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The main physical processes and phenomena in pulsed electric breakdown of
liquids are described. The nature of charge carriers, mechanisms of formation
and evolution of the gas phase, and their role in charge ignition (initiation)
and development are considered. Spatiotemporal laws of propagation and pa-
rameters of charge channels are described. The basic mechanisms of liquid
breakdowns and boundary conditions of their initiation are formulated. The
monograph will be useful to experts in high-voltage pulsed technology, physics
of dielectrics, and electrical insulation as well as to students of the correspond-
ing speciality.
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Preface

Recently there has been a remarkable surge of interest in the phenomenon of
pulsed electric breakdown in liquids in connection with the rapid development
of high-voltage pulsed power. High-voltage micro- and nanosecond pulses find
wide application in experimental physics, electrodischarge technology, physics
of dielectrics, radar detection and ranging, high-speed photography, etc.

In the last decades, a new direction of science and technology – pulsed
power – has been originated from electrical power engineering and physics.

Sources of high pulsed currents (105–106 A) and voltages (106–107 V) with
nanosecond front duration are required to carry out the experiments on super-
fast plasma heating in laser and accelerating technologies and in a number of
other cases. In such generators, a high-voltage pulse is first generated without
stringent requirements on its shape; then this pulse is transformed with the
use of low-inductive energy storages and dischargers. Extremely high values of
the parameters of generated pulses impose a number of stringent requirements
on the insulation medium of storages and switches and on configurations of
these elements in actual circuits. The requirements on insulation can be briefly
formulated as follows: 1) high electric strength, 2) high permittivity, 3) low
electrical conduction, 4) low rate of decomposition in electric discharges, and
5) fast restoration of the dielectric properties after breakdowns. The experi-
ence on application of various dielectric media as insulation in high-voltage
pulsed power accumulated by the present time demonstrates that purified wa-
ter and dielectric liquids, in particular, transformer oil meet the above-listed
requirements. An increase in working electric field gradients required of in-
sulation of pulse generators with the state-of-the-art parameters obligatory
calls for reduction of their overall dimensions and hence parasitic parameters
in order to shape and use nanosecond pulses.

To simplify the design of high-voltage high-current nanosecond generators
with liquid insulation, to reduce their inductance, and to make a solution
of the insulation problem easier, it is expedient to switch currents using liq-
uid dielectric dischargers. Moreover, in many cases controllable dischargers,
which allow a current to be switched to several parallel spark channels thereby
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increasing the power transferred to a load (a vacuum diode, solenoid, etc.),
must be used because of the requirements imposed on generated pulse power.
Thus, two problems – the problem of insulation and creation of high-voltage
high-current high-speed dischargers – determine in many respects an increased
interest in the phenomenon of pulsed electric breakdowns in liquids.

The start of the intensive development of pulsed power have coincided
with the expansion of works on the application of high-voltage spark dis-
charge energy in industrial technologies. When spark is a working tool, the
development of the discharge in a liquid is the first stage of the complex
technological process, and the liquid itself plays the role of an insulating and
working medium. In this case, the pulsed discharge characteristics influence
the laws of energy liberation in the spark channel and finally, the formation
of various pulsed disturbances (hydrodynamic, thermal, acoustic, light, etc.)
used in the technology.

At the same time, interest in the liquid breakdown under lightning pulses
and in particular, internal surges has quickened in connection with an expan-
sion of working voltages of electric power transmission lines and substations
and the tendency to a decrease in the insulation level of high-power electrical
equipment systems.

The knowledge of the electric breakdown of liquids has not kept pace with
this increasing interest and more and more stringent requirements on liquid
dielectric insulation design. In the literature, 20 or so different models of liquid
breakdown were considered equivalent, thereby testifying to the absence of
reliable experimental data on the laws of discharge propagation and their
dependence on the liquid properties and breakdown conditions.

The foregoing gave impetus to investigations of the electric breakdown in
liquids in the laboratories of the leading countries in the early 60s.

The main results of these investigations obtained till 1972–73 have been
generalized in monograph [1]. In the next 30 years, investigations of the elec-
trical conduction and breakdown in liquid in the USSR (later in Russia),
France, the USA, Great Britain, Norway, Japan, Poland, India, China, and
in other countries were characterized not only by a wide variety of works but
also by the most advanced experimental technology and modern methodical
procedures.

The present book is devoted to a description of physical mechanisms of
initiation and propagation of pulsed discharges in liquids as well as to the
basic laws describing impulse electric strength of liquids. The book is based
mainly on the investigations carried out at Tomsk Polytechnic University,
Novosibirsk State University, Siberian Scientific-Research Institute of Power
Engineering, Novosibirsk State Technical University, Saint-Petersburg State
Technical University, Nuclear Physics Institute of the Siberian Branch of the
Russian Academy of Sciences (Novosibirsk), and All-Russian Electrical Engi-
neering Institute. The results obtained in foreign laboratories and institutes
and necessary for the integrated presentation of the problem formulated in
the title of the monograph have also been included.
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In the process of writing, we have generalized the results of modern re-
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Introduction. Brief Historical Review

The concept of the physical mechanism of liquid electric breakdown in has
run a very complex course. Even in the early 20th century, two radically dif-
ferent approaches to the phenomenon of liquid electric discharge were clearly
distinguished. According to one of them, the electric discharge in a liquid is
the discharge in gas cavities either already presented in the liquid and on the
electrodes or newly formed under voltage exposure (by electrolysis, boiling,
cavitation, and decomposition under electron bombardment). This discharge
mechanism is conventionally called the bubble discharge. According to the
other approach, the discharge is a consequence of avalanche multiplication of
free charge carriers in the liquid and is described by the gas discharge model
generalized to the liquid phase. It implies that electrons in strong fields are
accelerated in liquids and ionize molecules and atoms. The electric strength
of the liquid is related to the molecular liquid structure through the elec-
tron free path, interaction cross section, and ionization energy. This discharge
mechanism is further called the ionization discharge.

Macfarlane [2] pointed out in 1880 that under long-term voltage exposure,
four processes simultaneously participate in the liquid breakdown: formation
of filaments from suspended particles, liquid flow, formation and motion of
gas bubbles, and finally, spark discharge. This point of view was confirmed
by experimental investigations that provided the basis for a number of non-
ionization theories of liquid breakdown: thermal, gas-thermal, voltaic, polar-
ization, etc. A detailed review of these theories can be found in [3–6]. This
point of view prevailed till the middle 40s.

At the same time, external analogs in the phenomena accompanying the
electric discharge in liquids and gases as well as similarity in the laws describ-
ing the electric strength of liquids and gases provided the basis for the at-
tempts to develop the theory of liquid breakdown starting from the Townsend
theory [3, 7–9]. In more recent investigations it was established that the liquid
impurity, temperature, and gas pressure above the liquid affect the breakdown
under impulse voltage much weaker than under long-term voltage exposure.
This fact together with small delay times of breakdowns in liquids (∼10–8 s)
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established by A. F. Valter and L. D. Inge [10] and other authors were in-
terpreted as the proof of the ionization breakdown mechanism. These results
have demonstrated that the Townsend breakdown mechanism has only limited
application to a description of the discharge phenomena in liquids.

A. F. Valter and L. D. Inge put forward a hypothesis that initial electrons
causing the collision ionization in the ionization breakdown mechanism are
emitted into the liquid from the cathode. Baker and Boltz [11] accepted this
hypothesis, and more recently it provided the basis for a number of theories
of liquid breakdown [12–17].

Goodwin and Macfadyen [12] tried to find an analytical expression for the
criterion of liquid breakdown with allowance for the field emission from the
cathode described by the Fowler–Norgdheim equation and for the collision
ionization described by the Löbe equation [18]. The field strength at which
a current instability arises due to emission and ionization is taken to be the
breakdown field strength. In [6, 19] it was demonstrated that this model has
many mistakes and incorrect initial premises; therefore, the coincidence of
theoretical and experimental values of the electric strength was only random.

In the Bragg–Sharbaugh–Crowe model [15], the relationship of the emis-
sion current density, space charge, and field intensities at the cathode and
anode is established in the absence of ionization. Assuming that the break-
down occurs when the field strength in the entire liquid volume is no less than
a certain fixed value, the authors derive the breakdown criterion from the
condition of electron emission from the cathode. Three cases corresponding
to the cathodes with strong, intermediate, and weak emissivities were consid-
ered. In the first case, the current obeys the emission law with allowance for
the space charge; this dependence is observed until the average field strength
in the gap reached 2/3Ebr =2/3Eav. AtEbr, the field at the anode is 1.5 times
greater than Eav, that is, it reaches the breakdown value. In the second case,
the field at the anode reaches Ebr forEav lying between 2/3Ebr andEbr. Fi-
nally, the space charge is not formed for the weak emitter, and the breakdown
is initiated atEav = Ebr. Only in the third case the process depends on the
conditions on the cathode.

According to the Swan hypothesis [16], the breakdown is formed mainly
due to the field emitted from the cathode and amplified by positive ions accu-
mulated on the dielectric or semiconductor film on the cathode surface. The
collision ionization is considered only as a reason of field distortion at the cath-
ode. The field strength at which positive ions at the cathode cause the emission
current to increase continuously until the breakdown initiation in the liquid is
taken to be the breakdown field strength. For well-fitted empirical coefficients
in the equation for the criterion, the calculated dependenceEbr = f(d) for
liquid argon was in good agreement with the experimental dependence.

On the contrary, in the Lewis model [13] the electron emission from the
cathode was not considered at all. It was assumed that for high enough elec-
tric field strengths, a number of electrons acquire more energy from the field
than lose in the process of non-ionization collisions with molecules of the
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liquid. These electrons are accelerated up to the ionization energy and give
rise to electron avalanches. From all collision types causing the electron en-
ergy losses, only the energy losses on the excitation of molecular vibrations in
the medium were taken into account. The breakdown condition was derived
from the Hippel criterion [20] for solid dielectrics based on the energy balance
condition:

[qEλ = C · h · ν, ] (1)

whereE is the electric field intensity, λ is the electron free path,C is an arbi-
trary constant,hν the quantum of energy the electron loses by excitation of
molecules. The satisfactory agreement between the calculated and experimen-
tal Ebr was obtained for a number of hydrocarbons.

In the Kuchinsky model [17] developed for thin layers (10–4–10–2 cm) of
mineral oil, the initial low-intensive partial discharges are attributed to the
processes of collision ionization, and the occurrence of critical discharges is
attributed to a sharp increase in the gassing intensity and formation of gas
bubbles. The condition of the non-stationary mode in the gap leading to an
increase in the positive charge at the cathode that causes a fast increase in
the emission current density thereby progressively increasing the space charge
density until a breakdown of the oil layer is initiated is taken as the break-
down criterion. Based on the study of the characteristics of individual partial
discharge pulses, Kuchinsky [17] estimated the collision ionization coefficient
α and found a dependence of α on E. This allowed him to calculateEbr of
thin mineral oil layers.

Not dwelling on a detailed analysis of the above-mentioned theories con-
sidered in [5, 6, 19, 21], we must note the following. In many careful investi-
gations of the dependence of static and pulsed electric strength of very pure
liquids and conduction currents in strong electric fields on cathode material,
gap length, molecular structure of the liquid, etc. [5, 6, 19–22], the main points
of these models were not confirmed. The cathode material and temperature,
that is, the cathode emissivity had essentially no effect on the electric strength
of even micron gaps, though emission played the main role in the high-voltage
electrical conduction of dielectric liquids. Moreover, the initial concept of ion-
ization breakdown models for liquids that the discharge in a uniform field
always develops from the cathode due to initiation by emitted electrons was
violated for pulsed breakdowns.

The collision ionization as a basis of the ionization mechanism of break-
down in liquids was not convincingly confirmed with experiments as well. A
decrease in Ebr and an increase in the pre-breakdown current with increasing
interelectrode distance pointed out in a number of early experimental works
and used to prove the collision ionization mechanism in liquids were inter-
preted in more recent works as a consequence of imperfection of the experi-
ments and, in particular, of application of spherical rather than flat electrodes.
A decrease inEbr and an increase in current with increasing distance between
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the hemispherical electrodes can be caused by an increased area of electrodes
located in the strong field and hence, an increased number of effective weak
sections and emitting centers [21].

Thus, the authors would have to consider the coincidence of the calculated
and experimental data on the electric strength the only criterion for model
reliability. However, the experimental data on the electric strength of even so-
called extremely pure liquids are highly diversified; therefore, their coincidence
with the calculated results is mostly random.

Because of lacking of the direct experimental proof of the correctness of
ionization liquid breakdown models developed in [12, 13, 23, 24] and the de-
pendence of electric strength on hydrostatic pressure established in a number
of works even for degassed liquids under short-term voltage exposure, a re-
birth of interest in the non-ionization (bubble) liquid breakdown mechanism
reveals itself in models [21, 23–25] developed in the 60s. Moreover, conditions
of realization of this discharge model were generalized to short-term voltage
exposure down to pulses of nanosecond duration.

The Kao model [25] suggests that a gas bubble that already existed or was
newly formed in the liquid under voltage exposure is extended along the field
lines. To find a mathematical expression for the breakdown criterion, Kao has
made the following assumptions: a) the volume of the deformed bubble re-
mains unchanged and b) the breakdown occurs when the voltage drop inside
the bubble is equal to the minimum of the Paschen curve (for the gas inside
the bubble). The theoretical dependence of electric strength of the liquid on
hydrostatic pressure was analogous to the experimental one. However, calcu-
lations of the electric strength for this model are difficult, because the model
does not describe the process of gas bubble formation, and it is necessary to
know the initial bubble radius, the state of the gas in the bubble, and some
other parameters that are difficult to measure. In addition, the model is in-
applicable when the condition of constancy of the deformed bubble volume
is violated or the interelectrode distance is much greater than the deformed
bubble length.

Gassing due to local (near geometrical cathode inhomogeneities) liquid
heating by emission currents provides the basis for the Watson–Scharbaugh
model [21]. The breakdown condition is the violation of equality between the
energy necessary for boiling up of a certain liquid mass and the energyW lib-
erated in the liquid as well as the gas bubble extension up to the critical length
or complete bubble crossover of the interelectrode distance. The energyW is
determined as

[W = A · En · τr, ] (2)

where E is the field intensity, n is the power determined by the emission cur-
rent, space charge, and applied field strength, and τr is the time during which
the liquid mass can be located near the microtip without its replacement by a
colder liquid. If voltage pulse duration is longer than τr, the electric strength
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of the liquid must be independent of the pulse duration. The uncertainty of
almost all factors entering into Eq. (2) gives no way of quantitative calcu-
lations for this model, and the experimentally established fact of preferable
pulsed discharge ignition on the anode rather than on the cathode calls into
question the correctness of the initial premises of this model.

The well-known phenomenon of the decreased electric strength of liquids
in the presence of suspended solid particles provides the basis for the Kok–
Corbey model [23]. It suggests that the suspended particles – polarized spheres
whose permittivity is much greater than the permittivity of the liquid – move
toward the strong field region under voltage exposure. The diffusion and vis-
cous friction hinder the particle motion. The field strength at which parti-
cles are progressively accumulated near a field amplification center forming a
bridge along which a breakdown occurs is taken as a breakdown field strength.
The model suggests an increase inEbrwith increasing temperature, which con-
tradicts the available experimental data. Moreover, the formation of bridges
from suspended particles seems unrealistic under impulse voltages.

Thus, the non-ionization breakdown models are also based on premises
that in most cases were not confirmed experimentally.

In conclusion of our brief analysis of theoretical liquid breakdown mod-
els, it should be noted that no one of these models considers the discharge
evolution which in many respects determines the breakdown characteristics,
especially under short-term voltage exposure. The ionization theories consider
only the conditions of the build-up of collision ionization or electron emission
that are identified with the breakdown criterion. Skanavi [5] emphasized that
the condition of the build-up of collision ionization is insufficient criterion of
electric breakdown even if its nature is purely ionization. In the non-ionization
models, conditions of progressive gassing, gas bubble deformations, formation
of the bridge from impurity particles, etc. are identified with the breakdown
criterion.

The history of gas discharge physics demonstrates that a reliable break-
down theory can be elaborated only based on a detailed physical pattern
of the phenomenon, including a description of all discharge phases develop-
ing in time and space. This approach to the study of breakdown is especially
promising for liquids, taking into account a wide variety and complexity of the
discharge formation and development processes. Even in the most favorable
case of breakdown in a simple carefully purified liquid, it is impossible to es-
tablish a reliable relationship between the electric strength and the molecular
structure of the liquid that could be used as a basis of the theory. Despite care-
ful purification by different methods and decontamination, the liquids used in
experiments on breakdown were still far from being ideal. For example, in [12]
it was demonstrated that the electrical conduction of the liquid continuously
purified and decontaminated for five months decreased but did not reach the
limit which could be considered as the physical-chemical constant of this liq-
uid. In addition, the situation is complicated by lacking of a well-developed
theory of material in the liquid phase.
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Komelkov [26, 27] first described the propagation of the discharge in a
liquid using a high-speed camera for photographic registration of the discharge
channel and simultaneously an oscillograph for registration of voltage and
current accompanying the discharge propagation.

The discharge in transformer oil and distilled water in tip-plane and tip-tip
gaps of length d =12–20 cm was photographed with the Boys rotating lens-
type camera. Satisfactory streak photograph were obtained with the help of ar-
tificial discharge retardation using a high ohmic resistanceRret (104–1.5·106 Ω)
connected into the discharge circuit. It was established that the breakdown
of the gap was similar to the leader process in long air gaps followed by a
bright burst considered by Komelkov as a main (return) discharge in long air
gaps; after the burst, an arc was observed. At highRret, repeated breakdowns
were observed after the main discharge. It was pointed out that breaks in
leader propagation were caused by voltage relaxation whose time was deter-
mined by the circuit parameters (R,L,C), electron capture by molecules and
atoms of the liquid that led to aging of the leader channel and decreasing
its electrical conduction and electric field gradient in the region of ionization,
and the leader deceleration by the space charge barrier formed in the gap by
the ionization zone. The length of the ionization zone was 1–2 cm, and the
effective velocities of the leader channel propagation in transformer oil were
1.7·105 and 6·104 cm/s for positive and negative leaders. Based on the results
of these investigations, Komelkov has made a very important conclusion that
the main concept that provided the basis for the classical theories, namely,
the concept that the breakdown is the build up of pre-breakdown currents
in the gap or the single-avalanche process was incorrect. Actually, a quali-
tatively new phenomenon, involving the formation of a conduction channel
and an ionization zone, takes place, and the processes of collision ionization
proceed in a local moving region. He also pointed out that the development
of the leader from the tip electrode of positive polarity demonstrated that
the electron emission from the cathode is not the governing factor of the dis-
charge mechanism in long gaps. He emphasized that the discharge in liquids
was similar to the breakdown of long rather than short gas gaps similar to a
lightning and hence it can be used to model the lightning.

More recently, Liao and Andersen [28, 29] carried out analogous investi-
gations. To clip currents and glow in the final stage of the discharge, they
put an insulation plate on the flat electrode. The linear film framing speed in
the Boys camera was about 4·103 cm/s. The discharge parameters (velocity,
current, and duration of pauses between bursts) were the same as in [26, 27],
but the discharge evolution was treated differently. According to Liao and
Andersen, it includes five rather than three stages: 1) initiating streamer, 2)
equivalent pilot-streamer, 3) stepped streamer, 4) return discharge, and 5)
arc. At the moment of voltage application to the discharge gap, the initiat-
ing streamer develops from the tip electrode. It passes half the interelectrode
distance (3–4 cm) in 1 μs. From the end of the initial negative streamer, con-
tinuous diffusion glow – the pilot-streamer – is observed. It is reached by a
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series of streamers with intervals between bursts 1–5 μs. After the next burst
(step), a pause in streamer propagation is observed during which the streamer
channel does not glow. For the negative discharge, the pilot-streamer devel-
ops after the stepped streamer from its head; it propagates with a velocity
of 2.5·105 cm/s. For the positive streamer, jumps in the potential and bursts
in the streamer channel corresponding to them are also observed; however, a
smooth increase of the potential in this case is absent. Based on these results,
the authors concluded that the pilot-streamer was absent in this case. When
the stepped streamers reached the opposite electrode, the inception of the
main discharge stage was observed followed by the arc.

Because of artificial clipping of the discharge current (the discharge re-
tardation), the lack of the data on the discharge channel parameters (cross
section, longitudinal electric field gradients, current density, electrical con-
duction, etc.), and different discharge schemes used in [26–29], the leader
liquid breakdown mechanism in long intervals has been recognized not by
all researchers of this phenomenon. For example, Balygin [30] on the basis
of investigations of the discharge in liquids with an oscillograph concluded
that the leader process in the liquid reported in [26] was due to the presence
of the high retarding resistance in the discharge circuit. Without resistance,
the discharge is developed as a single avalanche. The unjustified character of
these conclusions was discussed in [31], and their inaccuracy was demonstrated
in [32, 33].

The first experimental investigations of the discharge in liquids by the
methods of high-speed photography have demonstrated with all evidence that
they are promising. However, technical imperfection of cameras available at
that time with mechanical framing did not allow one to develop this direction
of research further and to detail the physical pattern of the discharge in liquids.
In the next decade (approximately from 1953 until 1963), the great number
of efforts had been made to create a breakdown pattern and theory based
only on the dependence of the electric strength and electrical conduction of
carefully purified liquids on various factors.

In the foregoing historical review, we have briefly considered the works
published approximately until the middle 60s.

By the early 60s, the opportunity appeared to study the discharge in liq-
uids using high-speed photographic devices equipped with electron-optical
image intensifiers (Image Converter Camera-ICC) having time resolution of
∼10–12 s with light amplification coefficient of ∼106together with the methods
and means of nanosecond pulsed power, including high-speed oscillographs.

The first studies of electric breakdown in liquids with the use of ICC were
carried out by Ushakov [1] in the Laboratory of High-Voltage Gas Discharge
and Lightning Protection of the G. M. Krzhizhanovskii Institute of Power
Engineering in 1962–1964 (Moscow); then they were continued at Tomsk
Polytechnic Institute (University). In these studies of the physical processes
initiating pulsed breakdown of liquids, the main methodical procedure was
integrated synchronous registration of spatiotemporal patterns and electric
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parameters of discharges with high-speed electronic, electron-optical, and op-
tical equipment by methods of high-voltage pulsed power including nanosec-
ond one.

The application of these methods allowed the basic laws of formation and
propagation of pulsed discharges in liquids to be investigated for a wide range
of pulse durations and discharge gaps covering a significant part of the range
of their variations in actual designs.

Results of these investigations were generalized in [1]. The hypotheses
about two main breakdown mechanisms in liquids, namely, bubble and ion-
ization ones were confirmed, and their basic characteristics were elucidated.
The approximate boundary conditions of realization of these mechanisms were
also indicated.

In the bubble model, the main sources of charge carriers creating the
plasma discharge channel are the processes inside of the gas bubbles (voids)
that have already existed in the liquid or have been newly formed in a strong
electric field.

In the second model, it is accepted that plasma in the initial stages of
channel development (in “fresh” sections of the channel) is created as a result
of collision or autoionization (field ionization) processes in the liquid. The
charge carriers that are formed in this case and move in the electric field cause
warming and boiling up of the liquid and forming gas channels. Ionization can
develop in these channels in accordance with the gas discharge laws, converting
them into highly conductive channels (into the leader channels in long gaps).

In [1], the voltage exposure time and the electrical conduction of liquids
were chosen as the key parameters of one or another breakdown mechanism.

Investigations carried out in the leading laboratories all over the world in
the next 2.5–3 decades have demonstrated that the actual situation is much
more complicated. It was found that the nature and sequence of the discharge
processes depend not only on these actually most important factors but also
on a number of other factors including the curvature radius of the electrode
initiating the discharge, discharge polarity, viscosity of the liquid, interelec-
trode gap length, and hydrostatic pressure.

Further progress in the study of the electric discharge mechanism in liquids
was mainly due to application of laser technology. Laser light sources used in
optical methods (schlieren photography, interpherometry, etc.) allowed one to
obtain high temporal and spatial resolution. This is especially important for
studying the initial discharge stages. It should be noted that the high temporal
resolution provided by ICC was accompanied by deterioration of the image
quality at nanosecond exposure times. This limits their application for the
study of microobjects changing with high rates.

In the USSR, the first studies of the physical pattern of the electric dis-
charge in liquids with the use of a ruby laser as an illumination source in
high-speed schlieren photography were carried out at the Nuclear Physics
Institute of the Siberian Branch of the Russian Academy of Sciences (NPI
SB RAN) in 1970–1971 [34, 35]. They allowed some important details of the
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discharge initiation and development in water to be elucidated. The results
obtained demonstrated that the given direction of research, intensively devel-
oped over the next few years, was promising. The application of multiframe
systems allowed one to study the dynamics of the processes more reliably.
Further development of the new experimental approach to the study of the
electric discharge mechanism in liquids was connected with the refinement of
methods and modernization of means for ultrahigh-speed optical registration.

The special features of the electric discharge in liquids (a great variety and
complexity of the phenomena itself and its small characteristic dimensions
≤ 10 μm, high propagation rates ∼105–107 cm/s allowed us to formulate a
number of requirements on the methods of high-speed optical measurements:
1) illumination pulse duration no longer than ∼10–0.1 ns, 2) frequency of
shooting in the frame-by-frame mode ∼109–108 frames/s, 3) time interval
between the frames changing in a wide range (∼1–100 ns), 4) high accuracy
of frame synchronization and the desirable frame number no less than 4–7,
5) light beam energy sufficient for registration of subsequent frames with the
necessary time delay, and 6) high beam quality to obtain reliable quantitative
data. Systems of multiframe photography based on light delay lines with a
laser illumination source were developed and used at the Institute of Applied
Mechanics of the Siberian Branch of the Russian Academy of Sciences and
Novosibirsk State University [36, 37].

In the early 80s, the interference and schlieren methods of laser diagnos-
tics of the phenomena from changes in the complex refractive index of the
examined medium, including algorithms of reconstruction of the permittivity
profiles in perturbed media from the amplitude and phase of a probing wave
with allowance for the diffraction, refraction, and absorption were developed
at the High-Voltage Research Institute at Tomsk Polytechnic University. The
diagnostic complex comprised:

– a laser with active mode synchronization providing the following param-
eters per pulse: duration of 1 ns, energy of 40 mJ, wavelength of 0.69 μm, and
instability of pulse of discharger triggering < 1 ns

– a synchronization system that allows gap sensing to be performed within
0.1–10000 μs of the start of the high-voltage pulse

– a two-frame system with spatial division of probing beams
– a two-frame system with a common camera angle and polarization divi-

sion of beams
– a Sagnac interferometer with triangular beam path outside of the exam-

ined object [38].
Approximately at the same time, two other research groups from Siberian

Scientific Research Institute of Power Engineering (Novosibirsk) [39, 40] and
Saint Petersburg State Technical University [41] developed optical methods of
registration of the dynamics of electric field re-distribution and (or) changes
in the liquid density based on the Kerr effect and used these methods to study
the pre-breakdown and breakdown processes in liquids.
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In [39,40], optical registration was carried out using a SFR ultrahigh-speed
photodetector operating in the chronographic mode. Multiframe photographs
were obtained using a pulsed ruby laser in the Q-switched mode. In this case,
a series of light pulses with 50–80 ns duration was generated with time interval
between pulses changing from 1 to 40 μs. During the pause between pulses
(exposure time), the image moved along the film by the frame width, and
the frame was illuminated by the next light pulse. The number of subsequent
photographs was 10–20, that is, the method allowed the events that lasted
from a few tens to a few hundreds of microseconds to be registered.

The Mach–Zehnder laser interferometer with registration of interference
patterns in the photochronographic mode on an electron-optical photochrono-
graph was used in [41]. It was capable of registering short-term phenomena,
including nanosecond high-voltage pulses.

The experimental data obtained by more sophisticated experimental meth-
ods enabled us to address again the problem of integrated study of the nature
of electric breakdown in liquids on a new higher level.
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1

Behavior of Liquids in Strong Electric Fields

We shall restrict our consideration of the problem indicated in the title of the
chapter to a description of the processes that, in our opinion, play the key role
in breakdown initiation and have been covered insufficiently in the literature.

1.1 Liquid Pressure under an Electric Field

1.1.1 Liquid pressure under conditions of impulse breakdown

The influence of a strong electric field on a liquid is noticeable when the electric
field energy density is comparable with the external pressure ε0εE2/2 ≥ P . It
is clear that this condition is usually satisfied in fields characteristic of electric
discharge initiation. In this case, it is important to reveal mechanisms of
influence of the electric field and arising pressure. The effects of a strong pulsed
field are important not only for discharge ignition but also for electro-physics
of liquids. The hydrostatic pressure arising in the liquid under exposure to
pulses, in particular, at the expense of electrostriction and forces acting on the
liquid in uniform and non-uniform fields should be examined in more detail.
Forces acting on the liquid in the vicinity of the electrodes with allowance for
the actual field structure near the electrodes having double electric layers and
emission of charge carriers should also be analyzed.

As is well known, the hydrostatic pressure influences significantly the
electric strength of liquid dielectrics [1–4]. Qualitative explanation of this ex-
perimental fact was one of the main evidences for the bubble breakdown mech-
anism. It is commonly considered that pre-breakdown bubbles are formed in
the liquid due to boiling up, and since the boiling point depends on the pres-
sure, its variations change the boiling point and hence the electric strength.
However, the circumstance that bubbles are formed in the region exposed
to the electric field was not taken into account. Since the electric field ren-
ders the mechanical action on any dielectric body and this action in the uni-
form field can cause volume compression or expansion and deformation of
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the body, this should influence the thermodynamic stability of the bubble fa-
cilitating or hindering its growth. To consider the mechanical action of the
electric field, we first calculate the hydrostatic pressure of the liquid when
the electric field is switched on. The formation of pre-breakdown bubbles was
examined in [5–9], where the electrostriction pressure of the liquid was set
equal to Pstr = ε0(ε − 1)(ε + 2)E2/6. Experiments [10] in n-hexane demon-
strated that the additional hydrostatic pressure caused by an increase in the
liquid density was actually registered. At the same time, calculations of the
bubble deformation with allowance for electrostriction gave incorrect results.
Namely, from the calculated results it followed that the bubble should oblate
along the field direction [11, 12], whereas experiments [11–14] demonstrated
that bubbles and drops elongate along the field force lines. To eliminate this
contradiction, in [11] it was suggested to consider the electrostriction pres-
sure to be image one. The incorrectness of this assumption was pointed out
in [12]; the necessity of an analysis of the electrostriction influence on bubble
formation was repeatedly indicated in [15, 16].

An attempt to invoke electrostriction in the explanation of the forma-
tion of a pre-breakdown shock wave near the tip cathode in the field with a
strength of ∼ 25 MV/cm was made in [17], where it was established that ini-
tial luminescence was preceded by the formation of the electrostriction shock
wave at the tip cathode. It was pointed out that the ionization processes arise
most probably in cavitations voids formed behind the shock wave front; the
assumption of Yanshin et al. [17] about the electrostriction nature of the shock
wave was conjectural. Nevertheless, the absence of ionization phenomena in
water upon exposure to the field with a strength of 25MV/cm for 30–100ns
pointed out in [17] is of theoretical and practical importance; it should be
analyzed in more detail.

Since the electrostriction pressure is caused by changes in the liquid den-
sity, a transition process of density redistribution and establishment of pres-
sure should be observed which will be terminated when the electrostriction
forces are compensated by the arising pressure gradient. An analytical solu-
tion to the problem on pressure dynamics and its influence on bubbles faces
significant difficulties and can be derived only for a limited class of electrode
systems. No consideration has been given to this problem. A formal similarity
of the equations gives us grounds to consider the aero-hydrodynamic problem
of atmospheric fluctuations accompanying the gravitational force change to
be the closest analog of the problem of the electrostriction pressure dynam-
ics [18]. However, before proceeding to a study of the electrostriction pressure
dynamics, we must study the conditions of static equilibrium of the liquid
in the electric field and then consider the relaxation process of establishing
pressure for two important types of the electrode system admitting analytical
solutions, namely, a single sphere and coaxial electrode system.
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1.1.2 Nature of the electrostriction pressure

The electrostriction pressure is formed in the liquid because of the dependence
of its permittivity on the density:

ΔPes = ε0ρ
∂ε
∂ρ

E2

2
. (1.1)

This dependence is different for gases and liquids. Moreover, for polar and
non-polar liquids it also has different forms.

For non-polar liquids, the dependence of the permittivity ε on the liquid
density ρ (for convenience, in this chapter we omit the subscript “l” of the
liquid density) is described by the well-known Clausius–Mossotti equation
from which it follows that

ρ
∂ε
∂ρ

=
(ε − 1) (ε + 2)

3
. (1.2)

For polar liquids, we take advantage of the Onsager–Kirkwood–Fröhlich
equation [19, 20]; after differentiation, we obtain [21, 22]

ρ
∂ε
∂ρ

= ε − ε∞ , (1.3)

where ε∞ is the permittivity in the infrared range. Experiments [10] demon-
strated that (1.2) for non-polar liquids is obeyed with high accuracy. For polar
liquids, experimental results of Jacobs and Lowson [23] are well described by
the formula

ρ
∂ε
∂ρ

≈ k · ε , (1.4)

where k is a coefficient of the order of unity, and for most examined liquids
k < 1.5.

1.1.3 Pressure in electro-hydrostatic equilibrium

As is well known, equilibrium of liquid in the absence of mass forces corre-
sponds to the absence of dependence of pressure, temperature, and chemical
potential on coordinates. In an electric field, the chemical potential is inde-
pendent of coordinates when the condition [24]

P (ρ (x, y, z)) − ε0ρ
∂ε
∂ρ

E2 (x, y, z)
2

= const = P0 (1.5)

is satisfied in the entire liquid volume. Here P0 is the equilibrium pressure
which coincides with P where the field is small.

In addition to condition (1.5) of liquid equilibrium in the volume, equi-
librium conditions must be satisfied on the volume boundaries. These condi-
tions unambiguously determine the P0 value and hence, according to condition
(1.4), the pressure in the entire volume.



4 1 Behavior of Liquids in Strong Electric Fields

Let us consider some types of boundary conditions and determine P0 and
P for them.

a) Closed volume. In this case, the liquid inflow into the volume is impos-
sible; therefore, the average density and pressure remain constant: ρav = ρ0

and Pav = P0. After averaging of (1.5) over the volume, we obtain that

P0 = Pout − ε0ρ
∂ε
∂ρ

∫
E2 (x, y, z) dV

2V
= Pout − ε0ρ

∂ε
∂ρ

E2
av/2 , (1.6)

where Pout is the external pressure and Eav is the average field strength inside
the volume.

In a uniform field, Eav = E0 and hence, P (x, y, z) and ρ(x, y, z) remain
unchanged when the field is switched on, whereas in a sharply non-uniform
field, Eav ∼ 0 and the P value is described by the expression

P (x, y, z) = Pout + ε0ρ
∂ε
∂ρ

E2 (x, y, z) /2 . (1.7)

Thus, the sharply non-uniform field in a closed volume causes the pressure
in the region of field amplification to increase, whereas the uniform field does
change the hydrostatic pressure.

b) Boundary with the atmosphere. In this case, the equilibrium boundary
condition [24]

Pb − Pout = ε0ρ
∂ε
∂ρ

E2
b/2 − ε0 (ε − 1)

(
εE2

n.b + E2
t.b

)
/2 (1.8)

should be considered additionally, where En.b is the normal field component
and Et.b is the tangential field component at the liquid boundary. From here
it immediately follows that

P0 = Pout − ε0 (ε − 1) · (εE2
n.b + E2

t.b

)
/2 ,

P (x, y, z) = Pout + ε0ρ
∂ε
∂ρ

E2/2 − ε0 (ε − 1)
(
εE2

n.b + E2
n.b + E2

t.b

)
/2 . (1.9)

1.2 Transient Processes of Establishing Pressure

Let us consider the transient process of establishing pressure in a liquid under
voltage application to the electrode system. In the region of action of the
non-uniform electric field, a bulk force arises whose density is given by the
expression

f = −∇P0 = −∇
(

P − ε0ρ
∂ε
∂ρ

E2

2

)

. (1.10)

Under the action of this force, the pressure is redistributed with the rate
depending on the degree of field non-uniformity, electrode system dimen-
sions, and liquid viscosity. In calculations of pressure establishing, we restrict
ourselves to an examination of low-viscosity liquids. For viscous liquids, we
present only estimates.
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1.2.1 Electrostriction wave near the spherical electrode
under impulse voltage

Let us consider the dynamics of establishing the electrostriction pressure when
the voltage is instantaneously applied to a sphere placed in a liquid dielec-
tric [25,26]. The choice of the electrode system is caused by the circumstance
that the sphere of small radius is the conventional model of the tip electrodes.
To describe the motion of liquid and its pressure, we now write down the
acoustics equations with the density of force specified by (1.10):

∂W

∂t1
+ c

∂U

∂r1
= −ε0

∂ε
∂ρ

2E2
0r4

0

cr5
1

,

∂U

∂t1
+ 2c

W

r1
+ c

∂W

∂r1
= 0 ,

(1.11)

where W = v/c is the ratio of the liquid to sound velocities, u = Δρ/ρ specifies
the relative density change, and E0 is the field strength near the sphere. The
initial conditions of this system of equations have the form

U |t1=0〉 = 0 , W |r1=r0 = 0 ,

W |t1=0 = 0 , U |r1=∞ = 0 .
(1.12)

For convenience of solution, we now write down the equations in a dimen-
sionless form, replacing

r = r1/r0 , t = t1 · c/r0 , α = ε0ρ
∂ε
∂ρ

E2
0/
(
ρ · c2

)
.

Then (1.1) assumes the form

∂W

∂t
+

∂U

∂r
=

2α
r

,

∂U

∂t
+

W

r
+

∂W

∂r
= 0 .

(1.13)

Hyperbolic system of equations (1.13) with boundary conditions (1.12) is in-
vertible, and taking advantage of the Laplace transform [27], it can be reduced
to the form

pW (r, p) +
dU (r, p)

dr
= − 2α

pr5
,

pU (r, p) +
dW

dr
+

2W

r
= 0 .

(1.14)

From the above system of equations, we obtain the second-order equation
for U

d2U

dr2
+

2dU

rdr
− p2U = − 6α

pr6
(1.15)

with the boundary conditions U (∞, p) = 0 and
dU (1, p)

dr
= −2α

p
. The

function



6 1 Behavior of Liquids in Strong Electric Fields

U0 (r, p) = C1
epr

r
+ C2

e−pr

r
(1.16)

is the general solution of the homogeneous equation. A partial solution of the
inhomogeneous equation can be found by variation of constants:

U ′ (r, p) =
3αepr

p2r

∫
e−pxdx

x5
− 3αe−pr

p2r

∫
epxdx

x5
. (1.17)

The constants C1 and C2 are determined from the boundary conditions: C1 =
0 from the condition at infinity, and

C2 =
2αep

p (p + 1)
+ 3α

1∫
e−p(x−2)dx

p (p + 1)x5
− 3α

1∫
e−p(x+2)dx

p2 (p + 1)x5
− 3α

1∫
epxdx

p2x5
.

(1.18)
Unity for the upper integration limit means that indefinite integrals are taken
at this point. For convenience of further calculations, we formally transform
the indefinite integrals into definite ones, and set the lower integration limit
so that the integral value at this point was equal to zero:

U (r, p) =
2αe−p(r−1)

p (p + 1) r
− 3α

r

⎛

⎝
∞∫

r

e−p(x−r)dx

p2x5
+

∞∫

1

e−p(x−2+r)dx

p (p + 1)x5

−
∞∫

1

e−p(x+2+r)dx

p2 (p + 1)x5
+

1∫

r

ep(x−r)dx

p2x5
+

1∫

r

ep(x−r)dx

p2x5

⎞

⎠ .

(1.19)

Because the integrals everywhere converge, at least in the sense of the
principal Cauchy value, we can change the order of the inverse Laplace trans-
formation and integration. Omitting details of calculations, we present the
final solution.

For r1 ≥r0 + ct1,

U (r1, t1) =
ε0ρ

dε
dρ

E2
0r4

0

2ρ · c2 · r1

[
1
r3
1

− 1
2 (r1 + ct1)

3 − 1
2 (r1 − ct1)

3

]

,

(1.20)

and for r1 < r0 + ct1,

U (r1, t1) =

ε0ρ dε
dρE2

0r4
0

2ρ · c2 · r1

[
1

r3
1

− 1

2 (r1 + ct1)
3 − 1

2 (2r0 + ct1 − r1)
3

− 1

2r0 (2r0 + ct1 − r1)
2 − 1

2r2
0 (2r0 + ct1 − r1)

(1.21)

+
e
− (2r0 + ct1 − r1)

r0

2r3
0

{

Ei

(
2r0 + ct1 − r1

r0

)

− Ei (1) + 2 exp (1)

}]

,
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where Ei(x) is the integral exponent [28]. From the solutions obtained it can
be seen that when the electric field is switched on, two rarefaction waves of
the form f(r1 − ct1) and f(r1 + ct1) are generated. The first wave propa-
gates toward the sphere and after reflection from it is transformed into the
compression wave g(ct1−r1−2r0); the second wave goes to infinity. The pres-
sure distribution near the sphere is shown in Fig. 1.1 for the transient period.
From the figure it can be seen that the region in which density and pressure
decrease, that is, Δρ ≤ 0 and ΔPes = Δρc2 ≤ 0, has the size Δr ∼ r0 and
moves from the electrode with the sound velocity. The displacement of the
spatial pressure minimum is described by solutions (1.20) and (1.21), and the
absolute pressure minimum is observed at t1 = 1.

The pressure is always positive at r = r0. It first increases from zero to
0.7ε0ρ ∂ε

∂ρE2
0 during t1 ∼ 2 · r0/c and then decreases to a stationary value

ΔPes = ε0ρ
∂ε
∂ρ

E2 (r)
2

. (1.22)

This stationary pressure, as expected, coincides with the stationary elec-
trostriction pressure distribution characterized by (1.7).

We emphasize that the space-time electrostriction pressure distribution
ΔP (r, t) can be derived for voltage pulses of arbitrary form ϕ(t). The simplest
method is to take advantage of the Duhamel integral

Fig. 1.1. Dependence of the normalized electrostriction pressure on the radius at
the indicated time moments from the impulse voltage application to the spherical
electrode
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ΔPes (r, t) = ρ · c2

t∫

0

ϕ (t)U (r, t − τ) dτ , (1.23)

in which the role of the transient function is played by the solution obtained.
Among the factors that specify the applicability limits of the above expres-

sions are the sound wave attenuation, dipole saturation of liquid molecules,
and violation of the conditions of acoustic approximation.

The distance at which the monochromatic wave with circular frequency ω
attenuates in the medium having viscosity η, adiabatic exponent γ, thermal
conduction κ, and heat capacity cp is determined by the classical attenuation
coefficient [29]

l ≈ 2ρc3

ω2

1
(γ − 1) κ/cp + 4η/3

. (1.24)

In our case, ω ∼ c/r0 ∼ 107 Hz, and l is large for low-viscosity liquids;
for example, l = 1 m for water and nitrobenzene. For slower processes with
characteristic frequencies in the kilohertz range, the attenuation length can
be even greater.

We note that for viscous liquids with l < r0, the character of electrostric-
tion waves changes, the pressure is established more slowly, and the negative
pressure region is absent.

Let us estimate the applicability limits of the acoustic approximation from
the condition Umax << 1 from which it follows that α << 1 or

E0 	 Ecr =
c

√

ε0
∂ε
∂ρ

. (1.25)

For nitrobenzene, Ecr = 27MV/cm, and for water Ecr = 18MV/cm. For
E0 << Ecr, the acoustic approximation is applicable, and for E0 ∼ Ecr, the
establishment of pressure must have some special features.

The complexity of calculations is aggravated by the dipole saturation that
occurs in these fields and consists of the dominant orientation of molecules
along the field. After achievement of the saturation field strength, the dipole
moment of unit volume cannot increase any more with further increase of the
field strength. This is equivalent to a decrease in the permittivity of the polar
liquid. The saturation field strength can be estimated from the following rea-
sons [26]. If we neglect the deformation polarization component in comparison
with the orientation component, the maximum dipole moment of unit volume
will be determined from the expression Pmax = d · n, where d is the dipole
moment of the molecule and n is the number of molecules in unit volume.
On the other hand, by definition the dipole moment of unit volume is the
polarization P = (ε − 1)ε0 · E. Considering that values of ε and density n
are constant at the beginning of saturation and equating the expressions for
polarization, we obtain
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Es = dn/ ((ε − 1) ε0) . (1.26)

For nitrobenzene Es = 2 MV/cm, and for water Es = 3 MV/cm. The
accuracy of the estimation based on (1.2) and (1.3) considerably decreases at
E ∼ Es.

We now consider qualitatively the pattern of establishing the electrostric-
tion pressure. It is obvious that the wave character of the process will be
kept unchanged in strong electric fields when the acoustic approximation is
inapplicable and the ε value will decrease in the region of maximum field. We
note that the last circumstance must cause the field in this region to increase,
thereby leading to further decrease in ε, field amplification, and so on. The
increase in the field strength does not lead to the electrostatic catastrophe,
and the field remains bounded due to a finite electrode potential. Since values
of the field strength E and field gradient E2 increase, the force acting on the
liquid at the initial moment of time also increases according to (1.10). Un-
der the action of mass forces, the liquid starts to move toward the electrode
and passes by the equilibrium position by inertia; then the liquid gradually
returns to the equilibrium position. In the case of significant pressure drop,
the reflected wave can be transformed into a shock wave propagating from the
electrode.

Let us qualitatively analyze the influence of the electrostriction pressure on
the dependence of impulse electric strength on the external pressure. Accord-
ing to [30–32], for tip electrodes this dependence becomes pronounced when
the acting voltage duration is greater than 1 μs; it is not observed for shorter
voltage pulses. A qualitative understanding of the electrostriction contribution
to this phenomenon is possible even without consideration of the discharge
mechanism. If we accept that the electric strength increases for shorter volt-
age pulses and the electrostriction pressure exceeds stationary value (1.22), a
decrease in the voltage pulse duration should result in a significant increase in
the hydrostatic pressure near the electrode and hence, the role of the external
factor (pressure) should decrease. In addition, as demonstrated below, in or-
der that deformed bubbles with sizes of 10 μm be formed in t ∼ 100 ns, forces
considerably exceeding the external pressure used in experiments [2, 30–32]
must be applied; exactly the breakdown of these bubbles initiates a discharge.

1.2.2 Dipole saturation effect in water and its influence
on pre-breakdown processes in the system of tip electrodes

In experiments with the tip electrodes under nanosecond voltage pulses, the
field strength in liquid dielectrics exceeds 107 V/cm [17,33, 34]. It is assumed
that such fields are created at micro-tips of the flat electrode surface, thereby
initiating an electric discharge in the gap under relatively low average field E ∼
105 V/cm. When analyzing the initial ionization phenomena and conditions of
bubble formation, it is implicitly assumed that the liquid keeps the structure
and dielectric and thermodynamic properties unchanged. These assumptions
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are not evident at least for polar liquids, because the influence of strong fields
must result in an orientation of virtually all dipole molecules in the liquid. For
non-uniform electric fields, the spatial distribution of the degree of orientation
of molecules will change with field non-uniformity and will redistribute the
field thereby increasing the degree of field non-uniformity. Simultaneously with
the field redistribution, the electrostriction pressure itself will be redistributed.

Let us consider this effect for water having the differential permittivity
described by the well-known empirical formula [35]:

dD

dE
= ε0

ε (0) − n2
0

1 + bE2
, (1.27)

where ε(0) is the permittivity of water at E = 0, n2
0 = 1.78, and b =

1.2 · 10−13m2 · V−2. After integration of this expression, we obtain

ε (E) =
ε − n2

bE2
ar cot

(
bE2

)
+ n2

0 . (1.28)

A decrease in ε of water with increasing E results in an additional am-
plification of the field E = kEE0 and electrostriction pressure Pes = kP P on
the sphere surface. Figure 1.2 shows the calculated amplification coefficients
kE and kP . From the figure it can be seen that the effect of dipole saturation
becomes pronounced when E0 > 2MV/cm. At E0 ∼ 20MV/cm, the actual
field strength on the sphere is by 5 times greater that the calculated one, that
is, E0 = 100MV/cm. Since the increase in the electric field is caused by the
decrease in ε, the rate of increase of the electrostriction pressure slows down,
and its maximum amplification coefficient kP = 3 at E0 = 6MV/cm decreases
to kP ∼ 1.5 with further increase in the voltage applied to the electrode.

The dipole saturation causes the field and pressure to concentrate near the
electrode (Fig. 1.3), thereby accelerating the transient process. We note that ε
changes in the process of orientation of water molecules during 10−11−10−10 s,
that is, practically inertia less. The force acting on the volume element of water

Fig. 1.2. Dependences of the pressure and field amplification coefficient on U/r0

near the sphere with (P ′ and kE) and without allowance for the dipole saturation
(P and kp)
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Fig. 1.3. Distributions of the electric field strength (a) and electrostriction pressure
near the electrode (b) with (without primes) and without allowance for the dipole
saturation effect (with primes) for U/r0 = 20 (curves 1 and 1 ′), 10 (curves 2 and 2 ′),
and 5 MV/cm (curves 3 and 3 ′)

when the field is switched on can be expressed through the stationary pressure
gradient. The increase of forces acting on the near-electrode water layers in
the initial stage of the transient process and the spatial localization of these
forces will result in a sharp pressure drop in the vicinity of electrodes. In this
case, the stress wave in water can be followed by a shock wave engendered by
a large pressure gradient near the sphere.

In experiments [17,33,36] with the tip cathode (r0 = 30 μm), a jump of the
water density propagating from the cathode approximately with the sound ve-
locity was recorded for a voltage amplitude of 250kV when the field strength
near the tip end calculated disregarding saturation was 25MV/cm (Fig. 1.4).
The voltage front pulse duration was less than the characteristic time r0/c =
20ns, and hence the pressure at the tip was established in the wave regime.

Fig. 1.4. Photographs illustrating the shock wave formation in water near the tip
electrode under a strong electric field
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The above analysis demonstrates that the observed density jump could be
due to a stress pulse or shock wave.

Let us emphasize that the breakdown from the positive tip is initiated on
the pulse front; therefore, the electrostriction pressure had no time to become
stationary for t < τfr = 5 ·10−9 s. It seems likely that the electrostriction plays
no role in the pre-breakdown processes near the tip anode.

The important circumstance in an analysis of pre-breakdown processes is
that the electrostriction pressure near the tip electrodes considerably exceeds
the external pressure in pre-breakdown fields. When E0 increases from 1 to
20MV/cm, the water pressure increases from 3.5MPa to 2.2 GPa (Fig. 1.3b).
We note that water changes to ice VI at room temperature under pressure
Pn = 1 GPa. It is not clear whether water changes to ice under the action of the
electrostriction pressure, because it is not known how the dipole saturation
affects the Pn value and the lifetime of water molecules in the meta-stable
state (the normal state of water molecules under this pressure is metastable).

The following is of interest. Estimates demonstrate that in experiments [33,
36,37], the stress wave amplitude in water reached 108 Pa, which corresponded
to its theoretical tensile strength and hence, conditions for instantaneous water
cavitation had been realized. The special features of this electrostriction cav-
itation, as follows from the above analysis, are short microbubble lifetime
determined by the stress action duration at the observation point in the liq-
uid (which in [36] was < 10−8 s) and the liquid layer separating the cavitation
zone from the electrode (see Fig. 1.1).

Based on an analysis of the experimental results [33,36], a conclusion can
be made that the electrostriction stress wave, even though it caused cavitation
of water, did not decrease its electric strength. This is indicated, in particular,
by the long lag time (10−7 s) of discharge ignition from the tip cathodes ob-
served in experiments. The absence of ionization phenomena inside cavitation
microbubbles can be explained by the absence of free electrons, because the
cavitation zone is separated from the electrode by the liquid layer as well as by
the short microbubble lifetime (less than 10−8 s from the moment of bubble
formation to the arrival of the positive pressure wave). Estimates demon-
strate that the probability of electron generation by autoionization of water
molecules in the cavitation zone was insignificantly small under conditions of
experiments [33, 36]. The background free electrons of cosmic origin with a
frequency of 109 m−3 · s−3 in water can also be neglected [40].

The electrostriction pressure near the microtips on the electrode surface is
established in the quasistationary regime even under application of nanosec-
ond voltage pulses because of small microtip dimensions. The existence of pre-
breakdown bubbles near the electrode under these conditions must be directly
connected with emission of charge carriers. The formation of a monopolar
space charge near the electrode decreases the electrostriction pressure compo-
nent in the vicinity of the electrode surface due to the effect of field screening,
and the liquid density also decreases under the action of the Coulomb forces.
Below this problem is considered in more detail.
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Thus, the dipole saturation effect in pre-breakdown electric fields can lead
to a significant increase in the electrostriction pressure, thereby hindering the
microbubble formation and increasing the pre-breakdown period.

1.2.3 Electrostriction waves in a coaxial line

Coaxial lines with liquid insulation are widely used in high-voltage engineer-
ing for shaping and transfer of voltage pulses [39, 41, 56]. When analyzing
reasons for the electric breakdown of insulation of these lines, the opportu-
nity of forming electrostriction waves was not considered. It was assumed that
during passage of a high voltage pulse, the pressure at any point of the liquid
remains unchanged and equal to the external pressure. However, taking into
account the influence of the pulsed field on liquid insulation, by analogy with
the spherical electrode examined above, we can expect that under certain con-
ditions, the electrostriction waves will be formed in coaxial lines as well and
will influence significantly the pressure both in the liquid volume and near the
electrodes.

As in the previous case, we consider a step influence of voltage and neglect
the time of electromagnetic wave propagation. That is, we consider that the
potential difference between the electrodes is established instantaneously in
the entire coaxial line.

In this case, the initial equations in cylindrical coordinates have the form

∂U1

∂t1
+ c

W

r1
+ c

∂W

∂r1
= 0 ,

∂W

∂t1
+ c

∂U1

∂r1
= −1

c
· ∂ε
∂ρ

· E2
0 · r2

0

r3
1

(1.29)

with initial and boundary conditions

U1 |t1=0 = 0, W |r1=R0 = 0, W |t1= 0 = 0, W |r1= r0 = 0 . (1.30)

Here U1 = δρ
ρ , W = V

C , E0 is the field strength at the internal electrode of
radius r0, and R0 is the external electrode radius.

After replacement of variables r = r1
r0

and t = t1 · c/r0, we eliminate W
from (1.29) and express the unknown U1 in the form U1 = U + α

2r2 . We arrive
to the equation

∂2U

∂t2
+

∂2U

∂r2
+

1
r
· ∂U

∂t
= 0 (1.31)

with boundary and initial conditions

U

∣
∣
∣
∣t=0 =

α

2r2
,

∂U

∂r
|r=1 = 0,

∂U

∂t

∣
∣
∣
∣t=0 = 0,

∂U

∂r
|r=b = 0 , (1.32)

where b = R0/r0. Homogeneous (1.31) with homogeneous boundary condi-
tions (1.32) can be solved by the method of variable separation:
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U (r, t) = R (r) · T (t) ,

∂2R

∂r2
+

1
r
· ∂R

∂r
R

=

∂2T

∂t2

T
= −λ2. (1.33)

Partial solutions of this equation have the form

Tλ (t) = a1 cos λt + a2 sin λt , (1.34)
Rλ (t) = a3J0 (λr) + a4N0 (λr) ,

where J0(x) and N0(x) are the zero-order Bessel and Neumann functions.
Substituting the partial solutions to the initial and boundary conditions, we
find that a2 = 0 and eigenvalues λk obey the equation

N1 (λk) · J0 (bλk) = N0 (bλk) · J1 (λk) , (1.35)

where J1(x) and N1(x) are the first-order Bessel and Neumann functions.
In this case, a solution is written as

U (r, t) =
∞∑

k=0

Ck [N1 (λk) · J0 (λkr) + N0 (λkr) · J1 (λk)] , (1.36)

where Ck is found by expanding the initial condition in eigenfunctions (1.34):

Ck =
1

N2
k

b∫

1

αdr

2r
[N1 (λk) · J0 (λkr) + N0 (λkr) · J1 (λk)] . (1.37)

The squared norm of the function is determined from the formula [42]

N2
k =

2
πλ2

k

[
J2

1 (λk)
J2

1 (bλk)
− 1
]

. (1.38)

For the eigenvalue λ = 0, the partial solution can be found analytically:

U0 =
α · ln b

b2 − 1
, (1.39)

For other partial solutions, the coefficients Ck are expressed through the
integral Bessel functions

∞∫

x

1 − J0 (t)
t

dt,

∞∫

x

N0 (t)
t

dt . (1.40)

Function (1.35) was calculated on a computer under a specially developed
program.
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Fig. 1.5. Electrostriction wave in the coaxial system at different time moments
after switching of the voltage t = 0.25 (curve 1), 0.5 (curve 2), 1.0 (curve 3), 2.0
(curve 4), 3.0 (curve 5), and 4.0 (curve 6)

Figure 1.5 shows the calculated (dimensionless) electrostriction pressure
versus the spatial coordinate at the indicated time moments. The ratio of the
coaxial electrodes radii b was equal to 3. This value was close to b = 2.718
at which the cable had a maximum breakdown voltage [41]. It can be seen
that the electrostriction wave is no less clearly pronounced for the coaxial
electrode system than for the spherical electrode. In particular, there is a
pressure minimum which is displaced from the central electrode with the sound
velocity. An absolute pressure minimum of −0.27ε0εE2

0 is recorded near the
external electrode at t = 2. The dissimilarity from the spherical electrode
is caused by the presence of the second boundary. Near this boundary, the
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pressure decreases below its stationary value due to inertia; then it increases
again. At the moment of time t = 4, zero excess pressure is established in
the entire region; then the above-described process is repeated again. As a
result, undamped oscillations arise in the coaxial electrode system (Fig. 1.6).
The above-described character of the electrostriction pressure dynamics in
liquids is confirmed by the experimental results obtained in the study of pre-
breakdown processes in water and trichlordiphenyl [42, 43].

Experimental setup [42, 43] comprised a voltage-pulse generator, LG-75
laser, Mach–Zehnder interferometer, blade-blade electrode system, and pho-
torecorder. The generator comprised a charged cable 40m long connected to a
measuring cell. The voltage applied to the cell changed periodically: a 400-ns
voltage pulse was followed by a voltage pulse of opposite polarity through the
time interval of the same duration. The pulse front duration did not exceed
50 ns. The cell was inserted in one of the interferometer arms; the same cell
but without electrodes was inserted into the second arm. The stainless steel
electrodes were shaped as wedges with edge 20mm long, 45◦-angle between
the wedge planes, and curvature radius of 0.45mm. The interelectrode gap
was 2 mm long. The photorecorder operated in the slit scanning regime. In
the absence of voltage on the electrodes, an optical image was formed on the
photorecorder photocathode due to different optical path lengths of beams
caused by different mirror rotation angles. Under application of voltage, this
image was transformed due to the Kerr and elasto-optical effects.

Figure 1.7 shows the typical chronogram of interference bands registered
under a voltage pulse with an amplitude of 120kV applied to the cell filled
with deionized water, and Fig. 1.8 shows variations of the water refractive
index at the indicated moments of time reconstructed from this chronogram.
Since variations of the refractive index are determined by both the Kerr and
elasto-optical effects [44]

Fig. 1.6. Electrostriction pressure for the coaxial electrode system when the voltage
is switched on at zero time moment at distances from the central electrode r = 1
(curve 1), 1.5 (curve 2), 2 (curve 3), 2.5 (curve 4), and 3 (curve 5)
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Fig. 1.7. Experiment on electrostriction wave excitation in water in the system of
extended electrodes. Slit scanning regime

Fig. 1.8. Experiment on excitation of the electrostriction wave in the system of
extended electrodes. Data were processed at time moments t1 = 150 (curve 1), 300
(curve 2), 400 (curve 3), 700 (curve 4), 800 (curve 5), and 1000 ns (curve 6)
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Δn =
2
3

λBE2 + κΔP , (1.41)

where λ is the wavelength, B is the Kerr constant, and κ is the elasto-optical
coefficient, to analyze the pressure variations, we must subtract the term
caused by the Kerr effect from the total refractive index. From Fig. 1.8 it can
be seen that the pressure near the electrode first increases and then decreases.
The spatial pressure minimum is displaced from the electrode toward the gap
center with the sound velocity. The pressure in the region the wave has not
yet reached decreases. From here we conclude that the registered physical
phenomenon can be identified with the wave of electrostriction origin. The
predicted behavior differs from that actually observed near the electrode by
the characteristic bending of the interference bands and occurrence of closed
bands. In our opinion, this fact is explained by interference of the incident
beam with the beam reflected from the surface and is purely optical effect.
In studies of the electric fields of a blade-plane electrode system, we observed
analogous patterns of light intensity distribution in nitrobenzene [44].

Figure 1.9 shows the light intensity distribution under a voltage pulse with
an amplitude of 100kV applied to a cell filled with trichlordiphenyl. It can
be seen that the interference band distribution is mainly caused by the Kerr
effect. This follows from the fact that the band shape virtually coincides with
the voltage pulse waveform. Slight reorganization of pressure distribution is
also testified by the fact that the band near the electrode is detached from
the electrode under exposure to a flat part of the pulse, whereas the Kerr
band must be fixed under constant voltage. The voltage on the cell is absent
between voltage pulses, but the band displacement caused by the pressure
relaxation is still registered. This experimental result differs from the previous

Fig. 1.9. Weak pressure variations under voltage pulses applied to the cell with
trichlordiphenyl (λ � R0 − r0) borrowed from [43]
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one due to the circumstance that the viscosity of trichlordiphenyl is 5 orders
of magnitude greater than the viscosity of water. According to (1.24), the
wave in trichlordiphenyl is attenuated at the distance l ∼ 10−5 m, that is,
l << r0. Therefore, the stable electrostriction pressure is determined by the
liquid viscosity rather than by inertia, and the wave regime of establishing
pressure is transformed into the viscous one.

Let us study the influence of the electrostriction wave on possible fail-
ures of electric equipment with liquid electric insulation. In cables of electric
power transmission and shaping lines with liquid insulation, excitation of elec-
trostriction waves under exposure to lightning or switching pulses is highly
improbable. If we consider that only a liquid, for example, transformer oil or
any cable oil with low permittivity is used in the cable and choose the working
field strength to be equal to 150 kV/cm, we obtain a maximum pressure

ΔPmax =
ε0 (ε − 1) (ε + 2)

6
E2 ≈ 0.0025 MPa . (1.42)

Owing to surges, the field strength in the cable can increase 3–4 times; then
the maximum amplitude of the stress wave will be 0.04MPa. It is obvious that
a single action of the wave of this amplitude is safe for the cable. However,
if reflections are present in the line and thereof pulse influence has a periodic
character, a resonance can arise resulting in disruption of the electric strength.
However, in cables with paper-oil insulation, paper prevents oil motion. It
can be demonstrated that the electrostriction in solid dielectrics should also
initiate electrostriction waves of various types; however, these effects are im-
possible in composite paper-oil dielectrics with high effective viscosity. Thus,
the electrostriction waves in cables are highly improbable.

In pulsed capacitive energy storages, the energy density reaches 0.5 J/cm3

[39] at which the electrostriction pressure is ∼ 0.5MPa. These parameters are
reached under exposure to nanosecond voltage pulses, and the electrostriction
waves are only initiated under these conditions. The distance covered by a
relief wave in 100ns is about 100 μm. Because it is much less than the inter-
electrode distance (1–10 cm), the negative pressure has no time to be formed,
though the equivalent pressure on the bubble will be negative. This case will
be considered below.

The electrostriction waves are most likely formed in the intermediate
energy storages operating in the microsecond range. In this case, W ∼
0.1 J/cm3, and the electrostriction pressure is ∼ 0.1MPa. When the voltage is
switched on, a force starts to act in the region of electric field nonuniformity,
and a zone with decreased pressure arises in the same region. The lifetime of
this zone is determined by the geometry of the electrode system. In particular,
the rarefaction zone will be formed in a strip line at the edge of the electrode
system, and its lifetime will be determined by the travel time of the sound
wave to the gap center and back. Taking into account that for actual electrode
systems this time lies in micro- or even millisecond range, it is expected that
within the time over which the pulse acts the region with reduced density will
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exist near the electrode edges where the processes of electric strength disrup-
tion are most probable. On the other hand, in low-viscosity liquids like water,
the electrostriction waves can be reflected from boundaries and interfere with
each other, thereby leading to the occurrence of local low-frequency minima,
etc. This can be one of the reasons for the reduction of the electric strength
of liquids in the case of rough pulses, that is, pulses with high-frequency
components when the electrostriction resonance is observed at frequencies of
parasitic components.

We note that the zone with reduced pressure in actual electrode systems
having significant dimensions can be one of the reasons for the so-called effect
of the electrode area, that is, a dependence of the pulsed electric strength on
the electrode dimensions (see Sect. 6.6.4).

One more circumstance connected with the electrostriction waves should
be mentioned. The electrode system configuration can be adjusted and pe-
riodic voltage pulses can be applied so that to organize specially a pressure
resonance. This enables one to produce controllable nonmechanical devices
for generation of pressure pulses.

1.3 High-Voltage Electric Conduction of Liquids

The problem of electric conduction of liquids in strong electric fields is too
complicated, and many studies are devoted to it. This problem is of interest to
us primarily from the viewpoint of elucidation of the influence of the electrical
conduction on the liquid pressure and bubbles, more precisely, on the pressure
inside the bubbles, field strength in them, generation of charge carriers, and
so on.

The greatest progress in studying the electric conduction of dielectric liq-
uids, in our opinion, has been made in studies of the Laboratory of Electrostat-
ics of Dielectrics Materials (LEMD) of the CNRS/UJE, Grenoble (France).
The presentation of the material rests mainly upon [45, 46].

The capability of any materials to conduct electric current is determined
by the presence of charges and their mobility. The most general formula for
the current density j correct for any medium except vacuum has the form

j =
∑

niqiμiE . (1.43)

Here i is the charge type (for example, electrons, ions of various molecules,
molions, charged macroparticles, etc.), ni is the concentration of charges of
the ith type, qi is the charge, and μi is the mobility of charge carriers.

1.3.1 Generation of charge carriers

In not too strong fields, the charge carriers (mainly electrons and ions) are
generated primarily by thermal ionization of molecules of the main substance
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or impurity or by emission from the electrodes. The most important role
in (1.43) is played by ni, which can be estimated from the general energy
considerations. Changes of charge carrier concentration are determined by
the expression

dni

dt
∼ n · ν · e−W/kT , (1.44)

where n is the density of molecules, ν is the frequency of electron vibrations
in the molecule (∼ 1014 s−1), W is the ionization energy, k is the Boltzmann
constant, and T is the temperature. At room temperature, kT ∼ 1/40eV.
Mechanisms of charge losses are the electron-ion recombination and attach-
ment to surfaces and electrodes. For recombination, we can take advantage of
the expression [50–52]

dni

dt
= krn

2
i , (1.45)

where kr is the recombination coefficient. For volume recombination in liquid,
kr = 10−9 cm3/(s · ion) [47]. In equilibrium, the number of charge carriers
remains unchanged with time. Combining (1.44) and (1.45), we obtain the
final expression:

ni = (n · ν/kr)
1/2 · e−W/2kT . (1.46)

Modern concept of the electric conduction of dielectric liquids is the follow-
ing. The charge carriers here are practically always ions, because electrons are
easily attached to neutral liquid molecules and cannot exist in a free state.
Ionization is facilitated in comparison with gases due to higher permittiv-
ity; their potential barrier (ionization energy) is reduced ε times. This can be
demonstrated by considering the Coulomb energy of interaction of two charges
(+e and −e) spaced at distance r:

W = e2/ (4πε0ε · r) . (1.47)

The commonly accepted mechanisms of ion generation are electrolytic dis-
sociation of impurity or basic substance molecules and electrochemical reac-
tions in the double electric layer. These reactions are specific enough for each
electrode-liquid system. The recombination of charge carriers in the liquid is
hindered, because charges are easily surrounded (solvated) by the neighboring
molecules oriented by their corresponding constant or induced dipole ends to
the ions. The molecules of the basic liquid or impurity, if they are ionophores,
that is, have mainly ionic bonds between molecular fragments, can be ionized.
The NaCl molecule comprising Na+ and Cl− ions is the characteristic exam-
ple of the ionophores. The NaCl molecule can be dissolved in liquid; it exists
simultaneously as ions, weakly bonded ionic pairs (Na + Cl), and complexes
of ionic pairs. In addition to ionophores, ionogens, that is, substances forming
ions only in the process of interaction with each other can exist in liquid. For
example, water dissolved in a dielectric liquid can facilitate ionization of other
impurities dissolved in the liquid.
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Estimate of the ionization degree of the impurity with a 4 V ionization
potential (in a gas) dissolved to concentration of 1% in the liquid hav-
ing ε = 2 from (1.46) with allowance for recombination (with the recom-
bination coefficient kr ∼ 10−15 m3/s) gives the charge carrier concentra-
tion exceeding 1010 cm−3, which yields the electric conduction of the liquid
σE ≥ 10−12 Ω−1 · cm−1.

1.3.2 Motion of charge carriers

Electrohydrodynamic processes

The mobility of charge carriers in strong electric fields is determined by liquid
motion. In this case, mobility values of different ions are close to each other
since ions have been frozen into the liquid and are transferred by liquid mi-
croflows. These considerations and theoretical estimates of the conditions of
forming electrohydrodynamic (EHD) flows were presented in [45, 46].

The occurrence of EHD flows is directly related to space charges generated
in the liquid. Theoretical estimates and experimental data [50] demonstrate
that in the presence of space charge, the EHD flows in nonpolar liquids are
observed under a voltage of several hundred volts, whereas in polar liquids they
are observed under a voltage of several ten volts. Flows in liquid dielectrics
are effectively manifested at resistances in the range 1014−108 Ω · cm [51–54].
For high electric conduction, the space charge virtually does not arise due to
a small time of dielectric relaxation of the charge. Too small conduction in
the absence of injection does not provide the required charge. The EHD flows
in liquids considerably increase the mobility of charge carriers and contribute
to nonlinearity of the current-voltage characteristic. The EHD mobility is
approximately 10 times greater than the mobility of ions in weak fields and
is virtually independent of the ion type. In strong fields, the liquid motion is
transformed from laminar into turbulent regime.

Electrohydrodynamics can play different roles in breakdown of liquids. In
addition to the fact that flows are indicative of the presence of space charge,
they cause additional local field amplifications. There are data [55, 56] on a
decrease in Ebr of liquids moving with velocities > 10 cm/s.

Our investigations of motion of charge carriers and microbubbles in
nitrobenzene under the action of strong pulsed electric fields [57–62] demon-
strated that bubbles and ions moved with practically identical velocities
(Fig. 1.10). This means that they move together with the liquid. Moreover,
flows are formed on the pulse front, that is, for exposure periods of about
1 μs. From here we conclude that charge carriers are transferred by microflows
which are formed for time periods less than 1 μs.

The motion of charge carriers was registered with an ultrahigh speed pho-
toregister in the slit scanning regime. The motion of charge carriers emitted
near the electrode resulted in a redistribution of the field strength registered
with the help of the Kerr effect technique. Lines of equal phase difference



1.3 High-Voltage Electric Conduction of Liquids 23

Fig. 1.10. A fragment of chronographic scanning of the optical image near the
cathode. Tracks show moving bubbles. Bands whose shapes are close to voltage
pulse waveforms show the Kerr bands. Bending of these bands shows the motion of
injected charges

(Kerrograms) can be roughly considered as lines of equal field strength. The
line position is determined by the applied voltage and injected space charge.
Since both these parameters cannot change abruptly, these lines are smooth
enough; they begin and end at the electrode. The front of charge carrier mo-
tion is clearly pronounced as bends in Kerrogram lines. The bubble motion
is displayed by dark lines that can appear or disappear as bubbles appear or
disappear as well as escape from the slit field of view. The bubble velocity is
determined from the line tilts, and the velocity of charge carriers is determined
from the front motion.

The motion of different charge carriers and bubbles with approximately
identical velocities registered by the optical method in combination with elec-
trooptical one proves the formation of flows. The typical mobility caused
by the liquid motion, according to calculations performed in [45, 63] is
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μehd ∼ (3 · 10−7 − 10−8)m2/(V·s), that is, three-four orders of magnitude
less than the mobility of ions in gases. It depends mainly on the permittiv-
ity of liquid. Estimates of the mobility of charge carriers in our experiments
yielded μehd ∼ (5 ± 2) · 10−7 m2/(V·s), which did not contradict the electro-
hydrodynamic nature of charge carriers.

Collision ionization threshold

Nowadays it is assumed that the field strength required for the inception of
collision ionization in nonpolar liquids is several megavolts per centimeter,
for example, it is equal to 7MV/cm for pentane, decane, and cyclohexane,
4MV/cm for argon, and 11MV/cm for liquid nitrogen [64–67]. This conclusion
was made based on the measured dependence of the current on the voltage
for the tip-plane electrode system with the tip radius changing in the interval
0.5–10 μm. The experiment demonstrated the following:

– short current pulses (≤ 4 ns) were observed under the above-indicated field
strength,

– the charge injected per pulse is determined only by the radius of curvature
and is independent of the applied voltage and pressure,

– time interval between pulses decreases with increasing voltage and demon-
strates high stability,

– each pulse generates a bubble near the tip; the size and lifetime of this
bubble depend on the external pressure.

1.4 Phenomena at the Electrodes

The electric conduction of liquids and pressure in the liquid depend on the
properties of the electrode-liquid interface. The electrode processes play the
important role in the liquid conduction, especially in strong electric fields.
In any case, whatever current runs through the gap, the same current will
run through the contact by virtue of the current continuity. Strictly speaking,
Ohm’s law holds true only in the differential form [6]. This is the case not
only for liquids but also for semiconductors [69]. To a lesser extent, this refers
to solid dielectrics because of a smal number of free charges in them. These
substances with radically different properties can be joined together because
all they have a contact metal electrode – medium interface.

Processes in contacts are most extensively studied for semiconductors. The
contact between two semiconductors or a semiconductor and metal gives rise
to processes of charge transfer connected with equalizing chemical potentials of
charge carriers in different media. Equalizing the chemical potentials of charge
carriers on both sides of the contact leads to the formation of a potential jump
at the interface. A current running through the contact can have different
character, and the contact itself can be a) injecting when charge carriers of
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only one sign penetrate into the medium, b) ohmic when carriers of both signs
have equal opportunities to run through the contact, and c) blocking when
charge carriers do not run through the medium-electrode interface.

In the first case, a space charge whose sign coincides with the electrode
charge, the so-called homocharge, is formed near the electrode under voltage
application. In the case of the ohmic contact, no space charge is formed, and
a charge of the opposite sign, the so-called heterocharge, is formed near the
blocking contact. From here it can be easily understood that integral Ohm’s
law is valid only in the case of ohmic contact between the electrodes. In
other cases, the space charge breaks the field uniformity thereby leading to
nonlinearity of the current-voltage characteristic.

It is well known that Ohm’s law in liquids is valid under low voltages
U < 1V. It seems likely that the contacts under low voltage are always ohmic.
The metal-solid and metal-liquid contacts differ not only by the medium into
which charge carriers run but also by the charge carrier type. According to
studies performed at the LEMD [45,46,50,63], in all cases of electric conduc-
tion of liquid dielectrics in which it was possible to identify charge carriers,
they appeared to be ions. In metal electrodes and semiconductors, electrons
and holes take part in electric conduction. The continuity of current in con-
tacts in all cases is provided by electron transfer. In this case, the material
balance must be obeyed for any type of charge carriers. The contact is block-
ing for non-discharging ions, injecting for ionizable neutrals, and ohmic for
ions transferring charge.

1.4.1 Double electric layer

Let us consider first the reasons for the violation of Ohm’s law. We are based
primarily on [45, 63, 70]. First of all, we must elucidate where do the charge
carriers come from? And where do they escape? A certain number of ions
is always present in liquid owing to dissociation of molecules of the basic
substance and impurity. The ions reorganize the surrounding medium form-
ing solvation sheaths that prevent their recombination. The ion interaction in
weakly polar liquids results in the formation of weakly bound complexes of ion
pairs, and the ion interaction with electrodes results in the formation of double
electric layers (DEL). There are different methods of DEL formation depend-
ing on the type of ion interaction with the electrode surface. In this case, the
potential jump at the interface is primarily determined by the presence of the
so-called potential-determining ions chemically adsorbed on the surface.

The double electric layer consists of two parts. The dense part (the
Helmholtz layer) is formed by the adsorbed desolvated ions, polar molecules
adjacent to the electrode, and solvated ions. The diffusion part (the Gouy–
Chapman layer) extends deep into the gap approximately to depths xd.l =
(2 · Di · τM)0.5, where Di is the average ion diffusion coefficient and τM is
the Maxwell dielectric relaxation period. The double electric layer controls
the electric liquid conduction due to electrochemical reactions in the contact
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region. It can generate ions from neutral molecules or neutralize ions trans-
forming them into neutral molecules or atoms. These reactions occur in the
Helmholtz layer, and the reaction products or adducts exchange with the
volume by means of diffusion. The reaction type is determined by the rela-
tionship between occupied and unoccupied energy levels of the electrode and
each reacting particle. In this case, the electrode plays the role of one very
large reacting particle [70].

Under electric field, ions are accumulated near the electrodes of the cor-
responding sign, changing the contact potential difference (the double-layer
potential). Only particles whose electron state energy levels are close to the
Fermi energy level in metal react with the electrode. With increasing volt-
age, the interphase potential also increases due to undischarged ions, and new
components with other electron energy levels enter the reaction with the elec-
trode. An increase in the number of charges in the medium, naturally, leads to
a disproportionate current increase and hence, violation of Ohm’s law. When
the system is returned to a lower voltage, the initial conduction is not restored;
as a rule, the electric conduction increases. With further voltage increase, the
rate of growth of the electric conduction increases.

The electrode reactions can be both reversible and irreversible. In re-
versible reactions, the ion generated on one electrode is discharged on the
second electrode, diffuses to the first electrode in the neutral form, and then
turns again into the ion. The total charge does not change, and no chemical
transformations are observed. In the second case, a chemical transformation
of reaction component takes place. If the reaction product interacts with the
electrodes or liquid molecules with the formation of ions, a catastrophic in-
crease of electric conduction of the liquid may occur.

The characteristic feature is that the rate of growth of the electric conduc-
tion increases with further increase in the voltage. As pointed out in [47, 71],
the exponential growth of the electric conduction was previously attributed
to the processes of shock ionization of liquid molecules.

Ion generation near the metal electrode under strong electric field is con-
trolled by changes of the double-layer potential ΔV :

J = 2J0 sinh [ΔV · e/ (kT )] , (1.48)

where J0 is the exchange current of the electrode reaction that depends on the
concentration of reactive particles, reaction rate, and its energy barrier. The
ΔV value changes both due to direct exposure to the electric field: ΔV1 =
XaE, where Xa is the distance from the electrode to the point of electron
exchange, and due to undischarged ions: ΔV2 = Xa · q/ε0ε, where q is the
surface density of charges of undischarged ions. Estimates of ΔV for E =
150kV/cm, Xa = 10–20 Å, q = σEEt, σE = 10–14S/cm, t ≈ tmax give
ΔV1 ≈ ΔV2 = (1.5–3) ·10−2 V. Of course, this value influences significantly
the current through the gap, because the injection current is comparable with
the exchange current. In this case, the current remains proportional to the
initial liquid conduction.
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In nonpolar liquids, there exists an additional potential barrier for injected
ions connected with the action of image forces [45, 50]. The ion can become
free only when it is detached by means of diffusion from the electrode at the
distance dD = (e/4πε0εE)0.5.

Since the distance dD decreases with increasing E, the theory predicts
a sharp dependence of the injection current on the field strength. This was
confirmed in [45] where it was found that the current in a nonpolar liquid
(cyclohexane) increased approximately 2000 times in the field with a strength
of 150 kV/cm compared to the value observed for the electric conduction under
low voltage. Qualitatively the same results were obtained in [72] in the study
of the electric conduction of perfluorethyleneamine, where the increase of the
electric conduction approximately by three orders of magnitude was registered
in the field with strength up to 250–300kV/cm in comparison with the low-
voltage electric conduction.

Thus, the electrochemical injection of charge carriers can cause a signif-
icant increase in current which should be manifested in the current-voltage
characteristic.

1.4.2 Near-surface charge generation

Let us consider the most probable mechanisms of forming the double electric
layer. In electrochemistry [70, 73], the mechanisms of polar molecule adsorp-
tion and electron donor and acceptor impurities are usually considered. These
impurities are specific for each electrode - basic liquid - impurity system. How-
ever, a nonspecific mechanism determined by different permittivities of liquid
and another medium can be suggested.

It is well known [24] that the image force caused by the polarization of
dielectrics:

F =
e2 · (ε1 − ε2)

4π · ε1 · ε0 · (2h)2 · (ε1 + ε2)
(1.49)

acts on the charge at the interface between two different phases with permit-
tivities ε1 and ε2. Here h is the distance between the charge and interface.

Transforming (1.49) for the charge in liquid with permittivity ε1 near the
surface of the electrode with the formal permittivity equal to infinity, we
obtain

F = − e2

4π · ε1 · ε0 · (2h)2
. (1.50)

It can be seen that the interaction force is negative, that is, it characterizes
the attraction of charges from the dielectric liquid to the contact metal surface.
The thickness of the layer with increased ion content is estimated by the
method accepted in electrochemistry. To this end, we equate the charge energy
in the field of image forces to thermal energy image forces:

e2

4π · ε · ε0 · 4h
= kT . (1.51)
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Numerical values for the nonpolar liquid with ε = 2 yield h ∼ 60 Å, and
for the polar liquid with ε = 80 (water), h = 2 Å. It is clear that for the polar
liquid, this effect exists only for the first layer of molecules adjacent to the
electrode, and for nonpolar dielectrics it is essential at greater depths. This
mechanism of ion attraction from the gap to the electrodes can be one of the
reasons of forming double electric layers near the electrode.

The image forces are responsible for one more mechanism of forming the
double electric layers and surface conduction.

The presence of the neighboring phase with high permittivity promotes
the dissociation of molecules. Let us examine this process in detail. Let the
dissociation occur in the near-surface layer and the formed charges do not leave
the surface (Fig. 1.11). The dissociation energy can be found by integration
the charge interaction force over the coordinate from a certain value a equal
to the ion spacing to ∞. Then after integration we obtain for dissociation in
the liquid volume

Wi =
e2

4π · ε · ε0 · a . (1.52)

For dissociation near the surface, we must take into account the force acting
on the electron (or ion) running away from the opposite image charge of the
second ion. With allowance for this, the ionization energy near the surface
decreases, and for the case illustrated by Fig. 1.11, it will be Wis = Wi/3.
For the case of ions with unequal sizes in an ionic pair, this force will be even
smaller. It is obvious that the decrease of dissociation energy is a strong factor.
The matter is that according to (1.46), the concentration of charge carriers
is an exponential function of the ionization (dissociation) energy. Therefore,

Fig. 1.11. Ionization scheme at the interface between the media with different
permittivity values
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a 3–4 fold decrease of the dissociation energy can lead to an increase in the
concentration by several orders of magnitude. This means that ionization near
the surface is much easier, and the concentration of charge carriers is greater
here and the surface electric conduction is higher. This provides additional
mechanism of forming the double electric layer and explains the presence of
the near-surface layer with increased electric conduction.

Let us consider the importance of the effect on the concrete example of
water molecules near the electrode. Our estimates are based on (1.46) with
the recombination coefficient kr ∼ 10−15 m3/s. Then calculating the concen-
tration from the electric conduction ni ≈ 1014 cm3, we obtain the dissociation
energy of water molecules in water W ≈ 1 eV. For a comparison, the disso-
ciation energy of water molecules in the gas phase is 494kJ/mol [74], which
is approximately equal to 5 eV. The difference is mainly due to the energy of
ion interaction with the medium.

The inverse operation with Wis ≈ 0.33 eV demonstrates that the charge
concentration near the electrode will increase approximately by six-seven or-
ders of magnitude and will be equal to ns ≈ 1020 cm−3. Is it high or low? If
we consider that the layer with increased electric conduction in polar liquids
occupies 2 Å [see (1.50)], the change of the concentration per unit area (of the
surface charge density)

Δq ≈ 3 · 10−7C/cm2 (1.53)

should be considered small in comparison with the surface charge density. For
example, in the field with a strength of 100kV/cm,

Δq ≈ 10−6C/cm2 . (1.53a)

However, this factor can play an essential role in the electric conduction.
This conclusion is based on the fact that the rate of ion formation is rather
high, as can be seen from (1.44). Indeed, substituting the numerical data, we
obtain dni/dt ≈ 1028 cm−3·s. After removal of ions of one sign from the region
adjacent to the electrode, the electric field equilibrium between the formation
of ions and their recombination is shifted, thereby causing the formation of
additional ions. Estimates demonstrate that the equilibrium is restored in ap-
proximately 10 ns. From here it follows that regions adjacent to the electrodes
can be a source of rather high currents in weak electric fields ≤ 20 kV/cm.
In strong fields, the final rate of ion generation should have an effect, and
the current density caused by it will be as great as 1 A/cm2 disregarding the
strong field effects.

The Schottky effect that reduces the potential barrier also intensifies sig-
nificantly the dissociation in a strong electric field, but only for nonpolar
liquids:

W (E) = W (0) −
(

e3E

4πε0ε

)1/2

. (1.54)

For example, the ionization energy of n-hexane with allowance for this
effect decreases by 0.2 eV in the field with a strength of 1MV/cm.
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Dissociation-recombination equilibrium at the interface
between dielectrics

The problem of forming near-surface layers with increased electric conduction
is important for several fields of science and technology. Nonpolar dielectric
liquids together with more polar solid dielectrics (for example, transformer
oil - paper) are widely used in electrical engineering. The formation and ac-
cumulation of charge on the surface presents a severe problem for liquid fuel
transportation through pipe lines and in tankers. The double electric layers are
also formed near the electrodes in electric devices and near the microparticles
in various disperse and colloid systems.

The kinetics of generation and loss of ions at the interface can be considered
in more detail by means of calculating reaction constants [75].

From (1.49) it follows that the ion behavior in the liquid with ε1 near a
body with small ε2 (for example, a bubble with ε2 = 1) or near the solid
dielectric surface with ε2 > εl is different. The positive force sign in the case
of the bubble wall means that the charge repels from the boundary. It is in-
teresting that if the ion approaches the boundary on the side of the gas phase,
the image force attracts the ion to the surface. Near the surface of dielectric
with high permittivity, charges will move from the volume toward the surface
under the action of this force. An analogous effect should be observed near the
metal-liquid interface. The force is negative, which corresponds to the charge
motion from the volume of the liquid toward the surface of the conductor;
as a result, a layer with increased ion concentration will be formed. Ions will
be trapped near the surface. Analogous behavior of ions near the electrode
surface was suggested in [46, 76]. It was assumed that ions formed near the
electrode as a result of electrode reaction are in a potential well, and to be
injected into the liquid volume, they must overcome an additional potential
barrier by means of diffusion.

The image forces are responsible for one more mechanism of forming the
double electric layer and surface electric conduction. Ionization and dissoci-
ation are facilitated in dielectric liquids in comparison with gases due to the
increased permittivity of liquids since the ionization energy decreases ε1 times
[see (1.52)]. Moreover, the presence of the neighboring phase with high per-
mittivity ε2 intensifies the dissociation of molecules, because the dissociation
energy decreases near the surface due to the effect of phase polarization [77].

Energy estimates

We consider that a dissociating additive whose molecules can form ion pairs
or free ions is dissolved in a nonpolar liquid. The dissociation energy for the
ion pair W can be calculated by integration of the Coulomb force over the
distance from R1 + R2 equal to ion spacing in the ion pair to ∞. We assume
that dissociation occurs in the near-surface layer. Integration is simplified if we
consider that dissociating ions do not leave the surface (Fig. 1.11). In addition,
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we assume that the permittivity of the solid dielectric is much greater than
the permittivity of the liquid. Integrating the Coulomb force with allowance
for the image charge, we obtain

Wis = Wi

(

1 − R1 + R2√
(R1 + R2)2 + 4R1R2

)

. (1.55)

Here Wi refers to dissociation in the liquid volume, and Wis refers to dis-
sociation at the surface. As demonstrated above, when the ion radii are equal
R1 = R2, the dissociation energy near the surface should be approximately
3 times less than the volume energy, that is, Wis ∼ 0.3Wi. In the case of
unequal radii, for example, for R1 = 2R2, Wis ∼ 0.27Wi; and for R1 = 3R2,
Wis ∼ 0.24Wi. A decrease in energy is a strong factor that increases the de-
gree of molecule dissociation. To estimate the importance of the effect, we
can accept that the number of free ions is an exponential function of the dis-
sociation energy. If, for example, the degree of dissociation in the volume is
equal to 10−4, at the interface it will be approximately equal to 10−1. The
lower the dissociation degree in the volume, the greater the relative differ-
ence between the dissociation degrees. An increase in the number of surface
charge carriers will cause the surface electric conduction to increase. The ex-
act estimate of the number of charge carriers should include a consideration of
dissociation-recombination processes in the region near the boundary. From
the mathematical viewpoint, this is a difficult two-dimensional problem with
complex boundary conditions, but for physical estimate, it can be subdivided
into two simpler problems. When calculating near-surface dissociation and re-
combination, we assume that the force depends only on the distance between
the surface ion and the detaching ion, that is, we will neglect eccentric forces.
When estimating the number of surface charge carriers, we will consider that
individual charges are attached and detached, that is, we will neglect the
interaction between ions.

