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a b s t r a c t

The study investigates the process of the electrical current passage in a systemwith non-uniform electric
field under assured absence of injection. The cell has a special design, with the region of the strong
electric field located far from metal electrode surfaces and the non-linearity of the current-voltage
characteristics ensured solely by the field-enhanced dissociation. The characteristics were measured
experimentally and studied numerically for dielectric liquids with different values of low-voltage con-
ductivity; the results were compared. The computations were carried out on the basis of the complete set
of electrohydrodynamic equations using commercial software package COMSOL Multiphysics.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

A basic and the most important property of any liquid dielectric
is its electric conductivity s0 resulting from the presence of ion-
sdcharge carriers, mobile in electric field. Their extremely small
but yet finite concentrations ni are related with the conductivity by

s0 ¼
X
i

ebini (1)

where e is the elementary electric charge, b is the ion mobility and
the subscript i enumerates ion species. Hereinafter, the ions are
assumed univalent. To describe the conductivity phenomenon, at
least two ion species are neededdthose with positive and negative
charges. In this case and in the absence of the electric field, their
concentrations are equal and remain the same due to the equilib-
rium of dissociation and recombination processes. The value is

neq;0 ¼ s0=ðeb1 þ eb2Þ (2)

Ion mobilities are constant in a wide range of electric field

strength [1], and the Ohmic linear section of current voltage char-
acteristic (CVC) indicates that ion concentrations are still in equi-
librium. As the voltage grows, the CVC becomes nonlinear since the
concentrations change (increase in most cases). The effect has been
mentioned in fundamental works [1,2] and is still a subject of
numerous investigations [3,4]. From a practical point of view, on
the one hand, the nontrivial shape of CVC complicates any esti-
mation of leakage currents in various devices. On the other hand, it
gives additional information, e. g. for diagnosing the state of insu-
lating liquid [3]. Anyhow, better understanding of processes of
current passage though liquid dielectrics will facilitate any further
studies.

Dealing with high-voltage conduction, one considers the total
current, which is a property of the whole system and accounts for
thematerial and configuration of the electrode and solid insulation,
operating conditions and electric field distribution. Its high values
mean an increase in ion concentrations due to the process of charge
injection from electrode surface [5] or the field-enhanced dissoci-
ation (the so-called Wien effect) in the bulk [6]. Depending on the
system, the increase can happen almost uniformly or be localized in
a small area. Moreover, the mentioned phenomena also cause the
space charge to emerge and an electrohydrodynamic (EHD) flow to
form. The latter affects ion transport since it gives rise to an addi-
tional part of the current densitydthe convective one. Unlike Eq.* Corresponding author.
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(1) and the migration charge transport, it is proportional to the
difference of the ion concentrations (to the space charge) instead of
their sum.

Frequently, all described phenomena, injection and field-
enhanced dissociation (and EHD flow), take place simultaneously,
vastly complicating investigations. Thus, the results are very valu-
able in the case when it is possible to separate them, because one
can then study functional dependence of segregated mechanism of
high-voltage conduction on the electric field strength. The latter, in
turn, is to be known in order to simulate, construct and optimize
EHD systems.

The field-enhanced dissociation is usually studied in a parallel-
plate cell [4,7,8] where the intensity of dissociation rate raises
uniformly under the action of the strong electric field, leading to an
increase in ion concentrations and, according to Eq. (1), the con-
ductivity. However, in such a system, one should take a special care
of the injection: if the field strength is higher than its threshold (at
which there might be still no considerable dissociation enhance-
ment), the total current includes injection one and probably ac-
counts for EHD convection as well (such flows are being studied
intensively [9]). To avoid the problem, either relatively weak elec-
tric fields are used [4], or more complex methods are applied [7,8],
taking advantage of AC.

Nonlinear behavior of CVC of a system with strongly non-
uniform electric field is usually ascribed to injection solely [10,11],
whereas both mechanisms are analyzed quite rarely, e.g. in
Ref. [12]. At the same time, a unique systemwas recently presented
in Refs. [13e15], which makes it possible to investigate the field-
enhanced dissociation in a non-uniform electric field distribution
under assured absence of injectiondits main feature is the location
of the region of the strong electric field far from the electrode metal
surfaces. The system consists of two flat parallel electrodes and a
dielectric plate (barrier) having a small circular hole. The barrier is
placed between the plates and splits the chamber filled with a
dielectric liquid into two equal parts, with the hole remaining the
only link to connect them. When the voltage is applied, electric
field lines are parallel as in a plane capacitor and pass through the
barrier at first. Therefore, if the barrier conductivity is much smaller
than that of the liquid, its surfaces start accumulating electrical
charge that, in turn, screens the electric field. This process will take
place until all field lines stop passing through the barrier but move
to the hole (the only available way). The region near the hole and
the electric field lines are illustrated in Fig. 1. The main outcome of
such complicated construction is the region of strong electric field
inside the holewhere the field-enhanced dissociation takes place in
the absence of injection. The latter requires both the strong electric
field and the presence of an electrode surface. In the system at
hand, there is no electrode in the region of the strong electric field

and there is no strong electric field at the surfaces of the plane
electrodes located far from the hole.

The electric current passes through the hole in the system, so
the CVC contains some information about field-enhanced dissoci-
ation. Thus, apart from the fact that investigation of the current
passage in this unusual system is of special interest per se, the
system is an alternative to the parallel-plate cell: while having a
more complicated construction, it allows studying field-enhanced
dissociation under the absence of injection even when the elec-
tric field is surely stronger than the injection threshold.

Unlike the injection that can in the general case comprise many
different phenomena, the nature of the field-enhanced dissociation
is well-known and has theoretical description [6]. It makes possible
a computer simulation of the current passage in the system with a
further quantitative comparison of its results with those of
experiments.

2. Methodology

The present work bases on both numerical and experimental
investigations. The governing equations with a computer model
description and the experimental set-up as well as used materials
are discussed below.

2.1. Numerical model

The study includes computer simulation of the electrical current
passage through liquid dielectric, with the corresponding tech-
nique described in Ref. [16]. The calculations used software package
COMSOL Multiphysics® based on the finite element method. The
complete set of EHD equations was solved:

div
�
E
!� ¼ r=εε0 (3)

E
!¼ �V4 (4)

vni=vt þ div
�
ji
!�

¼ W0FðpÞ � arn1n2 (5)

W0 ¼ arn2eq;0 (6)

ar ¼ eðb1 þ b2Þ=ðεε0Þ (7)

ji
!¼ signðZiÞnibi E

!� DiVni þ ni u
! (8)

r ¼ eðn1 � n2Þ (9)

gv u!=vt þ gð u!;VÞ u!¼ �VP þ hD u!þ r E
!

(10)

divð u!Þ ¼ 0 (11)

FðpÞ ¼ I1ð4pÞ=ð2pÞ (12)

p ¼ e2
.
ð2kBTÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E=ð4pεε0eÞ

p
(13)

where E
!

is the electric field, r is the space charge density, ε is the
relative electric permittivity, ε0 is the vacuum permittivity, 4 is the
electric potential, t is the time, J

!
is the ion flux density, W0 is the

dissociation intensity, ar is the recombination coefficient, D is the
diffusion coefficient, g is the mass density, u! is the fluid velocity, PFig. 1. Schematic illustration of the electric field distribution inside and near the hole.
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