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We investigate the polarity effects of the propylene carbonate on the breakdown voltage using
the needle-plate electrodes with gaps of 0.5, 1.0, and 2.0 mm. The devices used in this study
involve a compact capacitive-energy-storage pulse power source with charging time varying
from 5 ms to 20 ms and a test cell with the needle-plate electrodes. The breakdown voltage
is recorded by a digital oscilloscope for each gap. The results of these three groups indicate
that the positive breakdown voltage is higher than the negative one and the breakdown
voltage of the PC increases with the ascending electrode gap. In addition, a simulation is
conducted to support this experiment. Some explanations about the polarity effect of the
PC are also given.
Key words: Breakdown strength, Propylene carbonate, Polarity effect

the PC can increase to 20 TΩ·cm through purification
of the electro-dialysis system [7] and its resistivity can
keep a high level in a well-closed container. Therefore,
PC is a promising substitute for water as the energy
storage medium in the high power pulse conditioning
system [5]. In addition, the polarity of liquids has a
great impact on the structure of the PFL. For instance,
negative breakdown strength of water is twice as much
as the positive one in the PFL [8]. However, precise
data on polarity of the PC are scarce. We will discuss
the polarity effects on the breakdown voltage of the PC
by using the needle-plate electrodes with gaps of 0.5,
1.0, and 2.0 mm.

I. INTRODUCTION

Development of high power microwave (HPM) technology requires high power pulse conditioning system
with high output power, compact structure and small
volume [1, 2]. Pulse forming line (PFL) as the energy
storage device occupies up to above 60% volume in the
capacitive-energy-storage pulse power system. In this
case, reducing the volume of PFL will benefit the compactness and miniaturization of the pulse power system.
To achieve this goal, improvement of the energy density of the storage medium in PFL is significant in this
research area. Liquid dielectric has been widely used
as the energy storage medium in PFL due to its high
density, good self-healing, and easy-shaping [3, 4]. The
ideal storage liquid dielectric should meet the requirements of high permittivity, high breakdown strength
and high resistivity [5], whereas presently liquids used
as the energy storage medium in engineering applications can not completely satisfy. For example, deionized water has high energy density for its great dielectric constant (about 80) and high breakdown strength.
However, water can absorb the gas from the air and split
it into hydrogen and oxygen, which make it difficult to
maintain the resistivity of water in a high level.

II. TEST PLATFORM

The circuit diagram of the testing system is shown
in Fig.1. The system is initially supplied by city power
with a frequency of 50 Hz. After half-wave rectification,
it becomes the direct current and charges the primary
capacitor. Once the main thyristor is triggered by a
computer, pulse forming line would be charged through
the Tesla transformer. The test cell connected to the
pulse forming line in parallel is also charged. When
the voltage of the test cell reaches the threshold value
of the liquid dielectric, breakdown will occur. At the
same time, the voltage waveform of the whole breakdown process is captured by the oscilloscope. By adjusting the voltage from 150 V to 600 V applied on
the primary capacitor, we can get the corresponding
high voltage from 30 kV to 120 kV in the test cell
[2]. Picture of the test cell is shown in Fig.2. The
cell is a 20 cm×20 cm×20 cm stainless steel box with
the needle-plate electrodes made from brass.

As a new high-energy-storage-density liquid dielectric, the breakdown strength and the dielectric constant
of the propylene carbonate (PC) can reach 2 MV/cm
and 65 respectively [6]. Furthermore, the resistivity of
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FIG. 1 Schematic diagram of the testing platform.
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FIG. 2 Photograph of breakdown test cell.

III. SIMULATION OF ELECTRIC DISTRIBUTION

To simulate the electric distribution of the test cell, a
3-D model of the needle-plate electrodes is constructed
in Ansoft Maxwell software. Two measuring lines are
drawn separately from the center to the edge along the
plate electrode surface and covering the needle electrode
surface (Fig.3). The measuring lines are used to display
the electric field strength so that the effective area of the
plate electrode can be computed. The effective area is
defined as the area suffering over 90% of the maximum
electric field intensity. Based on the numerical analysis,
the electric potential distribution around the needleplate electrodes (Fig.3), the electric field degree from
the center to the edge along the plate electrode surface (Fig.4(a)) and the electric field degree covering the
needle electrode surface (Fig.4(b)) are obtained. Obviously, the highest degree of electric field appears in the
surrounding area of the needle electrode, which is also
the main breakdown area in the needle-plate electrodes.
By finding out the corresponding points (Fig.4), A+ and
A− which are the effective areas of the plate electrode
and the needle electrode can be acquired after simple
calculation. Here, A+ =0.985 mm2 and A− =0.993 mm2 ,
namely, they approximately equal to each other.
DOI:10.1063/1674-0068/28/cjcp1504080

FIG. 4 (a) Plate electrode electric field changes and (b)
Needle electrode electric field changes along the measuring
line.
IV. EXPERIMENTAL RESULTS

Weibull distribution is adopted in the data analysis of
breakdown voltages of liquids as it can limit random jitter [9, 10]. Eq.(1) illustrates the breakdown probability
of the PC under high voltage circumstance.
· µ ¶α ¸
Et
F (Et ) = 1 − exp −
β

(1)

where Et is normalized breakdown field strength, F (Et )
is breakdown probability, α is the shape parameter related to scatter of the data, β is the dimension parameter. For example, E0.5 is the normalized breakdown
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TABLE I Polarity effects on breakdown strength of PC.
Electrode polarity
Needle negative

Electrode gap/mm
0.5
1.0
2.0
Needle positive
0.5
1.0
2.0
a
Sd is standard deviation.