Dissociation-recombination processes

According to the ordinary dissociation and recombination model for nonpolar
liquids (detailed consideration can be found in [48,49]), the expression for the
charge carrier density has the form

ni =

√
n0 · kD

kr
, (1.56)

where n0 is the ion pair density, kD is the dissociation constant, and kr is
the recombination constant. In the context of the Onsager theory, kD can be
estimated from the expression

kD = [(D1 + D2)L2
B/R4

12] e−LB/R12 , (1.57)
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where D1 and D2 are the diffusion coefficients for ions 1 and 2, respectively;
R12 is the sum of their radii, and LB is the so-called doubled Bjerrum radius:

LB =
e2

8πε0ε · kT
(1.58)

equal to the ion spacing for which the thermal energy is equal to the electro-
static energy of their interaction. The Bjerrum radius for the nonpolar liquid
with ε = 2.3 is equal to 125 Å at room temperature. The problem of estimating
the ion radii is more difficult. Organic salts are commonly present in nonpolar
liquids like transformer oil. Let us consider that their sizes differ. For definite-
ness of estimations, in calculations below we set R2 = 1 Åand R2 = 5 Å. For
the recombination constant, the equation

kr = 4π(D1 + D2)LB (1.59)

can be derived from which the well-known Langevin formula is obtained

kr =
e(μ− + μ+)

ε0 · ε
, (1.60)

where μ+ and μ− are the mobility values of positive and negative ions,
respectively. According to (1.60), kr ∼ 1.6 · 10−10 cm3/s for μ+ ∼ μ− ∼
10−4 cm2/(V · s).

The dissociation constant estimated from (1.57) is kD ∼ 1.4 · 10−7 s−1.
If we substitute these values into (1.56), we obtain that the charge carrier
density in the liquid must be approximately ni ∼ 2 · 1010 cm−3 for the ionic
pair concentration n0 ∼ 10−4 mol/l. This is a very small value which yields
the additional electric conduction no more than 3 · 10−14 S/cm.

Omitting detailed calculations for the ion distribution function near any
reference ion, in our case the surface ion (the calculation procedure was pre-
sented in [48, 49]), we present the final expressions suitable for estimation in
the near-surface region

kDs =
(D1 + D2)

∫ RB

R12
e

LB/r−LB/(r2+R2
12

)1/2

r2dr ·
(
∫ RB

R12
e−LB/r+LB/(r2+R2

12
)1/2

/r2dr

) ,

(1.61)

krs = 4π(D1 + D2)LBs , (1.62)

where LBs =
(
LBR2

12/2
)1/3

is an analog of the Bjerrum radius for the two-
dimensional near-surface region.

This procedure repeated for the ion located at greater distances from the
surface yields values close to solutions (1.57) and (1.59).

According to (1.61) and (1.62), krs is by about an order of magnitude
smaller than the corresponding volume coefficient, and kDs is by about seven
orders of magnitude greater than kD.
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As to the ion concentration near the surface, (1.56) remains valid despite
the fact that the ion density is comparable with the ionic pair concentration.
In this case, the diffusion flux of ion pairs makes the concentrations in the
volume and near-surface region equal. The volume can be considered as an
infinite reservoir; therefore, the near-surface concentration of ion pairs n = n0

should be independent of the number of newly formed ions.

Ion attachment to the interface

An ion + ion image complex can be considered as an ionic pair. In this case,
ion separation from the surface is equivalent to dissociation of the ion pair,
and ion attachment to the boundary is equivalent to recombination of the
ion pair. Forces in this complex are very similar to forces in the actual ion
pair. However, it is necessary to specify that the rate of force decrease with
increasing ion distance from the boundary is smaller when the direction of
ion motion is not perpendicular to the surface. Therefore, the ion bond with
the image must be stronger than in the ion pair. The dissociation constant
of the complex should be smaller than the dissociation constant of the ion
pair, whereas the situation with the recombination constant is opposite. These
constants differ for positive and negative ions simply due to different ion sizes:

kri = 8πDiLB , (1.63)

kDi = DiR
2
B/(2r4

i )e
−LB/2Ri . (1.64)

As follows from (1.63) and (1.64), the dependence of the recombination
constant on the ion size should be very weak (through the dependence of DI

on the ion size), and the dependence of the dissociation constant on the ion
radius should be very strong.

For equal ion radii, ion attachment to the interface is the key process. In
the first approximation, the dissociation degree of the complex should be the
same as the dissociation degree of the typical ion pair in the liquid volume.
An additional difference is that the attached ions can be considered free when
they move along the boundary. They are not free in attempts to detach from
it. We now try to estimate their concentration ns considering that they are
localized in the near-surface layer:

dns

dt
= kDins − krin

2
i . (1.65)

In equilibrium dns/dt = 0; as to nI, its value is determined by the dissociation-
recombination processes in the liquid volume according to (1.56). After sub-
stitution, we obtain

ns = n0
kDkri

kDikr
. (1.66)

Since kri ≈ kr and kDi = kD in the case of equal ion radii, ns ≈ n0. This means
that the near-surface ion concentration is equal to the volume concentration
of neutral ion pairs in the liquid.
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In the case of unequal ion radii, the concentration of small ions should be
much greater than the concentration of large ions. If the radii differ several
times, the concentrations will differ by many orders of magnitude. For exam-
ple, if the negative ion radius is 1 Å and the positive ion radius is 5 Å, the
near-surface concentration of negative ions will exceed the concentration of
positive ions by 80 orders of magnitude. Hence, the surface (in the absence
of specific adsorption) should be covered by a layer of negative ions. Because
of the total electroneutrality, a positive charge should exist near the surface
in the liquid volume. This is the well-known pattern in electrochemistry of
the double electric layer. Ions of smaller size form a dense part of the double
layer, and larger ions prevail in the diffusion part of the double layer.

Both dense and diffusion parts of the double layer should take part in the
surface electric conduction if the electric field is applied along the surface.
The estimated value of the resistance does not exceed 1013Ω. When the field
is perpendicular to the surface, we can expect the injection of charge carriers
from the diffusion part of the double layer if the direction of field application
promotes the displacement of ions forming the diffusion sheath of the double
layer from the interface. In the opposite case, no additional electric conduction
is expected, since the electric field will keep ions of the diffusion parts of the
double layer close to the interface. Only under application of strong fields
when ions are separated from the surface, injection of charge carriers into the
volume is possible.

Influence of the electric field on ion dissociation
and recombination in the near-surface layer

If the field is perpendicular to the phase interface, dissociation increases with
increasing electric field. The behavior of the coefficient kD is very close to that
described by the standard Onsager effect in weak electrolytes kDE = kDF (p),

F (p) =
I1(4p)

2p
,

where

p =
e2

2 kT

(
E

4πε0 ε

)1/2

, (1.67)

and I1(p) is the first-order modified Bessel function. The characteristic field at
which dissociation sharply increases is observed at 4p ∼ 1, which corresponds
to the field strength of approximately 3 kV/cm.

If the electric field is parallel to the surface, the characteristic field strength
can be estimated through a decrease of the potential barrier by analogy with
the Schottky effect. In this case, a simple procedure gives

E∗ ∼ 3kT

2eLBs
, (1.68)
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which corresponds approximately to 200kV/cm. As to the form of the depen-
dence, it must be stronger than the standard Onsager law:

kDE ∼ kD exp(E/E∗)3/4 . (1.69)

Thus, as a result of physical considerations of the dissociation and recom-
bination processes in the near-surface region, the novel mechanism of forming
surface charge carriers and surface electric conduction can be suggested in
the case of contact between a nonpolar liquid and a polar solid dielectric. It is
based on intensification of dissociation of ionic pairs under the action of the
image forces during polarization of the dielectric.

1.4.3 Emission of charge carriers and electrode reactions

The double electric layer cannot be formed in well purified nonpolar liquids
simply because of insufficient number of charge carriers and dissociating im-
purities. In principle, this state of the electrode-liquid system should be con-
sidered nonequilibrium. Nevertheless, a number of experiments (for example,
see [78,79]) with pure liquids were carried out in the absence of double layers.

It was demonstrated that the dependence of current on voltage I(U) in
nonpolar liquids like hexane, tetramethylsilane, cyclohehane, etc. had three
characteristic sections for the electrodes creating a sharply inhomogeneous
field: a linear dependence at low voltage, a sharp increase by two-three orders
of magnitude after achievement of a certain critical voltage, and then tran-
sition to a relatively weak dependence I ∼ U2. The first section is described
by Ohm’s law, the second section is characterized by field emission of charge
carriers from the electrode, and the third section is characterized by the space-
charge limited current. Estimates of the field strength at which transition to
the regime of space-charge limited current occurs demonstrate that in nonpo-
lar liquids like hexane, the transition occurs at comparatively low local field
strengths E < 107 V/cm. The characteristic feature of the regime of space-
charge limited current is a weak dependence of the field strength near the
electrode on the potential difference.

Practically the same results were obtained for transformer oil. The current-
voltage characteristics and schlieren photographs of electrihydrodynamic flows
in a sharply nonuniform dc field created by needle-plane and blade-plane elec-
trode systems in transformer oil were presented in [80]. Currents depended
only weakly on the tip polarity; three sections were identified in the curve:
the ohmic section up to 3–5kV, the section of a sharp field growth approx-
imately to 8 kV, and the section of space-charge limited current. The ef-
fect of polarity was significant: the breakdown voltage for the positive tip
was approximately halved compared to that for the negative tip. Dotoku
et al. [79] pointed out that for positive polarity, the space charge reached
the flat electrode, thereby leading to field amplification near it with subse-
quent injection followed by field amplification near the tip electrode. The
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calculated data confirmed the correctness of the model; however, no data on
the difference between the processes at different polarities were presented,
which casts some doubt upon the correctness of interpretation of the results
obtained.

As already pointed out above, the electrode reactions can be reversible
and irreversible. In the course of reversible reactions, the ion formed on one
electrode is discharged on the other, diffuses as a neutral formation to the first
electrode, and then turns again into the ion. The total charge does not change,
and chemical transformations are not observed. In the course of irreversible
reactions, a chemical transformation of reaction components occurs. If the
reaction product interacts with the electrodes or liquid molecules with the
formation of ions, a catastrophic increase in the electric conduction can occur
under the action of the field. This case was described in [46] on the example
of acetonitrile. The initial high resistance ρ > 1013Ω · cm in a cell with metal
electrodes fast decreased with increasing field strength at the expense of the
formation of reactive protons in the process of oxidation of the basic substance
or water impurity.

If the product of electrode reaction remains uncharged and sufficiently in-
ert, the total charge of the system can decrease. In some cases, a decrease in
the electric conduction was observed in moderate electric fields due to irre-
versible reactions. In [81], the electrical conduction of freshly refined trans-
former oil was compared with the electric conduction of oil removed from
service. Experiments demonstrated that the electric conduction of the aged
oil in uniform field E = 180 kV/cm exceeded by a factor of ∼ 1.5 the electric
conduction of the fresh oil. One more distinctive feature was the time behav-
ior of the electric conduction. In the fresh oil, electrorefinement was observed,
and the electric conduction decreased by about 3 times in 10min, whereas in
the aged oil it remained unchanged. In the context of electrochemistry, this
result is noncontradictory: in the aged oil the impurity reduced the interphase
potential to values at which no irreversible reactions of electrorefinement were
observed.

The electric conduction can be influenced by both impurities in the liquid
and electrodes. In [52] it was demonstrated that addition of some substances
to liquid result in intensive injection of charge carriers from the electrode.
Thus, for example, iodine added to nonpolar liquids causes injection of neg-
ative charges from the cathode. Here it should be noted that the dominant
injection of negative charge under natural conditions without additives was
reported in many works. Among the advantages of [82,83], the clarity of prob-
lem formulation should be mentioned. To establish what electrode is ignitor
one, the electrodes were alternately coated by a dielectric layer, and the aris-
ing gap potential was measured [82] or a meniscus of liquid near the vertical
electrode (cathode or anode) [83]. By these methods it was proved that the
cathode injects carriers of negative charge into the liquid, whereas injection
from the anode is much weaker.
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Injection of charge carriers of different signs was obtained in experi-
ments [84] by adjusting the proper electrode pairs, for example, copper-
stainless steel or brass-aluminum electrode pairs. Injection was detected by
measuring the electric field distribution with the use of the Kerr effect tech-
nique. In the presence of injection, the field near the electrodes was attenuated
at most by 20–40% for properly adjusted ignitor electrode pairs.

As applied to the problem of liquid insulation, we note the following. The
intensity of charge generation depends on the initial degree of purity of the
liquid and its permittivity. The ion charge density is as great as 10−9 C/cm3

for the liquid having the electric conduction σ ≈ 10−13Ω−1 · cm−1, and the
mobility of charge carriers μ = 10−4 cm2/(V · s). If undischarged ions are de-
posited on the electrodes and no thermal autoionization occurs in the volume,
the potential of the dense part of the double electric layer with a thickness
of 10 Å will not exceed a few millivolts. From here it follows that ionogenic
impurity must be eliminated from the liquid that must have the least possible
permittivity (except liquid insulation application in intermediate capacitive
energy storages). Fluorocarbon liquids whose chemical inertness prevents their
interaction with possible products of electrochemical reactions are best suited.

1.4.4 Field distribution at the electrodes

To control the electrode processes to eliminate or amplify injection by the
method, for example, of adjustment of proper electrodes, the corresponding
electrooptical method can be used based on a study of the electric conduction
distribution over the electrode surface [85] or the electric field distribution
over the gap with the help of the Kerr effect technique.

Nowadays the Kerr effect is most often used to investigate the field distri-
bution. Its essence is that a medium in an electric field acquires the optical
properties of a uniaxial crystal with the optical axis oriented along the field.
Transmitting light through the medium and analyzing the light polarization
state at the exit from the medium, the spatial and temporal distribution of
the electric field can be reconstructed. The space charge distribution, injec-
tion, and so on can be judged from the character of electric field distribution
and its dynamics.

Experiments with nitrobenzene [60–62] and water mixtures [84,86] on reg-
istration of strong electric fields with the help of the Kerr effect technique
gave unique information on pre-breakdown processes in polar liquids.

One of the initial processes registered under exposure to strong electric
fields is injection of charge carriers from the electrode. Figures 1.12–1.15 show
the experimental data on the distribution of pre-breakdown electric fields,
behavior of charge carriers, and pre-breakdown bubbles in nitrobenzene at the
cathode and anode. The experimental setup (Fig. 1.12) comprised a pulsed
ruby laser operating in quasi-continuous wave regime for slit scanning and in
giant pulse regime to record a frame series, a cell with a tip–plane electrode
system placed between crossed polarizers, and a ultrahigh-speed photoregister.
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Fig. 1.12. Experimental setup for measuring pre-breakdown electric fields in
nitrobenzene with the help of the Kerr effect

Nitrobenzene with an electric conduction of 10−7Ω · cm was placed in a glass
tube. An ignitor electrode was a needle with a radius of 300 μm. The second
electrode – the plane – was placed at a distance of 3 cm. The voltage pulse with
1–3 μs front duration and 50 μs duration at half maximum had amplitudes up
to 200kV.

It was revealed that the charge carriers were emitted from the electrodes
when the field strength reached 0.5MV/cm at the cathode and 1MV/cm at
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Fig. 1.13. A fragment of the chronographic scanning of the optical image near
the cathode. Tracks show moving bubbles (1). Bands whose shapes are close to the
voltage pulse waveform show the Kerr bands. Bending of the bands illustrates the
motion of injected charges. Instants of ionization in the bubble region (2) and gap
breakdown (3) are also indicated

the anode. The field at the emitting electrode decreased. Figure 1.13 shows
slit scanning pattern of the field near the cathode to the instant of breakdown
initiation. In the absence of injection of charge carriers from the electrodes, the
Kerr bands must repeat the waveform of the voltage pulse. The specific feature
of the bands (the presence of “a claw”) allows us to conclude that the charge
carriers emitted from the cathode move with a velocity of a few tens of meters
per second. The mobility of charge carriers determined from here is (5 ± 2) ·
10−3 cm2 · V−1 · s−1, which approximately corresponds to the hydrodynamic
mobility [45, 63]. The tracks crossing the Kerr bands display, as mentioned
above, moving bubbles. Jumps of the Kerr bands are caused by ionization
processes in the zone occupied with bubbles. The discharge is initiated exactly
in this zone. Electric field distortions, bubbles, and breakdown initiation are
clearly seen from the sequence of frames shown in Fig. 1.14.

The anode processes differ from the cathode ones (Fig. 1.15). The charge
carriers are also emitted, but the emission threshold (∼1 MV/cm) is higher;

Fig. 1.14. Experiment on detection of the space charge, bubbles, and breakdown
initiation at the tip cathode in nitrobenzene. Photographs were taken at time mo-
ments 1.2 (A), 2.6 (B), 4.5 (C), and 10 (D) μs after the voltage application
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Fig. 1.15. Experiment on detection of the space charge, bubbles, and breakdown
initiation at the tip anode in nitrobenzene. Photographs were taken at time moments
1.2, 6.7, 11.5, and 15 μs after the voltage application

in addition, bubbles and charge carriers are more localized. The velocities
of charge carriers and bubbles are slightly higher than for the cathode by
virtue of higher values of the electric field strength; however, the mobility of
charge carriers remains approximately the same, that is, it corresponds to the
electrohydrodynamic mobility. The discharge channel is initiated in the region
of bubble localization where the strongest electric field distortion is registered.

Electrooptical registration of the electric field in water and water mixtures
with ethyleneglycol performed in [84,86] revealed conditions at which electric
fields near the electrodes are attenuated under the action of voltage pulses.
By adjusting the ignitor electrodes, the pulsed electric strength was increased
by 40%. In [87], vice versa, the breakdown field strength in the Kerr cells
under dc voltage was increased by adjusting electrode coatings to eliminate
the injection processes. The two last examples demonstrate that the Kerr
effect technique can be used to control the field distribution to increase the
working field strength.

As to nonpolar liquids and gases with the Kerr constants being by 3–4
orders of magnitude smaller, it is difficult to measure fields in them. Experi-
ments [84,87,88] on the study of field distribution in weakly birefringent media
are worthy of notice. Measurements in transformer oil, SF6, and silicone oil
were carried out in [84]. The sensitivity was increased by using photomulti-
pliers to scan the gap with a narrow laser beam.

The novel scheme of electrooptical measurements was suggested in [88].
It was based on the use of elliptically polarized light and high-frequency mod-
ulation of the measurable electric field. It was demonstrated that the sensitiv-
ity of measurements of dc fields in oil can be made as great as 100V/cm. We
note that the nonuniformity of electric field distribution was established by
means of direct measurements there; moreover, it increased with time. This
demonstrates that irreversible reactions run in the electrochemical system
transformer oil - electrode system in which charges are generated. It is not
clear what components of the system interact. The electric field nonuniformity
causes the field strength to increase, as a rule, at one of the electrodes. Obvi-
ously, this reduces the electric strength of the gap under dc voltage. The mat-
ter is not only that the field nonuniformity is indicative of the electrochemical
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processes accompanied by possible contamination of liquid by reaction prod-
ucts. This situation promotes the formation of bubbles at the igniter electrode
under the action of the Coulomb forces on the liquid. Their transfer to the
regions of stronger field with EHD flows can cause the discharge ignition in
them and the subsequent breakdown.

The control of uniformity of the electric field distribution allows one to
estimate the suitability of electrode systems for use at dc voltage, to esti-
mate the efficiency of measures for an increase in the electric strength. The
presence of space charges in nonpolar liquids under application of dc volt-
ages was demonstrated in [53]. The space charge has a complex structure.
The homocharge layer formed at the electrode is followed by the heterocharge
layer. In the first layer, the Coulomb forces repeal the liquid from an electrode,
and in the second layer, they press it. Naturally, this situation is unstable, and
electrohydrodynamic flows arise with increasing voltage applied to the liquid.

1.5 Pressure Distribution during Charge
Carrier Emission

1.5.1 Uniform field

The space charge generated near the electrodes upon injection from the elec-
trode or, more precisely, from the double layer at the electrode will change
the electric field distribution. We now consider the one-dimensional variant
which can be used to describe experiments in uniform or weakly nonuniform
electric fields. This variant is also applicable to experiments in sharply nonuni-
form fields when the extension of the space charge region is less than the tip
curvature radius.

The additional Coulomb force with volume density f = ρs.c ·E acts on the
liquid in the region of the space charge having density ρs.c. Under the action
of this force, the liquid is displaced from the electrode. Since the liquid layer
adjacent to the electrode is fixed and is not displaced from the electrode, a
pressure gradient arises. The pressure gradient increases as the liquid moves,
and in equilibrium ∇P = ρs.c · E. Since in the one-dimensional case ∇P =
dP/dx and ρs.c = ε0εdE/dx, we obtain

P = P0 − ε0ε
(
E2

b − E2 (x)
)
/2, (1.70)

where P0 is the liquid pressure outside of the space charge region, and Eb is
the field strength on the space charge boundary. Usually P0 is set to be equal
to the external pressure Pout; then from (1.70) it follows that in the space
charge region, the pressure is always reduced. Moreover, the larger the degree
of electrode screening, the lower the pressure.

Figure 1.16 shows the electric field distribution near the electrode in the
presence of the uniformly distributed homocharge. It is assumed that the
charge is strong enough to decrease the field strength near the electrode to
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Fig. 1.16. Field distribution in the space charge zone for complete electrode
screening

zero. Figure 1.17 shows the pressure distribution for the indicated relationship
between Pout and ε0εE2/2 and field distribution illustrated by Fig. 1.16. It
can be seen that the pressure at the electrode can reach large negative values
P = Pout − ε0εE2/2. For pre-breakdown fields in polar liquids, the estimated

Fig. 1.17. Pressure distribution near the electrode where the uniformly distributed
homocharge is localized. The upper curve is for ε0εE2/2 = Pout, the intermediate
curve is for ε0εE2/2 = 4 · Pout, and the lower curve is for ε0εE2/2 = 10 · Pout
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negative pressure changes from a few fractions to units of MPa. For nonpolar
liquids, the negative pressure is smaller, and under pre-breakdown conditions
it usually does not exceed a few fractions of MPa.

Here it is necessary to compare the effects of energy release for the screened
electrode and of the negative pressure formed at its surface on the formation
of bubbles in the liquid and on the bubbles that already exist. For example,
we now estimate the temperature change for the lower curve in Fig. 1.17 at
Pout = 1atm:

ΔT =
ε0 · ε · E2

2 · c · ρ
∼ 106

103 · 103
∼ 1◦C. (1.71)

It can be seen that upon strong injection into the uniform macrofield, the
negative pressure in the space charge region has the determining effect in com-
parison with the temperature change. When the space charge is insufficient for
complete screening of the electrode, the field strength at the electrode is less
than the external field strength. The hydrostatic pressure distribution over
the gap is similar to the pressure distribution in the previous case described
by (1.70).

1.5.2 Sharply nonuniform field

Simple distributions of the field strength and pressure shown in Figs. 1.16
and 1.17 are inapplicable to sharply nonuniform fields created by the tip-
plane electrode system. To determine the injected charge, a system of electro-
dynamics equations with the corresponding initial and boundary conditions
must be solved. The problem on the injection current was solved in a num-
ber of works devoted to the study of charge transfer in semiconductor and
dielectric materials (for example, see [69, 89]).

The general solution of the problem is difficult because of the nonlinearity
of the equations; therefore, the problem is solved for particular cases of non-
stationary space-charge limited currents injected from flat [69] or spherical
electrodes [89] connected to a source of dc voltage. Two cases are analyzed,
namely, when the space charge is created at the electrode at the initial instant
by photoinjection, or when the electrode is a reservoir. In the case of charge
emission from the electrode into the liquid under the action of an electric
field, these assumptions are unsuitable. As indicated above, the field strength
at the electrode increases with voltage in the ohmic regime and changes only
slightly after transition to the regime of space-charge limited current. In the in-
termediate regime, the current is described by the Fowler–Nordheim formula.
Attempts to solve the problem on the emission current in a liquid dielectric
under pre-breakdown electric fields were repeatedly undertaken. Simplifica-
tions used not always had clear physical meaning.

We have developed a method for solving equations for an arbitrary emis-
sion law and a symmetric electrode system [59,90]. Here we restrict ourselves
to an examination of the most important practical case of a spherical elec-
trode with a simplified emission law. Since in calculations of space charges,
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pressure, and energy release we can neglect the contribution of the first two
sections of the current-voltage characteristic, we assume that emission starts
when the field strength exceeds a certain threshold value Ei and after that
the electrode will become a reservoir [69]. To solve the problem, we need the
data on the mobility of charge carriers. Here we consider it to be equal to
the hydrodynamic mobility [69] and neglect its dependence on time and field
strength.

We now write down the initial dimensionless system of equations including
the continuity, Poisson, total current, and total voltage equations:

1
r2

∂

∂r

(
r2Eρ

)
+

∂ρ
∂t

= 0,

1
r2

∂

∂r

(
r2E

)
= ρ,

(1.72)∂E

∂t
+ ρE = J,

∞∫

1

E (r, t) dr = U (t) .

In the dimensional form, we have

Jd =
ε0εU2μ

r3
0

J ,

td =
r2
0

μU
t , (1.73)

ρd =
ε0εU
r2
0

ρ .

Here J is the current density and U is the voltage pulse amplitude. Hyperbolic
system of equations (1.5.2) is solved by the method of characteristics [27]. To
this end, we substitute the second equation into the first one. We obtain

∂ρ
∂t

+
∂ρ
∂r

· E + ρ2 = 0. (1.74)

The characteristics of this equation are the curves dr
dt (r (t, t0)) = E, where

t0 is the moment at which the characteristic leaves the electrode (emission of
each portion of the charge). From the conditions satisfied on the characteristic,
we obtain that

dρ
dt

(r (t, t0)) = −ρ2 ,

d
(
E · r2

)

dt
r (t, t0) = J · r2 ,

(1.75)
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or after integration,

r (t, t0) = 1 + 3 (l (t) − l (t0) − Q (t0) (t − t0))
1/3

,

ρ (r (t, t0)) = ρ0/ (1 + (t − t0) ρ0) ,

E (r (t, t0)) = (Ei + Q (t) − Q (t0)) /r2 .

(1.76)

Here ρ0 is the space charge density on the electrode at the moment t0 at which
the characteristic leaves the electrode, Q (t) =

∫
J (t) dt, and l (t) =

∫
Q (t) dt.

Substituting (1.76) into the total voltage equation and regrouping terms, we
obtain the equation

Q (t) = U (t) − Ei +

t∫

0

Q (t)
[
Ei + dQ

dt0
(t − t0)

]
dt0

{1 + 3 [l (t) − l (t0) − Q (t0) (t − t0)]}4/3
, (1.77)

suitable for numerical calculations. For quite short voltage pulses, (1.77) can
be solved by the method of successive approximations. For the zero approxi-
mation, it is convenient to take Q0 = U (t)−Ei. The physical meaning of the
zero approximation is obvious: it is a charge of geometrical capacity. In this
case, the change of the capacity due to the space charge is neglected. Substi-
tuting Q0 into the right-hand side of (1.77), we obtain Q1, and so on. The
physical meaning of Q1 and successive approximations is an increase in the
capacity due to space charge emission. Choosing a convergence criterion of the
iterative process (Qn − Qn−1) /Qn < δ, where δ is a preset small number, we
obtain the solution Q(t). Using this solution and the foregoing expressions,
we obtain distributions of interest to us. Figure 1.18 shows the calculated
field strength distribution at the spherical igniter electrode for the indicated
moments of time and emission intensities. It can be seen that the field at the
electrode is not always minimum throughout the gap as in the case of the flat
electrodes. Moreover, for large time, the space charge is so smeared over the
gap that the field strength maximum is restored at the electrode.

The heating of the liquid near the electrode, pressure drop, and maximum
possible radius of the electrolytic bubble generated in the course of irreversible
electrode reaction can be estimated from the dimensionless quantity Q(t).

The heating of the liquid is described by the expression

ΔT =
ε0ε · E2

0

cp
Q (t)Eem.

The pressure drop is

ΔP = ε0ε · E2
0

d

dt
(Q − U) .

The maximum possible size of the electrolytic bubble is

R0 = 3

√
3ε0ε · Q (t) · D · t

en
.
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Fig. 1.18. Calculated dynamics of the electric field distribution at two emission
levels of charge carriers

Estimates based on these expressions demonstrate that under conditions of
experiments on pre-breakdown processes in nitrobenzene, the temperature
change was negligibly small (<1 K), the possible electrolytic bubble radius
did not exceed 10−5 cm, and the determining factor of bubble occurrence was
the negative pressure.

References

1. K. C. Kao and J. B. Higham, The effect of hydrostatic pressure, temperature and
voltage duration on the electric strength of hydrocarbon liquids, J. Electrochem.
Soc., 108, 252–258 (1961).

2. I. Kalyatskii and V. V. Krivko, Investigation of impulse electric breakdown of
water at elevated pressures and temperatures, in: Breakdown of Dielectrics and
Semiconductors [in Russian], Tomsk (1964), pp. 29–39.

3. V. M. Lagunov, Investigation of Electric Breakdown of Water Insulation, Can-
didate’s Dissertation in Technical Sciences, Institute of Nuclear Physics of the
Siberian Branch of the Russian Academy of Sciences, Novosibirsk (1969).

4. K. Yoshino, Dependence of dielectric breakdown of liquids on molecular struc-
ture, IEEE Trans. El. Insul., 15, 386 (1980).

5. J. S. Mirza, C. W. Smith, and J. H. Calderwood, Liquid motion and internal
pressure in electrically stressed insulating liquids, J. Phys., D3, 580–585 (1970).

6. G. A. Ostroumov, Interaction of Electric and Hydrodynamic Fields [in Russian],
Nauka, Moscow (1979).

7. I. E. Balygin, Electric Strength of Liquid Dielectrics [in Russian], Energiya,
Moscow-Leningrad (1964).



References 47

8. K. S. Kao, Some electromechanical effects on liquid dielectrics, Br. J. Appl.
Phys., 12, 141–148 (1961).

9. J. B. Higham, Investigations of electrical breakdown in liquids, Proc. IEE, 3,
No. 4, 623 (1964).

10. S. S. Hakim and J. B. Higham, Mechanical forces in dielectrics, Proc. IEE, 109,
No. 15, 158–161 (1962).

11. C. G. Garton and Z. Krasucki, Bubbles in insulating liquids: stability in an
electric field, Proc. R. Soc. London, A280, 211–226 (1964).

12. B. M. Smolyak, Influence of an electric field on surface tension of liquid di-
electrics, in: Thermal-Physical Properties of Liquids and Explosive Boiling up
[in Russian], Publishing House of Ural Scientific Center of the USSR Academy
of Sciences (1976), pp. 79–84.

13. R. S. Allan and S. G. Mason, Particle behavior in shear and electric fields.
I. Deformation and burst of liquid drops, Proc. R. Soc. London, A267, 45–47
(1962).

14. S. Torza, R.G. Cox, S.G. Mason, Elektrohydrodynamic deformation and bursts
liquid of drops, Phil. Trans. R. Soc. London. 2694 (1971) pp.295–319

15. K. S. Kao, Some electromechanical effects on liquid dielectrics, Br. J. Appl.
Phys., 12, 141–148 (1961).

16. J. B. Higham, Investigations of electrical breakdown in liquids, Proc. IEE, 3,
No. 4, 623 (1964).

17. E. V. Yanshin, I. T. Ovchinnikov, and Yu. N. Vershinin, Optical investigations
of the pre-breakdown phenomena in water in nanosecond range, Zh. Tekh. Fiz.,
43, No. 10, 1067–1071 (1973).

18. H. Lamb, Hydrodynamics, 6 th Edition. Series: Cambridge Mathematical
Library, Trinity college, Cambridge (1994).

19. Ya. Yu. Akhadov, Dielectric Properties of Pure Liquids [in Russian], Publishing
House of Standards, Moscow (1972).

20. M. I. Shakhparonov, Methods of investigation of thermal motion of molecules
and composition of liquids [in Russian], Publishing House of Moscow State
University, Moscow (1963).

21. M. Valisko, D. Boda, J. Lisci, and I. Szalai, Relative permittivity of dipolar
liquids and their mixtures. Comparison of theory and experiment, Phys. Chem.
3, 2995–3000 (2001).

22. S. M. Korobeinikov, Bubble model of ignition of the impulse electric discharge
in liquids, Author’s Abstract of Doct. Phys.-Math. Sci. Dissert., Tomsk (1998).

23. J. S. Jakobs and A. W. Lawson, An analysis of the pressure dependence of the
dielectric constant of polar liquids, J. Chem. Phys., 20, No. 7, 1161–1164 (1952).

24. L. D. Landau and E. M. Lifshits, Electrodynamics of Continuous Media [in
Russian], State Physical and Mathematical Press (1958).

25. S. M. Korobeinikov, Elektrostrictional waves in nonuniform fields, Deposited in
Informelektro, No. 6-d79, Moscow (1979).

26. S. M. Korobeinikov and E. V. Yanshin, Dynamics of electrostrictional pressure
at a spherical electrode, Zh. Tekh. Fiz., 53, No. 10, 5 (1983).

27. S. K. Godunov, Equations of Mathematical Physics [in Russian], Nauka, Moscow
(1979).

28. M. I. Abramowitzch and I. M. Stegun, eds., Handbook of Special Functions with
Formulas, Plots, and Mathematical Tables [in Russian], Nauka, Moscow (1979).



48 1 Behavior of Liquids in Strong Electric Fields

29. D. Sette, Study of simple liquids by ultrasonic methods, in: Physics of Sim-
ple Liquids, Ed. By H. N.V. Temperly, 7. Rowlinson, G.S. Rushbrooke, North
Holland, (1968).

30. A. A. Vorobjev, G. A. Vorobjev, E. K. Zavadovskaya, et al., Impulse Break-
down and Destruction of Dielectrics and Rocks [in Russian], Publishing House
of Tomsk State University, Tomsk (1971).

31. K. S. Kao and J. B. Higham, The effect of hydrostatic pressure, temperature and
voltage duration on the electric strength of hydrocarbon liquids, J. Electrochem.
Soc., 108, 252–258 (1961).

32. K. C. Kao and McMath, Time dependent pressure effect in liquid dielectrics,
IEEE Trans. El. Insul., 5, 64–68 (1970).

33. I. T. Ovchinnikov, K. V. Yanshin, and E. V. Yanshin, Experimental investiga-
tions of pulsed electric fields in water near the tip electrode with the help of the
Kerr effect, J. Tekh. Fiz., 748, No. 12, 2595–2698 (1978).

34. V. V. Lopatin, V. Y. Ushakov, and V. P. Chernenko, Ignition and propagation
of nanosecond discharge in liquids, Izv. Vyssh. Uchebn. Zaved., Fiz., No. 3,
100–105 (1975).

35. J. C. M. Bokris and B. E. Conway, Modern Aspects of Electrochemistry, London
Bitterwortts, (1964).

36. I. T. Ovchinnikov, K. V. Yanshin, and E. V. Yanshin, Investigations of pre-
breakdown electric field distribution in water with the help of the Kerr effect,
Zh. Tekh. Fiz., 44, No. 2, 452–454 (1974).

37. E. V. Yanshin, Optical investigations of nanosecond pre-breakdown phenomena
in water, Author’s Abstract of Cand. Tech. Sci. Dissert., Novosibirsk (1977).

38. E. Hart and M. Unbar, Hydrated Electron, Atomizdat, Moscow (1973).
39. D. E. Anderson, J. B. Green, S. C. Glidden and M. Richter, 1,2 MV, 800 kA, 150

ns Pulsed Power Generator for Powering Field Reversed Ion Ring Experiments,
10 th IEEE Intern Rulsed Power Conf., Albuquerque, New Mexico, (1995).

40. Yu. Ya. Iossel, Calculation of potential fields in power engineering [in Russian],
Energiya, Leningrad (1978).

41. G. A. Mesyats, A. S. Nasibov, and V. V. Kremnev, Shaping of Nanosecond
High-Voltage Pulses [in Russian], Energiya, Moscow (1970).

42. E. A. Morozov, Interference technique of registration of electric fields in liquid
dielectrics with the help of the Kerr effect, in: Abstracts of Reports at the All-
Union Conf. on Physics of Dielectrics, Baku (1982).

43. E. A. Morozov and G. S. Kuchinskii, Investigation of the physical phenomena in
water in pre-discharge electric fields, in: Abstracts of Reports at the All-Union
Conf. on Physics of Dielectrics, Baku (1982).

44. S. M. Korobeynikov, S. I. Kosyrikhina, K. V. Yanshin, and E. V. Yanshin,
The Kerr effect in nitrobenzene in strong electric fields, Deposited at VINITI,
No. 4176–82, Moscow (1982).

45. N. J. Felici, B. Gosse, and J. P. Gosse J.P. Aspects electrochimique et elec-
trohydrodynamiques de la conduction des liquides isolants, RGE, 85, 861–864
(1986).

46. J. P. Gosse, Electric conduction in dielectric liquids, IEEE Trans. El. Insul., 21,
503–517 (1986).

47. I. Adamchevskii, Electric Conduction of Liquid Dielectrics [in Russian], En-
ergiya, Leningrad (1972).

48. A. I. Zhakin, Magn. Elektrodin., No. 1, 63–70 (1991).



References 49

49. A. I. Zhakin, F. F. Niyazi, A. E. Kuzko, and S. A. Lunev, Trudy Kursk.
Gostekhuniv., 7, 58–85 (2001).

50. N. J. Felici, Conduction mechanisms in liquid dielectrics. Modern aspects, in:
Proc. World Electrotechnical Congress, Moscow (1977), p. 19.

51. Yu. K. Stishkov and A. A. Ostapenko, Electrohydrodynamic flows of direct
current and low-voltage conduction, in: Abstracts of Reports at the All-Union
Conf. on Physics of Dielectrics and New Fields of Their Application, Karaganda
(1978).

52. Yu. K. Stishkov, Phenoma of nonlinear interaction between the field and liquid
low-conductive medium, Author’s Abstract of Doct. Phys.-Math. Sci. Dissert.,
Leningrad State University, Leningrad (1985).

53. Yu. M. Rychkov and Yu. K. Stishkov, Electric field strength and space charge
in technical liquid dielectrics, Kolloidn. Zh., 40, No. 6 (1978).

54. Yu. K. Stishkov and A. A. Ostapenko, Electrohydrodynamic flows in liquid Di-
electrics [in Russian], Publishing House of Leningrad State University, Leningrad
(1989).

55. G. Theodossiou et al. The influence of electrodynamic motion on the breakdown
of dielectric liquids, Appl. Phys., 21, No. 1 (1988).

56. V. Ya. Ushakov, Insulation of High-Voltage Equipment, Springer-Verlag Berlin
Heidelberg (2004).

57. S. M. Korobeynikov, E. V. Yanshin, and K. V. Yanshin, Optical investigation of
prebreakdown processes in insulating liquids, in: Proc. 4th Int. Symp. on High
Voltage Engineering, Athenes (1983).

58. S. M. Korobeynikov, E. V. Yanshin, and K. V. Yanshin, Space charge and
prebreakdown bubbles formation near point electrodes under pulse voltage, in:
Rec. 8th Int. Conf. on Conduction and Breakdown in Dielectric Liquids, Pavia
(1984).

59. S. M. Korobeynikov, K. V. Yanshin, and E. V. Yanshin, Prebreakdown pro-
cesses in liquid insulation under pulse voltage, in: Pulse Discharge in Dielectrics,
G. A. Mesyats, ed. [in Russian], Nauka, Novosibirsk (1985), pp. 99–114.

60. S. M. Korobeynikov, K. V. Yanshin, and E. V. Yanshin, Electrooptical investiga-
tions of emission of charge carriers in sharply nonuniform fields in nitrobenzene,
Deposited at VINITI, No. 5407–82, Moscow (1982).

61. S. M. Korobeynikov, K. V. Yanshin, and E. V. Yanshin, Investigation of pulsed
prebreakdown fields in nitrobenzene with the help of the Kerr effect, in: Ab-
stracts of Reports at the All-Union Conf. on Physics of Dielectrics and New
Fileds of their Application (1978), pp. 20–22.

62. S. M. Korobeynikov, E. V. Yanshin, and K. V. Yanshin, Experimental evidence
of bubble model of discharge initiation, in: Proc. of the 1998 Int. Conf. on
Electrical Insulation and Dielectric Phenomena, Atlanta (1998), pp. 436–438.

63. N. J. Felici, Electrostatics and hydrodynamics, J. Electrostat., 4, 119–139
(1977–1978).

64. R. Kattan, A. Denat, and O. Lesaint, Generation, growth, and collapse of vapor
bubbles in hydrocarbon liquids under a high divergent electric field, J. Appl.
Phys., 66, No. 9, 4062–4066 (1989).

65. N. Bonifaci and A. Denat, Transport phenomena in point-plane geometry in
liquid argon, in: Proc. 12th Int. Conf. on Dielectric Liquids, IEEE Publ. No.
96CH35981, Roma (1996), pp. 37–40.



50 1 Behavior of Liquids in Strong Electric Fields

66. A. Denat, F. Jomni, F. Aitken, and N. Bonifaci, Generation of bubbles in liq-
uid argon and nitrogen in divergent electric fields, in: Proc. 13th Int. Conf. on
Dielectric Liquids, Nara (1999), pp. 384–387.

67. A. Denat, F. Aitken, and N. Bonifaci, High-field conduction phenomena in non-
polar liquids, in: Proc. 6th Int. Conf. on Modern Problems of Electrophysics and
Electrohydrodynamics of Liquids, Saint Petersburg (2000), pp. 38–42.

68. Record of the 10th International Conference on Conduction and Breakdown in
Dielectric Liquids, Sec. 8, Electrohydrodynamic Phenomenon, Grenoble (1990),
pp. 275–333.

69. M. Lampert and P. Mark, Current Injection in Solids, Academic Press,
New York, (1970).

70. A. Adamson, Physical Chemistry of Surfaces, 6 th Edition by Arthur
W. Adamson, Alice P. Gast (1976).

71. A. H. Sharbaugh, J. C. Devins, and S. J. Rzad, Progress in the field of electric
breakdown in dielectric liquids, IEE Trans. El. Insul., 13, No. 4, 249–276 (1978).

72. S. M. Korobeynikov, S. G. Sarin, and G. G. Furin, Electric conduction of per-
fluotriethylamine under dc voltage, Zh. Prikl. Khim., 69, No. 2, 321–326 (1996).

73. E. D. Shchukin, A. V. Pertsov, and E. A. Amelina, Colloid Chemistry [in Rus-
sian], Publishing House of Moscow State University, Moscow (1982).

74. K. P. Mishchenko and A. A. Ravdel’, eds., Brief Handbook of Physical and
Chemical Quantities [in Russian], Khimiya, Moscow–Leningrad (1965).

75. S. M. Korobeynikov, A. V. Melekhov, G. G. Furin, V. P. Charalambakos, and
D. P. Agoris, Mechanism of surface charge creation due to image forces, J. Phys.,
D35, No. 11, 1193–1196 (2002).

76. A. Denat, B. Cosse, and J. P. Gosse, Ion injection in hydrocarbons, J. Electro-
stat., 7, 205–225 (1979).

77. S. M. Korobeynikov and Yu. N. Sinikh, Bubbles and breakdown of liquid di-
electrics, in: Proc. 1998 IEEE Int. Symp. on Electrical Insulation, IEEE No.
98CH36239, Arlington (1998), p. 603.

78. W. F. Schmidt and W. Shnabel, Electron injection into dielectric liquids by
fields emission, Z. Naturforsch., A26, 169–170 (1971).

79. K. Dotoku, H. Yamada, S. Sakamoto, S. Noda, and H. Voshida, Field emission
into nonpolar organic liquids, J. Chem. Phys., 69, 1121–1126 (1978).

80. R. Hanaoka, R. Ishibashi, T. Aoyagi, Y. Asada, and T. Nishi, Effect of liquid
motion on breakdown voltage under divergent electric fields in transformer oil,
in: Rec. 10th Int. Conf. on Dielectric Liquids (1990), pp. 301–305.

81. A. A. El-Sulaiman, A. S. Ahmed, and M. E. Qureshi, High field DC conduction
current and spectroscopy of aged transformer oil, IEEE Trans. PAS, 101, No. 11,
4358–4360 (1982).

82. Zein-Eldin, M. E. Zaky, A. A. Hawley, and M. S. Gullingford, Influence of elec-
trode coating on space charge distributions in transformer oil, Nature, 201,
No. 4926, 1309 (1964).

83. A. Watanabe, Investigations of some electric force effect in dielectric liquids,
Jpn. J. Appl. Phys., 12, No. 4, 593 (1973).

84. M. Zahn et al., Electrooptic field and space charge mapping measurements
in gaseous, liquid, and solid dielectrics, in: Proc. Interdisciplinary Conf.
on Dielectrics: Properties, Characterization, Applications, Antibes (1992),
pp. 130–139.



References 51

85. V. M. Kopylov, I. T. Ovchinnikov, S. G. Sarin, and E. V. Yanshin, Spatial
distribution of pulse high-voltage conduction of n-hexane, in: Insulation of High-
Voltage Electrical Equipment Systems [in Russian], Publishing House of Tomsk
Polytechnic Institute, Tomsk (1988), pp. 19–24.

86. M. Zahn, Y. Ohki, D. B. Fenneman, R. J. Gripshover, and V. H. Gehman,
Dielectrical properties of water and water/glycol mixtures for power systems,
Proc. IEEE, 74, 1182 (1986).

87. J. C. Filippini, Recent progress in Kerr cells technique, J. Phys., D8, 201–213
(1975).

88. T. Maeno and T. Takada, Dependence of an applied DC voltage on electric field
distribution in insulating oil using the Kerr effect technique, in: Proc. 2nd Symp.
Elec. Insul. Mater., Tokyo (1988), pp. 123–126.

89. A. I. Rudenko, Nonstationary currents limited by the spatial charge in spherical
geometry, Fiz. Tekh. Poluprovodn., 8, No. 10, 1928–1935 (1974).

90. S. M. Korobeynikov, Injection current and formation of bubbles in strong
sharply nonuniform electric fields, Prikl. Mekh. Tekh. Fiz., 41, No. 5,
75–80 (2000).



2

Behaviour of the Gas Phase in Liquids
in Strong Electric Fields

An interest in the occurrence of the gas phase in liquid and its behavior is
primarily caused by the circumstance that the electric strength of gas is much
less than that of liquid. Therefore, if gas is presented in liquid, the problem
of a mechanism of liquid breakdown initiation can be reduced, at least on the
level of general considerations, to a simpler and better understood problem of
gas breakdown. In fact, it is considered that the breakdown of a gas bubble
somehow leads to liquid breakdown.

In view of the important role of the gas (in more general case, vapor-
gas) phase in discharge ignition, some problems concerning the formation and
existence of vapor-gas bubbles and their evolution in an electric field should
be primarily considered.

The gas phase in liquid consists of air and other gases arising in the pro-
cess of liquid manufacture, storage, and use. In addition, both gas and vapor
bubbles can arise in the liquid volume under the effect of the electric field.
The conditions of liquid equilibrium in the electric field considered in Chap. 1
enable us to calculate the influence of the field on thermodynamic bubble
equilibrium in liquid. In this case, the main problem is whether the electric
field promotes or interferes with bubble formation. The practical importance
of this question follows from the fact that when the electric field promotes
the bubble formation, achievement of a certain critical field will inevitably
lead to bubble occurrence, and hence will limit the opportunity of obtaining
higher fields because of bubble ionization and subsequent breakdown. When
the electric field interferes with bubble growth, a lever of additional control
over the electric breakdown arises due to its possible influence on the factors
determining the breakdown occurrence.
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2.1 Nature and State of the Gas Phase (Bubbles)
in Liquids

2.1.1 Bubbles in Liquid before the Electric Field Application

The question on the mechanism of bubble existence is of principal importance
for physics of boiling and cavitation of liquids. The matter is that the assump-
tion about the nucleation of bubbles directly at the moment of experiment
calls for substantial superheating during liquid boiling and tensile forces dur-
ing cavitation. Actually, it is very difficult to realize these states of liquid in
experiments on liquid boiling up and cavitation. Bubbles are mainly formed
under pressure close to that of saturated vapor [1,2]. Therefore, we can state
that micronuclei (most likely microbubbles) permanently exist in liquid. Even
in the experiments in which especially pure conditions were obtained using
special methods (degassing or filtering), the bubbles were apparently formed
from nuclei.

Theoretical models do not substantiate the stationary existence of gas
bubbles in liquid. The gas must leave the bubble and dissolve in liquid, because
it experiences the effect of increased pressure due to capillary forces. The
dissolution time τdis depends on the bubble size r, coefficient of gas diffusion
in liquid D, solubility Cs, and gas content C in the liquid [3]:

τsol =
r2

2D (Cs − C)
. (2.1)

It can be seen that the bubble can be kinetically stable in liquids with either
small coefficient D (high viscosity) or low gas solubility or when the dissolved
gas concentration C is close to the limiting gas content Cs.

There are several models of bubble static stability. According to one of
these models [1], the bubble surface adsorbs surfactants which form a frame-
work on the surface. The framework structure is such that it precludes the
compression of the bubble without inhibiting its expansion. In this case, me-
chanical and molecular-kinetic equilibria are uncorrelated. The bubble size
determined by establishing its mechanical equilibrium is maintained by the
framework, and the gas pressure depending on molecular-kinetic equilibrium
is set equal to that for a flat surface.

A more obvious variant of the existence of gas bubbles is connected with
the presence of a microrelief on the solid surface in contact with the liquid,
namely, pores and bulges. In this case, depending on the wetting angle of the
surface by liquid and the pore geometry, there is a set of pores in which a
stable existence of bubbles is possible. Thus, in bottle-shaped pores having a
narrow exit to the surface and expanding deeper into the pore, bubbles can
exist for any wettability. In pores of conical or cylindrical shape, stationary
bubbles can exist only in the case of incomplete wettability [2, 4]. When the
preliminary applied pressure exceeds that produced by capillary forces, a part
of pores collapses, that is, gas is dissolved in the liquid.
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Optical observations of the behavior of bubbles in water revealed the
stationary existence of micron-size bubbles in distilled filtered water in a sig-
nificant amount of 103–104 cm−3 [5, 6]. This was demonstrated with the help
of registration of the normalized light scattering phase function. The angles at
which maxima of the scattered signal amplitudes were registered corresponded
to inclusion sizes of 2–3 μm. To clearly distinguish between the scattering on
bubbles and microparticles, additional experiment was performed under appli-
cation of a pressure pulse. As the pressure increased, bubbles were compressed,
and the maxima of the normalized scattering phase function were registered at
angles corresponding to reduced bubble sizes. This unambiguously indicates
the presence of exactly bubbles!

To explain their insolubility, it was suggested to treat the mechanism of
interaction between gas and liquid with allowance for the physical adsorption
of gas molecules on the surface. According to [6,7], equilibrium of the dissolved
gas can be established with gas above a flat surface and inside the bubble.
Thus, the micron-sized gaseous bubbles can stationary exist in the liquid.

In the overwhelming majority of cases, the main gas in the bubble must be
air. In the process of preparation, the surface of the liquid is typically in con-
tact with air. In some cases, for example, when preparing transformer oil, air is
used in the production technology: in one of the last stages of oil preparation,
air is blown through oil to dehumidify it [8]. Clearly, the gas concentration
is close to saturation after this operation. According to the available data,
0.086 cm3 of nitrogen, 0.16 cm3 of oxygen, and 1.2 cm3 of carbonic acid are
dissolved in 1 cm3 of transformer oil at room temperature. Bubbles in pure oil
should consist of these main gases. If oil was in service, it must contain dissoci-
ation products of oil molecules: hydrogen, ethylene, acetylene, and other gases.

Other liquids, as a rule, contain bubbles consisting mainly of air. In addi-
tion, low-boiling liquids quite often used in experiments must contain vapors
of these liquids.

However, even in experiments with pure degassed liquids, they may con-
tain gas bubbles. The matter is that metal electrodes comprise sufficiently
large amount of gas. For example, the approximate level of dissolved gas con-
centration in stainless steel is (1–10) (mm3·atm)/g [9]. This means that 1 g of
substance contains ∼1mm3 of gas at atmospheric pressure. In addition to gas
in metal volume, there can be a large amount of gas on its surface. In contact
with a degassed liquid, the gas from the surface and volume slowly diffuses into
the liquid. The characteristic value of gas inflow even from carefully processed
metal calcinated in vacuum is ∼1 cm3/(s·cm2) at a pressure of 10−3 Torr [9].
This means that 10−6 cm3, that is, a gas bubble with a diameter of about
100 μm, intersects every second an area of 1 cm2 moving into the degassed liq-
uid given that the hydrostatic liquid pressure is equal to the atmospheric one.

Therefore, gas is always present in subsurface regions, and the most prob-
able regions of gas localization are nonwettable surface areas of the electrodes,
mostly pores. These areas are the nucleation centers for macroscopic bubbles.
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2.1.2 Deformation in an Electric Field

It is experimentally established [10–13] that bubbles and drops suspended
in a dielectric liquid are elongated along the electric field. In a theoretical
description of this phenomenon, the following contradiction arises. According
to [10, 11], from the equation of the interphase boundary
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it follows that bubbles should flatten along the field rather than elongate. Here
R1 and R2 are the main radii of surface curvature, σ is the surface tension, P1,
ε1, En1, Et1, and E1 are the pressure, permittivity, and normal and tangential
components and total electric field strength in the bubble, respectively. The
same quantities in liquid have subscript 2. If we exclude from (2.2) the last two
terms and consider that P1 and P2 are constant for the entire bubble surface,
the solution of the equation gives the result which does not contradict the
experiment. Based on this, in [10] it was concluded that the electrostriction
pressure in liquid was fictitious in character and hence can be disregarded.
The incorrectness of this conclusion was pointed out in [11]. To obtain the
agreement between the experiment and theory, in [11] it was suggested that
the surface tension coefficient depends strongly on the field vector even in
rather weak fields E ∼ 10 kV/cm. According to [11], the agreement with the
experiment can be obtained by fitting the dependence for the given liquid.

However, inclusion of the dependence σ(E) allows one to explain only the
fact of bubble elongation along the electric field but not the deformation mag-
nitude. The predicted deformation magnitudes are independent of the initial
bubble size, whereas numerous experimental data [10,12,15] demonstrate that
deformation of both bubbles and drops is proportional to the initial size of
inclusions. Calculations performed in [14] were used to determine a criterion
for bubble breakdown [16]. The assumption [17] that the bubble volume re-
mains unchanged during deformation in an electric field was replaced with
a more strict account of changes in the bubble volume and pressure. In the
derivation of the bubble breakdown criterion it was assumed that the voltage
drop on the bubble corresponds to a minimum of Paschen’s curve U = f(pd),
where p and d are the pressure in the bubble and its size, respectively. Among
disadvantages of this work are the incorrect account of the electrostriction
pressure and hence the pressure in the bubble. In addition, it was consid-
ered that the field is electrostatic, and it remained unclear what factors led
to the formation of bubbles. From the viewpoint of discharge ignition in the
liquid, it is incorrect to identify the discharge initiated in the bubble with
the discharge initiation in liquid. We believe that the discharge initiation in
the bubble is necessary but insufficient condition for the discharge ignition in
liquid.
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In [18], the bubble stability was examined in the sense of occurrence and
growth of waists and grooves on its surface. In so doing, it was assumed that
ε0εE2/2 
 2σ/r, and hence the bubble was elongated transforming into a
long cylinder. A wavy cylindrically symmetric surface perturbation was con-
sidered; in this case, the pressure exerted by the electric field on the bubble
decreased in the concave region and increased in the convex region of the bub-
ble. The electric field in this case is the stabilizing factor, because it prevents
the instability increase. However, there are a number of contradictions in this
work. On the one hand, it is considered that the electric field flattens the bub-
ble; on the other hand, the bubble volume is set constant in calculations. The
fields for which ε0εE2/2 ∼ 2σ/r were not examined in the work; probably, the
bubble stability could be violated for these fields. In addition, for the ionized
bubble, the instability only in the sense of infinite distance was considered.
Though in this case the electric field is perpendicular to the surface, it has
the opposite effects on concave and convex regions in comparison with the
effect on the dielectric bubble. One more interesting result of this work is an
analysis of electron losses in the elongated bubble caused by diffusion of hot
electrons toward the bubble walls.

These works explain qualitatively the dependence of the electric strength
of liquids on the temperature and pressure E(T, p). However, they disregarded
the factors that caused the bubble nucleation and maintained its existence.
With allowance for these factors, the pressure, temperature, bubble size, and
electric field in its vicinity can considerably differ from those used in [16, 17],
and hence the significance of these criteria is reduced. These criteria should
take into account concrete thermodynamic states of liquid and bubbles.

Thus, to solve the main problem whether the electric field promotes or
precludes the formation of pre-breakdown bubbles, it is necessary to consider:

a) bubble deformation with allowance for the electrostriction pressure,
b) bubble stability,
c) shift of thermodynamic equilibrium of the bubble-liquid system under the

effect of electric field.

2.1.3 Deformation and Stability

To elucidate the conditions of forming pre-breakdown bubbles, it should be
taken into account that charge carriers are emitted from the electrodes when
the field strength exceeds a certain threshold value (see Chap. 7). In nitroben-
zene, the threshold field strength at the cathode is 500kV/cm. It is much
higher at the anode (1 MV/cm) [19,20]. The bubble formation near the cath-
ode in liquid pentane and decane was observed at threshold field strength of
7MV/cm [21]. It is believed that approximately the same or greater values
are characteristic of intensive emission from the electrodes for other liquids
as well. Therefore, the bubbles already existing on the electrode surface or
formed at the electrodes are affected by strong electric fields; their influence
on the shape and stability of bubbles must be taken into account.
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Since the bubble in liquid is deformed in the electric field, it can lose its
mechanical stability at the critical field strength depending on the properties
of liquid and bubble sizes. As a result, it breaks into smaller bubbles as in
the case of drops. This limits a maximum pre-breakdown bubble size, and as
a consequence, increases their electric strength, especially under dc voltage.
Therefore, to describe the pre-breakdown processes in liquids, it is necessary
to analyze the conditions of violation of the mechanical stability of the bubble
under the effect of the external electric field and to derive expressions for a
maximum bubble size in pre-breakdown electric fields with allowance for the
electrostriction of liquids.

2.1.4 Deformation in the Linear Approximation

Let us now analyze the initial premises used in [10,11]. They consider that the
pressure in liquid P = const, that is, is independent of the field strength and
distribution. Vorobjev and Malyshenko [22] are also inclined to this viewpoint.
This assumption is physically unjustified, because it ignores the dependence
of the chemical potential of the liquid on the electric field strength. With
allowance for this dependence, the liquid pressure distribution, including the
region adjacent to the bubble surface, must be described by (1.5). In this
case, the liquid overflows from weak to strong field regions, that is, from the
bubble poles to its equator due to the nonuniformity of the electric field near
the bubble theirby increasing the pressure near the equator and reducing it
at the poles. The characteristic times of liquid overflow are determined by the
bubble size and sound velocity. For micron-size bubbles, we have d/c ∼ 10−9 s.
This means that local equilibrium is always established under pre-breakdown
conditions.

According to [23], we now consider the bubble deformation with allowance
for equilibrium condition (1.5). Substituting (1.5) into (2.2), neglecting elec-
trostriction in the gas, and setting the gas permittivity ε = 1, we obtain the
equation of equilibrium for the interphase boundary in the form:
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where θ is the angle between the normal to the surface and the field direc-
tion, and R1 and R2 are the main radii of the surface curvature. We now
demonstrate that under small deformations, (2.3) describes an ellipsoid. For
the ellipsoid of rotation,
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where a and b are the lengths of the ellipsoid semiaxes. Expanding in a se-
ries and condidering terms of the first order, we obtain equation analogous
to (2.3). Equating the corresponding terms, we determine the ellipsoid pa-
rameters Δ1 = (a − R0) /R0 (which describes the relative elongation along
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the field) and Δ2 = (R0 − b) /R0 (which describes the relative compression
along the equator). The gas inside the bubble is considered ideal:

Δ1 =

[
Pout · R0ε0(ε − 1)

4 · σ · ε E2
1 − ε0(ε − 1)

2 · ε E2
1 · +Pout − P0

]

·
(

3 · Pout +
4 · σ
R0

)−1

Δ2 =

[
Pout · R0ε0(ε − 1)

8 · σ · ε E2
1 +

ε0(ε − 1)

2
E2

1 · −Pout + P0

]

·
(

3 · Pout +
4 · σ
R0

)−1

(2.5)

For the ellipsoid eccentricity Δ = (a − b) /R0 = Δ1 + Δ2, we obtain
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R0ε0(ε − 1)2

8 · σ · ε
E2
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9 · R0εε0(ε − 1)2

8 · σ · (2ε + 1)2
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From here it follows that Δ > 0 irrespective of P0, that is, the electric field
acting on the bubble placed in a dielectric liquid transforms the bubble into an
elongated ellipsoid of rotation with the major axis oriented along the field, as
observed in experiments [10, 11]. Since in the linear approximation employed
the electrostriction is not included into the expression for deformation, anal-
ogous expression for the deformation is obtained when the electrostriction is
formally dropped as in [10] and as implicitly assumed in works [12, 15] de-
voted to the deformation of drops. However, to calculate the absolute values
of elongation across the field (Δ1) and along the field (Δ2) and of changes in
the bubble volume ΔV/V = (Δ1 − 2Δ2) that play the important role in bub-
ble formation and discharge propagation in them, the electrostriction pressure
should be taken into account.

A special case should be mentioned when the field on the bubble boundary
is redistributed due to the electrical conduction of the liquid. This occurs if
the applied voltage pulse duration exceeds the Maxwell time of dielectric re-
laxation. In this case, we find the bubble deformation based on calculations of
the electrohydrodynamic deformations of drops presented in [12]. Simplifying
the tension tensor obtained in [12] for the nonviscous gaseous phase with per-
mittivity ε = 1 and taking into account the electrostriction by analogy with
derivation of (1.5), we obtain the expression for bubble deformation under
constant voltage:
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where ρrat is the ratio of the specific resistance of the bubble to that of the
liquid q = 1/ε. In the absence of ionization phenomena, there are virtually no
charge carriers in the bubble. From here is follows that ρrat >> 1, and the
deformation is

Δ =
9 · r0 · ε0 · E2

0

32σ
· (ε − 3.2) . (2.8)
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The characteristic feature of this case is that the deformation sign depends
on the liquid permittivity value. For nonpolar liquids with ε < 3.2, Δ < 0,
that is, the bubble is flattened, whereas for polar liquids, Δ > 0, and the
bubble is always elongated along the electric field.

Thus, for small deformation of the bubble placed in the dielectric liquid,
consideration of the electrostriction pressure has allowed us to derive expres-
sions for deformation without invoking additional hypotheses.

2.1.5 Stability

The condition of small deformation can be violated for pre-breakdown bub-
bles in a strong electric field, and more complex calculations are required to
determine the deformation. To this end, we now take advantage of the equa-
tions describing bubble deformation without assumption of its smallness; the
main assumption here is that the bubble shape does not differ from an el-
lipsoid. Strictly speaking, this assumption is not fulfilled as well. However, it
seems likely that under strong deformations for which a/b ∼ 2, the bubble still
remains stable, and the bubble shape differs from ellipsoidal one only insignif-
icantly. We derive expressions for bubble deformation by analogy with [10]
with the only difference that we will use the equilibrium pressure P0 rather
than the constant pressure P2. We now introduce the quantity r0 specified by
the formula
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which relates the pressure and volume for the ideal gas. This quantity is equal
to the bubble radius at zero external pressure. The equilibrium conditions on
the bubble pole and equator have the form
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b
− P1 = 0, (2.10)
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The pressure exerted by the electric field on the bubble surface near the
equator is
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where G is the depolarization coefficient:
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From (2.10)–(2.12) we obtain a cubic equation for Peq:
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where A = 2γ − 1 − 1/γ2 and B = 2εγ3 − 1 − γ2.

Let us rewrite it in the canonical form for the third-order equations:

y3 + 3py + 2q = 0. (2.14)

The form of the solution depends on the sign of the quantity Q = p3 + q3. For
Q > 0, the solution is unique and real:
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For Q < 0, there are three real roots of (2.14); moreover, two of them are
negative for q < 0. Since Peq by definition (2.11) is positive, these solutions
are physically meaningless and must be rejected. For q > 0, there are two
positive roots:
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where θ is determined from the formula:

θ =
1
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This case corresponds to a negative liquid pressure. For y0 < −1, the real
solution is unique and negative; therefore, there is no solution in principle in
this interval of negative pressures.

Substituting Peq into (2.11), we express E through γ. In particular, for
y0 > 1,
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and for 0 < y0 < 1,
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In a sharply nonuniform field, P0 = Pout and y0 > 0 in the absence of
charge emission. For this case, formulas (2.18), (2.19), and (2.5) describing
small deformations were used in calculations. A bubble with a radius of 1 μm
in n-hexane with σ = 18.42 ·103N/m and ε = 1.883 was considered. Figure 2.1
shows the dependences of the bubble deformation on the field strength de-
scribed by these formulas.

It can be seen that the curves almost completely coincide for the weak
electric field, and for the strong field, the maximum difference is as great as
15%, that is, in this case the linear approximation is sufficiently accurate.
However, the linear approximation does not predict the dependence of the
deformation on the pressure if the pressure changes in an electric field. When
P0 decreases because of the electrostriction:

Fig. 2.1. Deformation of the bubble with R0 = 1 μm in hexane under the effect of
the electric field. Curve 1 shows the results calculated from (2.18) and (2.19), and
curve 2 shows the results calculated in the linear approximation
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P0 = Pout − ε0ρ
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· E2

2
, (2.20)

calculations were carried out for a bubble with a radius of 1 μm in n-hexane.
Figure 2.2 shows the calculated results. The deformation for P0 = Pb and the
dependence of the pressure in the bubble on the field strength for these two
cases are also shown in the figure. It is important that for Ecr > 2.25 MV/cm,
the bubble of this size cannot exist if the pressure in the liquid decreases
because of electrostriction. This problem was investigated in more detail. To
this end, a special program of calculating Ecr from (2.18) for y0 = 1 was
developed. Calculations were carried out for typical polar and nonpolar liquids
hexane and water. Figure 2.3 shows the dependences of γcr and Ecr on R0 for
the bubble radius increasing from 10−8 to 2 · 10−6 m. From Fig. 2.3 it can
be seen that the region of solution existence is bounded from above by the
curve Ecr(r), and the minimum field strength at which this effect is observed
is 2MV/cm. For water (Fig. 2.4), the critical field strength is approximately

Fig. 2.2. Dependences of the bubble deformation (curves 1 and 1′) and pressure
(curves 2 and 2′) on the electric field strength with (curves 1 and 2) and without
consideration of the electrostriction (curves 1′ and 2′) for R0 = 1 μm in hexane
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Fig. 2.3. Dependences of the critical deformation (curve 1) and electric field
strength (curve 2) on the bubble radius in hexane

equal to 0.4MV/cm for a 1-μm bubble; it is equal to 4MV/cm for a 10−8-m
bubble. The physical nature of the absence of solution for E > Ecr is the
impossibility of bubble equilibrium under significant negative pressure values
created because of electrostriction according to (2.20). It is not clear how
equilibrium will be established, but it is obvious that the electric field tends
to break off the bubble, because, as can be seen from Figs. 2.3 and 2.4, the
bubble remains stable under the same field when its sizes are reduced.

Let us consider the second solution for −1 ≤ y0 < 0. For y0 = −1, this
solution for the critical field coincides with the first one, and for all other y0

values, it describes higher deformation intensities than the first solution.
The solutions examined above only demonstrate that under certain con-

ditions the bubble is in mechanical equilibrium with the liquid. However, it is
not clear whether equilibrium is stable. Since the surface energy of the bubble
increases as the bubble grows, under certain deformation degree it becomes
energetically favourable to divide the bubble into two or more fragments. Dis-
regarding changes in the electrostatic energy, the surface energy of the bubble
can be determined from the expression:
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Fig. 2.4. Dependences of the critical deformation (curve 1) and electric field
strength (curve 2) on the bubble radius in water
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After division into two bubbles whose deformation we neglect, their total
surface energy σS = 8πR0

2σ2−2/3 will not exceed the surface energy of the
initial ellipsoid for γ ≥ 4. From here we conclude that bubbles with deforma-
tion γ ≈ 4 are unstable and cannot stationary exist. Since the deformation
depends on the radius and in the linear approximation is proportional to it,
the critical deformation for large bubbles is observed for weaker fields. Strictly
speaking, the estimate γ ≈ 4 is rather approximate, since a correct considera-
tion of stability must involve small deviations of the waist shapes and analysis
of the accompanying changes of the total energy of the system.

A rigorous solution of the problem on the bubble stability faces significant
difficulties; at the same time, there are no detailed experimental studies of the
bubble stability under the effect of electric field. The results of drop collapse
in a flow or an electric field [12,15] demonstrate that the drop is divided into
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Fig. 2.5. Dependence of the maximum bubble radius on the electric field strength.
The stability region boundaries are 2 < γ < 4. Here curve 1 is for hexane, curve 2 is
for nitrobenzene, and curve 3 is for water

two or more drops already for γ ≈ 2. Apparently, for bubbles we can consider
that they are unstable for γ ≈ 2 − 4. Figure 2.5 shows instability regions for
the bubble in water, nitrobenzene, and hexane.

As to the experimental data on the bubble stability in an electric field,
there are only occasional data on the bubble behavior in exotic enough dielec-
tric (liquid six-fluoric sulfur) [24,25]. Optical measurements [24] demonstrated
that vapor bubbles with low mobility are divided into fragments when the field
strength achieved the critical value. The fixed bubble size was characteristic
of each field strength value, namely, 0.3mm for 350kV/cm and 0.1mm for
630kV/cm. It can be seen that the dependence of maximum bubble radius on
the field strength is square-law, as it follows from (2.5) given that Δ is fixed.
Formally, substituting the physical parameter values, including the permittiv-
ity, surface tension coefficient, bubble radius, and field strength into (2.5), we
obtain that the deformation in linear approximation must be approximately
Δ ∼ 3. This means that γ ≈ 4 corresponds to division of bubbles in liquid
SF6.

These results are confirmed by experimental investigations of the pre-
breakdown bubbles in hexane [26]. The normalized optical scattering phase
function was measured under application of voltage at which partial discharges
were formed. The analysis of the results demonstrated that the average bubble
radius at the tip anode was 1 μm, and at the tip cathode it was 0.7 μm. Con-
sidering that the boundary of the stability region corresponds to γ = 2, from
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Figs. 2.1 and 2.5 we conclude that the electric field strength near the anode in
experiment [26] was 2MV/cm, which was apparently close to the experiment.
For the tip cathode, two variants of explanation are possible, namely, either
the electric field strength exceeded by a factor of 1.1–1.2 the field strength
near the anode due to an increase in the breakdown voltage with allowance
for the polarity effect [27], or charge carriers were emitted near the anode
thereby decreasing the pressure near the electrodes and reducing the bubble
stability by analogy with the electrostriction effect considered above.

2.2 Influence of the Electric Field
on the Bubble Formation

2.2.1 Electrostatic Mechanism of Bubble Formation

The feasibility of implementation of this mechanism was discussed in a num-
ber of works [27–31]. The important role in the construction of the model of
bubble breakdown mechanism was played by Kao [30] who put forward several
hypotheses explaining the bubble formation in the gap and the bubble role
in electric breakdown. One of the reasons for bubble occurrence is extraction
of the gas from cracks and pores on the electrode surface. It is considered
that the bubble formed under the action of electrostatic forces tends to be
elongated, while its volume remains constant. The breakdown occurs when
the voltage on the bubble reaches a minimum in Paschen’s curve. These as-
sumptions allowed Kao [30] to explain on the qualitative level the dependence
of the electric strength on pressure and temperature for long and microsecond
voltage pulses [32]. However, within the framework of this model it is impos-
sible to explain the absence of the dependence of the electric strength on the
above-enumerated factors for nanosecond voltage pulses [33,34]. Some unjus-
tified assumptions, in particular, about the constancy of the bubble volume
were indicated by the Grenoble team [18,35].

An attempt to explain the bubble formation by stretching of thermofluc-
tuation holes was made in [36] where it was assumed that the liquid has a
special quasicrystal structure. However, according to the hole theory of liq-
uids [37], the size of thermofluctuation holes does not exceed 10−7 cm. Hence,
significant drag (tension) forces should be applied to the hole to stretch it.
These forces can be estimated from the equality of capillary pressure and ten-
sion from which it follows that tension must be as great as several tens and
hundreds of MPa. Moreover, a mechanism of tension in liquid under the effect
of the electric field remained unclear in [36]. In [38–41] it was considered that
the free energy of a dielectric in an electric field decreases by ε0εE2Vcr/2 with
bubble formation, where Vcr is the volume of the critical bubble. This bubble
can be the reason for breakdown.

The change in the free energy of dielectrics with incorporated substances
having reduced permittivity was studied in [42] where it was demonstrated
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that in this case, the free energy increased. In addition, the increase in the
free energy was testified by the experimental fact of forcing out bubbles from
the region of a strong electric field [43–45]. However, boundaries of the liquid
were not taken into account in [42]; meanwhile, as follows from (1.5)–(1.8),
the conditions on the boundaries can promote tension in liquid. It seems likely
that with occurrence of the bubble, the total free energy in some cases will
decrease. Therefore, the problem of electrostatic cavitation remains unsolved.

The breakdown of hexachlordiphenyl was experimentally and theoretically
investigated in [31] where an attempt was made to use these results to analyze
the pre-breakdown phenomena in other liquids. The main mechanism of bub-
ble formation was detachment of liquids from the electrode surface. It was as-
sumed that the detachment occured in the region of field amplification caused
by an impurity particle lying on the electrode. The particle was considered
spherical, the electric field on its surface was nonuniform, and the maximum
field strength was amplified by a factor of 4.2 in comparison with the exter-
nal field. The detachment mechanism implies that the electric charge at the
particle-liquid interface repels the liquid exerting the pressure pσ = ε0εE2/2 to
the liquid surface. It is considered that when pσ becomes equal to the external
pressure, a cavity arises. When it is separated at a sufficiently large distance,
evaporation occurs from its walls due to energy liberation and dissociation
in the process of bubble wall bombardment by electrons. However, from the
results of this work it is not clear whether the charge remains on the metal
surface or leaves the metal to be incorporated into the liquid. If the charge
remains on the metal surface, only electrostatic forces will act on the liquid.
In order that the charge acted directly on the liquid and could transfer a mo-
mentum, it must escape the range of attraction of the image forces, that is,
must be emitted into the liquid. In this case, the mechanism of charge carrier
emission should be considered (for example, as was made in Chaps. 1 and 7)
together with charge carrier motion in liquid. Then it is already impossible to
consider the electrostatic mechanism of bubble formation.

The idea of Krasucki [31] about liquid detachment from the microparticle
was used in [14] to study the probability of liquid detachment from the tip
electrode. In this case, the value of the local amplified field strength near the
tip Etip was used in the expression for the pressure instead of 4.2 · E0. It
was considered that the bubble was shaped as a semicylinder resting on a
metal surface. Based on the conditions of equilibrium at the bubble pole and
equator, it was concluded that the bubble with radius smaller than 1 μm was
flattened, while the bubble with radius greater than 1 μm was elongated along
the field force lines. However, this work has a number of disadvantages and
unreasonable assumptions. First, by analogy with [31], the liquid discontinuity
was considered incorrectly. Second, the assumption about the semicylindrical
bubble shape on the surface was not tested; this test would be made based
on an analysis of equilibrium conditions not only on the pole and equator
but also on the entire gas-liquid interface. Third, it was assumed that the
liquid pressure remained constant, and the electrostriction pressure was not
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taken into account. The common disadvantage of works analyzed above is the
assumption that bubbles are inevitably formed when the critical field strength
is achieved.

Among recent works devoted to this subject, works [46,47] should be men-
tioned in which the electromechanical forces were examined promoting the oc-
currence of microcavities and their transformation into a streamer. Without
going into details, it should be noted that great forces can be realized only at
microtips with significant field amplification. However, in an attempt to cre-
ate high field strengths E ∼ 108 V/cm, the near-electrode processes of charge
carrier emission must be observed at much lower field strengths E ∼ (3–7)
·105 V/cm; they make obtaining higher field strengths impossible.

Based on an analysis of works devoted to the formation of pre-breakdown
bubbles under the effect of electric field, a conclusion can be made that this
question remains unclear, and in order that to answer it, the dynamics of
bubble nucleation and growth should be considered with allowance for all
forces acting on the bubble surface. Rigorous consideration of bubble growth
faces significant difficulties even in rather simple cases of bubble nucleation in
superheated or stressed liquids [1, 2, 48, 49]. The complexity of calculations is
caused by the necessity of inclusion of a number of factors: viscosity, inertia,
evaporation dynamics, thermal fluxes, etc. When bubbles grow in an electric
field, the influence of the electric field on bubble deformation and change of
the bubble pressure are added to the above-enumerated factors. Therefore, a
rigorous solution to the problem on the dynamics of growth of pre-breakdown
bubbles is a very complicated problem, and its solution is hardly possible
now. To solve this problem qualitatively, that is, to answer the main question
wether the electric field promotes or precludes the bubble formation, there is
no need to solve the dynamic problem. It is suffice to consider changes in the
conditions of static equilibrium for the bubble under the effect of the electric
field.

2.2.2 Influence of Pressure Variations Inside
the Bubble on Phase Equilibrium

Based on the results of calculations of bubble deformation and conditions
of electrohydrostatic equilibrium (Chap. 1), we now consider the problem of
displacement of thermodynamic equilibrium for a liquid-vapor system under
the effect of electric field [50].

As is well known, conditions of phase equilibrium for the liquid-bubble sys-
tem are fulfilled when the temperatures, chemical potentials, and pressures of
the coexisting phases are equal. In our case, the equality of temperatures is a
trivial condition; therefore, joint changes in the chemical potentials and pres-
sures of the bubble and liquid should be analyzed. We now consider that be-
fore voltage application, the liquid and vapor chemical potentials were equal:
ξ1 = ξ2. Their change under the effect of the electric field can be described by
expressions [42]
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ξ1 (P, T, E) = ξ1 (P, T ) − ε0
∂ε1

∂ρ1

· E2
1

2
,

ξ2 (P, T, E) = ξ2 (P, T ) − ε0
∂ε2

∂ρ2

· E2
2

2
.

(2.21)

Since for gas ρ
∂ε
∂ρ

≈ ε − 1 	 1, we neglect the change in the chemical

potential of vapor under the effect of the electric field and consider only its
change caused by pressure changes in the bubble which can be expressed as

ξ1 (P, T ) =
kT

m
ln

Ps

Pso
+ ξ1 (T, Pso) , (2.22)

where Ps is the saturated vapor pressure and Pso is the saturated vapor pres-
sure in the absence of field. Under conditions of liquid equilibrium, ξ1 = const
and we obtain

ξ1 (P, T, E) = ξ2 (P0, T ) ≈ ξ1 (T, P0) +
Pout − P0

ρ
, (2.23)

where P0 is determined from condition (2.5). Equating (2.22) and (2.23), we
obtain

kT

m
ln

Ps

Pso
=

Pout − P0

ρ
. (2.24)

If we take into account only changes of the chemical potentials and ignore
mechanical equilibrium, from (2.24) we obtain that the change in the saturated

vapor pressure
Ps

Pso
necessary for compensation of the change in the chemical

potential is usually insignificant. From here it follows that the displacement
of the curve of phase equilibrium is insignificant, as demonstrated in [51].

Let us consider the change in the bubble pressure. Since the saturated
vapor pressure in the electric field remains virtually unchanged, its change in
the bubble in the process of establishing mechanical equilibrium causes the
chemical potential of vapor to change. The latter is much less sensitive to the
field than to the pressure. This is explained by the fact that, as demonstrated
above, the change in the chemical potential of liquid can be compensated by
a small change in the pressure inside the bubble. From (2.24) it follows that

ΔPs ∼ Pso

nkT
(Pout − P0) ,

where n is the number of liquid molecules in unit volume. Since nkT has the
dimensionality of pressure and its value is a few hundred MPa, the change in
the saturated vapor pressure caused by the change in the chemical potential
of liquid under the effect of the electric field is small and can be neglected.
Therefore, if the pressure in the bubble has increased, the chemical potential
of vapor exceeds the chemical potential of liquid, and vapor condensation on
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the bubble walls will be observed thereby decreasing the pressure inside the
bubble. Since the pressure of the electric field on the bubble and hence the
pressure inside the bubble are kept constant, the bubble volume will decrease
and after a while, the bubble will be dissolved in the liquid.

Hence, when the external electric field causes the pressure inside the bubble
to increase ΔP > 0, the thermodynamic vapor stability decreases; on the
contrary, when ΔP < 0, the electric field promotes the formation and growth
of bubbles. The electric field influences analogously the gas bubbles in the
saturated liquid with the only difference that the rate of bubble dissolution
will be determined by the difference between the pressure inside the bubble
and the partial pressure in the liquid.

To calculate the displacement of the curve of phase equilibrium under
the effect of electric field, we must elucidate the degree of similarity of this
situation to the case when phase equilibrium is displaced as a result of changes
in the external pressure. It is well known that the external pressure causes
virtually equal changes in pressures inside the liquid and bubble. In our case,
the pressure inside the bubble changes, whereas the pressure in the liquid can
remain constant.

However, from the viewpoint of the phase transition, this difference is
insignificant, since the change in the chemical potential of the liquid with
pressure can be neglected. Therefore, we can consider that the phase equi-
librium curve is displaced under the effect of electric field as if the external
pressure has been changed by ΔP determined from the conditions of bubble
deformation with allowance for electrohydrostatic equilibrium.

2.2.3 Calculations of the Pressure Inside
the Bubble upon Small Deformations

Let us consider a change in the pressure inside the bubble under the effect
of electric field. This problem is most simply and vividly solved within the
framework of the linear approximation. Based on (2.5), we write down the
relative change in the bubble volume:

ΔV

V
=
(

Pout − P0 − 3ε0ε (ε − 1)E2
0

2 (2ε + 1)

)(

Pout +
4σ
3R0

)−1

. (2.25)

From here the change in the pressure is

ΔP =
Pout +

2σ
R0

Pout +
4σ
3R0

[
3ε0ε (ε − 1)E2

0

2 (2ε + 1)
− (Pout − P0)

]

. (2.26)

To simplify the subsequent expressions, we designate the quantity before
the square brackets by A. Let us analyze the above expression with allowance
for conditions (1.1)–(1.9). When P0 = Pout, the liquid is drawn in the region
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of electric field, and the conditions on the volume boundary do not influence
the pressure value inside the bubble:

ΔP = A
3ε0ε (ε − 1)E2

0

2 (2ε + 1)
. (2.27)

The electric field increases the pressure inside the bubble, that is, precludes
its formation and growth. If the liquid is in contact with the atmosphere and
values of the normal and tangential components are equal: En.b = Et.b, with
allowance for (1.8) we obtain

ΔP = A
ε0 (ε − 1)E2

0

2

[
3ε

2ε + 1
− εE2

n.b

E2
0

− E2
t.b

E2
0

]

. (2.28)

From here it follows that ΔP > 0 if the field on the boundary is small
in comparison with E0. If the field on the boundary has only the tangential
component Et.b = E0,

ΔP = A
ε0 (ε − 1)2 E2

0

2 (2ε + 1)
. (2.29)

If the field has only the normal component En.b = E0,

ΔP = −A
ε0 (ε − 1)2 εE2

0

2ε + 1
. (2.30)

For a uniform field when the liquid inflow is impossible or has no time to
occur, taking into account (2.5), we obtain that

ΔP = A

[
3ε0ε (ε − 1)E2

0

2 (2ε + 1)
− ε0ρ

∂ε
∂ρ

E2
0

2

]

, (2.31)

that is, both value and sign of pressure change depend on the dielectric po-
larity. For nonpolar dielectrics, from (2.31) and (1.2) we obtain that

ΔP = −A
ε0 (ε − 1)3 E2

0

2 (2ε + 1)
< 0. (2.32)

For polar liquids, the result depends on the expression employed for
∂ε
∂ρ

. If

theoretical expression (1.3): ρ
∂ε
∂ρ

= ε − ε∞ is used,

ΔP = A
ε0

(
ε2 + (2ε∞ − 4) ε + ε∞

)
E2

0

2 (2ε + 1)
, (2.33)

and the use of empirical expression (1.4): ρ
∂ε
∂ρ

∼ kε yields not so unambiguous

result
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ΔP = A
εε0 [ε (3 − 2κ) − κ − 3]

2 (2ε + 1)
E2

0 . (2.34)

Taking into account that for the majority of technical liquids κ < 1.5, we
obtain that ΔP > 0 as in the case described by (2.34). For conducting liquids,
the expression for the change in the pressure inside the bubble is derived from
formula (2.7):

ΔP = A

(
3ε0 (2ε − 1)

8
E2

0 + P0 − Pb

)

. (2.35)

A comparison of this expression with (2.25) demonstrates that in non-
polar liquids with other conditions remaining unchanged, the change in the
pressure inside conducting liquids is approximately doubled compared to di-
electric liquids. With increase in the permittivity, this difference decreases
and, for example, for water these expressions yield virtually identical results.

Thus, the linear theory allows simple expressions to be obtained that con-
sider the influence of the electric field on the phase transition and cases to be
revealed when the electric field precludes or promotes boiling up of the liquid.

2.2.4 Influence of the Bubble Shape Instability
on Boiling of Liquids

The main laws established with the help of the linear theory are also ob-
served under large deformations. We note the salient feature following from
the bubble stability in an electric field. In the theory of phase transitions it is
assumed that the condition of equilibrium between the liquid and bubble of
infinite radius is fulfilled on the phase transition curve (binode) [1, 48].

For superheated liquids when thermodynamic liquid parameters are en-
closed between the spinode and binode, the liquid is in equilibrium with the
bubble of finite radius R. And in the case of maximum superheating (the at-
tainment of the spinode), the liquid is in equilibrium with the bubble of zero
size. Thus equilibrium is unstable; an excess of the equilibrium size leads to
infinite bubble growth.

However, in our case stationary equilibrium with a large bubble placed in
an electric field is impossible. This circumstance should influence the mech-
anism of bubble formation. We consider two cases: when the radius of the
critical nucleus rcr is less than the radius Rcr of the bubble whose deforma-
tion is critical γ (Rcr) = γcr

∼= 2 − 4 and the formation of bubbles for the
opposite relationship between the radii. If rcr < Rcr, the potential barrier for
the bubble growth is determined by the rcr value and the pressure produced
by the electric field. When the bubble size exceeds rcr due to thermal fluc-
tuations, it will grow and will be deformed until its size reaches Rcr; then
it will be divided into two or more bubbles with sizes that will grow until
Rcr, and so on. If rcr > Rcr, boiling is impossible. The bubbles with sizes
rcr > Rcr formed due to thermal fluctuations are unstable; they are divided
into bubbles of smaller sizes, and since the pressure inside them is higher than
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the saturated vapor pressure, they are dissolved in the liquid. It seems likely
that instability of boiling in the electric field will cause nonstationarity of the
boiling process. We note that nonstationarities of boiling should be promoted
also by electrohydrodynamic flows.

Nonstationarity of the boiling process and conditions determining boiling
up in electric field follows directly from the results presented in [52]. Our
results demonstrate that for the onset of stationary boiling, additional super-
heating should be provided at which the radius of the critical nucleus will
be smaller than Rcr. Therefore, to determine the displacement of the phase
transition point, the additional pressure

ΔPcr =
2σ
Rcr

(2.36)

caused by the surface tension should be taken into account.
Assuming that Rcr is determined by the stability condition γ ∼ 2, ΔPcr

can be estimated simply in the context of the linear theory. Setting Δ = 1
in (2.5) and determining 2σ/Rcr from this equation, we obtain

ΔPcr =
9
4

ε0ε(ε − 1)2

(2ε + 1)2
E2

0 . (2.37)

Therefore, the phase transition point will be displaced toward higher tem-
peratures or lower pressures. Analytically, this influence should be taken into
account by addition ΔPcr to ΔP values determined by (2.25)–(2.35):

ΔPbubble = ΔP + ΔPcr. (2.38)

From here we can conclude that the binode in its classical understanding
is absent in the electric field.

2.2.5 Influence of the Electric Field on the Boiling Point of Liquids

Let us consider experiments [53–55] devoted to the influence of electric field
on the boiling point of alcohol under the effect of ac fields with strengths
≤10 kV/cm. In [53] the electric field influenced only on the gas phase, and no
displacement of the boiling point (to within 0.1K) was detected. According
to our considerations, the boiling point in these experiments should remain
unchanged, since the electric field was absent in the region of bubble nucle-
ation, and the change in the chemical potential of vapor directly under the
effect of the electric field was negligibly small.

In [54, 55], the electric field influenced not only liquid and vapor but also
the interphase surface. No changes in the boiling point were registered to
within 0.2K.

The liquid-atmosphere interface was acted upon by a tangential field, that
is, En.b = 0 and Et.b = E0. Then according to (2.29) and (2.37) ΔPbubble > 0
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and hence, the liquid should boil at an elevated temperature. Let us estimate
a possible change in the boiling temperature Tb from the expression ΔT ∼
ΔP

∂Tcr

∂P
in which

∂Tcr

∂P
is determined from the data tabulated in [56] for

the phase transition. For methanol with
∂Tcr

∂P
∼ 250 K/MPa and ε ∼ 20,

using (2.29) and (2.37), we obtain that the the boiling temperature must
change in the field with strength of 25 kV/cm by 10−1 K. It seems likely that
its deviation from the experimentally measured value is caused by the fact
that the field strength was nonuniform at the liquid-vapor interface, and the
average field strength value Et.b exceeded E0. Then according to (2.28), the
change in the bubble pressure is weaker and ΔT is smaller than 10−1 K and
apparently, should be within the limits of the experimental error 2 · 10−2 K.

2.2.6 Influence of the Electric Field on Metastable Liquids

In experiments on investigation of metastable liquids in strong electric fields
[39–41], cells were used in which a sharply nonuniform electric field was cre-
ated, and the volume of the liquid in which this field acted was negligibly small
in comparison with the remaining volume of the liquid. When the voltage was
applied to the electrodes, the liquid freely flew into the strong field region and
hence, the condition P0 = Pu was fulfilled. Then, as can be seen from (2.27),
the electric field should increase the pressure inside the bubbles irrespective of
the liquid polarity and, with allowance for (2.35), of the electrical conduction,
and thus to prevent boiling up of the liquid. According to [39], the calculated
value of the field strength was 5 ·108 V/m. Substituting this value into (2.27),
we find that the influence of this field, for example, on n-hexane is equivalent
to an increase in the external pressure by 1.2 · 106 N/m. Hence, the concept
of Parmar and Jalabyddin [39] about stimulation of liquid vaporization by
the electric field at the expence of a decrease in the free energy of the system
under conditions of these experiments was erroneous.

Apparently, the decrease in the delay time of the phase transition observed
in these experiments was caused by the emission of charge carriers from the
electrode. In this case, as considered in Chap. 1, additional factors which pro-
mote boiling up of the liquid came into being. In addition to conventionally
considered Joule heating, the excess pressure ΔP decreases because of the
field attenuation at the electrodes due to space charge emission and the pres-
sure gradient arising in the region of this charge [57]. In addition, as follows
from the results presented in Chap. 1, the field strength is sufficient for the
ionization processes in micronuclei and their subsequent growth.

