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Abstract—This paper reports a numerical investigation of phenomena of charge neutralisations of insulators and conductors with the use of a balanced DC or AC ioniser using 2-D
cylindrical electrohydrodynamic modelling. The purpose of this study was to examine the difference between the phenomena of the charge neutralisations of conductive and insulating objects on the basis of the motion of ions and to discuss the validity of the standard test method
using a conductive plate with regard to its performance and proper applications. We found
that the macroscopic ion behaviours with conductive and insulating plates are very similar;
however, the early-stage 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, such as a relatively high surface potential for highly
electrostatic-sensitive devices and a bipolar surface charge distribution potentially leading to
propagating brush discharges, while such situations could not be observed in the conductor
neutralisation. We propose proper use of ionisers and the standard test to avoid such hazards.

I.

I NTRODUCTION

The electric field resulting from static charge on insulating materials yields electrostatic
forces and sometimes initiates electrostatic discharges that can lead to problems and accidents in industry. For example, electrostatic forces attract particulate contaminants or
cause materials to stick in undesirable ways; 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.
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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 potential at the
steady state (offset voltage) are measured under the use of a tested ioniser. 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 conductive materials by the test. Since surface charges on an
insulating material are locally neutralised at places that the corresponding 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 measurement of the local surface charge is impossible when
the materials 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 [3–11] 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 neutralisation, the investigation of the motion of ions is of great importance.
In addition, the manufacture 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 electrohydrodynamic 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 ionisers with air blowing are that, in the region of ion transport, the density distributions of
positive and negative ions have less fluctuation 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 two-dimensional electrohydrodynamic model demonstrated that the emission of continuously balanced ions from
ionisers can make 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 conductive and insulating materials with a DC or AC ioniser
with an emphasis on the investigation of ion behaviour during neutralisation, and the valid-
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ity of the standard test method using a conductive plate is discussed.
II.

M ODEL

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;
∇ · va = 0,
(1)
for airflow velocities, which is reduced from the mass conservation equation. The momentum conservation equation of air fluid flow is,

ρa

∂ va
+ ρa (va · ∇)va = −∇P + FE + ∇ · (µ ∇va ),
∂t

(2)

in which electric force density FE = e(n p − nn )E by the space charge of ions is included.
Here, va , ρa , P, and µ 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,

∂ np
+ ∇ · (n p v p ) − D p ∇2 n p = −β n p nn ,
∂t

(3)

for positive ions and

∂ nn
(4)
+ ∇ · (nn vn ) − Dn ∇2 nn = −β n p nn ,
∂t
for negative ions, where n p and nn are the positive and negative ion densities, respectively,
and v p = w p + va , vn = wn + va , w p and wn are the corresponding drift velocities, respectively. The symbols D and β denote the diffusion and ion-ion 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 [17].
To obtain the electric field, the Poisson’s equation,
∇2 ϕ = −e(n p − nn )/ε0 ,

(5)

E = −∇ϕ ,

(6)

and
are used. Here, e is the elementary charge (ion charge), ε0 is the electric constant, E is the
electric field, and ϕ is the potential. For an insulating object to be neutralised, the potential
inside the object is obtained from,
∇2 ϕ = 0,
(7)
and the boundary condition at the interface of the insulating object,
n · (D0 − D1 ) = σs ,

(8)
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Fig. 1. Computational domains of the model.

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 the surface of the insulating object, respectively. 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 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 potential 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)–(4) for airflow and ions of region EGHD, the following boundary conditions are assumed, where the symbols of u and υ 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., ∂ ua /∂ z = ∂ υa /∂ z = 0, and the gradients of ion densities
are assumed to be zero, ∂ n p /∂ z = ∂ nn /∂ z = 0; at boundary GH, ∂ ua /∂ r = ∂ υa /∂ r = 0
for airflow and ∂ n p /∂ r = ∂ nn /∂ r = 0 for positive and negative ions; at boundary DH on
the grounded plane, ua = υa = 0 and n p = nn = 0; at the axis boundary, ED, ua = 0 and
∂ υa /∂ r = 0 for airflow and u p = un = 0 for ions; at the boundary of the ioniser, EF, ua = 0
and υa is set to an initial velocity, υa0 , from an air blower of the ioniser, and the densities,
n p0 and nn0 , of positive and negative ions, respectively, emitted from the ioniser, are set
to those shown in Fig. 2, where, for AC ionisers, they are calculated on the basis of the
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Fig. 3. Initial surface charge density distribution of the insulating plate.

