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Abstract
An experimental study of the inception of the first‐mode negative streamer at liquid/solid
interfaces is presented in this article. The study is performed with a point‐plane
configuration under square high voltage pulses. The electrode configuration is
immersed in mineral oil and the liquid/solid interface is assembled in contact with the
point electrode or in its vicinity. Four polymers and two impregnated papers have been
tested as solids of the liquid/solid interface. Thus, it is possible to compare the influence
of different parameter of the solid and the interface on the streamer inception. For
example: Permittivity, solid surface roughness, chemical composition, etc. It has been
observed that streamer inception voltages at interfaces with solids of higher permittivity
to that of the mineral oil are statistically similar. Additionally, streamer inception voltages
of streamer initiated free in the oil (no liquid/solid interface) are similar to that of the
inception voltage of cases with solids with high permittivity. In contrast, the inception
voltage of streamers initiated at permittivity matched interfaces are shown to be highest
of the cases. The streamer inception voltage is also studied for different distances be-
tween the liquid/solid interface and the point electrode with a permittivity matched
interface. The results show a dependency of the inception voltage and the distance be-
tween the point electrode and the interface. Finally, an analysis of the observation is
performed to show that the Townsend‐Meek criterion cannot predict the obtained
results.

1 | INTRODUCTION

Electrical pre‐breakdown streamers phenomena in dielectric
liquids is a complex process that involves different electronic,
thermal and mechanical mechanisms [1]. The streamers phe-
nomena in dielectric liquids are highly dependent on the
experimental conditions [1, 2], such as the properties of the
liquid, pressure, temperature, voltage, electrode configurations,
etc. [1, 3]. One of the most common electrode arrangement to
study the streamers is the point‐plane electrode configuration
[4]. It has been reported that streamers in a point‐plane
configuration with short electrode gaps (e.g. 5 mm) are also
dependent on the curvature of the point electrode [5]. For
instance, streamers initiated at point electrodes (positive and

negative polarities) with radius of curvature between approxi-
mately 1 and 6 μm, are characterised by their slow velocity
(∼100 m/s) and irregular, but rounded, shape [5–8]. In nega-
tive polarity, this streamer type is usually referred to as first‐
mode negative streamer [2, 3, 6]. The inception of first‐mode
streamer has been usually observed at point electrodes with
high electric fields (in the order of 107 V/m). Usually, a current
instability corresponding to an electron avalanche in the liquid
phase initiated by free electrons at the tip is observed [1, 9, 10].
The rapid and localised injection of energy into the liquid
produces a shock wave and the formation of a cavitation
bubble [1, 10]. Under these conditions, the formed cavitation
bubble is the precursor of the formation of first‐mode negative
streamers [1]. If series of successive discharges occur into the
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gaseous phase (with current pulses of ∼100 μA peak and tens
of nanoseconds duration), the cavitation bubble expands
forming a streamer which expands until the last current pulse
occurs. After the streamer propagation‐expansion stops, it
starts to implode and collapse [11]. The collapsing dynamics of
the gaseous phase of the streamer has been also observed for
other authors in [12, 13], describing the apparent collapse of
the first mode negative streamer in long time periods.

Contrary to the described inception process in the
liquid phase, the understanding of the inception process of
the first‐mode negative streamers at liquid/solid interfaces
remains unclear. Note that dielectric solids are widely used
in liquid‐based insulation systems (e.g. power transformers,
electrical bushings, power impregnated cables, capacitors
etc). Therefore, there is a need to understand the physico‐
chemical processes involved in the streamer inception at
these interfaces. Since, the inception mechanism of the
first‐mode of the negative streamer is better understood
than for higher propagation modes (streamers with propa-
gation velocity larger than 2 km/s) [2, 14–21], the experi-
ments with first‐mode negative streamers can provide
valuable information of the influence of the interface in the
streamer inception process and the formation of the cavity‐
bubble.