2.2.7 Analysis of the Feasibility of Forming Pre-breakdown
Bubbles Under the Effect of Electric Field

Of principal importance for the problem of electric breakdown of liquid di-
electrics is a question about the reasons for the occurrence of pre-breakdown
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bubbles near the electrodes, because ionization processes in these bubbles
initiate the discharge in liquids. These initial vapor-gas bubbles were regis-
tered in experiments under long-term and pulsed (up to nanosecond) volt-
ages [20, 31, 58–60].

In the explanation of experimental results it is frequently assumed that
pre-breakdown bubbles can arise without charge carriers directly under the
effect of electric field due to the factors considered above:

a) gas and vapor extraction from nonwettable pores on the electrode sur-
face [17],

b) electrostatic forces acting on charges [16] or particles located on the elec-
trode surface [31],

c) stretching of thermofluctuation holes in liquid [36, 46, 47].

These hypotheses are qualitative in character; therefore, it is of interest to
determine the conditions of their implementation.

In the study of electric breakdown of liquid dielectrics, cells are commonly
used in which the interelectrode gap volume is small in comparison with the
remaining passive liquid volume. Gas cavities are often left in the weak field
region of the cell to prevent cell destruction by hydraulic impact accompa-
nying electric breakdown. Therefore, we can consider that the equilibrium
hydrostatic pressure in liquid is P0 = Pout.

The time of establishing the equilibrium pressure τ, as demonstrated in
Chap. 1, is determined by the electrode geometry and sound velocity in liq-
uid. For tip electrodes with curvature radius r0, this time is τ ∼ r0/c. For flat
electrodes τ ≈ lmin/c, where lmin is the minimum distance from the observa-
tion point in the interelectrode gap to the electrode surface. In experiments,
electrodes with sizes r0 ∼ 10−5 m and lmin ∼ 10−2 were commonly used. The
characteristic times of establishing the equilibrium pressure for such electrodes
are 10−8 and 10−5 s for the sound velocity c ∼ 1.5 · 105 cm/s. From the mo-
ment of voltage application during time τ the pressure in the interelectrode
gap is reduced. To simplify our analysis, disregarding the pressure dynamics
during the transient period, we consider that the pressure inside the bubble
is determined by (2.31) during time τ. According to (2.32), the change in the
pressure inside the bubble in nonpolar liquid is ΔP < 0, and in polar liquids
it is ΔP > 0, but the total pressure ΔPtot is positive in both cases.

Thus, under exposure to voltage pulses whose duration is longer than τ,
the electric field prevents the bubble formation, and their occurrence cannot
be explained by expansion of thermofluctuation holes and gas extraction from
pores.

As to the hypothesis about cavitation under the effect of the electric field
on the surface charge [16,31], it remains not clear where this charge is located.
If the charge remains on the surface of the solid body, the situation does not
differ from the above-considered case, and cavitation is impossible. If the
charge is in the liquid, its motion relative to the liquid must be taken into
account. Therefore, the question on the feasibility of cavitation is reduced,



2.2 Influence of the Electric Field on the Bubble Formation 77

in essence, to a solution of the problem on the influence of the space charge
in the liquid on its mechanical stability that has already been considered in
Chap. 1.

The critical tension amplitude at which the liquid thermofluctuation holes
start to grow to sizes of microscopic bubbles depends on the size of these
holes. The average radius of the thermofluctuation holes is independent of the
size of molecules and is determined by the expression [37]

r ≈ 1
2π

√
kT

σ
≈ 10−10 m. (2.39)

Therefore, a very high tension exceeding 108 N/m2 is required for their
burst. Experimental data on the maximum tensile strength of the liquid give
2 · 107 N/m2. If we consider that such reduction of the liquid tensile strength
is due to thermofluctuation holes of relatively large size, it can be estimated
from the expression

r ≤ 2σ
Pcr

≈ 10−9m. (2.40)

The condition of burst of these holes in nonpolar liquid dielectrics under
the effect of electric field can be written as follows:

1.5
ε0(ε − 1)
2(2ε + 1)

E2 = mcr > 2 · 107N/m2
, (2.41)

where the coefficient A = 1.5 considers that bubbles have submicron sizes.
For ε = 2, the critical field must be Ecr > 2.7 · 109 V/m. These estimates
demonstrate that because of small sizes of thermofluctuation holes, they do
not influence the electric strength of liquids, and too strong fields are required
for their expansion.

Analyzing the hypothesis about bubble occurrence due to vapor or gas
extraction from pores on the electrode surface, it is pertinent to note the
following. In a nonuniform electric field when the field is maximum on the
electrode, the pressure exerted on its surfaces starts to rise from the moment
of field application due to liquid inflow from the surrounding region. There-
fore, ΔP > 0 on the electrode surface during the entire period of voltage
exposure. The pressure on the electrode surface decreases only for the flat
electrodes forming a uniform field in the gap, especially near the electrode
rounding off, where the pressure can be reduced directly on the electrode sur-
face. However, the changes in the pressure are relatively small, and this factor
is not determining, but can promote the bubble formation and must be taken
into account in the design of high-voltage equipment with liquid insulation.

Figure 2.6 shows the most probable variants of gas and vapor existence
in pores on the electrode surface. These models are widely used in physics
of boiling, and the bubble occurrence from pores during boiling of liquid was
proved by direct experimental observations [61]. As the pressure in the liquid
decreases at the expence of electrostriction, the meniscus is displaced toward
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Fig. 2.6. Variants of bubbles

the pore mouth. Let us assume that the volume of the expanding vapor-
gas phase can exceed the pore volume. In this case, the gas phase will form
a bubble resting on the pore edges (see Fig. 2.6), and all above-calculated
results will be applicable to this bubble. Then the change in the pressure
inside the bubble ΔPbubble > 0, and hence, the electric field should compress
the bubble precluding its growth and formation. Therefore, the assumption
that the vapor-gas phase volume is greater than the pore volume is incorrect,
and the electric field precludes the gas extraction from the pores.

2.3 Analysis of Pre-breakdown Bubbles

The experiments in which pre-breakdown bubbles were registered in nitroben-
zene and water under microsecond voltage pulses demonstrate the follow-
ing [59, 60]. The charge carriers and bubbles move in pre-breakdown fields
approximately with the same velocities 20–50m/s in fields up to 1 MV/cm.
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The mobility value equal to (5 ± 2) · 10−7 m2/(V·s) does not contradict the
electrohydrodynamic origin. This means that electrohydrodynamic flows arose
in liquid under exposure to microsecond voltage pulses.

Consideration of the relaxation times of pre-breakdown bubbles, in par-
ticular, the gas bubble dissolution time, bubble and liquid cooling times, and
time of cavitation bubble collapse demonstrates that under conditions of ex-
periments with water and nitrobenzene under exposure to microsecond voltage
pulses, the registered bubbles have non-electrolysis origin.

2.3.1 Deformation of a Moving Bubble in an Electric Field

If we assume that a spherical bubble moves with velocity V relative to the
liquid, the pressure distribution in the vicinity of the bubble surface is deter-
mined by the expression [62]

P1 = P0 +
ρliq · V 2

8
(9 cos2 θ − 5), (2.42)

where P0 is the equilibrium hydrostatic pressure (see Chap. 1), θ is the angle
between the normal to the surface and the direction of bubble motion. We
note that the pressure is positive at the bubble poles and negative at the
equator, that is, it causes the bubble to flatten. We now calculate the average
pressure on the bubble surface due to motion

P1 =

∫∫

S

P1dS

S
= −ρliqV

2

4
. (2.43)

For the bubble moving in the field direction, we find the additional pressure
caused by the field using the results of Sect. 2.2:

P2 =
9ε0ε(ε − 1)E2

2(2ε + 1)2
[ε − (ε − 1) cos2 θ]. (2.44)

The condition at which the bubble will not deform can be obtained from
the requirement of independence of P1 + P2 on θ:

ρliq · V 2

2
=

ε0ε · E2

2
. (2.45)

In this case, the average pressure on the bubble will be positive if the liquid
has time to flow into the strong field region (see Sect. 1.1, for example, for a
nonuniform field) and equal to

Pav =
ε0ε · E2

0

2

[
4ε + 5
4ε + 4

]

. (2.46)

When the liquid has no time to flow into the strong field region (which is
the case, for example, for the flat electrodes and micro- and submicrosecond
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voltage pulse duration), by analogy with (2.32) and (2.33), for nonpolar liquids
we obtain

Pav = −A
ε0 (ε − 1)3 E2

0

2 (2ε + 1)
− ε0ε · E2

0

4
< 0, (2.47)

and for polar liquids we have

Pav ≈ ε0

(
ε2 + (2ε∞ − 4) ε + ε∞

)
E2

0

2 (2ε + 1)
− ε0ε · E2

4
. (2.48)

It can be seen that the pressure for nonpolar liquids is negative, while for
polar liquids with ε 
 1 it is close to zero. This means that if the bubble moves
relative to the liquid with the velocity determined by the hydrodynamic ion
mobility, it can exist both in nonpolar and polar liquids.

2.3.2 Influence of Electrohydrodynamic Flows

Since from experiments it is not clear whether the bubbles move in the mo-
tionless liquid or are entrained by the moving liquid, is of interest to analyze
an opportunity of liquid motion under exposure to pulsed voltage.

Watson in [63] described a rather exotic theory of high field conduction
in liquid with ramped voltage application based on the formation of quasi-
particles in the process of injection. These quasi-particles are electrons en-
trained by rotating microflows – the so-called Beltrami flows. This conclusion
was drawn by a comparison of experimental current dependences on the pulse
slope with the equations describing electromagnetic transformations and elec-
trohydrodynamic flows.

It is well known that an electrohydrodynamic flow arise in liquid under
ac voltage application [64–67]. It is considered that the reason for liquid mo-
tion can be heating of regions adjacent to the electrodes [64] or violation
of the electroneutrality condition in the liquid volume due to an excess ion
charge [65]. There are qualitative considerations that liquid should move un-
der application of pulsed voltage. In [35,68] the liquid motion was attributed
to charge carrier injection. It is considered that the liquid motion develops
in the space charge region when the voltage drop in this region exceeds the
critical value

Vcr = Te
η · μ
ε0ε

, (2.49)

where Te is the dimensionless number less than 161.
The Vcr value for polar liquids is typically equal to a few ten volts, and

for nonpolar liquids it is equal to a few hundred volts. The time of developing
the electrohydrodynamic instability that causes flows to develop is described
by the expression

τR ≈ 100
η

4π · ε0ε · E2
. (2.50)
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This expression was theoretically derived by the Grenoble team in [35,68,
69]. A somewhat different variant was suggested by Wang and Cross [70] who
derived the following expression for the instability of a two-layer liquid with
conducting and dielectric layers:

τR2 =
3.11 · ln αs · ρliq

1/6 · η2/3 · d2

(ε0ε)5/6 · C1/3
i · U5/3

, (2.51)

where αs is the relative displacement caused by the instability, Ci = σeld
2/

(ε0 · ε · μ · U) is the parameter characterizing the intensity of charge carrier
emission from the electrode, and σel is the electrical conduction in the space
charge zone.

Times calculated from these expressions differ significantly. We have made
an attempt of direct experimental determination of the instability develop-
ment time. To this end, by the optical interferometric method we registered
the initiation of flows with voltage application to a heated wire placed in
glycerin [71]. According to [72], a zone with increased electrical conduction

ln σel = −7.92 + 4553/T − 1.132 · 106/T 2 (2.52)

arises in the liquid on pulsed heating. This is equivalent to strong emission
for which the parameter Ci is in the range 103–104.

A space charge was generated near the heated electrode under voltage
application and hence, the occurrence of the electrohydrodynamic instability.
Figure 2.7 shows interferograms illustrating the electrohydrodynamic flows
in liquid under application of microsecond voltage pulses. The voltage am-
plitude was 10 kV, the field strength on the space charge boundary was
150–200kV/cm, and the voltage pulse duration was 40 μs in the first case
(Fig. 2.7a) and 100 μs in the second case (Fig. 2.7b). It can be seen that in
the first case, the instability only starts to develop, more precisely, the flow
dimensions slightly exceed the dimensions of the heated region. In the second
case, we see the developed instability in the entire near-electrode layer. It is
difficult to obtain unambiguous estimates from (2.51) and (2.52). The matter
is that all parameters in the near-electrode layer, beginning with the viscosity
and ending with the field strength, are changed. The maximum-likelihood es-
timate can be obtained if we consider the viscosity and field strength on the
interface. Then (2.58) gives about 40 μs, and (2.52) gives 1.5ms. Thus, our
experimental data are in agreement with the Felici model.

Based on [35, 39, 68], we now consider the results of experiments [20, 73].
In these experiments, the emission of charge carriers from the electrodes,
formation of visible pre-breakdown bubbles in the same places where emission
was observed, and pre-breakdown bubble motion were registered. The bubble
velocity was independent of their size and was in the range 20–100m/s. This is
approximately equal to the velocity of charge carriers. The velocity of bubbles
near the electrode was typically higher than that of distant bubbles. The first
bubbles moved more slowly than the subsequent ones, the bubbles during the
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Fig. 2.7. Electrohydrodynamic instability near the heated wire electrode. The elec-
trode diameter was 400 μm. The upper photograph (a) is for volage pulse duration
of 40 μs, and (b) the lower photograph is for voltage pulse duration of 100 μs

flat-topped part of the voltage pulse did not cross the front of charge carriers.
Bubbles started with a delay relative to the onset of emission; as a rule, they
overtake the front of moving charge carriers. On the pulse decay, the moving
bubbles could intersect the front of moving charge carriers; then they were
dissolved for less than 20 μs. When the emission of charge carriers causes the
formation of a field maximum outside of the tip electrode surface, the bubbles
remained in the space charge region, except the rare cases when they emerge
virtually simultaneously with the space charge. They moved with the space
charge front, and on the pulse decay could move ahead of the space charge
front.

From the experiments it is not clear whether the bubbles move relative
to the liquid or are entrained by the liquid and move with it. Though from
estimates (2.50)–(2.52) it follows that the liquid motion must be synchronous
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with the emission of charge carriers; nevertheless, the assumption that liquids
move with velocities up to 104 cm/s under application of microsecond pulses
seems unrealistic.

Let us analyse the contribution of various forces to bubble motion. What
forces act on them in motionless liquid? First, this is the well-known force
caused by the difference between the permittivities of liquid and vapor-gas
content of the bubble, the so-called dielectrophoretic force [43]

Fd = 4πε0ε(Dd∇)E, (2.53)

where Dd is the dipole moment of the bubble which according to [42] is ex-
pressed for an ellipsoid of rotation through semiaxes a and b and the field
amplification coefficient KE as follows:

Dd = a · b2 · KE · E (ε − 1) /3. (2.54)

Second, the force pushing the bubble in the direction opposite to charge
motion must act on the uncharged bubble in the space charge region. At first
sight, it is difficult to comprehend the origin of this force; however, the action
of this force on the bubble can be imaged as an action of the Archimedes force
on the bubble. In both cases the force acts on the liquid, and this is equivalent
to the action of the oppositely directed force on the bubble:

Fs.c = −ρs.c · E · Vbubble, (2.55)

where Vbubble is the bubble volume. If forces Fd and Fs.c determine the bubble
motion in the space charge region, the bubble will move toward the electrode
when the field maximum is located in the gap or is slightly displaced to this or
that side depending on the space charge density. When the bubble intersects
the boundary of the space charge region, its velocity should discontinuously
increase. In the electrostatic field zone where Fs.c = 0, the bubble veloc-
ity should depend on the distance from the tip electrode center as 1/r5. In
addition, the bubble velocity must strongly depend on the bubble size R,
approximately as R2.

In experiments these laws are disobeyed. The bubbles move with practi-
cally constant velocities in the space charge region, their trajectories undergo
fluctuations of both signs, and outside of the space charge region they most
likely move by inertia.

All these facts are a convincing proof that bubbles are entrained by liquid
flows; moreover, these flows are turbulent. That fact that the bubble velocity
near the electrode is higher than the velocity of space charge region boundary
can be caused by additional action of the electrophoretic force. As can be
seen from Fig. 1.14, the field in the space charge region has two local maxima:
near the electrode and near the front of charge carriers. Therefore, the di-
electrophoretic force will promote bubble pushing out near the electrode. The
other factor influencing the bubble motion is the time of flow onset. Since a
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flow at each point of the gap originates when the space charge region reaches
it, the degree of flow development will be maximum near the electrode and
hence, and bubble velocity will also be maximum near the electrode.

Thus, we conclude that electrohydrodynamic liquid flows were observed
in experiments [20, 73]. This experimentally confirms the results obtained
in [35, 68, 69].

In our experiments on the study of pre-breakdown processes in water with
microsecond voltage pulse application [74], we also observed moving bubbles
(see Fig. 2.8). A pulsed voltage was applied to a gap with distilled water in
a uniform field. Photographs were produced in multiframe regime with frame
exposure time of 100 ns and time interval between successive frames of 7–10 μs.
Three successive frames illustrate that the bubble formed on anode moves to-
ward cathode. The average bubble velocity was 10m/s for a field strength of
300kV/cm. Considering that the bubble is entrained by the electrohydrody-
namic liquid flow, we obtain that the mobility of charges that maintain the
flow is sufficiently close to the corresponding electrohydrodynamic mobility
μEHD ≈ 3 · 10−3 cm2/ (V · s).

Let us consider the influence of flows on the formation and existence of
bubbles. Considering that the characteristic flow velocities are V ≈ 20–
100m/s and the transverse flow dimensions are Δx ≈ 10 μm, we obtain
that the Reynolds number in low-viscosity liquids with η ≈ 1 mPa · s will
be Re = ρliq · Δx · V/η ≈ 1000. The turbulence in liquid flows arises ap-
proximately at these values of the Reynolds number. The bubble in the tur-
bulent flow should experience the effect of large-scale density and pressure
fluctuations. According to [104], the pressure fluctuations can be estimated
from the expression

ΔPfl ≈ ρliq · ΔV 2

2
, (2.56)

Fig. 2.8. Dynamics of bubble motion in water in a uniform field with application
of a microsecond voltage pulse. The anode is below, the second electrode is not seen
40 μm
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where ΔV denotes the velocity fluctuations. For estimates, we can take
ΔV ∼ V . The sign of the change in the pressure can be both positive and
negative; therefore, the pressure fluctuations can both promote and preclude
bubble formation. The fluctuation lifetime can be estimated as a ratio of the
transverse dimension to the velocity: Δx/V ∼ 10−7 − 10−6s.

The other mechanism of pressure decrease both in laminar and turbulent
flows is the Bernoulli decrease in the pressure in the flow:

ΔPB ≈ −ρliq · V 2

2
. (2.57)

It is pertinent to present numerical estimates of the pressure from (2.56)
and (2.57). The pressure decreases approximately by 2MPa given that the
velocity is 20m/s; it decreases by 50MPa for a velocity of 100m/s. This
means that the micronuclei that always present in the liquid can stretch in
these flows; this can cause their growth, fragmentation by flows and elec-
tric field, and so on, that is, the formation of a microbubble cloud near the
electrode.

2.4 Experimental Investigations of Gas Bubble
Behavior in an Electric Field

An attempt of experimental study of the behavior of artificially created mi-
crobubbles under the action of a strong electric field is undertaken in this
Section.

2.4.1 Methods and Procedures

Microbubbles 20–100μm in size were created near the electrode, then their
photographs were produced with large magnification with the help of a pulsed
nanosecond laser using a single- or multiframe system. In this case, time
moments of photography should be obligatory referenced to the moment
of pulse voltage application. The sequence of frames, including frames from
different series with the same bubble sizes and field strengths, has allowed
the bubble dynamics to be followed from the very instant of pulsed voltage
application [49, 50].

The bubbles from a few units to a few tens of microns in size should be
created on the electrode in a strong field zone; moreover, the optical system
should be adjusted exactly to this zone. The requirements on the optical
magnification (∼100 times) and total image size on the photographic film
(∼30mm) yield a detector field of view of about 0.3mm. This means that a
microbubble must be formed exactly in this region. To increase the probability
of bubble occurrence and discharge ignition in this region, it is expedient to
fabricate the electrode whose size is comparable with the above-indicated one,
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that is, 0.3–0.5mm. This can be hemispherical or tip electrode of this radius.
The variant intermediate between extended and tip electrodes is also possible:
a wire electrode less than 0.3mm in diameter bent as a loop of minimum
radius.

It is difficult to create bubbles with preset sizes, since they always will
be nonequilibrium. The time of bubble collapse depends on the nonequilib-
rium degree and type. Vapor bubbles collapse in microseconds. Gas bubbles,
according to (2.1), have the dissolution time τd proportional to the squared
radius r and inversely proportional to the coefficient of gas diffusion to the
liquid D, solubility Cs, and gas content C in the liquid. Clearly, the bubble
can exist for a long time in liquids with small coefficient D (high viscosity),
low gas solubility, or concentration of the dissolved gas C close to the satura-
tion gas content Cs. For a nonsaturated liquid, the estimated lifetime of the
bubble 10 μm in radius is 5 s given that the solubility is Cs ∼ 10−2 cm3/cm3

and the diffusion coefficient is D ∼ 10−5 cm2/s.
The liquid can be preliminary oversaturated. By this method, the bubble

dissolution time can be increased. However, in this case many bubbles will be
formed in the entire liquid volume, and small bubbles will be dissolved faster
in the ensemble than large bubbles that can even grow during some time. In
addition, bubbles will inevitably be formed on the walls, including the optical
windows of the chamber, which will complicate optical registration.

Heating of the liquid to the temperature close to the boiling point can pro-
vide a sufficiently simple method of bubble generation, since the gas solubility
is low near the boiling point.

The microbubbles can be most simply generated by local heating of the
wire electrode. In this case, local boiling of liquid, gas diffusion into the vapor
bubble, and cooling of the electrode and bubble will be observed accompanied
with vapor condensation and reduction of the bubble size. Then the slower
stage of diffusion dissolution of the gas microbubble follows. The lifetime of
bubbles with sizes of 30–50μm in the liquid saturated with gas should exceed
100 s; therefore, having generated a bubble of a certain size, we can wait while
it decreases to the required size. The bubble size can be increased by successive
application of current pulses.

The most realistic method is the determination of the size of the bub-
ble obtained in the field-of-view of the detector and its registration with the
subsequent field application and registration of bubble changes.

2.4.2 Setup

The block diagram of the experimental facility shown in Fig. 2.9 comprises a
cell with four coaxial optical windows (1 ), pulsed voltage generators (6 ), semi-
conductor laser (4 ), pulsed ruby laser with a telescope (7 ) or (in experiments
with pre-breakdown fields) CdS laser with electron pumping, photoattachment
with a set of filters (5 ), delayed-pulse generator (8 ), dc current source (2 ) with
a time relay (3 ), photocell (9 ), and oscillograph (10 ).
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Fig. 2.9. Block diagram of the experimental facility comprising electrode cham-
ber (1 ), B5-47 dc source (2 ), time relay (3 ), stationary laser diod (4 ), MBS-2 micro-
scope (5 ), voltage-pulse generator (6 ), OGM-40 pulsed ruby laser (7 ), delayed-pulse
generator (8 ), photomultiplier and photodiode (9 ), and S8-14 oscillograph (10 )

The four-stage Marx - generator with a peaker is capable of generating
voltage pulses with amplitudes up to 100kV, front duration 0.2 μs, and tail
duration of 50 μs. The pulsed light source is the OGM-40 laser capable of
producing pulses with duration of 30–40ns.

The bubbles are generated as a result of pulsed heating of a quasi-tip
electrode in the form of a U -shaped Nichrome wire 0.2mm in diameter with a
bend radius of 0.5mm grounded upon termination of the current pulse. The
flat cell electrode served as a high-voltage electrode. The duration of current
pulses with amplitudes up to 3A was varied with the time relay in the range
from 0.1 to 5 s. After relaxation to temperature equilibrium in the vicinity of
the wire (∼1 s), a voltage pulse was applied to the high-voltage electrode. The
current pulse was considered to be rectangular, and the contribution made by
its fronts to the energy absorbed in the load gave the correction no more than
10% for pulse durations exceeding 300ms.

The electric field strength in the vicinity of wire must be specially cal-
culated, because no analytical solutions exist for the employed electrode sys-
tem. To solve this problem, the ELSTAC subroutine of the TELMA computer
codes intended for solving three-dimensional electrostatics problems by the fi-
nite element method (FEM) was used. Figure 2.10 shows the field strength
calculated in the vicinity of wire in the sectional plane of its bend. It can be
seen that at a voltage of 100kV, the field strength at the center is 900kV/cm;
as the distance from the electrode surface increases, the field strength varies
approximately as 1/r. As to the field distribution in the perpendicular plane,
without presenting the calculated results, we only stress that in the vicinity of
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Fig. 2.10. Field strength calculated near the electrode. The numbers adjacent to
the curves indicate the field strength (in kV/cm) at a voltage of 100 kV

the surface it decreases approximately by 10% as the distance from the center
is equal to the radius, that is, the field is fairly uniform in this direction.

When a bubble is generated on the electrode surface, the field nonunifor-
mity with respect to the size of the most dangerous bubble does not exceed
10%, and the region of optical recording coincides with that of the maxi-
mum field, thereby enabling one to observe and register bubbles with a high
magnification.

The experiments on discharge ignition with the help of artificially produced
bubbles are performed as follows. A bubble of a certain radius r is generated
on the electrode in the region of strong field; then bubble is photographed
and a voltage pulse is applied with the amplitude at which the field strength
is sufficient for the onset of the ionization processes in the bubble. Then,
after a fixed time delay, the bubble is photographed using a laser pulse and
a camera with an open stop aperture. Then another bubble is generated of
approximately the same size and the same operations are repeated but with a
different time of delay between the voltage pulse application and the instant
of photographing. When a series of frames has been produced, the process
is repeated for different bubble sizes and field strengths. The results of each
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series are processed, the variation of the bubble shape under the effect of the
electric field is estimated, and a comparison is made with the model. In the
case of failure of generating a single bubble, experiments are performed with
several bubbles (the main thing is that the distance between the bubbles must
be much greater than their sizes).

Based on the results of analysis of different schemes of microobject regis-
tration, optical recording with the use of a microscope and a semiconductor
laser was chosen. This scheme provides the most qualitative image with ade-
quate magnification. The use of this scheme provided a spatial resolution of
at least 25 lines per mm.

2.4.3 Formation of Long-living Bubbles and their Behavior
in Pre-breakdown Fields

Formation of Long-living Bubbles

It was established that the formation of bubbles in both distilled and tap
water has a threshold character and depends on the current pulse amplitude
and duration.

Figure 2.11 illustrates the emergence of the first bubbles 10–50 μm in size in
distilled, tap, and settled tap water depending on the current pulse amplitude
and duration. It can be seen that in fresh tap water, the first bubbles emerge
at a much lower current than in distilled water, and in settled water the first
bubbles arise under conditions close to those of emergence of the first bubbles
in distilled water. In this case, distilled water was kept for a long time in an
air medium.

In freshly prepared distilled water, as well as in settled water subject to
boiling for 5–10min, with the wire carefully washed out and wiped in water, no
microbubbles were observed at a current of 3 A until the maximal duration of

Fig. 2.11. Emergence of the first bubbles 10–50 μm in size in settled tap water (1 ),
distilled water (2 ), and tap water (3 ) depending on the current pulse amplitude and
duration
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current pulse. Using the same water but with the wire blown intensively with
compressed air before measurements, we succeeded in obtaining the bubble
generation at currents smaller than 3A. In this case, the I–t characteristics
were comparable with the results obtained in settled tap water (curves 1 and
2 in Fig. 2.11.). Hence, we can conclude that the emergence of bubbles is
mainly affected by the gas dissolved in water and adsorbed on the electrode
surface.

As regards the bubble dynamics, we note the following. Visually, the max-
imum bubble size is attained immediately after the termination of the cur-
rent pulse. After this, the bubble size sharply decreases approximately by
20%, which is followed by the stage of slower decrease in size. Figure 2.12
illustrates the time dependence of the bubble diameter starting from the
maximum size until the bubble collapse. Experiments were carried out in
distilled settled water at I = 2.6A and t = 0.4 s. As can be seen from
the figure, the bubble lifetime ranges approximately from 2 to 10min, that
is, in this time the bubble is completely dissolved in water. This time is
quite sufficient for photographing the bubble and performing the necessary
investigations.

Behavior of Bubbles

Figure 2.13a shows a photograph of microbubbles of different radii ranging
from 20 to 40 μm (7 microbubbles) on the cathode surface before voltage
application, and Fig. 2.13b shows the same microbubbles 4 μs after voltage
application. The voltage was 30 kV, and the field strength in the vicinity of
the electrode (where the bubbles were located) was 300kV/cm. Figure 2.14b
shows one more series of photographs of bubbles on the electrode surface
at a voltage of 30 kV produced 1.6 μs after pulse application. The following
regularities were established from the photographs.

Fig. 2.12. Time dependence of variation of the bubble diameter starting from the
maximum bubble size to its complete collapse
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Fig. 2.13. Configuration of bubbles on the cathode surface before (a) and 4 μs after
the effect of the field (b). The maximum field strength was 300 kV/cm. The bubble
elongation, perturbations arising on the surface, waists, and the bubble detachment
are seen

1. The bubbles elongate in the direction of the electric field. They lengthen
by a factor of 1.5–2 relative to the initial size.

2. The bubbles flatten in the transverse direction. The compression can be
insignificant and can reach a factor of 1.5–2 relative to the initial size.
The bubbles have different shapes. More frequently observed is the close-
to-cylindrical shape with a hemispherical top. The droplet shape is less
frequently observed. On one occasion, a bubble shaped as a cone with
a hemispherical top having a radius of 5 μm was registered (Fig. 2.14a
and b). In this case, initial bubble radius was 20 μm. The field strength
was approximately 250kV/cm.

3. The bubbles are divided in two parts or are detached from the electrode
surface. A transverse waist usually arises in 5–8 μs; in so doing, no explicit
dependence on the field strength was detected. The bubbles are detached
from the electrode surface in 15–20 μs.

4. The bubble velocity (in late stages) corresponds to the electrohydrody-
namic mobility of charge carriers. This conclusion can be made from
several pairs of photographs, for example, from the bubble that passed a
distance of 200 μm for 50 μs. In this case, the field strength in the vicinity

Fig. 2.14. Shape of bubbles on the cathode before (a) and 1.6 μs after the effect
of the electric field (b). The maximum field strength was 200 kV/cm, and the field
strength in the inner band was 50 kV/cm. The most deformed bubble is seen on the
left, and the bubble with clearly expressed perturbations of the surface is seen at
the top
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of the bubble at the first exposure moment was 200kV/cm; it decreased
to approximately 40 kV/cm in 50 μs. The estimated average velocity was
4 m/s, and the estimated mobility was ∼4 · 10−3 cm2/(V·c). The shape of
moving bubbles varies: both oblate and prolate bubbles were recorded.

5. The smaller the bubble size, the greater its deformation. This conclusion
is most brightly illustrated by Fig. 2.14, where large bubbles (60–80μm)
are weakly deformed (the longitudinal-to-transverse size ratio is 1.3–1.5),
whereas smaller bubbles (40 μm) are more deformed, and this ratio can
reach 2–3. The exception is provided by small bubbles in a weak field
on the concave part of the electrode. From Fig. 2.14 it can be seen that
in the region of weak field (E ∼ 60 kV/cm), the bubble with diameter
D ∼ 30 μm remains almost undeformed.

6. At the early stages, the bubble surface experiences small-scale perturba-
tions. For example, perturbations with a wavelength of 25–30 μm were
recorded on the surface of the bubble with radius of 60 μm located on
the concave part of the electrode for a field strength of about 50 kV/cm
(Fig. 2.14b). Shown in the same figure is a bubble located on the convex
part of the electrode. Both longitudinal and transverse perturbations with
a characteristic size of 10–15μm can be seen on its surface.

The bubbles on the anode surface behave mainly as cathode bubbles. How-
ever, their behaviour is characterized by at least one noticeable difference. An-
ode bubbles in the region adjoining the electrode expand along the electrode
(bubbles 1, 2, and 3 in Fig. 2.15a). The width of this formation can exceed
by a factor of 1.5–2 the initial bubble diameter.

2.4.4 Discussion of Experimental Results

Formation and Dynamics of Bubbles

Clearly, the long-living bubbles must be filled with gas, because the vapor
bubbles should disappear during microseconds at temperatures below the
boiling point. Experimental data on bubble dissolution were approximated

Fig. 2.15. Shape of bubbles on the cathode before (a) and 8 μs after the effect of the
electric field (b). The maximum field strength was 200 kV/cm. The characteristic
conical shape of bubbles 1–3 that remained on the electrode can be seen
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Fig. 2.16. Approximation of the experimental data on dissolution of microbubbles
in settled distilled water

by expression (2.1). Figure 2.16 shows the experimental results (symbols)
and the calculated data (the solid curve). Quite satisfactory agreement be-
tween the experimental and calculated results can be seen. If we set the dif-
fusion coefficient D ≈ 2 · 10−5 cm2/s [77], we obtain the best agreement for
Cs − C ≈ 4 · 10−3 cm3/cm3. For the solubility of air under standard condi-
tions Cs ≈ 2 ·10−2 cm3/cm3 [77], this means that water was saturated slightly
greater than by 80% of the maximum content, that is, bubbles were under
conditions close to the equilibrium ones.

To elucidate a mechanism of bubble formation, nonstationary thermal
fields were calculated in liquids with pulsed heating of the wire. Calculations
were carried out using the Teplo subroutine of the TELMA computer code.
Figure 2.17 shows the time dependence of the temperature at different points
in the vicinity of the wire under application of a current pulse with threshold
values of pulse amplitude and duration (I = 2.6A and τ = 0.4 s). It can be
seen that the temperature near the surface insignificantly exceeds the boiling
point of water. Calculations of temperatures under other threshold conditions
demonstrated that the boiling point is achieved in all cases. On boiling, vapor
bubbles are formed on the surface. It is clear that the gas dissolved in liquid
in the supersaturated state at elevated temperatures must diffuse into the
bubbles. Estimates of gas diffusion into a vapor bubble of radius r0 during
characteristic time t ∼ 0.1 s (see Fig. 2.17) yield the diffusate volume

V ∼ 4π · r2
0 · (D · t)1/2 · C. (2.58)

On cooling of the bubble, vapor is condensed, and the vapor-gas bubble is
transformed into a purely gas bubble whose size, according to estimate (2.58),
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Fig. 2.17. Time dependences of the temperature at different points: at the center
and on the surface of the wire (curves 1 and 2 virtually merge) and at distances of
50 (curve 3), 100 (curve 4), and 200 μm (curve 5) and 1 (curve 6) and 2mm from
the electrode surface (curve 7)

will be 3–4 times smaller than the maximum size of the initial vapor bubble.
The fact that no bubbles are formed in degassed water can be easily explained
based on (2.58).

Thus, the mechanism of forming the long-living bubbles is the following:
local boiling up of the liquid, gas diffusion into the vapor bubble, and cooling
of the electrode and bubble accompanied by vapor condensation and decrease
of the bubble size. Then the slower stage of diffusion dissolution of the gas
microbubble follows.

Forces Influencing the Bubble Behavior

Let us analyse the contribution of various forces to motion and deformation
of bubbles in motionless liquid under the effect of the electric field.

First, this is the force caused by different permittivities of liquid and bub-
ble which leads to bubble elongation in the field direction and a more sig-
nificant bubble compression in the transverse direction. According to (2.6),
the deformation is proportional to the bubble radius r and the squared field
strength E2. We will calculate a relative decrease in the bubble volume under
the action of this force from (2.27).
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The second force caused by the difference in the permittivities and the field
gradient acts on the bubble in a nonuniform electric field. This is the so-called
dielectrophoretic force determined by (2.53), where Dd is the induced dipole
bubble moment. For a spherical bubble, it is described by the relation

Dd =
4π · ε0 · ε · (ε − 1) · r3 · E

(2ε + 1)
. (2.59)

If we neglect the curvature of the wire electrode, that is, consider that the
field distribution in the vicinity of the wire is cylindrically symmetrical, we
can express Fd through the distance R from the wire axis:

Fd =
4π · ε0 · ε · (ε − 1) · r3 · E2

(2ε + 1) · R . (2.60)

The third factor is formed by partial discharges (PD) in the bubbles. In this
case, the bubble elongation can be calculated for the bubble model of discharge
initiation [78–80]. The occurrence of surface and space charges near the bubble
poles due to PD results in the bubble deformation due to the Coulomb forces.
The equivalent pressure in the direction of field can be estimated from the
expression

P = 3ε0εE2 (μEτ/r + 1) /2, (2.61)

where μ is the charge carrier mobility in the liquid, and τ is the time duration
of electric stress.

The fourth factor is the most debatable one. It has already been mentioned
in Sect. 2.3.3. The force directed opposite to the Coulomb force must act
on an uncharged bubble located in the space charge region. The additional
condition is establishing of mechanical equilibrium in the liquid. We calculate
this force from (2.55). In the case of a space homocharge at the electrode
surface, the force Fs.c must attach the bubble to the electrode. In the case of
a heterocharge, the force Fs.c must detach the bubble from the electrode.

The last factor to be considered is the bubble instability. It is assumed that
bubbles should have instability of several types. The types of bubble instability
in the electric field were considered in [10,18,81]. It was demonstrated that the
unionized bubble is stable in the electric field, while the ionized conducting
bubble should have the sausage-like instability with the wavelength [18]

λ ∼ 2π · σ
ε0 · ε · E2

· b4

a4
, (2.62)

where a and b are bubble sizes along and transverse to the field, respectively.
The instability arises when a/b attains 1.85 and is manifested as a series of
small bubbles formed near the bubble pole. The factor (b/a)2 in expression
(2.62) obtained for the isolated bubble characterizes the field near the poles
of the ionized bubble [18]. For the bubble located on the electrode surface, the
field amplification near the pole remoted from the bubble surface will exceed
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this value, and this additional increase can reach 3–4 times. Correspondingly,
the wavelength of the sausage-like instability must be approximately by an
order of magnitude less than that described by (2.62).

The effect of the field and Coulomb forces must generate the oscilla-
tion mode corresponding to elongation and division of the bubble into two
or several bubbles. Without electric field, the lowest frequency of bubble
oscillation is

ω2
min =

8 · σ
ρ · r3

. (2.63)

All the above-mentioned factors increase the oscillation frequency.
Another instability type is small-scale perturbations of the surface caused

by the instability of the charged surface in an electric field. The instability
wavelength, according to [81], is

λ =
4π · ε0 · ε · σ

σ2
s

. (2.64)

Here σs is the surface charge density. For the completely charged surface
of the bubble located on the electrode surface (this means that the bubble is
completely discharged as suggested in the bubble model [78–80]),

σs ≈ 4 · ε0 · ε · E. (2.65)

Substituting, we obtain

λ =
π · σ

4 · ε0 · ε · E2
. (2.66)

Comparison with Experiment

A comparison of different factors and estimation of their applicability to the
conditions of experiments [76] based on a study of the behavior of artifi-
cial bubbles in water have demonstrated the following [82]. The voltage drop
across the bubble 30–60 μm in diameter will exceed the breakdown voltage ac-
cording to Paschen’s law (Umin ∼ 300–500V) for the field strength exceeding
100kV/cm. Hence, discharges should arise virtually in all registered bubbles.
According to (2.6), the Coulomb force acting on the charged bubble wall [it
can be recalculated using (2.61)] should exceed at least ε times (ε = 80)
the force that elongates the uncharged bubble. Moreover, according to (2.6),
the deformation is proportional to r; therefore, this should result in stronger
deformation of large bubbles. This contradicts the experimental data. Dielec-
trophoretic force (2.60) is less than the Coulomb force by a factor of R/r,
which in our case gives R/r ∼ 4–8. As to the force acting on the bubble in the
space charge region, it seems likely that it was not realized under conditions of
the experiments. Here the liquid is not motionless, and there is no continuous
zone occupied with the space charge.
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Fig. 2.18. A comparison between the calculated and experimentally measured elon-
gation of the bubble with a size of 55 μm under the effect of the electric field with
strength of 100 kv/cm

Hence, the Coulomb force is most suitable as a source of bubble motion.
Figure 2.18 compares the calculated and experimentally measured bubble
elongations. Experimental points were obtained for different series, the cath-
ode bubbles with radius r = 27 ± 5 μm were chosen for a field strength of
100 ± 10 kV/cm. Experimental points are shown in Fig. 2.18 by small rect-
angles. Curve 1 shows the results calculated for the bubble model. It can
be seen that the agreement between the curve and symbols is not satisfac-
tory. It is clear that a certain factor is absent in the model. Here it should
be noted once again that the bubble in the model is considered to be com-
pletely discharged, that is, the field inside it is set equal to zero. Actually,
the residual field strength should be observed in the bubble. If we consider
that a discharge burns continuously in the bubble, this implies that the field
strength inside the bubble is no less than the breakdown value. If periodic
discharges arise in the bubble, all the same, the field strength cannot be much
lower than the breakdown one. In both variants, the surface charge after the
discharge in the bubble must decrease approximately by 1.5–3 times in com-
parison with the completely discharged bubble. The exact value depends on
the bubble size and the field strength. The larger the bubble and the field
strength, the higher the surface charge, and the closer we are to the case of
the completely discharged bubble.

Correct expressions can be derived with allowance for this circumstance.
The surface charge in (2.65) will decrease:

σs ≈ 4 · ε0 · ε ·
(

E − Ubr

2r
· 2ε + 1

3ε

)

, (2.67)
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where Ubr ∼ 300V is Paschen’s breakdown voltage. The equivalent pressure
that causes the bubble wall to move in the field direction will also decrease:

P ≈
3 · ε0 · ε ·

(

E − Ubr

2r
· 2ε + 1

3ε

)2

2

(
μ · E · τ

r
+ 1
)

. (2.68)

Results of computer calculations of bubble elongation for the refined model
are shown by curve 2 in Fig. 2.18. It can be seen that the model describes
well the experimental data.

As to the bubble instability, several moments can be pointed out. The bub-
bles are divided into two fragments in 5–10 μs. This does not contradict (2.63),
since according to this expression, the characteristic time is 5–10 μs for bubbles
with sizes of 30–50 μm. The observed small-scale surface perturbations have
a wavelength of approximately 4–5 μm, and they are not necessarily on the
bubble pole. This does not correspond to the sausage-like instability. Against
the sausage-like instability is the fact that the characteristic length estimated
by (2.62) for a/b ∼ 2–3 and E = 200kV/cm is approximately 0.1 μm. With
allowance for the additional field amplification, the wavelength will be even
smaller. Estimates from (2.66) give approximately 0.2 μm. If the surface charge
is changed in accordance with (2.67), the instability wavelength will increase
to 1–5 μm depending on the electric field and the bubble size. Thus, the small-
scale perturbations of the bubble surface can be caused by the action of the
Coulomb forces. In this case, the bubble should not be considered conducting;
it is more correct to consider that on its surface there is a charge that partly
decreases the field inside the bubble.

The nontrivial behaviour of the anode microbubbles similar to the instan-
taneous deterioration of the electrode surface wettability by the liquid admits
several hypothetical explanations.

The most simple is the following. As is well known, the electrode surface
from Nichrom actually consists of oxides NiO and Cr2O3 [83]. Good wetting
of the electrode with water is apparently due to hydrogen bonds of water
molecules with partially ionized oxygen atoms of oxides. Under the effect
of the electric field, water molecule dipoles are oriented with their oxygen
atoms (more likely ions) toward the anode surface. The arising mutual repul-
sion means the instantaneous occurrence of the electrode nonwettability with
water.

Another variant of explanation can be based on the presence of double
electric layers at the electrode-water interface. In this case, the mobile part of
the double layer located in water can consist not only of positive but also of
negative ions, depending on the electrode surface and the electrolytic water
impurity type. At the electrode surface with oxide layers, a double layer should
arise and positive ions should be most probably accumulated at the electrode
surface in water. Under the effect of the electric field, ions move into the liquid
volume. The arising Coulomb force detaches the liquid from the electrode, and
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in the region of contact with the bubble the liquid can be detached from the
electrode.

If any of these hypotheses is true, this effect will not be observed in a
nonpolar liquid.

2.4.5 Discharge Ignition in Water with the Help of Bubbles

Experimental setup and high-voltage experimental procedure. The experimen-
tal setup was identical to that described above, but instead of an OGM-40 ruby
laser, a CdS semiconductor laser with electron pumping by a PLEN-1 system
was used. Due to this replacement, a shorter light pulse of ∼ 3 ns was gener-
ated. In addition, the laser generated single light pulses with a delay between
pulses equal to a few seconds. Experiments were carried out under the voltage
corresponding to maximum field strength in the cell of 800 kV/cm. Break-
down and light exposure moments were recorded together with the image of
the region in the vicinity of the electrode with bubbles on which the image of
the luminous discharge channel was superimposed, because photographs were
produced using a camera with an open stop aperture. To suppress the excess
brightness of the discharge channel, a special interference filter was inserted
into the optical channel. This enabled us to compare the location of bubbles
and discharge channel.

For the anode discharge in the presence of bubbles, the discharge forma-
tion time was 1.1 μs, and the statistical delay time was approximately 0.5 μs.
Without visible microbubbles, both components of the pre-breakdown time
considerably increased: tst ≈ 2.4 μs and tf = 1.8 μs. The cathode discharge in
the presence of bubbles took much longer time: tst = 22 μs and tf = 21 μs.
Without bubbles, no discharge was initiated.

The terms statistical discharge time lag and discharge formation time used
above require some comments.

For a long time in studies devoted to physics of liquid breakdown it was
assumed that the discharge in liquid under a uniform field propagates from the
cathode, and the basic mechanism of its initiation, as in gases, is the effective
electron capable of generating an electron avalanche. Owing to exaggeration of
analogies in the mechanisms of discharge initiation and propagation in liquids
and gases, the main time parameters like the statistical time lag (tst) and
discharge formation time (tf) were generalized to liquid breakdowns. More
recently, in connection with the establishment of anode, cathode, and mixed
liquid discharge initiation under a uniform field and of the determining role of
the first-order phase transitions rather than of the electron avalanche processes
in the discharge initiation in liquid it became obvious that the term statistical
time lag is inapplicable to liquid breakdown if it is understood as the time
interval from the moment when the voltage reaches the static breakdown vaue
to the moment of generation of the first effective electron (as accepted in the
gas discharge). For this reason, the term the discharge ignition time lag was
introduced in [27]. It is understood as a time interval from the beginning of
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voltage rise to the first registered disruptions of continuity of the medium
in the vicinity of the initiating electrode. It is applicable for any discharge
ignition mechanism.

For convenience of material presentation, especially of the material bor-
rowed from other publications, alongside with the ignition time lag, we use
the term statistical time lag, but with the physical meaning of the term the
time lag of the discharge ignition.

The discharge formation time considered in the gas discharge as the time
interval from the moment of the discharge channel formation to the moment
the discharge intersects the entire interelectrode gap can be applied to the
liquid breakdown.

The optical patterns of the pre-breakdown processes near the cathode and
anode also differ significantly both with and without the artificially created
bubbles at the electrodes.

The typical processes near the anode in the presence of the artificial bub-
bles are illustrated by a sequence of frames shown in Fig. 2.19. Frames a and

Fig. 2.19. Successive events of the anode breakdown: a) initial bubble, b) deformed
bubble photographed at τ1 = 0.45 μs after voltage application for the discharge
initiation time τb = 1.2 μs after voltage application; c) strimer fan (brush) from the
bubble top for τ1 = 1.0 μs and τb = 1.3 μs; d) strimer fan before its termination for
τ1 = 1.2 μs and τb = 1.4 μs; e) disappearance of the first strimer fan and appearance
of the next fan for τ1 = τb = 1.5 μs; f) post-breakdown hydrodynamics for τ1 = 1.7 μs
and τb = 1.2 ms
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b are from one series, and the remaining frames are from different series. From
the photographs, we can conclude the the following:

• the discharge ignition is connected with bubbles,
• in the initial stage (in the first 0.4–0.5μs), the bubbles are elongated along

the field, decreasing in the transverse direction. The deformation degree
reaches 2–2.5 times. The bubble increases in all directions 1 μs after the
voltage application. The bubble compression means that the compressing
dielectrophoretic forces act near the bubble equator, that is, the bubble
behaves like a dielectric, and the field inside the bubble is not disturbed
et all or is disturbed only slightly. Significant further deformation in all
directions means that not only the Coulomb forces but also the increased
pressure inside the bubble (caused probably by the ionization processes)
act on the bubble surface.

The first supersonic channels ∼5–10 μm in diameter propagate from the
top of one of the bubbles (ν ∼ 2 km/s). The channels form a hemisphere with
a radius of about 600 μm. The distance between channel ends is 40–60 μm, and
their number apparently exceeds 100. The channel formation is accompanied
by generation of shock waves whose center coincides with the channel base,
that is, with the bubble top.

Approximately in 100–150ns, when the shock waves reach the end of the
discharge figure, primary channels disappear except one channel, and a new
fan of channels arises from the site where this channel stops. These channels
have a length of ∼1.5mm, their diameter is ∼20–30μm, and their number is
less than 30. The rate of elongation of the secondary figure, estimated from
the difference between the moments of occurrence of shock waves produced
by these channels and of the main discharge, is ∼5km/s. The main discharge
develops along one of the channels and is accompanied by the most intensive
shock wave.

From the fact that the anode discharge can be registered from the moment
of its glow (the luminous strip in Fig. 2.19b, c, and d) it follows that either all
discharge figures are optically transparent or they disappear by the moment
the channel closes the gap.

The physical pattern of the cathode processes is illustrated by a sequence of
frames shown in Fig. 2.20. From these photographs we conclude the following:

1. As in the case of the anode, the bubbles on the cathode promote the
discharge ignition significantly reducing the discharge ignition time.

2. In the initial stage that lasts 0.4–0.5μs, the bubbles are elongated along
the field and decrease in the transverse direction. In 0.7–1.0μs, the
bubble acquires the characteristic mushroom-like shape. Large bubbles
(D ≥ 100 μm) do not acquire this form.

3. A bush-like discharge figure with the characteristic inhomogeneity scale
less than 10 μm starts to grow from the bubble top. The moment the
growth starts is random, and the minimum discharge time lag is less
than 0.2 μs. The channels propagate with subsonic velocities 400m/s >
V > 100m/s.
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Fig. 2.20. Successive events of the cathode breakdown: a) initial bubbles, b) de-
formed bubbles with the elongated smaller bubble and bush-like formation that
starts to grow from the surface of the larger bubble for τ1 = 0.25 μs; c) bub-
ble acquires a mushroom-like shape with an elongated thin stem and a cap for
τ1 = 0.65 μs; d) the bubble is shaped like a mashroom with a bush-like formation
that grows on the bubble surface for τ1 = 0.65 μs; e) several bubbles on the surface
with a bush growing from a smaller bubble for τ1 = 1.0 μs; f) bush of maximum size
for τ1 = 1.5 μs

4. The bush-like region is opaque, it is expanded not only in the field but
also in the transverse direction.

5. When several bubbles are generated, the channels grow virtually from all
bubbles. In some cases, when the bubble is detached from the electrode,
it takes no part in the formation of the discharge channel.

6. The bush structure is optically dense, since no glow was registered in the
gap breakdown.

The pre-breakdown processes without artificially created bubbles are illus-
trated by Fig. 2.21. On the anode (Fig. 2.21a), dark formations with the
nonuniformly growing surface are seen. Sometimes they have regular enough
structure. The most elongated formation initiates a discharge. The formations
on the cathode (Fig. 2.21b and c) in the initial stage of growth are shaped
as bubbles elongated in the electric field direction. Then perturbations whose
shape is similar to the shape of channels arising in the process of discharge
ignition with the help of artificial bubbles are seen on the surface of these



References 103

Fig. 2.21. Characteristic frames illustrating the pre-breakdown phenomena (bub-
bles are invisible): a) anode; growth of a dark inhomogeneous region from the elec-
trode surface for τ1 = 4.0 μs and τb = 6 μs; b) cathode; emergence and growth
of bubbles for τ1 = 1.1 μs; c) cathode; a bush-like formation on the surface for
τ1 = 1.1 μs

formations. These processes are described in more detail in Chaps. 3, 4, 7,
and 8.

The main results of consideration of the gas phase behaviour in liquids
under the effect of strong electric field can be reduced to the following.

• Under the pre-breakdown conditions, the electric field precludes the bubble
formation in the liquid, and the effect of the electric field is equivalent to an
increase in the external pressure which makes the electrostatic cavitation
impossible.

• The contradiction between the theory and experiment in the explanation
of bubble elongation along the electric field direction has been eliminated
through the correct consideration of the electrostriction pressure.

• In pre-breakdown electric fields, the bubble growth is limited by mechan-
ical instability, and the pre-breakdown bubble size in dielectric liquids
cannot exceed 10−5–10−6 m.

• Electrostriction tension in the liquid promotes the development of bubble
instability and causes an additional decrease in their sizes.

• Unlike the conventional boiling liquid, the liquid in an electric field has no
binode.

• The pre-breakdown bubbles in liquids (at least, in nitrobenzene and wa-
ter) have nonelectrolysis origin. Flows of electrohydrodynamic origin are
developed in these liquids under application of microsecond voltage pulses.

• The microbubbles 40–100μm in size artificially created on the electrode
surface considerably reduce the pre-breakdown time under the effect of
the field with strength of 800kV/cm. The cathode discharge ignition is
caused by the formation of bush-like channels on the bubble surface and
their subsequent growth. The anode discharge ignition is accompanied by
generation of the shock wave whose center is on the bubble surface, and
formation of a supersonic channel fan from this place.
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3

Discharge Propagation in Short Gaps
with a Quasiuniform Field

Significant and often principal differences in the nature and mechanisms of
discharge ignition and propagation in liquids pointed out in works published
from the beginning of the last century to the 60-70s were caused largely by
the lack of equipment for direct observations of these phenomena.

The data presented in Chaps. 3 and 4 were obtained by recording space-
time patterns of natural discharge luminescence using image-converter cameras
in chronograph and single- or multiframe regimes, shadowgraphic technique
in the frame regime with additional laser illumination, light emission from
photomultipliers or light-emitting diodes, current, and charge, and static pho-
tographing with cameras with open shutter. Registration of natural lumines-
cence of discharge channels together with current recording provides valuable
information on ionization and excitation of molecules and atoms in the process
of discharge propagation and on the discharge kinetics. The shadowgraphic
technique provides information on phase inhomogeneities in liquid (discharge
channels, gas-vapor bubbles, cavitation voids, etc.). Equipment and experi-
mental techniques have already been briefly described in the Introduction;
more detailed information can be found in the references.

Especially heavy demands are imposed on the temporal and spatial resolu-
tion of recording equipment intended for experimental investigation of electric
discharges in short (millimeter or submillimeter) gaps with a uniform field.
Therefore, experimental data on electric discharge propagation under these
conditions are few in number in the literature, especially for nanosecond volt-
age exposures.

The term streamers is most frequently used for self-luminescent plasma
channels propagating through the interelectrode gap and initiating break-
down. However, as demonstrated in the next chapters, these channels differ
significantly by their characteristics and nature from the classical streamers
of gas discharges. For this reason, generalization of this term to the discharge
in liquids may cause confusion. Therefore, it is expedient to use neutral terms
like discharge channel, discharge figure, and discharge formation when there
is no necessity or opportunity to assign physical meaning to the terms.
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In the literature, first of all English one, other terms are also widely used,
namely, terms slow and fast classify discharges by their velocity, and tree-
like, bush-like, filamentary, umbrella-like, pagoda-like, coniferous tree-like, etc.
classify the discharges by their external appearance. The discharge figures
(processes) propagating with subsonic velocities are called slow, and those
propagating with supersonic velocities are called fast. All other terms com-
prise the basic characteristic of the parameter of interest and require no ad-
ditional explanation. In some cases (mainly in Chaps. 4 and 8), we will use
these terms when needed. The variety of terms is caused primarily by a wide
variety of the discharge phenomena in liquids.

This Chapter describes the results of investigations of electric discharge
propagation in liquids under conditions of a uniform field for different field
strengths (voltage exposure times), interelectrode distances, and external
pressures.

3.1 Discharge Propagation from Anode

Figure 3.1 shows single-frame photographs of natural luminescence of dis-
charge channels propagating in water [1] for a field strength of ∼0.4MV/cm
with a breakdown lag time of ∼300ns.

It can be seen that the electric discharge is initiated on the positive elec-
trode, and the average velocity of its propagation in the gap is ∼1.5 ·107 cm/s,
increasing as the cathode is approached. It should be noted that lumines-
cence in the discharge gap was not observed 200–250ns after voltage applica-
tion, even when a light amplifier with amplification coefficient up to 107 was
used. The electric discharge formation time and the average channel prop-
agation velocity V ch depend on the field strength E. For field strengths of
∼ 0.3 − 0.45MV/cm and interelectrode distances of 5mm, V ch ∼ Eα, where
α ∼ 2 − 3. The gap breakdown (the sharp voltage drop) occurs when the
channel has touched the negative electrode.

Interesting results were obtained using the schlieren-photograph method.
With the help of a ZIM-2 ICC, photographs of natural channel radiation were

Fig. 3.1. Photograph of natural luminescence of the discharge channel in distilled
water. The specific resistance of water was ρ ∼ 3·106 Ω·cm, the frame exposure time
was 3 ns, and the interelectrode distance was 5 mm. Frames 1 and 2 were produced
35 and 18 ns before the breakdown, and frames 3 and 4 were produced directly
before and after the gap breakdown



3.1 Discharge Propagation from Anode 111

Fig. 3.2. Combined photographs of electric discharge propagation in distilled water
30 (1) and 20 ns before the breakdown (2) and at the breakdown moment (3)

produced simultaneously with shadowgraphs of the surrounding region (with
the use of a ruby laser – ICC complex) [1]. Figure 3.2 shows several frames
with an exposure time of 5 ns (with other conditions remaining the same)
from which it is clearly seen that a parallel light beam of laser illumination is
intensively scattered on the shell formed around the plasma channel.

Measurement of the channel radius at the moment of channel initiation
seems important. To this end, streak photographs of transverse expansion of
the discharge channel were produced. The typical streak photograph synchro-
nized with the voltage pulse is shown in Fig. 3.3. Cross section views of the
channel at different moments of time recorded with an MF microphotome-
ter are shown below. The analysis of the results obtained has demonstrated

Fig. 3.3. Streak photograph of transverse expansion of the discharge channel in
distilled water



112 3 Discharge Propagation in Short Gaps with a Quasiuniform Field

that the initial diameter of the discharge channel registered by this method is
∼80 μm, and its average expansion velocity is ∼9 · 104 cm/s.

The method of Schlieren-photography on the ICC screen does not allow
one to obtain sufficiently high spatial resolution and to reveal the processes
before the discharge channel formation in liquid that determine the discharge
initiation and propagation. Therefore, Schlieren-photography was performed
separately on a KN-4 negative film. Its resolving power is ∼ 100 lines/mm,
which significantly exceeds that of the ICC. The ICC was used in these ex-
periments only to record the natural luminescence of the discharge.

Figure 3.4 shows a sequence of photographs synchronized with the voltage
pulse. From the photographs it can be seen that an optical inhomogeneity
with a high density gradient is formed on microinhomogeneities of the positive
electrode surface before the luminescence. The optical inhomogeneity has a
fine structure. It has a bush-like form with transverse dimensions of channel
base ∼10− 20 μm and channel lengths of ∼50 μm. The time interval between
the termination of the stage of development of the optical inhomogeneity and
the electric discharge initiation inside it can be determined by this method.
A correlation between the ICC images and laser Schlieren-photographs has
allowed us to establish that the ionization processes start when the optical
inhomogeneity has reached a critical size of ∼ 100 μm developing toward the
cathode [2, 3].

The laser Schlieren-photographs reveal a thin structure of the electric dis-
charge in the stage of intensive development of the ionization processes.

A photomultiplier with maximum spectral sensitivity in the range 3000−
6500 Å and time resolution of ∼5 ns was used for more accurate registration
of luminescence in the discharge gap and measurement of the average velocity
of the ionization processes. Figure 3.5 shows a set of synchronously recorded
signals from a photomultiplier and a voltage pickup. From these time histories
it can be seen that the time interval between the onset of luminescence and
the sharp voltage drop is approximately equal to 25 ns for a field strength
of 0.6MV/cm. The average velocity of discharge channel propagation was
estimated from these data. It was ∼ 8 · 106 cm/s, which is smaller than the
velocity measured with the ICC (∼ 1.5 · 107 cm/s). This is caused by the
fact that the ICC records only a faster (more intensive) process, whereas
the photomultiplier is capable of recording also the initial slower stage of
processes. At the same time, this velocity is higher than the average velocity of
the discharge formation V f found from the statistical analysis (∼5 ·106 cm/s).
This indicates that the initial stage of the discharge formation (the increase of
the optical inhomogeneity size to the critical value) is a much slower process.

Let us now estimate the average velocity of the discharge formation V f1

in this stage using the data of statistical analysis and the average velocity of
channel propagation through the gap measured with the ICC. We designate
by lcr the critical size of the optical inhomogeneity at which the channel is
formed. Then we obtain tf ∼ d/Vch+lcr/Vf1. For a field strength of 0.6MV/cm
and interelectrode distance d = 2mm, tf = 42ns (N0 = 510 was the num-
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Fig. 3.4. Pre-breakdown phenomena in distilled water with specific resistance ρ ∼
107 Ω · cm: natural luminescence of the channel with a frame exposure time of 3 ns
(A) and laser Schlieren-photographs of the optical inhomogeneity with an exposure
time of ∼10ns (B). The interelectrode distance was 2mm

Fig. 3.5. Oscilloscope traces of voltage decay at the moment of gap breakdown
(a) and of photomultiplier signals (b and c) for an interelectrode distance of 2mm.
Time marks are spaced at 20 ns
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ber of successive measurements, and the average breakdown lag time was
tlag = 58ns), the average velocity of channel propagation V ch ∼ 2.0 ·107 cm/s,
and lcr ∼ 100 μm, V f1 ∼ 3 · 105 cm/s, which is close to the sound velocity
in liquid.

To elucidate a nature of the initial optical inhomogeneities, experiments
were carried out to estimate the influence of the external pressure on the
inhomogeneities and on the breakdown as a whole. A strong dependence of
the electric strength on the external pressure was established in [1, 2]. For
example, distilled water at a pressure of 1.5 ·107 Pa withstood a field strength
of 0.7MV/cm for 10–15 μs. Strong influence of the external pressure confirms
the important role of gas formations in the initial stage of electric discharge
propagation.

Thus, the results of optical measurements allow us to describe qualitatively
the pattern of the electric discharge propagation from anode in a uniform field
as follows. After the voltage application, the process depending on the electric
field starts in the gap, which gives rise to an optical ingomogeneity having a
complex structure. The ionization processes start later on, and the moment
of their onset is determined by the time the optical inhomogeneity reaches a
critical size of ∼ 100 μm developing toward the cathode. At the beginning of
this stage, slow ionization processes are observed inside the optical inhomo-
geneity that are terminated with the formation of the discharge channel base.
Then the ionization processes develop with much higher velocities.

The discharge formation time is a period of time during which the size of
the optical inhomogeneity increases to the critical one (the first slower stage)
and a channel is initiated and propagated in the gap (the second faster stage).

Superfast laser Schlieren-photographs of the electric discharge in distilled
water produced with a three-frame Schlieren system [4], have allowed us to
follow the dynamics of the electric discharge propagation from anode and to
establish some details of the optical inhomogeneity formation. The first frame
in Fig. 3.6 was produced approximately 15 ns before the gap breakdown. It
corresponds to the termination of the first stage of the electric discharge.
The size of optical inhomogeneities near the electrode surface was ∼ 85 μm.

Fig. 3.6. Laser Schlieren-photographs of the electric discharge in distilled water for
a field strength of 0.6 MV/cm, an interelectrode distance of 2mm, a breakdown lag
time of about 60 ns, a frame exposure time of ∼5 ns, and time interval between two
successive frames of 6 ns
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In the second frame produced in 6 ns, the transition to the faster stage of
the electric discharge is seen when the size of the optical inhomogeneity has
reached ∼ 100 μm. The intensively developing ionization processes reach the
cathode in 6 more ns (the third frame).

Detailed investigations into the structure and dynamics of optical inho-
mogeneities have demonstrated that the first stage is characterized by a local
energy release near the electrode surface, formation of shock waves, and gener-
ation of microbubbles with characteristic sizes of ∼10 μm behind their front.
Ionization processes developing in microbubbles cause the formation of the
base of the plasma channel.

It should be noted that in the nanosecond range, another mechanism of
breakdown from anode is observed. It is characterized by the absence of the
first slower stage. The electric discharge from the very beginning propagates
with a high velocity approximately equal to that of the plasma channel propa-
gation in the first mechanism [5,6]. Figure 3.7 shows superfast laser Schlieren-
photographs that illustrate a competition between two different mechanisms
of breakdown from anode in distilled water [5]. The exposure time of the first
frame was approximately 10−12ns before the gap breakdown. The optical in-
homogeneities (a) and (c) in the figure correspond to the first slower stage, and
(b) corresponds to generation of an intensive discharge without this stage. The
second frame illustrates the intensive discharge propagation (b) and transition
from the first stage to the fast-propagating electric discharge (a). According to
frames 1 and 2, the velocity of discharge propagation in the first stage (a and
c) is ∼2 ·105 cm/s, and that of the intensive discharge is ∼107 cm/s. The third
frame was produced 2− 3 ns after the gap breakdown. According to frames 2
and 3, the discharge propagation velocity increases and is ∼2 · 107 cm/s near
the cathode.

Figure 3.8 illustrates superfast laser Schlieren-photographs of the fine
structure of the electric discharge in distilled water. They were produced with

Fig. 3.7. Laser Schlieren-photographs of the electric discharge in distilled water for
a field strength of 0.6 MV/cm, interelectrode distance of 2 mm, frame exposure time
of ∼5ns, and a 6-ns time interval between the subsequent frames
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Fig. 3.8. Laser Schlieren-photographs of the electric discharge in distilled water for
a field strength of 0.6 MV/cm, interelectrode distance of 2mm, and frame exposure
time of ∼ 5 ns produced 10 ns before the breakdown (1) and directly after the gap
breakdown (2)

a single-frame Schlieren-system having higher spatial resolution. The config-
uration of shock waves is clearly seen in the first frame. The second frame
illustrates the structure of the ionization processes behind the shock wave
front (a). The transverse channel diameter in the stage of intensively devel-
oping ionization processes is ≤ 5mm (b). Weaker shock waves and bubble
structures behind their front are also observed near the cathode, but these
processes do not initiate gap breakdown (c).

For a comparison, experiments were carried out with other liquids having
radically different structure. Their main parameters of the liquids are pre-
sented in Table 3.1. The first three liquids are typical polar, and others have
weak polar properties.

In liquids with low permittivity and conductivity, weaker shock waves
are observed, and single microbubbles are formed behind the shock wave
front. Figure 3.9 shows single-frame laser Schlieren-photographs of the pre-
breakdown phenomena in n- hexane [5].

In the first frame, the onset of the ionization processes from a single mi-
crobubble ∼ 30 μm in size is seen in the liquid. The second frame shows the
origin of the fast-propagating electric discharge on the front the primary chan-
nel. The primary channel has a length of ∼ 150 μm and a transverse size of
∼10 μm. The rough estimate of its propagation velocity yields ≥ 105 cm/s.

According to the second frame, the average velocity of the intensive dis-
charge propagation is ∼1.7·107 cm/s. The third frame shows the fine structure
of the fast electric discharge.

A sequence of single-frame superfast laser Schlieren-photographs of the
electric discharge in n-hexane and water is shown in Fig. 3.10. They were
produced a few tens of nanoseconds (∼30− 100 ns) after the gap breakdown.
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Table 3.1. Physical properties of the investigated liquids

Liquid Specific
resistance
ρ, Ω·cm

Permittivity ε Boiling
temperature,
T ◦C

Critical
parameters

T , ◦C P , atm

Distilled water,
H2O

105 − 106 80 100 374 225.6

Ethanol, C2H6O 106 25 78.4 243 63
Acetone, C3H6O 107 21 56.5 235.5 46.6
Hexane, C6H14 1012 1.8 68.7 234.7 29.9
Carbon tetra-
chloride, CCl4

1012 2.2 76.7 283.2 45

Ether, C4H10O 1010 4.3 34.6 194 35.6

Of interest is the fact that the discharge channel propagation in liquids is ac-
companied by shock wave generation and bubble formation behind the shock
wave front. This is clearly seen on the example of primary (frame 1) and sec-
ondary undeveloped discharge channels (frame 2) or after the gap breakdown
(frame 3).

The methods of superfast interferometry [7] allow one to improve the qual-
ity of recording of the shock waves and microstructure of strong hydrodynamic
perturbations behind the shock wave front.

Figures 3.11 and 3.12 show typical single-frame superfast laser interfero-
grams of the electric discharge in different liquids.

Spherical shock waves with a radius of ∼ 100 − 150 mm (for example, a)
propagating in distilled water from a site of local energy release near the pos-
itive electrode surface are clearly seen in Fig. 3.11 (1). The interference bands
on the shock wave front are shifted toward the cathode. This is indicative of

Fig. 3.9. Laser Schlieren-photographs of the electric discharge in n-hexane for a
field strength of 0.7 MV/cm, interelectrode distance of 2mm, breakdown lag time of
∼ 150 ns, and frame exposure time of ∼ 5 ns produced 40 (1) and 10 ns before the
breakdown (2) and directly after the gap breakdown (3)
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Fig. 3.10. Laser Schlieren-photographs of the electric discharge in n-hexane (1
and 2) and distilled water (3) for an interelectrode distance of 2 mm and a frame
exposure time of ∼5 ns

Fig. 3.11. Laser interferograms of the electric discharge in distilled water (1) and
ether (2) for a field strength of 0.6 MV/cm, interelectrode distance of 2mm, break-
down lag time of ∼ 50 ns, and frame exposure time of ∼ 5 ns produced 70 (1) and
25 ns after the gap breakdown (2)

Fig. 3.12. Laser interferograms of the electric discharge in ethanol for a field
strength of 0.6 MV/cm, interelectrode distance of 2mm, breakdown lag time of
∼ 60 ns, and frame exposure time of ∼ 5 ns produced 45 ns after (1) and 7 ns be-
fore the gap breakdown (2)
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an increase in the refractive index in comparison with the environment, that
is, Δn > 0. Behind the shock wave front, the interference bands regain their
position or are shifted toward the anode (that is, Δn < 0) toward the site of
local energy release.

The structure of the initial perturbation in ether typical of liquid dielectrics
with low permittivity is clearly seen in Fig. 3.11 (2). The common feature of
the liquid dielectrics is the formation of a single channel accompanied by the
formation of microbubble and cylindrical shock waves (a and c). Then the
initial perturbation acquires a treelike shape and when its length has reached
∼200 mm, a fast-propagating electric discharge is initiated (b), which leads to
the gap breakdown (d).

As indicated above, shock waves and complex bubble structures behind
their front are observed not only on the anode but also near the cathode.
Figure 3.12 (1) more vividly illustrates the structure of an optical inhomo-
geneity near the cathode in ethanol (a).

An analysis of a large number of interferograms has allowed us to estab-
lish some important peculiarities of the electric discharge propagation. The
discharge propagates from the positive electrode irrespective of the structure
of the examined liquids for field strengths in the range ∼ 0.3 − 1 MV/cm.
In this case, the discharge propagation pattern remains approximately un-
changed, though the initial optical perturbation shapes somewhat differ. As
a rule, in liquids with high permittivity and conductivity (water, alcohol, and
acetone), stronger shock waves are observed with vividly pronounced bubble
structure behind their front. The structure of the secondary channels is seen
after passage of the ionization channel as a chain of microbubbles with char-
acteristic sizes of ∼10 μm and shock waves separated from them (for example,
see Fig. 3.11 (2e).

Figure 3.12 (2) shows the typical interferogram produced in the period
of intensively developing ionization processes in the discharge gap. As estab-
lished in numerous experiments, in the stage of formation of the main dis-
charge channel propagating with velocity ≥ 107 cm/s and shaped as a com-
plex treelike structure, neither significant shear of the interference bands nor
microbubble generation were observed. This suggests that the second stage of
the discharge propagation characterized by the local electric field amplifica-
tion is determined by the ionization processes developing in the liquid itself.
The characteristic transverse size of discharge channels in this case is ≤ 5 μm
and cannot be precisely measured with the employed optical system.

We can assume that the discharge is initiated by the ionization process that
starts near the anode surface in sites with local electric field amplification [7].
A sharp increase in the conductivity in this site results in the strong energy
absorption and generation of the shock wave whose intensity is controlled by
the growth of the primary ionization channel. In the first hydrodynamic stage,
the base of the future discharge channel is formed that can be considered al-
ready as a macrotip on the anode surface. The sizes of the amplified field
region reach ∼100− 200 μm, and conditions for the origin of fast-propagating
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electric discharge are created. When one of the growing branches has touched
the opposite electrode, the discharge propagation is terminated by the com-
plete gap breakdown. A decrease in the breakdown lag time in n-hexane after
incorporation of additives with low ionization energy and weak influence (or
absence of the influence) of additives trapping electrons indicate the impor-
tant role of the self-ionization processes in the electric discharge propagation
from anode [8].

Thus, the explosive process of energy deposition into a certain liquid vol-
ume near the electrode surface required for microbubble generation must be
included in the mechanism of electric discharge formation.

The important role of electrode microgeometry in the discharge initiation
is confirmed by experiments with the so-called diffusion electrodes. In [9] it was
suggested to form a transitive diffusion layer near the electrode surface. The
electrical conductivity in this layer smoothly decreased with increasing liquid
depth. The effective thickness of the conducting layer part should significantly
exceed microinhomogeneity heights but should be much smaller than the dis-
tance between the electrodes. Under voltage application, the electric field is
forced out from the region of high conductivity near the electrode surface, and
the influence of microinhomogeneities is shielded by the diffusion electrode.

Results of investigations into the pulsed electrical breakdown of distilled
water (ρ ∼ 106− 107 Ω · cm) in a uniform field with electrodes shielded by the
diffusion layers are presented in [10, 11]. It was established that the electric
discharge is not initiated from anode in the presence of the diffusion layer
near the anode. The gap breakdown is initiated by the discharge from cath-
ode. In this case, the water breakdown field strength is approximately doubled
(for breakdown lag times tlag ≤ 2 ms). It should be noted that no significant
changes in the breakdown character are observed in the presence of the dif-
fusion layer near the cathode. This demonstrates that the cathode processes
do not influence the electric discharge initiation from anode in a homoge-
neous field. Studying the pre-breakdown electric field distribution in water
for a field strength of 1.3MV/cm (pulse duration ∼200ns) with the help of
the Kerr effect technique also demonstrates that the discharge initiation from
anode cannot be caused by the field amplification in its vicinity at the ex-
pense of the space charge generated in the gap due to electron emission from
cathode [12]. When both electrodes are shielded by the diffusion layers, the
electric discharge is initiated in the liquid volume near the layer boundary.
In this case, the pulsed electric strength of water increases approximately 4
times (for the voltage pulse front duration tfr ∼ 0.3 − 1 μs).

It should be noted that Alkhimov et al. [1] and Abramyan et al. [2] first
investigated the pre-breakdown phenomena in liquids with the use of a ruby
laser as an illumination source for high-speed Schlieren-photographing. They
established that the electric discharge from anode in a uniform field has com-
plex character and involves some consecutive stages that differ by mechanisms
and propagation velocities. Simultaneously and independently of [1,2] the fact
of discharge initiation in a uniform field on the anode rather than on the



3.2 Discharge Phenomena in Submillimeter Distilled-Water Gaps 121

cathode was established in [13, 40] by single-frame photographing with the
ICC. The results obtained are fundamental, since they demonstrate the need
for revision of the conventional role of electron emission from cathode in the
electric discharge initiation in a uniform field.

The discharge propagation from anode was also observed under conditions
of a quasi-uniform electric field in water solutions of sodium chloride [14],
white mineral oil [15], and transformer oil [16]. In [17] the direction of side
branches of discharge channels in hydrocarbon liquids indicated that the elec-
tric discharge propagated from anode. However, insufficient time resolution
of the equipment employed by Wong and Forster in [17] and [18–20] did not
allow them to trace the dynamics of channel initiation and propagation.

3.2 Discharge Phenomena in Submillimeter
Distilled-Water Gaps

The well-known fact of the increase in the dielectric strength with decreasing
interelectrode distance calls for detailed investigations of mechanisms of elec-
trical breakdown of liquids for a wide range of discharge gap lengths. Results
of electrical breakdown of water in submillimeter gaps are presented below.

Experiments were carried out with distilled water (specific resistance ρ ∼
105 Ω ·cm) for field strengths E ∼ 0.6−0.9 MV/cm (duration of the discharge
phenomena td ∼ 300−700 ns). The experimental data obtained can be summa-
rized as follows [21]. The gap breakdown probability due to discharge initiation
and propagation from cathode increases as the interelectrode gap length and
voltage exposure time decrease. For water, the threshold values are d ≈ 400 μm
and E = 0.6 MV/cm. For smaller d and larger E, the electric discharge propa-
gates from cathode. Figure 3.13 shows the typical laser Schlieren-photograph
produced before the gap breakdown and showing details of its propagation.
Cone-shaped optical inhomogeneities with a high refractive index gradient and
having characteristic size of ∼10 μm are first formed on the cathode surface.
The average rate of their growth is ∼ 104 − 105 cm/s, and depends on the
electric field strength. As the inhomogeneity size increases and the primary
channel with a length of ∼20−25 μm is formed (Fig. 3.13a), a region of weak
perturbation is formed ahead of it. Then it is transformed into an optical inho-
mogeneity with a high refractive index gradient which further takes a complex
shape. The study of its structure with more intensive laser illumination has
demonstrated that it consists of microinhomogeneities with sizes of ∼ 15 μm
which are reminiscent of vapor-gas microbubbles. The motion of the optical in-
homogeneity with a strong refractive index gradient in the gap is accompanied
by preliminary formation of weaker perturbations (for example, see Fig. 3.13b).

The number of channels is ∼1−3, and the velocity of their propagation is
∼ (1 − 2) · 105 cm/s. These parameters depend on the electric field strength.
The breakdown terminates when one of the channels touches the opposite
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Fig. 3.13. Laser Schlieren-photograph of the electric discharge from cathode in
distilled water for a field strength of 0.6 MV/cm, breakdown lag time of ∼ 700 ns,
and frame exposure time of ∼ 5 ns. The frame was produced 10 ns before the gap
breakdown

electrode. In general, the pattern of the discharge propagation from cathode
is described by the bubble breakdown mechanism, and the discharge itself can
be referred to slow, that is, subsonic (see Chap. 4 and 8). In the intermediate
region, the electric discharge propagates either from cathode or from anode.
In this region, two different breakdown mechanisms coexist and compete. The
pattern of discharge propagation from anode as a whole corresponds to that
described above. The optical inhomogeneities on the cathode at the initial time
moment are similar to perturbations on the anode, but are slightly smaller
in size. The average velocity of discharge propagation from anode in this
stage is ∼104 − 105 cm/s. When the optical inhomogeneity reaches a critical
size of ∼ 40 − 50 μm, the second stage begins characterized by the initiation
of the intensive electric discharge propagating toward the cathode with an
average velocity of ∼106 cm/s. The critical size of the optical inhomogeneity
and the characteristic velocity of discharge propagation are smaller than in
millimeter gaps.

The typical laser Schlieren-photograph illustrating simultaneous discharge
propagation from cathode and anode is shown in Fig. 3.14. The character-
istic size of electric discharge channels from cathode is ∼ 40 − 50 μm (a). A
faster discharge process (b) is initiated on the front of the primary channel
propagating from anode. The velocity of its propagation higher than from the
cathode leads to the gap breakdown by the discharge from anode.

As follows from the foregoing, the structure of pre-breakdown processes,
their mechanisms, and velocities of the discharge propagation from cathode
and anode differ in principle.

It should be noted that velocities of electric discharge propagation from
cathode of the order of ∼105 cm/s were also obtained in millimeter gaps with
distilled water [22, 23]. The characteristic velocities of discharge propagation
from cathode were ∼ 104–105 cm/s under conditions of quasi-uniform fields
in hydrocarbon liquids [15, 16, 24]. Thus, the velocities of discharge channel
propagation from cathode are by one-two orders of magnitude smaller than
from anode under conditions of quasi-uniform fields as well.
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Fig. 3.14. Laser Schlieren-photographs of pre-breakdown processes in distilled wa-
ter for a field strength of 0.6 MV/cm, breakdown lag time of ∼ 680 ns, and frame
exposure time of ∼5 ns. The frame was produced 20 ns before the gap breakdown

3.3 Time Boundaries of Anode and Cathode Discharges
in n-Hexane

The most complete experimental results on the boundaries of the cathode
and anode mechanisms of electrical breakdown were obtained for n-hexane
in a quasi-uniform field for different discharge gap lengths [25, 27]. Exper-
iments were carried out with chemically pure n-hexane (specific resistance
ρ = 1012 Ω · cm).

Figure 3.15 shows the dependences of the breakdown lag time in n-hexane
on the field strength for two discharge gap lengths. Each point was aver-
aged over 100–150 measurements. Horizontal bars show standard deviations
of the results. The horizontal dashed straight lines indicate quasi-static break-
down field strengths. The analysis of a large number of Schlieren-photographs
has allowed us to establish the time boundaries of different mechanisms of
electrical breakdown of n-hexane. In Fig. 3.15 they are indicated by vertical
solid and dashed straight lines for discharge gap lengths of 150 and 100 μm,
respectively.

In region 1, the dependence of the electric strength on the pulse duration
(tlag ≤ 1 μs) has the form E− = 1/t0.3, and the breakdown is initiated by the
electric discharge from cathode.

Qualitative and quantitative characteristics of the phenomena observed
in the gap are similar to those described in Sect. 3.2 for the discharge from
cathode in water.

In region 3 (see Fig. 3.15), the breakdown is initiated by the discharge from
anode. The dependence of the electric strength on the pulse duration (tlag ≤
0.5 μs) has the form E+ = 1/t0.14. The pattern of discharge propagation as
a whole corresponds to that for water described above. As a rule, a single
cone-shaped optical inhomogeneity with reduced density is formed on the
anode surface. The average velocity of discharge propagation in this stage
is ∼ 104 − 105 cm/s. When the size of the optical inhomogeneity achieves a
critical value of ∼15 − 20 μm, the second stage begins. It is characterized by
the formation of a bright luminous channel propagating to the cathode with an
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Fig. 3.15. Dependence of the breakdown lag time in n-hexane on the field strength
for interelectrode distances of 150 (a) and 100 μm (b)

average velocity of ∼106 cm/s. The critical size of the optical inhomogeneity
and the characteristic velocities of discharge propagation are smaller than
those for millimeter gaps. It should be noted that optical inhomogeneities
are formed near the anode surface under higher electric field strengths, but
exactly higher velocities of the channel propagation provide the breakdown
completion with the discharge from anode.

For field strengths of ∼ 1.9 − 2.1MV/cm and interelectrode distance of
100 μm, another mechanism of breakdown from anode is realized simultane-
ously with above-described mechanism. It has the form of a uniform (by the
structure) electric discharge. It is characteristic that no bubble stage is ob-
served during the discharge initiation. The electric discharge propagates from
the very beginning with a high velocity approximately equal to the velocity
of the intensive discharge (∼106 cm/s).

Region 2 (see Fig. 3.15) is transitive. In this region, breakdown is initi-
ated by discharges from both cathode and anode. The duration of the transi-
tive region (on the time scale) decreases with decreasing of the interelectrode
distance.

From a comparison of data shown in Fig. 3.15 it follows that as the inter-
electrode distance increases, the field strengths at the boundaries of different
mechanisms of n-hexane electrical breakdown decrease, that is, the boundaries
themselves are displaced toward longer voltage exposure times. For example,
for a field strength of ∼ 1.3MV/cm, the critical distance between the elec-
trodes at which the breakdown mechanism changes is equal to about 150 μm.
With increase in the field strength, the critical distance decreases.

Thus, three n-hexane breakdown mechanisms are realized under conditions
of quasi-uniform electric field depending on the field strength. One mechanism
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describes the electric discharge from cathode, and two more describe the dis-
charge from anode.

The results obtained are important because they explain in more details
and more convincingly the fast increase in the electric strength of liquids at
times smaller than a certain critical value (≤ 1 μs) depending on the inter-
electrode distance (see Sect. 6.6.3) established many decades ago. To explain
this fact, the breakdown mechanism based on electron emission from cathode
and subsequent electron multiplication at the expense of collision ionization
and formation of electron avalanches in the liquid itself was usually invoked.
The analysis of the results presented here indicates that this phenomenon
is caused by transition from the mechanism of breakdown from cathode (the
bubble mechanism) to the electric discharge from anode involving both bubble
and ionization breakdown mechanisms. The last mechanism requires higher
field strengths and has higher propagation velocities. For even higher field
strengths, conditions for direct ionization discharge initiation (homogeneous
discharge) are created. The discharge formation time decreases due to the ab-
sence of the bubble stage. It seems likely that this mechanism of breakdown
from anode will be dominant for voltage pulse exposure times ≤ 10 ns. From
the data obtained it follows that the discharge from anode is initiated in a
quasi-uniform field under higher voltages applied to the gap in comparison
with the cathode discharge.

The critical time is of great importance in the theory of electrical break-
down because it is used in calculations of charge carrier mobility in strong
fields [28, 29]. Taking into account the complex character of the electric dis-
charge from anode, it should be noted that such estimates of the mobility of
charge carriers should be used with care.

In [30] it was assumed in the context of the ionization breakdown mech-
anism that the critical distance is determined by the condition of generation
of the critical space charge in the avalanche, necessary for the transforma-
tion of the avalanche into the streamer. As follows from the results presented
here, when the interelectrode distance exceeds the critical value, the electric
discharge propagates from anode. Exactly high velocities of intense discharge
propagation cause the weak dependence of the breakdown lag time on the
discharge gap length for interelectrode distances larger than critical ones.

3.4 Influence of the Pressure on the Electric
Discharge Mechanisms

An increase in the external pressure is one of the methods of increasing the
electric strength of liquid dielectrics (Sect. 6.3). Elucidation of physical prin-
ciples underlying this method is of great practical interest. Scientific interest
is caused by the important but not always clear role of gas and its formation
for discharge ignition and propagation in liquid.
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The influence of pressure on electrical breakdown of liquids of various types
was investigated in [31]. A special discharge chamber with optical windows
was used in experiments; the pressure in the chamber was produced with the
help of a manual hydraulic press of piston type.

Figure 3.16 shows the dependences of n-hexane breakdown lag time on
the pressure for the indicated field strengths and an interelectrode distance
of 100 μm. Each point was averaged over 100–150 measurements. The dashed
curves interpolate the experimental data to pressures at which the breakdown
probabilities are ≤ 40%.

The strong influence of pressure on the electric discharge was revealed
under conditions of breakdown from cathode for field strength of ∼1.3MV/cm
(see curve 1 in Fig. 3.16). No breakdown was observed during 50 μs (time
constant of voltage pulse decay) already under a comparatively low pressure
of ∼0.4MPa.

Under conditions of competitive coexistence of the discharge from both
cathode and anode (E = 1.6MV/cm and d = 100 μm), the external pressure
influences primarily the electric discharge from anode.

For example, the breakdown propagated from cathode as a single chan-
nel at a pressure of ∼ 0.7MPa. The pressure affects the velocity of channel
propagation which is equal to ∼7 · 104 cm/s. As can be seen from curve 2 in
Fig. 3.16, the breakdown is no longer initiated at a pressure of ∼1MPa.

Fig. 3.16. Dependence of the relative breakdown lag time tP /t1 for n-hexane (1–5)
and distilled water (6) on the external pressure. Here t1 is the average breakdown
lag time at atmospheric pressure. The electric field strengths were 1.3 (1), 1.6 (2),
1.7 (3), 1.9 (4), 2.1 (5), and 0.9 MV/cm (6); td = 750 (1), 290 (2), 230 (3 and 6),
100 (4), and 50 ns (5)
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Under conditions of the breakdown terminated by the discharge from an-
ode for a field strength of ∼ 1.7MV/cm, the pressure mainly influences the
electric discharge from anode hindering its propagation. At elevated pres-
sure, the breakdown is also initiated from the cathode. The electric discharge
from anode, unlike the conventional one, is shaped as a homogeneous zone
∼30− 40 μm wide with smeared boundaries. The velocity of discharge propa-
gation is the same as of the intensive discharge; it is equal to ∼2 ·106 cm/s for
E = 1.7 MV/cm. In this case, no cone-shaped perturbations corresponding to
the initial bubble stage were observed near the electrode surface. Channels
of the electric discharge from cathode differ by their rectilinearity; they had
transverse sizes of ∼10 − 15 μm. Separate optical inhomogeneities with char-
acteristic sizes of ∼10−15 μm spaced at the same distance were also observed
near the cathode surface. The breakdown started mainly from the cathode
as the pressure increases, and no breakdown was observed at a pressure of
∼1.3 MPa.

Thus, for field strengths of ∼1.3− 1.7MV/cm, the electric discharge from
both cathode and anode can be suppressed with the help of external pressure.
The breakdown field strength increases with pressure according to the law
Ebr = p1/5.

The character of pressure influence on the breakdown lag time changes
significantly for field strengths ≥ 1.9MV/cm (for nanosecond voltage pulses).
From curves 4 and 5 in Fig. 3.16 it can be seen that the breakdown lag time in-
creases with pressure up to 1 MPa. However, with further increase of pressure,
this dependence saturates or the breakdown lag time even slightly decreases.
Carbon liberated in the discharge region and changes in the n-hexane compo-
sition at elevated pressures can somewhat decrease the breakdown lag time.
A comparison with the results of optical investigations demonstrates that at
elevated pressures, the homogeneous discharge propagates mainly from the
anode. The external pressure does not influence the velocity of the discharge
propagation equal to ∼ 2 · 106 cm/s. Thus, exactly the coexistence and com-
petition of two different mechanisms of breakdown from anode determine the
complex character of the influence of the external pressure on the average
discharge lag time in the nanosecond range.

