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a b s t r a c t

We report a numerical investigation of phenomena of charge neutralisations of insulators and conduc-
tors with a balanced DC or AC ioniser using 2-D cylindrical electrohydrodynamic modelling. The early-
phase phenomena of the insulator charge neutralisation are complicated and significantly different
from the conductor ones, which indicates that the evaluation by the standard test may lead to potential
problems in practical applications. In addition, the results of simulations demonstrated that, in the
insulator charge neutralisation, ionisers themselves can cause latent hazards during neutralisation. We
propose proper use of ionisers and the standard test to avoid such hazards.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The electric field resulting from static charge on insulating ma-
terials yields electrostatic forces and sometimes initiates electro-
static discharges that can lead to problems and accidents in industry.
For example, electrostatic forces attract particulate contaminants or
causematerials to stick in undesirableways; in addition, electrostatic
discharges, including those from isolated conductive materials by
induction, sometimes result in malfunction of electronic equipment,
damage to electronic devices, or occasional fires and explosions.
Controlling static charge, therefore, is important to prevent such
electrostatic hazards in industry. Charge neutralisation is one of the
methods to control the static charge, and corona ionisers are very
widely used because of their simplicity.

Thus, the standard technique for testing the performance of an
ioniser was developed [1,2]. The standard test method relies on the
use of a charged conductive plate for convenience in testing,
including charging it; with this test, the charge decay time and po-
tential at the steady state (offset voltage) are measured under the
use of an ioniser tested. In addition, convenient instruments,
charged plate monitors, are commercially provided for the test.
However, in practice, charged objects to be neutralised by ionisers
are insulating materials; therefore, this difference might lead to
problems even when using ionisers evaluated to be appropriate for

charged conductivematerials by the test. Since surface charges on an
insulating material are locally neutralised at places that the corre-
sponding polarity of ions reaches during neutralisation, different
phenomena of charge neutralisation of insulating materials from
those of conductive ones could be expected. In addition, it is difficult
to measure the potential and charge on a local surface of insulating
materials during charge neutralisation; in particular, the measure-
ment of the local surface charge is impossiblewhen thematerials are
thin and their opposite side surface is also charged. In this study,
therefore, we numerically investigate the difference of the charge
neutralisations of conductors and insulators with ionisers.

Despite the widespread use of ionisers, the understanding of
the phenomena of charge neutralisation using ionisers strongly
depends on empirical knowledge.Many experimental investigations
[3e11] have been carried out by measuring the potential or current
of a charged metal plate during neutralisation; however, in such
investigations, only resultant phenomena by ion behaviour could be
measured. To understand the essential features of charge neutrali-
sation, the investigation of the motion of ions is of great importance.
In addition, themanufacture of recent electrostatic-sensitive devices
in electronic industries requires more precise neutralisation.
Therefore, understanding based on theoretical approaches involving
ion behaviour will result in better neutralisation. An electro-
hydrodynamic model that can solve the self-consistent motion of
ions is very useful for this purpose. In our previous studies, a one-
dimensional ion fluid model [12,13] was used and demonstrated
that the essential conditions for sufficient neutralisation with AC
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ionisers with air blowing are that, in the region of ion transport, the
density distributions of positive and negative ions have less fluctu-
ation and their charges are quasi-neutralised at the steady state,
resulting in a small fluctuation in the offset voltage. Furthermore, in
the tube transport of ions, we also demonstrated that a quasi-
neutralised ion charge distribution (a charge distribution in which
the density distributions of the positive and negative ions are the
same) created in the tube greatly reduces the radial electric field,
resulting in an extremely decreased loss of ions at the tube wall
using 2-D fluid simulations with assuming laminar airflow in the
tube [14]. In addition, it was found that the formation of such ion
charge distributions greatly depends on the relationship between
the frequency of the corona discharge and the airflow velocity.
Furthermore, results from the investigation of the production and
minimisation of the offset voltage using a 2-D electrohydrodynamic
model demonstrated that the emission of continuously balanced
ions from ionisers canmake the offset voltage zero independently of
the placement of an object to be neutralised and the air blower
velocity used for ionisers [15].