The inception of first‐mode negative streamers at
different liquid/solid interfaces (e.g. a point‐plane electrode
configuration with liquid/solid interface assembled in con-
tact with the point electrode) can be affected by different
parameters. For instance, the electric field at the point tip
can be distorted and enhanced due to the permittivity
mismatch of the liquid and the solid [22–25]. Furthermore,
space charge accumulates on the solid surface, inducing
electrostatic shielding of the field at the point electrode tip
[22, 26]. Additionally, the interface restricts the volume
where initiation of the streamers can take place [27]. Hence,
further knowledge is required to clarify how the interface
affects the streamer inception process and which properties
of the solid can enhance or reduce the streamer inception
probability.

This experimental study reports the streamer inception
voltage probability of the first‐mode negative streamers at
mineral oil/solid interfaces. The solid samples investigated are
one kraft paper, one paper made of micro and nano fibrils of
cellulose and four polymer films which are polyethylene
terephthalate (PET), low density polyethylene (LDPE), pol-
yvinylidene fluoride (PVDF) and polytetrafluoroethylene
(PTFE). In addition, a systematic study of the influence of
the geometrical restriction enforced by the solid on the vol-
ume where the streamer can initiate is performed with a
permittivity matched interface (mineral oil/PTFE). The ob-
tained inception conditions for streamers creeping along
permittivity matched and mismatched interfaces are also
compared with existing theoretical criterion [28]. The results
show that the existing streamer inception criterion is limited
to predict the streamer inception conditions at mineral oil‐
solid interfaces.

2 | EXPERIMENTAL SETUP

A point‐plane configuration is assembled inside of a test
chamber. The radius of the point electrode rp is 2.9 μm. The
plane electrode is made of a copper disk with 100 mm of
diameter and covered with an impregnated paper (thickness of
100 μm) to prevent breakdown. The distance of the point‐
plane gap d is fixed to 5 mm.

The investigated dielectric solid is placed inclined 60° to
the plane electrode. The liquid/solid interface is assembled
in contact with (or near) the point electrode tip, as shown
in Figure 1. This configuration has been chosen such that
the solid limits partially the high field volume in front of
the tip where the initiation process of the streamer takes
place.

A shadowgraphic system is used to acquire shadowgraphs
of streamers initiated at the mineral oil/solid interface. The
technique requires a light beam of a xenon lamp aligned with
the point electrode tip, a far field microscope and a non‐
intensified high‐speed camera. The detected image has a
resolution of 1 μm per pixel. The shadowgraphic system is
based on techniques reported in [2, 3, 11, 29–42]. A photon
detection system based on an optical fibre and a photo-
multiplier is used to detect the light emission from the
streamer.

A streamer charge measuring system based on a differ-
ential measurement technique using a third blunt electrode
referred to as the probe electrode is used to detect the
streamer charge. The probe electrode has similar construction
as the point electrode. The probe electrode tip radius is
500 μm. The body of the probe and point electrodes are
shield to inhibit stray capacitance. The bandwidth of the
differential measurement system is 20 MHz with maximum
sensitivity of 0.1 pC. The design of the streamer charge
measurement system is based on [2, 35, 42–47]. A more
detailed explanation of the experimental setup is already
presented in [48, 49].

F I GURE 1 Shadowgraph showing the assembled mineral oil/solid
interface. (a) Solid surface assembled in contact with the point electrode tip
and (b) Solid surface separated (355 μm) from the point electrode tip.
PTFE, polytetrafluoroethylene
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3 | SOLID SAMPLES

The sample of kraft paper is made of electrical grade un-
bleached kraft pulp (Munksjö AB, Aspa Bruk). The sample has
been beaten for 4000 revolutions in a PFI‐mill (mechanically
treated). The second paper sample is the fibril paper. This
sample is prepared from micro and nanofibrils of cellulose
from kraft pulp. Note that the kraft fibrils preparations does
not include chemical pre‐treatment. The procedure consist in
first beating the pulp 6000 revolutions in a PFI‐ mill and then
homogenized it under a pressure of 1600 bar in a Micro-
fluidiser M‐110eh (Microfluidics Inc.). A Rapid Köthen sheet
former (PTI) is used to prepare the kraft pulp fibres and the
kraft fibrils according to procedures described in [50, 51].

