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Abstract
The so-called ‘secondary reverse streamer (SRS)’ in this study depicts a newly observed
streamer-in-liquid phenomenon which subsequently occurs well after the extinction of the
primary streamer (PS) propagation within a single shot of negative impulse voltage and has
reverse polarity to the PS. Tests were carried out in a synthetic ester liquid at a 50 mm
needle–plane gap under negative impulse voltages up to 140 kV. Based on the current and light
waveforms as well as the photographic images, two types of SRS were found: one has a bright
trunk with a high velocity of 9.79 km s−1 belonging to the 3rd mode streamer; and the other
has a weak tree-like channel with a low velocity of 1.28 km s−1 resembling the 2nd mode
streamer. It should be emphasized that SRS under negative impulse voltages has positive
polarity being opposite to the negative PS, which is believed to be due to the reverse electric
field induced by the residual space charges left by the PS. This has been confirmed by further
verification tests under tail-chopped impulse voltages, for SRSs are significantly enhanced in
both axial and lateral directions after the early removal of the external applied field.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Insulating liquids have been widely used in high-voltage power
equipment, e.g. transformers and cables, for many decades.
Ester liquids with their merits of good biodegradability and low
fire risk are being considered as alternatives to the traditional
sources, e.g. mineral oil. Wide applications of these new
liquids can be expected; however, it takes time for industry
adoption and thus requires a thorough understanding of esters’
dielectric properties, particularly on discharge behaviours and
breakdown performances.

The discharge events during the pre-breakdown stage in
liquids are commonly called streamers. However, a streamer
in liquids is different from a streamer in gases, which normally
propagates in a continuous manner with minimum velocities
of 10–100 km s−1 [1]. In general, four modes of streamers
in liquids were recognized based mainly on the average
propagation velocity, namely 1st, 2nd, 3rd and 4th mode with
typical velocities of 0.1 km s−1, 1–2 km s−1, 10 km s−1 and

100 km s−1, respectively [2, 3]. The higher the applied electric
field, the higher will be the mode of the streamer observed.

Since initiation of a streamer in liquids requires a strong
electric field (a few MV cm−1) [4], needle–plane electrodes are
widely used to generate a streamer. An extensive effort was
made in the past decades to explore the streamer characteristics
in liquids under various test conditions [3, 5–12], and a
number of review papers [3, 5, 13, 14] have been produced
to summarize the streamer phenomena in liquids; however,
a universally agreed conclusion has not yet been achieved.

In the field of surface discharge, phenomenon of back
discharge, having opposite polarity to the applied voltage,
has been observed on solid surfaces under both positive and
negative impulse voltages. The solid surface was sandwiched
between the needle and plate electrodes and exposed to air
environment [15, 16]. During the falling (or ending) period
of impulse voltage, the needle electrode exhibited opposite
polarity with respect to the previously charged surface. If
the reverse electric field induced by the surface charge was
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Figure 1. Sketch of the experimental setup.

strong enough, back discharge could be observed. A similar
phenomenon was also reported on a solid surface immersed
in mineral oil under lightning impulse voltage [17]. A
‘secondary’ back discharge occurred approximately 100 µs
after the main discharge evidenced by the current waveform.
It is well known that back discharges on solid surface take
advantage of the charge memory effect of solid dielectrics,
which helps trapping the residual space charges on the surface
thus further leading to the reverse electric field. Therefore, it
is not expected to observe such a phenomenon in open liquid
gaps, i.e. without the presence of a solid surface.

This paper, however, depicts a newly observed streamer-
in-liquid phenomenon which occurs subsequently and well
after the extinction of the primary streamer (PS) propagation
within a single shot of negative impulse voltage and has reverse
polarity to the PS as well as to the applied impulse voltage.
This phenomenon is similar to the back discharge phenomenon
on a solid surface. However ‘streamer’ is commonly used to
describe a discharge phenomenon in liquids, and its occurrence
is secondary and the polarity is in reverse to the PS, so we
arbitrarily name this newly observed phenomenon ‘secondary
reverse streamer (SRS)’ in this paper. The tests were carried
out in a 50 mm needle–plane gap under negative impulse
voltages up to 140 kV. Characteristics of SRS including length,
velocity, light intensity and time of occurrence were described.
In addition, the mechanism of SRS was discussed. Finally,
tests under tail-chopped impulse voltages were used to verify
the mechanism interpretation.

