke particles).

Fig. 7. The applied voltage waveform used for generation of a series of 5 single Trichel
pulses in a row and the total current (the single Trichel pulses and capacitive current
pulses) waveform are shown. The negative ramp voltage pulses (amplitude - 2.4 kV) was
superimposed on the DC component (- 2.7 kV). The ramp voltage pulse rise and fall times
are 40ms and 0.2 ms, respectively. The frequency of the negative ramp voltage pulses and
Trichel pulses is 20 Hz.
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smoke particle flow structures mushroom were induced by 5 single
Trichel pulses. The evolution of these smoke particle flow structures
resembled the evolution of the smoke particle flow structures induced
by the “standard” negative DC corona (in the Trichel pulse regime) in
the needle-to-plate electrode arrangement.

It is worth noticing that similar EHD particle flow structures in the
air + smoke particles have been presented by us in Refs. [13–15].
However, the EHD particle structures shown there were generated by
the trains consisted of uncontrolled number of Trichel pulses. Due to
the inability of controlling the number of Trichel pulses there was im-
possible to determine how many Trichel pulses are needed to generate a
single EHD particle flow mushroom-like structure. The present experi-
ment showed that electric charge (about 40 10−12 C) carried by the
single Trichel pulse is capable of generating a single EHD particle flow
having the mushroom-like shape and transferring it away of the needle
electrode.

The experimental results presented in this paper can be helpful for

the validation of numerical models of the negative corona discharge in
the two-phase fluid. It would contribute to a better understanding of the
generation of negative corona discharge and processes induced by it
(the particle charging and the EHD flow generation in the two-phase
fluids are examples).
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