A 3D optical profilometer (OptiTopo, RISE Bioeconomy,
formerly Innventia AB) is used to measure the surface
roughness of the kraft paper. The surface roughness of the
other solid samples is measured with an atomic force micro-
scope (AFM, Nanoscope IIIa AFM, Bruker AXS). Note that
the definition of the average roughness of the AFM mea-
surements is the root mean square of the values measured over
three different areas (15 � 15 μm).

The polymer films used are polytetrafluoroethylene (PTFE
FP301300), low density polyethylene (LDPE ET311201) pol-
yvinylidene fluoride (PVDF FV301300) and polyethylene
terephthalate (PET ES301400). Samples are supplied by
Goodfellow Cambridge Ltd, Huntingdon, England. Parame-
ters of the solids (relative permittivity and surface roughness)
are summarised in Table 1. The thickness of the solid samples
is 100 μm.

4 | PROCEDURE AND SOLIDS
PREPARATIONS

4.1 | Oil and dielectric solid preparations

The preparation of the mineral oil previous to the electrical
tests consists of the following procedure. The test chamber is

filled with Nitro 10X (mineral oil). The oil level covers the
point‐plane electrodes. The filtering of the oil is done by
pumping the oil in a closed loop composed by the test
chamber, a hydraulic filter with pore size of 2 μm and the
hydraulic pump. The degassing of the oil is done during the
circulation in the closed loop. For this, the pressure of the test
chamber is lowered to 5 mbar. When the oil returns to the test
chamber it is poured on the surface of a heating rod which is at
60°C. This process aims to reduce possible air and moisture
into the mineral oil. After 24 h of this process, dry air (80%
nitrogen and 20% oxygen) is pumped into the test chamber.
When the inner pressure of the test chamber reaches atmo-
spheric pressure the mineral oil is cooled to room temperature.

The solid samples size is 8 � 100 mm. The samples
preparations are done inside of a heated vacuum oven (5 mbar)
at 105°C. These drying conditions remove moisture of the
samples. The drying procedure for the LDPE is done at 70°C
since it has low melting point. The drying process is done for
24 h. After it, the oven temperature is set to 60°C. Filtered
mineral oil is pumped into the oven through a feed‐through in
a second glass container for degassing for 24 h. The degassed
oil is poured on the solid sample for impregnation. Note that
all process is done inside the closed oven.

4.2 | Testing procedure

The testing procedure is divided in two parts. In the first part,
the solids are installed in contact with the point electrode as
shown in Figure 1a. Thus, all solid samples produce the same
spatial limitation of the volume where the streamer can initiate.
After the sample is assembled, square high voltage pulses (rise
time of 35 ns and duration of 40 μs) are applied to the elec-
trode configuration. The range of the applied voltage is from
11.5 to 22 kV (steps voltage of approximately 0.6 kV). Four
series of measurements were done. Each series has 10 mea-
surements at the respective voltage level. There is 60 s of
waiting between each voltage pulse. The selection of the peak
voltage random to avoid memory effect in the experiment. In
the second part, the streamer inception probability is studied
for different distances between the point and the solid surface,
ranging between 0 and 355 μm. This distance h is set by
moving the solid sideways, as it is shown in Figure 1. It is
important to note that the point‐plane gap distance d has not
been changed and remains 5 mm for all tests reported. This
second part is only performed with the permittivity matched
interface mineral‐oil/PTFE. The measurements follow the
procedure described above for the first part.