ion source model [12]. Here, angle brackets ⟨⟩ denote their time average values, and the
function of the applied voltage for corona discharges with the frequency of 50 Hz in the
AC ioniser is assumed to be cosine. At the boundary on the surface of the charged plate,
ua = υa = 0 and n p = nn = 0, and the charges of ions reaching the charged plate are assumed to be transferred to the surface charges on it. The potential, ϕcp , of the charged plate
is initially set to 1.2 kV at time t = 0 s. The initial distribution of the surface charge density,
σs , of the insulating plate modelled is calculated from σs = ε0 Es , as shown in Fig. 3, where
Es is the outwardly directed electric field normal to the surface of the conductive plate of
1.2 kV; thus, the distribution of the initial surface potential of the insulating plate is the
same as that of the conductive one. The capacitance, Ccp , of the conductive plate is 20 pF
according to the standard test method.
To obtain the potential of the conductive plate during neutralisation, we applied a circuit
equation according to which the net current in the system is equal to the current of the
capacitance of the plate, expressed by Eq. (9). The net current of the left-hand side of this
equation is obtained from Morrow and Sato’s equation [18], which, consequently, accounts
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for the displacement current by the motion of ions.
∫

e (n p v p − nn vn − D p ∇n p + Dn ∇nn ) · eL dv = −Ccp
v

d ϕcp
,
dt

(9)

where v is the volume of the system and eL is the Laplace field when unit voltage is applied
to the plate.
For the insulating plate, the conservation of charge in a cell at a local surface of the
insulating object is used to obtain the surface charges on the plate, σs , during neutralisation,
as shown in Fig. 4.
(∫
)
∫
∫
∫
d ρc
d σs
d ρca
J · ndS = −
dvc = −
ds +
dvca ,
(10)
S
vc dt
s dt
vca dt
where S is the surface area of the cell, J is the vector of current density, n is the outwardly
directed unit vector normal to the surface of the insulating object, vc is the volume of the
cell, ρc is the charge density in the cell, s is the surface area of the insulating object in the
cell, and vca is the volume of the air space in the cell. Here, the volume integration of the
charge density, ρc , includes the charge in the air space above the insulator surface, shown
as a dashed rectangle in Fig. 4; therefore, the volume integration of this charge density,
ρca , is added in Eq. (10). In addition, for the current density, J, not only the conduction
current of ions but also the displacement current is considered. The surface resistivity of
the insulating plate is assumed to be infinity for modelling an ideal insulator; thus, the
conduction of the surface charge via the surface resistance is ignored.
Equations (1) and (2) for air fluid flow were solved using the Highly Simplified Markerand-Cell (HSMAC) method [19]. The continuity equations for ions of Eqs. (3) and (4) were
solved with the second-order Runge-Kutta time evolution, and the flux-corrected transport
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(FCT) scheme [20, 21] was used in the terms of convections (the second terms of the lefthand sides) of these equations. For solving Poisson’s equation of Eqs. (5) and (7), the
successive over-relaxation (SOR) method [22] was used.
Dynamic spatial grids were used for solving the governing equations, in which, at the
region of r ≤ 2Rcp , the grids are finer (much finer around the plate), and, at the region far
from the ioniser and charged plate, coarser grids that increase and decrease exponentially
were used. Since the grid with staggered points of velocities for the air fluid flow is different
from other grids, a linear interpolation with volume weighting from the values on the four
nearest grid points [23] is used for obtaining FE in Eq. (2) and va used in Eqs. (3) and
(4). A dynamic time-step satisfying the Courant-Friedrichs-Lewy (CFL) condition is used,
where, for AC ionisers, the maximum of the time-step is one-fiftieth of a cycle of 50 Hz for
their corona discharges.
III.