2. Experimental description

The experimental setup is shown in figure 1. A cubic-like
test cell with a volume of 12.5 L was used to hold the liquid
sample and needle–plane electrodes. Side walls and top lid of
the test cell were made of transparent Perspex material, which
facilitated streamer observation. A tungsten needle was used
whose tip radius of curvature was guaranteed to be 50 ± 5 µm
after selection using a microscope. The plane electrode was

made of brass, having a diameter of 200 mm and edge radius
of 3 mm. The needle–plane gap was fixed at 50 mm.

An impulse generator with a maximum voltage of 2000 kV
was used to deliver the standard lightning impulse with 1.2 µs
front time and 50 µs half tail time. A small current limit
resistor (3.5 k�) was used to protect the liquid sample and
needle electrode in case a breakdown occurred. Voltage
and current waveforms were recorded using a high-voltage
capacitive divider and a non-inductive current shunt (1 �),
respectively.

A high-speed camera, which consisted of 16 high-
resolution intensified CCD sensors interfaced with a beam
splitter, was used to take the integral light image (still image)
of streamers. Each image can be individually set to a different
exposure time from 5 ns to 10 ms in steps of 5 ns. The
interframe time between images can also be independently set
from 0 ns to 20 ms in steps of 5 ns. In this study, frame 1 was
used to record the PS. The subsequent 15 frames with the same
fixed exposure time were regularly spread out to capture the
SRS. The interframe time was set as 0 µs to avoid missing
information during the observation. Meanwhile, a compact
photomultiplier tube (PMT) within a shielding box was used
to record the light intensity.

A manual trigger unit was used to trigger the impulse
generator and high-speed camera to ensure that voltage, current
and light signals were recorded in a synchronized manner with
the camera. Approximately 5 min resting time was given
between two consecutive tests (one shot per test). According
to previous experience, there would not be an accumulative
effect expected which means a single test is independent of
another.

The liquid under investigation is a type of synthetic
ester, Midel-7131, of which the PS characteristics have been
reported in [18]. It is a halogen-free pentaerythritol ester,
which contains ‘–COOR’ groups in the molecule. The high
electronegative performance of oxygen atom in ‘–COOR’
group makes the synthetic ester Midel-7131 slightly polar.
The relative permittivity is therefore higher and the volume
resistivity is lower than that of normal hydrocarbon-based
insulating liquids, e.g. mineral oil.

Testing samples were directly taken from sealed new
oil barrels. The relative humidity of testing liquids was
regularly checked during the whole period of experiments,
which scattered in the range from approximately 5% to 20%
RH. All the experiments were carried out in a small dark room
at ambient temperature and atmosphere pressure.

3. Results and discussion

3.1. Phenomenon of SRS

Two types of SRS were observed under negative impulse
voltages as shown in figures 2 and 3, respectively.

Figure 2 demonstrates a type-A secondary reverse
streamer (SRS-A) obtained at 120 kV. Figure 2(a) presents
a global scenario of the PS and SRS. A cluster of intense
current and light pulses was recorded after the onset of applied
impulse voltage spreading from the beginning to the end of
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Figure 2. Demonstration of SRS-A (d = 50 mm, V = 120 kV), (a) global scenario, (b) propagation of PS, (c) polarity of PS, (d) polarity of
SRS, (e) streamer images, 50 µs exposure time for frame 1 and 30 µs exposure time for frames 2–8.

the PS. This is the complete PS process which is normally the
focus of pre-breakdown study. However, we observed an SRS
with large magnitude short duration current and light signals,
which occurred 184.2 µs after the extinction of the PS. It is
noteworthy that the impulse voltage decayed to approximately
5 kV when the SRS appeared.