5 | EXPERIMENTAL RESULTS

5.1 | Streamer inception probability at
mineral‐oil/solid interfaces

The inception voltage probability is defined here by counting
the streamers detected with the charge measuring system

TABLE 1 Sample properties

Material
Relative
permittivity

Average surface
roughness (nm)

LDPE 2.2a 30

PET 3.0a 3

PTFE 2.0–2.1a 130

PVDF 8.4 360

Kraft fibril paper 4.5b 350

Kraft paper 3.2b 2000

Oil 2.2a ‐

Abbreviations: LDPE, low density polyethylene; PET, polyethylene terephthalate;
PTFE, polytetrafluoroethylene; PVDF, polyvinylidene fluoride.
aFrom supplier.
bMeasured by dielectric spectroscopy [51].
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(charge steps), photomultipliers (light pulses) and shadow-
graphs for each voltage level. A streamer is assumed to be
initiated if all three measuring systems detect the streamer.
Figure 2 shows the probability distribution function of the
inception voltage of streamers initiated with different mineral‐
oil/solid interfaces. The inception voltage probability is also
reported for streamers without any solid barrier (reference
case). Note that the obtained inception probability of the first
mode negative streamers increases from 0% to 100% in a short
interval of only 2 kV for all studied cases. This is typical
observed in streamers initiated in negative polarity [42].

The 50% probability of streamer inception voltage in
Figure 2 is hereinafter referred to as the inception voltage Vs
[38, 42]. The inception voltage and the standard deviation for
each case are reported in Table 2. In order to determine whether
the differences inVs are attributed to the stochastic nature of the
streamer inception process, a statistical significance t‐test is
performed [52]. Considering a confidence level of 99.5%, it is
found that the tests with PET, PVDF, kraft fibril paper, kraft
paper and the reference case (no solid barrier) are statistically
similar. Therefore, the small differences of their distribution
functions can be attributed to the randomness of the phe-
nomenon. In contrast, the inception voltages with LDPE and
PTFE are statistically higher than in the cases without the solid
barrier or with the cases with permittivity‐mismatched in-
terfaces. This shows that the LDPE and PTFE could have an
impact on the streamer inception process. Since LDPE and
PTFE match the permittivity of the mineral oil, no field
intensification is expected to happen at the point tip due to the
proximity of the interface. Thus, the low electric field intensi-
fication at the tip could be one of the reasons why the LDPE
and PTFE have higher inception voltage than the other cases.
However, the case with PVDF with very high permittivity do
not show lower inception voltage than the other cases. This

means, that not only field intensification can explain the ob-
tained results. Probably, geometrical restrictions due to the
presence of the solid can influence the streamer inception
process. For instance, the position of the interface can obstruct
the volume in front of the point electrode tip where the streamer
can initiate. This volume obstruction can force the streamer
initiation to have place on the side of the point electrode and not
in front of the tip. In order to have a further understanding of
the influence of the interface on the streamer inception process,
an extended study of the mineral‐oil/PTFE interface is pre-
sented in Section 5.2. Note that the study includes measure-
ments for different distances between the point electrode and
the interface. Thus, it is possible to detect if the volume
obstruction influences the streamer inception process.

5.2 | Streamer inception probability at
mineral‐oil/PTFE interface

Figure 3 shows the streamer inception probability at the
different distance h between the mineral‐oil/PTFE interface
and the point tip. The results without the solid barrier are also
included in the figure and the streamer inception voltages are
summarised in Table 3. Observe that the case without the solid
barrier and with the PTFE surface in contact with the tip
define the two extreme conditions of the test. As shown, the
inception voltage of the mineral‐oil/PTFE interface increases
when the distance between the tip and the solid surface de-
creases. A Statistical t‐tests (confidence level of 99.5%) shows
that the inception voltage for the case with distance of 355 μm
is similar to the test without the solid barrier. The cases re-
ported with the solid in contact with the point electrode and
the distances 5, 29 and 72 μm are found to be statistically
different compared with the case without solid barrier.
Therefore, the differences in the inception probability func-
tions in Figure 3 can be attributed to the differences in the
geometrical limitation of the streamer initiation by the presence
of the PTFE interface.