For a comparison, curve 6 in Fig. 3.16 shows the dependence of the break-
down lag time on the pressure in distilled water under conditions of breakdown
from cathode in the nanosecond range (the interelectrode distance equal to
200 μm was smaller that the critical one). The qualitative character of the de-
pendence remains unchanged. The strong influence of the pressure on the elec-
tric discharge from cathode is confirmed. For a field strength of ∼0.9 MV/cm,
no breakdown is initiated at a pressure of ∼2 MPa.

The external pressure influences the origin and development of optical
inhomogeneities near the electrode surface. The decreased influence of the
external pressure on the liquid breakdown field strength under conditions of a
uniform electric field (the tendency toward saturation) is due to the transition
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from the bubble mechanism of breakdown from cathode at low pressures to
the ionization mechanism of breakdown from anode at elevated pressures.

3.5 On the Nature of Electric Hardening of Liquids
in Micron Gaps

Competitive coexistence of three discharge forms in submillimeter gaps allows
us to suggest a new approach to the explanation of fast increase in the electric
strength of liquids with decrease in d. To this end, the condition of avalanche-
streamer transition borrowed from the gas discharge is conventionally used.

In addition to the material presented in Sects. 3.3–3.4, the results of com-
parison of optical and statistical investigations of pulsed electrical breakdown
of n-hexane in gaps 25−150 μm long [33] are presented below. The experimen-
tal setup, measurement procedure, and experimental conditions were similar
to those described in [27].

Figure 3.17 shows the dependences of the n-hexane breakdown lag time
on the field strength for the indicated interelectrode distances. Each point
was averaged over 100–150 measurements. Horizontal bars indicate the sam-
pling standard deviation. Horizontal dashed straight lines on the right indicate
the quasi-static breakdown field strength. An analysis of the results demon-
strates that the character of the volt-second characteristics is determined by
the competition of different breakdown types. Change of their boundaries as a

Fig. 3.17. Dependence of the n-hexane breakdown lag time on the field strength
for interelectrode distances of 150 (1), 100 (2), 50 (3), and 25 μm (4)
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Table 3.2. Boundaries of different mechanisms of n-hexane breakdown depending
on the interelectrode distance d

D, μm β Breakdown from
cathode

Breakdown from
anode

Transition re-
gion, MV/cm

E, MV/cm Ecr · 10−2,
MV/cm

E, MV/cm Ecr · 10−2,
MV/cm

25 65 1.8 1.17 2.1 1.4 2.1–3.0
50 90 1.2 1.08 1.7 1.5 1.7–2.3
100 110 1.0 1.1 1.4 1.5 1.4–1.7
150 135 0.9 1.2 1.1 1.5 1.1–1.3

function of the interelectrode distance is illustrated by Table 3.2. In the tran-
sition region, the breakdown is initiated by discharges from both cathode and
anode. At lower field strengths, the breakdown is initiated by the discharge
from cathode, and at high field strengths it is initiated by the discharge from
anode.

The increase of the (quasi-static) breakdown field strength with decreasing
interelectrode distance occurs for the bubble mechanism of breakdown from
cathode. In this case, the main ionization processes resulting in the electric
discharge propagation proceed in the vapor-gas phase. Thus, the collision
ionization in the liquid itself cannot explain this fact. The dependence of the
breakdown field strength on the interelectrode distance can be described by
the function Ebr ≈ 1/d0.25.

The displacement of the boundaries of breakdown mechanisms toward
higher field strengths (shorter pulse duration) with decreasing interelectrode
distance leads to different effects of the external pressure on the electric dis-
charge in the nanosecond range.

As demonstrated in Chaps. 1 and 2, the important role in the initiation
of the electric discharge is played by the fine physical and chemical processes
at the electrode-liquid interface. The important role is played by such factors
as the electrode surface microrelief and its changes under the action of previ-
ous discharges, adsorbed gas, dielectric or semiconductor microinclusions and
films, etc. [34]. For the conditioned electrodes, microbulges on the electrode
surface can play the dominant role. They cause the local increase of the field
strength.

Using the data on the dependence of the field amplification coefficient β
(the ratio of the electric field strength at the top of the bulge to the average
electric field strength) on the interelectrode distance in vacuum [35,36], we can
roughly estimate the critical field strengths corresponding to different break-
down mechanisms under our conditions. These data are also given in Table 3.2.
Here Ecr = β (d) · E, where E is the average field strength. The critical field
strengths (microscopic) are independent of the interelectrode distance and are
(1.1 − 1.2) ·102 MV/cm and (1.4 − 1.5) ·102 MV/cm for discharges from cath-
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ode and anode, respectively. At such field strengths, the processes of electron
emission from cathode to liquid [37] and of ionization of atoms near the an-
ode (electron emission from the liquid) [38] proceed due to a tunnel transition.
Exactly these processes can be determining for electric discharge initiation.
For cold electron emission in n-hexane, field strengths ≥ 10MV/cm [39] are
required, and even higher field strengths are required for ionization.

Thus, the increase in the pulsed electric strength of n-hexane with decreas-
ing interelectrode distance can be caused by a decrease in the local electric
field strength near the electrode surface that affects the electric discharge
initiation.

In conclusion, it should be noted that the results obtained explain the
nature of many tendencies characterizing the electric strength of liquids in
short gaps with quasi-uniform electric fields. Together with the materials of
other sections of the monograph, they will be used to construct models of
pulsed discharge in liquids.
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11. V. V. Vorobjev, V. A. Kapitonov, É. P. Kruglyakov, and Yu. A. Tsidulko, In-
vestigation of water breakdown in a system with diffuse electrodes, Zh. Tekh.
Fiz., 50, No. 5, 993–999 (1980).

12. I. T. Ovchinnikov, K. V. Yanshin, and E. V. Yanshin, Investigation of pre-
breakdown electric field distribution in water with the help of the Kerr effect
technique, Zh. Tekh. Fiz., 44, No. 2, 472–474 (1974).

13. V. V. Lopatin, V. J. Ushakov, and V. P. Chernenko, Ignition and propagation
of a nanosecond discharge in liquids, Izv. Vyssh. Uchebn. Zaved., Fiz., No. 3,
100–106 (1975).

14. V. Y. Ushakov, O. P. Semkina, V. V. Ryumin, and B. B. Lopatin, On a nature
of pulsed electrical breakdown of water electrolytes, Electronn. Obrab. Mater.,
No. 2, 48–54 (1972).

15. J. C. Devins, S. J. Rzad, and R. J. Schwabe, Pre-breakdown phenomena in
sphere-sphere electrode configurations in dielectric liquids, Appl. Phys. Lett.,
31, No. 5, 313–314 (1977).

16. E. F. Kelley and R. E. Hebner, Pre-breakdown phenomena in sphere-sphere
electrodes in transformer oil, Appl. Phys. Lett., 38, No. 4, 231–233 (1981).

17. E. O. Forster and P. P. Wong, High speed laser schlieren studies of electrical
breakdown in liquid hydrocarbons, IEEE Trans. Electr. Insul., EI12, No. 6,
435–441 (1977).

18. P. P. Wong and E. O. Forster, High-speed schlieren studies of electrical break-
down in liquid hydrocarbons, Can. J. Chem., 55, 1890–1898 (1977).

19. P. P. Wong and E. O. Forster, The dynamics of electrical breakdown in liquid
hydrocarbons. I, // J. Electrostat. 5, 157–168 (1978).

20. R. E. Hebner, E. F. Kelley, E. O. Forster, and G. J. Fitzpatrick, Observation of
pre-breakdown and breakdown phenomena in liquid hydrocarbons, J. Electro-
stat., 12, 265–283 (1982).

21. V. F. Klimkin, Special features of electrical breakdown in water in submillimeter
gaps, Zh. Tekh. Fiz., 57, No. 4, 805–807 (1987).

22. A. P. Avrorov and V. V. Vorobjev, Statistical investigations of the mechanism
of microsecond water breakdown, Preprint No. 83–69, Nuclear Physics Institute
of the Siberian Branch of the USSR Academy of Sciences, Novosibirsk (1983).

23. S. N. Komin, G. S. Kuchinskii, and E. A. Morozov, A mechanism of disruption
of the electric strength of water in the microsecond range, Zh. Tekh. Fiz., 54,
No. 9, 1826–1829 (1984).

24. J. L. Maksiejewski, Time-lags of triggered spark gaps in liquid hydrocarbons,
IEEE Trans. Electr. Insul., EI20, No. 2, 339–342 (1985).

25. V. F. Klimkin, Special features of the development of a micronanosecond elec-
trical breakdown in n-hexane, Zh. Tekh. Fiz., 56, No. 10, 2041–2043 (1986).

26. V. F. Klimkin, A pulsed electrical breakdown in n-hexane under a uniform
field, in: Conf. Record of the 10th Int. Conf. on Conduction and Breakdown in
Dielectric Liquids, Grenoble (1990), pp. 574–578.

27. V. F. Klimkin, Boundaries of mechanisms of electrical breakdown in n-hexane
with quasi-uniform field, Zh. Tekh. Fiz., 61, No. 8, 80–83 (1991).

28. P. Felsenthal, Nanosecond breakdown in liquid dielectrics, J. Appl. Phys., 37,
No. 10, 3713–3715 (1966).

29. K. D. Metzmacher and J. T. Brignell, Apparent charge mobility from breakdown
times in a dielectric liquid, J. Phys., D3, No. 2, 103–104 (1970).



132 3 Discharge Propagation in Short Gaps with a Quasiuniform Field

30. V. F. Klimkin and V. V. Pikalov, Opportunities of microinterferometry for a
study of nonstationary processes, Zh. Prikl. Mekh. Teor. Fiz., No. 3, 14–26
(1979).

31. I. K. Kikoin, ed., Tables of Physical Quantities, Atomizdat, Moscow (1976).
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4

Discharge Propagation in Gaps
with a Non-Uniform Field

Many phenomena observed in discharge gaps under a uniform electric field
at the stage of ionization process propagation from the initiating electrode
(Chap. 3) are also observed in gaps under a sharply non-uniform field, pri-
marily at the initial stages of discharge propagation. This is quite explicable,
because in the first case, the initial plasma formations (in the incipient chan-
nel) convert the uniform field into a non-uniform one. In the second case, the
incipient processes develop in the region adjacent to the electrodes, that is, in
the region of strong field whose magnitude is close to the electric strength of
liquids in short gaps with uniform fields. This as though levels the difference
between the conditions of discharge propagation in gaps with uniform and
non-uniform fields.

The discharge propagation in gaps with a non-uniform field, in particular,
for long interelectrode distances (in the so-called long gaps) is the stage of the
breakdown more important than the stage of discharge ignition; it determines
largely the impulse electric strength of liquids. In addition, the parameters
of the propagation channel predetermine the properties of the spark channel
used in practice as a source of various impulse disturbances.

As already indicated in the Preface, investigations of spatial and temporal
laws of discharge propagation in dielectric liquids with the help of cameras
with mechanical scanning [1–4] and high-speed chronographs built around
image converter cameras [5–7] have demonstrated that the discharge in long
liquid gaps with non-uniform field under application of impulses whose du-
ration changes from a few microseconds to a few hundred microseconds is
very similar to the discharge in long gaseous gaps. Using terminology most
commonly used in the literature on the gas discharge, Komelkov [1, 2] called
a leader process the discharge propagation in a liquid under such conditions.

In [6,7] it was demonstrated that the leader process with typical stepwise
lengthening of the high-conduction channel includes propagation and succes-
sive transformation of the initial channel. In [7], this term was used for a
thin (with a thickness of a few microns) low-conduction channel that prop-
agates continuously (or quasi-continuously) and is accompanied by a weak
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luminescence and low current that remain unchanged with time. In more
recent studies, these channels were referred to as monochannels [8,9] or weakly
luminous filaments [10–13]. In some specific cases, for example, in liquids with
low electrical conduction, when the voltage applied to the discharge gap is
close to or less than the minimum breakdown voltage, the discharge propa-
gates on the impulse tail or on the oblique impulse with a mild slope, and
the initial channel can propagate at long distances without conversion into a
leader channel.

After the leader bridges the electrodes, the main or back discharge is prop-
agated. When the power capacity of the high-voltage source is sufficient, the
main discharge is followed by an arc.

When the low-conduction initial channel is not converted into a leader or
the leader channel loses its electrical conduction in the propagation process, a
secondary ionization process will propagate from the plane to the tip electrode
through the channel that has already been formed. Only after that the main
discharge and arc are propagated.

In the literature, opinions on the use of the term leader differ. Some au-
thors (for example, see [10–12, 14–16]) prefer to use the term streamer based
on the fact that the leader process in liquids differs significantly from that
in gases. Other authors (for example, see [8, 9, 17–19]), on the contrary, use
the term leader placing strong emphasis on the similarity (at least, external)
rather than on the difference. Moreover, they considered that streamers in
gases and liquids differ even greater than leaders. To describe the discharge
processes in long interelectrode gaps, we adhere to the terminology already
used in [7], avoiding, as in the previous chapter, the use of the term streamer.
When we need not pay attention to fine mechanisms of discharge channel
propagation, as in preceding chapters, we will use neutral terms: a discharge
channel, discharge figure, and discharge structure.

4.1 Spatial Structure of a Discharge

The shape of discharge figures is one of the sources of information on the
liquid breakdown mechanism. Moreover, since discharge channels have high
enough electrical conduction, the discharge figure parameters (the shape and
dimensions of the figure and the density of channels forming the figure) de-
termine the shape and strength of a macroscopic (average) field at the head
of the propagating channel and thereby influence its propagation velocity and
finally the electric strength of liquids.

The shape of the discharge figures and their evolution in space and time
are extremely sensitive to changes in the applied voltage parameters (in par-
ticular, in the impulse amplitude and polarity), discharge gap geometry, and
properties and state of the liquid. In this regard, it is expedient to describe
the discharge under certain reference conditions and then to demonstrate its
changes depending on the factors listed above.
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With allowance for the available data volume and their practical importance,
we have chosen the following reference conditions:

– transformer oil (in separate cases, distilled water) under normal conditions
(atmospheric pressure, room temperature, and technical purity grade) as
a liquid under study,

– standard (lightning) or close to rectangular voltage impulse.

4.1.1 Appearance of Discharge Figures

Numerous thin channels are propagated on the voltage impulse front (less
often on the voltage impulse peak) from the tip electrode. They comprise
spherical formations that reproduce well the electric force lines in the gap
[10, 20, 21]. Successive conversion of this figure includes lengthening of chan-
nels, their branching, origin of new channels at the electrode surface, and
decay of the majority of them. These channels are converted into microbub-
ble chains that generate weak shock waves.

According to the classification suggested by the researchers from the
LEMD laboratory [10, 11, 14], this figure is the 1 st mode∗ discharge. It is
characterized by a subsonic propagation velocity (≤105 cm/s) and low cur-
rent (∼10−4 A).

Within a few (2–5) microseconds from the inception, a small number of
channels (typically 2–6) continue to propagate toward the opposite electrode.
Their radii increase from several units to several tens of microns.

As can be seen from Fig. 4.1, the velocity of channel propagation remains
essentially unchanged (∼(1.5–2) · 105 cm/s) in the entire interelectrode gap;

Fig. 4.1. Streak photograph of a partial discharge in transformer oil for the +T −P
gap, d = 5 cm, and U = U50% = 145 kV [7]
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it exceeds the sound velocity in transformer oil (1.4·105 cm/s) [7]. The figure
formed by these channels is called the 2nd mode discharge figure.

The 2nd mode discharge figures are recorded for a sufficiently wide range
of applied voltage impulse amplitudes (Figs. 4.2 and 4.3 [10,11]). Roughly, the
external contours of the 2nd mode discharge figure are considered cylindrical
in [10, 11] with the cylinder diameter equal to 0.3–0.6 of the interelectrode
distance. The dependence of the length of the 2nd mode partial discharge
channels on the applied voltage was close to a linear one, that is, their prop-
agation velocity was independent of the applied voltage for a certain range of
voltages (see Fig. 4.4 [22]). The critical length of partial discharge channels
was (0.75–0.8)d. Its increase caused the breakdown to terminate (except cases
described in Sect. 4.6).

∗Below these figures will be juxtaposed with the figures described in the
literature under other names.

With further increase in U above the limiting value U1 close to U50%, the
number of channels propagating simultaneously from the tip increases, and at
U ≈ Ua (see Fig. 4.3), they form a quasi-sphere whose diameter is comparable
with the interelectrode distance. Sometimes the width of the figure formed by
the channels exceeds its length. As demonstrated below, exactly the forma-
tion and propagation of this discharge figure determines the constant rate of
increase of the channel length in the voltage range U1–Ua. Two stages of dis-
charge channel propagation, namely, the fast stage with ν ≈ (1–5) · 106 cm/s
that lasts 1–3 μs and the slow stage analogous to the 2nd mode discharge

Fig. 4.2. Dependences of the average propagation velocity and shape of discharge
figures in transformer oil on the applied voltage for the +T −P gap, d = 10 cm,
r0 = 100 μm under a 0.4/1400 μs impulse [10]
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Fig. 4.3. The same as in Fig. 4.2 but for the indicated d values [11]

propagation with ν ≈ (1.5–2) ·105 cm/s are clearly seen in streak photographs
taken for the voltage range U1–Ua. In [3], the fast discharge stage was consid-
ered as a separate one called the initiating streamer. In [7], high-speed streak
photographs were used to demonstrate that this process is a conventional
discretely luminescent leader arising on the impulse front under high dU/dt
values. An increase in the discharge propagation velocity with dU/dt was
established in special-purpose experiments with breakdowns initiated under

Fig. 4.4. Dependence of the propagation velocity of partial discharges in transformer
oil on the 0.4/1400 μs voltage impulse amplitude for three d values (a) and on the
position of the channel head in the gap (b) for the +T −P electrode system [22]
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application of oblique voltage impulses [23]. In [10, 11, 24], the fast discharge
phase was called the 3 rd mode discharge.

When the clearly pronounced threshold Ua is exceeded, the average dis-
charge velocity starts to increase very fast with U (Fig. 4.3). This is due to
the fact that at U > Ua, the discharge channel (usually one, less often two)
is propagated from the spherical discharge figure whose propagation velocity
remains essentially unchanged and almost independent of U . This discharge
channel is propagated with the velocity exceeding 107 cm/s, and closes the
remaining part of the gap [5,7,24,25]. In [24,25], this fast discharge stage was
called the 4 th mode discharge.

Because of high discharge velocity in this region and the discharge time
close to that of the very bright main discharge, it was impossible to investigate
its detailed characteristics except for the rise rate of the accompanying current
and luminescence. They increased fast as the channel approached the plane.

Ushakov [23] and Linhjell et al. [24] took several streak photographs and
concluded that bright luminosity at this stage was propagated both toward
the tip electrode and plane. We failed to find any additional data on this
phenomenon in the literature.

The voltage in the 4th mode discharge channel Ua was close to 2Ubr for
d ≥ 10 cm.

Results of measurements of Ubr of very long (up to 100 cm) rod-plane gaps
under 600/3600μs switching impulses fit well the dependence Ubr = f(d)
obtained for smaller d and shorter (0.4/1400μs) impulses (Fig. 4.5) [10]. In
this case, the discharge time corresponded to a velocity of ∼2 · 105 cm/s typ-
ical of the 2nd mode discharge. It seems likely that for 1/40 μs short (light-
ning) impulses in long gaps (>15 cm), breakdown is initiated only by fast dis-

Fig. 4.5. Dependence of Ubr and Ua on d for oil gaps formed by the tip (or
rod) – plane electrodes for positive polarity of voltage impulses with different
parameters [10]
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charges, that is, by the 3rd and 4th mode discharges when the voltage is close
to Ua. Moreover, Ua is much less than Ubr measured under switching impulses.
Lesaint [10] concluded that breakdown of high-voltage oil insulation under
overvoltages (for example, in tests with ac voltage and lightning and switch-
ing impulses) was initiated by the 3rd and 4th mode discharges.

The terms used above (the 1st, 2nd, 3rd, and 4th mode discharges) are
convenient enough for a detailed description of discharge figure conversion
accompanying changes in the main influencing factors – applied voltage or
voltage rise time (when a breakdown occurs on the voltage impulse front).
In this case, changes of the two parameters, namely, of the discharge figure
shape and velocity of its propagation to the opposite electrode, are traced.

4.1.2 Electrostatic Properties of Discharge Figures

Considering that discharge channels in liquids are well conductive plasma fila-
ments, it was indicated in [26] based on photographic studies of the discharge
figures that “. . .with increase in the overvoltage, branching of the discharge
was considerably intensified. This was the case for both branch density and
branching zone diameter, which caused the field to level in the pre-breakdown
gap region. Thus, an increase in the voltage applied to the gap was com-
pensated by intense leveling action of the branched discharge region”. In [5]
this assumption was confirmed by the results of comprehensive study of the
discharge with synchronous registration of streak photographs using image
converter cameras, still photographs, and current and voltage waveforms. It
was established that the number of channels propagating from the tip elec-
trode increased considerably with the rate of voltage increase A ≈ dU/dt
(a breakdown was initiated on the exponential front of impulses having differ-
ent slopes). Already for A > 8–10 kV/μs (in distilled water), channels formed
a spherical figure. Events occurring in the discharge gap are well illustrated
by Fig. 4.6 [7]. In the still photograph shown in Fig. 4.6B we can see the
spherical figure formed by partial discharge channels and the monochannel
closing the electrodes.

From the streak photograph it can be seen that relatively slow propagation
of the spherical figure is followed by fast propagation of the monochannel.
Lesaint [10] succeeded in fixing the inception of this fast channel – the head
of one of the streamer channels forming the spherical figure. In [7] it was
established that a part of the gap closed with the fast channel increased with
U (or A). It was assumed that “the formation of this spherical figure causes
mutual deceleration of discharge channels that influences the behavior of the
volt-second characteristic of discharge water gaps under a non-uniform field”.
In this regard, a nature of the very strong dependence of the average discharge
velocity on the voltage for U > Ua (Fig. 4.3) becomes evident.

Under voltages significantly exceeding Ua, the discharge is formed by
1–2 brightly luminous growing channels that form a cylinder together with
branches. In this case, the dependence of charge Q injected into the gap by the
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Fig. 4.6. Discharge pattern in distilled water for the –T +P gap, d = 2 cm, and
A = 11 kV/μs [7]

discharge channels on the applied voltage changes noticeably (Fig. 4.7) [11].
Whereas Q almost linearly increases for Ubr < U < Ua due to an increased
number of simultaneously propagating channels, a sharp decrease in Q is ob-
served at U ≈ Ua followed by its slow increase as U exceeds the threshold
value Ua.

Thus, the foregoing indicates the existence of functional relationships
among the discharge figure shape, propagation velocity, and charge injected
into the insulation gap.

To establish a quantitative relationship among these parameters, calcu-
lations of the charge and electric field strength on the external surface of
figures formed by channels, including spherical figures for Ubr < U < Ua and
cylindrical figures for U = Ubr and U > Ua, were performed in [11].
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Fig. 4.7. Dependence of the maximum charge induced into the discharge gap on
the applied voltage for the +T –P electrode system and a 0.4/1400 μs impulse [11]

In the first case, calculations were done for a spherical conducting figure
whose potential was equal to that of the high-voltage electrode. The figure
diameter increased with the growth of the true figure formed by the channels.
Figure 4.8 shows dependences of the calculated and measured injected charges
on the ratio of the figure diameter dsp to the interelectrode gap length d. Good
agreement between the calculated results and measurements demonstrates
that the electrical conduction of the channel is fairly high and that the voltage
drop across the channels can be neglected in these calculations.

For the cylindrical discharge figures, the fitting parameter – the cylinder
diameter dcyl – was introduced. Good agreement between the results of cal-
culations and measurements can also be seen from Fig. 4.9 for dcyl = 1 cm,
U = Ua = 376 kV (d = 10 cm) and dcyl = 3.8 cm, U = Ua = 184 kV. These

Fig. 4.8. Dependence of the calculated and measured space charge on the ratio of
the diameter of the spherical figure (or spherical electrode) ds to the interelectrode
distance d (d = 10 cm) [11]
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Fig. 4.9. The same as in Fig. 4.8, but for the cylindrical figure

values of dcyl correspond to diameters of figures formed by branched channels
with allowance for weak glow surrounding them.

The results obtained allowed Massala and Lesaint [11] to calculate the
electric field strength Ef on the surface of the figure formed by discharge
channels and to elucidate a reason of changes in the discharge figure shape
with U . Figure 4.10 shows changes in the calculated Ef values in the process of
discharge figure propagation to the plane for three cases: cylindrical figure at
U = Ubr, spherical figure at U ≤ Ua, and cylindrical figure at U > Ua. From
Fig. 4.10 it can be seen that the discharge propagates with a low velocity
(∼2 · 105 cm/s) when Ef is close to 200kV/cm; it propagates with a high
velocity (>106 cm/s) when Ef > 200kV/cm. At U = Ubr, Ef slowly increases
as the discharge figure grows, but remains less than 200kV/cm. The discharge
then propagates with a low velocity.

Fig. 4.10. Electric field strength variation on the discharge figure surface Ef during
its propagation to the plane (d = 10 cm) [11]
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The discharge figure shape becomes more and more similar to a sphere with
U increasing in the range Ubr < U < Ua. Calculations at U = Ua demonstrated
that Ef first decreases, passes through an almost flat minimum (Ef ≈ const
for 0.3 < df/d < 0.8), and then increases near the plane electrode. The shape
of the curve Ef = f(df/d) follows the behavior of the discharge propagation
velocity as the discharge propagates from the tip to plane electrode.

Thus, under voltages changing in the range Ubr − Ua, an increase in the
number of simultaneously propagating channels and their branching act as a
regulating mechanism that compensates for the increase in U and provides
essentially unchanged Ef and, as a result, a constant discharge propagation
velocity. When the discharge figure assumes a quasi-spherical shape (U = Ua),
the process of “geometrical field regulation” is terminated. Under large U , the
field between the “sphere” and plane approaches a uniform one, and its value
is sufficient for initiation of the discharge channel propagating with a high ve-
locity from the head of one of the numerous channels because of high average
and local field strengths (the upper curve in Fig. 4.10). This suggests that
Ua is the threshold voltage; when the threshold voltage is exceeded, Ef never
decreases below ∼200kV/cm. This is also confirmed by the results of calcu-
lations shown in Fig. 4.11 [5]. For three Ua values typical of the three inter-
electrode distances, the minimum Ef value is kept at a level of ∼200kV/cm.
The foregoing demonstrates that the shape of discharge figures determines
the macroscopic field strength Ef , which in its turn determines the discharge
mode and the main characteristics describing the impulse electric strength of
liquids.

Lopatin et al. [21] tried to explain on the qualitative level intensive channel
branching for the positive discharge and complex (with a minimum) character
of changing the discharge figure propagation velocity toward the plane con-
sidering interactions between the Coulomb and Laplace fields. The position of
the minimum in curves ν = f(d) allows a relationship between these two fields
to be estimated which, under assumption that the space charge is localized

Fig. 4.11. The same as in Fig. 4.10, but for U ≈ Ua for the indicated d values and
the spherical discharge figure [11]
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at the discharge channel head, gives an estimate of the charge of a few tens
of picacoulombs. For the discharge channel growth, the field strength at the
head E and hence the charge should exceed certain values. When the head is
splitted into two heads, the charge is also divided between them. The increase
of charge necessary for further growth of both branches is provided by good
conduction of the branch.

Depending on the local conditions in the immediate proximity of the chan-
nel head, the probability of creation of favorable conditions for branch prop-
agation in alternative directions arises from time to time. Further growth of
both branches depends on the head charge. If it exceeds more than twice the
charge necessary for branch propagation, it is expected that both branches will
grow. If this condition is not satisfied, one of the branches fast decays, which
is observed in optical studies of the discharge. Investigations of the branching
degree of the discharge channel can give information to estimate roughly the
charge (current) that should run through the channel to support branching.
This estimate gave a current of 1mA [27]. This is in good agreement with
measurements of pre-breakdown currents (for example, in [28]).

4.1.3 Dependence of the Spatial Structure of Discharge Figures
on the Main Influencing Factors

Polarity of the Initiating Electrode

Breakdown in aliphatic and aromatic hydrocarbons is characterized by the
normal polarity effect, that is, the breakdown voltage for negative polarity of
the electrode specifying the field non-uniformity is higher than for positive
polarity. Quantitatively, for the same liquid it depends on the discharge gap
geometry (primarily on d and r0).

In chlorinated and fluorinated hydrocarbons, the polarity effect is either
absent [29] or reverse in character [30] (see below). The discharge figure ve-
locity and shape differ significantly. It is well illustrated by Tables 4.1 and 4.2
borrowed from [24].

In [24], an attempt was undertaken to establish more definite mechanisms
of influence of the electrode polarity on the discharge figure shape. It was
found that shapes of negative discharge figures change with the voltage more
unpredictably than of positive discharge figures. It is pertinent to describe
these changes using terms preferably, mainly, and roughly.

Table 4.1. Propagation velocity of positive and negative discharge figures

Positive polarity Negative polarity Reference

Supersonic, ≤ 106 cm/s Subsonic [31,32]
Supersonic, ≤ 106 cm/s Subsonic and supersonic [18]
Subsonic and supersonic, ∼ 106 cm/s [33]
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Table 4.2. Shape and velocity of positive and negative figures

Positive Negative Reference

Shape Velocity Shape Velocity

Bush-like Slow Bush-like Slow [34]

Weakly
pronounced
bush-like

Fast Weakly
pronounced
bush-like

Fast [18]

Bush-like Branchy [35]

Filamentary
or bush-like

Bush-like [36]

Bush-like Bush-like [32]

Bush-like,
treelike

Depends on
the pressure
and sort of
liquid

Bush-like,
treelike

Depends on
the pressure
and sort of
liquid

[37,38]

At low voltages, the negative discharge figure most often resembles the pos-
itive bush-like figure, but with a rough structure. It has no very thin peripheral
branches. This shape can be kept unchanged as U increases up to 2U50%.

The dependence of discharge figure shapes on the voltage polarity was
investigated in [39] under impulse breakdown of n-hexane (pure and with
different additives). The positive discharge propagated with an average veloc-
ity of 2.6 · 105 cm/s, which exceeded the velocity of shock waves propagating
from channels in radial directions (1.09 · 105 cm/s). The discharge figure was
bush-like at the initial stage, but converted into filamentary as the process
developed further.

Discharge Gap Geometry

The influence of the discharge gap geometry, primarily of the curvature radius
of the initiating electrode r0 and interelectrode distance d, on the breakdown
voltage and electric strength is analyzed in Sect. 6.6. This problem has already
been discussed in detail in [40,41,119]. To explain this influence, it is of interest
to study the behaviour of spatial and temporal discharge characteristics versus
the geometrical factors.

In a number of works (for example, see [38,42–46]), it was established that
the curvature radius of the tip electrode (in the region of its small values)
affects both the discharge structure (its appearance) and propagation velocity.

Figure 4.12 shows dependences of the discharge ignition voltage (the ap-
pearance of slow discharge figures) Usl and of the appearance of fast fila-
mental figures Ufast on the tip electrode radius and interelectrode distance
obtained in [42] for cyclohexane. In [43], these dependences were presented
for cyclohexane and pentane.
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Fig. 4.12. Dependence of the voltage of occurrence of slow (•) and fast (◦) chan-
nels on the electrode curvature radius (�, 10 and 90% probability of occurrence of
channels of both types) in cyclohexane for d = 2.5 mm and td ≤ 15 ns [42]

A certain critical tip electrode radius was established. For r0 < rcr

(≈6 μm), Usl increased with r0, while Ufast remained unchanged. For r0 > rcr,
slow discharge figures were not observed, and Ufast started to increase with r0.
(According to Gourny and Lesaint [43], rcr ≈ 3 μm in pentane.) The field
strength Esl (calculated for an electrostatic field) corresponding to Usl slowly
decreased from 10 to 6 MV/cm as r0 increased from 0.9 to 6 μm; moreover, it
was independent of d. The voltage Ufast depended only on d.

In [45] it was established that at negative polarity and very small r0

(∼0.5 μm), the first observable discharge processes in cyclohexane were thin
(∼4 μm) filamental channels ∼13 μm long, which within 40 ns from the incep-
tion were converted into a sphere ∼19 μm in diameter [45]. Further evolution of
the discharge figures propagating in cyclohexane from the tip (r0 = 0.5–15 μm)
with positive and negative polarity was investigated in [44]. A 0.2/540μs volt-
age impulse was applied, and the interelectrode distance was 5mm.

Under a low voltage (6.18 kV), the sphere generates a gas bubble expand-
ing with a rate of ∼103 cm/s. When the voltage increases to 7.95 kV, the
sphere is converted into a hemisphere previously observed in n-hexane [47]
and organosilicone oil [48]. In [48], this was explained by the action of elec-
trohydrodynamic forces. With further voltage increase, the discharge forms
a figure reminiscent of a pagoda (a pagoda-like figure). From the top of this
figure, a channel is propagated which engenders a new pagoda-like figure (as
though the second floor). The figures following one after another occupy ap-
proximately 50–70μm of the gap and then are separated into groups of bubbles
oscillating with attenuation.

Under even higher voltage (29.14 kV at r0 = 15 μm), bush-like figures
are observed for r0 lying in the range 0.5–15μm. Their propagation velocity
increases from 1.8 · 103 cm/s to 6 · 103 cm/s as r0 increases in this range. For
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3 < r0 < 5 μm, the bush-like figure grows from the head of a thin monochannel
located at a distance of several microns (<10 μm) from the electrode rather
than from the electrode itself. If the diameter of this channel is greater than
2r0, the charge is injected directly from the electrode; if it is smaller than 2r0,
the charge is injected from the channel head. Figure 4.13 shows the diagram
of various discharge figures in the coordinates applied voltage – tip electrode
radius.

For positive polarity of the tip having a small radius (r0 < 3μm), the
discharge under low voltage is bush-like and propagates with the velocity
(1.2–2.7)·104 cm/s. For large r0 (> 5 μm), as for negative polarity, a thin
monochannel is initiated under low U . If the voltage increases above a certain
limit, the discharge acquires a filamental shape; it propagates with a velocity
of (1.1–2)·104 cm/s. Figure 4.14 illustrates the diagram of positive discharge
shapes versus r0 and U . As in [42,43], Fig. 4.14 demonstrates the presence of
several threshold U and r0 values for filamental channels.

Significant influence of the voltage not only on the shape but also on
the sequence of events and parameters of discharge channels was pointed out
in [7] for long discharge gaps. It was found that under low U (U < U50%),
the discharge in transformer oil is shaped as the initial poorly conducting
channel without its conversion into a high-conduction channel, while under
high U , the initial channel is converted into a leader channel after passage of
a distance of 1–2mm (for d = 2–10 cm) (for more details, see Sect. 4.2).

The main results obtained in [7] were confirmed in [9, 49], and the strong
influence of the tip electrode curvature radius (the degree of field non-
uniformity) on the conversion of the initial channel (the monochannel ac-
cording to the terminology used in [9,49]) into a leader channel was reported.

Fig. 4.13. Change of the shape of discharge figure propagating from the negative
tip attendant to changes in its radius and voltage impulse amplitude [44]
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Fig. 4.14. The same as in Fig. 4.13, but for positive tip polarity [44]

Liquid Properties and State

Since the discharge in transformer oil has been studied in most details, we
often compare (where it is possible and expedient) the influence of proper-
ties and state of liquids on the discharge propagation mechanism with trans-
former oil.

Attempts of studying the influence of viscosity on the breakdown charac-
teristics of liquids with radically different viscosity values, as a rule, did not
provide unambiguous results. This is explained by the fact that in these stud-
ies it was not possible to separate the viscosity effects from the effects caused
by the difference of the entire set of liquid characteristics. Experiments with
one liquid whose viscosity is adjusted by changing the temperature are more
correct.

In [50], the spatial characteristics of the discharge in transformer oil were
investigated at 6 fixed temperatures from the interval −40 – +25◦C at which
the viscosity changed from 3114 to 15 cSt (cantiStokes).

For positive tip electrode polarity, the discharge ignition voltage (when
the first visible changes in the optical density of the liquid are observed) Uign

increases from 91 kV at η = 15 cSt to 130 kV at η = 1518 cSt. For small η, the
discharge propagates as a hemispherical (umbrella-like) figure with an angle
wider than 180◦; it consists of many straight filamants. Down to η = 270 cSt,
this shape remains unchanged, but the angle decreases and several thicker
and brightly luminous channels arise near the tip anode. A breakdown of the
gap is initiated by one-two dominant channels propagating from the initial
umbrella-like structure and growing with a velocity of (1.1–1.6)·106 cm/s. At
η = 3114 cSt, only 1–2 channels propagate from the tip. The independence
of the initial structure propagation velocity ((2–3)·105 cm/s) of the viscos-
ity turned out to be unexpected. However, the discharge time td decreased
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with increase in η, since the fast channel bridges all the larger part of the
interelectrode gap.

For negative tip electrode polarity, Uign and the channel propagation ve-
locity are essentially independent of η and make ∼68 kV and (1–3)·106 cm/s,
respectively. As η increases, the discharge shape is converted from the bush-
like into a fan-shaped.

Important data on the liquid breakdown mechanism were obtained in the
study of changes in the discharge processes after incorporation of additives
that influence generation and further behavior of charge carriers into the
liquid.

In [36] it was established that after incorporation of additives – electron
acceptors – into the liquid, the rate of growth and length of channels of partial
discharges propagating from the tip with negative polarity increase. These
additives reduce the free path of electrons injected from the channel head.
The latter, in turn, reduces the volume of the liquid where the energy of these
electrons is liberated. This promotes heating and boiling of the liquid. If the
excess electrons penetrate deeper into the liquid and do not cause boiling, their
influence on the channel propagation is reduced to shielding of the channel
head field.

For the discharge from the tip with positive polarity, a decrease in Ufast was
established in [51], and an increase in the velocity was established in [36] after
incorporation of additives with low ionization potential. According to [52],
such additives facilitate the development of avalanches warming the liquid.
Shielding of the positive channel head field is less significant compared with
negative channel head field or is not observed at all. The additives influence
also the number of channels propagating from the tip electrode, their branch-
ing, and propagation velocity.

The positive discharge propagation velocity increases after incorporation
of easily ionized additives into n-hexane, and the negative discharge propa-
gation velocity increases after incorporation of additives with large electron
interaction (capture) cross section. In this case, the positive figure is shaped as
a spheroid or is treelike, and the negative figure is bush-like or filamental [39].

The data on the influence of the additive sort and concentration on the
average propagation velocities of positive and negative discharges in n-hexane
are tabulated in Tables 4.3 and 4.4. Figure 4.15 shows the dependence of
the positive discharge propagation velocity on the applied voltage for pure
n-hexane and n-hexane with addition of dimethylaniline (DMA).

The data presented in Tables 4.3 and 4.4 were obtained for the tip-plane
(T–P) gap with d = 10mm under U = ±45 kV. The average values are indi-
cated in parentheses.

A purposeful study of the polarity effect in two Galden–XAD and
Galden–D40 fluorinated polyethers with molecular weights of 800 and 2000
e.w., Fluorinert–FC–77 chlorinated hydrocarbon, Baysilon M50 organosilicon,
and AGIP–ITE 360 transformer oil was carried out in [53]. Generalizing the
results of measuring the breakdown voltage and discharge time and comparing
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Table 4.3. Influence of additives on the positive discharge propagation velocity in
n-hexane

Additives Concentration, M Velocity ν̄d · 10−5, cm/s

Pure 2.60
DMA 0.008 2.62

0.016 2.63
0.040 2.70
0.079 2.78
0.158 2.86
0.395 2.78

0.007 2.58
SH3C10H7 0.072 2.96

0.145 3.22
0.362 3.19

them with the results presented in [54,55] for other liquids, Forster et al. [53]
concluded that the affinity of liquid molecules to electrons and the negative ion
mobility in a strong field are important characteristics of the liquid influencing
the discharge processes.

Murooka et al. [56] generalized the data on the propagation velocity and
discharge figure shapes in +T −P and −T +P electrode systems for 13 liquids
presented in [37, 38, 57] and in a number of other studies (see Table 4.5).

The voltage Usl of appearance of slow channels (of the 1st mode with
ν = (1–2) · 104 cm/s) and the voltage Ufast of appearance of fast filamental

Table 4.4. Influence of additives on the negative discharge propagation velocity in
n-hexane

Additives Concentration, M Velocity, v̄d · 10−4, cm/s

Pure 0.6∼0.9(0.8)
0.010 1.0∼2.3(1.8)
0.052 1.9∼4.3(2.9)

CCl4 0.104 3.3∼6.9(4.7)
0.208 3.3∼7.5(4.8)
0.520 4.4∼7.3(5.9)

0.005 1.4∼2.2(1.9)
0.050 1.8∼2.8(2.3)

CF3(CF2)CF3 0.100 3.0∼4.0(2.8)
0.250 3.2∼6.2(4.1)

0.007 1.3∼2.1(1.6)
SH3C10H7 0.072 1.9∼2.2(2.1)

0.145 1.6∼2.2(1.9)
0.362 1.7∼2.2(2.0)
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Fig. 4.15. Dependence of the positive discharge propagation velocity on the applied
voltage for n-hexane without additives (�) and with addition of DMA with concen-
tration of 0.040 (�), 0.158 (�), and 0.395 M (◦) [39]

channels (of the 2nd mode with ν = (1–2) · 105 cm/s) measured in [42] for
10 different liquids and 2 mixtures with fixed gap geometry (r0 = 1.2 μm
and d = 1.6mm) and impulse parameters (breakdown on the impulse front
τfr = 10ns) are tabulated in Table 4.6.

The tip field strength corresponding to Usl was also calculated. Other
parameters presented in Table 4.6 (relative permittivity ε, electric strength
Ebr, and ionization potential Iion) were borrowed by Lesaint and Gournay [42]
from the literature.

Based on an analysis of the results obtained, Lesaint and Gournay [42]
concluded the following.

The field strength near the tip necessary for the discharge ignition (ap-
pearance of a slow figure) Esl is between 10 and 11MV/cm for most liquids.
Much lower Esl values were obtained for cyclopentane characterized by the
lowest ionization potential, in transformer oil containing 17% of easily ion-
ized aromatic molecules, and in cyclohexane. This is in agreement with the
auto-ionization mechanism of charge carrier generation near the tip anode.

The field strength Efast correlates with the electric strength of liquids mea-
sured in very short gaps with a sharply non-uniform field; at the same time,
Esl and Efast are uncorrelated. These special features demonstrate that under
such experimental conditions, breakdown is determined by discharge propaga-
tion (the filamental channel) rather than by the discharge ignition (appearance
of a slow figure). This is paradoxical enough if we take into account very high
average field strengths (1–2MV/cm). This paradox can be avoided if we take
into account that Ebr were measured in very short gaps (∼50 μm) under Ubr

as low as 6.6–9.6kV. These values are close to the threshold Ufast value at
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Table 4.5. Propagation velocity and discharge figure shape (Here B denotes bush-
like and T denotes treelike shapes)

Liquid Inter-
electrode
distance,
mm

Impulse
shape

Impulse
amplitude,
kV

Propagation
velocity,
km/s

Discharge
shape

+ − + − + −
N-pentane 4 2.3/1500 30.9 45.9 0.52 0.18 B B

40.4 6.97 T
N-hexane 4 2.3/1500 32.7 48.1 0.48 0.63 B B

45.1 7.61 T
N-heptane 4 2.3/1500 12.8 48.1 6.32 0.20 T B
N-octane 4 2.3/1500 30.9 48.1 6.2 0.23 T B
N-nonane 4 2.3/1500 47.5 48.1 6.67 0.28 T B
N-decane 4 2.3/1500 52.3 50.4 7.48 0.22 T B
Cyclohexane 4 2.3/1500 45.1 52.7 3.22 0.35 T B
2-methylpentane 4 2.3/1500 45.1 48.1 9.33 0.48 T B
2,3-dimethylbutane 4 2.3/1500 45.1 48.1 5.59 0.24 T B
H2O 4 2.3/1500 28.5 37.9 2.73 0.48 B B

33.2 45.28 T B
Liquid N2 4 1/1600 39.6 43.1 0.31 0.23 B B

41.5 29.61 0.23 T
Transformer oil 4 2.3/1500 43.3 35.7 5.00 2.3 T B

3.38 T
Naphthene oil 67 1/180 327 343 17.8 17.8 B T

which the fast filamental channel can propagate. If we consider Ufast for a
uniform field, a breakdown in it at small d is determined by the discharge
propagation rather then by its ignition.

Addition of polyaromatic molecules (pyrene) to cyclohexane causes Ufast

to decrease from the maximum value observed in experiments (14.5 kV) to the
minimum value (5.8 kV). Vice versa, addition of a large amount of an electron
absorber (carbon tetrachloride) does not change Ufast. This can be regarded
as a confirmation of the fact that ionization of molecules is the main process
determining the discharge propagation.

The relationship between the spatial and temporal discharge characteris-
tics, that is, the strong influence of the electrostatic properties of the discharge
figure on the electric strength of liquids was illustrated in [58] for benzyltoluene
better than for the reference liquids – transformer oil and water.

For positive tip polarity (r0 = 2 μm and d = 6 mm), discharge figures
of two types were observed. Under low voltages near the tip, slow channels
were recorded that form a spherical figure whose diameter did not exceed
100 μm. Under voltages higher than a certain threshold value (∼12 kV), the
discharge continued as a monochannel that propagated with a velocity of
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Table 4.6. Voltages of appearance of slow, Usl, and fast channels, Ufast, in the
indicated liquids and mixtures

Liquids Ufast,
kV

Usl, kV Esl,
MV/cm

ε Iion(204
◦C),

eV
Ebr,
MV/cm

2,2-dimethylbutane 6.2 5.2 9.96 1.87 8.73 1.33
2,3-dimethylbutane 7.3 5.7 10.92 1.89 1.38
Isooctane (2,2,4-
trimethylenepentane)

7.4 5.6 10.72 1.94 8.3 1.4

Nytro TOG transformer oil 7.6 4.4 8.43 2.2
Marcol 52 white oil 8.8 5.3 10.15
Cyclooctane 9.2 5.3 10.15
N-pentane 10.3 5.4 10.35 1.84 9.15 1.44
Cyclopentane 10.3 3.4 6.51 7.4
Π-decane 11.3 4.9 9.39 1.99 1.92
Cyclohexane 14.5 4.4 8.43 2.02 8.75
Mixtures
Cyclohexane + pyrene
(saturation at 20◦C)

5.8 4.4

Cyclohexane +10%
carbon tetrachloride

13.2 4.1

(0.8–1.0)·105 cm/s. An increase in U in the range ∼(12–30)kV caused a grad-
ual increase in the number of simultaneously propagating channels that formed
a hemispherical figure whose center coincided with the tip electrode point.
Further increase in U caused the occurrence of figures that were not ob-
served in other liquids (Fig. 4.16). A hemispherical secondary discharge fig-
ure similar to that propagating from the tip electrode was propagated from
the head of the dominant channel. This process repeated several times un-
til the entire gap between the tip and plate fabricated from polytetrafluo-
roethylene coating the plane electrode was covered. (Something similar was
observed only when the discharge propagated in transformer oil along the
pressboard surface (see Fig. 4.17 borrowed from [52]). Unlike the discharge
channels in other liquids, their continuous and repeated branching was not
observed.

The kinetic characteristics, for example, the dependence of the channel
stopping lengths (Fig. 4.18 [58]) and of the probability that the channel
achieves the substrate (Ψ, %) on the voltage impulse amplitude were also
anomalous. Both dependences were similar. An almost linear increase in L
for U = 11–17kV was followed by a fast increase in L for U ≈ 17–25kV
and its successive smooth increase. (Under analogous conditions, L and Ψ,
in %, smoothly increased with U in transformer oil and alcohol.) The num-
ber of channels N forming hemispherical figures smoothly increased for the
entire range of U variations (N ≈ 14 for U = 30kV), and the figure size
reached maximum (L ≈ 3.3mm at U ≈ 16kV) and then decreased down
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Fig. 4.16. A discharge figure in benzyltolyene from the tip electrode (r0 = 2 μm)
of positive polarity 2 μs after the beginning of propagation. The distance between
the electrodes was 6mm [58]

Fig. 4.17. Schematic image of the discharge in transformer oil propagating over the
pressboard surface [52]
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Fig. 4.18. Dependence of the maximum channel length L on the positive impulse
amplitude. Here curve 1 shows average values, and curve 2 is for the current mea-
surements [58]

to 0.5–0.7mm under U = 30kV. The velocity of discharge channel propaga-
tion increased from ∼0.7 · 105 cm/s under U ≈ 12 kV to 1.0 · 105 cm/s under
U ≈ 17 kV and remained constant with further increase in U . Many of the
above-indicated special features were observed in breakdowns of benzyltoluene
in long discharge gaps [59]. In particular, it was found that the partial dis-
charge channel length L in this liquid remained essentially unchanged as the
voltage in the gap increased in the range (0.5–0.7)U50% (Fig. 4.19), while in
transformer oil under the same conditions L approximately linearly increased
with U (Fig. 4.20 [60]).

Fig. 4.19. Dependence of the relative length of partial discharge channels in
benzyltoluene on the impulse amplitude normalized by Ubr

50% (U/Ubr
50%) [59]
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Fig. 4.20. The same as in Fig. 4.19, but for transformer oil [60]

Numerous attempts were undertaken to establish a relationship of the
spatial and temporal characteristics with the molecular structure of liquids.
Cyclic and linear hydrocarbons with double and triple bonds were investigated
(for example, see [61, 62]).

In all studies, a weak dependence of the spatial structure, propagation
velocity, and current accompanying the discharge structure propagation on
the molecular structure of liquids was pointed out.

Thus, for example, according to [62] the discharge propagation velocity
for n-hexane, n-heptane, n-octane, and n-decane as well as for the same liq-
uids but having double and triple bonds in molecules changed in the limits
(2.01–2.65)·105 cm/s, the average number of channels in the discharge figure
was within the limits 1.4–3.2, the total current impulse duration was between
4.3 and 7.0 μs, and the figure shapes were treelike or filamental. Investiga-
tions were carried out for the T–P discharge gap having d = 10mm under
application of 1.1/225μs impulses with positive and negative polarities.

As demonstrated in Sect. 6.5.1, the impulse electric strength of liquids is
also poorly correlated with the molecular structure of liquids.

4.2 Discharge Kinetics under Microsecond
Impulse Voltage

The discharge figure shapes and modes distinguished by their appearance
(spherical, bush-like, treelike, etc.) or propagation velocity (slow, fast, and
very fast) and their interconversion were described in Sect. 4.1 without
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consideration of their time history and interdependence. In our opinion, this is
quite justified to clarify a wide variety of the phenomena caused by high sen-
sitivity of the discharge processes in a liquid to the experimental conditions.

To understand a nature of the liquid breakdown, the time history of the
discharge processes and temporal variations of their parameters are of prin-
cipal importance. As in Sect. 4.1, we first consider the discharge phenomena
under the reference conditions: a) transformer oil, b) the voltage impulse close
to lightning or rectangular one, c) tip (or rod) – plane electrode system, and
d) positive initiating electrode polarity. After that, the special features of the
phenomena for other experimental conditions will be considered.

4.2.1 Highly Non-uniform Fields (Small r0)

The discharge gaps with highly non-uniform field are meant discharge gaps
whose non-uniformity coefficient μ (μ = Emax/Eav) increases from a few tens
to a few thousands, which for centimeter scale interelectrode distances is pro-
vided by tip electrodes with micron sizes r0 (from a few tenth of a micron to
a hundred microns).

Low Breakdown Probabilities (U ≤ U10%)

In [7] it was found that the discharge phenomena near the electrode with
small r0 start with a weak spherical luminous figure accompanied by low
currents (∼10−3–10−1 A) that after propagation from the electrode at a dis-
tance of a few tens of microns with a velocity of (1.3–1.6)·105 cm/s grad-
ually decays when U << Ubr. In [9, 21], using higher spatial resolution it
was established that luminescence is formed by several thin channels (mi-
crochannels). Their number increased from several units to several tens within
4–5ns from the channel inception, and the discharge figure was converted into
a hemisphere. Shock waves were formed on the front of the figure. Within
0.5–3 μs from the inception of the first microchannels (the discharge ignition),
a dominant monochannel (less often 2–4 channels) was propagated with a
constant velocity from the hemispherical discharge figure to the opposite elec-
trode (Fig. 4.21). We called this channel initial [7], and in [9] it was called the
monochannel.

Other channels stopped and gradually decayed leaving chains of microbub-
bles with shock waves registered on the periphery.

The initial channel diameter increased from 1–5 μm at the head to 30–50μm
at the tip electrode. The average velocity of the initial channel under these
conditions was estimated to be ∼102 cm/s.

When the initial channel came in contact with the opposite electrode,
no breakdown occurred in the gap. One more process propagating from the
plane through the initial channel to the opposite (tip) electrode is required
to initiate the breakdown. (For more details, see Sect. 4.6.) This phenomenon
first described in [6, 7] was subsequently observed in [9, 49, 60, 120].
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Fig. 4.21. Discharge in transformer oil for the +T −P system, d = 5 cm,
U = 1.4U50% , and a 1.2/70 μs impulse. Here A is the streak photograph and
B is the oscillograph record of the current (curve 1) and calibration marks (2) [7]

Intermediate Breakdown Probabilities (U ≈ U50%–U100%)

When the voltage increases, the discharge shape changes as described in
Sect. 4.1. Even greater changes are observed in the spatial and temporal struc-
ture of the discharge.

For U ≈ U50%, spherical luminescence of microchannels (at time t1 in
Fig. 4.21) and sufficiently uniform glow produced by the continuously propa-
gating initial channel (t1 − t2) is followed by bright light flashes arising in the
channel (a). As the channel propagates, the light flashes become periodical
(b and c) with 2–4 μs time delays. We call this mode of channel propagation
stepwise and the channel itself the leader channel.
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In the process of propagation, the discharge channel repeatedly branches,
which is especially pronounced when it has already covered about half the
gap. From streak photographs it is clearly seen that newly formed sections of
the leader channel are much brighter than its remaining sections.

Short (10–30ns) current impulses whose amplitude increased from 0.05 to
0.2A as the leader penetrates deeper into the gap are accompanied by light
flashes in the channel. During time intervals between successive light flashes
in the leader channel, it uniformly and weakly luminances, and a current of
0.001–0.005A, nearly the same as in the stage of the initial flashless chan-
nel propagation, runs through it. Whereas several leader channels propagate
simultaneously, lignt flashes are not simultaneous, though in some uncontrol-
lable cases they can be synchronous [24].

In the case shown in Fig. 4.21, the leader channel did not reach the plane
because the voltage was chopped at time t5 due to a parallel gap. The voltage
chopping was accompanied by an intense light flash of the leader channel
(d) caused by the ionization processes in the electric field created by the
space sharge concentrated mostly at the gas/liquid interface as well as by the
running capacitive current. This phenomenon is observed whether the voltage
is chopped during time interval between successive flashes or simultaneously
with the light flash. The flash brightness at the instant of voltage chopping
is much higher than the brightness of the leader channel at the instant of
step. In the still photograph of the interrupted discharge, the luminescence
of a large channel that veils the fine structure of the discharge figure growing
to the moment of voltage chopping is observed. As demonstrated in [63], this
phenomenon is the main source of errors in the study of spatial discharge
structure based on still photographs and Lichtenberg figures with the use of
discharge interruption when the voltage is chopped. A similar phenomenon
was observed in [36].

In [64] it was demonstrated that the main role in propagation of the partial
discharge channel head after its detachment from the electrode is played by
the field created by the excess space charge concentrated on the gas/liquid
interface (on the gas bubble surface).

High Breakdown Probabilities (U > 2U50%)

The initial stages of the discharge propagation under high overvoltages were
described in ample detail in [9, 19, 49].

The discharge ignition (initiation) is the inception of 2–3 local zones with
low-illuminating channels 200–250μm long arising from the point of the tip
electrode (Fig. 4.22) [9]. Then microchannels 10–12 μm in diameter with 2–3
branches are observed whose brightness and diameter (3–6 μm) are identical
to those of the the initial channel for U < U10%. The number of microchan-
nels increases, which results in the formation of a spherical figure consisting
of 2–3 “large” complexes at the tip. Each complex consists of a fairly bright
channel and several side branches with brush-like figures at the end. By their
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appearance, these complexes remind branches of a coniferous tree. In early
propagation stages, these processes are accompanied by continuous glow, and
in final stages they are accompanied by light flashes (it is difficult to identify
their source) and current impulses with amplitudes up to 0.05A. These phe-
nomena were recorded in [9] with the use of a Schlieren system. Simultaneous
registration with an image converter camera demonstrated that the spatial res-
olution was insufficient for recording of these fine structures. Exactly for this
reason, these structures were not detected in our previous investigations [7].

Further evolution of the discharge phenomena involves stepwise propaga-
tion of the initial channel that is transformed into a leader channel, thereby
causing its stepwise lengthening deeper into the gap. The stepwise leader
propagates from the spherical figure when its diameter reaches 0.3–0.4mm.

For U ≈ 3U50%, the stepwise leader propagation is started at the impulse
front with a velocity of (1–5)·106 cm/s during 1.5–2 μs (Fig. 4.23). In this
case, the light flashes of the channel are observed every 0.2–0.3 μs. Then the
effective velocity of channel propagation decreases approximately by an order
of magnitude, and time intervals between successive light flashes increase to
1–2 μs.

An increase in the voltage (overvoltage) in this range is accompanied by a
fast increase in the average velocity and a decrease of time intervals between
the successive light flashes of the channel and hence time intervals between
successive current impulses. In this case, no noticeable increase in the current
amplitude was observed [24].

The leader channel has bright glowing side branches and bush-like figures
1.4–2.4mm in diameter consisting of a few tens of weakly glowing channels

Fig. 4.23. Initial stages of stepwise leader propagation in transformer oil [7]
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6–12 μm in diameter. Shock waves are formed on their fronts (Fig. 4.22c).
Lengthening of the leader channel during a single step (light flash), estimated
in [7] to be no more than 3–6mm, well coincides with sizes of bush-like figures.

In the immediate proximity of the plane, the channel propagation velocity
sharply increases. By analogy with the phenomenon in the leader process in
air gaps, we called it a final jump [6] (see Sect. 4.6); in [65] it was called the
superfast discharge.

4.2.2 Weakly Non-uniform Fields (Large r0)

In [9, 49, 120] it was demonstrated that the degree of field non-uniformity
affects substantially the transition from the initial channel discharge to a two-
stage leader process.

Figure 4.24 shows Schlieren photographs of discharges in the gap 2.75 cm
long with a curvature radius of the rod electrode of 0.5mm and a field non-
uniformity factor of 40 [9]. The minimum discharge ignition voltage and Ubr

for this gap coincided and were 108 kV. This value was by a factor of 2.6
higher than for the same d but for r0 = 30 μm. Within 2 μs from the discharge
ignition, the stepwise leader was observed with structure and sizes of elements
similar to those observed for gaps with a sharply non-uniform overvoltage field.
During further discharge propagation, numerous weakly luminous channels
were observed that arose continuously to the contact with the plane electrode
without transformation into the leader channel.

When the overvoltage increased to 2.2 and the average field intensity in the
gap was ∼9·104 V/cm, the initial stage of discharge propagation was formed by
a short bunch comprising several weakly luminous channels propagating from
one point and generating shock waves, by analogy with a sharply non-uniform
field (but for an overvoltage of ∼3.3 and E = 6.5 · 104 V/cm) (Fig. 4.24). The
channels propagated with a velocity of ∼2 ·105 cm/s and continuously glowed.
When they passed 0.5–0.6mm, one of the channels brightly flashed, and a
short filamental channel that appeared at the bundle origin propagated fur-
ther stepwise and, as a matter of fact, formed the first leader step. The fact
that the leader process is realized at a very short distance from the electrode
(about 1mm) under the given field intensity confirmes the assumption [2] that
the leader in liquids can be used for modeling of processes in a lightning. It is
also important that this allows the discharge in moderately short gaps to be
considered as a propagation of primary channels that under certain conditions
are transformed into a two-stage leader process. With further decrease of the
field nonuniformity down to 10 (for r0 = 1.5mm and d = 2 cm), the initial
phases of discharge propagation as a whole were analogous to those described
above; however, the stepped leader was observed without preliminary forma-
tion of a spherical figure near the electrode. The velocity of leader propagation
decreased from ∼4.5 · 106 to (1.5–2)·106 cm/s, and the transverse dimensions
of the discharge figure increased due to repeated channel branching as the
plane was approached. Leader steps were recorded at ∼30 ns time intervals.
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Fig. 4.24. Schlieren photographs of the characteristic stages of leader propagation
for the rod-plane gap (r0 = 0.5 mm, d = 2.75 cm, and frame exposure of 10−8 s)
under different overvoltages U = 2.2U50% = 245 kV (a and d) and U ≈ U50%

(b and c) [9]

The important feature of gaps with a slightly non-uniform field is that the
leader process is observed under the voltage approximately equal to U10%,
that is, without overvoltage. However, it should be born in mind that the
average field strength in this case is much higher than in the previous cases
and is about 1.2 · 105 V/cm.
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The above-described discharge phenomena are also observed when the
field nonuniformity decreases to 1.8–4 (for example, at r0 = 7.9mm and
d = 8.2mm). The leader process is observed at Eav = 4.2 · 105 V/cm, which
corresponds to a breakdown probability of 1%.

4.2.3 Discharge in Purified Water and Ethyl Alcohol

Most investigations of the discharge propagation in long water gaps with a
non-uniform field were carried out at Tomsk Polytechnic University, Nuclear
Physics Institute of the Siberian Branch of the Russian Academy of Sciences,
and Siberian Scientific-Research Power Engineering Institute and at Novosi-
birsk State University. This Section is based on the results of these investi-
gations and also includes recent data obtained in laboratories of some other
countries.

Two main stages of water breakdown – the discharge ignition and prop-
agation of discharge channels toward the opposite electrode in water – are
especially sensitive to the experimental conditions. Even when they change
insignificantly, the sequence, intensity, and contributions of charge carrier in-
jection and hydrodynamical, electrostriction, and thermal disturbances to the
discharge ignition significantly change, which in turn causes the gap field non-
uniformity and phase non-uniformity of the medium. In the stage of discharge
propagation in water, as in other liquids, the number, appearance, and veloc-
ity of channels and their spatiotemporal and electric characteristics [66–69]
depend on the experimental conditions.

In this regard, it is expedient to describe first the experimental data on
water breakdown under long voltage impulses (from a few microseconds to a
few hundreds of microseconds) when the energy and time are optimal for all
complex of the above-listed processes.

The results of investigations of the processes occurring in deionized water
with ρ = 2 · 106 Ω·cm in the tip anode – plane cathode electrode system were
presented in [66–69]. The tip curvature radius was 200 μm, and the discharge
gap was 6 cm long. The voltage impulse with an amplitude of 17–50kV, a front
rise time of 10−7 s, and a decay time down to half amplitude of ∼10−3 s was
applied to the tip. The discharge phenomena were registered by the shadow-
graphic technique with the help of lasers and a VFU-1 high-speed camera using
the procedure described in [70]. This equipment allowed Kukhta et al. [70] to
record chronograms with time resolution of 10−8 s, a series of frames with an
exposition of 10−7–10−6 s, and single frames with an exposition of 10−9 s.

Depending on the electric field strength at the tip surface, the discharge in
water was super- or subsonic, and under voltage impulses with an amplitude of
20–25kV, the discharge channels of both types propagated in the gap. Point-
like optical inhomogeneities delayed by (1–10)μs arise in the initial stage of
discharge formation near the tip surface. They scatter intensively external
illumination.
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For large r0 and (or) low voltages, the most probable discharge channels
are slow, and they formed a bush-like figure. For r0 ≤ 100 μm under
U = 15–18kV, slow channels and figures formed by them were similar to
those formed in hydrocarbon liquids. Their velocity depended on Eav and in-
creased within the limits 103–104 cm/s. In the case of partial discharge, slow
channels were unstable and were subdivided into separate fragments within
10–50 μs, starting from the tip electrode surface (Fig. 4.25). Small fragments
(10–100μm) collapsed for 1–10 μs, and large fragments collapsed for 50–100μs.
Gas bubbles ∼10 μm in diameter were formed at the sites of distorted chan-
nels. Slow channels never caused the complete breakdown of the gap.

With decrease in r0 and (or) increase in U , the probability of forming fast
luminous channels increases. They can propagate from the tip electrode in
the form of a bush-like figure whose sizes grow to 100–800μm; then the rate
of their growth decreases. Under U ≤ 20 kV, the breakdown does not occur.
The discharge is completed if the fast tree-like figures reminiscent of leader
channels are formed.

For r0 ≈ 100–600μm, different ways of discharge figure initiation are pos-
sible. In one case, hemispherical formations with reduced density, sizes of
5–10 μm, and base diameter of 20–70μm are first observed. Then they are
deformed and assume elliptic or conical shape with unstable tip shape. These
formations are ether electrically conductive or carry a charge on their surface,
since they are stretched by the field but do not separate from the electrode.
Their propagation velocity is (5–10)·102 cm/s and only weakly depends on U .
For Emax = (0.4–0.6)MV/cm, the tip surface is covered by these formations
within 1–10 μs. Simultaneously, the velocity of their growth increases to (0.5–
2)·104 cm/s, and luminous treelike channels start to propagate from their sur-
face. This process is accompanied by shock wave generation and increase in
the current up to 1 A.

Relaxation products in the zone of shock wave formation, compressed at
the moment of discharge ignition, are subsequently expanded with a rate of
∼103–104 cm/s. Moreover, these shock waves do not cause any deformation of
the subsonic discharge formations generated before, as it would be the case for
a vapor-gas complex. With increase in the voltage, the discharge processes are
intensified: the number of simultaneously propagating supersonic channels and
shock waves formed by them increases, the time delay of subsonic formations
somewhat decreases, the size of subsonic perturbations at which the supersonic
channel starts to propagate decreases, and time interval between the formation
of two successive channels decreases.

For impulse amplitudes higher than 25 kV, supersonic channels from the
electrode are delayed by (0.3–2.5)·10−6 s. Their initial diameter is on the limit
of the spatial resolution (1–3 μm). The rate of growth of separate branches in
the stage of their propagation reaches ∼107 cm/s. The channels are registered
as semitransparent, their optical density increases, and a diffusion region and
a shock wave are recorded around them. The initial shock wave velocity is in
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Fig. 4.25. Evolution of anode channels in water for an impulse amplitude of 30 kV,
impulse duration of 10−3 s, d = 8 cm, and r0 = 250 μm 2 (a), 52 (b), 78 (c), and
190 μs (d) after the voltage application for frame exposure of 60 ns [68]

the limits (1.8–3)·105 cm/s. The instantaneous velocity of channel propagation
is ν ∼ 107 cm/s, and the average velocity, because of stepwise propagation,
is only ν ∼ 104–105 cm/s. Discharges formed at low field intensity when time
interval between two successive impulses exceeds ∼10 μs are the least stable
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ones. It is important to note that the trajectory of channels newly formed at
the tip does not coincide with previous trajectories.

Partial channels are mainly formed under voltages in the range 17–22kV.
The channels can be as long as a few millimeters. The characteristic feature
of this stage is the cyclicity of the process: slow propagation with a velocity
of 102–104 cm/s during 0.1–2 μs, fragmentation into regions generating light
flashes with a period of (40–100)μs, and generation and growth from the
tip of new subsonic discharge formations. In regions occupied with relaxation
products, microbubbles were observed drifting with a velocity of ∼102 cm/s.
They did not influence the successive discharge processes.

To understand the mechanism of water electric breakdown, it is important
to establish a nature of the optical inhomogeneity formed near the initiating
electrode and the feasibility of predischarge phase transitions in water (see
Chap. 7). In the above-described experiments, no phenomena preceding the
formation of channels, which could be identified with hydrodynamical pro-
cesses, were detected. The field strength near the electrode (without taking
into account microgeometry) did not exceed 106 V/cm. The calculated dissi-
pated energy density for such values of E gives the temperature rise no more
than a few degrees during the delay time of the first channels. An analy-
sis of optical images of the discharge revealed no phenomena which can be
identified with thermal processes. In a number of current studies, the optical
inhomogeneity was associated with hydrodynamic processes. Moreover, not
only origin, but also propagation of the discharge channel was considered to
be a consequence of ionization of the two-phase liquid-gas system. At present,
optical data confirming this point of view are lacking. In [66–69] experiments,
authors recorded no hydrodynamic phenomena in the stage preceding the
formation of the optical inhomogeneity in front of the channel head.

In the phase of motion, discharge channels have filamental structure with
filament (channel) diameter of ∼1 μm, and their motion is not preceded by
bubbles and shock waves. Shock waves and cavitation bubbles arise at a later
stage of channel propagation. Careful analysis of instantaneous (with a frame
exposure of ∼1ns) images of discharge channels in the stage of their relax-
ation in partial discharge mode demonstrated that cavitation zones arising
behind the shock wave fronts do not facilitate the formation of new channels.
The cavitation influences the stability of secondary structures, but does not
influence the propagation of the channel itself.

Under shorter voltage impulses (1.2/70 μs) with amplitudes of 40–70kV,
the optical phenomena in distilled water registered with an image converter
camera [6, 66], as a whole, were similar to those in transformer oil. For the
discharge in water, three basic features can be indicated:

– essential difference between the discharge characteristics at positive and
negative polarities of the tip electrode (the effect of polarity),

– higher brightness of channel luminescence and larger currents running
through the channels,
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– a greater difference between the brightness of channel luminescence during
steps (flashes) and time interval between two successive impulses.

In the +T −P gap under 1.5/70μs impulses with amplitudes close to U50%,
the discharge is accompanied by regular light flashes of the channel from the
instant of its origin to the instant of contact with the plane (Fig. 4.26) [71].
The time history in Fig. 4.26 is delayed from the inception of the discharge
processes, and static patterns developed by the moment t0 in discharge chan-
nels are seen on the photographs taken with a streak gated camera in addi-
tion to spatiotemporal patterns. The discharge process involves propagation
from the tip of numerous leader channels reilluminating every 0.2–0.4 μs. The
leader consists of channel a and a bright spherical head. High-speed ICC
records (Fig. 4.26b) show that during each successive flash, the leader channel
head penetrates deeper into the gap with a velocity of (0.8–2)·107 cm/s dur-
ing 0.01–0.03μs; then the delay between two successive impulses is recorded

Fig. 4.26. Propagation of a partial leader in clear water for the +T −P gap under
U = U50%. Here A is a still photograph, B is a streak photograph, and C is a
high-speed streak photograph for d = 16.5 cm and U = 70kV (A and B); d = 5 cm
and U = 40 kV (C) [6]
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during which the channel glow weakens significantly. In the next step, the
leader channel head starts to move from the point at which the motion of
the channel head was stopped during the preceding step. During a light flash,
the leader channel has sharp left boundary a that is smoothly transformed
into diffusion glow c with decreasing brightness. The velocity of luminescence
propagation through the channel exceeds 108 cm/s and is outside the limits
of ICC resolution; for this reason, it was impossible to determine experimen-
tally the direction of its propagation. The effective rate of lengthening of the
leader channel was (1.5–2)·106 cm/s. In [62] in the wire (75 μm in diameter) –
plane gap with interelectrode distance d = 2.2–3.6 cm, the velocity of positive
discharge channel propagation was established to be 3.2 · 106 cm/s. The ve-
locities obtained are in good agreement with allowance for the fact that the
voltage impulse in [72] was much shorter (∼500ns) and that the created the
field strength in the gap was higher than in our experiments [6, 7].

For the discharge in water from the negative tip, a low velocity of the
leader propagation is typical, which for U ≈ U50% makes 6 · 104 cm/s. In
the process of negative leader propagation, light flashes were observed in the
channel every 0.1–0.15μs. On low-speerd oscillograph records, the discharge
is shaped as a uniformly luminous triangle, and on still photograpns it is a
branch-like formation with specific bubbly (hoarfrost-like) structure. Because
of the low propagation velocity of the negative leader, the strength of the +P
−T gap is 3–4 times greater than of the +T −P gap. The discharge from
the negative tip was investigated in the reversed electrode system when an
impulse of positive polarity was applied to the plane electrode, and the tip
electrode, placed at the bottom of the discharge chamber fabricated from an
organic glass, was grounded. This allowed the experimenters to avoid creep-
age discharges over the cable insulation surface with removed braid whose
copper conductor was given 3–4mm exposure and tapered down with a tip
radius of ∼100 μm to serve as a tip electrode. In [72] the polarity effect was
manifested as follows: for a wire with negative polarity, only weak lumines-
cence near its surface was observed under U = 120kV, whereas for a wire
with positive polarity, discharge channels propagated at distances exceeding
1.5 cm.

For both tip electrode polarities, the discharge propagation in distilled wa-
ter was accompanied by an increase in current from 10–15A at the moment of
discharge ignition to 30–50A by the moment of leader contact with the plane.
Current impulses during flashes (steps) of the channel make only an insignif-
icant fraction of the total conduction current closing on numerous channels
of the discharge figure. For this reason and owing to asynchronous steps, cur-
rent impulses accompanying them were weak oscillations superimposed on the
total current impulse.

When the leader reached the opposite electrode, a complete breakdown
occurred in all cases.

It was impossible to reveal a more detailed structure of the discharge
with negative polarity in water using image converter cameras. Only a
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shadowgraphic technique allowed Kukhta et al. [70] to establish that the grow-
ing negative slow discharge figure was similar to the 1st mode positive figure,
but it could be transformed into a treelike figure similar to the 2nd mode
positive figure.

The first slow figures that appeared near the tip propagated with a velocity
of (2–4)·103 cm/s during 80–200μs. The instability arising on the figure surface
did not cause the formation of fast channels.

For Emax ≥ (0.4–0.5)MV/cm, weak shock waves were formed near the
channel surfaces followed by fast luminous channels surrounded with slow
discharge figures. The fast channels propagate deeper into the gap with ac-
celeration, acquiring treelike shapes. If the shock waves were absent, the sizes
and velocities of fast channels decreased. No regions with decreased density
similar to those observed near the tip anode were recorded.

A discharge in ethyl alcohol that takes an intermediate position between
transformer oil and distilled water by its physical and chemical properties
(in particular, ε and γ) has special features of discharges in both these liq-
uids. The polarity effect in breakdown of alcohol is weakly expressed, as in
oil. The structure of the discharge process as a whole and its separate el-
ements in alcohol in +T −P and −T +P systems were similar to those in
water in the +T −P system. The characteristic pattern of the discharge phe-
nomena in alcohol is illustrated by Fig. 4.27. (The right part of the figure
is distorted by the nonlinear bias voltage applied to the ICC plates.) Dur-
ing each step, the channel head moved deeper into the gap with a velocity
of 3 · 107 cm/s during 0.04–0.06μs, and the leader channel glowed over the
entire length. Time intervals between two successive impulses in the leader
were 1.1–1.3μs. A current impulse with amplitude of 4–8A corresponded to
each step of the leader propagation. Under U = U50%, the leader passed
the greater section of the interelectrode gap with an effective velocity of
(2–2.5)·105 cm/s.

Fig. 4.27. Discharge in ethyl alcohol for the +T −P gap, d = 5 cm, and U = U50% =
80 kV. Here A is a streak photograph, and B is a still photograph [6]
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4.2.4 Discharge in Liquids with Increased Electrical Conduction

Investigations of the discharge phenomena in liquids with increased conductiv-
ity can provide additional information useful for understanding of the liquid
breakdown mechanism. This information is also of practical interest in con-
nection with technological applications of the electric discharge in liquids,
including liquids with increased conductivity [73–77]. Tap water (γ ≈ 10−3–
10−4 Ω−1 ·cm−1) and aqueous solutions of NaCl and other salts with electrical
conductivity up to ∼10−2 Ω−1 · cm−1 were investigated in [78]. It was estab-
lished that for γ > 10−4 Ω−1 · cm−1, the stepwise leader process was replaced
by continuous propagation of the discharge channel whose conductivity, lu-
minescence brightness, and appearance were similar to the leader channel. In
liquids with increased conductivity, the effect of polarity has its own pecu-
liarities. The velocity of the positive discharge propagation remains virtually
unchanged with increasing γ ; it decreases for γ > 10−3 Ω−1 · cm−1. For the
negative discharge, on the contrary, it increases (Fig. 4.28). The constant av-
erage propagation velocity of the positive discharge when going from distilled
(γ ≈ 1.5 · 10−4 Ω−1 · cm−1) to tap water (γ ≈ 1.5 · 10−4 Ω−1 · cm−1) was also
indicated in [72]. The appearances of positive and negative discharges also
differ significantly. Channels of the negative partial discharge have original
coral-like or bubbly structure (Fig. 4.29). The positive discharge figure was
reminiscent of the figure in transformer oil, but differed from it by a much
greater number of channels and their higher brightness.

A number of authors [79–84] investigated the discharge kinetics in water
and water electrolits and long gaps with non-uniform field using a high-speed
photocameras with mechanical scanning. Despite low spatial and temporal
resolutions and low optical sensitivity of this equipment, materials supple-
menting the discharge pattern in water and water electrolits in long discharge

Fig. 4.28. Dependence of the average discharge propagation velocity on the voltage
slope for positive (a) and negative tip polarities (b) in distilled water with γ =
7 · 10−6 Ω−1 · cm−1 (curve 1), NaCl aqueous solution with γ = 10−4 Ω−1 · cm−1

(curve 2), and NaCl aqueous solution with γ = 10−3 Ω−1 · cm−1 [78]
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Fig. 4.29. Still photographs of the discharge in NaCl aqueous solution with
γ = 1.4 · 10−2 Ω−1 · cm−1 for the +T −P (a) and +P −T gaps (b) [78]

gaps under microsecond voltage impulses were obtained. Of greatest interest,
in our opinion, are the following results.

1. Breakdown of conducting nondegassed liquids (γ = 2 · 10−5–2 · 10−3 Ω−1 ·
cm−1) in long gaps (d = 3.5–13cm) with non-uniform field is not connected
with preliminary formation of the continuous gas bridge even at times of
a few tens of microseconds. Gas bubbles are formed near the electrode
or the discharge channel head. Ionization of these bubbles promotes the
discharge channel propagation [89].
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2. In [82–84] it was demonstrated that for duration of applied voltage of a few
tens of microseconds, the discharge channel (called a brush) propagation
velocity decreases with increasing solution concentration. A breakdown
occurs in the gas contained in branches of the grown brush. It was assumed
that the gas liberation processes play a key role in the formation of gas
bubbles at low solution concentrations, and the vaporization processes play
a main role at intermediate and high concentrations.

3. According to [80], gas bubbles are formed near the tip electrodes in water
with γ = 2.5 · 10−4 Ω−1 · cm−1 under field strengths lying in the range
8–36kV/cm. Within a few hundreds – a few thousands of microseconds
from the moment of voltage application, luminescence arises near the tip,
whose expansion to the opposite electrode results in the gap breakdown.
This breakdown mechanism is treated as electrothermal. For E = 36–
180kV/cm, the leader discharge occurs; moreover, the leader formation
is preceded by high-voltage electrode luminescence. For E > 180kV/cm,
no luminescence is observed before the leader formation. For low E, the
leaders propagate stepwise, and for high E, they propagate continuously.

4.2.5 Special Features of the Discharge
on the Voltage Impulse Front

Specifics of the discharge processes in transformer oil developing on the voltage
impulse front, that is, under the high-voltage electrode potential continuously
increasing with rate A, are manifested primarily through an increase in the
instantaneous velocity of the leader as its head approaches the plane. Vari-
ations of the leader channel length Ll with time t are well described by the
equation

Ll = α [exp (β · t) − 1] ,

where α and β are constants depending on the slope and polarity of the voltage
impulse and the properties of the liquid.

For A = 4 kV/μs, the instantaneous positive leader velocity increases along
the gap from (1.5–1.6)·105 cm/s near the tip to (4.5–5)·105 cm/s near the
plane. The discharge kinetics at mild front slope as a whole is analogous
to that described for lightning impulses at low breakdown probabilities. For
A ≈ 4 kV/μs, continuous luminescence of the channel in the initial phases
of discharge propagation is further accompanied by light flashes every 1.5 μs
(Fig. 4.30). With increase in A, the average leader velocity increases accord-
ing to the law shown in Fig. 4.31 (curves 1 and 1 ′). The leader channel
luminescence is discrete in character from the very beginning, and delays be-
tween two successive flashes of the leader channel gradually decrease. For
A = 400 kV/μs, the delay between two successive light flashes is 0.05–0.06μs
for positive leader, while it is indistinguishable for the negative leader and
A = 400kV/μs. Under all examined experimental conditions, the characteris-
tics of positive and negative leaders in transformer oil differ insignificantly. For
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Fig. 4.30. Discharge in transformer oil for the +T −P gap and d = 3 cm under
oblique-angled impulse with A = 4kV/μs. Here A shows the streak photograph and
B shows the signal waveform (curve 1), ICC gate impulse (curve 2), and calibration
marks (curve 3) [78]

the negative leader, the propagation velocity is smaller, the channel branching
is less pronounced, and the delay between two successive flashes are shorter.

The discharge propagation in distilled water and alcohol on the voltage
impulse front depends stronger on the front slope than in oil. For A ≤ 10–
15 kV/μs, the leader develops as on the 1.5/70 μs impulse for U ≤ U50%. For
the same voltage impulse parameters, the leader velocity in ethyl alcohol is
less than in water (curves 2, 2 ′, 3, and 3 ′ in Fig. 4.31), and the delay between
the successive steps is 4–5 times longer. With increase in A, the delay between
steps decreases.

In water at A = 6–8kV/μs and in alcohol at A = 10–15kV/μs, steps of
the leader are indistinguishable in streak photographs. Probably, this is due
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Fig. 4.31. Dependence of the average velocity of leader propagation on the voltage
rise rate for transformer oil (curves 1 and 1 ′), ethyl alcohol (curves 2 and 2 ′), and
distilled water (curves 3 and 3 ′) under positive and negative (dashed curves) voltage
polarities [7]

to a superposition of luminescence of numerous simultaneously propagating
channels (see Sect. 4.1). For the given slopes, bending is observed on curves
ν1 = f(A), that is, the rate of ν1 growth slows down with further increase in
A (curves 2, 3, and 3 ′ in Fig. 4.31).

4.2.6 Summary and Discussion of Results

In connection with a wide variety of appearances and characteristics of dis-
charge figures formed in sharply non-uniform fields and with their high sensi-
tivity to the field parameters, it is expedient to summariese the preliminary
results of optical investigations of this phenomenon presented in Sects. 4.1
and 4.2. We put emphasize on the discharge from the positive tip electrode
in liquid hydrocarbons and purified water for which the greatest number of
experimental results have been obtained.

Unlike the phenomena in submillimeter gaps under high overvoltages, the
phenomena which could be attributed to thermal or hydrodynamic processes
were not registered in long gaps in the stages preceding the formation of optical
inhomogeneity and initial discharge figure. In the phase of channel penetration
deeper into the gap, neither bubbles no shock waves were registered in front of
the channel heads. They arose in successive stages of channel propagation. The
initial discharge figure (IDF) consists of many low-conduction channels having
small diameters. The channels propagate with subsonic velocities, occupy a
small region near the point of the tip electrode, and can decrease Emax near the
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tip. The delay time of this structure is determined by Emax and is essentially
independent of Eav. The region in which only IDFs are observed and the
probability of complete breakdown is equal to zero lies under straight line 1
in Fig. 4.32 [21]. For small (<50%) but nonzero breakdown probabilities (for
example, under conditions illustrated by Fig. 4.32 with Eav = 7 · 104 V/cm at
d = 1 cm and Eav = 2.2 · 104 V/cm at d = 7 cm), several channels from the
initial structure continue to penetrate deeper into the gap. Moreover, by their
shape and diameter, these channels are similar to the filamentary channels
observed in short discharge gaps and can be identified with the initial channels
in the first stage of the two-stage stepwise leader [7]. These channels form a
rare bush-like figure and seldom close the entire gap because of their rather
low electrical conduction (10–50Ω−1 ·cm−1 according to [7] and 1.3 Ω−1 ·cm−1

according to [8]) and hence large voltage drop across them as well as because
of voltage decrease in the case of discharge propagation on the impulse tail.
The region of realization of this discharge mode is enclosed between straight
lines 1 and 3 in Fig. 4.32. With increase in Eav, the number of channels
increases by one-two orders of magnitude, and they form a dense bush-like
figure. The region of transition from rare to dense bush-like figures is rather
narrow; it is enclosed between straight lines 1 and 2 in Fig. 4.32.

Further increase in Eav causes transformation of the bush-like figures into
treelike ones. One channel (less often 2–3 channels) of bush-like figure in-
creases the electrical conduction, the field strength at its head increases, and
it moves with a higher velocity toward the opposite electrode. The transfor-
mation of the low- conduction – initial channel – into a high-conduction –
leader channel – is discrete in character and characterizes the propagation of

Fig. 4.32. Regions of existence of the indicated discharge shapes in water for
voltage – gap length coordinates [21]
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the stepwise leader. According to [7], the electrical conductivity of the leader
channel is (2–10)·102 Ω−1 · cm−1; according to [8], it is 1 Ω−1 · cm−1.

For all examined gaps with sharply non-uniform field, the anomalous
dependence of the discharge time td on the applied voltage is observed
(Fig. 4.33) [21]. The discharge time smoothly decreases with increasing U
to a certain limit, at which td changes abruptly. Such behavior of td can be
explained by a decrease in the discharge time (the occurrence of the initial
discharge figure) and earlier transformation of the bush-like figure into the
treelike one. This transformation is accompanied by a sharp increase in the
discharge velocity (Figs. 4.1 and 4.3). When the voltage is less than the critical
one, a decrease in the time of discharge ignition is a key factor for the decrease
in the discharge time. Under the critical voltage, the time of occurrence of a
treelike structure undergoes strong fluctuations.

In [21] it was assumed that the transformation of the bush-like figure
into a treelike one is caused by the current instability in discharge channels.
In turn, the current instability can be caused by the S-shaped volt-current
characteristic due to, for example, thermal instability. In early stages of the
bush-like figure propagation, the channels have low electrical conduction and
grow mainly along the force lines of the external electrostatic field. Their
electric conductivity gradually increases, and the slightest current fluctua-
tions can cause instability. Charges of high-conduction channel heads shield
other channels and suppress their propagation. Under low voltages, the cur-
rent instability develops slowly, and the bush-like figure has enough time to
bridge almost all interelectrode gap. Under high voltages, the instability de-
velops very fast, and the size of the bush-like figure before its transformation

Fig. 4.33. Dependence of the discharge time on the voltage impulse amplitude for
d = 2 cm [21]
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into a treelike one is very small. There is a certain critical potential difference
between the electrodes under which the greatest spread of times required for
the transformation of the bush-like figure into a treelike one and of the total
discharge time is observed. Under this voltage, according to [21], the rates of
growth of the discharge figure and instability appear most close in values.

It is interesting to note that in [7,85] it was demonstrated that the anoma-
lous – ladle-like – volt-second breakdown characteristic of gaps with a sharply
non-uniform field under oblique impulses is caused by the anomalous depen-
dence of the time required for the transformation of the bush-like figure into
a tree-like one and hence of the voltage under which such transformation oc-
curs on the impulse slope dU/dt. (Due to low spatial resolution of the ICC,
the initial bush-like figure was registered as a uniform luminous sphere called
torch). The initial channels in the stage of bush-like figure propagation and
after its transformation into a tree-like figure propagate continuously and are
accompanied by a continuous luminescence of the entire channel. After trans-
formation of the channels forming a bush-like or tree-like figure into a leader
channel, it periodically luminesces brightly; newly formed segments of the
channel (near the head) luminesces most brightly. A nature and mechanism
of such transformations are discussed in Chap. 8. It should be noted that in
spite some nuances, the structure and the main mechanisms of the discharge
in deionized water and mineral oils are similar.

4.3 Kinetics of Nanosecond Discharges

The strong dependence of the electric strength (see Sect. 6.1) and the liquid
discharge characteristics (see Sect. 4.2) on the acting voltage impulse dura-
tion and practical interest to the behavior of liquids under nanosecond voltage
impulses stimulated investigations of liquid breakdown under such extreme
conditions [86,87]. The experimental setup comprised a discharge chamber, a
voltage impulse generator, and a superfast multiframe laser Schlieren imaging
system. A discharge gap was formed by the tip and hemispherical electrodes
from stainless steel. The curvature radius of the tip point was ∼50–100 μm,
and the curvature radius of the hemispherical electrode was ∼5 mm. The dis-
tance between the electrodes was ∼1–2mm. A voltage impulse with ampli-
tudes up to 40 kV was applied to the electrodes. The impulse front duration
was ∼10ns, and the duration of discharge processes was ∼100–800ns (de-
pending on the impulse amplitude). The Schlieren imaging system allowed up
to six frames to be recorded with time intervals between them in the range
∼5–50ns. A ruby laser with output pulse duration of ∼5 ns was used as an
illumination source.

4.3.1 Discharge in Distilled Water

Distilled water had specific resistivity ρ ∼ 105 Ω · cm; electrodes and liquid
were nondegassed.
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For voltage impulse duration equal to or greater than 500ns, as time passes
after voltage application to the discharge gap (depending on its length), ini-
tial channels with a weak density gradient arise near the tip electrode (in
contact with it or directly in the liquid). The discharge channel propaga-
tion is accompanied by a phase transition, occurrence of microbubbles, and
their hydrodynamic expansion. The transverse channel dimensions increase
up to ∼10–20 μm, the density gradient significantly increases, and channels
are clearly seen in Schlieren photographs. These processes are intensified near
the electrode surface, which results in the occurrence of cone-shaped opti-
cal inhomogeneities with sizes of ∼20–40 μm at the electrode/liquid interface.
The discharge channels propagate along radial directions; therefore, the ini-
tial disturbance has approximately spherical shape. Figure 4.34 shows typical
Schlieren photographs of the electric discharge in water from the anode un-
der a voltage of 27 kV (field strength of 1.3MV/cm near the tip electrode).
The exposition of the first frame was ∼60 ns before the gap breakdown. The
characteristic size of the initial inhomogeneity was ∼250 μm, and the velocity

Fig. 4.34. Superfast laser Schlieren photographs of the electric discharge from the
anode in distilled water. The distance between the electrodes was 2mm, the break-
down delay time was 750 ns, and the frame exposition was ∼5 ns. The time interval
between the first and second frames was 25 ns, and between other frames it was 10 ns
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of its propagation toward the cathode was ∼3 · 105 cm/s. It seems likely that
the pattern is complicated a little by shock wave generation as a result of in-
tensive energy absorption in the discharge channels. The successive frames in
Fig. 4.34 show the occurrence and propagation of a faster stage of the electric
discharge. It originates on the front of the initial inhomogeneity corresponding
to the boundary of the initial channels (the 3rd frame). The velocity of dis-
charge channel propagation considerably increases. Intense channel branching
is observed, the electric discharge is brush-like and strongly scatters external
light (dark regions in the photographs). According to frames 3–6, the velocity
of intensive discharge propagation is (3–4)·106 cm/s and decreases a little as
the discharge penetrates deeper into the gap. On the boundary of the dark re-
gion or sometimes slightly ahead of it, new ionized channels with slight changes
in the refractive index develop in the liquid. The discharge channels near the
tip electrode are collapsed. The similar pattern of the electric discharge was
observed in a uniform field under voltages ≤1MV/cm (see Chap. 3). It was
suggested that the stage of intensive discharge proceeds at the expense of
propagation of ionization processes in the liquid as a result of local amplifi-
cation of the electric field. Since it arises only after phase transformations in
the initial channels, the process of electric discharge propagation as a whole
is complex and includes both bubble and ionization breakdown mechanisms.