The zoomed-in current and light signals of the PS are
shown in figure 2(b), of which each is composed of a train
of irregularly spaced discrete pulses. The charging process
induces some noises in both current and light signals at the
rising period of the impulse voltage, and these noises are
consequently ignored in the following analysis. Throughout

the streamer propagation, the current and light pulses increase
in amplitude gradually with time. Most of the light pulses can
be correlated with the current pulses in terms of occurrence
time, which depict the full re-illumination from the needle tip
to the head of the streamer [19–21]. Those light pulses which
cannot be correlated with the current pulses indicate partial
re-illumination that might only exist close to the streamer
head [19].

A couple of pulses are further zoomed and shown in
figure 2(c) to indicate the polarity of the PS. As light signals
measured by PMT are always unidirectional (negative pulses),
the polarity of a streamer is determined by the current signal.
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Figure 3. Demonstration of SRS-B (d = 50 mm, V = 140 kV), (a) global scenario, (b) propagation of PS, (c) polarity of PS, (d) polarity of
SRS, (e) streamer images, 50 µs exposure time for frame 1 and 30 µs exposure time for frames 2–9.

Negative current pulses are observed as expected for the
negative PS, which conforms to the customary understanding.
So it is surprising to see that the SRS-A is with positive polarity,
as shown in figure 2(d). In addition, the maximum light
intensity of the SRS-A is 6.56 arb. unit, which is about 1.6
times of that of the PS, 4.03 arb. unit. In terms of propagation
time as indicated by the current/light signals, it is 26.79 µs for
the PS and 0.72 µs for the SRS-A.

Figure 2(e) shows the still images. Frame 1 corresponds
to the PS while frame 7 corresponds to the SRS-A. There is no
other streamer image observed in the interval between PS and
SRS-A. The PS appears in a tree-like shape with many branches
propagating in both paraxial and lateral directions, and the final

stopping length is 17.71 mm. The average velocity of the PS is
calculated as 0.66 km s−1 using the stopping length divided by
the propagation time, and it is regarded as a 2nd mode streamer.
The SRS-A image shows a different feature from that of the
PS, with a bright single trunk which is 6.76 mm long. It is
assumed that the SRS resembles the PS having a propagation
process initiating from the needle tip. Therefore the average
velocity of the SRS-A is deduced using the same method as
9.36 km s−1, which is over 10 times higher than that of the PS,
so it is classified as a 3rd mode streamer.

Figure 3 shows a type-B secondary reverse streamer
(SRS-B) observed at 140 kV, which occurred 199.15 µs after
the termination of the PS and was with positive polarity. As
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Figure 4. Stopping length of SRS.

Figure 5. Time of occurrence of SRS.

shown in figures 3(b) and (c), the PS has similar features to
those observed in figure 2, but the current and light waveforms
of the SRS-B, as shown in figures 3(a) and (d), are quite
different from the SRS-A, i.e. for the SRS-B the current and
light signals have a continuous component imposed by a few
pulses and lasting for more than 5 µs. The maximum light
intensity of the SRS-B is 1.66 arb. unit, which is less than
half of that of the PS, 4.62 arb. unit. The streamer images in
figure 3(e) show that the SRS-B has the same tree-like shape as
the PS but is weaker in light intensity than the PS. The stopping
length and propagation time of the SRS-B are 9.60 mm and
5.33 µs respectively, thus the average velocity of the SRS-B is
calculated as 1.80 km s−1, which is the typical velocity for a
2nd mode positive streamer.

3.2. Characteristics of SRS

Figures 4 and 5 show the similarities between SRS-A and
SRS-B in terms of stopping length and time of occurrence,
respectively, at various voltage levels up to 140 kV. In figure 4,
the apparent inception voltage of SRSs is determined as 80 kV,
which is 30 kV higher than that of PSs. The lengths of SRSs are

Figure 6. Propagation velocity of SRS.

Figure 7. Maximum light intensity of SRS.

shorter than those of PSs, and both increase with an increase in
the applied voltage. This somewhat indicates that the inception
and strength of SRS are associated with the strength of the
corresponding PS. The maximum length of SRSs is 17.65 mm
observed at 140 kV, which is about half of the corresponding
PS. In figure 5, time of occurrence of SRSs seems uninfluenced
by the applied voltage levels, i.e. neither a monographically
upward nor downward trend is observed. The mean time of
occurrence for all the SRSs is 142.57 µs, at which the impulse
voltage has decayed, on average, to approximately 12% of its
peak values.