F I GURE 2 Streamer inception probability for different mineral oil/
solid interfaces tested. Point electrode tip in contact with the solid surface.
LDPE, low density polyethylene; PET, polyethylene terephthalate; PTFE,
polytetrafluoroethylene; PVDF, polyvinylidene fluoride

TABLE 2 Inception voltage and its standard deviation for the
streamers incepted at different interfaces in contact to the point electrode

Material
Inception
voltage Vs (kV)

Standard
deviation σ (kV)

LDPE 14.69 0.94

PET 13.23 0.59

PTFE 15.48 0.64

PVDF 13.48 1.45

Kraft fibril paper 13.31 1.30

Kraft paper 13.29 1.41

Oil–without solid 13.02 0.74

Abbreviations: LDPE, low density polyethylene; PET, polyethylene terephthalate;
PTFE, polytetrafluoroethylene; PVDF, polyvinylidene fluoride.
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5.3 | Electron avalanche at the mineral‐oil/
PTFE interface

The electron avalanche in the liquid phase prior to the
inception of a streamer is usually detected as a charge step of
few pico coulombs in the charge recordings [42]. Figure 4
shows typical charge recordings for the mineral‐oil/PTFE
interface with distances between the point and the solid surface
of 0, 4 and 8 μm when streamers are initiated at 15.5 kV. The
measurements show an initial charge step, with not detectable
light pulse correlated with it. This charge step is superimposed
on a continuous component associated to conduction currents
prior to the streamer initiation [38, 53]. The first charge step qf
shown in Figure 4 corresponds to the integration of the
detected current pulse produced by the electron avalanche in
the liquid phase. A second charge step follows the initial charge
step and a light pulse is correlated to it, which is generally
attributed to a discharge inside the formed gaseous cavity. The
average magnitude of qf for each distance case is reported in
Table 4. It is not possible to distinguish between the first
charge step qf and the second charge step correlated with a
light pulse in all the measurements. Only about 40% of the
measurements with detected streamers allowed a separation of

both charge steps as shown in Figure 4. Since subsequent
pulses of light correlated with the second charge step may
appear soon after the development of the gaseous cavity [42],
only events with a sufficient time tp between the charge steps
can be detected.

The first charge step is delayed with time tq from the start
of the voltage pulse. Similar features has been reported by other
authors [42, 53]. This time delay usually is in the order of few
hundred nanoseconds and decreases as the voltage is increased.
The obtained time delay tq changes stochastically between a few
hundreds of nanoseconds up to about three microseconds.
This range is much larger than the time delay reported in [42].
This may be attributed to the presence of the solid.

The two charge steps cannot be distinguished anymore for
distances between the point and the interface larger than 8 μm.
Similar result is also observed for the solids of higher permit-
tivity to that of the mineral oil, in contact with the point elec-
trode. In this last case, the large number of subsequent pulses of
light and steps of charge during the initiation of the streamer
makes it impossible to distinguish qf in the charge recordings.

5.4 | Spatial limitation of the streamer with a
solid of PTFE

Figure 5 shows the typical spatial limitation of streamers by
the oil/PTFE permittivity matched interface for different
distance h between the point electrode and the dielectric
interface. Note that the corresponding streamer has a
rounded irregular shape as in the case without barrier when
the interface is located at a sufficiently long distance h (as far
as 355 μm in Figure 5e). However, as h decreases, the solid
limits the volume in front of the tip, forcing the growth of
the streamer cavity along the interface. In that case, the shape
of the gaseous cavity becomes elongated as the PTFE surface
is brought closer to the tip. The gradual spatial limitation by
the solid shown in Figure 5 clearly illustrates the geometrical
difference of the zone where streamers can initiate as the
distance h decreases.

6 | DISCUSSION

As mentioned before, the development of the first mode
negative streamer relies in the generation of a gaseous cavity
resulted from the energy dissipated of an electron avalanche
(nanosecond duration) in the liquid [2, 11, 42]. In a point‐plane
configuration, the electron avalanche penetrates a distance xi
from the point electrode (cathode) into the liquid. The pene-
tration depth is estimated to be in the same order of magnitude
as the tip radius rp [1, 9, 54]. The electron avalanche is expected
to stop then at the distance where the electric field in front of
the point reaches the minimum critical electric field Ec required
for electron multiplication.