With increase in the voltage applied to the gap, the pattern of electric
discharge propagation is kept unchanged. The size of the initial inhomogeneity
decreases several times (by a factor of 1.4–2), and the structure of intensive
discharge becomes more dense. As an illustration, Fig. 4.35 shows typical
Schlieren photographs of the electric discharge from the anode in distilled
water under a voltage of 32 kV (the field strength near the tip electrode was
∼1.9MV/cm). It can be seen that within a characteristic time of ≤100 ns,
it is possible to trace the origin and propagation of the electric discharge in
the gap. High speed of registration of the Schlieren system (up to 100mln
frames/s) has allowed transition to a faster stage of the electric discharge and
its propagation to be traced.

However, it appeared that simultaneously with the above-described break-
down mechanism, another mechanism exists and competes under voltage im-
pulse duration of ∼50–200ns. The difference between them is vividly pro-
nounced from a comparison of Figs. 4.35 and 4.36.

The last figure was recorded under a voltage of 30 kV (the field strength
near the tip electrode was 1.8MV/cm). It can be seen that the stage of in-
tensive discharge (frame 2 in Fig. 4.36) was not preceded the by formation of
inhomogeneities near the tip surface (frame 1 in Fig. 4.36). The electric dis-
charge propagated from the very beginning with a high velocity ≥5 ·106 cm/s,
which then decreased to ∼3 · 106 cm/s. A set of thin channels that weakly
scatter light can be seen in front of the strong inhomogeneity (dark region) in
frame 3; some of these channels reach the cathode. Exactly different velocities
allow one to determine the time delay between the two processes, namely,
between the discharge channel propagation and the formation of the dark
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Fig. 4.35. Superfast laser Schlieren photographs of an electric discharge from the
anode in distilled water. The distance between the electrodes was 1mm, the break-
down delay time was 90 ns, and the frame exposition was ∼5 ns. The time interval
between the first and second frames was 25 ns, and between other frames it was 10 ns

Fig. 4.36. Superfast laser Schlieren photographs of the electric discharge from the
anode in distilled water. The distance between the electrodes was 1mm, the break-
down delay time was 110 ns, and the frame exposition was ∼5 ns. The time interval
between successive frames was 10 ns
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region consisting of microbubbles and opaque to external light. The third
frame in Fig. 4.36 was obtained approximately 2–4ns before the gap break-
down. The propagation of ionization with a high velocity of (0.8–2)·107 cm/s
during the successive time period terminates the initial stage of the electric
discharge formation. An analysis of the results obtained indicates that this
breakdown mechanism is connected with the propagation of ionization pro-
cesses in the liquid. During propagation of the electric discharge through the
gap, the ionization processes develop as well in the newly formed microbub-
bles; however, they are not initial and basic ones. In Chap. 3 it is demonstrated
that the electric discharge propagation from the anode in distilled water with
a high initial velocity (without first slower stage) under nanosecond impulses
is also observed in a uniform field.

With further increase in the voltage applied to the gap, when the voltage
impulse duration is ≤50 ns, the second mechanism of breakdown from the
anode (Fig. 4.36) is dominant.

The results obtained demonstrate a variety and complexity of the phenom-
ena observed during the electric discharge formation from the anode in water
under nanosecond impulses. They allow one to understand qualitatively the
mechanisms established previously and to reveal a reason of arising contra-
dictions. Insignificant changes in the liquid density connected with the thin
discharge channel propagation can hardly be recorded with image converter
cameras because of image distortions for nanosecond expositions. Therefore,
only the successive stages of generation and fast expansion of microbubbles
were recorded in [88]. Exactly this fact leads to the absence of a dependence
of the transparency of the dark region (the fast propagating discharge) on the
external illumination wavelength. Secondary elementary processes that de-
velop in these microbubbles cause the emission of narrow lines of the Balmer
series [89]. A weaker dependence of the impulse electric strength of water on
the pressure with decreasing voltage impulse duration (see Sect. 6.3) can be
explained by the dominant second (ionization) breakdown mechanism from
the anode.

4.3.2 Discharge in Transformer Oil

Figure 4.37 shows typical Schlieren photographs of the electric discharge in
well refined transformer oil for a field strength near the tip electrode of
∼2.8MV/cm [87]. An analysis of a large number of Schlieren photographs
has allowed Klimkin [87] to elucidate in detail the breakdown mechanism un-
der these conditions. The initial channels arise near the tip electrode within
30− 50 ns from the moment of voltage application to the discharge gap. New
discharge channels arise in the liquid on the boundary of the initial inhomo-
geneity and in front of it. Their occurrence is mostly random in character. The
channel length is ∼20 − 200 μm. The discharge channels decay near the tip
electrode and in the gap. The electric discharge has a fine structure with cor-
responding weak variations of the refractive index. According to frames shown
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Fig. 4.37. Superfast laser Schlieren photographs of the electric discharge from the
anode in transformer oil. The distance between the electrodes was 1mm, the break-
down delay time was 280 ns, and the frame exposition was ∼5 ns. The time interval
between the first and second frames was 30 ns and between the second and third
frames it was 60 ns

in Fig. 4.37, the average velocity of discharge propagation is ∼3 · 105 cm/s. It
should be noted that for field strengths near the tip electrode up to 3 MV/cm
in transformer oil, intensive discharges with a velocity of 106–107 cm/s are not
observed. Exactly this determines a higher impulse electric strength of oil in
comparison with distilled water.

For a comparison, Fig. 4.38 shows Schlieren photographs of the electric
discharge propagating from the cathode in distilled water (frames 1 and 2 )
and transformer oil (frames 3 and 4 ) [87]. They correspond to field strengths
near the tip electrode of ∼2.2 and ∼2.4MV/cm and breakdown delay times
of ∼0.5 and 1 μs, respectively. It can be seen that the prebreakdown processes
are approximately identical. This indicates that the main ionization processes
leading to the electric discharge propagation occur in the vapor-gas phase.
The average velocity of cathod channel propagation in distilled water was
∼105 cm/s, and their propagation was accompanied by generation of shock
waves. In transformer oil, it is slightly less than ∼5 · 104 cm/s. Of interest are
the details of the electric discharge. The propagation of electrohydrodynamic
instability (dark cone-like peaks at the vapor/liquid interface in frames 2 and
3 ) and the origin of discharge channels on the instability boundary (frames 3
and 4 ) can be seen.

The results obtained support the hypothesis on the ionization and bubble
breakdown mechanisms from the anode and cathode, respectively.

4.4 Discharge in a Liquid with a Solid
Dielectric Interface

The results described in Sects. 4.1 and 4.2 demonstrate that one of the
methods of control over the spatial structure and kinetics of the discharge,
and through them over the electric strength of insulation gaps with liquid
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dielectrics, is changing the field distribution on the front of the discharge
figure. This can be made by introduction of solid dielectrics whose surface
is perpendicular or parallel to the main electric field line. Of great interest
for designing high-voltage equipment and understanding mechanisms of the
electric discharge in liquids is a breakdown of such systems.

4.4.1 Barrier Effect

The barrier effect, as is well known, is taken to mean an increase in the break-
down voltage of an insulation gap with a non-uniform field by placing of a
solid dielectric barrier perpendicular to the electric field force lines. Despite
long-term application of barriers in the design of high-voltage equipment to in-
crease the reliability of operation and to reduce dimensions, the nature of the
barrier effect has been investigated insufficiently. The authors of the majority
of works devoted to the barrier effect in insulation gaps with liquid dielectrics
are limited, as a rule, by its quantitative characteristics under different ex-
perimental conditions. Generalizing the material of these investigations, the
following main results can be formulated:

– the barrier effect under impulse voltages is weaker than under ac or dc
voltages,

– the barrier effect is intensified with increasing field non-uniformity in the
insulation gap; in gaps with uniform fields, the barrier can even reduce the
impulse breakdown voltage Ubr,

– the effect is maximum when the barrier is placed near the electrode deter-
mining the field non-uniformity (the initiating electrode) at distances of
0–25% of the gap length,

– for positive polarity of the initiating electrode, the effect is stronger than
for negative polarity.

The first attempts of studying spatiotemporal discharge patterns in +T
−P and −T +P gaps with transformer oil and distilled water under 1.2/70μs
impulses [90] demonstrated that the discharge in the tip-barrier gap under
application of the first impulse differed only insignificantly from the discharge
in the tip-plane gap of equivalent length. When the applied voltage is much
less than the breakdown one, the leader channel propagates along the trajec-
tory typical of such gaps to the barrier. Only at a distance of 3–5mm from
the barrier (for total distances from the tip to the barrier of a few tens of
millimeters), the channel bends almost at a right angle, comes close to the
barrier, and further propagates as a creepage discharge.

With increase in the voltage amplitude, a part of impulses causes a break-
down of the barrier at points located at certain distances from the projection
of the initial leader trajectory onto the barrier. Further increase in the voltage
impulse amplitude results to the fact that the breakdown of the barrier and
the projection of the initial leader trajectory coincide. The barrier breakdown
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by the leader is always accompanied by the complete breakdown of the in-
terelectrode gap. The discharge pattern does not virtually change versus the
barrier position. Figure 4.39 shows the dependence of the relative increase in
Ubr, in percent, for a 50% breakdown probability of T–P gaps in transformer
oil on the barrier position. A celluloid sheet (395mm × 295mm) 0.13mm
thick clamped rigidly in a textolite frame was used as a barrier.

From Fig. 4.39 it can be seen that the maximum increase in the gap
strength (by 30%) due to the barrier was recorded for the +T –P electrode
system with the barrier placed in the immediate proximity of the tip electrode.
The barrier effect in the –T +P gap is weaker.

An increase in Ubr of the gap in distilled water due to the presence of a
barrier is insignificant, and for positive tip polarity its value changes from 13%
(the barrier is near the tip) to 7% (the barrier near the plane) (Fig. 4.40). For
negative tip polarity, Ubr increases only by 8.5% when the barrier is placed
at a distance of ∼0.20d from the tip electrode. When the barrier is placed
at distances > 0.6d from the tip, the barrier effect is within the limits of
experimental error.

Analogous quantitative laws were reported for the barrier effect in [91]. The
dependences of the breakdown voltage of an insulation gap in transformer oil
on the position of a bakelite barrier 1mm thick were investigated. The gap
600mm long was formed by a rod with a small sphere (d = 0.5mm) at the end
and a plane. Measurements were performed under both positive and negative
lightning impulse voltages by the up-and-down method under application of
10 impulses with a 60 s time delay between two successive impulses.

Results of measurements are shown in Fig. 4.41. As in [90], the effect is
maximum when the barrier is near the initiating electrode under application
of a positive impulse voltage.

Fig. 4.39. Dependence of the relative increase in Ubr for the +T −P (curve 1) and
−T +P gaps (curve 2) in transformer oil on the position of the celluloid barrier
(δ = 0.13 mm) for d = 50mm [90]
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Fig. 4.40. The same as in Fig. 4.39, but for distilled water [90]

An attempt was undertaken to calculate the optimal position of the barrier
based on the simplest electrostatic model. The model considered redistribu-
tion of the electric field in the gap with the barrier with allowance for the
geometrical parameters of the system and the main dielectric characteristics
(ε, γ) of the barrier material and the liquid. Beroual et al. [91] pointed out that

Fig. 4.41. Dependence of Ubr
50% for the gap in transformer oil on the position

of the barrier (S1/d) for positive (curves 1 and 1′) and negative impulse polarities
(curves 2 and 2 ′). Here curves 1′ and 2 ′ show Ubr for the gap without barrier [91]
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the data on a charge in the gap with and without the barrier are required for
a more correct estimation of the barrier efficiency.

The data on spatiotemporal laws of discharge propagation in a gap with
a barrier presented in [44, 92, 93] are in agreement with the data presented
in [90], and the data on quantitative characteristics of the barrier effect are
in agreement with materials presented in [90, 91]. However, in [44, 92] the
data were presented on the parameters of the discharge channel in the tip-
barrier gap that testified to the influence of effects of barrier charging on
the discharge phenomena when the channel reached the barrier and on the
discharge propagation under successive voltage application.

The barrier effect in an oil gap with slightly non-uniform and quasiuniform
fields with μ ≤ 1.8–2.0 was investigated in [44] for a breakdown initiated
by 0.85/100μs positive impulses. The discharge gap was a laboratory model
of the oil-barrier insulation for high-power transformers. Two barriers were
placed simultaneously in the gap, and the first and second gap lengths were
S1 = 1mm (2mm) and S2 = 2 mm (4mm), respectively. Similar investigations
with a single barrier, positive and negative impulse polarities, and the field
nonuniformity coefficient lying in the range μ = 1.8–1500 were carried out
in [92]. In both studies, barriers were made from a commercial pressboard
with thickness δ = 0.55 and 1.0mm, respectively.

In particular, in [92] it was established for gaps with sharply non-uniform
field that the leader channel trajectory in a tip-barrier gap under voltages
much less than the breakdown voltage did not change when the channel
approached at distances of 0.5–1mm to the barrier. At small overvoltages
roughly corresponding to those used in [90], after the leader approached the
barrier, the delay between steps (flashes) increased from ∼0.1 μs to 1–1.5 μs,
and the brightness of each flash increased approximately by an order of mag-
nitude. The channel trajectory during each successive flash was bent, and the
channel extended and deviated from the barrier. At very large overvoltages
after the first contact of the channel with the barrier, the channel deviated
during successive flashes already when it was at distances of 10mm from the
barrier.

According to estimates presented in [92], during the first contact of
the leader and barrier, a charge of ∼30 pC with surface charge density of
∼600pC/cm2 capable of forming a potential well at a distance of 4mm from
the electrode and causing deviation of the leader channel during successive
steps was transferred to the barrier. After contact between the leader and
barrier, shock waves propagated to the electrode with a velocity of (1.4–
1.5)·105 cm/s. According to [92], these shock waves promote the extinguishing
(collapse) of the channel during next steps.

In gaps with a slightly non-uniform field at impulse amplitudes of 1–10%
of the breakdown value, the average breakdown field intensity was 150kV/cm,
the velocity of leader propagation in the tip-barrier gap was (2–3)·106 cm/s,
and the time interval between two successive flashes of the channel was ∼20–
30 ns. The characteristics of the leader channel after contact with the barrier
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were close to those of a stationary arc in transformer oil (the current density in
the channel was 3–10kA/cm2 and the particle concentration was 2·1016 cm−3),
and the channel was capable to transfer the high-voltage electrode potential
to the barrier. In this case, the insulation gap length decreased by the distance
between the tip and barrier S1. The average field strength Eav necessary for
a breakdown of the gap S1 is less than the field strength necessary for a
breakdown of the barrier Eb. The smaller S1, the lower Eb, and the higher
the breakdown voltage. Values of Eav and Eb are much greater than Ebr of
the oil gap. Their ratio k characterizes the magnitude of the barrier effect.
The dependence on the degree of field non-uniformity μ is characterized by
the following figures:

a) k = 4–4.5 for μ = 36,
b) k = 1.35–1.45 for μ = 13,
c) k = 1.2 for μ = 5.4,
d) k = 1 for μ = 1.2.

For a short length of the first oil channel S1 ≈ 1.0mm in the oil-barrier
insulation model [94] and a small voltage amplitude, the results are simi-
lar [90, 92]. Repeated discharges on the barrier are displaced from the hemi-
spherical electrode tip (r0 = 3.25mm) approximately by 1.5mm (Fig. 4.42).
The number of current impulses before the complete termination of the dis-
charge processes in the first oil channel decreases with increasing U , and the
impulse amplitude increases up to a few amperes – a few tens of amperes. A
single current impulse with an amplitude of 30A is observed at U = Ubr70%

approximately 10–15μs before the complete breakdown.
The damage of the barrier in the form of carbonized traces (tracks) is

localized at distances of 5–6mm from the gap axis. Further deepening of
tracks and increase in their length cause the breakdown of the first barrier.
The region of the second barrier breakdown is usually localized under the
region of breakdown of the first barrier (the distance between the electrodes
d = S1 + S2 + 2δ = 4.6mm).

No current impulse train was observed for a larger-scale model (r0 =
7.9mm, d = 8.2mm, S1 = 2mm, and S2 = 4mm). The complete break-
down of the model was observed 10–15μs after the occurrence of a 30-A single
current impulse.

Barriers in the gap reduce the average value Ubr10% from 322 (for the gap
without barrier) to 192 kV. Lobanov et al. [94] connect this effect with the
influence of fibers on the barrier surface.

The average velocity of discharge propagation in complete breakdown of
the model was (0.3–1)·105 cm/s, the channel diameter at the instant of break-
down of the the first gap S1 was 160–200μm, and the velocity of discharge
propagation was 2 ·105 cm/s. The charge transferred to the first barrier in the
model breakdown was 0.5–1μC, the average field strength was 300kV/cm,
the current density in the channel was ∼150kA/cm2, and the temperature in
the channel at the instant of contact with the barrier was 3600◦C.
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Fig. 4.42. Discharge in the first oil channel and complete breakdown of the oil-
barrier insulation model: a) time variations of the discharge propagation velocity
and b) breakdown channel formation with the breakdown current impulse of the first
oil channel (curve 1) and the current impulse at the moment of complete breakdown
(curve 2) [94]

In [93] investigations were focused on studying a role in the barrier break-
down of three processes:

– accumulation or redistribution of charges,
– local barrier heating,
– accumulation of mechanical damages.

The effects can be distinguished due to a large difference in their charac-
teristic times.

The polyethene, paper, and novaflex (a glass fiber weave impregnated with
a silicone resin) barriers in transformer oil or organosilicone liquids were inves-
tigated. The most part of investigations was performed with a liquid having
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a viscosity of 10 cSt. The discharge gap 2–3mm long was formed by a tip and
a sphere, and the barrier was placed in the middle of the gap. A negative im-
pulse was applied to the tip electrode. The first process – accumulation and
redistribution over the barrier of charges from the preceding discharges – was
estimated based on the two possible effects, namely, on the discharge blocking
in the tip-barrier gap and change of the external shape of the discharge figure
(changes in the deviation angle of partial channels of the discharge figure and
deviation of the breakdown channel from the gap axis). The blocking barrier
effect was not established.

Investigations of the second effect are impeded by a wide scatter of the
results due to the random nature of discharge processes (Fig. 4.43). Neverthe-
less, certain laws governing the phenomenon were revealed. For the polyethene
barrier, well expressed cyclicity of changes in the deviation angle of partial
discharge channels from the axis was observed (Fig. 4.44). The angle increased
for the the first 3–4 discharges and then sharply decreased to the initial value.
After several cycles, the regularity was broken, and a tendency toward an
increase in the deviation angle was clearly manifested.

This tendency was kept unchanged when the time interval between two
successive voltage impulses increased to 1min. But it was broken when the
time interval was longer than 1–5min. When the discharge or neutralization
time of the charge changes due to an increase in the barrier surface conductiv-
ity, the surface discharge occurs at the barrier support system or the critical
time constant remains at a level of a few minutes.

Weak light flashes were also observed in the tip-barrier gap (the back-flash
effect) whose periodicity was equal to the periodicity of changes in the angle
of channel deviation from the gap axis.

Fig. 4.43. Angles of deviation of the discharge channel that causes a complete
breakdown from the gap axis (curve 1) and angles of maximum deviation of partial
channels (curve 2) for the T-Sp gap without barrier in an organosilicon liquid [93]
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Fig. 4.44. The same as in Fig. 4.48 (curve 2), but for the gap with a polythene
barrier, impulse amplitude of 75 kV, and delay between successive impulses of 10 s

It was suggested that the charge transferred to the barrier from the pre-
ceding discharges was deposited irregular, namely, it formed spots. Chan-
nels of successive discharges were aimed at non-charged barrier regions. For
large number of impulses and hence discharges at the barrier, its surface was
charged more uniformly, and the cyclicity of changes in channel deviation
angles was broken.

A maximum impulse amplitude and design parameters of the experimental
chamber were such that no leaks to grounded structures and no breakdowns of
new (non-aged) barriers were observed. Under repeated voltage application,
only the paper barrier was damaged due to its mechanical (physical) degra-
dation. In this case, the breakdown voltage of the gap with the paper barrier
decreased from 75 kV under application of the first 15–20 voltage impulses to
65 kV under application of 60–80 impulses.

The results of studies considered above allow us to conclude that the de-
termining factors of the barrier effect are:

– its action as a mechanical barrier to the discharge channel (for free motion
of charge carriers) at the instant of its first contact with the barrier,

– change in conditions for repeated components of this discharge due to
changes in the field geometry caused by charges deposited on the barrier,

– changes in conditions of the discharge propagation when voltage impulses
are applied in series with time intervals between two sucessive impulses no
longer than a certain value due to charge accumulation on the barrier.

4.4.2 Creepage Discharge(Frashover).

High electric strength of liquids often cannot be realized in full measure to
produce compact insulation systems and devices, because it can be reduced
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significantly through the introduction of dielectric spacers, standoff and
through insulators, etc. whose surface is parallel (or nearly parallel) to the
electric field lines.

At present, a lower electric strength of the interface is explained by the
action of primarily three factors, including field distortions due to different di-
electric characteristics (ε, γ) of the medium and the solid body, influence of sor-
bates contained in the dielectric medium and atmosphere (before immersion
into a hermetic system), and also by additional charging of the propagating
discharge channel through the insulator capacity. The greatest inhomogeneity
(amplification) of the electric field is observed at the triple point where the
electrode, solid insulation, and dielectric medium are in contact.

Due to the manifestation of the above-described effects, the creepage dis-
charge voltage along the insulator surface Ufl is determined by a combination
of many factors, including the character of the electrode contact with the in-
sulator, insulator size and surface shape, orientation of the insulator surface
relative to the electric field lines, properties of the solid dielectric and medium,
parameters of the applied voltage, etc.

Since Ucr of insulators determines the short-term electric strength of de-
vices, the electric strengths of the dielectric medium and solid insulation
should be matched, insulator design should be optimized, and the solid insula-
tion material should be chosen with allowance for the electric and mechanical
strengths. The additional requirement can be stability to some adverse factors.

It is convenient to reduce a variety of positions of the surface solid dielectric
with respect to the electric field lines in the study of the creepage discharge to
three characteristic insulation systems (Fig. 4.45). The least field distortion
due to the dielectric inserted in the field is typical of the design shown in
Fig. 4.45a, and the greatest one is typical of the design shown in Fig. 4.45c.

The material of the preceding sections demonstrate that the electric
strength of liquids depends very strongly on the electrical conduction of the
discharge channel and hence on the current running through it. In the case
of surface discharge, a change in the specific surface capacity of the substrate
and the relationship between the normal and tangential field components for

Fig. 4.45. Typical insulation systems used for investigation of surface breakdown
with a unifom (a) and non-uniform fields with dominant tangential Et and normal
En components of the electric field vector (with respect to the solid dielectric surface)
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the same liquid and impulses whose paramaters are kept unchanged allows
the current in the discharge channel to be varied over wide limits.

The total current consists of ionization and capacitive currents (the ion
conduction current in this case can be neglected for the majority of dielec-
tric liquids). The capacitive current consists of the capacitive charge current
formed by the discharge channel and the opposite electrode closed through
the liquid (IC2) and the current closed through the solid dielectric on the
grounded electrode (IC1) (Fig. 4.46) [7].

For the electrode systems used in experiments [7, 85], the component IC2

was much less than IC1. To estimate the contribution of IC1 to the total cur-
rent, it was assumed that the capacity C1 is formed by two parallel cylindrical
conductors with radii a1 and a2 placed at distance δ equal to the thickness
of the dielectric substrate (here a1 is the radius of the guiding electrode, and
a2 is the radius of the leader channel). One of the cylinders is extended with
the velocity equal to the propagation velocity of the leader channel ν(t), and
the length of the second cylinder modeling the grounded guiding electrode is
equal to the creepage discharge length l1 (in this case, we consider the system
with dominant normal component).

It then follows that IC1 is expressed as

IC1 = C1
dU

dt
+ U

dC1

dt
,

Fig. 4.46. Equivalent circuit for calculation of capacitive currents for the electrode
system with dominant tangential (a) and normal (b) components of the field Ē0 [7]
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and
dC1

dt
is expressed as follows:

dC1

dt
=

dl

dt
· dC1

dl
= ν (t)

dC1

dl
.

Having solved these equations for realistic values of the parameters l1 =
7 cm, a1 = 0.3 cm, a2 = 0.005 cm, δ = 1 cm, ε = 3.5, U = 120kV, dU/dt ≈
A ≈ 35 kV/μs, and ν = 2 cm/μs in the stage of the discharge with the leader
4 cm long, we obtain

C1
dU

dt
= 0.27A, Uν

dC

dl
= 1.45A.

Measurements of the current under analogous conditions yield the total
current I ≈ 2.8A. It can be seen that the current closed through the solid
dielectric and depending on Csp makes a significant fraction (∼60%) of the
total leader current. Therefore, changing it, one can change the total current in
the developing discharge channel and study its influence on the spatiotemporal
characteristics. A series of works [95–98] carried out in the LEMD in the 90s
confirmed the conclusion about the capacitive nature of a significant fraction
of the current running through the creepage discharge channel.

In comparison with the space discharge, many special features of the
creepage discharge can be explained by higher currents running through the
discharge channel and hence by larger values of energy liberated in it. For
example, these special features involve the following experimental facts estab-
lished in [7, 52, 85]:

– stepwise propagation of the channel from the moment of its inception,
– more regular character of leader steps (periodic flashes of the channel and

current impulses corresponding to them) during discharge propagation in
transformer oil over the pressboard surface parallel to the discharge gap
axis,

– brighter light flashes in the channel and larger current impulse amplitudes.
In addition, in [52] it was established that

– the fast phase of channel propagation over the dielectric surface was ob-
served already under voltages slightly exceeding the minimum breakdown
voltage; in this connection, a fast decrease in the creepage discharge time
was observed under the voltage approximately half that of the volume
discharge;

– the velocity of fast creepage discharge approximately doubled in compari-
son with the volume discharge and reached 8 · 107 m/s given that all other
conditions remained the same;

– fast discharge can propagate from the tip of one of the branches of the
discharge figure propagating from the tip anode.

Lundgaard et al. [52] pointed out that a significant contribution to the
manifestation of these special features of the creepage discharge comes from
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breaking of the axial symmetry of the discharge figure due to the presence of
the solid dielectric that changes the electrostatic properties of this figure.

Spatial Structure of the Creepage Discharge

A system comprising a tip electrode placed on the solid dielectric surface (or
in the immediate proximity of this surface) and a plane electrode deposited
on the opposite dielectric surface by sputtering or formed by a massive plate
closely adjacent to this dielectric surface is most frequently used to study
the spatial structure and kinetics of the creepage discharge. Without guid-
ing electrode (discussed in more detail below), the discharge figure is roughly
axisymmetric (Fig. 4.47a) [99]. Numerous branches propagate in radial di-
rections with approximately constant rates. Their quantity and branching
increase with increasing the specific surface capacity by means of reduction
of the solid dielectric substrate thickness or owing to use the substrate from
materials with high permittivity [121].

The photograph of a partial creepage discharge in transformer oil recorded
with a videocamera (Fig. 4.47) and the ICC photograph of a complete dis-
charge taken in the single-frame mode through a slit in an opaque screen
(Fig. 4.47b) [7] vividly show two regions of each branch of discharge figure,
namely, thick and thin, that is, the leader and initial channels. Two clear dis-
tinguishable parts of the creepage channel – thin and thick – you can see in
the photos in [122].

The influence of the substrate material caused the length of branch of the
partial discharge on the hard silicate glass surface to double compared to that
over the pressboard surface. Nakao et al. [99] concluded that discharge chan-

Fig. 4.47. Photograph of a positive discharge figure in transformer oil for the dis-
charge propagating (a) over the hard-glass surface and (b) over the organic glass
surface [7]
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nels propagate easier in the direction of smaller difference in height between
peaks and troughs, that is, over a smoother surface.

The polarity effect observed in [99] was manifested as follows:

– the positive discharge velocity [(1.3–1.7)·105 cm/s] was higher than the
negative discharge velocity [(0.6–0.8)105 cm/s],

– positive channels propagated stepwise from peak to peak over the press-
board surface, and the direction of propagation of negative channels was
determined by a smooth substrate surface.

In [100] propagation of the creepage discharge in transformer oil on the
hard glass and soda-lime glass plate surfaces placed perpendicularly or in par-
allel with the T–P gap axis was investigated. It was established that in the
second case, the channel was much longer, though the velocities of channel
propagation were approximately identical given that all other factors remained
unchanged. In the second case, the discharge figures and shock waves gener-
ated by them on the soda-lime glass surface had less regular (axisymmetric)
shape.

The influence of dielectric and surface properties of the substrate material,
potential, its charges by previous discharges, and impulse (1.2/50 μs) voltage
polarity on the kinetics of the creepage discharge in transformer oil was inves-
tigated in [101]. An original experimental setup (Fig. 4.48) was used. It com-
prised the third electrode – grounded plane 4 – in addition to two electrodes –
high-voltage 1 and grounded 2 – placed on the opposite surfaces of substrate
3. By changing distance l, the initial substrate potential Uin, calculated in the
electrostatic approximation from the system geometry and dielectric charac-
teristics of transformer oil and dielectric substrate, was changed. The field
strength Ein created by Uin increased exponentially with decreasing l. In this
case, Uin decreased with l for the given substrate material with relative per-
mittivity εT, and at fixed l, Uin increased with εT. The Coulomb force acting
on charge carriers that take part in the formation of the discharge channel
increased with Ein. It is accepted that this force hinders the discharge prop-
agation, since the vector Ein is perpendicular to the solid dielectric surface.
The potential Uin depending on l also influenced the discharge propagation.
The potential of the substrate charged by a unit creepage discharge (Uch)
was measured by the contactless method with a vibrating capacitance po-
tentiometer. The influence of Uch on the creepage discharge propagation was
investigated only for the negative polarity of rod electrode 1, that is, for the
positive polarity of initiating (tip) electrode 2. It is natural that the polarity
of Uch was opposite to the polarity of U .

The measurable discharge parameters were the length of partial discharge
channels, time of their propagation, and longitudinal potential gradients in
the discharge channel.

The substrate characteristics are tabulated in Table 4.7.
Some of the results illustrating the discharge kinetics are shown in

Figs. 4.49–4.51. It was established that the length of discharge channels of
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Fig. 4.48. Experimental setup comprising high-voltage electrode 1 (a copper rod
with d = 4mm), grounded tip electrode 2(r0 ≈ 10 μm), solid dielectric substrate
3 (δ = 3mm), grounded semitransparent plate 4 (150 mm × 150 mm), test cell 5,
impulse voltage generator 6, light-emitting diode 7, photodiode 8, amplifier 9, C-R
integrator 10, oscillograph 11, and image amplifier 12 [101]

both polarities linearly increased with applied voltage U and substrate poten-
tial Uin. Moreover, L = f(Uin) for positive channels was insensitive to l and to
the substrate material. For negative channels, L = f(Uin) was also indepen-
dent of l, but depended on the substrate material. Hanaoka et al. [101] sug-
gested that this difference in the behavior of positive and negative discharges
was caused by the fact that negative channels during their propagation, unlike
positive ones, were close to the substrate and hence sensitive to the state (in
particular, to the roughness) of its surface.

The influence of the charge deposited on the substrate from the previous
discharge, can be understood from Fig. 4.51. For negative polarity Uch, the
channel is longer, and for positive polarity it is shorter than in the case of
uncharged surface. It is assumed that when the positive discharge propagates

Table 4.7.

Substrate material δ,mm εT ρν, Ω·cm
High-density polythene (HDPE) 3.0 2.3 1016

Organic glass (PMMA) 3.0 2.5 10
Glass fiber weave impregnated with an epoxy resin 3.0 6.0 1013–1015
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Fig. 4.49. Relationships among the partial discharge channel length L, voltage
impulse amplitude and polarity, and distance to the grounded plate l. Dashed curves
are for positive impulse polarity and negative polarity of the initiating electrode: �,
without grounded plate; •, l = 150 mm; �, l = 70 mm; �, l = 40 mm; �, l = 20mm.
The substrate was fabricated from HDPE [101]

over the negatively charged surface, the potential field component is greater
than U , and this increases the energy supplied to the channel head and hence
increases L. On the contrary, the amount of supplied energy decreases in the
presence of positive charges on the surface.

Fig. 4.50. Dependence of L of positive discharges on the voltage impulse amplitude
for the substrate with uncharged (filled symbols) and positively or negatively charged
surfaces (empty symbols with plus or minus signs, respectively) at l = 150 mm: ◦,
HDPE, 10 kV; Δ, PMMA, 15 kV; �, GFWIER, 19 kV [101]
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Fig. 4.51. Dependence of L on the substrate potential Up for positive (a) and
negative (b) creepage discharge and substrate materials: •, HDPE; Δ, PMMA; �,
GFWIER. Figures near the symbols indicate l values, in cm [101]

The potential of the charged substrate surface U ′ is a sum U ′ = −Uin+Uch.
The dependence of L on U ′ is also displayed by a straight line whose slope to
the abscissa is smaller for negative creepage discharge polarity. This suggests
that the positive discharge propagation is limited by the region of the initial
surface charging.

The velocity ν of positive creepadge discharge is within the limits
(2–2.5)·105 cm/s, and that of negative one is (1.27–1.43)·105 cm/s. In this
case, the substrate charging influences v only weakly.

Kinetics of the Creepage Discharge

The spatiotemporal pattern of the creepage discharge in transformer oil is in
many respects similar to that for the discharge in the ethyl alcohol volume
and somewhat differs from the pattern of the discharge in the transformer oil
volume [7, 102]. For U ≥ U50%, the discharge from the moment of occurrence
of the first light phenomena to the breakdown termination is a leader process
(Fig. 4.52a). The discharge is observed on the impulse front with the formation
of a brightly luminous channel 2–4 cm long near the tip. The channel is formed
by a series of leader steps with progressively increasing delays (from 0.1–0.2
to 0.25–0.5μs). The effective rate of channel lengthening in this region is
(0.8–1.5)·107 cm/s. When the discharge propagates on the tail of the 1.2/70μs
voltage impulse, the time delay between successive light flashes are 3–5 μs,
and the effective rate of channel lengthening is (0.4–1)·106 cm/s. The leader
consists of the channel and the brightly luminous head extended along the
gap axis. The head length corresponds approximately to the increment of the
brightly luminous channel for the next step. Weak continuous glow similar to
that observed for the discharge in transformer oil volume is observed between
light flashes of the channel.
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Fig. 4.52. ICC image of the discharge in transformer oil over the organic glass
surface in a field with dominant tangential component for leader (a) and initial
channels (b) [7,102]

Under voltage insufficient for bridging, the spatial and temporal structures
of the leader channel change at a certain moment of time t2 (Fig. 4.52), namely,
a) the luminescence of the propagating channel is virtually continuous, though
periodic brightness amplifications are also observed, b) the luminescence in-
tensity is much less than the intensity of light flashes in the leader channel,
and c) no head is observed at the channel end. Analogous phenomena were
observed in [122] for the discharge initiated in the purified water volume.

The weakly glowing channel can propagate to the opposite electrode with-
out its complete flashover, that is, it has characteristics of the initial channel
(see Sect. 4.7).

In the field with dominant normal component, this phenomenon can be
observed at much lower voltages which decrease with increase in the specific
surface capacity. An increase in Csp causes the average impulse amplitude of
the leader step current and the effective leader velocity to increase given that
the impulse amplitude remains unchanged (Fig. 4.53). For constant Csp, the
creepage discharge kinetics and the discharge characteristics are essentially
independent of the substrate material.

An increase in the overvoltage in all cases leads to an increase in the
section of the discharge gap occupied by the fast process, to a decrease in the
delay between successive leader steps, and to an increase in the current pulse
amplitude and effective leader velocity (Fig. 4.54).

For oblique-angle impulses, the dynamics of the creepage discharge is anal-
ogous to the dynamics of the discharge depending on the front slope, namely,
in strongly polar liquids (high slopes) or transformer oil (low slopes). With
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Fig. 4.53. Dependence of the velocity and current of the discharge over the organic
glass surface on the specific surface capacity for the −T +P system at d = 10 cm [7]

Fig. 4.54. The same as in Fig. 4.48, but on the voltage impulse amplitude [7]
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Fig. 4.55. Dependence of the average velocity of creepage discharge propagation
for positive (a) and negative polarities (b) on the impulse front slope in the field
with dominant tangential (curve 1) and normal (curve 2) components [85]

decrease in A, the region occupied by the channel with weak glow increases,
and the average discharge velocity decreases (Fig. 4.55). In the field with dom-
inant tangential component, transition to this discharge shape occurs at high
slopes of the impulse front. Creepage discharges from positive and negative
electrodes are similar as a whole.

A correlation of the creepage discharge dynamics (velocity, delay between
light flashes of the channel, laws of the initial channel transformation into a
leader one, and luminescence brightness) with the current running through
the discharge channel confirms the assumption that the current is the key
parameter for the propagation dyamics attendant to changes in the properties
of the medium and the parameters of voltage impulse.

Comparing the laws of propagation and the discharge parameters in the
volume of the liquid and at the liquid/solid dielectric interface, we can con-
clude that the creepage discharge has the same nature as the volume one.
Differences in the spatial and temporal characteristics (the external discharge
shape and the velocity of discharge propagation, the channel diameter, etc.)
and in the electric discharge parameters1 (the current and the current density,
longitudinal gradients of the potential, and the electrical conduction and tem-
perature of the plasma in the channel) are caused primarily by much higher
capacitive current in the creepage discharge channel. Breaking of symmetry of
the discharge figure by the solid dielectric surface and adsorption of impurities
(foreign liquids, gas, and solid particles) by this surface also give significant
contributions.
1 For convenience, the channel parameters are described in a separate section (see

Sect. 4.5).
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4.5 Ionization Region and its Parameters

According to [103], ionization processes in front of the head should generate
sufficient number of charged particles, and the voltage on the electrodes should
be sufficient to provide the required rate of removal of this charge from the
gap in order that the high-conduction leader channel propagated in air. This
is required to restore the field in front of the leader channel head and the rate
of energy liberation in it. In this case, the role of the charged particle source is
played by the impulse corona and leader coronas (the streamer zone), having
two characteristic regions, namely, a highly ionized stalk propagating with a
velocity of about 108 cm/s and branches penetrating deeper into the gap at
distances of a few ten and hundred centimeters from the leader head with
velocities of (5–10)·108 cm/s.

The data on the discharge kinetics in a liquid demonstrate that the leader
channel is the secondary phenomenon preceded by preliminary ionization of
the liquid volume. However, if the term impulse corona is applicable only to
the phenomenon having a complex of properties, including high propagation
velocity (108–109 cm/s), large number (a few tens or hundreds) of simulta-
neously propagating branches capable of propagating in fields with average
strength of several kilovolts per centimeter, etc. [104, 105], we must accept
that the impulse corona (the streamer zone) is absent from the discharge in
liquid.

The term corona used in a number of works for the discharge in liquid
describes radically different physical phenomena. For example, in [106] corona
is a branched structure formed by numerous leader channels; in [107] it is used
for branches of the leader channel.

Neither our works nor other works reported the discharge stage similar to
the leader corona in air. The assumption that it cannot be registered because
of the imperfection of optical devices and measurement techniques appears
groundless if we take into account other indirect but rather convincing exper-
imental facts.

1. The effective velocity of the leader channel head in a liquid remains essen-
tially unchanged along the entire gap, except the region occupied by the
leader channel propagating on the front of the voltage wave. The leader
channel velocity also increases in the final stage when the sphere formed
by numerous channels occupies the greater fraction of the gap, thereby
leveling the field in the part of the gap without breakdown. At the same
time, in long air gaps where the ionization zone is comparable with the
interelectrode distance, the contact of this ionization zone with the plane
is accompanied by a fast increase in the leader current and leader head
velocity.

2. A dielectric barrier placed in the path of leader propagation in a liquid
does not change the structure and velocity of the leader until it approaches
the barrier at distances of 2–5mm. The position of the barrier in the
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discharge gap does not influence the discharge propagation from the tip to
the barrier, but determines the electric strength of the gap (see Sect. 4.3).

In air in discharge gaps with a barrier, the discharge is decelerated and
its trajectory changes under the action of the excess space charge induced
from the ionization zone and deposited on the barrier long before the leader
arrival to the barrier.

3. Synchronous time recording of the leader and voltage waveforms on the
probe located in the path of the leader head demonstrated that the probe
potential grows significantly only when the head of the leader channel
approaches at distances no longer than 2–5mm (see Sect. 4.6).

Thus, this suggests that the sole process providing preliminary ionization
of the liquid before the stepwise lengthening of the leader channel is the process
of penetration of thin weakly glowing filaments – initial channels – one of
which under certain conditions is transformed into the leader channel.

Under conditions of leader propagation, initial channels propagate at dis-
tances no more than 2–5mm before transformation into a leader (for an inter-
electrode distance of a few centimeters). Only under some specific conditions,
the initial channels can penetrate deeper into the gap at distances of a few
centimeters without transformation into a leader channel (see Sect. 4.2).

The spatial structure of the ionization zone was elucidated in [7] by means
of a comparison of streak images of partial discharges with still photographs
taken with a still-gated camera and by the contact method (from the Licht-
enberg figures) and in [8, 49] with the help of a Schlieren system. It was
established that the region in front of the leader channel is shaped as a bush
comprising several thin channels, one of which is then transformed into a
leader channel. Other channels stop to propagate and collapse. The part of
the initial channel transformed into the leader brightly luminesces. This light
flash is registered as a spherical or ellipsoid head at the end of the leader
channel because of the background illumination of the ICC screen. The lu-
minescence of the discharge channel head brighter than the column one was
recorded in [72] and in some other works (see Sect. 4.2).

When the initial channel approaches the opposite electrode under the volt-
age less or close to U50%, a breakdown of the gap or a flashover with voltage
chopping occurs only after transformation of the initial channel into a leader
under the action of the process developing from the plane (Sect. 4.7). In this
case, the average longitudinal gradients of the potential Eav can be calculated
in the initial channel. The true value of Eav lies in the range between the
values

Eav max =
Ures − ΔU

k · d − ll
and Eav min =

Ures

k · d .

Here Ures is the voltage across the gap at the moment of contact of the initial
channel with the plane, ΔU is the voltage drop across the leader channel
of length ll measured with a probe (see Sect. 4.6), d is the gap length, and
k = 1.2–1.3 is the coefficient taking into account the channel bending.
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For a 1.5/70 μs impulse and U ≈ U50%, calculations yield a) for a dis-
charge in the oil volume Emin ≈ 15 kV/cm and Emax ≈ 17 kV/cm and b) for
a creepage discharge in oil in the field with dominant tangential component
Emin ≈ 10 kV/cm and Emax ≈ 16 kV/cm. As demonstrated in Sect. 4.6, mea-
surements of the longitudinal potential gradients in the initial channel with
a probe are impossible, since the discharge through the initial channel of the
probe capacitance transforms it into a leader having gradients of 2–8kV/cm
under similar conditions.

The diameter of initial channels measured from the Lichtenberg figures,
photographs with a still-gated camera, and streak photographs was about
5 μm. The current density in the initial channel was (2–10)·103 A/cm2.

In calculations of the current density in the initial channel, the current reg-
istered in the gap before transformation of the initial channel into a leader or
between two leader steps (∼10−2–10−3 A) is shared by simultaneously prop-
agating initial channels (∼6).

The electrical conduction of the substance in the initial channel averaged
over its cross section and determined as

γ =
4I

πD2 · Eav
,

was 0.1–0.8Ω−1 · cm−1.
Table 4.8 summarizes the data on the main parameters of the initial chan-

nel in transformer oil measured by three research groups from Tomsk Poly-
technic University [7], All-Russian Electrotechnical Institute (AEI) [9], and
LEMD [10, 35, 95]. Irrespective of the terms used for the discharge channel,
the data presented in the table most probably belong to the first stage of
the two-stage leader process (propagation of the initial channel) or to the ini-
tial channel that was not transformed into a leader due to the experimental
conditions.

Table 4.8 demonstrates good agreement of the main parameters of the
initial channel (the monochannel or filamental channel) measured directly
despite different measuring equipment and conditions of experiments as well
as quite natural difference in transformer oil composition.

Table 4.8. Main parameters of the positive initial channel in transformer oil

Parameters References

[7] [9,49] [5,10,35,123]

The most probable velocity,
cm/s, for U10% ≤ U ≤ U50%

1.3·105 (1.45–1.5)·105 2 · 105

Diameter, μm 1–5 6–12 5–10
Current, A 10−3–10−4 (0.5–5)·10−3 10−3

Average longitudinal gradients
of the potential in the channel,
kV/cm

15–17 15–22 20–30
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As demonstrated below (Chap. 7), a noticeable difference in the initial
channel diameters measured in [7] and [9, 49, 92] caused the difference of the
calculated parameters: current density, electrical conductivity of substance in
the initial channel, etc.

As a whole, these measurements provide the reliable basis for the construc-
tion of a physical model of the first and most important stage of the discharge
process. The channel propagation velocity, current running through it, and the
average longitudinal gradients of the potential are among the most reliable
parameters. For example, in addition to the data on the channel propagation
velocity presented in Table 4.8, these data were reported by researchers from
Norway [24, 52, 65, 108], Germany [50, 109], Japan [37, 99, 110], Canada [17],
Great Britain [22, 111], Sweden [112], and other countries.

According to these studies, the velocity of discharge propagation in trans-
former oil at U10% ≤ U ≤ U50% is changed in the narrow interval (1.3–
3)·105 cm/s for gaps with sharply non-uniform field.

4.6 Parameters of the Leader Channel

To elucidate a nature of the processes causing the transformation of the initial
channel into a leader and the role of the leader channel in creating conditions
for discharge propagation at low field strength averaged over the interelectrode
space, the data on the main parameters of the leader channel are required,
in particular, longitudinal gradients of the potential, current density, rate of
changing the longitudinal and radial channel dimensions, electron concentra-
tion, etc. Measurements of these parameters in the stage of transition from
the initial channel to a leader, that is, during a single leader step are most
difficult. These processes develop for a few nanoseconds and, being a frag-
ment of the discharge that lasts several microseconds, undergo high spatial
and temporal instability.

4.6.1 Channel Parameters in the Stage of Conversion
into a Leader

To measure the rate of expansion of the initial channel during its transforma-
tion into a leader, the method of slit streak photograph was used. Photographs
were taken with high-speed ICC (60 ns on the screen).

Difficulties of exact determination of the discharge channel diameter by
the optical methods are well known. They are caused by 1) possible disagree-
ment between the glow and plasma formation dimensions and 2) disagreement
between the dimensions of the object and its image owing to imperfections of
actual optical systems. Main sources of errors in optical measurements of sizes
of plasma formations are the processes that develop with the shock wave veloc-
ity. These processes develop beyond the registered plasma formations and can



208 4 Discharge Propagation in Gaps with a Non-Uniform Field

be accompanied by fluorescence. However, for dense liquid media, the thick-
ness of the transition layer from the plasma to the weakly perturbed liquid
does not exceed a few tenth of a micron for process duration of ∼10−7 s [106].
The sizes of the channel image recorded with the ICC were recalculated to
determine the true dimensions of the discharge channel. In individual experi-
ments, the initial and final discharge channel diameters were estimated from
photographs taken with a still-gated camera and from the Lichtenberg figures
recorded simultaneously with the photographs. Results of measurements by
different methods differed by no more than 20–25%.

To estimate time variations of the main channel parameters, slit streak
photography was accompanied by synchronous recording of current and volt-
age. An example of a slit streak photograph and discharge current waveform
in oil is shown in Fig. 4.56. Because of low luminescence brightness of the
initial channel, it is not seen on the superhigh-speed slit streak photograph.
On the oscillograph record shown in Fig. 4.56 the current accompanying the
initial channel propagation was also not recorded, because it was by three
orders of magnitude less than the leader step current, and a higher sensitivity
of the registration scheme is required to record it. The transformation of the
initial channel into a leader started when the channel expanded approximately
from 3 to ∼50 μm. The maximum leader current was by ∼8–12ns ahead of

Fig. 4.56. Slit streak photograph and oscillograph record of the leader step current
in transformer oil under a positive oblique-angled impulse with A = 6kV/μs [7,102]
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the channel expansion to the maximum (more precisely, of the moment of
sharp reduction of the channel expansion rate). As the current decreased, the
brightness of the leader channel also decreased, which was seen on the streak
photographs as a decrease of its diameter. In principle, it is possible that the
decrease of the current density in the channel and its cooling are accompanied
by a decrease in the channel diameter (collapse). However, this assumption
has not yet been tested experimentally because of the low intensity of the
channel luminescence between two successive steps insufficient for recording
with the superhigh-speed slit streak photographs.

Figure 4.57 shows results of processing of fifteen slit streak photographs
and oscillograph records of the discharge current in the +T –P system in oil
(a) and of the creepage discharge in oil in the field with dominant normal
component (Csp = 3.1 · 10−13 F/cm2) (b). The gap length was 7 cm, and the
voltage impulse was oblique-angled with slope A = 40kV/μs. The zero time
was set at the moment of fast current increase. The data were processed be-
fore the maximum channel expansion. As can be seen from Table 4.9, the
duration of these processes is approximately equal to the duration of the step
leader current impulse, and according to different authors, is 10–30ns. It is
characteristic that the current density in the channel during its transforma-
tion for the first 5–10ns increases from (7–10)·103 to (1–5)·105 A/cm2, passes
through a maximum, and then decreases. (Here and below, larger values of
the parameters are for the creepage discharge.)

Three sections are clearly pronounced in the decreasing branch of the
curve j = f(t). The first and third sections are characterized by a fast de-
crease in the current density, whereas the second section between 3 and 8 ns

Fig. 4.57. Variations of the channel diameter D, current I , and current density
j during transformation of the initial channel into a leader: a) discharge in the
transformer oil volume for the +T −P electrode system and b) creepage discharge
in oil in the field with dominant normal component for Csp = 3.1 · 10−13 F/cm2

(d = 7 cm and A = 40 kV/cm) [7,102]
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Table 4.9. Main parameters of the positive leader channel in transformer oil

Parameters References

[7] [21,48,97] [3,22,23,68] [15,70]

Average velocity, cm/s, for
U10% < U < U50%

(1.3–1.5) ·105 (1.45–1.5) ·105 (1.5–2)·105 2 · 105

Diameter, μm 50–120 60–65 60–80
Current impulse amplitude, A 0.08–0.2 0.05 1–10 0.3–4
Current impulse duration, ns 10–20 < 20 15
Delay between successive
impulses (leader steps), μs

2–4 1–3 1–10 2–6

Average longitudinal potential
gradients, kV/cm

2–8 1.5–8 5–11

has much smaller rate of current density change. The boundary between the
second and third sections approximately corresponds to the current maxi-
mum dI/dt = 0. The minimum current density in the leader channel can be
determined if we accept that the cross section of the leader channel between
successive steps remains approximately equal to the cross section of the newly
formed leader section, and the current through the leader channel is created
by initial channel propagation and makes ≈ 10−2–10−3 A (as follows from the
available experimental data). In this case, jmin = 30–80A/cm2. The average
rate of channel expansion during transformation is (3–5)·105 cm/s. Hence, the
channel expansion in the stage of transformation into a leader has a shock
character and is accompanied by the formation of shock waves experimentally
registered in many studies (see above).

The data on the current density and average longitudinal gradients in
the leader channel allow the electrical conduction of the leader channel
plasma to be estimated during the step formation. Under various experimen-
tal conditions, its value for the leader in transformer oil was in the limits
2–10Ω−1cm−1, which is by an order of magnitude higher than the electrical
conduction of substance in the initial channel.

Valuable information on the behavior of the discharge channel in a liquid
in different stages of channel propagation for different distances from the tip
electrode can be obtained from [112].

Based on spectroscopic investigations of radiation of the discharge channel
in transformer oil, the electron density averaged over the channel cross section
was estimated. The method of Stark broadening of hydrogen emission lines
was used. The main results are shown in Figs. 4.58 and 4.59.

It was established that Ne was less than 1016 cm−3 during the entire
channel propagation time, except the stage immediately before the break-
down termination that lasted for about 1 μs. In this stage, the radiation
corresponding to both low electron density Ne < 1016 cm−3 and high elec-
tron density Ne > 1018 cm−3 was registered. For radiation corresponding to
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Fig. 4.58. Dependence of the electron density Ne in the discharge channel in trans-
former oil on the time before breakdown termination for four distances from the
tip to the probe point: 0 (curve 1), 3 (curve 2), 5 (curve 3), and 8mm (curve 4),
d = 10 mm, and r0 = 30 μm [112]

Fig. 4.59. The same as in Fig. 4.53, but for the dependence of Ne on the applied
voltage; the distance to the probe point was 0 (curve 1), 2.5 (curve 2), and 4 mm
(curve 3), d = 7mm, and r0 = 30 μm [112]
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Ne > 1018 cm−3 (that is, during the last microsecond of discharge propaga-
tion), the following laws have been established:

– Ne increases in the direction from the tip to the channel head. The differ-
ence between Ne values can reach four times.

– Ne does not change with time for a fixed distance from the tip to the
sensing point.

– Ne increases with the applied voltage.
– The radiation intensity increases by several orders of magnitude during

the last microsecond before the breakdown.

These results complete significantly the results obtained by the authors
previously. In previous investigations, the authors indicated extremely high
electron density lying in the range 1018–1019 cm−3, which did not agree with
the ionization energy and charge density in the channel estimated in [18].

It has been suggested that the channel had a radial structure in the final
propagation stage. The dense plasma can be concentrated either in the center
(on the axis) or on the periphery of the channel. The positive ions formed
in the process of channel propagation can be considered as immovable in
comparison with electrons providing running of a current through the channel.
Positive ions are accumulated in branches (initial channels), more exactly,
on the boundary with the liquid due to the action of electrostatic forces.
Layers of positive ions, attracting electrons, can form dense plasma on the
periphery of the channel. It is also assumed that fast growth of Ne in the last
stages of channel propagation is a consequence (or reason) of phase changes in
the channel, which mean the transition from the initial channel to a leader or
from the streamer to a leader (according to the terminology used in [112]). The
main difficulty in interpretation of these results is impossibility of referencing
of measured Ne values to a concrete stage of discharge propagation, including
the initial channel propagation, its transformation into a leader (formation of
a single leader step) or to the existence of the channel leader (trunk) in time
intervals between successive steps. We can carefully assume that radically
different values of Ne (1016 cm−3 and 1018 cm−3) are caused by temporal
rather than spatial channel non-uniformity (its radial structure), that is, they
refer to different stages of the leader process.

4.6.2 Steady-state Values of the Leader Channel Parameters

One of the main electric characteristics of the discharge channel in a liquid
that can be measured is the voltage drop. The field strength at the head of
the developing channel substantially depends on the voltage drop. In its turn,
it determines the space and time characteristics of the discharge, including
the degree of branching, propagation velocity, channel length (for a partial
discharge), etc.

In this case, the creepage discharge appears more convenient for measur-
ing the electric channel characteristics, because an individual channel can be
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separated and stabilized in space by special methods, and measurements of
the channel potential can be performed without disturbing its natural prop-
agation. This can be done, for example, with the use of a guiding electrode
(a bar, a narrow conducting strip, etc.) placed on the back substrate sur-
face [85, 101,102]. In this case, the creepage discharge develops mostly above
the guiding electrode. Another method was used in [95–98]. A thick sheet of a
dielectric material with a narrow gap was put on the surface of the substrate
over which the discharge propagated. The initiating tip electrode was placed
at the bottom of this gap, and the discharge was propagated through the gap
bottom as a guided channel with small lateral branching. It was demonstrated
that the characteristics of this discharge did not differ from the characteristics
of a free creepage discharge propagating from the initiating electrode in the
form of radially diverging branches.

Since the main laws of discharge propagation in the volume of a liquid and
over the solid dielectric surface are very similar [7, 95–98], the data on the
parameters of one of them can be generalized to the other.

Discharge Propagation in an Electrode System with a Probe

The developing discharge channel is galvanically coupled only with one elec-
trode and hence its gradients can be estimated only by an indirect method.
The experience in application of various methods of determining gradients in
the study of the gas discharge accumulated by the 70s in [7,85,102] suggested
that the method based on the application of a probe inserted into the channel
is the most promising one.

The probe used in [7, 85, 102] comprised a thin metal prod inserted into
the channel and a capacitive voltage divider. The probe structure was as
follows (Fig. 4.60). Three separate ring silver strips were brazed on hollow
ceramic cylinder 1 2.4 cm in diameter. Central strip 2 served as a low-voltage
electrode of the high-voltage arm of the divider. Lateral strips 3 were used as

Fig. 4.60. Sketch of the probe
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screens. Coaxial bar 4 0.25 cm in diameter served as a high-voltage electrode.
Cylinder 1 was filled with polythene to fix the position of the high-voltage
electrode. The low-voltage arm of the divider was formed by the capacity of
strip 1 relative to the screening elements, the capacity of the connecting cable
section, and the capacity of oscillograph plates. The capacity of high-voltage
arm of the divider was 0.9 pF, and that of the low-voltage arm was 75 pF.
Prod 5 of the probe was made from a copper wire 0.08 cm in diameter and
was connected to the internal probe electrode through low-inductive resistor 6
(100 kΩ). The time constant of the high-voltage circuit of the divider was 90 ns.
An analysis of the electric equivalent circuit for the electrode system with the
probe demonstrated that the current through the probe can be 9–16% of the
leader current in transformer oil, and the current of the capacity discharge
through the channel can reach 12–20%. In experiments, the probe prod was
put in the most probable path of discharge channel propagation at different
distances from the tip. The voltage drop in the channel was determined by
subtraction of the probe potential from the high-voltage electrode potential.
The potential gradient was determined as average one for the path section
from the tip to the probe.

Before measurements, it was necessary to estimate the distortion of the
natural discharge process caused by the probe. It was established that the
influence of the probe on the discharge propagation was largely caused by
its grounding through a small but finite capacity as well as by the discharge
of the probe capacity through the channel. For the reverse registration cir-
cuit, when the plane was under a high potential and the tip electrode was
grounded – the first factor was manifested through the fact that the discharge
can propagate to the plane from the probe prod rather than from the tip
electrode. The probability of this situation is the higher, the closer the probe
to the plane. Because of this, the reverse circuit was not used in these mea-
surements. In the direct circuit, the discharge in all cases propagated from the
high-voltage tip electrode. The influence of the probe caused the discharge in
the tip-probe gap to propagate with an increased velocity, that is, the probe
in this case increased the field strength in the tip-probe gap (Fig. 4.61). The
probe influence decreased as it moves away from the tip. For U ≈ U50% and
the probe placed at a distance of about half the interelectrode distance and
longer, the probe did not virtually influence the discharge propagation until
it approached the initial channel. At the moment of contact with the probe,
the channel luminescence was observed caused by the discharge of the probe
capacity through it and by the source discharge through the channel-probe-
ground circuit. With further discharge penetration deeper into the gap, the
brightness of luminescence of the channel section between the probe and tip
was approximately the same as of the leader channel newly formed by transfor-
mation of the initial channel. These results and the estimated currents closing
through the probe demonstrated that the error in measuring the potential
gradients in the leader channel were within the allowable limits, though a cer-
tain underestimation of gradients was observed. The influence of the probe on
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Fig. 4.61. Streak photograph (A) and oscillograph record of the leader channel
potential (B) for the creepage discharge in transformer oil in the field with dominant
normal component [7,102]

the initial channel propagation was stronger. If in the gap without probe the
discharge begins with the initial channel that is not transformed into a leader,
placement of the probe accelerates the channel transformation. If conditions
are created at which the initial channel is propagated in the tip-probe gap, its
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transformation into a leader channel will occur at the moment of its contact
with the probe. Moreover, the probe capacity discharge current considerably
exceeds the initial channel current. To measure gradients in the gap with the
probe, its capacity should be so small that it seems impossible to construct
it. Therefore, the potential gradients in the initial channel were estimated by
the method used in [103] to estimate gradients in the leader channel of a long
spark in air (Sect. 4.4).

Spatiotemporal and Electric Parameters of the Leader Channel

Dependences of gradients on the polarity, leader channel lengths, voltage im-
pulse shape (a 1.8/80 μs oblique-angled impulse with slope A = 1.5–20kV/μs),
leader propagation time, and field shape (the discharge in oil, the creapage
discharge in oil in the field with dominant tangential or normal component)
were investigated in [7, 85, 102].

It was established that the difference in longitudinal gradients for positive
and negative discharge channels was within the limits of errors in measure-
ments by the probe method.

Figure 4.62 shows variations of the average longitudinal gradients Eav of
the creepage discharge propagating on the 1.8/80μs impulse tail for U ≈ U50%

with the channel length. (The gap length was 10 cm, the tip polarity was nega-
tive, the field had dominant normal component, and Csp = 3.1 ·10−13 F/cm2.)
It can be seen that Eav increases from 4.5 to 6.5 kV/cm when the distance

Fig. 4.62. Variations of the average longitudinal gradients of the potential Eav

versus the creepage discharge channel length in transformer oil [7,102]
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from the tip to the probe increases in the range 2–8 cm. The same character
of the dependence of Eav on the distance to the tip electrode was reported
in [97] for creepage discharge propagation in oil on the tail of an aperiodic
impulse with τfr < 2 μs. Figure 4.63 borrowed from [95] shows variations of
the potential of a local channel region with its length. The character of the
behavior of nonlinear curve Uch = f(l∗) demonstrates an increase in the po-
tential gradient in the channel with increasing distance from the tip electrode.
On the contrary, gradients in the discharge channel at the front of the oblique-
angled impulse decrease with increasing distance from the tip to the probe
(Fig. 4.64). Moreover, the gradients decrease with increasing impulse slope
given that all other conditions remain the same (Fig. 4.65). For the given sec-
tion of the channel, gradients decrease during progressive leader propagation
on the oblique-angled impulse. Thus, from the data shown in Figs. 4.62–4.68
it follows that the potential gradients in the leader channel are determined
by the age of the channel, that is, the time interval from its inception to
gradient measurements, and on the amplitude and rate of voltage variations
across the gap. A correlation between the Eav value and the leader current
and hence the degree of nonlinearity of the channel resistance can be judged
if we compare Eav (Fig. 4.61) for the discharge in water (curve 1 in Fig. 4.66),
creepage discharge in oil in fields with dominant normal (curve 2) and tan-
gential components (curve 3), and discharge in oil volume (curve 4). Higher

Fig. 4.63. Local channel potential as a function of the distance from its head to
the probe point under a negative impulse with an amplitude of 31 kV for Cm ≈1 nF
and thickness of the glass substrate of 3mm [95]
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Fig. 4.64. Variations of Eav with length l of the creepage discharge leader in oil
in the field with dominant normal (curve 1) and tangential components (2) and
of the discharge in oil volume (3) under a positive oblique-angled impulse with
A = 6kV/cm (d = 7 cm) [7,92]

leader currents correspond to smaller gradients, higher discharge propagation
velocities, and lower impulse breakdown voltages.

In [95,98] and other studies of these authors, the potential gradients were
measured using capacitive sondes (probes) and optical fiber sensors at the
moment of channel approach to the point on the substrate surface lying above
the corresponding probe. The experimental setup and measurement procedure
are described in detail in [96,97]. Here we only describe important details of the
procedure. The measurement scheme is shown in Fig. 4.67, and the registered
signals are shown in Fig. 4.68 [95].

The discharge channels propagated over the surface of circular glass sheet
1 3 mm thick in radial direction from high-voltage tip electrode 2. Channel 3
under study was artificially oriented and stabilized in space by gap walls as
described above. The grounded electrode was formed by copper rings 4 with
probes 5 placed in the gaps between them. The area of a single probe shaped
as a circular plate was ∼1 mm2. Probes 5 were connected to oscillograph 6
through capacities Cm. These capacities together with equivalent capacities
formed by the channel and probe Cs, represented capacitive voltage dividers.
The current position of the propagating channel head was determined with
the help of optical fiber sensors 7 whose axes coincided with the axes of the
corresponding probe (it was projected onto it). To provide registration of the
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Fig. 4.65. Dependence of Eav in the positive creepage discharge channel in oil in
the field with dominant normal component (Csp = 3.1 · 10−13 F/cm2) on the slope
of the voltage impulse front [7,102]

head luminescence only at the moment of its approach to the sensor-probe
axis, opaque sheath 8 was 1 cm longer than the fiber.

The probes were calibrated by substituting the discharge channel with a
copper wire whose diameter was equal to the channel diameter under appli-
cation of a rectangular impulse with amplitude of 10 kV. The dependence of
the probe response on the distance between the end of the wire modeling the
channel and the probe axis was also investigated.

This procedure provides higher accuracy of measuring the potential gra-
dients in the channel in comparison with the procedure used by us in [7,102].
However, unfortunately, it also has a number of disadvantages. First, it does
not allow one to measure potential gradients in the discharge channel in the
liquid volume. In addition, as indicated in [95], “this procedure does not
allow one to measure with satisfactory accuracy spatial and temporal vari-
ations of the channel potential. The potential distribution along the chan-
nel length can be measured very reliably immediately when the propagation
stops”.

All measurements were performed only with negative polarity of im-
pulses with amplitude ≤40 kV. In this case, the channel propagated with
approximately constant velocity of 0.8 · 105 cm/s.
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Fig. 4.66. Time variations of Eav in the creepage discharge channel in wa-
ter (curve 1 ) and oil (curves 2 and 3) in the field with dominant tangential
(curves 1 and 3) and normal (curve 2) components and in the leader channel
propagating in oil volume under positive oblique-angled impulse with A = 5kV/μs
(d = 7 cm and l = 3 cm) [7,102]

The distribution of the potential along the channel length U(x) was mea-
sured versus the impulse amplitude U , that is, versus the channel length before
the propagation stopped. Results are shown in Fig. 4.63.

It can be seen that it is independent of U . From the data shown in Fig. 4.63
it follows that the channel propagation stops when the potential of his head
has been reduced to ≈10 kV, which is much less than the potential of the tip
electrode at which the discharge starts (∼17kV).

According to [96,97], the potential gradient along the channel propagating
over the glass substrate surface depends mainly on the substrate thickness and
changes within the limits 5–11kV/cm, which is in very good agreement with
our data [7, 102]. In [95, 98], the data of [110, 113] were generalized, and the
dependence of Eav on the specific channel capacitance per unit length relative
to the opposite electrode were obtained (Fig. 4.69). Saker and Atten [95,
98] plotted the potential gradients in the positive discharge channel obtained
in [35, 114] in the transformer oil volume.

In [101], the voltage drop ΔU was measured in the creepage discharge
channel. The procedure of measuring ΔU was similar to our measurement
procedure [7, 85, 102]. The probe in the form of a copper wire 0.1mm in di-
ameter connected to an oscillograph through a capacitor divider was inserted
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Fig. 4.67. Schematic diagram of measuring the creepage discharge channel param-
eters comprising glass substrate 1, high-voltage electrode 2, discharge channel 3,
grounded electrode 4, capacitive probes 5, oscillograph deflection plates 6, optical
fiber probes 7, and opaque sheath 7 [95]

into the channel. The voltage drop in the channel was calculated by subtrac-
tion from the source voltage at the given time U(t) of the channel potential
at the same moment of time at fixed distance from the tip electrode Ufix(x),
that is, ΔU(x) = U(t) − Ufix(x).

Fig. 4.68. Signals from probes 3, 4, 5, and 6 under a voltage of 31 kV for Cm ≈ 1 nF
and glass substrate thickness of 3 mm [95]
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Fig. 4.69. Dependence of the potential gradient in the positive channel on its
specific capacity per unit length [95]: ◦, according to [96,97]; �, according to [35,114];
•, according to [113]

From Fig. 4.70 it can be seen that ΔU is essentially independent of the
voltage impulse amplitude, potential of the substrate surface Us, and substrate
material. The maximum ΔU values were observed near the channel head.
The creepage discharge propagation stopped when the threshold value ΔU
exceeded (≥12–15kV).

Space and Time and Electric Parameters of the Leader Channel

Table 4.9 generalizes the data on the key parameters of the discharge channel.
It presents only a small part of experimental materials.

This is primary the case for the data on the propagation velocity, current
in the channel, and channel diameter.

Since the average rate of channel lengthening is presented as one of the
parameters of the leader channel disregarding the stepwise character of this
process, it coincides with the velocity of the initial channel penetration deeper
into the gap.

As well as for the initial channel (Table 4.8), the parameters of the
leader channel obtained by different authors either coincide or differ only
insignificantly.

The parameters of substance in initial and leader channels are estimated
(and estimates of other authors are presented) in Chap. 7 when a physi-
cal model of the leader process is examined. Here it makes sense to present
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Fig. 4.70. Dependence of the voltage drop in the positive creepage discharge channel
on the ratio of the distance between the probe and tip electrode Lx to the maximum
channel length Lmax [95]

measured and calculated electrostatic properties of the discharge channels de-
veloping in the volume of transformer oil and on the surface of a dielectric
substrate in oil in addition to the data generalized in Table 4.9. In particu-
lar, the radial Er and axial Ez fields of the discharge channel were estimated
in [95] based on experimental data on the channel and fundamental principles
of electrostatics.

It was accepted that the channel is a cylinder of radius a with a hemi-
spherical head. Variation of the potential (and charge) along the channel axis
were neglected. Using the classical expression for the distribution of charge
Q ≈ ClU(z), for Er(r) we obtain

Er (a) =
Q

2πε0 · εL · a , (4.1)

where εL is the oil permittivity.
The field strength near the hemispherical channel Ez can be calculated

by the specula reflection method. The increment of the channel length by δL
causes an increase in the capacitance and electrostatic energy of the system.
Equating this energy increment to the corresponding increment of the work
against forces of electrostatic pressure acting on the channel head, we obtain
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1
2

δCU2 = FδL,

1
2
ClU

2 = F
(4.2)

where U is the potential of the channel head.
The force F directed along the Z axis can be expressed in terms of En(Θ) –

the field strength component normal to the hemispherical head surface:

E2
n (Θ) = E2

r +
(
E2

z − E2
r

) · cosΘ, (4.3)

where Θ is the angle between the Z axis and the normal to the hemispherical
surface, as follows:

F =

π/2∫

0

(f · cosΘ) · 2πa2 · sin Θ · dΘ =
πa2 · ε0 · εL

3

[
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z +
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2
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]
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where f =
ε0 · εL · E2

n (Θ)
2

.

From (4.2) and (4.4), we have

Ez =
[
1
2

(
3U2

πa2 · ε0 · εL
· Cl − E2

r

)]1/2
. (4.5)

The charge distribution on the channel periphery is not known, and hence,
it is impossible to determine the field strength. (The fact of excess charge
concentration on the channel periphery – on its interface with the liquid – can
be considered proved, see Chap. 7.)

Nevertheless, two estimates are possible:

– the thickness of the layer in which the charge is concentrated is negligibly
small in comparison with the channel radius, and hence we can consider the
surface charge density to be localized at distance r = a from the channel
axis;

– the thickness of the layer in which the charge is concentrated is greater
than or equal to a, and the external radius of this layer can be connected
with the “electric” channel radius.

Both estimates give the same expressions, but with different a values.
For the creepage discharge and the wire-plane model of the channel capac-

ity [86], it was derived

Er (r = a) ≈ εg

εL
· U

a · ln
(
2d/a

) , (4.6)

where εg is the relative glass permittivity, d is the thickness of the glass sub-
strate, and U is the local potential of the channel.
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From (4.6) it follows that

Ez = Er

[
3εL

εg
ln
(

2d

a

)

− 1
2

]1/2
. (4.7)

For the channel propagating in oil volume, the expression for the capaci-
tance of the channel of length L and radius a normal to the plane electrode

Cl = 2πε0εL

ln
(
L/a
)
− 1

[
ln
(
L/a
)]2 (4.8)

was used.
From (4.1), (4.5), and (4.8) we derive

Ez ≈ Er

[

3 ln
(
L/a
)

+
5
2

]1/2
. (4.9)

Figure 4.71 shows dependences of Er on a for the creepage (curve 1) and
volume discharges (curve 2). Setting a = 5–10 μm for the volume discharge,
we obtain Er ≈ 2.5–4.5MV/cm; for the creepage discharge at a = 30–40 μm,
Er increases from 3.3 to 4.1MV/cm. It can be seen that these values are close
enough.

Fig. 4.71. Radial field distribution for creepage (1) and volume discharge channels
(2) in transformer oil under U = 20kV for the volume discharge channel length
L = 1 cm, glass substrate thickness d = 3 mm, and oil and glass permittivities
εoil = 2.1 and εg = 7, respectively [95]
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Fig. 4.72. Distribution of the axial field Ez before the head of the creepage (curve 1)
and volume discharge channels (curve 2) in oil under U = 10 kV. The remaining
parameters are the same as in Fig. 4.71 [95]

For a set equal to the “electric” channel radius a′, we naturally obtain
smaller Er values for creepage and volume discharges. This decrease in Er

cannot be significant, since according to calculations [95], a′ cannot exceed a
significantly.

Figure 4.72 shows rough estimate of the Ez value at the head of creepage
(curve 1) and volume (curve 2) discharge channels in oil versus the channel
radius. For positive volume discharge channel, Ez changes within the limits
6–11MV/cm, and for the creepage discharge channel, it is within the limits
3–4MV/cm.

It is important to note that these values agree well with the data on the
critical field strength (Ecr ≈ 5 MV/cm [8, 115]) necessary for the occurrence
of prebreakdown processes in a liquid. According to other data (for example,
see [42, 49, 116, 117]), this quantity changes within the limits 4–20MV/cm
depending on the radius of the initiating electrode and the sort of the liquid.

4.7 Processes in the Stage of Transition
from the Leader to an Arc

At the moment of contact of the leader channel with the plane or of meeting
two counterpropagating leader channels (in the tip-tip gaps), the qualitatively
new main stage of the discharge starts. For voltages exceeding U50%, the main
discharge stage in all investigated liquids does not differ in principle from the
corresponding stage of a long spark in air and is characterized by a high inten-
sity of channel luminescence and fast variations of the current in the circuit.
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The maximum current in the main stage exceeds the current in the circuit with
a metal closing the discharge gap. This excess is caused by the two processes:

– neutralization of the excess charge injected into the interelectrode gap by
the leader and by the charge of the opposite sign induced on the plane
electrode surface or carried out by the leader channel propagating from
the opposite electrode;

– the discharge through the channel of the capacitance formed by the elec-
trodes of the gap.

The optical phenomena in the gap characteristic of this discharge stage are
shown in Fig. 4.73. After the final step (a), a bright flash of the leader channel
is recorded at time moment t1 (b), the voltage across the gap is chopped,
and an arc (b) is observed. (The final step was also registered in [24].) On
streak images recorded with a rate of 5 · 107 cm/s, the left boundary of the
bright luminescence region in the main discharge stage b is parallel to the still
photograph of the leader d causing a gap breakdown. This means that the
velocity of luminescence propagation over the channel exceeds 109 cm/s in the
main stage. Taking into account close values of the leader channel parameters
in the liquid and air, we can assume that the velocity of luminescence region
propagation in the liquid in the main stage is close to that of a long spark in
air and in a lightning, that is, ≈0.2–0.5 of the velocity of light.

Fig. 4.73. Streak photograph of the final stage of leader propagation in distilled
water under U = U50% [7]
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In transformer oil for low breakdown probabilities, when the initial chan-
nel can propagate to the opposite electrode without transformation into a
leader or its transformation into a leader can stop at a certain time moment,
its contact with the plane is not accompanied by a breakdown of the gap,
that is, by complete breaking of its insulation properties. One more process
which transforms the initial channel into a highly conducting channel [6,7] is
necessary for breakdown initiation.

The phenomena accompanying this discharge phase are illustrated by
Fig. 4.74. In the case shown in Fig. 4.74, two channels, a and b, whose lumi-
nesce intensively only near their heads, move to the plane. At time moment
t2, the channel a reached the plane, thereby causing a rather bright light flash
b and a series of current impulses with amplitudes of 0.1–0.2A. The bright

Fig. 4.74. Partial discharge in transformer oil under U ≈ U10%: streak photograph
(A) and oscillograph records of current (1) and voltage (2) [7]
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luminescence occupies ∼90–95% of the channel length; the voltage on the gap
is not chopped, and the discharge phenomena in the gap are not terminated.
At higher streak rates (Fig. 4.75), the channel luminescence at the moment
of contact with the plane is separated into a series of light flashes propagat-
ing one after another (every 1.2–5 μs) from the plane. The flash brightness
decreased, but flashes occupied increasingly larger fraction of the channel.
Flashes repeat from 3 to 6 times. The breakdown of the gap occurs only when
flashes reach the tip or the section of the leader channel propagating from
the tip and having not enough time to cool. Figure 4.75 shows that after four
flashes (a–d) with 1.4 μs delays, a time delay of 8.7 μs was observed followed
with a breakdown and voltage chopping on the gap. Probably, one more flash
that occupied all or the most part of the channel was observed at time moment

Fig. 4.75. Completed discharge in transformer oil under U = U50%: streak photo-
graph (A) and oscillograph record (B) of current (1) and voltage (2) [7]
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t6. It caused the discharge to terminate. (The ICC shutter was closed at time
moment t5.)

For positive tip polarity, the phenomenon as a whole is similar to that
described for negative polarity, but the number of repeated light flashes of
the channel is typically 1–2. The total time of termination of this process was
5–15 μs for negative polarity and 1.5–5 μs for positive polarity. The similar
phenomenon was more recently described in [9, 49]. The transformer oil of
two types that differ by structural composition and a 0.5/85 μs 60 kV voltage
impulse approximately corresponding to a 1% probability of breakdown of the
gap 2.75 cm long were used in the experiments. The maximum time interval
between the contact of the initial channel with the plane and the breakdown
termination was ∼3 μs.

In [60] this phenomenon was observed in transformer oil under the follow-
ing experimental conditions: the +T –P gap 5 cm long, a 1.2/700μs impulse of
positive polarity with amplitude of 82 kV, and the tip electrode with a radius
of 3 μm.

The described phenomena as a whole are similar to the phenomena ob-
served in the process of transformation of the initial channel into a leader:
the discrete character of luminescence and current, close values of delays be-
tween successive light flashes (steps), current impulse amplitudes, and lumi-
nescence brightness. There are grounds to assume the common nature of these
processes.

These phenomena should not be identified with the process of alternative
arc breaking and ignition in liquid dielectrics in the presence of large limiting
resistances in the circuit pointed out in [1, 2, 118]. In this case, electrodes are
closed by the conducting channel, and the insulation properties of the gap are
broken. However, because of artificial current limitation, it is insufficient for
maintenance of the arc. Under certain conditions, the channel is cooled and
collapsed. Its repeated ignition occurs when the voltage on the gap has been
restored.

New materials about discharge propagation in a liquid upon exposure to
microsecond voltage for long discharge gaps demonstrate that the leader pro-
cess in liquids and gases differs significantly only in the first stage. Subsequent
phases of the leader process and the stage of the main discharge in liquids and
gases are qualitatively similar. Differences in the quantitative characteristics
are caused mainly by different rates of hydrodynamic expansion of the dis-
charge channels in these media.
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5

Statistical Investigations
of the Electrical Breakdown

The statistical nature of the breakdown forces the researchers to use statistical
methods of measuring its key parameters and processing measurement results.

The statistical approach not only increases the reliability of the data used
in practice but also provides a method of investigating a breakdown nature.
This is especially valuable when direct methods of observation of the discharge
processes in space and time cannot be employed. In the study of the pulsed
breakdown, the most important time characteristics are the statistical dis-
charge time lag, discharge formation time, and discharge (or breakdown) time
lag. (A description of the special features of the application of the term statis-
tical discharge time lag applied to the discharge in liquids see in Sect. 2.4.4).

5.1 Possibilities and Methods of Statistical Investigations

5.1.1 Relationship between the Statistical Characteristics
and Nature of the Discharge Processes

The statistical theory of liquid dielectric breakdown, first formulated in [1,2],
was further developed by other authors (for example, see [3]), and statistical
approaches to calculations of high-voltage insulation, including liquid one,
were generalized in [4].

A character of distribution of the discharge formation time tf can be elu-
cidated experimentally if the average statistical time lag is t̄st ≈ tf . Measure-
ments of the breakdown time lag for n-hexane at high field strengths (in the
nanosecond range) have demonstrated that the tf distribution is close to a
normal one [5]. With allowance for this, the distribution of the total break-
down time lag is determined as a superposition of the exponential (tst) and
normal distributions (tf) [6]. Exponential distributions of the breakdown time
lag were obtained in [7] for the nanosecond breakdown of the transformer oil
and distilled and tap water in gaps 31 and 36 μm long with uniform fields.
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Results of statistical investigations of the time breakdown characteristics
including tf were used in [8, 9] to estimate the mobility of charge carriers in
strong electric fields. In connection with the contradictory conclusions about
the character of the tlag distribution and in connection with the fact that very
short (a few tens of microns) interelectrod gaps were used in these studies,
the time lag distributions for the nanosecond liquid breakdown of long (0.75
and 1.5mm) gaps with a uniform field were investigated in [10]. As in [5,6], a
normal tlag distribution was obtained, and it was concluded that the relative
contribution of tst to the total breakdown time lag tlag is small for nanosecond
breakdowns of liquids in comparison with the relative contribution of tf .

Investigations of the electric discharge propagation from anode in distilled
water (with a quasi-uniform field) performed in [11] demonstrated that tst
strongly decreased with increase in the field strength. Statistical measure-
ments of tf demonstrated that the average discharge propagation velocity
amounted to ∼ 106–107 cm/s as a function of the field strength.

Important information on the pre-breakdown processes can be obtained
from an analysis of probability distributions of some characteristic quantities,
for example, the duration of pre-breakdown luminescence, breakdown field
strength, breakdown time lag, etc.

Pre-breakdown light pulses were observed in hydrocarbon liquids at field
strengths E ∼ 0.4 − 0.7 MV/cm with the use of a photomultiplier [12]. It ap-
peared that their occurrence is random in character. The statistical analysis
of the time lag between the moment of voltage application and the first and
second light pulses demonstrated that the average frequency of their occur-
rence depends on the field strength, electrode material, and liquid type. It
was assumed that the light flashes were due to microscopic discharges near
the electrodes caused by small charged particles and initiating the gap break-
down in strong electric fields. The time lag distribution for the first light pulse
in n-hexane was investigated in [13]. It was found that the character of dis-
tribution changed at high field strength E ∼ 2.3 MV/cm (in the nanosecond
range), thereby indicating the change of the discharge initiation mechanism.

Results of statistical analysis of the breakdown field strength in liquid
helium were presented in [14]. The two characteristic maxima caused by a
superposition of two distributions were established. Different characters of
the pressure influence on these distributions were revealed. The dependence
of the position of the first distribution (characterized by a lower breakdown
field strength) on the pressure was in agreement with the hypothesis about
the bubble breakdown mechanism. The position of the second distribution
was determined by the liquid density and was independent of the pressure.
The different mechanisms of liquid helium breakdown were hypothesized.

The breakdown time lag distribution for n-hexane (in the Laue coordi-
nates) versus the interelectrode distance was investigated in [15] for voltage
pulse duration of ∼100 ns. It was found that at a certain critical interelectrode
distance (E was kept constant), the character of the distributions changed.
The critical distance depended on the electric field strength and decreased
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with increase in the field strength. For example, at E = 3.5 MV/cm, the
critical distance was about 45 μm. By analogy with the gas discharge, it was
assumed that the critical distance between the electrodes was caused by the
critical length of the avalanche-streamer transition. A strong dependence of
tst and tf on the field strength was also reported in [16] when studying the
pulsed electric breakdown of liquefied gases. The discharge formation time
(at constant field strength) increased with the interelectrode distance. How-
ever, tst was independent of the interelectrode distance. The estimated for-
mation velocity (the drift velocity) under assumption of the single-avalanche
breakdown mechanism of liquid argon demonstrated that it was in the range
∼105 − 106 cm/s.

Avrorov and Vorobjev [17] analyzed the statistic breakdown time lag of
distilled water as a function of the electric field strength. They revealed that
in the microsecond range (for an interelectrode distance of 3 mm), the break-
down time lag distribution had a characteristic break. A comparison with
the results of optical investigations demonstrated that under these condi-
tions, the discharge propagated not only from anode but also from cathode.
A method of analyzing statistical distributions of the breakdown time lag
was suggested that allowed the cathode discharge formation velocity to be
estimated (∼105 cm/s).

The statistical analysis of the breakdown time lag was also carried out
versus the electric field strength and liquid type [18], electrode material (for
distilled water) [19], pressure and impurity type (for n-hexane) [20], geometry
and gap length (for mineral oil) [21], cathode or anode discharge initiation
(for hydrocarbon liquids) [22], and characteristics of additives incorporated
into the liquid [23].

The statistical investigations have allowed a number of important and
interesting results to be obtained. In particular, the opportunity of different
liquid breakdown mechanisms was demonstrated. The common empirical laws
to which the processes of electric discharge initiation and propagation in liq-
uids obey were established. The velocity of the pre-breakdown processes was
also estimated. At the same time, the analysis of publications allows us to
conclude that they are small in number. Apparently, this is due to the fact
that a detailed statistical analysis is labor-consuming and calls for application
of automated systems of obtaining and processing experimental data.

5.1.2 Automated System for Statistical Investigations

As is well known, the accuracy of a statistical description increases with the
number of successive measurements N0 (the sample length). According to the
central limiting theorem, if N0 is large and values of a random variable are
uncorrelated, the distribution of the sample average will obey a normal law
with the variance σ2/N0, where σ2 is the variance of the individual measure-
ment. This result is valid for any distribution of the random variable (with
limitations insignificant for practical cases), which gives reliable confidential
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limits for the average value if N0 ≥ 30 and a distribution is not very asym-
metric. As to estimates of the standard deviations, correlation coefficients,
and statistical tests of hypotheses, in these cases N0 must exceed 100 [24].
For example, for a Gauss distribution and N0 = 100, the relative error in
determining the sample average is 14%, and the standard deviation is halved.
For oscilloscope recording of quantities with subsequent manual processing
of the raw data, a statistical analysis calls for significant efforts and much
time. Labor consumption of investigations can be considerably reduced and
the measurement accuracy increased with the use of means for automated
data acquisition, accumulation, and processing. A computer-controlled exper-
imental setup provides an analysis of information directly in the process of
measurements, thereby exercising control over the experiment. To develop au-
tomated systems, problems of the interface of the measuring equipment with
a computer and of the system stability to external noise should be solved.
Statistical investigations of pulsed electric breakdown of liquids with the help
of an automated system have demonstrated high efficiency of this approach
to the organization of experiment [25].

Figure 5.1 shows the block diagram of an automated system. Pulsed volt-
age with amplitudes up to 40 kV generated by pulsed voltage generator (1 )
is applied to discharge gap (2 ) filled with a liquid dielectric. The pulse front
duration was ∼10 ns, and the duration of its flat-topped part was ∼5 μs. At
the moment of gap breakdown, a sharp voltage drop occurs (during several
nanoseconds), and a pulse of approximately rectangular shape is formed. To
measure its duration (the breakdown time lag), device for measuring time

Fig. 5.1. Block diagram of the automated system for statistical analysis of the
breakdown time lag comprising pulsed voltage generator 1, discharge chamber 2,
device for measuring time intervals 3, and computer 4. Here R2 = 50
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intervals (3 ) is used. The input signal level is decreased by a low-inductive
resistive divider (R1, R2) placed near the discharge chamber. The error in mea-
suring time was 10 ns, and the resistance of the input channel was 50 Ω. The
information on the measured quantity is then put in the computer. Specially
developed software is employed for data acquisition, accumulation, and real-
time processing, construction of histograms and Laue diffraction patterns,
and calculations of the parameters of statistical distributions including the
average breakdown time lag, standard deviation (empirical standard), root-
mean-square error in calculating the average, drift of the parameters, etc.
The opportunities of the software were tested in a computer experiment for a
model of a random variable with a normal law of probability distribution. An
actual experiment was modeled by addition of 3–10% noise level. Calibration
of the automated measuring-computation system was carried out with the
help of the pulsed voltage generator with durations of rectangular pulses of
10, 30 and 100 ns. As a whole, these results demonstrated a high degree of
reliability of the method.

To carry out 150 measurements (one cycle) in the automated regime with
a characteristic frequency of 0.1Hz, 25min are required. In the course of
experiments, the state of the discharge gap was monitored by the optical
method.

The application of the automated measuring-computer system has in-
creased the rate of data acquisition and processing by more than an order of
magnitude. This has allowed us to carry out regular statistical investigations
of the pulsed electric breakdown of liquids versus the electric field strength,
interelectrode distance, and external pressure.

5.1.3 Methods of Analyzing Statistical Distributions
of the Discharge Time Lag

Analysis of the statistical discharge time lag. The distribution of events in a
series of N independent successive tests or simultaneous observations of a set
of N objects (if the event either occurs or does not occur) is described by a
binomial or Bernoulli distribution [26].

We are interested in the probability of breakdown initiation during time
interval t. The following conditions are met: the occurrence or absence of the
event during time t is independent of the event prehistory (independence of
events); the probability of the event occurrence during a small interval of time
Δt is proportional to the duration of this interval, that is, p = μ · Δt, where
μ is the probability of occurrence of a single event in unit time (depends on
the field strength); the probability of two or more events during the interval
of time Δt is considered small.

We now divide the time interval t into N small subintervals and assume
that the probability of breakdown initiation in each subinterval is equal to p.
The total probability for N intervals is
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P (t) = N · p (1 − p)N−1
.