In this paper, the 2-D electrohydrodynamic model is used to
compare the phenomena of the charge neutralisations of conduc-
tive and insulating materials with a DC or AC ioniser with an
emphasis on the investigation of ion behaviour during neutralisa-
tion, and the validity of the standard test method using a conduc-
tive plate is discussed.

2. Model

A 2-D electrohydrodynamic model used in this paper is the
same as one used previously [15] for the charge neutralisation of a
conductive object. The model is described in detail in [15], and will
thus be only briefly discussed here except for the model for an
insulating object. The 2-D electrohydrodynamic model solves self-
consistent motion of positive and negative ions, and the governing
equations consist of the equations of incompressible fluid for
airflow, the continuity equations for positive and negative ions, and
Poisson’s equation, as follows;

V$va ¼ 0; (1)

for airflow velocities, which is reduced from the mass conservation
equation. The momentum conservation equation of air fluid flow is,

ra
vva
vt

þ raðva$VÞva ¼ �VP þ FE þ V$ðmVvaÞ; (2)

in which electric force density FE ¼ e(np � nn)E by the space charge
of ions is included. Here, va, ra, P, and m are the airflow velocity,
mass density of air, pressure, and viscosity coefficient, respectively.
The motion of positive and negative ions is expressed by the
following continuity equations,

vnp
vt

þ V$
�
npvp

�� DpV
2np ¼ �bnpnn; (3)

for positive ions and

vnn
vt

þ V$ðnnvnÞ � DnV
2nn ¼ �bnpnn; (4)

for negative ions, where np and nn are the positive and negative ion
densities, respectively, and vp ¼ wp þ va, vn ¼ wn þ va, wp and wn

are the corresponding drift velocities, respectively. The symbols D
and b denote the diffusion and ioneion recombination coefficients,
respectively. We use the mobilities for the positive and negative
ions and the recombination coefficient in air given by Morrow and

Lowke [16] and the diffusion coefficients in Ref. [17]. To obtain the
electric field, the Poisson’s equation,

V2f ¼ �e
�
np � nn

��
30; (5)

and

E ¼ �Vf; (6)

are used. Here, e is the elementary charge (ion charge), 30 is the
electric constant, E is the electric field, and f is the potential. For an
insulating object to be neutralised, the potential inside the object is
obtained from,

V2f ¼ 0; (7)

and the boundary condition at the interface of the insulating object,

n$ðD0 � D1Þ ¼ ss; (8)

is used, where n is the outwardly directed unit vector normal to the
interface and D0 and D1 are the displacements of outside and inside
at a local surface of the insulating object, respectively. ss is the local
surface charge density. The relative electric permittivity of the
insulating object is 2.0.

The geometry of an ioniser and a charged object (plate) used in
the standard test method for overhead ionisers [1,2] is modelled in
two-dimensional, axisymmetric cylindrical coordinates (r,z), as
shown in Fig. 1. The origin point of (r,z) is point E. To employ the
coordinate system, the shapes of the ioniser and the charged plate
are assumed to be circular disks with a diameter of 6 cm and
thickness of 5 cm for the ioniser and a radius, Rcp, of 8.64 cm and
thickness of 1 cm for the charged plate. The separation between
them is 45 cm, and the charged plate is placed at 15 cm above a
grounded plane according to the standard test method.

Poisson’s equation, Eq. (5), was solved throughout the entire
computational domain, ABCD, and the equations for air fluid flow
and ions are solved only in region EGHD, shown in Fig. 1. The po-
tential on the boundary of ABCD is assumed to be zero except on
the axis. The body of the ioniser, including the conductive grid
generally used for its ion outlet, is grounded. The radial electric
field on the axis is zero. In the computational domain for solving
Eqs. (1)e(4) for airflow and ions of region EGHD, the following
boundary conditions are assumed, where the symbols of u and y

denote the velocities of the components of the r and z directions,
respectively: at boundary FG, the gradients of the velocities of
airflow are assumed to be zero, i.e., vua/vz ¼ vya/vz ¼ 0, and the
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Fig. 1. Computational domains of the model.
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