The inception of streamers occur at a voltage Vs when the
electric field at the tip reaches the threshold initiation field Es
[1]. However, Es is not a constant value characteristic only of

TABLE 3 Inception voltage and its standard deviation for the oil/
PTFE interface for different distance h

Distance h (μm)
Inception
voltage Vs (kV)

Standard
deviation σ (kV)

0 15.48 0.64

5 15.16 0.78

29 14.44 0.82

72 13.73 0.51

355 13.27 0.70

Abbreviation: PTFE, polytetrafluoroethylene.

F I GURE 3 Streamer inception probability at the mineral oil/PTFE
interface at difference distances h. PTFE, polytetrafluoroethylene
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the liquid since it also depends on electrode geometric pa-
rameters affecting the field distribution in front of the point
[6]. Finite element calculations show that Es for the here‐
reported experiments in mineral oil without solid barrier is
about 11 MV/cm. This field is similar to the values reported in
[1, 6] for mineral oil. However, it is found experimentally that
the initiation field Es increases with the permittivity of the solid
barrier, as shown in Table 5. Moreover, Es also changes with
the distance h for the PTFE barrier (Table 6) even if there is no
change in the field distribution in front of the point in these
cases.

Since the initiation tip field Es in this experiment is not
constant for the different studied solid barriers, a more
elaborated analysis of the streamer inception is required.
Based on the demonstrated existence of an electronic
avalanche occurring in the liquid phase for negative streamer
initiation [6, 11, 42, 55], theoretical efforts to estimate the
inception voltage Vs, assume a similar physical process as that
causing the initiation of streamer discharges in hydrocarbon
gases (e.g. [28]). Thus, the streamer is incepted in the liquid
when a single electron avalanche reaches a critical size Ncr.
According to [1, 7], the growth of a single electron avalanche
can be described as:

ne ¼ n0exp ∫ xi
0 α E xð Þ; ρlð Þdx

� �
ð1Þ

where ne is the number of electrons generated during the
development of an avalanche, n0 is the number of electron
initiating the electron avalanche and xi is the penetration

F I GURE 4 Typical charge and light recordings of streamers initiating at the mineral oil‐PTFE interface with three distances h. Note that the applied voltage
corresponds to the inception voltage in each case. PTFE, polytetrafluoroethylene

TABLE 4 Average charge of the electron avalanche qf

Distance (μm) Charge (pC)

0 0.5

4 0.7

8 0.9
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depth. α is the electron collision ionization coefficient of
the liquid which depends on the fluid density ρl and the
field distribution near to the point electrode E(x), where
Ec < E(x) < Es. This ionization coefficient can be
expressed as [28]:

α¼ Alρlexp Blρl=E xð Þð Þ ð2Þ

where, the coefficients Alρl (in 106 cm−1) and Blρl (in MV
cm−1) are characteristic values of the liquid respectively. Typical
values of these coefficients for hydrocarbon liquids are 1.1 and
18 for hexane, 1.3 and 19 for cyclohexane, and 1.2 and 18 for
pentane as reported in [28].

Rewriting Equation (1), the criterion for the inception of
streamers can be obtained as [28]:

∫ xi
0 α E xð Þ; ρlð Þdx¼ ln

ne
no

� �

¼ Kcr ð3Þ

where the integral of the ionization coefficient is a dimen-
sionless parameter K that typically ranges between 5 and
20 [28].

In order to compare the results presented in Section 5 with
the streamer inception criterion condition (3), the coefficients
Alρl and Blρl of mineral oil are required. Unfortunately, these
coefficients are not known for mineral oil. Thus, the co-
efficients Alρl and Blρl of cyclohexane are here used as a rough
model of Nitro 10X since alkanes are the major component of
mineral oil [56].

Note that Equation (3) can be also expressed in terms of
the charge of the electron avalanche qf = neq, the initialising
electrons q0 = n0q and the fundamental charge of an electron
q, as shown in Equation (4):

ln
qf
qo

� �

¼ Kcr ð4Þ

Assuming that the electron avalanche is initiated by only
one electron q0 = ‐1.602 � 10−19 C and the charge of the
electron avalanche qf = 0.7 pC as the average of the measured
values reported in Table 4, a rough estimation of Kcr ≈ 15.7
can be obtained. Thus, a streamer is initiated in the liquid phase
when the ionization integral of the electron avalanche exceeds
the critical number Kcr [28]. Therefore, the obtained Kcr is used
for the evaluation of the streamer inception in all the cases
reported in the previous section.