Going to the limit at N → ∞, we obtain the probability distribution with the
density

f (tst) = μ exp (−μtst) . (5.1)

Thus, the statistical time lag obeys an exponential distribution law [2, 3].
The average statistical time lag t̄st (the mathematical expectation) is t̄st =
1/μ. For the variance of the statistical time lag, we obtain σ2 (tst) = (t̄st)

2.
Analysis of the total discharge (breakdown) time lag. We now find the

probability that the discharge will be initiated during time equal or greater
than tst:

P (tst,∞) =

∞∫

tst

f (tst) dtst = exp (−tst/t̄st). (5.2)

The total time lag is conventionally measured in the experiment with fixed
values of voltage, pressure, and interelectrode gap length. The frequency of
the breakdown occurrence during time equal to or greater than t can be found
from the experimental results:

F (t,∞) = Nt/N0,

where Nt is the number of pulses for which the breakdown time lag is equal
or larger than t and N0 is the number of breakdowns.

Based on the Bernoulli theorem [26], we can state that the frequency of
event F (t,∞) approaches the event probability P (t,∞) for a large number
of experiments (more precisely, it converges to it across the probability). If we
assume that the discharge formation time tf is approximately constant, (5.2)
assumes the form

Nt = N0 exp [− (t − tf) /t̄st] . (5.3)

Thus, the dependence between − ln (Nt/N0) and t must be linear. The
slope of the straight line specifies the average statistical time lag t̄st, and its
intersection with the ordinate − ln (Nt/N0) = 1 gives the discharge forma-
tion time tf . This provides the basis for the Laue method of analysis of the
breakdown time lag distribution in gases.

Under conditions of actual experiment, the discharge formation time tf
undergoes fluctuations. The quantity Δtf that specifies the spread of the dis-
charge formation time can be expressed as the sum of a large number of
independent (or weakly dependent) elementary deviations (caused by various
factors), each influencing the sum comparatively small. According to the cen-
tral limiting theorem, the law of distribution of the sum of a large number of
independent random variables obeying any distribution laws (given that the
above-indicated nonrigid restrictions are met) follows approximately a normal
law [26]. Experimental investigations confirmed that the discharge formation
time distribution is close to a normal distribution [5].
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The normal distribution law is characterized by the probability density

f (tf) =
(
1/σ

√
2π
)

exp
[
− (tf − t̄f)

2
/2σ2

]
, (5.4)

where t̄f and σ2 are the average value (the mathematical expectation) and
variance of the discharge formation time tf .

In this case, the distribution of the total breakdown time lag can be de-
scribed by a mathematical model based on a superposition of the exponential
distribution of the statistical time lag and the normal distribution of the dis-
charge formation time [6]. We now find the distribution of the breakdown time
lag caused by two successive processes of the discharge initiation and propa-
gation. We now assume that these processes are statistically independent. Let
us assume that the first process with the average statistical time lag t̄st occurs
during dtst. The termination of this process leads to the occurrence and de-
velopment of the second process with the average discharge formation time t̄f .
Let us also assume that the gap breakdown occurs during dt. The probability
of breakdown occurrence during time interval t, t + dt is determined by the
product of probabilities of the two processes:

dP (t, t + dt) = (1/t̄st) exp [−tst/t̄st] dtst

×
(
1/σ

√
2π
)

exp
[
− (t − tst − t̄f)

2
/2σ2

]
dt.

For the probability of breakdown during time interval [0, t], we obtain

P (0, t) = (1/t̄st)

t∫

0

exp (−tst/t̄st)
{(

1/σ
√

2π
)

×
t∫

tst

exp
[− (t − tst − t̄f) /2σ2

]
dt
}

dtst. (5.5)

Integrating numerically (5.5) and then proceeding to the opposite event,
we obtain the probability P (t,∞) that the gap breakdown will take place
during the time equal to or greater than t.

As an example, Fig. 5.2 shows the results of calculations in the Laue coor-
dinates (in the semilogarithmic scale) with the following distribution param-
eters: t̄st = 100 ns, t̄f = 150 ns, and σ = 25 ns.

The dependence of the cumulative distribution (the right curve) differs
from a linear one. However, it can be seen that the average statistical time
lag t̄st and the average discharge formation time t̄f can be determined from
the rectilinear section of the curve. Results of calculations for other char-
acteristic relationships among the parameters of distributions demonstrated
that if the average statistical time lag t̄st is much greater than the average
discharge formation time t̄f , the cumulative distribution differs only slightly
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Fig. 5.2. Distribution of the statistical time lag (a) and total discharge time lag
(b) caused by two successive processes

from an exponential one. Otherwise, the cumulative distribution is close to a
normal one.

Parallel processes. The method of analysis of statistical breakdown time lag
distributions for parallel processes was suggested in [17]. Taking into account
the importance of the results obtained, we now consider the parallel processes
in more detail.

Let us consider two competing statistically independent events, for exam-
ple, a gap breakdown initiated by the discharge propagating from anode or
cathode (or by other mechanisms developing from one electrode). For sim-
plicity, we assume that the formation times for these processes are weakly
fluctuating quantities. The probability that the first event occurs during time
equal to or greater than t is given by the expression

P1 (t,∞) = exp [− (t − tf1) /t̄st1] .

Analogously, for the second event we have

P2 (t′,∞) = exp [− (t′ − tf2) /t̄st2] .

Let tf2 > tf1. We note that

P1 (t) = 0 for t ≤ tf1 and t′ =
{

tf2, for t ≤ tf2,
t, for t > tf2.

The probability of gap breakdown during time ≥ t is the probability
of occurrence of both the first and second events. The cumulative proba-
bility of occurrence of two statistically independent events is equal to the
product of the probabilities of these events (the theorem of multiplication
of probabilities [26]):
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P (t,∞) = exp [− (t − tf1) /t̄st1] exp [− (t′ − tf2) /t̄st2] . (5.6)

Taking the logarithm of (5.6), we obtain

− lnP (t,∞) = (t − tf1) /t̄st1 + (t′ − tf2) /t̄st2. (5.7)

As an example, curve c in Fig. 5.3 shows the calculated cumulative proba-
bility distribution for the parameters tf1 = 100 ns, t̄st1 = 100 ns, tf2 = 150 ns,
and t̄st2 = 60 ns in the Laue coordinates. The probability distributions for the
first (curve a) and second events (curve b) are also shown in the figure. It can
be seen that the cumulative distribution has a break at t = tf2; the straight line
segment for the interval (tf1, tf2) characterizes the first event, and at t > tf2, it
characterizes the occurrence of simultaneously two events. From the slope of
the first straight line, the average statistical time lag t̄st1 can be determined.
Knowing the slope of the second straight line, the average statistical time lag
t̄st2 can be found. Indeed, (5.7) for t > tf2 assumes the form

− lnP (t,∞) = [(t̄st1 + t̄st2) /t̄st1t̄st2] t − (tf1t̄st2 + tf2t̄st1) /t̄st1t̄st2,

where
1/τ = (t̄st1 + t̄st2) /t̄st1 t̄st2 = 1/t̄st1 + 1/t̄st2 (5.8)

is the coefficient that specifies the slope of the straight line.
From (5.8) we find that

t̄st2 = τt̄st1/ (t̄st1 − τ) . (5.9)

Fig. 5.3. Probability distributions for two individual events (curves a and b) and
cumulative probability distribution for parallel processes (curve c)

Thus, the parameters of the processes involved in the breakdown mecha-
nisms can be estimated from an analysis of the cumulative breakdown time
lag distributions.
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5.2 Dependence of the Statistical Characteristics
on the Discharge Conditions

Experiments were carried out using an experimental setup comprising a volt-
age pulse generator, a discharge chamber, and a complex of superfast optical
registration. The voltage pulse with amplitude of 150 kV had a front dura-
tion of 30 ns and a flat-topped part duration of 6 μs. The discharge gap was
formed by two hemispherical electrodes (with radii in the range 0.5–1.5 cm)
fabricated from stainless steel with interelectrode distance in the range
1.5–5mm. The chamber was filled with distilled water, n-hexane, four-chloride
carbon, or other liquids. The complex of experimental techniques included
systems of superfast laser Schlieren-photography that allows the dynamics of
pre-breakdown processes to be investigated with time resolution of ∼5 ns and
spatial resolution of ∼15 μm, and photoregistration of the discharge lumines-
cence with image converter cameras having time resolution of ∼10−9 s. The
electrodes and liquid were not degassed.

Figure 5.4 shows a histogram of the measured breakdown time lag in dis-
tilled water for a field strength of 0.6MV/cm (a) and the breakdown time lag
distribution in the Laue coordinates (b).

It can be seen that the distribution is not symmetric, and the Laue diffrac-
tion pattern differs from a straight line. The histogram and the Laue curve
can be described by a mathematical model based on a superposition of an
exponential distribution of the statistical time lag and a normal distribution
of the discharge formation time (Sect. 5.1).

The average breakdown time lag was 55±1ns, and the standard deviation
was 18 ns. From the rectilinear section of the curve we find that the average
statistical time lag is 16 ns and the average discharge formation time is 42 ns.
The average breakdown time lag tlag = tst + tf is close to the sample average,
which confirms the correctness of the statistical interpretation.

The voltage-time characteristic is important for practical application and
understanding of the discharge mechanisms (see Sects. 4.2 and 6.1). In physical
investigations, it is conventionally represented as tlag = f (E).

Figure 5.5 shows the dependences of the average breakdown time lag t̄lag
and average statistical time lag t̄st on the electric field strength E for distilled
water (ρ ∼ 105 Ω · cm), n-hexane, and four-chloride carbon (ρ = 1012 Ω · cm).
Each point was averaged over 40−50 measurements. The horizontal bars indi-
cate the 0.95 confidence interval. The horizontal dashed straight lines indicate
the quasi-statical breakdown field strength.

It appears that the dependence of the electric strength of the examined
liquids on the pulse duration for a uniform field with strengths in the range
∼0.3 − 1 MV/cm can be approximated by the expression:

t̄lag (E − Est)
4 = Ki, [Ki] =

(
MV4 · ns

)
/cm4,
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Fig. 5.4. The statistical analysis of breakdown time lag in distilled water: a) his-
togram of the measurements breakdown time lag (N0 = 510) and b) breakdown time
lag distribution in the Laue coordinates. The electric field strength was 0.6 MV/cm,
and the interelectrode distance was 0.2 cm



250 5 Statistical Investigations of the Electrical Breakdown

Fig. 5.5. Dependences of the average breakdown time lag t̄lag and average statistical
time lag t̄st for distilled water, n-hexane (for an interelectrode distance of 0.2 cm),
and four-chloride carbon (for an interelectrode distance of 0.15 cm) on the electric
field strength
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where K1 = 12.6 for H2O, K2 = 37.5 for C6H14, and K3 = 200 for CCl4. Here
E is the maximum field strength withstood by the liquid without breakdown
during time t̄lag, and Est is the quasi-static breakdown field strength.

Figure 5.5 allows us also to establish an approximate empirical dependence
of the average discharge formation time t̄f and average statistical discharge
time lag t̄st on the field strength E:

t̄lag = t̄st + t̄f ≈ Kst/E8 + Kf/E3.

It can be seen that at high field strengths, the average statistical time lag
is much less than t̄f . In this case, t̄lag ≈ t̄f ≈ Kf/E3, which coincides with (6.5)
suggested in [32] for high field strengths. For low field strengths, the average
breakdown time lag is determined mainly by the statistical time lag, which
explains the smooth dependence of tlag on the field E.

By analogy with the average discharge formation velocity V f , the average
velocity of the discharge ignition process V ign can be introduced. (The velocity
of the optical inhomogenety propagation, See Chap. 3). Obviously,

V ign ≈ C1E
3 and V f = d/t̄f ≈ C2E

3,

where d is the interelectrode distance and C1 and C2 are constants.
Figure 5.6 shows the dependences of the average discharge ignition and

formation velocities on the electric field strength for the indicated liquids.
Both dependences can be described approximately by empirical formula

V f ≈ CE3. For example, the average discharge ignition velocity in distilled
water is approximately 5 · 106 cm/s for E ≈ 0.6 MV/cm (d = 0.2 cm). Val-
ues of the average velocity of the discharge channel propagation from positive

Fig. 5.6. Dependence of the average discharge ignition velocity V ign and of the
formation velocity on the electric field strength
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electrode for purified distilled water with ρ ∼ 3 · 106 Ω · cm and interelec-
trode distance of 0.5 cm measured directly with a PIM-3 ICC operating in
the chronography mode are also shown in the figure. It can be seen that the
average velocity of channel growth V f is higher than the average discharge ig-
nition velocity V st found from the statistical analysis of the breakdown time
lag. This confirms that there exists an initial stage of the discharge initia-
tion which is not accompanied by optical radiation generation and cannot be
registered with an ICC (Chap. 3).

Thus, preliminary results have demonstrated the efficiency of the statistical
analysis of pulsed electric breakdown of liquids [11, 18].

5.3 Discharge Mechanisms in Liquids from the Data
of Statistical Investigations

Since the discharge formation time decreases with the interelectrode distance,
it is pertinent to carry out more detailed investigations of the processes
responsible for the statistical delay in submillimeter gaps. In this case, the
condition that the discharge formation time t̄f is much less than the statis-
tical time lag t̄st can be easily met. It is of significant interest to study the
influence on the statistical time lag and discharge formation time of the factors
that can affect the physical mechanism of discharges in liquids.

In experiments at increased pressures, a special discharge chamber was
used, the pressure in which could be increased up to several hundreds of
atmospheres. The system of input of a grounded electrode allowed the gap
length to be adjusted smoothly, keeping the pressure in the chamber un-
changed. The discharge gap length was monitored during the experiment by
the optical method based on the Fraunhofer diffraction pattern. The intensity
distribution was determined with a photorecording system with the use of
a computer to control over the experiment and to process the experimental
data. The relative measurement error did not exceed 5%.

Figure 5.7 shows the results of statistical analysis of the breakdown time
lag for n-hexane. They were obtained in a quasi-uniform electric field with
strength of ∼1.6 MV/cm for an interelectrode distance of 100μm [25,27]. The
dependence (a) was obtained for five groups of successive measurements com-
prising 30 measurements in each group with the number of measurements
equal to 150. For each group, the average breakdown time lag (filled circles)
was calculated. Assuming that the average time lag and the number of break-
downs are linearly related, the experimental points were approximated by a
straight line using the least square method. It can be seen that the aver-
age time lag is essentially independent of the number of breakdowns, which
is indicative of the absence of aftereffect, that is, influence of the preceding
breakdowns on the parameters of electric discharge.

Figure 5.7b shows the histogram of the measured breakdown time lag. Here
the number of breakdowns per each time interval is plotted on the vertical axis.
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Attention is drawn to the presence of two clearly pronounced peaks on the
histogram. A comparison with the results of optical observations demonstrates
that this is caused by the existence and competition of two different breakdown
mechanisms. One of them corresponds to the electric discharge from cathode
(C), and another corresponds to the discharge from anode (A) (see Chap. 3).
From Fig. 5.7 it follows that the average breakdown time lag is 310 ± 13 ns,
and the standard deviation is 160ns.

The breakdown time lag distribution constructed by the Laue method is
shown in Fig. 5.7c. Here Nt is the number of pulses at which the time lag is
equal to or greater than t, and N0 is the number of measurements. The solid
broken curve illustrates the idealized limiting distribution. It can be seen that
ln (Nt/N0) varies with t approximately linearly, that is, the breakdown time
lag obeys an exponential distribution law. The special feature of the curve is
a break at the point with the ordinate approximately equal to 1. This behav-

Fig. 5.7. Results of statistical analysis of the breakdown time lag for n-hexane:
a) dependence of the average time lag on the number of breakdowns, b) histogram of
the measured breakdown time lag at atmospheric pressure (N0 = 150), c) breakdown
time lag distribution in the Laue coordinates, and d) histogram of the measured
breakdown time lag at an external pressure of 0.4 MPa (N0 = 150)
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ior of the Laue curve can be described by a mathematical model based on a
superposition of two exponential distributions for competing statistically inde-
pendent events with different characteristic times. Thus, the shape of the Laue
curve with a break indicates the existence of two competing and independent
breakdown mechanisms, which confirms the results of optical observations.
From the analysis of the cumulative distributions, the parameters of the pro-
cesses involved in the breakdown mechanisms can be estimated. For example,
the average statistical time lag is about 40 ns for the breakdown from cathode,
and the average discharge formation time is 430ns. For the breakdown from
anode, these parameters are equal to 380 and 50 ns, respectively. It should be
noted that the average statistical time lag of the discharge from cathode is
much smaller than that from anode. The average velocity of formation of the
discharge from anode is ∼2 · 105 cm/s and is approximately by an order of
magnitude greater than that from cathode. Figure 5.7d shows the histogram
of the measured breakdown time lag under application of an external pressure
of 0.4MPa. It can be seen that the pressure influences significantly primary
the discharge from anode.

Figure 5.8 shows the results of statistical analysis of the breakdown time
lag for n-hexane at an electric field strength of ∼1.3MV/cm corresponding to
the microsecond region. The histogram is shaped as a symmetric bell (a). Mea-
surements are described by a normal distribution law. A comparison with the
results of optical observations demonstrates that the breakdown is initiated
by an electric discharge from cathode [28]. The average breakdown time lag is
750±25 ns, and the standard deviation is 310 ns. From the Laue curve (b), we
obtain that the average statistical time lag is about 100ns, and the average
discharge formation time is 670 ns.

Fig. 5.8. Results of statistical analysis of the breakdown time lag for n-hexane:
a) histogram of the measured breakdown time lag (N0 = 150 and P = 0.1 MPa)
and b) breakdown time lag distribution in the Laue coordinates. The field strength
was 1.3 MV/cm, and the interelectrode distance was 100 μm. Here N0 is the number
of measurements
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The average formation velocity for the discharge from cathode was ∼1.5 ·
104 cm/s. The external pressure influences significantly primarily the average
statistical time lag. At a pressure of 0.3MPa, it increases by a factor of ∼2.5,
and the average discharge formation velocity decreases to ∼1.3 · 104 cm/s.

For a comparison, Fig. 5.9 shows the results of statistical analysis of the
time lag of the breakdown initiated in distilled water by an electric discharge
from anode (the interelectrode distance was less that critical, see Sect. 3.3).
The distribution at increased pressure is asymmetric (a). From the data of
Fig. 5.9a, the average breakdown time lag amounts to 434 ± 28 ns, and the
standard deviation amounts to 348ns at an external pressure of 0.75MPa.
The dependence of the Laue diffraction patterns on the external pressure is
shown in Fig. 5.9b. The influence of the pressure on the statistical time lag
is significant. As follows from the analysis of the Laue curves, the average
statistical time lag amounts to 75 ns at atmospheric pressure, and the average
discharge formation time is 154ns (the average breakdown time lag is in the
nanosecond range). These parameters are equal to 235ns and 180ns, respec-
tively, at the pressure P = 0.75 MPa. At the increased pressure, t̄st > t̄f , which
determines the form of the distribution in Fig. 5.9a. The average discharge for-
mation velocity for water is approximately by an order of magnitude greater
than for n-hexane and amounts to ∼1.3·105 cm/s. It decreases to 1.1·105 cm/s
with increasing pressure.

The analysis of the results of statistical investigations depending on the
external pressure demonstrates that for a certain combination of the experi-
mental conditions, the important role in the discharge ignition is played by the

Fig. 5.9. Results of statistical analysis of the breakdown time lag in distilled water:
a) histogram of the measured breakdown time lag (the number of measurements
was N0 = 150 and P = 0.75 MPa) and b) distribution of the breakdown time lag
in the Laue coordinates (curve 1 is for N0 = 150 and P = 0.1 MPa and curve 2 is
for P = 0.75 MPa). The electric field strength was 0.9 MV/cm, the interelectrode
distance was 200 μm
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processes of bubble formation. The strong influence of the external pressure
on the statistical delay indicates that the thermal mechanism of microbubble
formation is dominant. Thus, the statistical delay of the electric discharge
from anode includes the process resulting in fast local superheating of the
liquid near the electrode surface and nucleation. Figure 5.10a–c shows his-
tograms of the breakdown time lag distribution for n-hexane depending on
the external pressure for field strength of ∼1.9 MV/cm [29]. It can be seen that
the increase in pressure results in essential change of the distribution form.
This is caused by the existence and competition of two breakdown mecha-
nisms from anode (their structures are different, see Sect. 3.1). Attention is
drawn to the occurrence of the second maximum in the distribution shown in
Fig. 5.10b. A comparison with the results of optical observations demonstrates
that the first maximum correlates with the uniform (in the structure) electric
discharge, and the second maximum correlates with the complex discharge
having the initial bubble stage.

Thus, the discharges from cathode and anode can be separated by their
time characteristics with the help of the external pressure. This indicates
different characters of the physical processes that lead to their occurrence.
After determination of the most probable time lags for the corresponding
breakdown mechanisms t1 and t2, it is of interest to follow their changes
as functions of the external pressure. These results are shown in Fig. 5.10.
Strong influence of pressure on the time lag t1 confirms the important role of
the bubble stage of complex electric discharge initiation. At the same time,
the absence of a noticeable influence of pressure on the time lag t2 indicates
that the bubble stage is either absent or unimportant for the uniform electric
discharge initiation. It should be noted that carbon liberated in the discharge
zone and changes in the n-hexane structure influence the breakdown time lag
at pressures ≥1 MPa. A certain decrease in the time lag t2 at pressures in the
range ∼1.1 − 1.5 MPa is most likely caused by this effect.

Figure 5.11 shows histograms of the breakdown time lag distribution for
n-hexane at a field strength of ∼2.1 MV/cm corresponding to the nanosec-
ond range for the indicated values of the external pressure [30, 31]. It can
be seen that with increase in pressure, the distribution form changes from
approximately symmetric (at atmospheric pressure) to noticeably asymmet-
ric (P = 0.9 MPa). The average breakdown time lag t̄ also increases with
pressure.

The distributions of the breakdown time lag obtained constructed by the
Laue method are shown in Fig. 5.12a for the indicated external pressures.
The special feature of the curves is a kink observed in the curve with in-
creasing pressure (see curves 3 and 4 in Fig. 5.12a). The kink in the Laue
curves indicates the existence of two independent competing breakdown mech-
anisms. A comparison with the results of optical observations demonstrates
that the breakdown is initiated by electric discharges from anode. The sub-
sequent smooth transition to a straight line (see curve 5 in Fig. 5.12a) indi-
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Fig. 5.10. Results of statistical analysis of the breakdown time lag for n-hexane
with a field strength of 1.9 MV/cm and an interelectrode distance of 100 μm. The
histograms are drawn for: a) t̄ = 98 ns, the standard deviation of the individual
measurement σ = 34 ns, atmospheric pressure, and the number of measurements
N0 = 150; b) t̄ = 149 ns, σ = 72 ns, P = 0.5 MPa, and N0 = 150; c) t̄ = 156 ns,
σ = 133 ns, P = 1.3MPa, and N0 = 120; d) dependences of the most probable
breakdown time lag for two breakdown mechanisms on the external pressure

cates the change of the breakdown mechanism with increase in the external
pressure.

Based on an analysis of cumulative breakdown time lag distributions (see
Sect. 5.1), the average statistical time lag t̄st and the average discharge for-
mation time t̄f can be estimated for each breakdown mechanisms together
with their dependences on the external pressure. These data are shown in
Fig. 5.12b. From the figure, the strong influence of the pressure on the first
breakdown mechanism and the absence of influence of the pressure on the sec-
ond breakdown mechanism are seen. The average electric discharge formation
velocity increases and reaches ∼4 · 105 cm/s.
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Fig. 5.11. Histograms of the breakdown time lag distribution for n-hexane versus
the pressure P : a) t̄ = 53 ns, standard deviation of individual measurement σ =
11 ns, atmospheric pressure, and number of measurements N0 = 100; b) t̄ = 63ns,
σ = 19 ns, P = 0.3 MPa, and N0 = 130; c) t̄ = 79 ns, σ = 28 ns, P = 0.5MPa, and
N0 = 150; d) t̄ = 88ns, σ = 45 ns, P = 0.7 MPa, and N0 = 150; and e) t̄ = 101 ns,
σ = 68ns, P = 0.9 MPa, and N0 = 136. The field strength was 2.1 MV/cm, and the
interelectrode distance was 100 μm



5.3 Discharge Mechanisms in Liquids from the Data of Statistical Investigations 259

Fig. 5.12. Results of statistical analysis of the breakdown time lag for n-hexane
at a field strength of 2.1 MV/cm: a) breakdown time lag distribution in the Laue
coordinates for atmospheric pressure (curve 1 ) and P = 0.3 (curve 2 ), 0.5 (curve
3 ), 0.7 (curve 4 ), and 0.9 MPa (curve 5 ); b) dependences of the average statistical
time lag and of the average discharge formation time for the first (curves 1 and 2 )
and second breakdown mechanisms (curves 3 and 4 ) on the external pressure

Figure 5.13 shows the dependences of the average breakdown time lag
found from the analysis of statistical distributions (t̄lag = t̄st + t̄f) for the
first (curve 1 ) and second mechanisms (curve 2 ) on the external pressure.
The results of direct measurements of the breakdown time lag are also shown
here (see curve 3 ). Each point was averaged over 100–150 measurements. It
can be seen that at atmospheric (or slightly higher) pressure, the first break-
down mechanism (with the complex discharge) is dominant. For it, tst and the
breakdown time lag obey a distribution law close to normal (Fig. 5.11a). With
increase in pressure, the breakdown time lag caused by the first mechanism
increases thereby leading to coexistence and competition of two breakdown
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Fig. 5.13. Dependences of the average breakdown time lag for the first (curve 1 )
and second breakdown mechanisms (curve 2 ) on the external pressure. Curve 3
shows direct measurements of the breakdown time lag

mechanisms. For pressure P ≥ 0.9 MPa, the second mechanism (with the uni-
form discharge) is dominant. For this mechanism, tf and the breakdown time
lag obey distribution laws close to exponential (see Fig. 5.11e). Thus, the weak
influence of the external pressure on the average breakdown time lag is caused
by the transition to the ionization mechanism of breakdown from anode (the
uniform discharge) at increased pressure.

The vertical dashed straight line in Fig. 5.12b indicates the pressure at
which the complex electric discharge has no time to be formed, and a tran-
sition occurs to the uniform electric discharge. The strong influence of the
external pressure (comparatively low) on the statistical time lag for the com-
plex electric discharge from anode indicates the thermal mechanism of the
bubble stage. Hence, the statistical delay for the complex electric discharge
involves the process leading to fast local heating of the liquid near the anode
surface and formation of a vapor microbubble. The discharge formation time is
connected with the bubble expansion, development of the ionization processes
inside the bubble, and onset of the fast ionization processes in the liquid as
a result of the electric field amplification at the pole of the deformed bubble
(becoming conducting after the breakdown). The statistical time lag of the
uniform (by the structure) electric discharge from anode is meant the time
required for the onset of self-sustaining ionization processes in the liquid. The
discharge formation time corresponds to the anode-to-cathode propagation of
the ionization processes.

In conclusion it should be noted that the direct correlation of the pre-
breakdown phenomena with the character of statistical distributions of the
breakdown time lag considerably increases the role of the statistical analysis
and opens new opportunities for a study of the influence of various factors
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(external pressure, temperature, impurity, etc.) on the discharge mechanism
in the liquid.
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6

Basic Laws Describing of the Impulse Electric
Strength of Liquids

Before a description of the main physical models of discharge initiation and
propagation, the authors have decided to present a chapter containing exper-
imental data on the electric strength of liquids and its dependence on the
nature (properties) of liquids and breakdown conditions.

This decision is dictated first, by the fact that the experimental data on
the electric strength of liquids are additional material promoting elucidation
of the nature (mechanisms) of liquid breakdowns. In some cases in which
the discharge processes cannot be observed experimentally or convincingly
described theoretically, the data on the electric strength are the only source
of information on these processes. In this sense, they can be related to indirect
methods of investigation of electric breakdowns.

Second, as already noted in the Preface, the development of pulsed power
has significantly increased specifications for the liquid insulation. A square-
law dependence of the energy density in capacitive energy storages on the
field strength in the dielectric W = εE2

br/(8π) demonstrates that the electric
strength Ebr is the determining characteristic for the design of voltage pulse
and current generators when especially stringent requirements are imposed
on their parameters. In electrodischarge engineering, the electric strength of
dielectric materials (insulation, working medium, and material being treated)
in most cases is the parameter determining the production process, design,
regime of treatment, etc.

Third, materials on physics of pre-discharge and discharge processes in
liquids, presented in Chaps. 1–5, allow many laws describing their electric
strength to be explained. This enables a more justified choice of working
liquids and working gradients of insulation gaps to be performed.

6.1 Duration, Shape, and Frequency of Voltage Pulses

A characteristic feature of impulse liquid breakdown, in comparison with gas
breakdown, is a dependence of the electric strength on the voltage duration
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over a wider time interval. In the impulse breakdown of gases in a uniform
field, the phenomenon of discharge delay starts to be manifested for pulse
duration ≤ 10−6–10−7 s and is explained by the electron-avalanche processes
and streamer propagation. In breakdown of liquids in a uniform field at times
approximately by an order of magnitude greater than in gases, an increase in
the electric strength is observed with decrease in the voltage pulse duration.
Moreover, for longer t the dependence Ebr = f (t), though weaker, is also
observed. By analogy with the gas discharge, the discharge delay in a liquid at
t ≤ 10−5–10−6 s was previously explained by the electron-avalanche processes.
The displacement of the bending point of the curve Ebr(t) toward larger t and
a stronger dependence Ebr = f (t) for liquids remained inexplicable.

Since the drift of the electrode potential toward the head of the discharge
channel and finally the velocity and discharge time lag in long gaps are mostly
determined by the heating rate and hydrodynamic expansion of the initial
channel and its transformation into a well-conducting leader channel, these
rather slow processes should be involved in an analysis of special features of
voltage-time characteristics of discharge gaps in a liquid. Owing to a high
density of liquids, the velocity of the discharge channel expansion in liquids
is much less than in gases for the same powers developed in the discharge
channels. As a result, the limited velocity of channel expansion will preclude
the formation of a well-conducting channel in liquids for pulse durations much
longer than in gases and limit the discharge propagation into the gap depth. To
obtain high velocities of primary channel propagation with high longitudinal
potential gradients in these channels corresponding to short pulse durations,
the voltage drop across the discharge gap must be significantly increased. In
addition, a decrease in the duration of the applied voltage pulse decreases the
role of gas formation in the discharge ignition and propagation.

In short gaps with a uniform field, this is manifested through changes in
the discharge mechanisms for exposure times less than a certain critical one,
namely, transition from the discharge from cathode (the bubble breakdown
mechanism) to the discharge from anode (the ionization breakdown mech-
anisms or combined), see Sects. 3.3 and 3.4. In long gaps, changes in the
voltage pulse duration (and, correspondingly, in the overvoltage magnitudes)
are accompanied by changes in the external shape of the discharge figure and
conditions of bush-like figure transformation into a treelike figure. This also
influences significantly the voltage-time characteristics (see Sect. 4.1).

The voltage-time characteristics are especially steep under nanosecond
voltage exposures (see Fig. 6.1).

For pulses with duration of several nanoseconds, the electric strength of
even commercially pure liquids exceeds 1MV/cm; it reaches 4MV/cm in a
uniform field for t ≈ 4 ns and d = 1.25 mm. Moreover, liquids with radically
different composition have electric strengths close in values. The data on the
nanosecond electric strength of liquids for t = 3–100 ns are well described by
the equation of the form
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Fig. 6.1. Dependences of Eav.br and σ on t for a transformer oil (1), distilled
water (+), glycerin (Δ), and castor oil (×) in the hemisphere-hemisphere gaps for
d = 1.25 mm (a) and in +T−P (b) and −T+P (c) for d = 3mm

log Ebr = A − B · log t , (6.1)

where A and B are coefficients specific for each liquid and insulation gap
type, Ebr (t) is measured in MV/cm, and t is in nanoseconds. Values of the
coefficients for four examined liquids and three typical discharge gaps are
presented in [1, 2].

In the case of electrothermal breakdown of well-conducting liquids (for
example, tap water) in short gaps with a uniform field under exposure to
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microsecond pulses when the discharge ignition voltage Uign and the break-
down voltage Ubr virtually coincide, the dependence of the electric strength on
the pulse duration can be calculated from the condition of liquid boiling up.

The time of water boiling up and hence the breakdown time (according
to the accepted assumption) can be determined from (6.2) which relates Ebr

and t:

td =
C · ρ

0.24 · aγ0 · ·E2
, (6.2)

where C, ρ, and γ0 are the specific heat capacity, density, and electrical con-
ductivity of the liquid at the ambient temperature T0 and a is the exponent:

γ = γ0 · ea(T−T0) . (6.3)

Equation (6.2) is valid for the adiabatic case under assumption that
the breakdown temperature tends to infinity. For example, for tap water,
T = 100◦C, T0 = 20◦C, γ = 2 · 10−4 Ω−1 · cm−1, and a = 0.011, according
to [3] we can write

Ebr = 103 · t−1/2 . (6.4)

The calculated and experimental data agree well when the voltage expo-
sure exceeds 10 μs and the interelectrode distances range from several tenth
to several units of millimeters.

For electrodes with large surface creating a weakly nonuniform field, the
empirical equations suggested in [67] can be used to calculate Ebr of treated
water (γ ≈ 10−6 Ω−1 · cm−1) for pulse exposure from a few tenth of microsec-
ond and longer:

E+
br =

0.3
t
1/3S

1/10
, E−

br =
0.6

t
1/3S

1/10
, (6.5)

where E+
br and E−

br are the breakdown field strengths for positive and nega-
tive pulse polarities, respectively, measured in MV/cm, t is the effective time
during which the field strength exceeds 0.63Ebr, in μs, S is the effective area,
in cm2, of the electrode the field strength of which exceeds 0.9Ebr. In pub-
lications devoted to high-power electron beam generation and thermonuclear
fusion (for example, see [4]) it was pointed out that empirical equations (6.5)
allow capacitive energy storages to be designed with high degree of reliability.

Obviously, (6.5) are applicable only when the interelectrode distance
changes in small limits, because they ignore the influence of the interelec-
trode distance on Ebr (see Sect. 6.6).

It is of interest to compare the results of calculations of Ebr from (6.5)
with the experimental data obtained in different laboratories. The results of
comparison are illustrated by Fig. 6.2. Since in long gaps with uniform or
weakly nonuniform field the discharge is ignited on anode, the first equation
for E+

br is used in calculations of Ebr from (6.5). It can be seen that (6.5) yield
a stronger dependence of Ebr on the pulse duration than the experimentally
observed one. The calculated and experimental curves agree satisfactory for
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Fig. 6.2. Dependences of Ebr on t for treated water (ρ ≈ 106 Ω · cm) in a uniform
field: calculations from (6.4) for Seff ≈ 50 cm2(1 ), Seff ≈ 45 cm2 and d = 1.5cm [2]
(2 ), Seff ≈ 14 cm2 and d = 0.5 cm (3 ), and Seff ≈ 70cm2 and d = 1.5–5 cm [66] (4 )

t = 0.1–1 μs. For nanosecond pulse exposures, the calculated Ebr values were
2–5 times higher than experimentally measured ones described by (6.1).

Concerning the behavior of the voltage-time characteristics of insulating
liquids under exposure to microsecond pulses, historically in practice of high-
voltage engineering it was assumed that the electric strength of liquids asymp-
totically tends to the static breakdown electric strength. However, the fact
that under exposure to voltage pulses of equal durations the electric strength
of liquids differs for pulses of different shapes demonstrates that the pulse
duration is the important but not unique parameter of the voltage pulse that
determines the electric strength of liquids. This circumstance stimulated a
search for voltage pulse parameters that influence the pre-breakdown pro-
cesses in the liquid and, as a result, its electric strength. In addition, the
increased role of internal overvoltages with transition of high-power systems
to ultrahigh voltages calls for a search for test pulses reproducing the most
dangerous influence of internal overvoltages on the insulation.

In [5] it was established that in long air gaps, the character of discharge
processes and the breakdown voltage essentially depend on the slope of the
oblique voltage pulses.
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Investigations of the discharge in liquids under the effect of oblique waves
[6–8] demonstrated a strong dependence of the discharge and breakdown volt-
age characteristics on the wave slope. A decrease in the slope (from 600 to
0.4 kV/μs) causes the discharge ignition voltage Uign and the average leader
propagation velocity Vav to decrease (Fig. 4.31).

For pulse duration of several tens or hundreds of microseconds, the de-
pendences of the breakdown and flashover voltages in insulating liquids on
the pulse slope (and hence the discharge time) have complex character [9–12].
Figure 6.3 shows the voltage-time characteristics of the +T −P discharge gap
in a transformer oil for interelectrode distances of 5 (curve 1 ), 15 (curve 2 ),
and 25 cm (curve 3 ) [9]. In Fig. 6.4, the dependences of flashover voltage
(Ufl) of organic glass (δ = 1 cm) in a transformer oil for an asymmetric gap
(d = 7 cm) with predominant tangential (I) and normal field strength compo-
nents (II) [2,12] are shown. Letters a, b, and c designate curves drawn for 90,
50, and 10% flashover probabilities, respectively. (The effective flashover volt-
ages at the industrial frequency were 110kV in case I and 72 kV in case II.)
Each dependence was obtained by processing the data of 500–520 individual
measurements.

As well as in the case of oil breakdown, the curve Ufl = f(t) has three typi-
cal sections. As t increases from 3 to 80–100 μs, Ufl decreases. Further increase
in t to 160–200 μs is accompanied by an increase in Ufl. We may suggest that
the increase in Ubr and Ufl in the intermediate segment of the voltage-time
characteristics results from the field attenuation due to the space charge cre-
ated in the process of emission and primary ionization and concentrated near
the initiating electrode. For mildly sloping pulse, the long-term ionization in

Fig. 6.3. Voltage-time characteristics of a transformer oil for d = 5 (1 ), 15 (2 ), and
25 cm (3 ) [9]
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Fig. 6.4. Dependence of the flashover voltage of organic glass in transformer oil in
fields with dominant tangential (1 ) and normal components (II) on the duration of
positive (a) and negative oblique pulses (b) [12]
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the vicinity of microinhomogeneities of the electrode surface creates a large
space homocharge that shields the tip electrode and hinders the formation
of the discharge channel. The greater the coefficient of field macroinhomo-
geneities, the stronger the decelerating effect of the space charge irrespective
of the discharge ignition mechanism (bubble or ionization one).

For extremely small end radii of tip electrodes, the discharge ignition volt-
age and the voltage at which slow channels are transformed into fast ones
increase as the pulse slope decreases (the pulse rise time - pulse front - in-
creases) [13] (see Sect. 4.1). This confirms the shielding action of the space
charge near the electrode. The smaller r0, the more pronounced this effect.
Further increase in t causes a smooth decrease in Ufl, which can be explained
by the increased roles of relatively slow secondary processes of gas formation
and impurity in the liquid.

When liquid breakdown occurs in the tail of the voltage pulse rather than
in the front (small overvoltages, long gaps, and nonuniform fields), the break-
down voltage depends on the parameters of the pulse as a whole. The data in
Table 6.1 demonstrate the influence of the rise time (front duration) and total
duration of the aperiodic pulse on the 50% breakdown voltage of transformer
oil in discharge gaps of different configurations [14]. The standard deviation
σ for a 90% reliability level reached 25% for ac voltage with a frequency of

Table 6.1. Values of the pulse coefficient k∗ for gaps insulated by a transformer oil

Configuration of
the discharge gap

Interelect-
rode gap
length, mm

Pulse coefficient for pulse width ratios, μs

11/2600 150/3000 430/4000 2700/4400 50 Hz

Tip–plane
electrodes (with a
rake angle of 10◦

and an end radius
of 1mm)

10
30
50
70

1.01
1.04
1.02
1.02

1.04
1.08
1.05
1.04

1.07
1.09
1.06
1.06

1.09
1.12
1.08
1.06

0.54
0.51
0.48
0.44

Tip-tip electrodes 10
20
40

1.1
1.12
1.11

1.2
1.24
1.25

1.27
1.29
1.31

1.32
1.38
1.41

0.5
0.48
0.5

Faceted wires
(20 × 20 mm) in-
tersecting at an
angle

10
20

0.825
0.844

0.78
0.82

0.78
0.82

0.78
0.82

0.48
0.38

The same, but
with round wires
20 mm in diame-
ter

10 0.814 0.78 0.78 0.78 0.5

∗Here k is a ratio of the 50% breakdown voltage of the given type to the 50%
breakdown voltage for 1.2/50-μs pulses.
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50Hz and switching pulses. It is 15% for a pulse width ratio of 1.2/50 μs. From
Table 6.1 it follows that for aperiodic pulses with τfr > 100 μs, Ubr depends
only weakly on the shape of pulse tail (the rate of voltage decay). The in-
fluence of high-frequency oscillations on Ubr, superimposed on the aperiodic
pulse component or dc voltage, is stronger. The increase in the high-frequency
component from 0 to 100% reduces Ubr by a factor of 1.5–2 and Ufl by a fac-
tor of 2.5–3. (By the percentage of oscillations we mean the ratio of the rms
component of the ac voltage to the average value of the dc voltage.)

The voltage-time characteristics of the liquefied gases under exposure to
micro- and nanosecond pulses do not differ both in their external view and
absolute values of the electric strength from those of hydrocarbons and others
liquids of complex structure and composition.

Under the joint influence of different voltage types applied in succession,
the earlier voltage significantly affects the electric strength in the presence of
the later. The electric strength increases if the polarity of previously applied
voltage (pre-stressing) coincides with that of the applied voltage (for which
the electric strength is measured). The maximum effect reaches tens of percent
and depends primarily on the duration and magnitude of previously applied
voltage, the time interval between the previously applied and applied voltages,
and the type of voltage for which the electric strength is measured.

The electric strength of liquid dielectrics at low frequencies (up to sev-
eral kilohertz) depends weakly on the frequency. Moreover, the effect of the
frequency depends on the electrical conductivities (both intrinsic and im-
purity) and permittivities of liquids as well as on the geometry of the dis-
charge gap. When dielectric losses in a liquid determined by the well-known
expression

P =
ε · f · tan δ
1.8 · ·1012

E2 , (6.6)

are insufficient to heat the liquid to temperatures of electrothermal break-
down, the electric strength of the liquid in a uniform field is independent of
the frequency or slightly increases with the frequency.

In formula (6.6), P denotes specific losses (the power dissipated in 1 cm3

of the dielectric), in W/cm3; f is the frequency, in s−1; tanδ is the tangent of
the dielectric loss angle; and E is the field strength, in V/cm.

The increase in the breakdown field Ebr is typically recorded for moder-
ately pure liquids. The electric strength of commercially pure insulating liquids
for the voltage at the industrial frequency is slightly (10–20%) higher than for
dc voltages. The frequency dependence of Ubr of gaps with a sharply nonuni-
form field with intense cavity processes, typically observed at relatively low ac
electric fields, is U -shaped at frequencies of several hundred herz (Fig. 6.5) [15].
At high frequencies (103–106 Hz), the breakdown of even weakly polar liquids
results from the intense heat release in the liquid and is characterized by a
significant reduction in electric strength with increasing frequency. Thus, for
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Fig. 6.5. Dependence of Ubr of perfluorohaxane on the frequency in the tip-plane
gap for an inter-electrode distance of 1.9 mm [15]

example, the breakdown voltage of a pure transformer oil in the gap with a
uniform field amounts to 27 kV for d = 0.5 mm and f = 50 Hz, whereas at
f ≈ 5 · 105 Hz it is equal only to 19.5 kV (its maximum values are given).
Figure 6.6 shows the character of the frequency dependence of Ubr at high
frequencies.

The increase in voltage frequency alters a number of laws describing the
electric strength of liquids. At high frequencies, the influence of impurities on
Ebr of liquids is much weaker than at low frequencies.

At positive temperatures, the maximum of Ubr = f(T ) (see Sect. 6.4)
shifts toward higher temperatures with increasing frequency. (This somewhat
surprising result can be explained by the detailed behavior of the relaxation
minimum of the loss angle tangent). With increasing frequency, the pressure
exerts less of an influence on the electric strength of liquids, and likewise the
degree of liquid degassing has less of an effect on the pressure dependence of
the breakdown voltage.

As the repetition rate of microsecond pulses increases from 1 pulse per
minute to 30 pulses per second, the electric strengths of a transformer oil and
deionized water remain unchanged.
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Fig. 6.6. Dependence of Ubr of xylene (1 ) and a transformer oil (2 ) on the frequency
in the gap formed by the spherical electrodes for d = 1mm

6.2 Voltage Polarity

The overwhelming majority of studies of the breakdown mechanism and
electric strength of liquids has been carried out for positive polarity of the
initiating electrode. This is quite naturally explained by the fact that exactly
this case corresponds to the minimum electric strength and hence is most
dangerous to insulation of high-voltage equipment. This is also the case for
the equipment operating at ac voltage, since its breakdown, as a rule, occurs
during the positive voltage half-period. Only for interelectrode distances of
several tens of microns, the breakdown voltage of the majority of liquids for
positive polarity of the tip electrode is higher than for negative one.

Since pre-breakdown phenomena, their intensities, and even their sequence
can change significantly when the breakdown conditions change, the quantita-
tive polarity effect will also depend on these conditions. The difference between
the breakdown voltages at positive and negative tip-electrode polarities ranges
from several percent to several hundred percent. The properties of liquids
have a prominent effect on the difference between U+

br and U−
br. As indicated

in Sects. 4.1 and 4.2, the polarity effect is much more evident in liquids with
high permittivity. For breakdown of liquids containing electronegative groups
or molecules (for example, carbon tetrachloride, benzene chloride, etc.), the
polarity effect is essentially nonexistent.

The effect of polarity on the breakdown of various liquids was studied
in [16]. Hydrocarbon liquids with linear molecules (hexane, decane, etc.) and
hydrocarbons with branched molecules (neopentane etc.), perfluorocarbons
(perfluorohexane, perfluoropentane, etc.), and liquefied helium and nitrogen
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were investigated. The breakdown voltage was measured under exposure to
microsecond pulses with τfr < 0.1 μs and nanosecond pulses with τfr < 0.2 ns.
The tip (r0 ∼ 3 μm) - plane and sphere - plane electrode systems were inves-
tigated. Figure 6.7 shows the most typical results.

The behavior of curves for hexane and decane is approximately identical
and demonstrates that U+

br > U−
br for small interelectrode distances (less than

∼ 400 μm for hexane and 550 μm for decane). For large d, the polarity effect
becomes usual, that is, U+

br < U−
br. For neopentane (Fig. 6.8), U+

br < U−
br for

the entire range of d values. The polarity effect is essentially nonexistent for
perfluorohexane and perfluoropentane. The polarity effect in liquefied nitrogen
under exposure to microsecond voltage pulses is manifested as in hexane and
decane, but is reversed at d ≈ 80 μm. Under exposure to nanosecond pulses,
U+

br < U−
br even for small d values (to d ∼ 25 μm). The polarity effect is

abnormal for liquefied helium: U+
br > U−

br for the entire range of d values
(Fig. 6.9). This phenomenon was described in publications in the 50s.

The effect of polarity on the breakdown of liquids for long discharge gaps
used in high-voltage equipment is illustrated by Table 6.2.

The addition of chlorinated hydrocarbons (the molecules of which possess
considerable electron affinity) to transformer oil, whose breakdown is accom-
panied by a sizable polarity effect (Table 6.2), eliminates almost completely
the polarity effect.

Fig. 6.7. Dependence of the breakdown voltage of hexane on the distance between
the tip-plane electrodes for positive (1 ) and negative (2 ) polarities of the tip elec-
trode, r0 = 3 μm, and τp = 6 μs [16]
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Fig. 6.8. The same as in Fig. 6.7, but for neopentane

In most studies on liquid breakdown, the polarity effect is explained similar
to the analogous effect on breakdown of gases by different conditions of accu-
mulation and influence of the space charge near the cathode and anode and
hence near the head of the positive and negative discharge channels.

Based on an analysis of the field distribution near the tip electrode, it
is demonstrated that under assumption of unipolar injection, the distortion

Fig. 6.9. The same as in Fig. 6.7, but for liquefied helium. Curve 3 is for the
sphere-plane discharge gap (a quasi-uniform field)
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Table 6.2. Effect of polarity on breakdown initiated in various liquids for a tip-plane
electrode system at T = 293 K

Liquid Voltage Negative polarity Positive polarity

d, mm Ubr, kV d, mm Ubr, kV

Toluene 0.9/40 μs 3 42.3 3 21.8
n-octane 0.9/40 μs 3 49.8 3 18.4
Chlorobenzene 0.9/40 μs 3 27.3 3 25.5
Carbon tetra-
chloride

0.9/40 μs 3 21.8 3 21

Transformer oil 1.5/40 μs dc
voltage

12.7
9.6

86
100

25.4
9.6

60
42

Dodecylbenzene 1.5/40 μs
dc voltage

12.7
9.6

175
110

25.4
9.6

122
62

of the electrostatic field is proportional to the mobility of charge carriers
injected from the tip. In many liquids the mobility of negative charge carriers
is approximately 100 times higher than of positive ones. This is in agreement
with the reduction (or even elimination) of the polarity effect when additives
(electron acceptors promoting capture of injected electrons with the formation
of ions possessing low mobility) are incorporated into the liquid.

The polarity effect in liquid dielectrics depends on the degree of electric
field nonuniformity. For example, in transformer oil in highly nonuniform fields
with nonuniformity coefficient μ > 25–30, the pulsed breakdown voltage for
negative polarity is 1.4–1.7 times Ubr for positive polarity, while for K < 16U+

br

it can even slightly exceed U−
br.

Differences not only in Ubr values but also in space-time laws of the dis-
charge propagation from anode and cathode (see Chaps. 3, 4, and 7) allow a
conclusion to be drawn on radical differences in their propagation mechanisms.

6.3 External Pressure

An increase in the hydrostatic pressure above a liquid to 150–200atm, achiev-
able in experiments on liquid breakdown and in high-voltage equipment and
devices with liquid insulation, does not change the properties of liquids them-
selves owing to their virtual noncompressibility. Therefore, an increase in the
electric strength of liquids with pressure, manifested to a certain extent de-
pending on experimental conditions, should be attributed to the influence of
three factors:

– presence of gas on the electrodes and in the liquid before field application,
– formation of gas (mainly on the electrodes) with voltage application due

to boiling up, electrolysis, etc.,
– gas nature of the discharge channel in the liquid.
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An increase in the pressure can change the conditions of gas formation, the
equilibrium point between the molecular-dissolved gas and gas in the form of
bubbles and affect the processes in the discharge channel that determine its
electrophysical characteristics and primarily the longitudinal gradients of the
potential. These gradients result in a dependence (though a weaker one) of the
electric strength of liquids on pressure, even under conditions of electric (ion-
ization) breakdown mechanism. Investigations of the space-time characteris-
tics of the discharge in liquids with various properties attendant to changes
of experimental conditions over a wide range [17–22] demonstrated that with
increase in pressure:

– the discharge ignition voltage, that is, the occurrence of the first registered
changes in the liquid, increases,

– discharge channel diameter decreases in all stages of discharge propagation
(initial and leader channels),

– amplitudes of current pulses and luminescence, which accompany the dis-
charge propagation, decrease,

– in gaps with a quasi-uniform field, the probability of transition from the
discharge from cathode (the bubble breakdown mechanism) to the dis-
charge from anode (the ionization breakdown mechanism) increases, see
Chap. 7,

– slow discharge channels that propagate by the bubble mechanism are most
sensitive to the pressure increase.

The effect of pressure on the electric strength of liquid dielectrics depends
on the voltage duration, degree of liquid degassing, electrical conductivity,
and electrode system configuration. For long-term applied voltage, the proba-
bility of gas formation due to thermal and electric processes increases. Newly
formed gas bubbles in the liquid and on the electrode surface and gas bubbles
existing before the voltage application are deformed by the field and leave the
electrodes. Moving in the interelectrode gap, they form gas bridges initiating
breakdown at low field strengths. In this case, the pressure dependence of the
electric strength is linear or even power-law. After careful liquid degassing un-
der laboratory conditions and with negligible volumes of liquid, the influence
of pressure on Ebr sharply decreases, because than only the gas produced un-
der applied voltage on electrodes, in liquid volume, and in discharge channels
affects it (Fig. 6.10) [23]. For polar and conducting liquids, this dependence
is actively maintained, because in such liquids gases are actively produced
as a result of conduction currents and dielectric losses (for ac voltage and
high-frequency voltage pulses).

For voltage pulses, the dependence Ebr = f(p) saturates (Fig. 6.11) [24].
At pressures from 0.1 to 1.2MPa, the p dependence of Ubr for nanosecond
pulses in water is

Ubr (p) = Ubr (p0 (p0) (p − p0)
n) ,
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Fig. 6.10. Voltage-time characteristics of the +T−P (a) and −T+P gaps (b) in
degassed (dashed curves) and nondegassed a transformer oil (solid curves) at hydro-
static pressure (in Pa) indicated by the figures adjacent to the curves. The inter-
electrode distance was 3 mm [23]

where Ubr(p0) is the breakdown voltage at atmospheric pressure (p0 =
0.1MPa), and the exponent n depends on the pulse parameters. For a 1/100-ns
quasi-rectangular pulse, n = 0.15.

For a given pulse width, the effect of p on Ebr is much stronger for a
uniform field than for a nonuniform field (Figs. 6.11 and 6.12). An increase

Fig. 6.11. Dependence of the electric strength of water (ρ = 2 · 106 Ω·cm) on the
pressure in a uniform field at d = 0.8–1.2 cm and τp = 0.2 μs [24]
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Fig. 6.12. Voltage-time characteristics of water (γ = 1.67 · 10−4 Ω−1 · cm−1) in the
field of +T−P electrodes versus pressures and temperatures. Here curve 1 is for
T = 200◦C and P = 50 kg/cm2, curve 2 is for T = 200◦C and atmospheric pressure,
and curve 3 is for T = 1000◦C and atmospheric pressure [71]

in the pressure above water to 150 kg/cm2 for a nonuniform field causes the
breakdown voltage to increase by 40–50% (Fig. 6.12), whereas for a uniform
field, the breakdown voltage doubles (Fig. 6.11).

This can be explained by the fact that the breakdown field strength in a
uniform field is largely determined by the breakdown initiation and evolution
near the electrodes. Gas accumulated at the electrodes and subject to pressure
has a major effect on breakdown initiation.

It is desirable to raise the hydrostatic pressure to increase the working
gradient of insulation of high-voltage systems in the following cases: a) for
liquids with high electrical conductivity, b) for large electrode areas, and c)
for long voltage pulses (>0.5–1 μs).

6.4 Temperature

Under the breakdown conditions providing the greatest probability of the
ionization liquid breakdown mechanism (short-term voltage exposure and high
degree of clearing and degassing), the electric strength slowly decreases as
the temperature increases from 273K to the temperature near the boiling
point of the given liquid (curve 2 in Fig. 6.13) [25]. Moreover, the decrease
in the voltage exposure weakens the influence of T on Ebr. Good qualitative
agreement of curves illustrating the dependence Ebr = f(T ) and the density
as a function of the temperature demonstrates that in this case, the main
effect of T is due to the temperature-dependent density.
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Fig. 6.13. Temperature dependence of the strength of a transformer oil under oper-
ating conditions (1 ) and dehumidified a transformer oil in a standard punch (2 ) [25]

For commercially pure liquids containing impurities of different types and
long-term voltage exposure (regions II and III in the voltage-time character-
istics, see Fig. 6.3), the temperature dependence of their electric strength is
primarily due to the temperature dependence of moisture and gas content and
their redistribution between the emulsified and molecular dissolved states. In
addition, the thermal decomposition of liquids and changes in their viscosity,
surface tension, density, and hence the rate of electroconvective processes and
electrohydrodynamic flows must be taken into account. The rate of liquid flow
influences the electric strength of the liquid, increasing it at the expense of
breaking of bridges formed by impurity particles, liquid drops, and gas bub-
bles. However, the increase of the rate of liquid flow can also reduce the electric
strength when bubbles are carried into the region of large E by this flow.

Bubbles will grow with increasing temperature and decreasing viscosity at
the given energy, and the pressure inside them will decrease, thereby reducing
their Ebr. Large bubbles have high probability of being elongated along the
electric field lines or coalescing with others bubbles. Bubbles 50 μm in diameter
or even larger with internal pressures up to 0.4MPa are typical of oil.

A great number of factors influence the temperature dependence of break-
down processes, resulting in a complex temperature dependence of the elec-
tric strength of actual liquid insulation (curve 1 in Fig. 6.13) [25]. When cold
transformer oil is not in contact with ambient air, its electric strength has no
local minimum at temperatures ∼ 273 K. For less pure liquids, the difference
in Ebr at T ≈ 273 K and 535K can reach 200%. Qualitative behavior of the
dependence Ebr = f(T ) is maintained not only for liquids with different de-
grees of clearing, but also for composite insulation. For this insulation type
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the influence of temperature on the electric strength also depends on the rate
of gas release during decomposition of solid dielectric and moisture liberation,
on the amount of moisture and gas the solid dielectric can absorb, and on the
charge transfer mechanism in the composite insulation.

6.5 Chemical Nature and Composition of Liquids

The effect of liquid properties on space and time characteristics of the dis-
charge in a liquid was considered in ample detail in Sects. 4.1 and 4.2. This
section presents the dependences of the quantitative characteristics (Ebr and
Ubr) on the properties and structure of liquids. In most cases, the reasons for
these dependences become clear if we address the materials of previous sec-
tions of this book. In turn, these dependences provide additional information
useful for understanding of the model of breakdown mechanisms.

The establishment of a relation between the liquid electric strength and the
atomic-molecular structure would allow one to predict the dielectric properties
of liquids from the known physical and chemical constants and to seek for and
to synthesize the liquid insulation as well as to use additives improving the
dielectric properties of liquids. However, no reliable relations have been derived
by the present time because of the influence of impurities of different types
that are always present in the liquid, a great variety of processes that affect the
liquid breakdown, and the lack of a well-developed theory of the liquid phase
of matter. Under pulsed voltages, the effect of impurity on the breakdown
decreases due to inertia of the secondary processes, but the results obtained
allow one to establish only tendencies of changes of the electric strength for
liquids distinguished by those or other physical and chemical properties.

6.5.1 Chemical Nature of Liquids

Since the basic types of liquid insulation used in high-voltage engineering
are mineral oils comprising paraffin, naphthene, and methane hydrocarbons
in various proportions depending on their group, it is of interest to study a
dependence of the electric strength on the molecular constants. In addition,
these liquids are convenient objects for investigation, since some particular
molecular constants can be changed by choosing liquids of the same series
with other parameters remaining unchanged. An analysis of this problem [2]
shows that for dc and ac voltage and microsecond voltage pulses, the influ-
ence of liquid properties (in particular, their density) on the electric strength
is masked by a stronger influence of impurities and electrode state. For this
reason, this influence was detected in some studies but not in others. For liquid
paraffin hydrocarbons with a modest amount of clearing, a linear dependence
of the discharge time (for E = const) on the density and other physicochem-
ical parameters determining the intermolecular bond forces was established
in [2] using nanosecond pulses and long discharge gaps, whereupon the role
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of secondary effects engendered by impurities and electrode state decreased
significantly. However, this dependence was only a special case, because it
was detected only for normal hydrocarbons of the paraffin series. The density
cannot be the key parameter governing the electric strength of hydrocarbons,
because isomers possessing higher density possess lower electric strength than
normal hydrocarbons. At the same time, electric strength of normal hydro-
carbons and their isomers is directly proportional to the length of molecular
chains. This dependence can be satisfactorily explained by the bubble and
ionization mechanisms of liquid breakdown.

In [26] it was vividly demonstrated that rather inconsistent data on the
influence of properties and structure of liquids on their electric strength were
mostly due to difficulties in considering the influence of the electrode surface
state.

Since in tests of liquids the electrode systems creating a uniform electric
field are used, the situation is complicated simultaneously by two circum-
stances, namely, the electrodes have large surfaces difficult to monitor, and
the discharge ignition time lag in a uniform field makes the most part of the
total discharge time that depends primarily on the processes on the electrodes.
A comparison of the measured electric strength of various liquids under con-
ditions of self-breakdown (that is, typical ones) and laser-induced breakdown
have shown that the series of liquids arranged in decreasing (or increasing)
order of the electric strength differ radically for these breakdown types.

6.5.2 Electrical Conduction and Permittivity

Under long-term voltage exposure, the electrical conductivity of liquids affects
significantly their electric strength. An increase in γ reduces the electric field
strength necessary for the implementation of the electrothermal breakdown
mechanism.

A study of the γ effect on the liquid electric strength is important for the
determination of the applicability limits of various liquid breakdown mecha-
nisms and estimation of the applicability of liquids with increased electrical
conductivity for insulation of high-voltage pulsed systems.

For dielectric liquids whose chemical composition differ significantly, the
discharge characteristics (the breakdown voltage, velocity of discharge prop-
agation, etc.) are uncorrelated with the electrical conductivity when exposed
to voltage pulses lasting tens of microseconds or less (Table 6.3).

(The data tabulated in Table 6.3 were obtained for the breakdown ini-
tiated in the +T −P and −T +P electrode systems with a 1.2/70-μs pulse
for td = 30 μs and d = 5 cm). This result can be explained by the fact that
conditions of pre-discharge gas formation are violated for the given γ and t
values. For large γ and t, when the gas formation in the liquid during the
pre-discharge period is quite probable, a γ dependence of the discharge char-
acteristic is expected. The literature data on the γ influence on the electric
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Table 6.3.

Liquids Benzene
alcohol

Distilled
water

Ethanol Glycerin Transformer
oil

γ, Ω−1 cm−1

v+
l , cm/s

v−
l , cm/s

1.8·10−6

2·105

1.7·105

4.3·10−6

1.4·106

6·104

1.5·10−7

2.5·105

2·105

6.4·10−8

8·105

3.3·105

1·10−14

1.3·105

1·105

strength of liquids with increased conductivity (typically aqueous electrolytes)
are contradictory [27, 28].

We established that these contradictions are mainly due to two reasons
[30]. The first reason is a complex character of the Ebr (or Ubr) dependence
on γ (it also depends on the field geometry and pulse polarity). The second
reason is that the dependence of the electric strength of electrolytes on their
electrical conductivity is determined not so much by the physical processes
that occur in the discharge gap as by the pulse deformation (that depends on
γ, the parameters Zw and C of the discharge circuit, and the resistance of the
examined object) due to the voltage drop in the discharge circuit because of
high conduction currents running through the circuit. This statement is well
illustrated by the results presented in [29]. In this regard, the incorrectness of
experiments on breakdown of electrolytes in which significant deformation of
the voltage pulse is not eliminated is obvious.

The use of voltage pulse generators with small Zw in experiments allowed
Ushakov et al. [30] to investigate a discharge gap with an electrolyte for a
virtually undeformed rectangular pulse with τp = 240 ns and τfr = 7 − 10 ns
and an oblique pulse with τfr = 0.5 − 50 μs.

Figure 6.14 shows the dependences of Ebr and Ubr of aqueous NaCl solution
on γ for the nanosecond breakdown in a uniform (Fig. 6.14a) and nonuniform
fields of the tip-plane electrodes (Fig. 6.14b). In the uniform field, the depen-
dence E = f(γ) has a well defined maximum at γ ≈ 10−3 Ω−1·cm−1 [2,30]. For
the −T +P gap, the dependence is described by the equation Ubr = A+B·log 1

γ

presented in [31]. For positive tip polarity (curve 2 in Fig. 6.14b), Ubr decreases
as γ decreases from 10−2 Ω−1 · cm−1 to 10−4 Ω−1 · cm−1.

Analogous results were obtained for oblique pulses, but the maximum of
the dependence Ebr = f(γ) was observed at γ = (3–5) · 10−5 Ω−1 · cm−1

(Fig. 6.15). The data for a highly nonuniform field (d = 0.25 cm), both polar-
ities, and two slopes of the pulse front are given in Table 6.4.

The presence of the maximum in the dependence Ebr = f(γ) in gaps
with a quasi-uniform field and reverse dependences Ubr = f(γ) for the +T
−P and −T +P electrode systems is in good agreement with the competitive
coexistence of three discharge types described in Sect. 3.4. It seems likely that
the ascending branch of the curve Ebr = f(γ) in a uniform field corresponds
to the discharge from anode, and the descending branch is for the discharge
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Fig. 6.14. Dependence of the electric strength of the NaCl aqueous solution on the
electrical conduction in a uniform field at td = 70 ns and d = 0.02 cm (a) and in a
non-uniform field at td = 90ns and d = 0.015 cm for −T +P (curve 1 ) and +T −P
electrodes (curve 2 ) [2,30]

from cathode. (Optical observations of the discharge phenomena for the entire
range of γ values were not carried out in [30]).

These results demonstrate that contrary to widespread belief, reducing
the electrical conductivity of water by very careful clearing is an inefficient
way to increase its electric strength for voltage pulses. The optimal value of
γ for water must be selected taking into account the allowable resistance of
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Fig. 6.15. The same as in Fig. 6.14a, but for A = 1.47 kV/μs and d = 0.25 cm [85]

a specific system with water insulation and the total cost of preparing and
maintaining water with low γ.

For aqueous salt solutions, the dependence of their electric strength on the
cation charge was also observed for nanosecond voltage exposures (40–220ns).
Salt solutions with smaller cation charges have greater electric strengths. No
prominent dependence of Ebr on the anion parameters was detected in exper-
iments with salt solutions having identical cations, but different anions.

Liquids possessing high intrinsic conductivity, as a rule, have high per-
mittivity ε. For long-term voltage exposure, high ε and hence high γ make
gas formation easier due to effervescence and electrolysis, that is, they lead
to the bubble breakdown mechanism with typically lower Ebr. As demon-
strated in [2], the elevated value of ε facilitates breakdown evolution and
reduces Ebr for purely ionization liquid breakdown. This dependence was
first established experimentally in [32] for a set of liquids comprising xylene,

Table 6.4.

γ, Ω−1 · cm−1 Tip polarity Eav br, kV/cm

A = 10 kV/cm A = 1kV/cm

10−3

10−4

7·10−6

+
−
+
−
+
−

200
−
108.5
334
106
676

130
−
76.5
110
75
304
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toluene, transformer oil, threecresylphosphate, hitrobenzene, and glycerin.
The strongest influence of ε on Ebr was observed under long-term voltage
exposure. More recently, the dependence of Ebr (kV/cm) on ε in the form

Ebr = −0.0588ε + 3.026

was established in [33] based on test results for 22 well-purified liquids with ε
in the range 1.88–15.06 for ac and dc voltages.

For gaps with highly nonuniform field (+T −P) and 1.2/70-μs pulses, the
dependence of the average breakdown electric field strength (Eav.br = Ubr/d),
in kV/cm, on ε is [2]

log Eav.br = −0.092ε + 4.67.

For negative tip polarity, this dependence is complicated (it is described
by a U -shaped curve).

With decreasing voltage duration, the difference between the electric
strengths of polar and nonpolar liquids decreases, and for t < 10−7 s, no
well-defined ε-dependence of Ebr is observed. For nanosecond voltage expo-
sure, liquids whose physicochemical properties differ significantly have nearly
the same strength. A consequence of the above discussion important for the
design of high-voltage nanosecond pulsed systems is the fact that the electric
strength of liquids cannot be the main criterion for choosing insulation of such
devices. Depending on specific conditions, the choice is determined by electri-
cal conductivity, permittivity, stability in an electric field and when exposed
to a spark, nontoxicity, low cost, etc.

6.5.3 Soluble Additives

The working mechanism of various additives injected into liquid dielectrics to
increase their electric strength is primary associated with the two effects: a) a
decrease in the field nonuniformity in the insulation gap due to a local increase
in the electrical conductivity, or to polarization processes at the interface
between the solid and liquid phases (when solid particles are introduced into
a liquid) and b) the effect of additives on the behavior of charge carriers
produced by emission and ionization.

To reduce the influence on liquid dielectric breakdown of electrode mi-
crogeometry and processes adjacent to electrodes, it has been suggested [34]
that surface conducting layers be created whose electrical conductivity de-
creases smoothly with depth, and whose effective thickness is significantly
greater than the size of microinhomogeneities, but less than the interelec-
trode distance. The characteristic time required to displace the electric field
from regions adjacent to the electrodes is approximately τ ≈ ε/4πγ0, where
γ0 is the electrical conductivity of conducting layers of the liquid. To a first
approximation [35], the temporal behavior of the electric field adjacent to the
electrode surface (in the presence of a shielding layer) is given by
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E0(t) ≈ U0

d

1

τ
(
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− 1
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)
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(

4πγ0

ε
t

)]

,

where U0 is the voltage pulse amplitude, d is the interelectrode distance, τrise

is the characteristic voltage rise time, and γ0 is the electrical conductivity of
the layer adjacent to the electrode surface.

If the voltage duration exceeds τ, the electric strength of the insulation
gap is expected to increase due to the diminished effect of the near-electrode
processes that initiate breakdown.

The electric strength of purified water (ρ ≈ 107 Ω · cm) in which elec-
trodes (such as Rogowski electrodes with plane parts ∼ 1 cm in diameter) are
shielded by conducting layers has been investigated experimentally in [35].
Solid and porous (pore size ∼ 5 μm) electrodes were used. The interelectrode
distance ranged from 2.5 to 3 mm. The voltage pulse front varied over the
range 0.1–1 μs and amplitude over the range (U0 = 60–300 kV). Diffuse sub-
surface layers were formed by slow extrusion of conductive solutions through
the porous electrodes. To prevent convective flows at the interface between
media of differing density, an aqueous solution of CuSO4 with density slightly
exceeding that of water was incorporated into the lower electrode, while a
solution of FeCl5 in ethanol with density slightly less than that of water was
incorporated into the upper electrode. The layer thickness was 0.3–0.4mm.
After each breakdown, the interelectrode gap was purged and the conductive
layers were prepared.

Figure 6.16 shows the behavior of breakdown field strength of water. For
unshielded electrodes, Ebr was defined to be Ubr/d, where d is the interelec-
trode distance. For shielded electrodes, Ebr = Ubr/deff . Here deff = d − Δd,
where Δd is the thickness of the conducting layer (layers), and deff was de-
termined by measuring the refractive index using the Toepler method with a
cylindrical lens. In addition, Ebr was determined using the Kerr effect tech-
nique as the electric field of water outside of the conducting layers. From
Fig. 6.16 it follows that shielding of both electrodes quadruples the electric
strength. In this case, the discharge channel is initiated at the external bound-
ary of the conducting layer rather than near the electrode surface. The electric
strength is doubled when only the anode is shielded and the pulse width is at
least 3–4 μs (curve 2 in Fig. 6.16). In this case, the discharge is initiated at the
cathode rather than the anode. When only the cathode is shielded, no effect
is observed. The discharge is initiated at the anode, and the electric strength
of the gap is the same as for conventional metal electrodes.

A novel method for increasing the pulsed electric strength of water by
adding dipolar amino acid ions (zwitter ions) is described in [36]. The influ-
ence of glycine and β-alanine additives was studied in most detail when their
concentration lay in the range 0.01–0.1mol/L. The amino acids were injected
into deionized water under sterile conditions and without contact with the
atmosphere.
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Fig. 6.16. Dependence of Ebr of water on t for unshielded electrode and shielded
cathode (1 ) or shielded anode (2 ) and for both shielded electrodes (3 ) [34]

Figure 6.17a shows the behavior of the normalized electric strength E/E0

of water with β-alanine as a function of the additive concentration (E and
E0 denote the 50% breakdown strength of water with and without amino
acid additives). The data were obtained for a high-voltage oblique-front pulse
width of 5 μs, a distance between the plane electrodes of 1 cm, and areas of the
stainless ferrite steel and aluminum electrodes of 30, 110, and 150 cm2. From
Fig. 6.17a it can be seen that E/E0 is a complex function of amino acid con-
centration, with details determined by the electrode material. For the stainless
ferrite steel electrodes, E/E0 = f(c) has a maximum at c = 0.03 mol/L equal
to E/E0 = 1.33. For c ≥ 0.06 mol/L, the electric strength of water with the
additive is the same as that of pure water. For the system with austenitic steel
electrodes, E/E0 = f(c) has two maxima at c1 = 0.03 mol/L (E/E0 = 1.48)
and c2 = 0.055 mol/L (E/E0 = 1.41). For aluminum electrodes, the injection
of amino acids into water reduces its electric strength over the entire range of
concentrations examined.

An increase in the electric strength of water containing additives is accom-
panied by a decrease in the standard deviation of the breakdown field strength.
Minimum values of σ correspond to maximal values of Ebr (Fig. 6.17b). Tests
with shorter high-voltage pulses (τp = 1.5 μs) and austenitic electrodes yield
results qualitatively similar to those in Fig. 6.17. The only difference is that the
minimum of E/E0 = f(c) shifts toward higher concentrations of the additives,
and its amplitude increases to E/E0 = 1.38. In this case, the maximum field
strengths are also higher. For example, the normalized electric field strength is
E/E0 = 1.52 at concentration c = 0.04 mol/L. Analogous results are obtained
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Fig. 6.17. Dependences of the relative electric field strength (a) and standard devi-
ation of the water breakdown field strength (b) as function of the β-alanine concen-
tration for electrodes from austenite (curve 1 ) and ferrite stainless steel (curve 2 )
and aluminum electrodes (curve 3 ) [36]

with titanium electrodes in this series of experiments. For electrodes manu-
factured from these materials, E/E0 approaches unity for c ≥ 0.1 mol/L.

It should be emphasized that the positive effect of the amino acid de-
creases with decreasing degree of water purification (with increasing γ). Thus,
E/E0 = 1.26 for γ = 10−4 Ω−1 · m−1, while E/E0 increases to 1.5 for
γ = 2 · 10−5 Ω−1 · m−1.

The optimal choice of amino acid concentration and electrode material
makes it possible to increase the operating field strength due to the 30–50%
increase in Ebr and its reduction in standard deviation by a factor of 2–3.
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Komin et al. [36] suggest that because amino acids are surface-active sub-
stances, their presence in water significantly alters electric double layers at
the electrode surface and the conditions of discharge initiation (see Chap. 1).

In [36] and more recent publications by the same authors, other mate-
rials besides amino acids were used as additives, including SF6 dissolved
in purified and degassed water at an excess pressure of 3 MPa, chloroform,
and water-soluble polymers with strong structurization properties (polyacry-
lamide, polyvinyl alcohol, and polysaccaride).

It was established that SF6 does not change the pulsed electric strength of
water in a uniform field, but chloroform reduces it many folds. Both materials
accept electrons, and their reaction rate with hydrated electrons is three orders
of magnitude greater than that of amino acids.

Experiments with water-soluble polymers were conducted for an electrode
system with a nonuniform field (kn = 3), d = 5 mm, and test pulse width
τp = 2.5 μs. Figure 6.18 shows the experimental results. The electric strength
of the gap with the tip anode increases when polymers are added to water. For
high concentration c, the electric strength of the gap becomes greater than
for negative polarity.

Investigations performed in [37] were aimed at searching for mixtures of
water with other liquids having good electrical characteristics and freezing
temperature less than that of water. After a preliminary search, a mixture of
water with ethylene glycile was chosen. For an ethylene glycol/waters ratio of
60/40, the freezing temperature of the mixture was 222K. Figures 6.19 and

Fig. 6.18. Dependence of E/E0 on the polymer concentration for polyvinyl alcohol
(curve 1 ), polysaccharide (curve 2 ), and polyacrylamide (curve 3 ) [36]
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Fig. 6.19. Temperature dependences of the static permittivity of the mixture of
ethylene glycol with water for the indicated mass contents c of ethylene glycol in
water [37]

6.20 show the static permittivity εS and the Debye relaxation time τD. Each
value of εS was averaged over measurements at 15 frequencies in the range
0.5–108MHz. These values differed at most by 1%, that is, their difference
was within the range of the measurement errors. The behavior of εS over the
examined frequency range is described by the Debye model. The temperature
dependence of εS of the mixture down to the freezing temperature can be
described by the Akerlof empirical equation:

εS (T, c) = a (c) exp [−b(c)T ] , (6.7)

where T is the temperature, c is the mass content of ethylene glycol in the
mixture, and a(c) and b(c) are constants tabulated for different c.

The values of τD shown in Fig. 6.20 were averaged over seven measurements
taken at 50–108MHz. They were in the range τD = 0.19–0.30 ns, much less
than the actual charging voltage pulse width.

Figure 6.21 shows the measured values of the mixture time constant τM.
It can be seen that τM increases as the ethylene glycol concentration in water
increases and the temperature of the solution decreases.

Of practical importance is the deformation of a charging voltage pulse
due to energy dissipation in the insulation gap. It was found that the pulse
decay time τdec correlates only weakly with τM. At standard temperature,
τdec decreases with increasing temperature and field strength. This effect
results from injection of the charge from the cathode and its flow toward
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Fig. 6.20. Temperature dependences of the Debye relaxation time τD of ethylene
glycol with water for the indicated mass contents c of ethylene glycol in water [37]

Fig. 6.21. Temperature dependences of the intrinsic time constant τM of ethylene
glycol with water at the indicated mass content c of ethylene glycol in water [37]
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the opposite electrode. This causes the effective conductivity of the liquid
to increase when the transit time of the charge through the gap is at least
equal to the charging voltage pulse width. Unlike the mixture decay time
determined by the properties of the liquid, pulse attenuation during charge
injection depends on the geometry of the electrode system and the electrode
material.

Since the interelectrode distance varies between centimeters and tens of
centimeters in high-voltage shaping lines, drift of the injected SC will not in-
fluence energy losses in the single-pulse mode. This problem is complicated
for pulse periodic mode. In the first case, charges injected from the elec-
trodes produce the positive effect due to the increased electric strength of
the liquid and the increased energy density accumulated in energy storage
devices.

When a storage device is commuted to a load and the voltage ranges from
Uch to U0, a portion of its energy transferred to the load can be written as

ΔW = Wch − W0 =
1
2
c
(
U2

ch − U2
0

)
, (6.8)

given that the charge distribution remains unchanged.
This mode is typical of fast pulsed systems with commutation time

(nanoseconds to tens of nanoseconds) much less than the relaxation and tran-
sit times of the charge through the gap (10−4–10−3 s).

The stored energy density can be increased by increasing the electric
strength of the dielectric medium through bipolar injection. The space charge
in the dielectric causes the energy stored in the capacitor to increase without
increasing the working field strength. This is due to the fact that effective
separation of space charges is less than that of the electrode charges. As a
consequence, the effective capacitance becomes greater than the geometrical
value.

In this case, the energy stored in the capacitor is

W =
1
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, (6.9)

where C is the geometrical capacitance, u is the instantaneous voltage, l is
the interelectrode distance, q is the charge density, and ε is the permittivity
of the medium.

Table 6.5 summarizes three main sought-after quantities:

Emax, Wmax = 1/2εE2, A = Wmaxteff ,

where teff is the effective time. As can be seen from Table 6.5, all three param-
eters increase as the ethylene glycol content in the mixture increases, whereas
ε decreases. Cooling of the mixture increases A, but ε remains virtually un-
changed and close to ε of pure water.
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Table 6.5. Main parameters of the ethylene glycol and water mixture for indicated
content of ethylene glycol

Content of
ethylene
glycol, %

T , ◦C εS τM, ms τch, ms Emax,
MV/m

Wmax,
kJ/m

Amax,
J·s/m3

0 0 80 0.67 0.25 13 66 16
40 25

−11
67
79

0.2
2.7

0.1
0.4

16
16

16
90

8
36

60 30
−23

58
77

0.3
15

0.18
0.97

16
14

66
67

20
65

80 25
−10

49
60

1.4
23

0.45
1

21
17

96
77

43
77

95 28 40 2.5 – 27 129 26

One more advantage of such mixtures should be mentioned, namely, they
enable the shaping line impedance and its electric length to be smoothly
regulated without reconstructing the shaping line itself.

6.5.4 Insoluble Impurities

The electric strength of liquid dielectrics for dc and ac voltages is very sen-
sitive to impurities, including insoluble solid ones. Any liquid poured into a
system will contain impurities the specifics of which depend on production
and clearing processes, delivery, and the nature of the liquid itself. When a
liquid is poured into the system, it is additionally contaminated by system
parts and the tank. Liquids used in switching devices or in electric strength
tests will be heavily contaminated by decomposition products and electrode
erosion debris produced by spark discharges unless they are flowed through
the working gap at the specified rate. When liquids are used as working me-
dia in electrophysical technological systems that operate on the basis of spark
discharge energy, they are contaminated by particles of the machined mate-
rial and products of erosion and abrasion wear of the electrodes and parts of
working chambers. Impurity particles can be arranged in order of decreasing
effect on the electric strength of insulating liquids as follows: metals–metal
oxides–wet dielectrics–dry dielectrics.

A contaminated liquid represents a complex multicomponent suspension.
Suspended impurities differ, as a rule, in granulometry, properties of materials
contained in them, and shapes of particles. In these suspensions, particles
are clustered, colloid structures are formed, and particles are charged as a
result of ion and electron adsorption. Salts, acids, and alkalis that enter into
solid particles as impurities increase the charge carrier concentration. For long
voltage duration, the polarized particles can form bridges that spark over the
electrodes.
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Solid products of hydrocarbon decomposition in discharge plasma not only
reduce the electric strength of the liquid, but also influence the rate and char-
acter of its subsequent decomposition. The outgassing rate in electric dis-
charges initiated in hydrocarbon-bearing liquids increases with carbon (soot)
concentration especially quickly when the relative carbon concentration is
6–8% or more. For tip- plane electrodes, decomposition products from pre-
vious discharges reverse the polarity for dc voltage when the interelectrode
distance exceeds a certain critical value (centimeters to tens of centimeters),
that is, Ubr for a +T −P gap exceeds that for a −T +P gap. Bridges of im-
purity particles as a reason for liquid breakdown for ac and dc voltages were
examined in detail in [38].

Experimental investigations demonstrate that even for long voltage dura-
tion, very small impurity particles with concentrations typical of commercially
pure insulating liquids exert essentially no influence on the electric strength.
For example, a decrease in the filter pores from 5 to 1 μm has essentially no
effect on Ebr of transformer oil. This implies that there is no need to com-
plicate the process and raise the cost by purging insulation liquids to remove
impurity particles of submicron size.

The carbon and metal inclusions even at concentration of 0.0005–0.005%
dramatically reduce Ubr of oil for dc and ac voltages. At the same time, cel-
lulose fibers (particles of cloth, electrocardboard, and paper), given that they
are not very wet, have much less negative effect on Ubr. Large impurity par-
ticles are effectively removed by the methods mastered in practice including
centrifuging, repeated filtering through a system of filters under high pres-
sure, and elutriation (introduction of finely dispersed clay) with subsequent
filtering (Table 6.6) [25].

For voltage pulses, impurity particles in a liquid can be considered fixed. In
this case, considering the particles as weak elements, one can take advantage
of the solid insulation reliability equation to study the dependence of Ebr on
the impurity concentration c [39]:

P (E) = exp

⎡

⎢
⎣− dS

0.482v0
Z exp

⎛

⎜
⎝−

0.482 ln
0.65
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Z

⎞

⎟
⎠

⎤

⎥
⎦ , (6.10)

Table 6.6. Electric strength of transformer oil for 50-Hz ac voltage versus clearing
method

Clearing method Ebr, kV/cm

Unrefined oil
Centrifuging
Paper filter
Membrane filter
Sealed filter (single filtering)
Sealed filter (repeated filtering)

50
130
160
180
230
330
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where

Z =

⎡

⎢
⎢
⎢
⎣
ln

1 − 1
v

AEe−BT ln ZWeBT+1 (ABE)−1

W − 2kT ln (t/τ0)

⎤

⎥
⎥
⎥
⎦

0.82

Here P (E) is the probability that no breakdown is initiated for the average
electric field E, S is the electrode area, d is the interelectrode distance, v0 =
2aS0 is the dielectric volume element (a is the impurity particle radius and S0

is the cross-sectional area of the cylinder element), τ0 is the relaxation time,
W is the bond energy, A and B are constants depending on the dielectric
structure,

v′ =
γ1 + jW ε1

γ2 + jW ε2
,

and γ1, ε1 and γ2, ε2 are electrical conductivities and permittivities of the
inclusion and basic material, respectively. Equation (6.10) demonstrates that
the decrease in Ebr (for the given t) or in the discharge time (for E = const)
with increase in c is described by a curve with saturation. The dependence
of Ebr (or Ubr) on c predicted by (6.10) for nanosecond voltage exposures
was confirmed in [2, 40]. However, the above approach to an analysis of the
phenomenon of pulsed breakdown of suspensions is to a large extent formal,
since it ignores a number of physical processes whose characteristic times are
comparable to the voltage pulse width. Among them are the accumulation
of free and bound charges at the solid body–liquid interface which specifies
the relationship between the average electric field in a nonuniform dielectric
and the local field, and the interaction of fields of suspended particles when
their concentration exceeds a certain critical value and the particle spacing
becomes comparable to the particle size.

The processes cited above should influence the relationship between the
relaxation time τ and the pulse width τp. Analytical investigations and exper-
iments show that for voltage exposure times comparable to the period needed
to establish slow polarization (10−5–10−6 s) and c > 0.1%, the dependence
Ubr = f(c) is complicated (Fig. 6.22) [2, 40]. As can be seen from Fig. 6.22,
the breakdown voltage first decreases with increasing c and then increases and
saturates when the concentration exceeds a certain critical value. The concen-
trations corresponding to the characteristic points in the curve depend on the
suspension properties. Thus, in the region of the minimum c = 0.35–1.2%,
while in the saturation region c = 1.2–2%.

When the particle material is conducting (soot), the dependence Ubr =
f(c) exhibits a maximum. The most probable reason for the increase in Ubr as
c increases to 6–7% is that the conducting particles are charged in the electric
field and make it less uniform in the region adjacent to the tip electrode. For
c > 6–7%, the decrease in Ubr can be explained by the fact that the increase in
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Fig. 6.22. Dependences of Ubr of suspension on the solid phase concentration for
the tip-tip electrode system, d = 3 cm, and the pulse front slope A = 1.15 · 106

(curve 1 ), 6.1·104 (curve 2 ), and 2.88·104 V/μs [72]. The liquid phase was glycerin,
and the solid phase was formed by small glass spheres

the electrical conductivity of the medium dominates at these concentrations
causing the probability of thermal breakdown of the suspension to increase.

Tests of transformer oil in an electrode system with a uniform field for
d = 0.5–2mm performed in [41] under pulses of standard shape yielded
demonstrated that the discharge time td almost halved after injection of a
0.1% (by volume) copper powder. The average particle diameter was 100 μm
(Fig. 6.23). It is interesting to note that td reduced mainly due to the decrease
in the discharge propagation time. The discharge ignition time is insensitive
to the copper powder injected in oil. As expected, the effect of powder weak-
ened with increasing overvoltage thereby resulting in a decrease of the voltage
exposure time.

As to the nature of the observed effects, the authors drew the following
conclusions:

– the discharge is initiated near microbulges on the electrode or on a copper
particle settled on the electrode,

– the copper particles suspended in oil generate electrons that ionize molecules
of the liquid

– the decrease of the discharge formation time is due to field amplification
in oil interlayers between copper particles.
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Fig. 6.23. Dependence of the discharge time on the 1.2/50 μs pulse amplitude for
filtered a transformer oil (filled symbols) and a transformer oil containing 0.1% of a
copper powder (empty symbols) [41]

One important practical problem is monitoring of impurity content in
liquids. Based on the study of the influence of mechanical impurities on the
electric strength of transformer oil and oil-barrier insulation for U with a fre-
quency of 50Hz, Kuchinskii and Kalentjev [42] demonstrated that the Russian
Standard “Method for Determining Mechanical Impurity Content,” which de-
fines oil clarity in terms of content by weight of mechanical impurities, does
not take account of a potentially significant decrease in the electric strength
of oils containing impurities when their content by weight is below the critical
(permissible) value.

For example, they demonstrated that for a number density N = 200 cm−3

of particles with 50 μm average diameter in oil, their content by weight can
increase from 10 to 40 g/t depending on the particle densities. According to the
Standard, oil with these amounts of impurities is classified as pure. However,
the electric strength of this oil can be half that for N = 50 cm−3.

Kuchinskii and Kalentjev [42] drew the following conclusion important
in the operation of oil-filled insulation equipment: the volume concentra-
tion N of mechanical impurity particles rather than their mass concentra-
tion primarily affects the electric breakdown of oil; the dependence of Ebr

on N in the range 5 cm−3 ≤ N ≤ 240 cm−3 is described by the equation
Ebr = E01 − k ln N , where E01 and k are the parameters that depend on
the impurity type and interelectrode distance (Table 6.7). For N ≤ 50 cm−3,
Ebr = E01; for high-voltage oil-filled transformers, the maximum permissible
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Table 6.7. Values of the parameters E01, E0, and k for different materials of
impurity particles

Impurity type Interelectrode distance, mm

4 6 8 10

E01 k E01 K E01 k E01 K

Aluminum
particles

31.5 4.7 29.4 4.4 27 4 21.6 3

Cellulose fiber,
Wlw = 7%

30.5 4.2 22.7 2.8 20.9 2.5 17.7 1.9

Silicon oxide
particles

26.9 3.5 20.9 2.3 19 2.2 17.8 2

Cellulose fiber,
Wlw = 0.2%

25.2 3 20.6 2.2 19 2 13.8 1

E0=13.9kV/mm E0=11.5kV/mm E0=10.7kV/mm E0=10.0kV/mm

concentration of mechanical impurities must be ≤ 50 cm−3, and the liquid
water content Wlw in solid cellulose must be ≤ 2.0%.

A method and device (developed by the Asthom Corporation) for moni-
toring and calculating the impurity particles in transformer oil was suggested
in [43]. The method was approved by the Committee 10A of the International
Electrotechnical Commission (IETC). The method enables particles with di-
ameters from 1.5 to 90 μm to be calculated and classified into 9 different
groups. A special breakdown tester with an interelectrode distance of 2.5mm
(like a conventional tester) but much greater oil volume in the range of field
action was also developed. The results obtained with this special tester reflect
the actual influence of impurity particles on the electric strength of oil-filled
system insulation. The IETS Standard ASTMF-661 unifies measurements of
the number and size of particles contained in a liquid.

A refined procedure of measuring the number of particles in oil-filled trans-
formers is described in [44]. A system of classification of oils according to the
degree of their purity was also suggested there.