Figures 6 and 7 show the differences between SRS-A and
SRS-B in terms of average propagation velocity and maximum
light intensity, respectively, at various voltage levels up to
140 kV. In figure 6, the average propagation velocities of PSs
are very stable with a mean value of 0.71 km s−1, so are the
SRS-Bs with a mean value of 1.28 km s−1. However, the
average velocities of SRS-As are much higher, with a mean
value of 9.79 km s−1. In figure 7, the maximum light intensity
of PSs grows gradually with increased voltage. For SRS, the
light intensity of SRS-B is lower than that of the PS while that
of SRS-A is higher than that of the PS, which conforms to the
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Table 1. Characteristics of PS and SRS.

Type Polarity Length Velocity Light Shape Mode

PS Negative Long Low Normal Tree-like 2nd
SRS-A Positive Short High Bright Trunk 3rd
SRS-B Positive Short Low Weak Tree-like 2nd

Figure 8. Schematic illustration of SRS formation, (a) termination
of PS, (b) formation of SRS.

streamer images of which SRS-A has very bright channels and
SRS-B is relatively weak, as compared with the PS.

All the characteristics of SRSs including polarity, length,
velocity, light, shape and mode are summarized in table 1, as
compared with those of the PSs. It should be emphasized that
SRS is a positive polarity discharge under a negative impulse
voltage, which is opposite the PS, i.e. a negative streamer under
a negative voltage.

3.3. Discussion on mechanism of SRS

The possible mechanism leading to the SRS is illustrated in
figure 8. Both gaseous and electronic processes are involved
in the mechanism of negative streamers in liquids [22, 23],
thus thermal vaporization, charge injection and local ionization
could contribute to the streamer initiation and propagation.
The consequence of these mechanisms is that gaseous channels
filled with many charged particles are left in the liquid when
the PS stops, as shown in figure 8(a). However the exact nature
of the gaseous channels, e.g. chemical compositions, pressure
and temperature, remains unclear. It should be stressed that the
molecule of the Midel-7131 liquid, used in this study, contains
electronegative oxygen atoms, which help in trapping the free
electrons to form negative ions. So many negative ions are
accumulated at the gas/liquid interface and its adjacent areas
during the PS’s propagation.

After the termination of PS, the external electric field Eex

will still be continuously expelling those negative ions at the
streamer head to the ground electrode and those positive ions
mainly in the streamer channels to the needle electrode, even
Eex decreases with the decay of applied impulse voltage; on
the other hand, the gaseous channel gradually dissipates itself
into the surrounding liquid. In figure 8(b), with further decay

Table 2. Chopping time at the tail of impulse waveform.

Voltage (kV) TPS-Stop (µs) TChop (µs) TChop-TPS-Stop (µs)

60 4.63 7.26 2.63
70 11.00 15.12 4.11
80 15.94 25.37 9.44
90 12.56 25.44 12.89

100 20.40 37.71 17.31
110 24.39 37.17 12.78
120 25.14 39.09 13.96
130 31.57 37.46 5.88

of the external field, the negative ions are not necessarily
moving towards the ground electrode, and they could travel
back towards the needle electrode due to the process of charge
diffusion. In addition, shrinkage of the streamer channel helps
to bring the negative ions, those around the gas/liquid phase,
back towards the needle electrode. Lastly, most of the positive
ions get attached to the needle electrode. Compared with the
surrounding negative charges, the needle electrode exhibits
positive and therefore space charge induced electric field Esc

with reverse polarity is built up. Moreover, there is still a
gaseous phase remaining in this area, which could offer an
easier environment for the initiation of SRS. So SRS occurs
eventually near the needle electrode with reverse polarity.

Initiation of SRS depends on the net field (Esc − Eex) at
the needle tip. The maximum electric field Emax at the needle
tip caused by externally applied voltage can be estimated based
on Mason’s equation [24],

Emax = 2 × V

r × ln (1 + (4d/r))
, (1)

where V is the applied voltage at the needle tip, r is the tip
radius of the needle electrode and d is the gap distance between
the needle and plane electrodes.