F I GURE 5 Shadowgraph of the first‐mode negative streamer at the mineral oil/PTFE interface. The shadowgraphs show experiments at five gap distances
from the point electrode tip to the PTFE solid surface. The solid surface is inclined 60° to the plane electrode. The applied voltage is 22 kV in each
shadowgraph. rp = 2.9 μm, d = 5 mm. PTFE, polytetrafluoroethylene

TABLE 5 Comparison of the experimental tip field and estimation of
the streamer inception criterion (3) for the tested mineral‐oil/solid
interfaces in contact with the point tip

Distance (μm)

Theoretical estimations
for Kcr = 15.7

Experimental
value Es (MV/cm)Vs (kV) Es (MV/cm)

‐(Without solid) 13 11.1 11.1

PTFE 13.1 11.1 13.0

LDPE 13.2 11.2 12.5

PET 12.7 12.5 13.0

Kraft paper 12.6 13.1 13.8

Kraft fibril paper 11.6 16.3 18.6

PVDF 7.95 19.7 33.4

Abbreviations: LDPE, low density polyethylene; PET, polyethylene terephthalate;
PTFE, polytetrafluoroethylene; PVDF, polyvinylidene fluoride.

TABLE 6 :Comparison of the experimental tip field and estimatation
of the streamer inception criterion (3) for a permittivity matched interface
for different distances h

Distance (μm)

Theoretical estimations
for Kcr = 15.7

Experimental
value Es (MV/cm)Vs (kV) Es (MV/cm)

‐(Without solid) 13.0 11.1 11.1

355 13 11.1 11.3

72 13 11.1 11.6

29 13 11.1 12.2

5 13.1 11.1 12.8

0 13.1 11.1 13.0
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A 2D model has been developed in COMSOL to make the
calculation of the streamer criteria (3) for the studied cases in
this article. The 2D model represents the point‐plane arrange-
ment and the solid with the geometry conditions described in
the Sections 2 and 3 to create the liquid/solid interface. Figure 6
shows a close detail of the obtained simulations near to the
point electrode for some of the cases. The 2D calculations
follows the calculation method proposed in [57].

A summary of the calculated inception voltages and electric
fields that satisfy the streamer inception criteria Kcr for each
solid case are presented in Table 5. The streamer inception
criterion (3) predicts a decreasing Vs as the permittivity of the
solid increases. Nevertheless, the experimental results pre-
sented in Table 2, show that the streamer inception voltage
remains rather constant in the case of the permittivity‐
mismatched interfaces. Additionally, the predicted Es from
streamer inception criterion is lower than the obtained initia-
tion electric field at the respective inception voltage Vs from
the experiments as shown in Tables 2 and 5. This is especially
evident in the case with PVDF which has the highest
permittivity of all the tested solids.

For the permittivity‐matched interface of mineral oil/
PTFE studied in Section 5.2, the experimental results show
that the streamer inception voltage increases from 13.3 to
15.5 kV by reducing the distance h. However, the streamer
inception criteria (3) does not predict such an increment in Vs
as shown in Table 6. Additionally, the electric field at the point
electrode calculated with the streamer inception criterion re-
mains constant by decreasing h. Nevertheless, the Es obtained
from measurements tend to increase by decreasing h.

Thus, Tables 5 and 6 show that the criterion proposed in
[28] may have some limitations to estimate the streamer
inception conditions for the here‐reported experiments with
mineral oil/solid interfaces. However, the lack of parameters
Alρl and Blρl of mineral oil does not allow to conclude if the
criteria (3) is suitable or not. In order to illustrate the elec-
trostatic conditions at the inception voltage Vs for some of the
tests performed, the electric field distributions for the tests

without solid and with the PTFE and PVDF films are shown
in Figure 6. The red‐brown line is the equipotential line at
which the electric field intensity is equal to 6 MV/cm. This
point is defined few micrometers far from the tip and defines
the assumed critical electric field Ec where the ionization co-
efficient (4) becomes significant. As it can be seen, the size of
the volume where avalanches can be generated in the oil at the
measured Vs is different in each case. Moreover, observe that
the path (shown in dashed lines) followed by the strongest
avalanche in the presence of an interface is also strongly
dependent on the permittivity of the solid used. Thus, Figure 6
shows that the maximum size of the avalanches that can be
generated in the liquid phase is not constant at Vs and there-
fore it cannot be uniquely used to define the streamer
inception.