β
44.5
54.8
95.3
60.7
76.8
109.3

α
6.7
8.4
9.3
7.8
9.0
8.0

FIG. 5 Breakdown voltage comparison between needle positive and needle negative at the gap of 0.5 mm.

field strength with a breakdown probability of 0.5 and it
represents the breakdown strength in this work. When
Eq.(1) equals to 0.5, Eq.(2) can be obtained as follows
[11−14]:
E0.5 = β(ln2)1/α

(2)

The value of E0.5 can be calculated by importing the
data collected from the experiments into a software
which is developed by MATLAB. The two parameters
and 95% of their confidence interval can be ascertained
with the command “wblfit”.
By adjusting the needle-plate electrode gap to 0.5,
1.0, and 2.0 mm, the breakdown voltages are recorded
and each gap is tested 30 times. The experimental results after data analysis are listed in Table I. It is obvious that the breakdown voltage increases with the
widening electrode gap. Moreover, the data demonstrated that the positive breakdown voltages are 37.5%,
40.4% and 14.0% respectively higher than the negative
ones for each gap. The voltage waveforms recorded by
the oscilloscope are presented in Fig.5. The results in
Fig.6 also indicate that the effect of positive polarity of
the PC weakens when the electrode gap rises to 2 mm.
V. ANALYSIS AND DISCUSSION

Matin et al. first investigated the breakdown of water
dielectric and conducted many experiments under the
DOI:10.1063/1674-0068/28/cjcp1504080

50%Ubd /kV
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73.7
104.4

95% confidence interval/kV
(38.5, 45.8)
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(54.0, 61.8)
(69.3, 78.1)
(97.1, 111.7)
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12.2
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14.7

FIG. 6 Effect of electrode gap on the polarity of PC.

standard temperature and pressure in 1960s [8]. Two
most important formulas Eqs.(3) and (4) were discovered to describe the rules of water breakdown.
−1/3

A−1/10

(3)

−1/3
600teff A−1/10

(4)

E+ = 300teff
E− =

here E+ and E− in kV/cm are positive and negative
breakdown strength respectively, A in cm2 is the effective electrode area which is defined as the area suffering
over 90% of the maximum electric field intensity, teff in
µs is the effective time which is defined as the time suffering over 63% of the maximum voltage. An obvious
conclusion can be drawn from Eq.(3) and Eq.(4) that
the negative breakdown strength is approximately twice
as much as the positive one. The classical Martin formula is developed to Eq.(5) based on the later research
from Fenneman and Gripshover [4, 15, 16].
−1/N

Ebd = M A−1/10 teff

(5)

where Ebd in kV/cm is the breakdown strength of water
dielectric and M is a constant related to the properties
of water and the quality of the electrode. In Ref.[4], a
much different conclusion is drawn that M of the negative breakdown is only 5% higher than that of the positive one by using the hemisphere (3 cm2 )-plate (81 cm2 )
electrodes. It is apparently inconsistent with the results
under the uniform field conditions. Therefore, it comes
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to a conclusion that under nonuniform field conditions,
M of the negative breakdown is weakened.
According to the aforementioned, the consequence of
our experiments that the positive voltage is higher than
the negative one is reasonable. In this case, Eq.(6) and
Eq.(7) are obtained by modifying the classical Martin
formula.
−1/N

−1/n

(6)

−1/N −1/n
E+ = M− teff A−

(7)

E+ = M+ teff

A+

where E+ and E− in kV/cm are positive breakdown
strength and negative breakdown strength of the PC
respectively, M+ and M− are respectively field enhancement factors of positive and negative, N and n are constants decided by properties of liquids and shape of the
electrode. Here assuming the values of teff in positive
and negative breakdown are equivalent. A+ and A−
are the effective area of the positive electrode and the
negative electrode respectively. Moreover, A+ equaling
to A− has been validated. Therefore, the comparison of
E+ and E− mostly depends on the amplitude of M+ and
M− . Furthermore, based on the result of E+ >E− , it is
concluded that the breakdown always takes place in the
needle electrode whether the needle electrode is positive
or not. That is to say, unlike the classical Martin formula about water, the positive field enhancement factor
of Eq.(6) is greater than the negative one of Eq.(7) for
the PC under the mm-level electrode gap.
Some explanations about the positive voltage higher
than the negative one are given as follows. As to the
needle positive, a space charge cloud can be formed easily near the anode because of the ion and electron appearance and the lower migration speed of ions. Therefore, in order to form a conductor to transfer the charge
from the liquid into the anode, the local field must exceed the intrinsic breakdown field.
For the needle negative, there is a different situation.
In this case, the injected electrons moves from the cathode to the anode with a high migration speed. The free
electrons and oxygen in the liquid will form stable negative oxygen ions on account of much lower migration
speed in the weak electric field intensity. The local field
needs to be higher in order to separate these ions and
transfer electrons to the anode [17]. However, the electrode gap is too narrow to generate a large amount of
attachments between oxygen and free electrodes when
the needle is negative in our experiments. Most free
electrodes move directly to the anode without combination with oxygen. As a result, the result of the positive
voltage higher than the negative one is reasonable. It
can also be concluded from the experimental data that
the negative breakdown voltage rises faster than the
positive one with an increasing gap (Fig.6). Similarly,
Forster et al. drew an analogous conclusion that the size
of the needle-plate electrode gap had a great influence
on the polarity effect [17]. They also pointed out that
the polarity of perfluoro-polyether reverses with the gap
DOI:10.1063/1674-0068/28/cjcp1504080

widening from 5 mm to 25 mm.

VI. CONCLUSION

A research about the polarity of the PC under needleplate electrode gaps of 0.5, 1.0, and 2.0 mm is carried
out. The consequence reveals that the positive breakdown voltage of the PC is higher than the negative one
under the mm-order gap. In addition, when the electrode gap increases, the positive polarity of PC is weakened.
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