6.5.5 Moisture

The low-voltage electric characteristics of transformer oil and its electric
strength depend substantially on moisture content (Fig. 6.24), [45]. Therefore,
determination of moisture content of the transformer oil and its effective dry-
ing are important for oil and oil-bearing insulation (including oil-paper and
oil-barrier insulation types) [46]. Now it can be considered well established
that in addition to molecular-dissolved water and emulsion water (accord-
ing to [47], in the form of clusters) and water settled at the bottom of the
system housing, the oil contains water bound to definite groups of hydrocar-
bons and surface-active impurities. When the oil is heated, water settled at
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Fig. 6.24. Dependence of Ebr of a transformer oil upon application of ac and
dc voltage on the moisture concentration (generalization of studies of different
authors)

the bottom can be transformed into emulsion or molecular-dissolved state.
In turn, emulsion water can be transformed into dissolved state. Emulsion,
dissolved, and bound waters cause the electric properties (γ and tan δ) of oil
and other hydrocarbons to deteriorate markedly; however, the main contribu-
tion to the decrease in the electric strength with increase in moisture content
comes from emulsion water. These effects cause Ebr of liquids to increase as
the temperature rises to a certain critical value; other factors come into play
at higher temperatures, and Ebr decreases with any other increase in the tem-
perature (see Sect. 6.4). Bound water cannot be tested by the conventional
methods; in this regard, considerable difficulties arise in measuring the total
moisture of oil. Deep drying of oil enables bound water to be removed, thereby
significantly improving the oil characteristics. In addition to water, other low-
molecular substances (formic, acetic, and naphthenic acids, and so on) affect
the electric strength, the electrical conductivity, and the dielectric loss angle
of the transformer oil. High-molecular substances (soaps, polar resins, and so
on), being surface-active, increase the emulsion water content and hence the
total water content in oils.

Moisture, like many other impurities, has essentially no effect on the pulsed
electric strength of dielectric liquids at small pulse durations. Therefore, speci-
fications on the quality of clearing the insulating liquids in high-voltage pulsed
systems can be reduced to a minimum. In contrast, in equipment operating
at ac and dc voltages with forced oil circulation, the possible moisture con-
tent is at most 0.001%. The stringent specifications on the moisture content
of oil stem from the fact that significant wetting of solid electric insulating
materials immersed in oil is impermissible.
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Fig. 6.25. Dependence of Ebr on the relative humidity for technologically refined
oil (curve 1 ) and oil with addition of 0.005% of cellulose fibers (curve 2 ) [73]

The electric strength of oil and composite insulation for dc and ac voltages
decreases due to the wetting of solid impurities contained in oil, and the solid
insulation itself becomes a source of oil wetting. However, the increase in the
moisture content of solid insulation C influences only weakly the value of
Ebr of composite insulation if this increase is not accompanied by the cor-
responding increase in the moisture content of oil. Investigations of Ebr of
oil for different contents of solid impurities and different values of humidity
controlled by the change in the temperature showed that the values of Ebr

depend on the relative oil humidity C0 on which, in turn, the moisture con-
tent of solid impurities comprised in oil depends [48]. The values of Ebr for
commercially pure oil vary only slightly up to C0 ≤ 0,4%, and then quickly
decrease severalfold (Fig. 6.25) [73].

6.6 Discharge Gap Geometry and Conditions
on the Electrodes

6.6.1 Macro- and Microgeometry of the Electrodes

An increase in the field nonuniformity in liquids as in other dielectric me-
dia causes Ubr to decrease. The special feature of liquids in this respect in
comparison with gases is a stronger dependence of the electric strength on
the micro- and macrogeometry of the electrodes pointed out in many studies.
This can be explained by the fact that during a pulsed discharge in the liquid,
the pulse crown (whose space charge shields the electrode and distorts the
field distribution specified by the geometry of electrodes even before pinch-
ing of the discharge channel) is absent, as well as by high density of liquids,
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because of which local fields acting in small volumes can initiate a discharge.
Moreover, as demonstrated in Chap. 4, changes in the end radius of the tip
electrode can radically change the discharge mechanism.

One of the main components of the discharge time lag is the discharge
ignition time lag tign that for the given liquid is determined by the electrode
micro- and macrogeometry and the voltage rise time in the discharge gap.
Obviously, the effect of the geometry of electrodes on the electric strength
of the discharge gap will be maximum when tign makes a significant part of
the total discharge time, that is, when the discharge gap length and the field
nonuniformity decrease and the rate of voltage rise (overvoltage) increases.
The available experimental data confirm the conclusions based on the results
of investigations of ignition and initial stages of discharge propagation. In [49]
it was established that the breakdown voltage of discharge the tip-plane gaps
(d = 3–9.7 cm) in oil for 1.2/50 and 1.2/450μs pulses decreases on average by
25–40% when the end radius of the tip electrode decreases by more than two
orders of magnitude (from 2.5 to 0.01mm). Our measurements demonstrate
that for 50–60ns rectangular pulses and interelectrode distances of ∼1mm,
an increase in r0 from microns to hundreds of microns causes Ubr to increase
by a factor of 1.5–2.

The microgeometry of the electrodes that affects Ubr in short gaps with
uniform or weakly nonuniform fields is determined by the quality of surface
machining and the crystal structure of electrode metal. As demonstrated in
[50], the electric strength of dielectrics (gases and capacitor oil) increases
substantially (by a factor of 1.5–3) with the use of electrodes manufactured
from single crystals.

It is well known that one of the methods of elimination of local field ampli-
fication centers on the electrodes manufactured from polycrystalline metals is
their training by discharges. This operation (sometimes called conditioning) is
widely used in experiments on vacuum breakdown and in some electrovacuum
devices. In a number of studies, training of electrodes was used to measure the
electric strength of liquids. The effect of previous discharges on the electrodes
is aimed at raising Ebr and reducing the scatter of Ebr and td. In different stud-
ies, radically different regimes of conditioning are recommended. For example,
the number of recommended training discharges lays in the limits 5–100. An
analysis of the available experimental data and mechanisms of air-conditioning
demonstrate that this effect depends on many factors, including the material of
electrodes, their areas, quality of surface treatment, voltage duration, amount
of energy and rate of its liberation in the spark channel, and properties of the
liquid. Moreover, the positive effect is observed not for all liquids. Only in liq-
uefied gases it is always positive (Fig. 6.26) [51]. An increase and stabilization
of the discharge time (for E = const) in pure water was observed after 15–20
discharges. In transformer oil, as can be seen from Fig. 6.27, the effect of air
conditioning it is not observed for the examined number of discharges [2].
The sphere-sphere electrode systems (d = 0.8 cm) and Rogowski electrodes
(d = 2.6 cm) were used; the electrodes were manufactured of stainless steel.
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Fig. 6.26. Dependence of Ebr of liquid nitrogen on the serial number of breakdown.
Plane electrodes were fabricated from stainless steel, the interelectrode distance was
0.5 mm, and the electrode area was 1963 mm2 [51]

During training, the liquid was replaced after each breakdown by pumping
from the interelectrode gap and addition of a portion of fresh liquid into the
chamber. It can be assumed that air-conditioning in oil was not observed due
to the fact that during training discharges, alongside with the destruction
and melting of microbulges, products of hydrocarbon decomposition are set-
tled on the electrodes thereby precluding the stabilization of properties of the
electrode surface. This is in agreement with the notion that weak elements
on the electrodes where the discharge initiation (ignition) occurs for the least
values of Uign or tign, are not only geometrical inhomogeneities but also ad-
sorbed impurities, structural defects of the surface, an so on. In this regard,

Fig. 6.27. Dependence of the discharge time lag on the number of nanosecond
pulses applied to the gap with a transformer oil replaced after each breakdown
(Ebr = 2.78 MV/cm, d = 1.5 mm, and spherical electrode diameter of 8mm) [2]
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sites with the maximum local field strength not always are the most probable
regions of discharge initiation. It was demonstrated both theoretically [52] and
experimentally [53] that this effect for the cone-plane electrode configuration
causes the discharge initiation from the lateral cone surface rather than from
the apex of the conic electrode. Theoretical analysis is based on a multifractal
model of discharge distribution over the electrode surface in which weak ele-
ments are taken into account through changes in the local field strength near
the electrode surface.

The value of Ubr, the number of breakdowns, and the distribution of co-
ordinates (radii) of points of breakdown initiation over the electrode surface
(erosive craters) were measured in experiments. The high-voltage electrode
was shaped as a cone with a base diameter of 60 mm and rake angle β rang-
ing from 90◦ to 170◦. The grounded electrode was shaped as a plane with
rounded end 100mm in diameter. The discharge gap length was 5 mm. A
voltage pulse with positive polarity, rise time of 1.5 μs, and pulse duration of
50 μs was used.

For small rake angles of the cone (β ≈ 90–135◦), points of discharge initia-
tion are concentrated at the cone apex in the region with a radius of 1–2mm.
For β ≥ 135◦, the probability of discharge initiation from points on the lat-
eral electrode surface increased, and for β ∼ 150◦, it exceeds 50%. In this
case, the breakdown gap length can exceed twice the minimum interelectrode
distance. For large β, additional peaks are observed on the erosive crater distri-
butions that do not belong to the cone apex. For high impurity concentrations
in a liquid and inhomogeneities on the electrode surface, the distribution is
smoothed, but its character remains unchanged. (The former was achieved
for the breakdown of oil preliminary aged by a series of breakdowns, and the
latter was observed when going from the polished electrodes to grinded ones).
By the way, the td − Eav dependence obtained for this model coincides with
the experimentally established one (for example, in [54]).

The foregoing demonstrates that training of electrodes with the help of
breakdowns is ineffective method of increasing the value of Ebr of liquids
chemically unstable to the action of a spark discharge. For liquid dielectrics,
training regimes without breakdowns are more promising.

The phenomenon of increase in the electric strength of liquid dielectrics
with preliminary voltage application to the insulation gap was revealed al-
ready in the 40s. It continues to draw attention of researchers due to the
opportunity to investigate with its help the processes of polarization, emis-
sion, injection, and relaxation of charge carriers, their transfer, etc. In practice
of system operation, this effect has not found application. The researchers try
to take it into account when estimating the operating conditions of insula-
tion exposed to sign-variable voltage pulses or voltage of complex shape (for
example, pulses superimposed on a constant voltage).

In liquids with increased conductivity, preliminary voltage exposure is
accompanied by stronger effects, including those that under certain con-
ditions cause the electric strength to increase. In [55] it was suggested to
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raise the electric strength of strongly conducting liquids, in particular, water
preliminary heating the electrodes by currents of pre-breakdown electrical con-
ductivity. Golubeva et al. [55] consider that the effect of increase in the pulsed
electric strength is due to an increase in the electrical conductivity of liquid
upon heating and a decrease in the field strength near microbulges where the
current density and temperature are maximum. Figure 6.28 shows the pulsed
electric strength of pure water after preliminary passage of a direct current
through the gap [56]. The test pulse duration was 1.5 μs, the interelectrode
distance was 1 cm, and the plane electrode areas ranges from 30 to 150 cm2.
The positive direction of the abscissa in Fig. 6.28 coincides with the direc-
tion of current for which the positive terminal of the dc source is connected
to the anode of the examined interval, and the negative direction coincides
with the current direction for which the positive terminal of the source is
connected to the cathode. As can be seen from Fig. 6.28, there exist optimal
conditions under which Ebr of water increases approximately by a factor of
1.7, and the scatter of the breakdown voltage decreases by a factor of 2–3.
Komin and Morozov [56] explain this effect by accumulation of a homocharge
near the electrodes as well as by the formation of conducting near-electrode
layers due to an increase in the concentration of charge carriers there. When
the current density is greater than the optimal one, Ebr decreases because of
the development of electrohydrodynamic instabilities and outgassing due to
electrolysis.

Fig. 6.28. Dependence of E/E0 on the current density for the electrodes fabricated
from stainless steel (curve 1 ), titan (curve 2 ), and aluminum (curve 3 ) [56]
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6.6.2 Dielectric Electrode Coatings

In some cases, a more efficient method of decreasing the effect of electrode
microgeometry and increasing Ebr of liquids is electrode coating with a thin
layer of high-strength solid dielectric. In most cases, the stable positive ef-
fect of coatings is observed for dc and ac voltages. For pulsed voltages, when
the electric strength of liquids approaches that of solid dielectrics and impu-
rity bridges are not formed, this effect is manifested only weakly. Investiga-
tions into the influence of electrode coating (vinyl film with a thickness of
50±15 μm) on the pulsed flashover voltage of spacer isolators fabricated from
various dielectrics in a system of plane electrodes show that such an influence
is within the measurement error [57]. The sample heights were 5 mm, their di-
ameters were 12mm, and the slope of the oblique leading edge was 25kV/μs.
The average breakdown field strength of transformer oil for coated and un-
coated electrodes was 470–480kV/cm, the flashover voltage of polycarbonate
samples was 450–460kV/cm, and for pressboard it was 400 kV/cm. However,
there are publications in which Ubr of transformer oil and Ufl of solid dielectrics
in weakly inhomogeneous fields increased by 20–25% for microsecond pulses
and electrodes coated with dielectric layers up to 150 μm thick.

A variety of lacquers are traditionally used for coatings, and cable or ca-
pacitor paper and polymeric films are used for simple electrode geometry.
Table 6.8 summarizes data on the influence of plane electrode insulation meth-
ods on the electric strength of transformer oil for pulsed (1.2/50 μs) and ac
(60Hz) voltages [58]. Plane brass electrodes with rounded edges created a
uniform field in a 1.3×1.3 cm region. The interelectrode distance was 1.9mm.
Kraft paper (KP) and calendered polyamide paper (PAP) 0.125mm thick
were used for insulation. The KP breakdown voltage was 19.1 kV for a pulsed
voltage and 8.8 kV (effective value) at 60Hz. For PAP it was 20.4 and 10 kV,
respectively. In tests both at 60 Hz and pulsed voltage, Ubr it was measured
with a 10% increment between test steps. The 60-Hz voltage duration at each
step was 1 min, and the pulsed voltage was applied 3 times per step. It can be
seen from Table 6.8 that electrode insulation increases the breakdown voltage
Ubr by ∼50% for a pulsed source and by 30% for 60-Hz ac. This increase is
essentially independent of the number of insulating layers. When a single KP
layer was used for insulation, a wide spread in Ubr was observed to result from
defects in the paper. It also follows from the table that both electrodes must
be insulated to increase pulsed Ubr. The positive effect of electrode insulation
intensifies when aromatic additives (for example, anthracene) are injected into
the oil. In liquids with large ε and γ (especially water), the dielectric coating
appears to be overloaded by the field, and its breakdown can initiate break-
down of the whole insulation gap.

6.6.3 Interelectrode Distance

The scaling effect, that is, the dependence of electric strength on the interelec-
trode distance, electrode area, and volume of the insulating medium exposed
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Table 6.8. Influence of electrode insulation on the breakdown characteristics of
transformer oil

Insulation system
and test type

Number
of tests

Ubr, kV σ, % Ebr,
kV/cm

Pulsed tests
Uninsulated
electrodes
Two insulated
electrodes:

single KP layer
two KP layers
single PAP layer
two PAP layers

85

40
25
20
15

87.5

120.8
119.6
121
110

11

20
13
16
11

45.9

67.1
71.8
66.3
64

Tests at 60 Hz
Uninsulated
electrodes
Two insulated
electrodes:

single KP layer
two KP layers
Single PAP layer
Two PAP layers

75

31
25
15
15

38.1

49.1
46.5
40.6
43.3

18

17
16
16
14

20

27.3
27.9
27.9
25.2

to an electric field, is a common property of all insulating media. In insulation
systems, it shows up as a decrease in the average breakdown field strength
with increasing overall dimensions of the system and increasing number of in-
dividual insulation units. The electric strength of all dielectrics increases with
decreasing interelectrode distance, all other conditions remaining the same.
Only for solid insulation containing defects might Ebr decrease with d when
the interelectrode distance becomes comparable in size to defects.

Classical explanation of the strong increase Ebr for short gaps is based on
an exponential dependences of the number of electrons in an avalanche on the
distance passed by it: n = n0 exp (λd).

From this formula it follows that for short interelectrode distances, a higher
electric field is required to produce in the avalanche the critical space charge
necessary for avalanche transformation into a streamer. In condensed media,
this factor is most probably acts for micron interelectrode distances. Numer-
ous experimental data demonstrate an increase in Ebr with decreasing d (for
example, see [59, 62]). This effect is most strongly pronounced for interelec-
trode distances smaller than 100 μm [63,65].

The increase in the electric strength for interelectrode distances less than
100 μm is observed for the bubble mechanism of breakdown from cathode.
In this case, it is doubtful to explain this effect in the context of the theory
of collision ionization. The increase in the electric strength can be due to
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a decrease in the local electric field near the electrode surface that affects
the process of electric discharge initiation. This enables us to give a simple
and evident explanation to the shift of the boundaries of different breakdown
types toward higher average field strengths and transition from the breakdown
from anode to breakdown from cathode (for constant E) with decreasing
interelectrode distance (See Chap. 3).

The d dependence of Ebr is also caused by some other factors. The increase
in d for the same electrode area is accompanied by an increase in the dielectric
volume in the strong field region and in the number of weak elements that
facilitate the breakdown. This effect is manifested for breakdown of liquids,
solids, and composite dielectrics.

Under actual experimental conditions, the increase in d results in either
increase in the electrode area when the field inhomogeneity coefficient remains
unchanged, or and increase in the field inhomogeneity if the electrode area
remains unchanged. In both cases, Ebr decreases with increasing d.

The decrease in Ebr with increasing d for large interelectrode distances
follows from the consideration of the physical pattern of the discharge propa-
gation under these conditions. The breakdown voltage for long gaps in liquids
is largely determined by the leader stage of the discharge. The propagation ve-
locity of the initial channel as though heading the leader channel is determined
mainly by the field strength in the channel head. It, in turn, depends on the
voltage applied to the gap and the voltage drop across the initial and leader
channels. The voltage drop increases with d and discharge channel length; to
compensate for this voltage drop, the voltage applied to the gap must be in-
creased. However, the increase in the gap and discharge channel lengths and
hence its propagation time results in the channel heating and decreases its
longitudinal potential gradient. This means that the voltage increase needed
to compensate the voltage drop across the gap is nonlinearly related to the
gap length.

In generalized form, a dependence of the breakdown voltage on the inter-
electrode distance for all dielectric media can be written as

Ubr = Bdn,

where B and n are constants that depend on the properties of the dielectric
medium and breakdown conditions. Moreover, n can be set equal to unity
only for d changing in narrow limits. In most cases, n < 1.

It should be noted that the dependence Ebr = f(d) is not so simple for
submillimeter gaps, and the absolute values of Ebr obtained by various authors
differ strongly. This can be explained by the fact that in addition to the factors
indicated in the beginning of this paragraph and causing electric hardening,
impurity bridges are formed in the gap when d decreases faster and the field
strengths are lower, the effect of electrode microgeometry on Ebr also changes,
and the probability of breakdown on foreign impurities (solid particles, mi-
croinclusions, and moisture) increases. With decreasing d, the conditions of
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development of electrohydrodynamic, convective, and thermal processes, ac-
companied by breaking of the continuity of the medium and reduction of its
electric strength, also change. As in gases, changes ofd are accompanied by
changes of the mechanism and laws of discharge propagation. In particular,
the leader discharge is not observed when going from millimeter and longer
gaps to submillimeter ones. The site of discharge initiation in the gaps with a
uniform field changes when going to micron gaps (Chap. 3). In summary, we
conclude that under conditions of minimum influence of secondary processes
(careful preparation to liquid and electrode tests and for pulsed voltage) the
decrease in Ebr with increasing d is observed in the entire examined range of
interelectrode distances.

In particular, Fig. 6.29 from [2] shows data on the nanosecond electric
strength of transformer oil and distilled water obtained by different authors
for gaps with a uniform field and different lengths. For microsecond pulses,
the dependence of the electric strength of distilled water on the length of the
gap with a uniform field is shown in Fig. 6.30 [66].

6.6.4 Electrode Area

The effect of the electrode area, that is, the dependence of the electric strength
of the interelectrode medium on the electrode area, similar to the effect of total
voltage, that is, the d dependence of Ebr, is universal for all dielectrics. For
long voltage duration, impurity bridges the breakdown conditions for which
or along which are facilitated can be formed in the gap. For microsecond (and
longer) pulses, when the impurity particles can be considered fixed, they have
time to be polarized (including the processes of slow polarization), thereby
resulting in local field distortions and decreasing the electric strength. Hence,
in this case the scaling effect is caused by the joint effect of the electrode
area and volume of the liquid in the strong electric field. For nanosecond

Fig. 6.29. Dependence of Ubr on d for td = 10 ns in a transformer oil (1 ) and
distilled water (2 ) in a uniform field [2]
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Fig. 6.30. Dependence of Ebr of water under exposure to a single on the distance
between the plane electrodes [66]

breakdown, the main role in the effect of the electrode area is played by weak
elements of the electrode surface, and this effect is observed only when S
changes over a wide range.

The general relation between electric strength and electrode area is given
by an empirical relation of the form:

Ebr ≈ S−n , (6.11)

where n is a coefficient depending on the dielectric type and breakdown con-
ditions.

Figure 6.31 shows the generalized dependence of the pulsed electric strength
of a transformer oil on the electrode area that changed within the limits of
five orders of magnitude [67]. The dependences were generalized as follows:
1) all electrodes were similar (to this end, the field inhomogeneity coefficient
μ was introduced), 2) to construct the dependences, a monotonically increas-
ing pulse was used with duration teff determined as the rise time of voltage

Fig. 6.31. Dependence of Et1/3 on S for a transformer oil in weakly nonuniform
(curve 1 ) and uniform fields (curve 2 ) [67]
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from 0.63Ebr to Ebr. The value of the coefficient n in (6.11), according to
these data, was 0.1. In the next few years, the value of this coefficient was
repeatedly refined in numerous studies devoted to investigation of the electric
strength of liquids (mainly of transformer oil and pure water) under condi-
tions corresponding to their use as insulation for coaxial and strip shaping
lines of high-power high-voltage generators for accelerators and x-ray sources.
For water and microsecond voltage pulses, the value n = 0.1 was given, in
particular, in [2, 66, 68]. For water and nanosecond voltage pulses (7 · 10−9–
3 · 10−8 s), n = 0.06 [69]. In [67], n = 0.1 was recommended for transformer
and castor oils, ethylene, methyl alcohol, water, and glycerin with allowance
for the effect of electrode area.

From this brief consideration we can conclude that quantitatively the ef-
fect of electrode area is independent (or depends very weakly) of the indi-
vidual properties of liquids of approximately identical degrees of cleanliness
and decreases with voltage duration. The agreement between the experimen-
tal results and power-law approximation (6.11) is illustrated by Fig. 6.32 [66].
The results analogous to the foregoing normal liquids were also obtained for
cryogenic liquids.

6.6.5 Liquid Dielectric Volume in the Interelectrode Gap

The significant influence of the volume of liquid dielectric in a strong elec-
tric field on the electric strength results from the fact that the in the bulk
of the liquid strongly affect the discharge initiation near the electrodes, and
subsequent propagation within the interelectrode gap. The relationship be-
tween electric strength and liquid volume depends heavily on the elemental
composition of the liquid, the prevalence and nature of impurities, the dis-
charge gap configuration, the electric field, and the exposure time of the liquid.

Fig. 6.32. Dependence of Ēbr of water under exposure to a single pulse on the
electrode area S in a uniform field at d = 1 cm [66]
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Figure 6.33 [47] shows the typical dependences of the electric strength and its
spread as functions of the dielectric volume for transformer oil of two types.
The tests were carried out for voltages at the mains frequency by a stepwise
method of voltage application, with ten or twenty voltage rises at each step
and 1-min exposure. The voltage at the initial step was 30% of the predicted
breakdown voltage, and the voltage was raised by increments equal to ∼5%
of the breakdown voltage.

As follows from Fig. 6.33a, Ebr was halved when the dielectric volume
in the strong electric field increased by two orders of magnitude. The exper-
imental dependences Ebr(V ) and σ(V ) are described well by the empirical
equations

E10% = 8.95V −1/7 + 2.33,

σ = 3.25V −1/6 for oil of type I,

σ = 2.36V −1/7 for oil of type II,

where E is in kV/cm and V is in cm3.
Effects on Ebr due to dielectric volume and electrode area. were also com-

pared experimentally The results in (See Table 6.9) demonstrate that Ebr

increases by approximately 22% when the oil volume in a strong electric field
doubles with electrode area remaining unchanged, that is, the influence of di-
electric volume in a strong electric field is greater than that of electrode area.

For voltage pulses, when many processes responsible for the behavior
Ebr(V ) under long-term voltage exposure can be neglected, the most im-
portant factor is the increasing probability of occurrence of weak regions with
increasing liquid dielectric volume. In this case, an attempt has been made [70]
to use the distribution function of the breakdown field strength probability
obtained in [39] for solid dielectrics.

Fig. 6.33. Dependence of Ebr (a) and its scatter (b) on the type I (curve 1 ) and
II stressed oil volumes (curve 2 ) [47]
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Table 6.9. Influence of dielectric volume on Ebr of transformer oil (electrode areas
held constant)

Interelectrode
distance, mm

Electrode
areas, cm3

Oil volume
enclosed
between
electrodes,
cm3

Number of
tests

Breakdown
voltage,
kV/mm,
for breakdown
probability, %

10 50

8
16

1120
1120

900
1800

50
50

7.74
5.60

8.73
5.79

After some simplifications for a coaxial electrode system, the dependence
of the maximum breakdown field strength on the liquid dielectric volume in
a strong electric field assumes the form

E−0.82
max = A + B log

(

lr2 ln
R

r

)

, (6.12)

where A and B are parameters describing the properties of the dielectric,
l is the electrode length, and r and R are the radii of the inner and outer
electrodes, respectively.

The applicability of the statistics of extreme values to a description of
Ebr(V ) for voltage pulses was tested for three coaxial electrode systems (R =
19, 28, and 40mm, r = 2–30mm, and l = 70mm) and commercially pure
transformer oil. Breakdowns were initiated at the front of a single voltage
pulse of positive polarity with a slope of 1700kV/μs. Figure 6.34 shows the

Fig. 6.34. Influence of the volume on Ebr.max of a transformer oil for R = 19 (1 ),
28 (2 ), and 40mm (3 ) [70]
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resulting measurements. In coordinates chosen according to (6.12), they are
satisfactorily approximated by a straight line, which confirms the validity of
(6.12). In this case, A = −0.0161 and B = 0.0147 kV/mm.
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7

Physical Discharge Initiation (Ignition)
Mechanisms

A great volume of experimental data on the electric breakdown of liquids that
have been accumulated by the present time confirms repeated statements that
there are several different breakdown mechanisms that cannot be described
in the context of a unified theory.

For the discharge ignition stage, at least four mechanisms of discharge
initiation can be identified: 1) bubble, 2) microexplosive, 3) ionization, and 4)
electrothermal.

In the first case, the main role in discharge ignition is played by the gas that
has already existed on the electrodes and in the liquid before field application.
Ionization inside of gas bubbles results in their deformation and initiation of
primary plasma channels. This discharge initiation mechanism is most prob-
ably realized in nondegassed liquids for voltage exposure times ranging from
units to hundreds of microseconds and at standard or reduced hydrostatic
pressure.

For the microexplosive discharge initiation, the events develop in the fol-
lowing sequence: electron emission into the liquid (the discharge from cath-
ode) or ionization of liquid molecules (the discharge from anode) – fast local
heating of the liquid by the current of induced charge carriers – shock wave
generation and propagation – explosive vaporization behind the shock wave
front – ionization of gas-vapor bubbles – initiation of a plasma channel. The
main condition for realization of this discharge initiation mechanism is the
high field strength near the electrode that can be achieved for nanosecond
voltage pulse durations. Among the factors favorable for the realization of
this discharge initiation mechanism are also a small tip radius of the ini-
tiating electrode (from units to tens of microns) and small (submillimeter)
interelectrode distance.

The ionization discharge initiation mechanism implies the origin of the
plasma channel due to autoionization of liquid molecules (anode initiation) or
collision ionization (cathode initiation). In this case, energy liberation, first-
order phase transition, and shock wave generation are among the secondary
processes. The conditions for realization of this discharge initiation mechanism



320 7 Physical Discharge Initiation (Ignition) Mechanisms

are even more stringent than in the previous case: extremely high electric
field strengths (more than 107 V/cm) and very short voltage pulses (10−8 s
and shorter). In this case, the field strength is sufficient for ionization of
liquid molecules, but the exposure time is insufficient for the first-order phase
transition. The realization of this discharge type is favored by the increased
hydrostatic pressure.

By the electrothermal discharge initiation mechanism is meant the follow-
ing sequence of phenomena: high-voltage conduction current running under
the effect of the electric field – heating up of the liquid in the near-electrode
regions with maximum field strength – boiling up of the liquid – ionization of
vapor-gas cavities – formation of a plasma channel.

This mechanism can be realized at large values of the product of the elec-
trical conductivity of the liquid (γ) into the voltage pulse duration (τ). Since
for pulsed voltages τ does not exceed several hundreds of microseconds, this
initiation mechanism is most probable for liquids with large γ values, primarily
for electrolytes.

According to the above-described classification and the logic prompted by
the nature of the phenomenon itself, we now try to describe quantitatively the
pre-discharge and discharge processes (some insight into which have already
been gained by us or other researchers) or restrict ourselves to their physical
interpretation. Exception is the electrothermal mechanism of the discharge
ignition and propagation for which we only estimate the conditions of re-
alization in Sect. 8.5. We have already presented experimental data on the
electrothermal discharge in high-conducting liquids (in Sect. 4.2.4) and on
the liquid electric strengths (Sect. 6.5.2).

This is explained by the fact that the authors of the monograph virtually
did not investigate the electrothermal breakdown of liquids. We are not aware
of the corresponding publications over the last 15–20 years. The computational
models and experimental data were published previously (see References to
the Foreword and Chaps. 4 and 6).

7.1 Bubble Discharge Initiation Mechanism

The significant dependence of the electric strength on the external pressure
observed under a certain combination of breakdown conditions (see Chap. 6)
gave us grounds to assume the important role of gases in liquid breakdowns.
Physical models have been developed based on the processes describing the
evolution of the gas already existed in the liquid or produced under the effect
of the electric field. They considered the liquid breakdown under long-term
exposure to dc or ac voltages. This approach to the pulsed breakdown caused
serious objections mainly for three reasons:

1) Pulsed electric strength for a wide range of experimental conditions was
independent of the pressure (Chap. 6).
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2) The processes of gas bubble nucleation and evolution were considered slow
with their time constants exceeding the applied voltage pulse duration.

3) There were no direct observations of gas bubbles in the process of discharge
ignition and propagation.

These observations started when modern equipment with high spatial and
temporal resolution and high optical sensitivity came into being. For example,
the phenomenon described in [1–4] and called in [4] the electrode positive
slow streamer that was observed under conditions when neither thermal nor
hydrodynamic effects were realized could be identified with evolution of gas
bubbles that have already existed in the liquid and on the electrode before
electric field application.

Experimental data on the electric strength (Chap. 6) and space and time
discharge characteristics (Chap. 3) versus the hydrostatic P enable one to
determine even approximately the conditions under which the adsorbed and
absorbed gas plays the important role in the breakdown initiation.

7.1.1 Physical Model of Discharge Initiation

The model developed by us was first briefly described in [5] and then in [6].
We consider that bubbles with sizes from units to tens of microns exist in the
liquid mainly on the electrodes. Ionization processes (partial discharges) are
initiated inside the bubble under the effect of the electric field once the voltage
drop across the bubble has reached Ud. After the discharge, the electric field
in the bubble decreases due to external field shielding by the attached charges.
This results in the attenuation or termination of the ionization processes. The
effect of the electric field on the attached charge results in bubble elongation
along the field as well as in charge penetration into the liquids with the velocity
determined by the mobility of charge carriers. In this case, two situations can
be realized: sustained glow discharge or discharge termination [7].

In the first case, the voltage on the bubble obeys the Paschen law. In
the second case, the voltage on the bubble increases, thereby resulting in
a repeated discharge and motion of a new charge wave through the liquid.
The determining parameter – the pressure on the bubble wall – is caused
by the effect of the Coulomb forces on the injected and surface charges and
the pressure increase inside the bubble due to gas heating. The discharge will
be ignited in the liquid when the electric field strength near the bubble pole
reaches the critical value.

The discharge will be initiated inside the bubble if electrons are generated
by any mechanism. For long-term dc voltage exposure, the number of initial
electrons is not so important, because by the breakdown voltage is meant
the voltage at which the breakdown will ever be initiated, irrespective of the
probability of generation and time of occurrence of the initial electrons. Under
pulsed voltage exposure, the moment of generation of the initial electron is
important, because it determines the moment of the discharge ignition. In this
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case, the discharge time lag due to generation of the initial electron can be
estimated from the expression [8]

tlag = 1/ [w (dne/dt)] , (7.1)

where w is the probability that the avalanche initiated by the initial electron
will cause a discharge in the bubble, and dne/dt is the number of initial elec-
trons generated every 1 s. The w value can be set equal to unity, since electric
fields inside the bubbles are strong enough in comparison with those char-
acteristic of the conventional gas discharges. The number of initial electrons
depends very strongly on the external conditions, and their contribution will
be determining.

The estimate of charge carriers produced inside the bubbles under the
action of cosmic ionized radiation demonstrates that tlag can exceed several
years under conditions of electrophysical experiments. Obviously, it cannot be
responsible for the occurrence of free electrons inside the gas bubbles under
the examined conditions. According to the modern concept, the most probable
mechanism of electron generation is the decomposition of negative ions under
the action of the temperature, electric field, and collisions with neutral gas
molecules [9]. It can be demonstrated that the presence of negative ions inside
the microbubbles is improbable even in the case of polar liquids. For the gas
discharge it is assumed that ions can be produced as a result of desorption
from the surface of electronegative molecules. Water and oxygen are the most
frequent electronegative impurities for the breakdown of liquid dielectrics.

The mechanism of negative ion decomposition can be connected with the
effect of the electric field. The estimated time of ion decomposition with al-
lowance for the Schottky effect is units of microseconds. Still smaller decom-
position times are characteristic of collisions of negative ions with neutral
molecules, for example, in the reaction O− + N2 ↔ N2O + e. The constants
of these reactions have the order of 10−10–10−12 cm3/s. This means that at
atmospheric pressure, electrons become free in units of nanosecond or several
fractions of a nanosecond.

Thus, a comparison between the conditions of discharge ignition inside the
bubbles located in the liquid volume and on the electrode suggests that the
discharge will be initiated inside the bubble adjacent to the electrode. On the
other hand, the analysis of generation of the initiating electrons demonstrates
the important role of liquid degassing and electrodes in the discharge ignition.

We now consider in more detail a possible mechanism of microbubble
breakdown. We assume that the breakdown is initiated in air at the character-
istic values of the field strength (100 kV/cm–1MV/cm). The pressure inside
the bubble can be considered atmospheric. Then from the similarity law we
can estimate E/p; we will use the system of units used in the gas breakdown,
namely, V/cm for E and Torr for p, with E/p ≈ 100–1000 V/(cm ·Torr). It is
well known [9] that for E/p ≈ 100–800 V/(cm · Torr), the impact ionization
coefficient α is well approximated by the expression
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α/p = A · exp [−B/ (E/p)] , (7.2)

where A = 15 (cm·Torr)−1 and B = 365 V/(cm·Torr). Estimates based on this
expression demonstrate that α ranges approximately from 700 to 8000 cm−1.
The determining parameter of the breakdown mechanism is the αd value which
characterizes the number of electrons formed in the avalanche and the prob-
ability of avalanche conversion into a streamer. According to our estimates,
αd ≈ 2 − 3 for microbubbles with diameter d ranging from a micron to tens
of microns; this is much smaller than 18–20 characteristic of the avalanche-
streamer transition. This means that the breakdown inside the microbubble
should obey the Townsend mechanism. The breakdown criterion here is the
condition

γ · (eαd − 1
)

= 1, (7.3)

where γ is the secondary impact ionization coefficient determining the oc-
currence of secondary avalanches initiated inside the bubble by photons or
positive ions. This expression describes the Paschen curve [10] U = f (p · d)
or in the other form E/p = f (p · d). From the Paschen curve, by inversion of
(7.3), we obtain the coefficient γ = 1/

(
eαd − 1

)
. When the voltage on the bub-

ble lies above the Paschen curve, at least two effective electrons are generated
by a single avalanche, that is, the electron multiplication coefficient will be

β = γ
(
eαd − 1

)
> 1. (7.4)

From here we can estimate the bubble breakdown time lag connected to
the coefficient γ and the time of ion drift through the gap [10]:

τ = 2 · r/ [b · E (β − 1)] . (7.5)

Here b is the ion mobility inside the bubble. Knowing the character of the
dependence of the impact ionization coefficient on the electric field strength
and taking into account that β = 1 on the Paschen curve and that the break-
down time lag is equal to ∞, we can estimate the bubble breakdown time
lag given that the voltage exceeds only insignificantly the value specified by
the Paschen curve. We take advantage of the typical procedure for calculating
changes in the function β in the vicinity of 1 when the electric field strength
increases from E0 to E:

β ≈ β(E0) +
∂β
∂E

(E − E0). (7.6)

Calculating the derivative of β with respect to E from expressions determining
β and α, we obtain

β ≈ 1 +
α · d

γ
· B · p

E
· ΔE

E
. (7.7)

Substituting concrete values of the parameters, we obtain, for example,
that β − 1 ≈ 13 · ΔE/E for an electric field strength of 100kV/cm and
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β − 1 ≈ 66 · ΔE/E for an electric field strength of 200 kV/cm. This means
that when the electric field strength exceeds by 10% the value specified by the
Paschen curve, the bubble breakdown time lag will be negligibly small com-
pared to the characteristic values of the breakdown time lag. We now estimate
τ for an electric field strength of 100 kV/cm and a 20-μm bubble. Setting the
mobility b ∼ 1 cm2/(V·s) and neglecting the field gain inside the bubble, we
obtain that the breakdown time lag is equal to 2 ns. These considerations re-
main valid for bubbles with smaller size. We can also neglect the microbubble
breakdown time lag.

To estimate the effect of discharges on the bubbles, we consider that the
discharges are initiated when the voltage on the gas inclusion reaches a certain
value Ud that depends on the product of the pressure inside the bubble P into
the bubble diameter d = 2r. The Coulomb force acting on the attached charge
during the bubble breakdown results in the displacement of the bubble wall
and the detachment of the charge carriers from the wall. All this results in an
increase in the voltage drop across the bubble, repeated breakdowns, increase
in the Coulomb force, and further displacement of the wall.

It should be noted that after the discharge initiation inside the bubble,
electrons penetrate into the liquid from the side facing the anode, and pos-
itive ions interact with the surface from the opposite side. Clearly, electrons
and ions interact differently with liquid molecules. Apparently, ions should
be attached to the surface, while electrons should penetrate deeper into the
liquids and after thermalization, move according to their mobility. Therefore,
the partial discharge (PD) inside the bubbles located on the electrodes should
have different consequences for the bubble.

Let us estimate the force acting on the bubble wall after the partial dis-
charge inside the bubble considering that the spherical bubble is discharged
thereby charging the walls:

F =
∫

σ · E · ds

2
. (7.8)

From here we obtain the average pressure on the bubble wall: Pσ = ε0εE2/2,
and the maximum pressure near the bubble pole: Pmax = 3Pσ.

Another component of the pressure acting on the wall results from the
gas heating. Its amplitude can be compared with the Coulomb component;
however, it can be easily demonstrated that the thermal conductivity and heat
capacity of the liquid provide fast heat carrying away, and this component has
less of an effect on the growth of the pre-breakdown bubbles.

One of the most complex points of the model is the character of the dis-
charge inside the bubble. It is well known that the partial discharge in a gas
inclusion into a solid dielectric results in charging of the inclusion walls and
discharge termination. A repeated discharge can be initiated only when the
voltage will be changed or the surface charge will be dissipated. Inside the
bubble located in the liquid, the discharge can occur periodically or exist
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quasi-stationary due to motion of charges arising in the liquid and on the
bubble walls.

The periodic discharge inside the bubble is terminated once the bubble
walls have been charged by the attached charges. The repeated discharge
occurs only after restoration of the voltage on bubble. Here it is important
to estimate the number of breakdowns within the time over which the pulse
acts. It seems impossible to solve this problem analytically; therefore, we
restrict ourselves to a physical estimate. In the zero-order approximation we
can consider that the voltage on the bubble will be restored when charges in
the liquids pass the characteristic distance x ∼ r. Then the number of partial
discharges within the time τ over which the pulse acts will be N ≈ μEτ/r+1,
where μ is the hydrodynamic mobility which takes into account the motion
of both charge carriers and bubble walls: μ ≈ (ε0ε/ρ)1/2

/3 [11]. The charge
carriers injected into the liquid after each discharge move in it in separate
layers. The forces acting on each layer are approximately identical; the total
equivalent pressure exerted on the bubble wall can be obtained if we increase
N folds the pressure generated after a single partial discharge:

P = 3ε0εE2 (μEτ/r + 1) /2. (7.9)

The bubble size r plays the important role in (7.9). It is of interest that
a decrease in r should increase the pressure on the bubble wall, causing its
stronger deformation and hence reducing the discharge ignition time lag. The
least bubble size at which the discharge is still initiated is observed when the
voltage drop across the bubble is equal to Ud. Therefore, the most dangerous
from the viewpoint of electric breakdown is the bubble with the critical size

rcr = Ud (2ε + 1) /6εE. (7.10)

For carefully degassed liquids, when bubbles of such sizes cannot be present
near the electrodes, the discharge ignition time lag will increase. However, no
abrupt qualitative changes in the electric strength are expected until bubble
micronucleation centers are present in the liquid. Their sizes can reach the
breakdown values in very short times t ≈ (10−9 − 10−8

)
s, for example, due

to near-electrode liquid stressed at the expense of injection of charges from the
double electric layer. Neglecting the time of bubble growth to the breakdown
size, we assume that bubbles with sizes close to rcr always exist near the
electrodes. Therefore, we substitute rcr in (7.9) for the unknown r and obtain
the expression for the average pressure on the bubble wall:

Pp.d =
3ε0 · ε · E2

2

(
6ε · μ · E2 · t
Ud · (2ε + 1)

+ 1
)

. (7.11)

For a quasi-stationary discharge inside the bubble, the discharge current
should be maintained by the conduction current at the expense of motion of
the charged bubble wall or injected or intrinsic ions. According to [13], the
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multiavalanche gas discharge in the gas gap can be maintained by low enough
currents I ≈ 10−10 A approximately equal to currents inside the bubbles. Here
we can consider two limiting cases: a) charges move inside the liquid and do not
interact with the bubble wall and b) charges are attached to the bubble wall
and move only with the wall. It seems likely that pressure values for mobile
charges are close to those described by (7.11). For the attached charge, the
pressure on the bubble wall will rise in the process of bubble deformation
in full conformity with (7.10). Moreover, bubble lengthening causes the field
amplification in the vicinity of the bubble pole, thereby increasing the pressure
on the bubble wall and causing its further deformation. For the equivalent
pressure, the approximate expression

Pp.d =
ε0ε · (K · E)2

6
(7.12)

was derived, where K is the field gain (see below). We note that (7.12) is
transformed into (7.11) for a spherical bubble.

To derive final expressions suitable for an analysis of the experimental
data on liquid breakdowns and their comparison with the results of calcula-
tions for the given model, we now consider the bubble dynamics. In so doing,
we consider the heat and mass exchange processes in the simplified form,
in particular, disregarding the nonequilibrium character of evaporation and
Joule heat liberation considered in [12]. In addition, we also neglect the bub-
ble asperity considering that the pressure Pp.d acts on the bubble wall. The
equation of bubble wall motion in this case can be written by analogy with
the well-known Rayleigh equation of bubble wall motion under the action of
the pressure difference:

R
d2R

dt2
+

3
2

(
dR

dt

)2

+
4 · η
ρ · R

dR

dt
+

2 · σ
ρ · R =

1
ρ

(Pp.d + Ps − Pout) . (7.13)

Here η is the viscosity of the liquid, σ is the surface tension coefficient, Ps is the
saturated vapor pressure, and Pout is the external pressure. Equation (7.13)
is the main equation of the model. It can be used to calculate by numerical
methods the bubble growth under the effect of the discharge initiated inside it,
to obtain a dependence of the time of bubble growth on the external conditions
and properties of the liquid for various bubbles located in the liquid and on
the electrodes. In the particular case, an analytical solution can be obtained.
It describes the evolution either of the bubble with a framework from surface-
active molecules or (more roughly) of the bubble put in a nonwettable pore
under exposure to rectangular voltage pulses with approximate allowance for
the pressure exerted by the electric field on the bubble [13], electrostriction
pressure [14], viscosity, and surface tension:

ΔPE ≈ 3ε0 (ε − 1) ε · E2

2 (2ε + 1)
, ΔPstr = ε0ρ

∂ε
∂ρ

E2

2
, Pη ≈ 4η · μ · E

R
, Pσ ≈ 2σ · R

r0
2

.
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When
(

Pout − Ps − 3ε0ε · E2

2
+ ΔPe − ΔPη + Pσ

)

≥ 0,

t2 =
(2ε + 1) ρ · Ud

6ε0ε2μ · E4

{
9ε0ε2E4

(2ε + 1)Ud

(

R − (2ε + 1)Ud

6ε · E
)}2/3

. (7.14)

For the inverse inequality,

t2 =
(2ε + 1) ρ · Ud

6ε0ε2μ · E4

[(
9ε0ε2E4

(2ε + 1)Ud

(

R − (2ε + 1)Ud

6ε · E
)) 2

3

+
2
3ρ

(

Pout − Ps − 3ε0ε · E2

2
+ ΔPe + ΔPη + Pσ

)]

.

Equations (7.14) specifie the dependence of the bubble deformation time
on the external factors.

In the process of bubble elongation, the discharge will penetrate into the
liquid phase. If we consider that the bubble after the discharge is transformed
into a conducting ellipsoid of rotation with the ratio of semiaxes R/rcr, the
electric field at the bubble poles will be amplified: E = E0K. In principle, the
bubble can have another shape, for example, it can be shaped as a cylinder
or a quasi-cone with an end hemisphere. For all these cases, the field gain will
fast increase with increasing ratio of the longitudinal to transverse bubble
sizes. There is no principal difference between these variants, and for definite-
ness, below we consider the bubble shaped as an ellipsoid. Clearly, the field
cannot increase infinitely, because the ionization processes will start in the
liquid as well. As a criterion for the discharge ignition in the liquid, we con-
sider the achievement of a certain critical field strength estimated from above
by the value Emax ∼ 108 V/cm. Both avalanche electron multiplication and
autoionization of liquid molecules can occur at this electric field strength. Ob-
viously, the actual discharge will be initiated at lower electric field strengths.
In calculations, Emax was taken from the range 107–108 V/cm.

Thus, based on the analysis of bubble existence in the liquid and their
behavior under the effect of a strong electric field, we have suggested the dis-
charge initiation mechanism in nondegassed liquids. It involves the discharge
initiation inside the bubble once the critical voltage has been achieved, bubble
deformation by the Coulomb forces, field amplification at the bubble poles,
and discharge penetration into the liquid once the electric field strength has
achieved the critical value. Since the degree of deformation depends on the
external conditions and the properties of the liquid and interface, the model
discharge ignition parameters (Eign, Uign, and tign) will also depend on these
parameters. When the breakdown is determined mainly by the first stage, that
is, by the discharge ignition, the model can be used to establish relationships
of the electric strength with these parameters.
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7.1.2 Comparison with Experimental Results

The electric breakdown in a uniform or weakly nonuniform electric field in-
evitably occurs after the discharge ignition which is the necessary and suf-
ficient breakdown condition. Hence the stage of discharge propagation (for-
mation) with the discharge formation time lag td.f (the time over which the
discharge channel crosses the gap), which is determined by the gap length d
and the average channel propagation velocity Vd: td.f = d/Vd, is taken into
account only as the additional component of the total discharge time lag. The
final expression for the discharge time lag is then the sum of three components:
tlag = t1 + tcr + td.f , where t1 is the time of bubble growth from the nucleus to
the minimum size at which partial discharges arise, tcr is the time of bubble
growth to the critical size, and td.f is the time of discharge propagation. In this
case, t1 = 0 when microbubbles are present on the electrodes, td.f is small for
short interelectrode distances, and tcr gives the greatest contribution under
experimental conditions. This allows us to neglect the other two components
of the discharge time lag in calculations of the pulsed electric strength under
above-indicated conditions.

It is obvious that a satisfactory agreement between the calculated and
experimental dependences will enable us to demonstrate the role of bubbles
in the breakdown, to refine the model parameters, and to estimate its ap-
plicability limits. Since above expressions (7.14) involve such parameters as
external pressure, voltage exposure time, permittivity, density of the liquid,
saturated vapor pressure, and viscosity, it is expedient to consider empirical
dependences for which the effect of these parameters would be clearly pro-
nounced. This primary concerns the experimental dependences of the electric
strength on the voltage pulse duration and external pressure.

Since bubbles can have different shapes, several variants of the model must
be examined to compare the theory with the experiment. The simplest case
to be analyzed is an incompressible (but growing) bubble for which we can
derive an analytical expression. Straightforward calculations from formulas
(7.14) call for the determination of a single parameter Emax that character-
izes the properties of the concrete liquid. This parameter can be adjusted
by means of comparison of the calculated and empirical voltage-time depen-
dences. The comparison makes sense for exposure times from several tenth of
a microsecond to several tens of microseconds for which the bubble discharge
ignition mechanism is most probable.

Figure 7.1 shows the discharge time lags calculated for Emax ranging from 5
to 85MV/cm. It can be seen that the change in Emax in wide limits influences
only slightly the voltage-time characteristic. If we chose the dependence in
the form 1/tn suggested by Martin in [64], the exponent n of t will change in
narrow limits from 0.27 for Emax = 5MV/cm to 0.31 for Emax = 85MV/cm. If
we chose Emax based on this exponent, the best value will be 85MV/cm. If we
chose the electric strength value for the 1-μs point [the analog of the constant
in the numerator of (6.5)], we obtain Emax = 5MV/cm. Below in calculations
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Fig. 7.1. Voltage-time dependence for hexane and the indicated values of the
parameter Emax

we use 10MV/cm for the critical field strength. More recently [66], this value
was called the most probable discharge ignition field strength according to
measurements and calculation estimates.

One more variant of the bubble, namely, a compressible bubble, is more
realistic. In addition, this approach allows the breakdown dependences to
be calculated for bubbles of different sizes rather than only for bubbles of
critical sizes. In this variant, the second-order basic differential equation is
solved. Calculations were carried out using the specially developed computer
code Bubbreak that implements the Runge–Kutta–Merson method [20]. It is of
interest to calculate the pulsed electric strength of large bubbles to show that
they increase the discharge ignition time lag. Calculations were performed for
bubbles with double and triple critical (most dangerous) radius in hexane.
Figure 7.2 shows the calculated results. It can be seen that in weak electric
fields (long exposure times), curves for bubbles of different sizes almost merge.
In submicrosecond range, the most dangerous bubble results in a much smaller
breakdown time lag.

One more point of the model that must be refined is the assumption that
the transverse size of the bubble that grows along the field direction remains
unchanged. In fact, it can decrease, since the deforming force acts in the field
direction and causes the bubble to elongate in this direction; weak collapse
forces caused by the external pressure and surface tension act on the bubble
in the transverse direction. Therefore, the bubble can decrease its transverse
size. In calculations, two limiting variants were examined: V = const, that is,
the bubble volume remains unchanged in the process of its elongation, and
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Fig. 7.2. Calculated voltage-time characteristic for the initiating bubbles with the
indicated sizes

Rtr = const, that is, the transverse bubble size remains unchanged when the
bubble is elongated. Figure 7.3 shows the calculated results. It can be seen
that the form of the dependences remains essentially unchanged. Only for
V = const the electric strength is smaller and the exponent of the power-
law dependence reaches 0.33. However, in this case the dependence of the

Fig. 7.3. Variants of bubble deformation at constant volume and constant transverse
size
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electric strength on the external pressure must disappear, which contradicts
the available experimental data. In calculations below, we take Rtr = const.

It is of interest to calculate the voltage-time dependences for different
liquids with permittivity and viscosity changing in wide limits. Figure 7.4
shows the calculated dependences for the indicated liquids with different
electrophysical characteristics. For calculations, we take Rtr = const and
Emax = 107 V/cm for water, hexane, and glycerin and Emax = 2 · 107 V/cm
for ethanol.

It can be seen that all voltage-time dependences follow the dependence
E ∼ t−n, where n=0.33 for water and ethanol, 0.29 for hexane, and 0.4 for
glycerin. An explicit dependence of the electric strength of liquids on the
permittivity and viscosity is also observed. If we exclude glycerin from our
analysis, from Fig. 7.4 it can be seen that a lower electric strength is ob-
served for a higher permittivity (see Sect. 6.5). For glycerin, its extremely
high viscosity precludes the bubble growth and deformation, from which it
follows that the required degree of deformation for identical voltage exposure
times can be obtained only in stronger fields. In addition, this results in a
stronger effect of the voltage pulse duration on the breakdown field strength
Ebr. We note that according to the calculated results, for viscous liquids like
glycerin and hexachlorodiphenyl, the temperature dependence of the viscosity
results in the temperature dependence of the pulsed electric strength. For low-
viscosity liquids, the dependence Ebr(T ) is pronounced only near the boiling
point where Ps ∼ Pout.

For water breakdown, the results calculated by the Martin empirical for-
mula [64] (with the electrode area S = 1 cm2) were compared with the theo-
retical dependence. Here Emax = 10MV/cm was chosen for the critical field

Fig. 7.4. Calculated voltage-time dependences for glycerin (curve 1), water (curve
2), hexane (curve 3), and ethanol (curve 4)
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strength. The calculated and empirical dependences almost merge, though
numerical coincidence must be considered occasional, since the electrode sizes
were not taken into account in the model.

The voltage-time dependences differ for different pressures, in particular,
in weak electric fields (large t). In strong electric fields, the curves almost
merge (calculations were carried out for n-hexane at P = 1–100atm).

The data [15] on the pressure dependence of the pulsed electric strength for
various liquids demonstrate that the for liquefied noble gases of xenon type, it
is not manifested for pressures up to 15 atm irrespective of the pulse exposure
times. At the same time, in the case of breakdown of liquid nitrogen, an ex-
plicit dependence is observed for both microsecond (t = 6 μs) and nanosecond
pulses (t = 100ns); the dependence is weakened as the exposure time de-
creases. Gray circles in Fig. 7.5 show these special features of the breakdown
of liquid nitrogen. Calculations were carried out for the following parameters.
The breakdown bubble voltage was increased to 1,000V because of the in-
crease in the gas bubble density at a liquefied nitrogen temperature of 88K.
The critical field was also increased to 20MV/cm. Solid curves in Fig. 7.5
show the calculated results, symbols denote the results borrowed from [15].
A comparison of the data demonstrates that all experimental features are
presented in the computational model.

Experiments [16] on hexane breakdown in a uniform field with registration
of the breakdown time lag demonstrated that the normalized breakdown time
lag, that is, t(P )/t(1 atm) depends almost linearly on the pressure increasing
from 1 to 15 atm. Figure 7.6 shows experimental data for electric fields of
1.3 and 1.9MV/cm. Calculated results for these fields are also shown here by
continuous curves. It can be seen that calculations yield the dependences close
to linear and are in good agreement with the experimental data.

Fig. 7.5. Dependence of the normalized electric strength on the pressure for liquid
nitrogen under exposure to 6- and 0.1-μs pulses



7.1 Bubble Discharge Initiation Mechanism 333

Fig. 7.6. Dependence of the normalized breakdown time lag for hexane on the
pressure for electric field strengths of 1.3, 1.6, and 1.9 MV/cm

Of great interest for model verification is a comparison of experimental
data on liquid breakdowns for oblique pulses, because for linearly increasing
pressure, the breakdown of large bubbles occurs at the beginning of pulse
application, and in the process of field strength increase, breakdowns occur in
smaller and smaller bubbles. The bubble of intermediate sizes should have a
minimum discharge ignition time, and the size of the most dangerous bubble
will depend on the pulse slope. Figure 7.7 shows the discharge ignition times
calculated for the most dangerous bubbles in hexane at pressures of 1 (open
diamond) and 15 atm (open squares).

Fig. 7.7. Breakdown time lag for hexane and oblique wave at pressures of 1 and
15 atm
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To carry out calculations, a subroutine for calculation of the dynamics of
bubbles of different sizes was specially added to the computer code Bubbreak.
Results of calculation were compared with the experimental data presented
in [17] for n-hexane under exposure to pulses with slopes increasing from
0.05 to 20 MV/(cm · μs) that approximately correspond to the left branch of
the voltage-time characteristic starting from the point of minimum (Figs. 6.3
and 6.4). The pressure in the liquid was atmospheric or increased approxi-
mately to 15 atm. It was demonstrated that for low rates of voltage increase,
the discharge time lag depends strongly on the pressure, whereas it was in-
dependent of the pressure for high rates of voltage increase. From Fig. 7.7 it
can be seen that the experimental data obtained at pressures of 1 (crosses)
and 15 atm (closed circles) merge when the slope of the voltage pulse exceeds
4 MV/(cm · μs). The calculated results are in fairly good agreement with the
experimental data; moreover, at high rates of voltage increase, the difference
in the breakdown time lags was within the limits of the experimental data
scatter and hence indistinguishable.

The effect of polarity on the discharge ignition for the bubble mechanism
can be explained by two reasons.

According to [7], a cathode bubble breaks down as a result of a conven-
tional partial discharge, and a quasi-stationary discharge is initiated in an
anode bubble due to attachment of positive ions to the bubble wall and the
wall motion. Figure 7.8 shows the results calculated for this case with the
indicated values of Emax.

As already indicated above, the electric field strengths near the electrodes
can differ from those calculated for the given electrode geometry. This is due
to emission of charge carriers and double electric layers. These phenomena are

Fig. 7.8. Effect of polarity for hexane at the expense of different critical field
strengths and different mechanisms of charge carrier interaction with the bubble
surface



7.1 Bubble Discharge Initiation Mechanism 335

typically observed for polar liquids, and emission from cathode is dominant.
Therefore, the conditions of discharge ignition are different in the space charge
region near the cathode and in the geometrical field region near the anode.
On the one hand, the Coulomb forces acting in the space charge region reduce
the external pressure; therefore, this factor promotes the bubble growth and
breakdown. On the other hand, the lower field strength decreases the intensity
of discharges and hence the bubble deformation and precludes the discharge
ignition. Electrode shielding was modeled in calculations by a decrease in the
electric field strength near the electrode to the value of the emission strength.
Results of calculations for water with non-emitting (analog of the discharge
from anode) and emitting electrodes and electric field strengths of 0.2 and
0.3MV/cm are shown in Fig. 7.9. The experimental data on the breakdown of
water obtained in [18] with diffusion electrodes (see Sect. 6.5.3) are also shown
in the figure. Curve 4 is for the discharge ignition from anode, and curve 5
is for the discharge ignition from cathode. A comparison of the dependences
shown in the figure demonstrates that the curve for the discharge from anode
is close to curve 1, whereas the curve for the discharge from cathode has the
same slope as the curve for the partially shielded electrode.

One more special feature of the polarity effect should be indicated, namely,
that the dependence of the electric strength on the pressure for the discharge
ignition from cathode is stronger than for the discharge ignition from anode
(see [19] and Sect. 6.3). This fact can be easily explained with allowance for
partial electrode shielding, since the hydrostatic pressure acts more strongly
on the bubble in the attenuated near-electrode field. For high degree of shield-
ing, the dependence tends to Ebr ∼ p1/2.

Fig. 7.9. Voltage-time characteristics of water calculated without (curve 1) and
with emission (curves 2 and 3) and experimental dependences for the breakdown
from anode (curve 4) and cathode (curve 5)
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The dependence of the electric field strength on the electrode area is ex-
plained by the statistical character of weak elements of the electrode surface;
the most important of the weak elements are gas bubbles that influence the
discharge initiation (see Sect. 6.6.4). In this case, the probability of occurrence
of bubbles with dangerous sizes depends on the electrode area. This results
in different probabilities of the discharge initiation at the given electric field
strength for different electrode areas and different breakdown probabilities
the given electrode area for different electric field strengths. We can roughly
estimate the effect of the electrode area as follows. If we consider that the
probability density of bubble distribution over sizes is described by the func-
tion f(r) and that the bubbles are uniformly distributed over the electrode
area with number density n, the number of bubbles with sizes in the range
from r to r + dr will be dN = nSf (r) dr. Let us consider that the break-
down occurs with probability 1 for the given E and S, if the average number of
bubbles with sizes greater than rcr is no less than one, that is, N (r > rcr) ≥ 1:

N (r > rcr) =
∫

n · S · f (r) · dr ≥ 1. (7.15)

Since rcr depends on E, this expression specifies the dependence of the
electric field strength on the electrode area for a 100% breakdown probability.
In this case, the pulse duration at which the breakdown is initiated is deter-
mined from the calculated voltage-time dependence. For N < 1, it can serve
as an estimate for the probability of existence of bubbles with dangerous sizes.
Then the above expression will determine the dependence of the electric field
strength on the electrode area for the corresponding breakdown probability.
Equation (7.15) can be transformed into

W =

∞∫

rcr

n · S · f(r) · dr, S =
W

n · F (r)
, (7.16)

which allows us to analyze the dependence S(E, W ) and hence E(S, W ) in
a more convenient form. In principle, an attempt can be made of more ex-
plicit (and rough) estimates of the sought-after dependences. To this end, an
explicit form of the dependence f(r) should be chosen. A log-normal distribu-
tion can be used for the first approximation. This distribution describes the
particle sizes during their fractionation. If we consider that fractionation oc-
curs along the inhomogeneities on the particle surface and that fractionation
and electrode machining have analogous features (cleavage, fracture, pres-
ence of intercrystalline boundaries, etc.), the distribution of inhomogeneities
over sizes of surface bulges and cavities (pores) can be considered similar to
the distribution of particles during their fractionation. In turn, the distribu-
tion of surface inhomogeneities results in bubble distribution over sizes. This
is the case for bubbles put inside pores. On the other hand, if microbub-
bles are formed near microbulges (due to emission of charge carriers plus the
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Coulomb repulsion), the distribution of microbulges over sizes will result in a
distribution of bubbles over sizes. Thus,

f(r) =
1

(2 · π)1/2
r

exp
(

− ln (r/rav)
2 · σs

)

, (7.17)

where rav is the logarithmically average bubble size and σs is its logarithmic
variance. Substituting (1.17) into (7.16), after some manipulations we obtain

S =
W

n ·
{

1 − erf
[
ln (r/rav)

2 · σs

]} , (7.18)

where erf(x) is the probability integral. It is difficult to analyze this expression,
in particular, when erf(x) is close to 1. To simplify (7.18), we take advantage
of the approximation, for example, in the form [20]

erf(x) = 1 − 1
(1 + a1 · x + a2 · x2 + a3 · x3 + · · · + a6 · x6)16

+ ε(x),

|ε| ≤ 3 · 10−7, (7.19)

S =
(
1 + a1 · xc + a2 · x2

c + a3 · x3
c + · · · + a6 · x6

c

)16 · W/n,

where a1 = 0.0705230784, a2 = 0.0422820123, a3 = 0.0092705272, a4 =
0.0001520143, a5 = 0.0002765672, a6 = 0.0000430638,

xc = ln
[
UPasch · (2 · ε + 1)

6 · ε · E · rav

]

/2σs.

Here UPasch is the breakdown voltage according to the Paschen curve.
To analyze mathematically, we express xcr = ln (Emax/E) /2σs and con-

sider different cases. Figure 7.10 shows the predicted dependences for Emax/E
chosen arbitrary from the range 1000/10 and for σs ≈ 1. This means that the
dangerous bubble size exceeds 10–1000 times the average bubble size and
that the bubble size distribution is narrow. It is difficult to comment the last
assumption, but the first assumption is noncontradictory. If the dangerous
bubble size ranges from units to tens of microns for electric field strengths
of 1MV/cm–100kV/cm, the most probable value of rcr is several fractions
of a micron. An analysis of the dependence obtained demonstrates that for
almost any electric field strength, the dependence E(S) can be described by a
power-law function E(S) ∼ S−κ with slightly varying exponent. Moreover, the
dependence is weakened with increasing S (and intensifies with increasing E).
For large S, the exponent κ ∼ 10 and even greater; for small S, the exponent is
less than 10. This is in good agreement with the available experimental data.

Thus, based on the analysis of bubble evolution in liquids and bubble
behavior under the effect of a strong field, the bubble breakdown initiation
mechanism has been suggested for liquid dielectrics. It involves a discharge
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Fig. 7.10. Calculated dependence of the electric strength on the electrode area

in the bubble once the voltage applied to it has achieved the critical value,
bubble deformation under the action of the Coulomb forces, electric field gain
at the bubble poles, and discharge propagation into the liquid once the electric
field strength has achieved the critical value. Since deformation depends on
the external conditions and properties of the liquid and interface, an explicit
dependence of the pulsed electric strength on these parameters arises in the
model. The voltage pulse parameters (pulse slope and front) and electrode
type and shape can also be taken into account in this model. The model can
be further refined with allowance for the bubble statistics. This will provide
the opportunity for taking into account the effect of the production technology
on Ebr as well as for a more correct allowance for the effect of the electrode
area.

7.2 Microexplosive Discharge Initiation Mechanism

Significant differences in the mechanisms of charge carrier generation and sub-
sequent behavior (Chap. 1), in characteristics and laws of discharge ignition
from anode and cathode (Sects. 3.1–3.3, 4.1, and 4.2) call for their separate
consideration and description.

7.2.1 Anode Initiation

To construct models of microexplosive anode and cathode discharge initiation,
the processes of ionization and emission must be examined in more detail than
in Chap. 1.
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Autoionization at the Anode

For intermediate electric field strengths of ∼ 105–106 V/cm characteristic of
the nanosecond breakdowns of submillimeter gaps, the electric field strength
at the end of bulges can be as great as ∼ 107 − 108 V/cm. For these voltages,
atoms can be ionized near the anode (due to electron emission from the liquid
at the expense of tunnel transitions) with significant local energy liberation.
These processes can be determining for the electric discharge initiation.

For liquids in which atoms or molecules interact via the weak Van-der-
Waals forces (for example, for organic liquids), we can neglect splitting of the
energy levels (their valence band width is ∼ 0.1 − 0.2 eV) and consider elec-
tron tunneling for isolated atoms or molecules. Figure 7.11 illustrates changes
in the potential energy of the valence electron of an atom or a molecule in
a strong electric field. The potential barrier on the anode side is lower and,
according to the principles of quantum mechanics, ionization is possible by
means of electron tunneling through the potential barrier along the AB path.
The probability D of electron tunneling through the barrier can be approxi-
mately determined by the Wentzel–Kramers–Brillouin method:

D = exp

⎡

⎣−2
(
2m/�

2
)1/2

r2∫

r1

(U − χ)1/2
dr

⎤

⎦ , (7.20)

Fig. 7.11. Potential energy of the electron in an atom or molecule without (a) and
with a strong electric field (b) and in the presence of a field near the metal surface
(anode) (c). Here I denotes the ionization energy, EF is the Fermi energy, and π is
the metal work function
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where m is the electron mass, � is Planck’s constant divided by 2π, U is the
potential electron energy, χ is the total electron energy, and r1 and r2 are the
coordinates of the turning points.

Generally, the potential electron energy without external field cannot be
described by a simple expression. In the approximation of the Coulomb po-
tential in the field E, the total potential energy of the electron is

U = − (e2/4πεε0r
)− eEr, (7.21)

where ε is the relative permittivity and ε0 is the permittivity of vacuum.
With allowance for (7.21), expression for the probability (7.20) can be

expressed in the form [21]

D = exp
[
−
(
6.8 · 107I3/2/E

)
θ (y)

]
, (7.22)

where I is the ionization energy, in eV; E is the electric field strength, in
V/cm; and θ (y) is the first-order correction to the Coulomb potential.

For θ (y) = 1, probability (7.22) corresponds to a triangular potential
barrier with height I and base I/eE. The correction θ (y) is analogous to the
Nordheim function that takes into account the effect of the image potential
on the field-induced electron emission from metals [22]. The parameter

y = 7.6 · 10−4E1/2/ε1/2I (7.23)

characterizes the ratio of the decrease in the ionization energy ΔI caused
by the applied field to the absolute value of the electron energy I (see
Fig. 7.11b).

When an atom or a molecule are on the conductor surface, the potential
barrier decreases further under the action of the image forces (see Fig. 7.11c).
The action of the image forces is equivalent to the electron attraction to the
electron-ion dipole image on the conducting surface. Pauli’s principle imposes
the restriction on the least distance from the surface rmin at which autoion-
ization can occur. If the atom is at the distance r < rmin from the surface,
the electron energy level in the atom will lie below the Fermi energy level
EF in the metal, and the probability of tunneling will sharply decrease. If
we neglect the ion-ion image potential and the polarizability of the initial
atom (molecule) and ion it produces, the expression for rmin can be writ-
ten as [21]

rmin ≈ (I − π) /Ee. (7.24)

In (7.24), π is the work function of the electron that escapes from the metal.
For the probability D of tunneling of the electron from an atom or a molecule
located at the distance rmin from the surface and for the electron current
density j we obtain the following expressions [21]:

D = exp
{
−6.8 · 107

[
I3/2θ (y) − π3/2

]
/E
}

(7.25)
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and

j = eNν
(
6.8 · 107

)−1 2
3

π−1/2 exp
{
−6.8 · 107

[
I3/2θ (y) − π3/2

]
/E
}

, (7.26)

where e is the electron charge, N is the number of atoms or molecules in unit
volume, ν is the frequency the electron of the atom or molecule impinges on
the potential barrier (∼ 1015 − 1016 s−1; it can be estimated from the uncer-
tainty relation).

Table 7.1 tabulates the calculated ionization probability and the electron
current density for n-hexane (I = 8.6 eV, ε = 1.8, π = 4.5 eV (typical of metal
electrodes), N = 0.46 · 1022 cm3, and ν ∼ 5 · 1015 s−1) versus the electric field
strength. It can be seen that the ionization current arises once the electric
field strength has reached a threshold value of ∼ (3 − 4) · 107 V/cm. The
probability and current density depend strongly on the electric field strength.
Even for rather small D ∼ 10−7, the electron current density is rather large
(∼ 103 A/cm2). We note that the decrease in the potential barrier height
caused by the electron and ion images in metal was not taken into account in
(7.25) and hence in (7.26). The image forces facilitate the transition through
the potential barrier.

In liquids in which molecules interact via more efficient orientational forces
(for example, in water and other polar liquids), each energy level of the iso-
lated molecule is transformed into the energy band of finite width. Under
the effect of an electric field, the energy bands of the liquid are tilted. The
slope the stronger, the higher the field strength. Figure 7.12 illustrates the
energy band diagram at the metal (anode) - liquid interface in a strong elec-
tric field. If the distance between points A and B is comparatively small
(comparable to the de Broglie electron wavelength), electron tunneling can
be observed from the valence band of the liquid through the potential bar-
rier along the AB path to the free energy levels of the metal conduction
band.

The analysis in this case results in the following expressions for the prob-
ability of tunneling D and the electron current density j [21]:

D = exp
{

−
(

I

Eed

)[

ln
(

2I

τ

)

− 1
]}

(7.27)

Table 7.1. Probability of ionization D and electron current density j for n-hexane
versus the electric field strength E

Para-meters Electric field strength E, V/cm

4 · 107 5 · 107 6 · 107 7 · 107 8 · 107 9 · 107 108

D 2.5 · 10−9 3.7 · 10−7 1.0 · 10−5 1.1 · 10−4 6.8 · 10−4 2.7 · 10−3 1.1 · 10−2

j(A/cm2) 4.2 · 101 6.3 · 103 1.7 · 105 1.9 · 106 1.2 · 107 4.7 · 107 1.9 · 108
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Fig. 7.12. Band energy diagram at the electrode (anode) - liquid interface in a
strong electric field. Here EF is the Fermi energy, π is the work function of the
electron that escapes from the metal, VB denotes the valence band, CB denotes the
conduction band, I denotes the gap width (ionization energy in the liquid phase)

and

j =
NeEe2d2

2h [ln (2I/τ) − 1]
exp

{

−
(

I

Eed

)[

ln
(

2I

τ

)

− 1
]}

, (7.28)

where I is the gap width (the ionization energy in the liquid phase), E is
the electric field strength, e is the electron charge, d is the spacing of liquid
molecules, τ is the valence band width, and Ne is the number of valence
electrons in unit volume.

In the literature, we have found no data on the valence band width τ for
liquids. Its order of magnitude can be roughly estimated from the expres-
sion [23]

I = Ig + p+ + v0 − τ/2, (7.29)

where I and Ig are ionization energies of the atom or molecule in the liquid
and gas phases, respectively; p+ is the polarization energy of the positive ion
in the liquid (≈ −1 eV for most liquids with ε > 2 [23]); ν0 is the energy at
the bottom of the conduction band relative to the electron energy in vacuum.
According to [24], I = 8.76 eV, Ig = 12.6 eV, and v0 = −1.3 eV for water, and
taking p+ ≈ −1 eV, we obtain that the valence band width is τ ≈ 3 eV.

The ionization probability and the electron current density calculated for
water (d = 3·10−8 cm, N = 1.3·1023 cm3, and τ ∼ 3 eV) within the framework
of the band model described by (7.27) and (7.28) are tabulated in Table 7.2 as
functions of the electric field strength. A comparison of the data presented in
Tables 7.1 and 7.2 demonstrates that the threshold field strength for ionization
in water is approximately halved compared to that in n-hexane.

The examined models of the autoionization process are approximate. This
is due to the difficulty of an exact problem solution. In particular, the as-
sumption on the one-dimensional character of the tunneling process and the
classical formula for the image potential near the metal surface are rough.
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Table 7.2. Probability of ionization D and electron current density j for water as
functions of the electric field strength E

Parameters Electric field strength E, V/cm

107 1.5 · 107 2 · 107 3 · 107 4 · 107 7 · 107 108

D 2.2 · 10−10 3.7 · 10−7 1.5 · 10−5 6.1 · 10−4 4.1 · 10−3 4.2 · 10−2 1.1 · 10−1

j(A/cm2) 6.7 · 10−4 1.7 9.3 · 101 5.5 · 103 5.0 · 104 8.9 · 105 3.3 · 106

However, the lack of a more realistic model of interaction of the liquid with
the surface does not allow us to refine these simple models.

Autoionization of atoms was first observed by Muller [25] in gases. Au-
toionization in a strong electric field on the surface of positively charged
tip electrode was also observed for liquefied gases [21], aromatic hydrocar-
bons [26], n-hexane [27], cyclohexane [28], and other liquids. It should be
noted that an electric field strength of ∼ 2 ·107 V/cm is necessary for autoion-
ization in n-hexane [27], which is in qualitative agreement with the results of
theoretical considerations (see Table 7.1). The threshold electric field strength
in cyclohexane is somewhat smaller [28]. For comparatively high values of the
emission current (> 10−9 A), its further growth is limited (deviation from
theory) by the spatial charge formed in the liquid due to a finite velocity of
charge carriers [27, 28].

Thus, autoionization of molecules in the liquid requires the electric field
strengths that are actually achievable near the anode; in this case, the cur-
rent density caused by the motion of arising charge carriers can cause phase
transitions in the liquid.

Microexplosive Processes on the Anode. Discharge Initiation

The opportunity of homogeneous (spontaneous) vapor bubble occurrence as
a result of local superheating of the liquid by ionization (emission) currents
was demonstrated in [21, 29].

An attempt of quantitative estimation of the processes of local superheat-
ing of the liquid by ionization currents was undertaken in [30] to explain the
mechanism of the electric discharge ignition from anode. We take advantage
of the Dering–Volmer formula for the bubble nucleation frequency (rate) in
unit volume of a superheated liquid [29, 31]:

S = N

[

exp
(

− L

kT

)](
2σ
πm

)1/2

exp

(

− 16πσ3

3kT (ps − p)2

)

, (7.30)

where N is the number of molecules in unit volume, L is the vaporization heat
of a single molecule, k is the Boltzmann constant, σ is the surface tension
coefficient, m is the mass of the molecule, ps is the saturated vapor pressure
at temperature T of the superheated liquid, and p is the external pressure.
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Because of the strong dependence of S on the depth of penetration into the
metastable region (degree of liquid superheating), the boundary of the region
of fluctuation bubble nucleation is sharp. The pressure and temperature of the
first-order phase transition are related by the Clausius–Clapeyron equation:

dps =
L (T ) ps

kT 2
dT. (7.31)

If the dependence of L on the temperature is known, (7.31) can be inte-
grated and the coexistence curve can be found.

Let us assume that the average time of bubble nucleation τ̄ in volume V
of a metastable liquid (∼ r3

0 , where r0 is the characteristic radius of the en-
ergy absorption region) makes the main contribution to the average statistical
discharge time lag,∗ that is, τ̄ ≈ t̄st. The parameters S, τ̄ (t̄st), and V

(
r3
0

)
are

related by the expression:
Sr3

0 t̄st = 1. (7.32)

Formula (7.32) specifies the condition of the breakdown initiation, where
the dependence of the average statistical time lag on the properties of the
liquid, local electric field strength Eloc (characterizes the specific power de-
posited into the liquid and hence the achievable superheating), and external
pressure is determined in terms of S by (7.30).

The energy balance equation (disregarding the thermal conductivity) has
the form

j (t)Eloc (t) dt ≈ Cpρ (T )dT, (7.33)

where j (t) is the ionization current density, Cp is the specific heat, and ρ is
the density of the liquid.

All thermodynamic characteristics included in computational formulas
(7.30)–(7.32) are considered at the temperature T of the superheated liquid.
This causes some difficulties, because the data on the properties of metastable
liquids either are absent at all or are insufficient. The liquid density versus
temperatures was found from a linear dependence ρ (T ). Values of the coef-
ficient of surface tension of the liquid as functions of the temperature were
determined by extrapolation of the available experimental data from the re-
gion far from the critical point toward σ = 0 at the critical temperature.

Values of the thermal-physical parameters were borrowed from handbooks
of physical quantities. A very strong dependence of the last exponential term
in (7.30) on the temperature and pressure makes errors in calculations caused
by errors in the determination of the thermal-physical characteristics of the
liquid insignificant.

Solid curves 1–3 in Fig. 7.13 show the dependences of the average statistical
discharge time lag on the external pressure for n-hexane at the indicated tem-
peratures of the metastable liquid calculated for model (7.11)–(7.13). Closed

∗ The physical meaning of this term for the discharge in liquids was explained in
Chap. 2.
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Fig. 7.13. Dependence of the average statistical discharge time lag for n-hexane
on the external pressure. Solid curves 1–3 show the results of calculations for the
superheated liquid temperature T and the radius of the region of energy liberation
r0: curve 1 is for T = 210 ◦C and r0 = 1.1 · 10−7 cm, curve 2 is for T = 213◦C and
r0 = 4.6·10−8 cm, and curve 3 is for T = 215◦C and r0 = 3.5·10−8 cm. Closed circles
and the vertical dashed straight line show the experimental results for a complex
electric discharge from anode (E = 2.1 MV/cm and d = 100 μm)

circles here show the experimental data obtained from the statistical distribu-
tions of the breakdown time lag (Chap. 5) for the complex electric discharge
from anode in the electric field E = 2.1 MV/cm for an interelectrode distance
of 100 μm.

The vertical dashed straight line here indicates the pressure at which the
complex electric discharge has no time to be formed, and transition to the
ionization mechanism of breakdown from anode occurs.

The experimental points fall well on curve 2 calculated for the liquid tem-
perature T = 213 ◦C and the characteristic radius of the energy liberation
region r0 = 4.6 · 10−8 cm. It can also be seen that with increasing pressure,
points of curve 2 approach smoothly the asymptote at a critical pressure of
0.9MPa.

The criterion for the breakdown is the liberation of the energy with volume
density

W ≈ Cp

T∫

T0

ρ (T )dT (7.34)

near the anode, where T0 is the initial temperature and T is the temperature
of the superheated liquid.

To increase the temperature of n-hexane to T = 213 ◦C (Cp = 2.26 J/g ·K
under normal conditions), the volume energy density W ≈ 250 J/cm3 must
be liberated. In this case, the homogeneous nucleation frequency is S ∼
1030 cm−3 · s, and the mode of explosive or impact boiling up is realized [31].
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It is exactly the high heating rate (≥ 1010 K/s) in the very small liquid vol-
ume that provides deep enough penetration into the metastable region and
intense fluctuation nucleation of bubbles even in the presence of the system
of well-developed vaporization centers.

As demonstrated in Chap. 1, the system of electrodes with highly nonuni-
form field produces the electrostriction pressure in the liquid under exposure
to pulsed voltage. An increase in the pressure is described by the formula [29]

Δp =
(ε − 1) (ε + 2)

24π

(
E

300

)2

· 10−6 [atm] (7.35)

analogous to formula (1.2), where ε is the relative permittivity of the liquid
and E is the electric field strength, in V/cm. For n-hexane and field strengths
near the tip electrode of 1 ·107 and 2 ·107 V/cm, the electrostriction pressures
amount to 45 and 179 atm, respectively. A solution of the energy balance
equation with allowance for the process of heat transfer in the stationary ap-
proximation demonstrates that the temperature distribution has a maximum
at the distance 2R from the tip end, where R is the end radius of the tip [29].
The electric field strength at this distance from the tip decreases approxi-
mately 5 times (in the approximation of the conducting tip end shaped as a
semi-ellipsoid of rotation), and hence the pressure decreases 25 times. With al-
lowance for the electrostriction pressure Δp ∼ 2−7 atm, the agreement of the
theoretical dependence with the experimental data shown in Fig. 7.13 demon-
strates that the increase in the temperature of the superheated liquid is greater
than 6◦C, and the radius of the region of energy liberation decreases by a factor
of 1.5. It should be noted that the positive spatial charge formed in the liquid
reduces the electric field strength near the tip electrode. This can decrease
the effect of the electrostriction pressure on the bubble nucleation process.

The upper limit of the increase in the temperature of the liquid can be
estimated from the formula [29]

ΔTmax =
Ei

32πκ
α, (7.36)

where E is the electric field strength at the tip end, i is the ionization current,
κ is the thermal conductivity of the liquid, and α = 6.7 is the coefficient that
takes into account the spatial limitation of the emission current.

To increase the n-hexane temperature by ΔTmax ∼ 200 ◦C (κ = 0.15 W/m·
K at a temperature of 0◦C and atmospheric pressure) for the field strength
near the tip electrode E ∼ 2 · 107 V/cm, the emission currents ≥ 2 · 10−7 A
are required, that are greater than the emission currents at which the effect
of the spatial charge is observed.

From the energy balance equation with allowance for (7.36), the time
required for heating by ΔTmax can be estimated [29]:

Δt ≈ (2CpR
2ρ
)
/κ. (7.37)

For n-hexane, Δt ≤ 2 · 10−9 s for tips with end radii R ≤ 0.01 μm.
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The heating efficiency can be considerably increased due to conversion
into heat of the energy lost by electrons in the process of elastic collisions
with molecules of the liquid. Electron tunneling requires that the atom was
separated from the emitter surface at the distance ≥ rmin specified by (7.24).
For n-hexane and E ≈ 2·107 V/cm, rmin ≈ 20Å. After passage of this distance,
the electron cannot acquire the energy required for ionization of the molecule
even in such strong electric fields. Therefore, the number of electrons in the
liquid does not increase. After passage of a distance of ∼6 · 10−8 cm equal
to the average molecular spacing in n-hexane in a field of ∼(1–2)·107 V/cm,
the electron will acquire an additional energy of ∼0.6–1.2 eV. In the process
of electron collisions with molecules of the liquid, its kinetic energy is trans-
formed into the energy of vibrational and rotational degrees of freedom of the
molecules. The most probable molecular vibrations in hydrocarbons such as
n-hexane are oriented along the chemical bonds in the CH, CH2, and CH3

groups with normal frequencies of 1000, 1450 and 2960cm−1 lying in the
near infrared range of the spectrum [32]. The corresponding quantum ener-
gies are 0.12, 0.18, and 0.37 eV. The energy of vibrational degrees of freedom
will be converted rather efficiently into heat in the process of collisions of
molecules with each other. It should be noted that the liberated energy den-
sity W ≈ 250 J/cm3 corresponds to the average energy per a single molecule
of 0.34 eV, which is close to the energy of excitation of stretching vibrations
in the CH, CH2, and CH3 groups (0.37 eV).

Thus, the electron energy is converted into heat in small enough time and
small enough volume. This leads to intense local superheating of liquids, explo-
sive process of bubble formation, and generation of weak shock waves observed
in the process of electric discharge initiation in n-hexane (see Sect. 3.1).

The first stable bubble nucleus arising in the superheated liquid and hence
boiling up of the liquid are random processes. Under preset external condi-
tions, the bubble nucleation time τ is described by the exponential Poisson
distribution with the probability density [31]

f (τ) = (1/τ̄) exp (−τ/τ̄) , (7.38)

where τ̄ is the average bubble nucleation time (the average lifetime of the
superheated liquid). We note that the statistical time lag obeys an exponential
distribution (Chap. 5).

Within the framework of the examined model, the statistical time lag for
the complex electric discharge from anode involves electron emission from the
liquid, fast local heating, and nucleation. Since the autoionization process is
virtually inertialess, fluctuations of the statistical time lag are due to temporal
fluctuations of energy dissipation and bubble nucleation processes.

The significant intensity of shock waves generated in water in the stage
of discharge ignition allows us to estimate the minimum pressure level and
some other parameters in the region of energy liberation on the electrode
surface [33].
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Their exact determination using the interpherometric methods is compli-
cated by the fact that the propagation of shock waves in water with the ve-
locity exceeding by a factor of 1.5–2 the sound velocity in unperturbed liquid
causes significant changes in the pressure by Pfr ≈ (0.5 − 2.0) · 109 Pa [44].

For the known changes in the refractive index in the shock wave front, the
density and pressure can be determined for weak shock waves (P ≤ 108 Pa)
when temperature changes in the medium can be neglected. We now establish
a relationship between changes in the refractive index of water and pressure.
We take advantage of the condition of water isentropy for P < 3 · 108 Pa [34]:

P + B

ρα =
P0 + B

ρα
0

, (7.39)

where B = 3.045 · 108 Pa and α = 7.15. Neglecting P0 in comparison with B,
for small density changes we obtain

P = B

[(

1 +
ρ − ρ0

ρ0

)α

− 1
]

≈ Bα
ρ − ρ0

ρ0

. (7.40)

The dependence of the refractive index on the water density for weak shock
waves (P ≤ 108 Pa) has the form [35]

Δn = 0.322
ρ − ρ0

ρ0

. (7.41)

With the help of (7.40) and (7.41), we derive the expression used in ex-
periments on the determination of pressure in water from the data of inter-
ferometric measurements:

P ≈ 6.8 · 109Δn [Pa] . (7.42)

The measurable range of pressures in the shock wave front Pfr for a char-
acteristic spherical shock wave radius of ∼ 100 μm is 5 − 50 MPa. Its lower
limit is determined by the accuracy of measuring the displacement of the in-
terference bands Δk ∼ 0.1 and is also the estimate of the measurement error.
Its upper limit is determined by a discontinuity of the interference band near
the front and corresponds to k ≈ 1. When the refractive index changes by
Δn ≥ 2 · 10−2, the interferometer yields a focused shadow image of stronger
optical inhomogeneities.

Comparatively intensive shock waves were also investigated with a super-
highspeed three-frame laser Schlieren system. Its sensitivity is estimated by
the change in the refractive index Δn ≥ 10−2, which corresponds to the
pressure in the shock wave front Pfr ≥ 70 MPa (Vfr ≥ 1.6 · 105cm/s).

Let us consider now some concrete data on the dynamics of explosive
processes in distilled water.

Figure 7.14 shows the time dependence of the shock wave front radius
Rfr averaged over a large number of three-frame photographs (denoted by



7.2 Microexplosive Discharge Initiation Mechanism 349

Fig. 7.14. Temporal dependence of the shock wave front radius Rfr (curves 1 and
2), pressure Pfr (curve 3), and initial perturbation radius r0 for distilled water, a
field strength of 0.6MV/cm, and an interelectrode distance of 2mm

figure 1). Here the dependence Rfr (t) obtained from the interferograms is
also drawn (denoted by figure 2) for time moments when they can be in-
terpreted quantitatively. At the bottom of Fig. 7.14, the time dependence
of the characteristic radius of the primary local perturbation region r0 (t) is
shown. At the top of the figure, the waveform of the voltage pulse is shown for
E = 0.3 MV/cm. Here tlag is the average discharge time lag counted from the
moment when the electric field strength achieved E = 0.3 MV/cm (the qua-
sistatic breakdown field strength) to the breakdown moment (voltage cutoff),
tst.lag is the average statistical breakdown time lag, and tch is the average time
the plasma channel crosses the gap (Vch ∼ 1.5 · 107 cm/s). The sum tfr + tch
can be treated as the discharge formation time td.f .

Investigations with the three-frame Schlieren-system have demonstrated
that the initial local optical inhomogeneities with characteristic sizes ≤ 10 μm
arise on the electrode surface in tst.lag ≈ 20 ns. Further expansion of this
perturbation and formation of a shock wave is observed.

A discharge channel arises at the moment of time t = tlag − tch (see
Fig. 7.14) which corresponds to the characteristic size of the shock waves prop-
agating with the average velocity Vfr = Rfr/ (tlag − tst.lag − tch) ∼ 2 ·105 cm/s.
A more detailed analysis of the dependence Rfr (t) shows that the initial
channel propagation velocity is Vfr ≥ 2 · 105 cm/s; then it decreases to
≥ 1.5 · 105 cm/s at t ≈ tlag. This means that the pressure in the region of
local energy liberation can be Pch ≥ 109 Pa at the initial moment of time [34].
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In the process of shock wave propagation, the pressure is described by the
expression [36]

Pfr ≈ ρ0

r3
0

τ2
0Rfr

g

(
t

τ0

)

(7.43)

obtained for the spherical perturbation and the hydrodynamic model. Here
ρ0 is the density of water, r0 is the characteristic perturbation radius, τ0 is
the characteristic time of energy liberation, and g (t/τ0) ≈ 1.