On the other hand, the estimated maximum penetration
depth in the cases shown in Figure 6 does not exceed more
than few micrometres. This depth is in the same order of
magnitude as the tip radius rp, in agreement with [1, 2, 9, 54].
For this reason, it is expected that the avalanche zone is
geometrically limited when an interface is located at a shorter
distance h than the penetration depth. This effect would result
in a reduction of the avalanche charge when reducing h, which
is in qualitative agreement with the values reported in Table 4
for the PTFE interface. Furthermore, it could be possible to
assume that the reduction of the charge of the electron
avalanche due to spatial limitation leads to an immediate
compensation in energy requiring a higher inception field Es as
it is reported in Table 6. Nevertheless, the tests with the PTFE
film also show that the inception voltage can be affected by the
interface located at a distance h larger than the avalanche
penetration depth. Thus, this effect cannot be predicted by
evaluating the size of avalanches in front of the point tip as
assumed in [28].

Since the formation of an avalanche is a necessary, but not
the only condition for streamer initiation, later processes (such
as the formation and expansion of the cavity or the discharges
in the gas phase) may actually define the threshold for

F I GURE 6 Electric field distribution and evaluation of the electron concentration at the inception voltage for: (a) no solid barrier case at Vs = 13.02 kV,
(b) mineral oil/PTFE barrier at Vs = 15.48 kV and (c) Mineral oil/PVDF interface at Vs = 13.48 kV. rp = 2.9 μm, d = 5 mm. PTFE, polytetrafluoroethylene;
PVDF, polyvinylidene fluoride
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inception in the presence of a solid material. Interestingly,
Table 3 shows that the interface can increase Vs even under
distances h larger than several tens of micrometres. Unfortu-
nately, this result is difficult to explain based on the current
understanding of streamers in dielectric liquids.

7 | CONCLUSION

The experimental study shows two remarkable features
of the streamer inception at mineral oil/solid interfaces: First,
the inception voltages are found to be statistically similar for
the cases without the solid barrier and the cases of interfaces
with solids of permittivity higher than that of the liquid.
Additionally, the electric field intensification at the point
electrode because of permittivity mismatch of the interface,
does not result in significant changes of the streamer
inception voltage. Second, the cases with solids made of
PTFE and LDPE (no permittivity mismatch of the interface)
have higher inception voltage than the case without a solid
barrier. The systematic study of the streamer inception at the
mineral oil/PTFE interface indicates that the inception
voltage increases by decreasing the gap between the solid
surface and the point electrode. The maximum streamer
inception voltage is obtained when the PTFE surface is in
contact with the point electrode. In addition, the detected
charge step qf (electron avalanche) increases slightly if the
interface is separated from the point electrode. The system-
atic evaluation of the streamer inception criteria with
permittivity matched and mismatched interfaces shows that
the streamer inception criteria based only in a critical charge
multiplication number seems to be limited to predict correctly
the inception voltage and electric field in mineral oil/solid
interfaces. Additionally, the observation suggests that not only
high field conditions at the point electrode tip are needed to
initiate a streamer, but also enough space between the solid
surface and the point electrode. Since the inception process
in negative polarity is related to the formation of a gaseous
cavity, it is important to understand if differences in the
wettability of the solids can enhance the gaseous cavity for-
mation at the interface. Therefore, it is suggested to study
this condition in the future work. It is also proposed to study
in the future work the influences of the inclination of the
solid. It is important to understand if geometrical restrictions
influences the space charge accumulation at the interface
even under very short rise times.
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