As seen in figure 4, the apparent inception voltage of
SRS is 80 kV; however, at the time when the SRS appears,
the applied impulse voltage has decayed, on average, to
12% of the peak voltage, i.e. V = 9.6 kV. Knowing the
electrode configuration as r = 50 µm and d = 50 mm,
Eex is calculated as 0.46 MV cm−1 when the SRS occurs.
According to our previous shadowgraph observations, residual
gaseous channels remain around the needle tip for at least
a few hundred microseconds after the termination of PS,
so initiation of SRS could be in either gaseous phase or
liquid phase. Assuming that initiation of SRS occurs in the
gaseous phase and using the corona discharge inception field
of 0.03 MV cm−1 as a representative value of the minimum
required net field, the space charge induced field Esc should be
0.49 MV cm−1 (0.03 MV cm−1 +0.46 MV cm−1). On the other
hand, assuming the initiation of SRS occurs in the liquid phase,
the net field strength needs to be 2.41 MV cm−1 calculated
using equation (1) based on the inception voltage in figure 4
(V = 50 kV), therefore the space charge induced field Esc

should be 2.87 MV cm−1 (2.41 MV cm−1 + 0.46 MV cm−1).
Overall, the minimum space charge induced field to initiate an
SRS would be in the range between 0.49 and 2.87 MV cm−1.

In general, observation of SRS is repeatable under every
shot of impulse voltage above the inception level. At the same
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Figure 9. Effect of tail-chopped impulse on the SRS under negative impulse. V = 100 kV, d = 50 mm, (a) full waveform, 50 µs exposure
time for frame 1 and 20 µs for the others, (b) tail of waveform is chopped at 37.71 µs, 30 µs exposure time for all the frames.

applied voltage, the appearance of either SRS-A or SRS-B is
however random, as shown in figure 4, since the formation
of SRS is determined by the internal dynamic processes, e.g.
space charge generation, distribution and channel dissipation.
When a strong reverse electric field is built up, SRS-A should
be observed since the initiation of a 3rd mode streamer requires
a high electric field. Otherwise SRS-B would be observed at
a relatively weak reverse electric field. Measurement of space
charge distribution may offer more evidence on the dynamic
process and help to explain the type difference of SRS, so it is
worthy of further investigation.

Once initiated, the SRS propagates preferably following
some of the residual channels of the PS. However, there are
also exceptions where new channels other than the residual
ones are developed and this is especially true in the case for
SRS-A.

3.4. Verification test

A remarkable feature for the occurrence of SRS is that the
instantaneous voltage has to decay to a certain low level,
which seems to be a necessary condition to form the SRS.
Therefore in this section, the effect of tail-chopped impulse on
the SRS was investigated at the same 50 mm gap under negative
polarity. With the previous experiences on the propagation
time of PSs, the tail of the applied impulse voltage was chopped
accordingly to ensure that the voltage was there to support the
full propagation of PSs but disappeared much earlier than the
normal occurrence time of SRSs.

Figure 10. Stopping length of PS and SRS under full-wave and
tail-chopped impulse voltages.

The detailed chopping time at each applied voltage level
is given in table 2. Variance of time interval TChop − TPS-Stop

inevitably occurred in the range 10 ± 8 µs and this is mainly
for two reasons: firstly, the limitation of the chopping device
to control the exactly desired chopping time TChop of an
impulse shot at high voltage levels; and secondly, the natural
scattering of the stopping time of a primary streamer TPS-Stop.
Nevertheless, this verification test still serves the purpose of
validating the mechanism proposed in section 3.3 by removing
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Figure 11. Images of SRS under negative full-wave and tail-chopped impulse voltages, (a) SRS under full-wave impulse, (b) SRS under
tail-chopped impulse.

the externally applied Eex and leaving the internally formed Esc

as the only responsible parameter for SRS, despite the variance
of the time interval TChop − TPS-Stop.