The pressure in the perturbation region can be estimated with the help of
the following relation:

Pch ≈ ρ0β
(

t

τ0

)
r2
0

τ2
0

, (7.44)

where β is a function of the parameter t/τ0 that depends weakly on the Much
number M = r0/τ0C0. For t = τ0 and β = 0.5, from (7.43) and (7.44) we
obtain

Pfr ≈ 2Pch
r0

Rfr
. (7.45)

If we assume that the pressure Pch in the central region is maintained due to
energy transferred from the arising primary ionization channels, from Fig. 7.14
it follows that by the moment of time τ0 = tfr + tch, Rfr ≈ 66 μm and r0 ≈
15 μm; this yields Pch (τ0) ≈ 0.9 · 108 Pa and Pfr (τ0) ≈ 4 · 107 Pa.

Of interest is to compare the results obtained with the data of interferomet-
ric measurements. The experimental dependence Pfr (t) drawn in coordinates
(Pfr, Rfr) and denoted by figure 3 in Fig. 7.14 has the form Pfr = A/Rfr.
The pressure reaches a value of ∼ 5 · 107 Pa for Pfr ≈ Pfr (tlag), which is
in good agreement with the result obtained by the Schlieren photography
method. Using values of Pfr (Rfr) for Rfr ∼ 80 − 200 μm, from (7.43) we ob-
tain r0 ≈ 15 μm for τ0 = tfr + tch, which does not contradict the results
obtained by the Schlieren photography method. For a maximum pressure in
the region of energy liberation, the interferometric measurements yield

Pch ≈ 3ρ0

r30
τ2
0

≈ 5 · 108 [Pa] . (7.46)

Thus, it can be seen that measurements of the main dynamic character-
istics of the examined process by two independent methods, including mea-
surements of Rfr (t) and r0 (t) by the Schlieren photography method and mea-
surements of Pfr (Rfr, t) and r0 (t = tlag) by the interferometric method, yield
close values Pch ∼ (0.5 − 1) · 109 Pa of the maximum pressure in the region of
local energy liberation near the anode surface.

Assuming that the primary ionization process accompanied by the phase
transition arises in this region, for the liberated energy density we have

W = Rch/ (γ − 1) ≈ (2 − 4) · 103
[
J/cm3

]
, (7.47)

where γ = 1.26 is the effective adiabatic exponent for discharges in water [36].
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At these W values, an intense phase transition arises in water, which causes
the refractive index to change. These changes were registered by the optical
methods.

It should be noted that for liberation of energy ≥ 4.10−6 J in the region
with the characteristic radius r0 ≈ 10 μm during τ0 ≤ 2 · 10−8 s under expo-
sure to voltage of 1.2 ·105 V, the current must be ≥1.5 ·10−3 A, which is much
greater than the autoionization current [21]. The additional energy required
for explosive boiling up can be supplied through an increase in the conduc-
tion current in water in strong electric fields initiated by the special hopping
motion of protons [37]. The proton H+ forms the H3O+ complex (the hydrox-
onium ion) with the water molecule. This complex can transfer an excessive
proton to the neighboring definitely oriented water molecule. This molecule
turns into the H3O+ complex, and so on. In this case, the charge is transferred
mainly via the displacement of electrons, while the proton passes only an in-
significant distance. Thus, this mechanism is in many respects analogous to
the hole mechanism typical of the semiconductors. In strong electric fields, the
number of water molecules with favorable orientation sharply increases, and
the mobility of charge carriers will also increase. Under assumption of inde-
pendence of proton vibrations in molecular chains with hydrogen bonds, the
mobility of positive charge carriers will be ∼ 1 cm2/(V · s) [38]. When voltage
is applied to the discharge gap, a positive surface charge, formed by electron
vacancies, arises near the anode. In the field of these vacancies, the nearest
waters molecules are polarized and displaced. This process is terminated by
the transfer of electrons from these molecules to the anode. Ionization of water
molecules results in the formation of hydroxonium ions near the anode by the
scheme H2O+ + H2O → H3O+ + OH. Then the charge carriers move by the
mechanism described above. Running of this quasi-hole current can cause fast
heating of water near the anode and formation of microbubbles. Because of
the electron mechanism of electrical conduction, this model is applicable for
short voltage pulses, including nanosecond ones. However, the lack of more
precise data on the mobility of charge carriers in strong electric fields and on
the charge carrier concentration does not allow us to estimate the electrical
conductivity of water and to compare it with the available experimental data
to adopt or abandon the energy liberation model.

Generation of charge carriers in the process of autoionization is accompa-
nied not only by phase transitions under the effect of liberated energy but
also by a number of chemical transformations. For water, a mechanism of
chemical transformation caused by the kinetic energy of electrons localized
in the conduction band was suggested in [39]. It explains the main physical
processes observed in the fast stage of electric discharge propagation. The
H2O+ ions in water recombine with quasi-free electrons and form the H2O∗

vib

molecules in highly-excited vibrational state with energy of 6.26 eV. We note
that the energy of the first electronically excited state of the water molecule
(in the liquid phase) amounts to 8.4 eV. The vibrationally-excited molecules
decompose through three schemes [39, 40]:
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{H + OH + H2O, (7.48)
H2O∗

vib + H2O → {H2 + 2OH, (7.49)
{2H2O + ΔEdis (7.50)

Scheme (7.50) describes dissipation of the excitation energy in the medium
by the mechanism of vibrational-translational relaxation. Shock waves can be
excited as a result of energy dissipation along the electron trajectory [41]. The
H2O∗

vib state with the electron thermalization time equal to 10−13 s is excited
in water. The vibrational-translational energy relaxation time for water is of
the same order of magnitude (it is caused by a high density of molecules in
the medium and hence a large number of collisions of molecules per second).
In radiation chemistry, it is accepted that the electron energy in a condensed
medium is absorbed in microregions (spurs) with linear sizes of 10−20 Å [42].

When the energy ΔEdiss = 6.26 eV is liberated in the region having the
characteristic radius r0 = 7.5 Å, the volume energy density in this region
amounts to W ≈ 571 J, and the temperature increases by ΔT = 179 ◦C.
In this case, the condition of shock wave excitation (the condition of ther-
mal peak localization) is satisfied, that is, the thermal relaxation time in the
medium tT (tT ∼ (2r0)2/4D = 3.9 · 10−12 s, where D is the thermal conduc-
tivity) is greater than the propagation time of hydrodynamic perturbation
tH(tH ∼ 2r0/C0 = 10−12 s, where C0 is the velocity of sound in the unper-
turbed medium). As a result of fast local heating, temperature and pressure
change abruptly, which causes the formation of the discontinuous front that
propagates with the velocity exceeding the sound velocity. Calculations of the
hydrodynamic parameters of shock waves yielded an initial pressure in the
front of ∼ 3 ·102 MPa and a propagation velocity of ∼ 1.8 ·105 cm/s [41]. That
is, the arising shock waves are weaker than those accompanying the electric
discharge initiation, which is in qualitative agreement with the experimental
data (see Sects. 3.1 and 3.2). As a result of attenuation, the shock wave ve-
locity fast decreases to the sound velocity, and the shock wave is transformed
into sound one. It should be noted that the above-considered mechanism of
heat liberation provides the basis for operation of bubble chambers.

By virtue of competitive reactions (7.49) and (7.50), gas microbubbles are
formed along with the excitation of shock waves in the region of the discharge
channel initiation. In addition, reaction (7.48) competes with reactions (7.49)
and (7.50), and some of the H atoms and hydroxyl radicals penetrate the gas
microbubbles. Therefore, narrow hydrogen atom lines of the Balmer series
are observed against the background of the continuous emission spectrum of
molecules [43].

Natural luminescence of the perturbation region before pinching of the
weakly ionized gas plasma channel can be explained by the reactions [39]

H + OH → H2O∗
el, (7.51)

H2O∗
el → H2O + hν (7.52)

taking place in the gas bubbles.
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Unlike reactions (7.48)–(7.50), these reactions are secondary. Therefore,
the luminescence is observed with a certain time delay relative to the gas
microbubble formation.

The characteristic radius r0 can be estimated based on the Khristianovich
solution [34]. The law of temporal pressure variations in the shock wave is
typically characterized by an exponential dependence

P = Pfr exp [−t/t0] , (7.53)

where the constant t0 specifies the time during which the pressure decreases e
times, and the time t is measured from the moment of wave arrival at the given
point. Neglecting the deformation of the pressure profile with insignificant
increase in the distance for Pfr ≤ 3 · 107 Pa, we obtain for pressure variations
behind the shock wave front

P = Pfr exp [−ρ/ρ∗] , (7.54)

where ρ∗ is the distance at which the pressure decreases e times and ρ is
counted from the shock wave front Rfr.

For motion with spherical symmetry in water [34], we obtain

ρ∗
r0

≈ t0 · C0

r0
=

1.92 ln (17, 000/Pfr) − 1.11
√

ln (17, 000/Pfr) − 0.5
. (7.55)

Expression (7.53) gives the pressure level in the shock wave front Pfr and
time constant of attenuation t0 close to experimental ones for Pfr ≤ 2.5·107 Pa.

Thus, the characteristic size of the energy liberation region for the given
perturbation can be estimated from pressure variations in the narrow region
adjacent to the shock wave front with the help of (7.55).

Figure 7.15 shows the refractive index variations behind the spherical shock
wave front with radius Rfr ≈ 170 μm in distilled water reconstructed from
three interference bands [see Fig. 3.11a (1)]. Good agreement of the results in
the region of maximum pressure level can be seen. Based on the estimate of the
maximum pressure, we obtain Pfr ≈ (1.4 ± 0.3) · 107 Pa. Further different be-
havior of the profiles can be due to breaking of the spherical symmetry caused
by the ionization processes that develop behind the shock wave front. The up-
per profile is described with good accuracy by an exponential dependence in
the region adjacent to the shock wave front. From (7.55) for Pfr ≈ 1.4 · 107 Pa
we obtain ρ ∗ r0 ≈ 4. Determining ρ∗ from the profiles shown in Fig. 7.15, we
obtain for the radius of the energy liberation region r0 ∼ 5−13 μm. According
to (7.43), for Pfr = 1.4 · 107 Pa, Rfr = 170 μm, and r0 ∼ 10 μm we obtain the
characteristic time of energy liberation τ0 ∼ 2 · 10−8 s.

Let us estimate the order of magnitude of the energy Q0 liberated in
the region with the characteristic radius r0 ∼ 10 μm for the period τ0 ∼
2 · 10−8 s [36]:

Q0 ≈ 4π
3

ρ0

γ − 1
r5
0

τ2
0

≈ 4 · 10−6 [J] .
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Fig. 7.15. Reconstructed refractive index distribution behind the spherical shock
wave front with radius Rfr ≈ 170 mm for distilled water

Thus, for nanosecond voltage pulses, the electric discharge is initiated by
the explosive processes characterized by liberation of the energy Q0 ≥ 4·10−6 J
in the region with radius r0 ∼ 10 μm during τ0 ≤ 2 · 10−8 s.

The reconstruction of the profile behind the front of the propagating shock
waves allows the pressure at the boundary of the initial ionization channel and
hence inside the channel to be estimated. Figure 7.16 shows the refractive in-
dex distribution for perturbations in ether [see Fig. 3.11a and b (2)] calculated
by the statistical regularization method [44].

Let us determine a dependence of the refractive index on the ether pres-
sure. We take advantage of the data on isothermal compressibility of liquids.
Quantitatively, the compressibility is characterized by the quantity X (the
compressibility coefficient):

X = − 1
V

(
∂V

∂p

)

=
1
ρ

(
∂ρ
∂p

)

, (7.56)

where ∂V (∂ρ) specifies the volume (density) changes when the pressure
changes by ∂p. For pressures lying in the range ∼ (1 − 2) ·107 Pa at a temper-
ature of 273K, the coefficient of ether compressibility is ∼ 1.2 ·10−9 Pa−1 [45].

A dependence of the refractive index on the density can be found from the
data on the derivative of the refractive index (at λ = 589.3 nm) and density
with respect to the temperature at atmospheric pressure [46] :

dn

dρ
=

dn

dT

/
dρ
dT

≈ 4.8 · 10−4
[
m3/kg

]
. (7.57)
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Fig. 7.16. Calculated radial distribution of the refractive index for ether and
perturbations with cross sectional radii R = 70mm (◦) and R = 60 μm (•). Vertical
dashed straight lines indicate the channel boundary

From (7.56) and (7.57), we obtain the expression which allows us to de-
termine pressure from the changes in the ether refractive index:

p ≈ 2.4 · 109Δn [Pa] .

The results of interferogram interpretation shown in Fig. 7.16 demonstrate
that the pressure on the channel boundary is ∼ (5 − 7) · 106 Pa. This value
can serve as an estimate of the lower pressure limit in the channel (the char-
acteristic channel radius is about 10 μm).

Thus, the fast local energy liberation in the liquid near the electrode, for-
mation of shock waves and microbubbles in the region with negative pressure
behind the shock wave front can be considered as the initial phase of the
discharge ignition. The intensity of these processes depends strongly on the
near-electrode electric field strength and properties of the liquid.

The initial shock wave velocity in deionized water is ≥ 2 · 105 cm/s, the
pressure in the shock wave front reaches ∼ 2.5 · 109 Pa, and the temperature
of water increases by ∼ 130◦C [36].

In n-hexane, the specific energy liberation accompanying the discharge
ignition is approximately by an order of magnitude smaller than in water.
Therefore, weaker and fast decaying shock waves are formed in n-hexane.

The development of ionization processes in microbubbles is the next phase
of the discharge ignition. Thus, the discharge ignition is maintained by the
shock wave, and the ionization processes develop in the shock wave front.

According to the streamer theory of gas breakdown, the parameters of
arising microbubbles meet the empirical H. Raether condition [8]

(α/p) pxcr ∼ 20, (7.58)
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where α is the first Townsend ionization coefficient, p is the gas pressure,
xcr is the critical length of the avalanche (corresponds to the avalanche con-
version into a streamer). As is well known, the ratio α/p is an unambigu-
ous function of E/p. If local water heating results in the formation of a
vapor cavity with pressure p0 ∼ 109 Pa, the temperature of molecules can
be estimated from the formula p0 ≈ n0kT0. For the particle concentration
n0 ∼ 3.3 · 1022 cm−3, the temperature will be T0 ∼ 2 · 103 K. Under as-
sumption of adiabatic cavity expansion from the initial radius r0 to r, the
pressure p inside the cavity will decrease in accordance with the formula
pV γ = const or p = p0 (r0/r)4 with the adiabatic exponent γ = 4/3. Once
the cavity size achieves r ≈ 5r0 ≈ 50 μm, the temperature inside it will
be T = T0 (r0/r) ∼ 4 · 102 K, and the concentration of molecules will be
n = n0 (r0/r)3 ∼ 3 · 1020 cm−3. This yields the equivalent pressure reduced
to room temperature peq ∼ 1.2 · 106 Pa. This fact must be taken into ac-
count, because the ionization in an expanding cavity will be determined by
the particle density rather than by the pressure inside it, that is, by peq. The
parameter E/peq that determines the value of the ionization coefficient α, with
allowance for the field gain inside the bubble equal to ∼ 1.5 for the electric
field strength E ∼ 1 − 2 MV/cm, will be E/peq ∼ 100 − 200 V/ (cm · Torr).
Since in this range the value α/peq ∼ 1− 5 (cm · Torr)−1 [25], from condition
(7.21) it follows that xcr ∼ (0.5 − 2) · 10−3 cm. Even if we take the lower limit
α/peq ∼ 1, the pressure for the critical avalanche length xcr ∼ 10−3 cm will
be peq ∼ 3 · 106 Pa.

From the foregoing analysis it follows that the ionization processes result-
ing in the formation of the discharge channel will develop inside an expanding
cavity only when the pressure decreases to the level < 107 Pa. Since the sec-
ondary microbubbles arise somewhat later and have the characteristic sizes
r0 ≤ 10−3 cm, the pressure inside them will be peq ≥ (1 − 3) · 106 Pa. This
is in qualitative agreement with the results of interferogram interpretation.
In addition, due to the channel lengthening, the field gain can noticeably
increase.

The ionization in the secondary microbubbles promotes the energy in-
flow into the discharge channel being formed; for this reason, the character-
istic branched structure is observed behind the shock wave front [Fig. 3.8
(2)]. Starting from a certain moment, the electrical conduction of the channel
reaches such a value that the potential of the high-voltage electrode (anode)
is transferred through the channel to the shock wave front.

In this case, the third stage of the electric discharge arises when the ion-
ization processes are propagated ahead of the shock wave front with the high
velocity ≥ 107 cm/s.

7.2.2 Cathode Initiation

For cathode discharge initiation and propagation under conditions of the elec-
tric mechanism of liquid breakdown, a model have been developing for many
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decades according to which electrons emitted from the cathode or from the
head of the discharge channel are accelerated and produce collision ionization
of the substance in the liquid phase (see Introduction). The subsequent devel-
opment of the experimental technology and physics of the condensed state of
substance gives us grounds to assume that such mechanism of the discharge
initiation and propagation from cathode is realized only at very high electric
field strengths (∼ 108 V/cm) near the electrode and head of the propagating
channel (see Sect. 7.3). For moderate electric field strengths and moderately
short voltage pulses, the emitted electrons moving in the liquid result in its lo-
cal superheating, boiling up (nucleation), and expansion. When the density of
the substance decreases to values at which free paths of electrons allow them
to acquire the energy sufficient for collision ionization, avalanches are formed
and avalanche-streamer conversion is observed by analogy with the discharge
in gases. This mechanism differs from the anode initiation by the nature of
the initial electrons (emitted from the metal in one case and from the liquid in
the other case) and the direction of the field gradient along which they move
(the increasing field for the anode initiation and the decreasing field for the
cathode initiation).

The physical model of this process with well substantiated quantitative es-
timates for water and liquefied noble gases under exposure to submicrosecond
voltage pulses was developed in the series of works (for example, see [7,47,48]).

The given model has four stages:

1) Formation of the region of spontaneous gas nucleation centers near the
cathode. The required energy density is 109 J/m3 for water and 108 J/m3

for liquefied argon.
2) Expansion of this region until the density of substance decreases to the

value at which the collision ionization begins; the size of this region must
be no less than the critical avalanche length.

3) Development of an electron avalanche and its conversion into an ionized
front.

4) Front propagation at the expense of three processes indicated above but
ahead of the ionized front.

The model of discharge ignition and propagation is based on the assump-
tion that the collision ionization coefficient α is equal to zero at E = Ebr and
on the experimental dependences of the breakdown time τbr on the hydrostatic
pressure P , electrical conductivity γ, and interelectrode distance d.

Since according to the available experimental data it follows that the low-
voltage conductivity of liquids has essentially no effect on the breakdown
characteristics, it is assumed that the role of the ion current is negligibly
small. The electron autoemission from cathode plays the key role in the energy
liberation and formation of the gas-phase nucleation centers.

In [29, 49] it was demonstrated that the Fowler–Nordheim equations for
the probability D of electron tunneling through the potential barrier and the
autoelectronic emission current density j from metal to vacuum describe well
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the autoelectronic emission in dielectric liquids if π has been replaced by the
work function of the electron from metal to the liquid πliq = π + ν0, where ν0

is the energy of the ground state of the quasi-free electron, and the relative
permittivity of the medium ε has been taken into account in the expression
for the potential and hence in the argument y described by (7.61).

With the first-order correction for the image forces (the Schottky effect),
these expressions assume the form [50]

D = exp
[
−
(
6.8 · 107π3/2/E

)
θ (y)

]
(7.59)

and

j = 1.5 · 10−6
(
E2/π

)
exp

[
−
(
6.8 · 107π3/2/E

)
θ (y)

]
, (7.60)

where π is the work function, in eV; E is the electric field strength, in V/cm;
and j is in A/cm2. The correction θ (y) is the Nordheim function. The param-
eter

y = 3.8 · 10−4E1/2/ε1/2π (7.61)

specifies a decrease in the work function due to the Schottky effect (that is,
the image forces) for the electron with the given energy. The function θ (y)
was tabulated by Nordheim; therefore, D and hence j can be easily calculated.

For n-hexane, ν0 ≈ 0 and πliq = π ≈ 4.5 eV for the tungsten emitter (at the
temperature T = 293K) [27]. Table 7.3 tabulates the calculated D and j values
for emission into n-hexane (ε = 1.8) versus the electric field strength E for the
indicated work functions π for the electron that escape from the metal. It can
be seen that the electric field strength for the autoelectronic emission must
be ≥ 107 V/cm depending on the work function of the electron that escapes
from the metal. Attention is drawn to the extraordinary fast increase in the
transparency with the field and to the high currents at very small D values.
The latter is explained by the fact that the number of electrons bombarding
per second the barrier wall is so great what even for insignificant probabilities

Table 7.3. Probability of electron tunneling D and autoelectronic emission current
density j for n-hexane versus the electric field strength E for the indicated values
of the work function π of the electron that escapes from the metal

E, V/cm π = 4.5 eV π = 3.0 eV π = 2.0 eV

D j, A/cm2 D j, A/cm2 D j, A/cm2

9 · 106 3 · 10−16 1.2 · 10−8 2 · 10−8 1.2
107 1.6 · 10−27 5.3 · 10−20 1.3 · 10−14 6.3 · 10−7 1.5 · 10−7 1.1 · 101

2 · 107 1.5 · 10−13 2 · 10−5 4.1 · 10−7 8.2 · 101 1.8 · 10−3 5.5 · 105

3 · 107 5.5 · 10−9 1.6 1.2 · 10−4 5.5 · 104 3.6 · 10−2 2.5 · 107

4 · 107 1.0 · 10−6 5.3 · 102 2.2 · 10−3 1.8 · 106 1.9 · 10−1 2.3 · 108

5 · 107 2.5 · 10−5 2.1 · 104 1.2 · 10−2 1.5 · 107

6 · 107 2 · 10−4 2.4 · 105
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of the electron escape, high currents are recorded. From Table 7.3 it can be
seen that the emission current density increases rather fast with decreasing
work function, because π3/2 is under the exponent sign in (7.60).

A comparison of the data presented in Tables 7.1 and 7.3 demonstrates
that the emission currents are by several orders of magnitude higher than the
ionization currents for the same electric field strengths. That is, lower electric
field strengths are required for the electron emission from the metal to n-
hexane than for ionization, which is confirmed by the experimental results [27].

The autoelectronic emission in a strong electric field was observed near
the negatively charged tip surface in liquefied gases [29], n-hexane [27], cy-
clohexane [28], and other liquids. For example, the electric field strength
E ≈ 2 · 107 V/cm was necessary for cold electron emission into cyclohexane.
For emission currents > 10−9 A, the deviation from the Fowler–Nordheim
equation (7.60) was observed. This is due to the effect of the spatial charge
formed in liquids because of the low mobility of charge carriers.

As already indicated above, the running emission current can result in fast
local superheating of liquids and spontaneous bubble generation [7, 29]. We
now try to invoke the processes of local liquid superheating by emission cur-
rents to explain the mechanism of the electric discharge initiation from cath-
ode for n-hexane in a quasi-uniform electric field. We note that under condi-
tions of n-hexane breakdown from cathode, a strong influence of the external
pressure on the electric discharge was revealed (see Fig. 3.16 in Sect. 3.4).
Comparatively low external pressures prevented the breakdown formation.

The solid curve in Fig. 7.17 shows the dependence of the average statis-
tical discharge time lag on the external pressure for n-hexane calculated for
model (7.30)–(7.32) with the temperature of the metastable liquid T = 210 ◦C
and characteristic radius of the energy absorption region r0 = 5.1 · 10−8 cm.
Here closed circles show the experimental results obtained from the statistical
distributions of the breakdown time lag (Chap. 5) for the electric discharge
from cathode, the electric field strength E = 1.3 MV/cm, and the interelec-
trode distance d = 100 μm. The vertical dashed straight line here indicates
the pressure starting from which the breakdown is not formed. It can be seen
that the experimental data are in qualitative agreement with the calculated
dependence. With increasing pressure, points of the curve smoothly approach
the asymptote corresponding to a critical pressure of 0.4 MPa. According to
(7.34), the breakdown criterion is the liberation of the volume energy density
W ≈ 245 J/cm3 near the cathode. It should be noted that the temperature of
the superheated liquid, characteristic radius of the energy absorption region,
and the specific energy liberation are close to values observed for the electric
discharge initiation from anode for n-hexane. Therefore, the above estimates
of the required emission currents by (7.36) (≥ 10−7 A) and of the characteris-
tic liquid heating time by (7.37) (∼ 10−9 − 10−7 s) for the tip electrodes with
end radii of ∼ 0.01 − 0.1 μm remain valid here.

The given model is in qualitative agreement with the electrooptical investi-
gations of pre-breakdown phenomena in nitrobenzene for microsecond voltage
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Fig. 7.17. Dependence of the average statistical discharge time lag for n-hexane
on the external pressure. The solid curve shows the calculated results at the su-
perheated liquid temperature T = 210◦C and the radius of the energy liberation
region r0 = 5.1 · 10−8 cm. Closed circles and the vertical dashed straight line show
the experimental results for the electric discharge from cathode (E = 1.3 MV/cm
and d = 100 μm)

pulses [51]. In [51] it was demonstrated that the emission of charge carriers
from the electrodes precedes the microbubble occurrence.

The thermal mechanism of microbubble formation is confirmed by the
experimental data reported in [52, 53]. In these works, the formation of va-
por bubbles near the tip cathode was investigated for cyclohexane and other
hydrocarbon liquids. It was established that the microbubble occurrence and
subsequent growth near the electrode were observed after running of a current
pulse. Moreover, the external pressure did not influence the current running
mode and affected only the bubble dynamics. This proves that the bubble
results from the current pulse. Since the bubble is generated only when the
pressure is below the critical level for the liquid, the mechanism of bubble
formation is local boiling of the liquid due to high power density. Fast and
local electric energy liberation results in intensive heating of the liquid near
the tip and its subsequent nucleation. A high degree of correlation between
the microbubble occurrence near the tip cathode and the current was also
confirmed by the experimental results obtained in [54] for n-hexane.

If the liquid density decreases as a result of heating and nucleation to the
critical value ρ = ρcr = 1020 cm−3, avalanches will be developed. Accord-
ing to [55], electrons are localized in water for ρ > ρcr. The avalanches are
no longer developed if the space charge field becomes comparable with the
external field Eext. Electron avalanches moving from the cathode continue
to heat the liquid and to decrease its density ρ to values smaller than ρcr.
New avalanches forming an ionized channel can be observed in this region.
The contribution of energy to this region of the liquid depends on the chan-
nel resistance that must be low enough to provide an energy inflow from the



7.2 Microexplosive Discharge Initiation Mechanism 361

external electric circuit. This cycle of liquid heating, decrease in its density,
avalanche growth to the critical size, and conversion of the avalanche into an
ionized channel provides the propagation of the ionized front to the opposite
electrode.

In this case, the discharge (breakdown) time lag τbr is expressed as the
sum of four components:

τbr = τnucl + τexp + τcr + τc.p,

where τnucl is the time of gas phase formation (nucleation), τexp is the time of
expansion of the region and decrease in ρ to ρcr, τcr is the time of avalanche
growth to the critical size, and τc.p is the time of avalanche conversion into a
streamer and streamer crossing of the interelectrode gap.

By analogy with the gas discharge, τnucl can be identified with the statis-
tical discharge time lag τst, and the sum of three terms τexp + τcr + τc.p can
be identified with the discharge formation time τf .

The breakdown criterion for the given model is obtained by quantitative
estimation of each of four τbr components.

To estimate τbr, it was assumed that the necessary (but insufficient) con-
dition of breakdown initiation is the formation of a single heated region with
volume r3

t [29] during τnucl. According to [29], the nucleation rate can be found
from (7.30).

The time τnucl was calculated from (7.11)–(7.13) for Ebr = 660 kV/cm,
E = 700Ebr (with allowance for the field gain by surface cathode microinho-
mogeneities), j = 7 · 102 A/cm2 (for typical emission current ≈ 9 · 107A and
the above-indicated electric field strength [7]), and the characteristic radius
of the energy absorption region r0 = 2 · 10−5 cm.

The calculated τnucl values are in good agreement with the values measured
in [47] (Figs. 7.18 and 7.19).

The character of the dependence of τnucl and external pressure Pext on
Ebr can be explained if we consider the energy that must be liberated in the

Fig. 7.18. Dependence of the time of forming gas phase nucleation centers τnucl and
difference between the statistical time lags τst for degassed and nondegassed water
on the electric field strength [48]
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Fig. 7.19. Dependence of the time of forming gas phase nucleation centers τnucl and
difference between the statistical time lags τst for degassed and nondegassed water
on the external pressure

liquid at the expense of the emission current to increase the saturated vapor
pressure Pv and hence nucleation S. Thus, an increase in τlag with Pext(E) is
partly explained by the increase in τnucl with Pext(E).

Results of calculations of τexp were presented in [7]. For Ebr ≈ 600 kV/cm
and the parameters the same as for calculations of τnucl, τexp turns out to be
smaller than 1 ns.

The time of avalanche development to the critical size was calculated based
on the assumption that this event occurs in the gas (vapor) phase. According
to [7], the impact ionization coefficient for water vapor can be found from the
expression:

α/Pv = 12.9e−289Pv/E (7.62)

valid for 150 ≤ E/Pv ≤ 1000 (where Pv is in mm Hg and E is in V/cm).
The Clausius– Clapeyron equation used to obtain the dependence of the

vapor pressure Pv [T (τ)] at time τ after bubble nucleation shown in Fig. 7.20
demonstrates that E/Pv is well described by (7.62) when τ = 0.1 ns.

Fig. 7.20. Dependences of the vapor pressure Pv, pressure in the region of gas phase
nucleation Pv(nucl), and ratio E/n [E/p used in (7.62)] on the external pressure
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Thus, (7.62) characterizes the maximum rate of increase in the electron
density. It remains exponential until the field strength of the space charge Es.c

acquires the same order of magnitude as Ebr. At this moment of time, the
total field Ebr +Es.c inside the ionization region decreases with accompanying
increase at the region boundary and the corresponding higher rate of electron
density increase. By analogy with the avalanche-streamer transition in gases,
the electron density increase will slow down at αrcr = 18. For concrete values
of E and n in the heated region, αrcr = 18 determines the critical size rcr of
the region with reduced density in which the increased rate of the subsequent
expansion and collision ionization is observed mainly in the direction of the
field amplified by the space charge field. The dependence of rcr on Pext was
found for the parameters corresponding to those of Figs. 7.18 and 7.19, and
the Pv value was taken for a gas bubble. For the examined Pext values, the
equality αrcr = 18 is satisfied for r ≈ 10−6 cm, which is less than rcr, because
the avalanche becomes critical inside the region with n ≤ ncr. The time of
avalanche growth to the critical size appeared much less that 1 ns [7].

Electrons from the avalanche head are injected into the liquid through the
gas (vapor) - liquid interface and produce local heating of the liquid reducing
its density. New avalanches develop in this region with n ≤ ncr. Due to this
sequence of events, the ionization front propagates toward the anode.

7.3 Ionization Mechanism of Discharge Initiation

As already pointed out in Sects. 3.1 and 3.5, the so-called homogeneous electric
discharge is observed for nanosecond voltage pulses, which exists and competes
with the conventional discharge, that is, with the discharge ignited by the
microexplosive mechanism. It is characteristic that the first rather slow phases
of the discharge ignition (formation of shock waves – gas formation in the
process of collisions – ionization inside microbubbles – origin of a plasma
channel) are not observed for it. In this case, the first registered event is a
brightly luminous rudiment of the discharge channel. The fact that the first-
order phase transition does not participate in the formation of the initial
discharge stages is also confirmed by the absence of the effect of external
pressure. This mechanism becomes dominant for nanosecond voltage pulses
and elevated pressures.

There are grounds to suggest that the initiation and propagation of the
homogeneous electric discharge from anode is caused by the autoionization
processes in the liquid, that is, the ionization discharge ignition mechanism
is realized. In this case, the discharge ignition time lag is analogous to the
statistical time lag (Chap. 2). The high field strength necessary for ionization
of molecules in the liquid is provided by both large potential difference with-
stand by the liquid under exposure to a nanosecond pulse (Sect. 6.1) and high
field gain near the microinhomogeneities on the electrode surface (Sect. 6.6.1).
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Generation of intensive local electric fields due to structural fluctuations inside
the dielectric can play the important role in the liquid ionization.

Based on the results obtained in [56, 57], the fluctuation model of ion-
ization of liquid dielectrics was suggested in [58] and developed in [65]. The
growth of the discharge channels was approximately described by a threshold-
type criterion. If the local field (depending on the potential and radius of the
channel head) is

Eloc > E∗ + δ, (7.63)

a new conducting phase region arises in this place. Here E∗ is the characteris-
tic of the substance whose physical meaning is the threshold breakdown field
for the ideal dielectric and δ specifies the random fluctuations of this field
caused by many reasons. One of them is that the field acting on a polarizable
liquid molecule changes the field magnitude and direction because of ther-
mal fluctuations in the position of the neighboring polarized particles. This
effect is analogous to the Holtsmark fluctuations of microfields in the plasma.
On the other hand, states with vibrational degrees of freedom and electron
configurations are excited with a certain probability because of interaction
of molecules with each other during their thermal motion. Therefore, there
is a noticeable probability of ionization of molecules in the distant wing of
the Boltzmann distribution in the electric field. The spatial inhomogeneities
of the dielectric itself also influence the field fluctuations. All this makes the
breakdown a stochastic process. It is clear that the negative δ fluctuations
play the determining role.

The fluctuations of the statistical time lag result from the temporal fluc-
tuations of the substance state near sharp microbulges on the anode surface.

The main experimental features of the electric discharge are:

– fractal character of the electric discharge with the well-developed branched
structure,

– dependence of the electric discharge structure on the electric field strength,
– threshold breakdown character and strong dependence of the statistical

discharge time lag and discharge formation time on the field strength,
– opportunity of initiation and development of several discharge structures.

They all are well reproduced and explained in the context of the fluctuation
model [59].

This testifies to the important role of the probabilistic processes that are
taken into account in the given model through fluctuations in the local thresh-
old breakdown condition. A more detailed physical explanation of the fluctu-
ation breakdown model can be found in [60].

In conclusion, it should be noted that the discharge ignition by the
microexplosive and ionization mechanisms realized in gaps for high over-
voltages are accompanied by melting and even sublimation of metal of tip
electrode with small r0 and microbulges on the electrode surface with large
area of stressed surface [62, 63]. The most reliable quantitative data on this
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phenomenon were obtained for tip electrodes with small rake angles (8–30◦)
and end radii (1–10 μm). Depending on the experimental conditions (electrode
geometry, liquid type, and electric field strength), the mass of the metal car-
ried away from the tip electrode during a single interrupted discharge was
within the limits ∼ 10−10–10−5 g. A part of this mass was transferred to the
opposite electrode (for millimeter and submillimeter gaps). This phenomenon
confirms once again the explosive character of the processes in the discharge
ignition stage for the liquid under exposure to short pulses.

The authors of this monograph recognize that at present the subdivision
of the processes that provide the basis for the discharge ignition under condi-
tions when the bubble and electrothermal mechanisms cannot be realized into
microexplosive and ionization is to some extent hypothetic. This is caused
by insufficiently exact determination of the boundaries of their existence and
distinctive parameters. Only further careful studies will allow the problem of
the number and boundaries of applicability regions of different discharge initi-
ation mechanisms to be solved. These investigations are continued, and some
results have already been reported at the 2005 IEEE International Conference
on Dielectric Liquids, Coimbra, Portugal, June 26 - July 1, 2005 (for example,
see [67] and the references therein).
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8

Mechanisms of Discharge Propagation
and their Applicability Limits

For the stage of discharge propagation, three mechanisms (three discharge
types) can be considered essentially different: 1) fast (supersonic), 2) slow
(subsonic), and 3) electrothermal.

In the first case, the breakdown of liquids is usually called ionization bear-
ing in mind that the initial phase state of the liquid is disturbed (changes) as
a result of ionization processes in the liquid itself (in the liquid phase). In the
second case, it is called bubble emphasizing that the propagation channel is
connected with the formation of gas (vapor) bubbles. Their ionization provides
the channel grows (elongation). Electron emission from the plasma channel
into the liquid is accompanied by energy liberation in the liquid near the
channel head and formation of new bubbles. Noticeable contribution comes
from the gas bubbles that have already existed in the liquid before the field
application (in the case of discharge in non-degassed liquids).

In most cases, the discharge from anode propagates as a fast discharge,
while the discharge from cathode propagates as a slow discharge.

When the electrothermal mechanism of discharge initiation is realized
(which is a rather rare case for pulsed breakdown of liquids), breakdown in-
volves the following stages: heating of the liquid (mainly by ion currents),
boiling up of the liquid with the formation of gas-vapor cavities, and ioniza-
tion inside the cavity. The discharge channel is elongated at the expense of
motion of the region of local heating to the opposite electrode and boiling up
of the liquid. In [1] the maximum rate of channel elongation in water was cal-
culated for this mechanism under assumption that energy liberation is caused
by the ion current. Its dependences on the temperature and field strength are
described by the Plumley equation. The maximum rate of channel elonga-
tion was equal to 5 · 104 cm/s, that is, was somewhat greater than the value
measured in experiments on breakdown of electrolytes for long voltage pulses.
The discrepancy can be explained by the assumptions used in calculations [1].
Taking into account that this breakdown for the pulsed voltage is a rare (even
exotic) phenomenon and that it has already been described in [1] and in the
references to the Introduction, we will not dwell on it here.
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Since the fast channels from anode and the slow channels from cathode
are most clearly pronounced, fast channels are described on the example of
positive discharge, and slow channels are described on the example of nega-
tive discharge. In so doing, it is important to bear in mind that both slow
and fast channels can be observed for one electric breakdown. As a rule, the
first channels are transformed into the second ones. However, under certain
conditions the sequence of events can be opposite (see Chaps. 3 and 4).

Causes and effects of a large variety of spatial structures of the figures
formed by growing discharge channels (bush-like, treelike, umbrella-like, etc.)
have already been discussed in ample detail in Chap. 4.

8.1 Propagation of the Fast (Anode) Channel

Intense luminescence registered with photomultipliers and ICC and accompa-
nied by current pulses is taken to mean the discharge channel initiation. This
indicates a rather high intensity of ionization processes and high electrical
conductivity inside channels. Measurements of the electric field distribution
with the help of the Kerr effect technique in nitrobenzene [2] confirmed high
electrical conductivity of the channel already at early stages of its propa-
gation registered by other methods (Chap. 4). For the cylindrical model of
the conducting channel with the hemispherical end radius r ∼ 5 μm (see
Sect. 3.1), the field amplification in the channel head is ≥ 20. Even higher
values will be observed for ellipsoidal channel. For average values of the field
strength in the gap equal to ∼ (0.5–1)· 106 V/cm, the electric field strength
near the channel head can exceed (1–2)· 107 V/cm, which is sufficient for the
onset of autoionization in the liquid (see Table 7.2), in particular, with al-
lowance for structural fluctuations. This mechanism is in qualitative agree-
ment with strong influence of additives that have low ionization energies
and with the absence of influence of additives that trap the electrons on
the velocity of positive discharge channel propagation in various liquids (see
Sect. 4.1.3).

The physical pattern of the positive initial discharge channel propagation
is the following. The ionization processes develop in the liquid due to high elec-
tric field strength near the discharge channel head. The electrons are generated
in front of the head in the process of autoionization and move toward the head
under the effect of the field. They enter into the positively charged channel
head and leave behind a new region of positive spatial charge. The generation
and motion of charge carriers in a strong electric field provides intensive liber-
ation of thermal energy. This translates the liquid into the supercritical state
accompanied by virtually instantaneous formation of gas phase centers with
high pressure and temperature. This is followed by fast (supersonic) expansion
accompanied by the formation of a shock wave, decrease in the temperature
and pressure, and initiation of a gas channel (Fig. 8.1) [3]. The channel col-
umn expands with slow (subsonic) velocity ≈ 103–104 cm/s [4, 5]. The basic
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Fig. 8.1. Mechanical model of the initial channel propagation with the head in the
form of a point heat source [3]

mechanism of the initial channel elongation is a continuous creation of the
gas-liquid interface rather than its motion.

For an incomplete discharge, the expansion of the channel is followed by its
collapse and transformation into a chain of gas bubbles, thereby terminating
the initial channel propagation.

Some characteristic parameters, in particular, the scattered power (∼10 W)
were estimated in [3], where it was demonstrated that the dynamics, sizes, and
lifetime of the initial channel were determined mainly by the inertia of the
liquid (the Rayleigh model).

In this case, the influence of electric forces on the dynamics of the initial
channel was negligibly small in comparison with the influence of inertia forces.

The full description of the initial channel propagation must take into ac-
count several different experimental parameters:

– electric phenomena near and inside the channel head (generation and mo-
tion of charge carriers) that depend on the liquid and impurity (additives)
properties and the electric field strength

– characteristics of the initial channel (dynamics, internal pressure, lifetime,
etc.) that depend mainly on the mechanical parameters: hydrostatic pres-
sure, liquid density and viscosity, etc.

– generation and transport of charge carriers in the initial channel column
that determine the electrical conductivity of the channel and depend on
the hydrostatic pressure, additives, gas composition in the channel, etc.

Unfortunately, nowadays it is impossible to present a rigorous mathemat-
ical description of the processes in the liquid near the head and inside the
column of the initial channel. Therefore, a mathematical description of the
processes in the liquid near the initial channel head development by us in [1]
and for the model suggested more recently in [6] are based on some simplifying
assumptions and hence can give only estimates of the parameters.

For the approach suggested in [6], we now calculate the velocity of the
initial channel propagation being the most precisely measured parameter of
the discharge channel.
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The channel is considered as a thin conducting filament with radius of the
head and the channel behind it r0. The number of charge carriers generated
in unit time is written as

Z = πr0
2nv, (8.1)

where n is the electron and positive ion concentration and v is the channel
propagation velocity. On the other hand, Z can be expressed as

Z =

∞∫

r0

2πr2Nγdr, (8.2)

where N is the number of molecules in unit volume and γ is the probability of
autoionization in unit time. In (8.2), the hemispherical shape of the channel
head is taken into account, and the integral is taken over the entire region
before the front. With allowance for the expression for the frequency of elec-
tron collisions with the potential barrier [7] and (7.27) for the probability of
electron tunneling in unit time, we obtain

γ =
Eed

h
exp

{

−
(

I

Eed

)[

ln
(

2I

τ

)

− 1
]}

. (8.3)

Here E is the electric field strength, I is the gap width (the ionization
energy of the liquid phase), τ is the valence band width, d describes spacing
of molecules in the liquid, e is the electron charge, and h is Planck’s constant.
Considering that the field is spherically symmetric, for r ≥ r0 we obtain

E(r) = E0
r0

2

r2
=

Ur0

r2
, (8.4)

where E0 and U are the field strength and the potential in the channel head,
respectively. Combining expressions (8.1)–(8.4), for the velocity we obtain

v =
2NE0ed

hn

∞∫

r0

exp
{

−
(

Ir2

E0r0
2ed

)[

ln
(

2I

τ

)

− 1
]}

dr . (8.5)

At the initial moment of time for r = 2r0 (the front is displaced at the
distance of the order of the head radius r0), the channel propagation velocity is

v ≈ 2Ned

h

(
E0r0

n

)

exp
{

−
(

2.25I

E0ed

)[

ln
(

2I

τ

)

− 1
]}

. (8.6)

Here the exponent comprises the average distance r̄ = 1.5r0.
Expression (8.6) establishes the dependence of the channel propagation ve-

locity on the head field strength (potential) and physical characteristics of the
propagation medium. It can be seen that the velocity increases with decrease
in the molecular ionization energy and liquid density (through the multiplier
d with allowance for a stronger dependence of the exponential multiplier),
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which is in qualitative agreement with the majority of experimental results.
According to (8.6), the velocity v is proportional to the head radius r0 deter-
mined actually by sizes of the initial discharge channel (the high-conductivity
nucleus). Relationships among the parameters E0, r0, and n determine the
rate of ionization processes in the given medium.

Having substituted the measured values of the initial channel parameters
(see Table 4.8) and some tabulated physical constants into formula (8.6),
we obtain v = 1.4 · 107 cm/s, which is in good agreement with the mea-
sured value typical of the fast discharge mode. (Calculations were performed
for charged particle concentration n ∼ 3 · 1016 cm3, specific conductivity of
∼ 0.1 Ω−1 cm−1, current density of ∼2 · 103 A/cm2, N = 3.3 · 1022 cm−3,
d = 3 · 10−8 cm, I = 8.76 eV, τ = 3 eV (for water), E0 = 2.15 · 107 V/cm,
n = 3 · 1016 cm−3, and r0 = 5 μm).

To confirm the autoionization mechanism of charge carrier generation,
the electrical conductivity of substance behind the initial channel head and
the velocity of the initial channel propagation in the first stage of the leader
process in long gaps were calculated in [1]. To estimate the field strength in
front of the channel head, it was approximated by a hyperboloid of rotation.
Taking into account that its radius r0 is much less than the interelectrode
distance d, we can write

Emax =
U − ΔU

1.15 · r0 log
4d

r0

, (8.7)

where U is the tip electrode potential and ΔU is the voltage drop across the
discharge channel equal to

ΔU = Eav
lead · llead + Eav

in.ch · lin.ch . (8.8)

Here llead and lch are lengths of the leader and initial channels at the exam-
ined moment of time and Eav

lead and Eav
in.ch are the average longitudinal field

gradients in the leader and initial channels, respectively.
Setting r0 = 1.5 · 10−4 cm, U = 1.25 · 105 V, Eav

lead = 5 · 103 V/cm, Eav
in.ch =

1.6 · 104 V/cm, d = 5 cm, llead = 2 cm, and lin.ch = 0.3 cm in accordance with
the data presented in Tables 4.8 and 4.9 for the discharge in transformer oil
and a positive aperiodic pulse whose shape is close to the standard one for
U = U50%, from (8.7) with allowance for (8.8) we obtain Emax ≈ 1.3·108 V/cm.

In the majority of studies, the critical (threshold) electric field strength in
the liquid, that is, the minimum field strength at which the discharge processes
are initiated near the tip electrode, is taken to be (0.7–11) ·107 V/cm [8,9], that
is, close to the value found from (8.7). This value was used in our calculations.
According to [10], the probability of autoionization for condensed media in
unit time W can be written as

W (E) = 4.6 · 10−13 · A · E10/3

I
5/2
o

· 10−1.75·107·B·I3/2
o /E , (8.9)

where A and B are constants of about unity and I0 is the ionization potential.
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Equation (8.9) can be used to analyze the autoionization processes in
liquids because of the existence of the near order in the structure to which
the band theory, developed for solid dielectric, has been extended. In [11] the
probability of autoionization in the liquid was calculated for the band model
of noninteracting molecules. It was established that results of calculations for
the band model provide the best agreement with the experiment and give the
equation analogous to (8.9).

Time variations of the charged particle concentration due to autoionization
can be expressed through the probability W and the concentration of neutral
particles in the liquid n0 as

dn

dt
= no · W (E) . (8.10)

Using the continuity equation for the charge

∂ρ
∂t

+ divj = 0, (8.11)

where ρ = ε
4π ·di ·V E and j = e ·nV is the current density created by excessive

charge moving with the velocity V .
Equation (8.11) can be written as

dE

dt
+

4πj

ε
= 0 . (8.12)

Since V =
√

2eλ
m E in a strong electric field, (8.12) assumes the form

dE

dt
= −4π

ε
ln

√
2eλ
m

E, (8.13)

or, designating 4π
ε e
√

2eλ
m = C, we obtain

dE

dt
= −Cn

√
E . (8.14)

Equation (8.14) can be written as

dE

dn
· dn

dt
= −Cn

√
E . (8.15)

Substituting (8.10) into (8.15), we obtain

dE

dn
= − C · n√E

no · W (E)
. (8.16)

Upon integration of (8.16), we obtain
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n2 = −2
A1 · no

C

E

∫
Eo

E17/6 · exp
(

−B1

E

)

dE, (8.17)

where

A1 = 4.6 · 10−13 · I−5/2
0 = 4.6 · 10−15.5

[
cm10/3

V10/3 · s
]

,

B1 = 1.75 · 107 · 2.3 · I3/2
0 ≈ 4 · 108.5 [V/cm] ,

C =
√

300
4π
ε

e

√
2eλ
m

≈ 1 · 10−2

[
V1/2 · cm5/2

s

]

. (8.18)

Here λ is determined from the expression

λ =
1

σeM · NM
, (8.19)

where σem is the cross section of the electron interaction with the hydrocarbon
molecule and NM is the concentration of molecules. According to [12], σeM is
given by the expression

σeM = 2r · l (n − 1) (8.20)

Here r = 2.45 · 10−8 cm is half the distance between the molecular axes,
l = 1.23·10−8 cm is the C–C bond length projected onto the cylinder axis, and
n is the number of carbon atoms in the molecule.

Taking into account that the average molecular weight of the transformer
oil is ∼280 [13] and hence n ≈ 20, we obtain σeM = 1.15 · 10−14 cm2.

Then from (8.19) we obtain

λ =
1

1, 15 · 10−14 · 1, 86 · 1021
≈ 4, 7 · 10−8 cm

After integration of (8.17) for E = E0 (before the onset of autoionization,
that is, at t = 0) and n = 0, we obtain

n2 = 2A1·n0
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(8.21)

The concentration of the charged particles inside the initial channel head
can be found from (8.21) neglecting the second term in square brackets, be-
cause E = Eav

in.ch is much less than E0:

n2 ≈ 2A1 · n0
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exp
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)

(8.22)
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Knowing the charged particle concentration, the electrical conductivity of
the substance averaged over the initial channel cross section can be determined
from the equation

γ =
n1 · e2 · λ1

2mV1 · 9 · 1011

[
Ω−1 · cm−1

]
. (8.23)

Here m is the electron mass, λ1 is the electron free path in the substance
of the initial channel, and V1 is the average velocity of thermal motion of
electrons at temperature T [K]:

V 1 =

√
8kT

πm
. (8.24)

To calculate λ1, V1, and n1, the temperature of the substance inside the
initial channel must be known.

For a liquid volume near the initial channel head, where the autoionization
is observed, that is, where the field strength E is

E = E0

(

1 − 2E0

B1

)

, (8.25)

the energy balance can be written as

ε · ε0 · E2
0

2
= C′

v · ΔT, (8.26)

given that the energy losses from this region are absent.
Physically, condition (8.25) means that n calculated from (8.22) de-

creases e folds at the boundary of the volume so determined. For ε = 2.3,
E0 = 1.3 · 108 V/cm, C′

V ≈ 2.98 J/cm3 · deg, we obtain ΔT = 530 K and
T = 823 K. Here C′

V is the heat capacity of the transformer oil at constant
volume [13].

It is obvious that owing to the high temperature of the substance inside the
initial channel head exceeding the critical temperature of the liquid, it must
expand, and the temperature of the substance inside the initial channel near
its head will differ from the temperature calculated from (8.26). Considering
that the process is adiabatic, we can find the temperature change from the
equation

T2 = T1

(
V1

V 2

)σ−1

. (8.27)

Here the subscripts 1 and 2 of the temperature T and volume V designate
their values before and after expansion, respectively, and σ is the adiabatic
exponent for the gas.

Because we are not aware of the literature data on σ values for the gas
formed from the transformer oil, we take it equal to that of the ionized gas
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formed from water with allowance for the similarity of the examined phe-
nomenon of the initial channel propagation in these liquids. According to [14],
σ = 1.26.

Considering that V1 is approximately equal to the volume of a cone,
that is,

V1 =
1
3

πr2
1 · Δl, (8.28)

V2 = πr2
0 · Δl, (8.29)

where Δl is the increment to the channel length, r0 is the initial channel
radius, r1 = r0 · sin Θ, the angle Θ can be determined from the equation

E = E0 · cosΘ = E0

(

1 − 2E0

B1

)

. (8.30)

From (8.28), (8.29), and (8.30) we obtain V1
V2

= 0.12.
From (8.27) we obtain T2 = 823 · 0.120.26 ≈ 475 K.
Using the data on the expansion of the initial channel head region and

on the temperature presented above, we now determine λ1, V1, and n1 of the
initial plasma channel and hence γ from (8.23). Calculations of v1, λ1, and n1

for these parameters of the initial channel substance give v1 = 1.36 ·107 cm/s,
λ1 = 3.9 · 10−7 cm, and n1 = 3 · 1016 cm−3. Then the electrical conductivity
of the initial channel substance will be equal to 0.121 Ω−1 · cm−1, and the
current density j = γ · Eav will be equal to 2.18 · 103 A/cm2.

In spite of the fact that the impact ionization by electrons behind the ini-
tial channel head (and inside the cahnnel column), recombination, diffusion
of charge carriers from the initial channel, and other possible effects unknown
to us have been disregarded, the agreement of the main calculated parame-
ters with the experimental data is satisfactory. Thus, according to [15], the
temperature of the substance in the initial channel is 473–573K.

According to [16], the electron density in the streamer in the initial propa-
gation stages (that is, in the initial channel) is 1016 cm−3. As already pointed
out above, the discrepancy between j and γ values calculated for our model
and values presented in [4, 17] is caused by the different values of the initial
channel radius used in calculations.

The assumption about the main role of autoionization in the formation
of charge carriers in front of the positive initial channel head requires both
further proofs and refinements to reveal and to consider the processes that
may reduce the critical electric field strength required for autoionization and to
refine the electric field strength in the region of the initial channel ionization.

It should be noted that accumulation of proofs for the benefit of autoioniza-
tion as a main mechanism of the initial ionization processes in the liquid phase
is being continued. Whereas 30–40 years ago the assumption about the au-
toionization mechanism of charge carrier formation resulting in the subsequent
initiation of the positive discharge channel was perceived as exotic, it has been
perceived as a reality by many researchers over the last decade [4,8,9,18,19].
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8.2 Propagation of the Slow (Cathode) Channel

After discharge ignition on the cathode, electrons are emitted into the liquid
from the plasma of the initiated discharge channel rather than from the metal
cathode.

The energy density in front of the head of the propagating channel and
hence the rate of its growth depend on the electrical conductivity of the chan-
nel for the galvanic coupling of the ionization region with the electrode. This
means that the time of local heating of the liquid τh depends on the channel
dynamics. Therefore, to describe the propagation of the ionization front, a
self-consistent analysis of the channel and front dynamics is required.

As follows from the foregoing (Sect. 7.2.2) and [19], the contribution of
the components τnucl, τexp, and τcr to τbr is equal to 1–10ns, 1 ns, and <1 ns,
respectively. Thus, τcp ≈ τbr − τnucl. This means that τcp is the main com-
ponent of τbr (τbr ≈ 10 − 80 ns for measurements [19]). Since d 	 rexp + rt,
vF ≈ d/τcp. Results for Ebr = 600 kV/cm and d = 0.11 cm demonstrate that
vF < vd in stronger fields (Fig. 8.2). This result allows us to conclude the
following.

The degree of the electron density increase on the front is determined by
the ionization time τi ≈ 1/αvd (here vd is the electron drift velocity on the
front in the amplified field). Under conditions of interest to us, τi amounts
to several tens of picoseconds. Considering that the front is displaced at the
distance ≈ rc during 3τi, its velocity must be slightly greater than the drift
electron velocity (≈ 107 cm/s).

Since the experiments demonstrate that vF may be much less than
107 cm/s, this means that additional time is necessary to increase the degree
of substance ionization inside the channel and hence to decrease its resistance.
Therefore, the process that gives the main contribution to τr results in an in-
crease in the electrical conductivity that provides the energy inflow to the
ionization front.

If the electrical conductivity of the channel is sufficient to provide the po-
tential on the front the same as the potential of the cathode, τexp < 1 ns.

Fig. 8.2. Influence of pressure on the velocity of the ionization front propagation
for d = 0.11 cm [19]
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Therefore, the degree of change of the electrical channel conductivity deter-
mines the vF value. Unlike the breakdown of gases, the initial ionization front
in the liquid phase cannot propagate without deposition of energy necessary
to decrease the substance density below nc and to provide the high conductiv-
ity of the propagating channel. Thus, the change in τcp accompanying changes
in Pex and electrical conductivity is determined by their influence on heating
and conductivity of the channel.

The results presented here demonstrate that τex + τbr 	 τnuc + τcp.
Moreover, the critical radius rc < rex, so that the discharge formation ac-
companying the decrease in n to nc and the corresponding bubble size are
sufficient for the ionization front propagation. To initiate a breakdown, it
is sufficient to nucleate bubbles bearing in mind that the voltage pulse du-
ration is greater than τbr, the condition αr = 18 is satisfied, and there is
enough time for the front to flashover the entire gap. For the given degree
of heating, there exists a minimum time necessary for the breakdown com-
pletion. A relationship between this time τnuc and the required energy den-
sity Ed =

−→
j·−→E · τnuc was derived in [19]. For water Ed ≈ 109 J/m3, and

Ed ≈ 108 J/m3 for liquefied argon. This criterion is satisfied for a wide range
of variations of the power density and Pex for microsecond and submicrosecond
voltage pulses.

Relatively small differences in spatial structures and main parameters of
cathode discharges in liquids that differ by physical and electron properties
indicate the common nature of the discharge processes. A lot of experimental
data, including the bubble structure of discharge channels, subsonic veloc-
ity of channel propagation, strong dependence of discharge processes on the
external pressure and independence of the electron properties of the liquid
demonstrate the determining role of the vapor-gas phase in discharge initia-
tion and propagation. An analysis of energy of the processes observed in the
discharge gap demonstrates that not only for water (liquid with high intrinsic
electrical conductivity) but also for classical dielectric liquids like n-hexane,
transformer oil, etc. the processes of gas formation and subsequent ionization
of gas bubbles can be realized.

For example, in experiments described in Sects. 3.1 and 3.2, the critical
bubble radius determined from the condition of equilibrium between the liq-
uid pressure on the bubble wall and the pressure caused by forces of surface
tension, on the one hand, and the pressure of the vapor inside the bubble, on
the other hand:

PS = P +
2σ
rcr

,

is rc ∼ 2 · 10−7 cm for n-hexane (the field strength E = 1.3 MV/cm, inter-
electrode distance d = 100 μm, temperature of the liquid T = 210 ◦C, and
saturated vapor pressure ps ≈ 2.1 · 106 Pa). The volume density of energy
liberated near the cathode is W = 245 J/cm3, which yields the specific power
ρsp ≈ 2.3 · 109 W/cm3 for the characteristic heating time t̄c = 105 ns. Under
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assumption of constant specific power, the rate of bubble expansion can be
estimated from the formula

v =
dr

dt
=
(

jEt

2πρ
− 2P

3ρ

)1/2

,

where v is the rate of bubble growth, r is the bubble radius, P is the external
pressure, and ρ is the density of liquid.

The rate of bubble growth in 115 ns (10 ns after formation of viable nu-
cleus) reaches v ≈ 2.5 · 104 cm/s, and its radius is r ≈ Δr = 2.4 μm. The
radius can be determined from the previous equation upon integration over r
from rc to r and over t from t̄c to t:

Δr = r − rc =
4πρ
3jE

[(
jEt

2πρ
− 2P

3ρ

)3/2

−
(

jEtc
2πρ

− 2P

3ρ

)3/2
]

.

Let us estimate the current. For the characteristic bubble radius r ∼ 1 μm,
the electric energy supply is approximately equal to w ≈ ρspr3t ≈ 2·1010J, and
the transferred charge will be Q = w/u ≈ 10−14 C, where U = 13 kV is the
potential difference between the electrodes and the current i = Q/t ∼ 10−7

A is equal to the emission one. After bubble ionization (that is, breakdown)
its further expansion occurs under the effect of the electrostatic pressure. The
rate of bubble growth in the stage of the development of ionization processes
inside it can be estimated from the formula

v =
(

2εε0

3d1/2ρ

)1/2

(
r3/2 − r

3/2
1

)

r3/2
· U

derived by equating the work of the electrostatic force to the kinetic energy
of the liquid (the work against the external pressure and the work of gas
expansion inside the bubble are neglected).

The bubble expansion rate in n-hexane is V ∼ 104 cm/s for U = 13 kV and
interelectrode distance d = 100 μm. This value is in qualitative agreement with
the available experimental data. As indicated above, a more detailed analysis
calls for a consideration of an increase in the pressure inside the bubble caused
by gas heating and field amplification at the bubble pole caused by the bubble
elongation under the action of the Coulomb forces that lead to an increased
deformation rate.

Once the bubble achieves a characteristic size of ∼10 − 15 μm, the elec-
tric discharge channel is initiated which propagates with approximately con-
stant velocity and has a complex shape. The study of its structure upon
intensive laser illumination demonstrates that it consists of microbubbles
with sizes of ∼10 μm. Of interest are the details of the electric discharge at
the vapor-liquid interface that resemble initial cone-shaped perturbations on
the cathode and the initiation of new channels at the instability boundary
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(see Chaps. 3 and 4). This demonstrates that the discharge propagation from
cathode is a multiphase process similar to the stage of cathode discharge ig-
nition.

Small concentrations of electronegative additives influence the shape and
propagation velocity of negative discharge channels in various liquids [6,20,21].
The discharge channels become more filament-like and faster. At the same
time, additives with low ionization energy do not influence the propaga-
tion velocity of negative channels [6]. Spectral analysis of light emitted in
the process of negative channel propagation into some organic liquids in-
dicates the presence of hydrogen and carbon atoms and molecules [22].
This means that the electron processes are also involved in the breakdown
mechanism.

Optical visualization with simultaneous high-speed measurement of cur-
rent demonstrates that the propagation of negative discharge channels is
accompanied by flashes of discrete increasing current pulses [6, 23–25]. The
transition from the initial microbubble (with a diameter of ∼10 − 15 μm)
to the channel was investigated in ample detail in [23, 26]. It was estab-
lished that in the process of generation of subsequent current pulses, new
growing microbubbles were observed ahead of the previous ones. Moreover,
an increase in the external pressure results in the fast decrease of the num-
ber and amplitude of discrete current pulses [20, 27]. This suggests that the
subsequent current pulses testify to the occurrence of electric discharges in
the vapor phase and injection of energy into the liquid resulting in the for-
mation of new microbubbles [23, 24, 28]. As suggested in [28], after partial
discharge hot electrons move toward the bubble pole opposite to the cath-
ode and enter into the liquid forming a space charge layer. The electric field
inside the bubble decreases due to shielding by the attached charges and
amplifies in the vicinity of the pole. This results in the termination of the
discharge in the bubble. The electric field, acting on the charge injected into
the liquid, results in the charge penetration into the liquid depth. The liq-
uid is heated and evaporates as a result of dissipation of the electric en-
ergy. The voltage in the expanding gas phase increases, thereby leading to a
new partial discharge and causing motion of a new portion of charges in the
liquid.

Within the framework of the examined model, a mathematical expression
for the velocity of channel propagation was derived in [20]. The injected elec-
tric energy can be spent for evaporation of the liquid, chemical decomposition,
work against the surface tension, propagation of the discharge channel, and
ionization [28,29]. Let wpr be the portion of the total electric energy w spend
for propagation of the discharge channel, so that

wpr = βw, 0 < β ≤ 1 . (8.31)
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Based on the energy considerations, for an arbitrary time moment we can
write

ρv2
j

2
πr2

j dlj = βqjEjdlj , (8.32)

where ρv2
j /2 is the volume density of mechanical energy (neglecting viscosity),

vj is the channel velocity, rj is the radius of the channel head, dlj is the channel
displacement, qj is the electric charge injected into the liquid, and Ej is the
electric field strength in the discharge channel head. If we assume that the
channel propagation is independent of the liquid motion, ρ will be the density
of the gaseous phase. Thus, for the velocity of each elementary displacement
dlj of the channel we obtain

vj =

(
2β

πρr2
j

qjEj

)1/2

. (8.33)

The electric field corresponding to each elementary charge qj can be esti-
mated with the help of the Gauss theorem:

Ej =
σ

εε0
=

qj

2πεε0r2
j

, (8.34)

where σ is the surface charge density in the discharge channel head (for the
hemispherical shape of the head with radius rj), qj is the elementary charge
corresponding to the current pulse ij.

With allowance for (8.34), for velocity (8.33) we obtain

vj =
(

β
εε0ρ

)1/2
qj

πr2
j

, qj =
∫

ijdt . (8.35)

Formula (8.35) establishes the relation between the channel propagation
velocity and the current pulse (injected charge).

For the characteristic values rj ∼ 5 μm (see Sect. 3.4) and qj ∼ 10−11 C [20],
the electric field strength in the channel head, for example, in n-hexane
(ε = 1.8) will be Ej ∼ 4 · 107 V/cm. As indicated above, energy density
of about 280 J/cm3 is required for heating and evaporation of n-hexane at
atmospheric pressure. For the channel radius rj ∼ 5 μm, the required lin-
ear energy density is ∼2 · 10−4 J/cm. Electric energy deposited per unit
length is qjEj ∼ 4 · 10−4 J/cm, which is sufficient for liquid evaporation.
For the density of the gas phase in the channel ρ ∼ 10−2 g/cm3 (the pressure
p ∼ 5 · 105 Pa and the temperature T ∼ 500 K) and the channel propagation
velocity v ∼ 105 cm/s, from (8.35) we obtain β ∼ 0.01 (with the same values
of rj and qj). Thus, the largest portion of the injected electric energy is spent
for liquid heating and evaporation.

For average channel propagation velocity we generally have [20]

v̄ =
1

n∑

j=1

tj

·
n∑

j=1

vpjtpj , (8.36)
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where tj = tpj + t0j, tpj is the current pulse duration, t0j is the time interval
to the next pulse, and vpj is determined by (8.35). According to (8.35), the
average propagation velocity increases with qj .

When t0j/tpj increases (the repetition frequency of current pulses de-
creases), the time interval between two successive partial displacements of
the channel increases, and it propagates in steps. The average velocity of
channel propagation decreases and depends on qj . With increase in the ap-
plied voltage, t0j/tpj decreases (the repetition frequency of current pulses
increases), and the time between two successive partial displacements of the
discharge channel decreases. The channel propagates quasi-continuously, and
its average velocity increases. It seems likely that exactly this type of negative
discharge channels was observed in our experiments.

The branching of the electric discharge channel in the process of its prop-
agation can be due to the development of the electrohydrodynamic instabil-
ity [30] caused by the action of the Coulomb force on the charge attached to
the boundary and resulting in the elongation of the bubble wall. This results
in the occurrence of a complex bush-like structure consisting of a large num-
ber of thin discharge channels. Once one of the channels is in contact with
the opposite electrode, a high-power ionization wave arises in short gaps with
strong overvoltage, resulting in the completion of the electric discharge prop-
agation. In long gaps, the initial channel must be transformed into a highly
conducting leader to complete the breakdown.

Thus, the propagation of the electric discharge from cathode is caused by
the development of ionization processes in the vapor-gas phase and fast and
repeated injection of electric energy (hot electrons) into the liquid leading to
its heating and evaporation. Apparently, this results in the formation of shock
waves that are especially clearly seen when the electric discharge from cathode
propagates in distilled water [31].

For the models described above, the role of photoionization in the liquid
due to channel emission is disregarded despite the fact that photoinjection
and photoionization have been used for a long time to generate electrons in
the liquid. This is explained by both the general notion about the photon
processes in liquids and the experimental data about the velocity of channel
propagation in liquids which for most experimental conditions does not exceed
the drift electron velocity, that is, ∼107 cm/s.

However, in some cases the rate of elongation of the discharge channel in
the liquid can exceed by an order of magnitude the velocity of electron mo-
tion. Thus, discharge propagation velocities of ∼2 · 108 cm/s were registered
in [32,33] for very long gaps in transformer oil and U = 1–10MV. Close veloc-
ities were recorded in the final stage of the discharge for smaller interelectrode
distances and lower voltages. This gives us grounds to suggest that photoion-
ization can play a noticeable role in the formation of charge carriers in the
liquid phase and in the ionized gas filling the channel under some specific
conditions of the discharge propagation.
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8.3 Boundaries of the Regions of Existence
of Slow and Fast Discharges

In addition to the diagram of Fig. 4.32 showing the regions of existence of
discharge figures with different spatial structures, we now consider regions of
existence of slow (subsonic) and fast (supersonic) discharges.

The diagram in the U0− r0 coordinates that illustrates the regions of exis-
tence of the three main discharge types (slow, fast, and very fast, see Sect. 4.1)
was presented in [4] for liquids similar to the transformer oil that contained
easily ionized molecules for voltage pulses with short fronts in the +T−P
electrode system. It is reproduced in Fig. 8.3. In the diagram, the following
designations are used: U0 for the voltage pulse amplitude, r0 for the end radius
of the tip electrode, Uign = Ec · r0 · f for the initiation (ignition) voltage of
the fast discharge (Ec here is the electric field strength at which the onset of
the ionization processes in the liquid is observed, and f is the dimensionless
coefficient that depends weakly on r0 and is about 1), U ′

ign is the same as Uign

Fig. 8.3. Conventionalized pattern of the discharge in a liquid for oblique (a) and
standard pulse (b): high-speed scanning (c) and streak scanning (d). Here 1 denotes
the initial channel, 2 denotes the section of the initial channel transformed into
leader one, 3 denotes a light flash of the leader channel during the step, 3a and
4a denote luminescence of the leader channel between flashes, 5 denotes the main
channel, and 6 denotes the arc [1]
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but with allowance for the field amplification to Ec on the electrode microin-
homogeneities, Umin

d is the minimum voltage of discharge initiation, and rc is
the maximum end radius of the tip electrode at which the discharge ignition
(initiation) does not result in its propagation.

Of interest is the fruitful attempt of Biller [34] to systematize the influence
of the main experimental conditions on the observed discharge type based on
this diagram in which the fundamental nature of the discharge processes is
manifested.

For example, the special features of the discharge phenomena and the
electric strength for the breakdown under oblique pulses with different slopes
can be explained from these positions. In models of discharge propagation
(Sects. 8.1 and 8.2), the limiting case was examined in which the pulse front
duration was much less than the discharge time lag and less than the charac-
teristic times of the majority of processes taking part in the discharge initia-
tion. Of interest is to consider another limiting case in which the pulse front
duration is much greater than the discharge time lag and is comparable with
a quarter of the period of the ac 50- or 60-Hz voltage. Under these condi-
tions, the shielding action of space charge accumulated due to emission or
ionization is vividly manifested. Curves in the diagram of Fig. 8.3 are bent
strongly upwards in the region of small r0. It was established experimentally
that fast channels were not observed for r0 ≤ 0.2 μm. The other effect of low
rate of voltage increase is that it becomes impossible to jump over a mode
as for pulses with a steep front. This means, for example, that for r0 < rc

and U0 > Umin
d , the pulse with a steep front initiates directly a fast channel,

whereas the pulse with a gently sloping front initiates a slow channel. Only
after collapse of this slow channel and voltage rise to the level exceeding Umin

d ,
a fast channel is initiated. If the front duration is less than the discharge prop-
agation time to the opposite electrode, the slow channel can be transformed
into a fast one. This will occur if the rate of increase of the initiating electrode
potential provides the required liquid ionization rate in front of the channel
head.

For high enough rate of voltage increase, the fast channel can be trans-
formed into a very fast channel.

The absence of easily ionized impurities in the liquid causes Uign to in-
crease. In this case, the Ec value cannot be precisely established; it is a com-
plex function of the electric field strength, impact ionization coefficient, and
coefficient of electron capture. The electron density ne is also variable. This,
in turn, leads to generalization of the condition U > εE2

c /ene for the volt-
age in the channel head which must be solved as self-consistent one for the
electric field strength in the channel head E. The field in the head changes in
the process of channel propagation; therefore, the drift electron velocity and
the velocity of channel propagation will change with the gap length. Even if
there is no opportunity to establish the boundaries of alternation of thin dis-
charge mechanisms because of the lack of data about the ionization processes,
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electron energy levels, etc., the diagram specifies the approximate boundaries
of slow, fast, and very fast channels.

As already indicated above, the pressure and temperature affect most
strongly the slow channel. The curve determining the mode of Trichell pulses
from a slow channel is displaced as P and T change. Since the bubble expan-
sion is complicated for increased P , the region of existence of slow channels
is reduced, and at very high P , it vanishes completely. The effect of the tem-
perature is opposite.

For fast channels for which the ionization processes in the liquid are pri-
mary and the dynamics of the gas phase is secondary, the effect of P and
T is much weaker. According to [1], it is manifested through the change of
the discharge channel state and, in particular, longitudinal gradients of the
potential.

The effect of polarity of the initiating electrode is manifested through the
fact that slow and very slow (electrothermal) mechanisms of the discharge are
most frequently (that is, over a wider range of changes of the experimental
conditions) realized in gaps with the cathode being the initiating electrode.
Accordingly, the fast channel is usually observed for positive polarity of the
tip electrode, and the slow channel is observed only for a certain combination
of the experimental conditions. This is primarily explained by the different
natures of the initial electrons (emission in one case and autoionization in the
other) and by different conditions of their existence in the liquid. In the case
of cathode, they move in an attenuating field, and in the case of anode, they
move in an amplifying field. In the first case, they generate a charge shielding
the cathode or channel head field; in the second case, they promote intensive
thermal emission and formation of a partly ionized channel of small radius.

The transformation of the initial channel into a highly conductive leader
channel favors the realization of the fast discharge, because in this case almost
all potential of the initiating electrode is transferred to the initial channel
head.

For very high overvoltages (for high rates of voltage increase), not only
fast, but also very fast channels can be observed for both polarities of the
initiating electrode.

8.4 Conversion of the Initial Channel into the Leader
(Formation of the Leader Step).

Generalizing the results of experimental investigation of the discharge prop-
agation for microsecond pulses in long discharge gaps, the discharge pattern
can be constructed (Fig. 8.4) with the following qualitative description.

The discharge is initiated as a leader process with two essentially different
stages of propagation. The first stage is a continuous (or quasi-continuous)
propagation of initial channels several microns in diameter from the electrode
into the gap. These channels can propagate both as fast and slow discharges.
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Fig. 8.4. Diagram of three discharge types: slow, fast, and very fast [40]

Their velocity can be both subsonic and exceeding supersonic many times. The
initial channel propagation in dielectric liquids is accompanied by current of
∼10−4–10−3 A; the current density is (1–8)·103 A/cm2 (according to [1]) or
1.5–102 A/cm2 (according to [4, 17]), the average longitudinal gradients of
the potential are (15-30 kV/cm), and the specific conductivity of the initial
channel substance is 0.1–0.8Ω−1 ·cm−1 (according to [1]) or 1.3·102 Ω−1 ·cm−1

(according to [4, 17]). In the process of the initial channel propagation, some
critical conditions are formed in its base resulting in impact channel expansion
with a velocity of (1–6) · 105 cm/s to 50–120μm (Fig. 8.4d), increase in the
current by 3–4 orders of magnitude, and bright flashes of the channel (2 and
3 ). The transformation of the initial channel in the second stage of the leader
process propagates from the initial channel base to its head with a velocity
of (1–3) · 107 cm/s (Fig. 8.4c). The first step of stepwise propagation of the
leader channel (3 and 3a) with longitudinal potential gradient of 2–11kV/cm
and specific substance conductivity of 2–10Ω−1 · cm−1 (according to [1]) or
102 Ω−1 · cm−1 (according to [4, 17]) is terminated. Then the initial channel
propagates from the leader channel head, and its transformation into a leader
channel occurs by analogy with above-described. The velocity of the initial
channel propagation, time intervals between the leader steps and hence the
effective rate of the leader channel elongation depend on the properties of
the liquid, parameters of the voltage pulse, and field configuration in the
discharge gap.

Obviously, a theoretical description of this process and hence the theory of
pulsed breakdown of liquids in moderately short gaps must include a descrip-
tion of such successive discharge stages as 1) discharge ignition, 2) initiation
of the initial channel, 3) transformation of the initial channel into a leader
channel providing the transfer of the high-voltage electrode potential deep
into the gap.
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Possible approaches to a description of the processes in the stage of ignition
and propagation of the initial channel have already been discussed above. An
attempt of the theoretical description of transformation of the initial channel
into a leader is made below.

Despite a better understanding of the structure of the gas discharge
plasma, the mechanism of forming the leader channel in air has not yet been
completely understood.

In particular, in [35] it was pointed out with reference to the leader dis-
charge in air that the streamer-leader transition is the most difficult theoretical
problem, the least investigated, and in many respects even incompletely un-
derstood; at the same time, it is one of the most important stages of the leader
process. Under the streamer-leader transition is meant the leader initiation
near the electrode in column of the initial flash of the pulsed crown as well as
the formation of a new leader fragment from streamers of the streamer zone.
According to [35], during ∼10 μs time period between the flash of the initial
crown and the inception of the leader channel, the plasma density in the crown
column decreases by approximately two orders of magnitude (to ∼1012 cm−3).
At such low plasma density, the field increasing due to the voltage rise will
penetrate inside the column. As a result, the secondary ionization wave will
propagate through the column initiating a leader. It was demonstrated that
the processes of inception of the leader and subsequent reproduction of the
channel in the leader head are more or less similar.

We have developed nearly the same approach in [1] for the discharge pro-
cess in long gaps in liquids. The model of transformation of the initial channel
into a leader is based on the assumption about the main role of the increase
in the potential gradient in the initial channel owing to the recombination
of the charge carriers to the value sufficient for the development of intensive
impact ionization in the initial channel considered as a poorly ionized gas
channel. Brighter luminescence of the leader channel head in comparison with
its column is in agreement with this model and indicates that the leader chan-
nel grows where the longitudinal gradients of the electric field are high and
where the intensity of collisions accompanied by ionization and excitation of
molecules is high.

Let us estimate a change in the temperature of the substance inside the
initial channel during its propagation as a reason for the subsequent hydro-
dynamic processes.

Owing to a low plasma temperature in the initial channel head (∼475 K),
losses of energy on radiation can be neglected. The losses of energy on the
convective heat elimination can also be neglected, because due to small times
characteristic of the examined phenomena, heat is eliminated only in the pro-
cess of impact expansion of the initial channel. Actually, as demonstrated
above, in the phase of mild propagation (before the impact transformation
into the leader channel), the velocity of the initial channel expansion lies
in the range 103–104 cm/s. In this regard, we must assume that the basic
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mechanism of energy losses from the initial channel is heat elimination due to
the thermal conductivity.

With allowance for heat elimination, the time variations of the initial chan-
nel temperature T can be written as [48]

T =
γ · E2 · r2

0

4k

(

ln
4τ
δ

+
1
2τ

+
1
2τ

ln
4τ
δ

+ . . .

)

, (8.37)

where γ the electrical conductivity of plasma of the initial channel, E = Eav
in.ah

is the longitudinal gradients of the potential in the initial channel of radius
r0, k is the coefficient of heat conductivity of the liquid, δ = eZ = 1.78 (Z
is Euler’s constant), τ = χ·t

r2 + τ0 (χ is the thermal diffusivity coefficient, t is
the current time, and τ0 is a constant determined from the initial condition:
T = T0 at t = 0).

Let us estimate T at the onset of the transformation of the initial channel,
taking T0 = 475 K, t = 3 · 10−6s, χ = K

ρ·CV
= 8 · 10−4 cm2/s (K = 1.27 ·

10−3 J/cm·s ·deg, ρ = 0.85 g/cm3, and CV = 1.88 J/g), and r0 = 1.5 ·10−4 cm.
Under these conditions, τ0 = 8.25 and T = 514 K. Thus, the temperature of
the initial channel increases in the process of its propagation only by ∼40 K.
Obviously, this temperature rise cannot cause thermal ionization or noticeable
increase in the pressure inside the channel and cause its expansion. The most
probable process resulting in the transformation of the initial channel into a
leader is an increase in the potential gradient in the initial channel base due to
recombination of charge carriers and a decrease in the electrical conductivity
caused by it in the process of propagation of the initial channel head deep
into the gap.

Due to recombination, the electron escapes from the conduction band into
both low and high energy levels. A change in the electron concentration at
the expense of recombination into the ground energy level is described by the
equation

dne

dt
= αna · ne − βn2

e · n+, (8.38)

where ne, n+, and na are the concentrations of electrons, positive ions, and
atoms (molecules); α is the ionization rate constant, and β is the recombina-
tion rate constant.

According to [36],

α = σe · V e

(
I0

kTe
+ 2
)

exp
(

− I0

kTe

)

, (8.39)

where Ve is the average electron velocity, σe is the effective interaction cross
section,

β = 1.1 · 10−11 ga

g+

(
I0

kTe
+ 2
)

C, (8.40)

ga and g+ are the statistical weights of the atom (molecule) and ion, respec-
tively, and C is a constant equal to ∼5 · 10−17.



390 8 Mechanisms of Discharge Propagation and their Applicability Limits

For a very nonequilibrium plasma of the initial channel, the estimate of α
yields ∼10−100 cm3/s, and β ≈ 3 · 10−28 cm6/s. For these α and β values, a
solution of (8.2) has the form

ne =
ne0√

1 + βn2
e0

· τ
. (8.41)

Let us write βn2
e0

= 1
τ0

; for n2
e0

∼ 1017 cm−3 characteristic of plasma of the
initial channel, τ0 ≈ 3.3 · 10−7 s. During the initial channel propagation time
(∼3 · 10−6 s), the electron concentration decreases to 3.16 · 1016 cm−3 due to
recombination into the ground energy level. Such changes of the concentration
will cause no essential increase in the longitudinal gradients, that is, cannot
be determining for the mechanism of forming the leader step.

At the same time, the electrons most probably escape from the conduction
band into high energy levels, that is, into the energy levels of excited states of
atoms and molecules. As demonstrated in [36], the number of recombination
events into these levels is

Zrec = β1 · n2
e · n+

[
1

cm3 · s
]

, (8.42)

where

β1 =
5.2 · 10−23

T 9/2[thou. deg]

[
cm6

s

]

. (8.43)

Having substituted (8.42) into (8.38) and omitting the first term, we obtain
the equation coinciding with (8.41):

ne =
ne0√

1 + β1 · n2
e0

· τ
. (8.44)

In this case, the estimated τ0 value is ∼8.4 · 10−14 s, and the electron con-
centration in the conduction band of the initial channel plasma will decrease
to 1.67 · 1013 cm−3 in 3 · 10−6 s. It should be taken into account that the elec-
tron transition into the excited energy levels can be called recombination only
when it will be followed by radiative electron transition to the ground energy
level. The lifetime of this excited level, according to equation [36]

τ∗ =
N5

1.6 · 1010 , (8.45)

where N is the serial number of the level which can be determined as

N =

√
I0

kT
,

is 4.5 · 10−5 s at T = 500 K and 1.4 · 10−6 s at T = 2000 K.
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Owing to a high rate of electron escape from the conduction band into
the excited levels, the potential gradient and the temperature inside the ini-
tial channel increase, thereby resulting in two competing effects, namely, a
decrease in the rate of transition into the excited energy levels and an in-
crease in the rate of electron escape into the ground energy level due to a
decrease in τ∗.

Once the potential gradient increases to the critical value (∼(1–5) ·
106 V/cm), the impact ionization starts in the plasma of the initial chan-
nel together with intensive heating probably to the temperature of thermal
ionization. In this case, the concentration of electrons in the channel Ne and
the kinetic plasma temperature T increase by an order of magnitude and
even more. Thus, according to [37, 38] and the references therein, in the 1st

mode streamer channel (in the initial channel according to our terminology),
Ne = (0.5–1) · 1017 cm−3 and T ≈ 400 K, whereas in the channel of the 2nd

mode streamer (in the leader channel), Ne = (1–8)·1018 cm−3 and T ≈ 3000 K.
These values obtained from an analysis of the discharge channel emission
spectra for different propagation regimes are in good agreement with our esti-
mates [1]. An increase in the current density and pressure inside the channel
causes its impact expansion. This is the termination of forming the leader
step. Further these processes repeat with the frequency depending on the ap-
plied voltage and rate of its time change, current running through the channel
(including the capacitive current), and some other parameters.

Analogous assumption that the channel between the leader steps loses the
electrical conductivity because of plasma cooling and recombination of charge
carriers resulting in the restoration of the electric field or its redistribution in
the channel to the value sufficient for a repeated discharge was made in [39].
Each leader step is reminiscent of the arc discharge by the current (up to 20A
in very long discharge gaps) and luminescence brightness.

The other model of the initial channel transformation into the leader was
suggested in [40]. The periodic character of the initial channel transformation
into the leader was connected with the hydrodynamic nature of the channel
interaction with the surrounding liquid. The transition from the initial chan-
nel (streamer according to the terminology [41]) to the leader occurs when the
chain of gas bubbles in the initial channel is transformed into a continuous
gas channel. Because of small electric strength of gas, a discharge is initi-
ated in the gas channel, that is, the first or subsequent step of the leader is
formed. This discharge is fast suppressed (within 50–100ns), since the pres-
sure in the channel fast increases because of virtually incompressible liquids.
In the process of gas discharge decay, the longitudinal potential gradient is
restored to the value equal to the electric strength of the gas inside the chan-
nel. A discharge accompanied with a current pulse and light flash is initiated
in the channel. Typical time intervals between the successive steps of the
leader – units of microseconds – have the same order of magnitude as the
lifetime of the gas bubbles several millimeters in diameter estimated for the
Rayleigh model.
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Thus, the periodic discharges in the gas channel in both models fulfill two
functions: prevent the channel collapse by virtue of the energy liberation in it
and transfer the potential of the initiating electrode deep into the gap. The
letter provides realization of the mechanisms of the initial channel propagation
in the liquid. The discharge propagation can terminate if the electric field
strength near the head is less than the critical value. This will take place
if the potential of the high-voltage electrode is too small and the voltage
drop across the channel is too large to provide the required potential of the
channel head.

8.5 Conditions of Realization of the Leader Process

For high average field strengths in the discharge gap (for small interelectrode
distances and short voltage pulses), the transformation of the low conductive
initial channel into a highly conductive channel occurs either continuously or
with high frequency. In this case, the luminescence on the streak photographs
is perceived as continuous, but on the oscillograms of current accompanying it
short-term pulses with high repetition frequency are registered almost always.
The absence of two clearly distinguishable stages of the discharge – the initial
channel propagation and periodic fast transformation into a leader (stepwise
elongation of the highly conductive channel with large diameter) under these
conditions makes it different from the leader discharge in gases and hence
prevents the use of this term for its designation.

In the most general form, the two main conditions for realization of the
two-phase leader process are the following: long gaps and nonuniform fields.
The concepts of long gap and nonuniform field as conditions for realization of
the leader process were refined and considered in ample details in [17].

For the initiation of the leader channel and its subsequent steady-state
propagation, three more so-called field conditions must be satisfied:

– The electric field strength at the point of discharge origin (ignition) and
in the head of the propagating channel must be no less than the critical
value Ec.

– The volume of the liquid in which the electric field strength E is greater
than or equal to Ec must be no less than a minimum volume of ∼4 ·
10−2 cm−3.

– The average field strength in the interelectrode gap Eav
c must be no less

than (0.55–4.2) · 105 V/cm.

The limiting value Eav
c increases and Eign decreases as the degree of the

field nonuniformity decreases due to an increase in the end radius of the
initiating electrode (or a descrease in the interelectrode distance).

In gaps with highly nonuniform fields, these conditions are met at the
stage of leader channel initiation, that is, formation of the first leader step
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due to the formation of a sphere from numerous channels leveling the field in
the interval between the sphere and the flat electrode near the tip electrode
(see Sect. 4.1). According to [17], the formation of the first step of the positive
leader in transformer oil is analogous to the formation of the branch of the
pulsed crown in a long air gap which is considered to be the first leader step.
For the transformer oil, the role of crown branches is played by numerous
(several tens) initial channels, one of which will be transformed first into the
leader channel with a length of 0.2–0.7mm and a diameter of several tens of
microns.

In more recent publication [42], Yu. Torshin called this element of the
discharge the initial channel. (Probably, by analogy with the similar element of
pulsed breakdown of solid dielectrics detected in [43] and called initial channel
in [44]). The use of the term initial channel for the radically different element
(the first leader step) caused confusion. In addition, Yu. Torshin [42] used this
fact as an argument against the leader process pattern suggested by us in [1]
and confirmed by practically everyone who studied the space-time pattern of
the discharge propagation in dielectric liquids in long gaps with nonuniform
fields. The same pattern was described in some other studies. In particular,
in [41, 45, 46] the length of the filamentary channel that can be considered as
a leader step was several tenths of a millimeter in gaps 0.2–2.54 cm long in
n-hexane, transformer oil, ether, and distilled water.

When the above-mentioned basic conditions are not satisfied, the discharge
either propagates in the form of the initial channel or is not ignited and does
not propagate at all.
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Conclusions

Summing up the generalization of the experimental and theoretical studies de-
voted to the discharge initiation (ignition) and propagation in liquids, we must
point out that, despite significant progress in understanding of the breakdown
mechanisms that has been made over the last 1.5–2 decades, some fragments
of this complex phenomenon remain “white spots.”

The most complex for a quantitative (and even qualitative) description
are the processes in the head of the propagating discharge channel and in
the region of transition to the discharge plasma filling the channel column.
Exactly these processes provide the transformation of the liquid dielectric
medium into the plasma.

It is pertinent to note that these processes are considered to be the most
complex ones in the study and the least clearly understood for the electric
breakdown of other dielectric media – gases and solid dielectrics. Some cita-
tions from [35] (Sect. 8.3) convincingly confirm this thesis for the discharge in
long air gaps.

For solid dielectrics, the main efforts have been concentrated over many
decades on the definition of the criterion for the buildup impact ionization
of the valence band which is identified with the breakdown condition. Recent
achievements in the field of solid-state physics and data on the space-time
mechanisms of the discharge propagation in optically transparent solid di-
electrics have allowed Vershinin [44] to develop an alternative approach to a
description of breakdown of solid dielectrics. The discharge channel prop-
agation in them is connected with the occurrence and motion of the 1st

order phase transitions. For the discharge from cathode, this is the solid-
melt transition; this is the solid - dense plasma transition for the discharge
from anode. The cathode discharge with subsonic velocity is associated with
electron-thermal processes, and the supersonic anode discharge is associated
with electron-detonation processes. To calculate these processes, Yu. Vershinin
addressed other branches of science and used data from quantum mechan-
ics, electrochemistry of melts, detonation theory, solid-state physics, nonideal
dense plasma, etc.

This approach has allowed author [44] to derive analytical expressions that
relate the individual properties of solid dielectrics and the parameters of high-
voltage pulse to the space-time discharge characteristics.
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We believe that the approach developed in [44] can be extremely useful for
a description of phase transitions and, finally, formation and propagation of
the discharge channel in the liquid. This is provided by far-reaching analogies
in mechanisms of discharge propagation in these media emphasized by many
authors including us [47].