Figure 9 shows an example to demonstrate the effect of
tail-chopped impulse on the SRS, obtained under negative
100 kV impulse voltages. As shown in figure 9(a) under
full-wave impulse voltage, a normal SRS-A with a length of
3.49 mm was observed at 153.78 µs, well after the termination
of PS. The length of the PS is 11.17 mm. In figure 9(b), the tail
of impulse was chopped at 37.71 µs after the full propagation
of PS which stopped at 19.75 µs with a length of 13.78 mm. It
was found that the occurrence of SRS was advanced in time,
occurring just after the impulse was chopped. Therefore the
time of occurrence of SRS under tail-chopped impulse was the
same as the corresponding chopping time. Afterwards, there
was nothing observed either in light signal or in still images.
Unfortunately, the light signal of SRS is overlapped with the
discharging noise induced by the chopping wave; however, it
is evidenced in still image frame 2 that SRS with a length
of 6.58 mm does occur and has very bright thick channels
resembling the features of SRS-A under the full-wave impulse.

Figure 10 shows the stopping length of both PSs and SRSs
under full-wave and tail-chopped impulse voltages. Since
the impulse was chopped after the full propagation of PSs as
indicated in table 2, it is understandable to see that the stopping
lengths of PSs under tail-chopped impulse voltages are similar
to those under full-wave impulse voltages. However, SRSs
are not only advanced in time, but also promoted in length by
the tail-chopped impulses. As seen in figure 10, the stopping

lengths of SRSs under tail-chopped impulse voltages are
generally larger than those under full-wave impulse voltages.

The shape features of SRS under tail-chopped impulse
voltages are shown in figure 11. Since SRSs under tail-
chopped impulse resemble the features of SRS-As under full-
wave impulse, the still images of SRSs under tail-chopped
impulses are compared with those of SRS-As under full-wave
impulses. It is striking that SRSs under tail-chopped impulses
have more branches and much thicker channels than SRS-As
under full-wave impulses, especially at higher voltage levels.
In addition, the multi-branch shape of SRS radiating from the
needle point as shown in figure 11(b) supports the assumption
that the SRS is most likely to be developed in the direction
from the needle point to the surrounding liquid. However, this
should be confirmed using fast imaging observation in a future
study.

As illustrated in section 3.3, space charge plays an
important role in building up the reverse electric field Esc to
compete with the external field Eex produced by the full wave
impulse voltage. Hence there has to be a certain time of delay
for the external field decaying to a low level so that the net
field (Esc − Eex) can reach the inception threshold of SRS.
The full-wave experiments so far show that this could take
approximately 142.57 µs on average; during this period, some
of the residual charges are indeed lost into the cathode or anode
or through recombination.

Chopping at the tail of impulse after the full propagation
of PS firstly makes sure that space charges are generated by
the PS and secondly removes the effect of the external field
completely and instantaneously, i.e. Eex = 0. Therefore,
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the net field (Esc − Eex) under tail-chopped impulse is much
higher than the case under the full-wave impulse when Eex

is non-zero, and thus the SRSs occur immediately after the
tail chopping and are much stronger than those under full-
wave impulse. Consequently, tests under tail-chopped impulse
further confirm the important role of space charges in the
formation of SRS.

4. Conclusion

Two types of SRS were observed in an ester insulating liquid
under negative 1.2/50 µs impulse voltage. In the investigated
range from 40 to 140 kV, the PS resembles the features of 2nd
mode streamer while the two types of SRS, SRS-A and SRS-B,
belong to 3rd mode and 2nd mode, respectively. In terms of
stopping length, both types of SRS are comparable and they
are shorter than the PSs. Generally both types of SRS occur
on average at the time of 142.57 µs, when the instantaneous
voltage has decayed to approximately 12% of the peak value
of impulse.

It should be stressed that SRS under negative impulse
voltages has positive polarity, which is opposite the PS.
Therefore space charge induced reverse electric field is the
key mechanism of SRS. To sum up, the formation of SRS
probably needs the following three conditions: (1) a decayed
impulse waveform, (2) sufficient residual space charges and
(3) a favourable gaseous environment. In addition, the liquid
nature, e.g. electronegative performance and viscosity, might
also have a considerable effect on the formation of SRS, which
is worthy of further study.
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