R ESULTS AND DISCUSSION

Simulations of charge neutralisations of conductive and insulating plates were carried out
for balanced DC and AC ionisers with ⟨n p0 ⟩ = ⟨nn0 ⟩ = 1 × 1014 m−3 and υa0 = 3.0 m/s in
this investigation. The results of the charge neutralisation of conductive plates with DC, AC
and pulse-DC ionisers are discussed in [15] in detail with the emphasis on the production
and minimisation of the offset voltage. The distributions of the surface potentials of the
conductive and insulating plates are initially the same to compare the phenomena during
neutralisation between them. For this purpose, the distribution of the initial surface charge
density of the insulating plate is set to that shown in Fig. 3; furthermore, simulations with
the capacitance of the conductive plate of 8.2 pF corresponding to that of the conductive
plate itself, which is numerically calculated, were carried out for an exact comparison in
addition to simulations with the capacitance of 20 pF used in the standard test because the
capacitance of 20 pF could lead to a longer decay and a lower fluctuation of the potential
of the plate than those with the conductive plate itself.
Here, to investigate the local surface potential and charge on the insulating plate during
neutralisation as their representative values, those of the centres of the upper, lower, and
side surfaces of the plate, in addition to the averaged values over the surface area of the
plate, are plotted in figures.
The potential decays of the conductive and insulating plates with the balanced DC
ioniser are comparable, as shown in Fig. 5, while the decay of the conductive plate of 20
pF used in the standard test, which includes the excess capacitance, as described above,
is the slowest. On this point, the standard test could measure the worst decay time. For
the insulating plate, the potential decay on the upper surface is faster than the lower one
because the lower side can be neutralised by ions moving towards the lower side after
passing the upper surface. In addition, it is of interest that the potential decay of the side
surface of the plate is faster than that of other surfaces and similar to that of the conductive
plate of 8.2 pF.
Since the ions emitted from the DC ioniser are continuously balanced, they can yield
a quasi-neutralised ion charge distribution in the entire space at the steady state, resulting
in that the offset voltage of the conductive plate is approximately zero [15], as shown in
Fig. 6. For the insulating plate, however, the potentials on the plate become relatively large
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negative values at once (t < 10 s), and, at the steady state, the potentials have certain values of non-zero and sometimes include fluctuations. The potentials on the insulating plate
at the steady state are within ±10 V, which leads to no hazardous situations for general
electrostatic-sensitive devices, while, at the early stage of neutralisation (t < 10 s), the potentials are over ±5 V, which potentially leads to problems for more sensitive devices, e.g.,
magneto-resistive heads, even when the potential of the conductive plate reached within
±5 V. Regarding this point, the evaluation of the performance of an ioniser by the standard test using a conductive plate might lead to a latent problem in practical applications.
This indicates that, for appropriate application of the standard test to the neutralisation of
insulating objects, sufficient neutralisation time may be required; for example, the required
neutralisation time must at least be several tens of times the decay time (the time required
for the potential of the conductive plate to decay from ±1000 V to ±100 V) measured with
the standard test.
The time variation of the surface charge densities on the insulating plate during neutralisation with a balanced DC ioniser, in which bipolar charge distributions on the surface
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are observed, is complicated, as shown in Fig. 7. At the early stage of the charge neutralisation (t < 1.0 s), strong over-neutralisations having negative charge occur at the upper
and side surfaces due to the electric field by the surface charges on the lower side surface
where no ions reach at this time; thus, the corresponding negative surface potentials appear
in Fig. 6. In addition, the polarity of the upper and lower surface charges is reversed at
t = 2.2 s. Furthermore, as shown in Fig. 7a, the surface charges on the side surface are
difficult to be neutralised. As a result, as shown in Fig. 7b, relatively high charge densities
on the side surface with a very slow decrease are observed even when the plate is sufficiently neutralised at t = 60.0 s. The charge distribution on the side surface, however, is
bipolar, resulting in a small surface potential with the averaged potential of −1.7 V at the
side surface. Therefore, macroscopically, the surface charges on the plate are considered to
be sufficiently neutralised. The phenomena of this neutralisation will be discussed in detail
later on the basis of the motion of ions.
The corresponding motion of ions during neutralisation of the conductive and insulating plates with the balanced DC ioniser is shown in Fig. 8. The plates are initially positively
charged; thus, the negative ions move towards the plates faster, and then, the positive ions
reach the plates. The profiles of the main flows of positive and negative ions for the conductive and insulating plates, which have ion density > 1012 m−3 and are mainly transported
by airflow, are very similar, while the portions of the positive and negative ions from the
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m−3 and υa0 = 3.0 m/s.

main flows move towards the insulating plate. Finally, the density distributions of the positive and negative ions for both the conductive and insulating plates create quasi-neutralised
ion charge distributions in the entire space at the steady state. We demonstrated that the
quasi-neutralised charge distribution can yield approximately zero offset voltage for the
conductive plates [15]. For the insulating plate, however, small surface potentials within
a few volts remain (Fig. 6) due to the surface charges shown in Fig. 7b, which cannot be
eliminated.
To investigate the initial stage of the charge neutralisation of the insulating plate, enlarged plots of the ion density distributions around the plate with a colour level having a
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wider range of ion density of 1010 − 1014 m−3 are shown in Fig. 9. Since the charge of
the plate is initially set to positive in this investigation, the negative ions reach the upper
surface of the plate faster, as shown in plots at t = 0.4 s in Fig. 9. Thus, the neutralisation
of the charges on the upper surface begins first, and then, charge neutralisation on the side
of the plate starts. Due to the positive charges of the lower side of the plate, these charges
on the upper and side surfaces are over-neutralised, resulting at once in negative surface
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charges during neutralisation, as shown in Fig. 7a. The over-neutralised negative surface
charges take place to reduce the influence of the electric field by the charges of the lower
surface on the electric fields at the upper and side surfaces. After this, the positive ions also
reach the upper surface of the plate by the forced airflow; in addition, the over-neutralised
negative charges on the upper and side surfaces attract nearby positive ions; on the other
hand, the negative ions move away from the side surface and move towards the lower side
surface along the surface due to the electric fields created by the surface charges, where
their negative ions are transported from the main flow, as shown in plots at t = 0.5 s in
Fig. 9. Consequently, after this, the over-neutralised negative charges on the upper and side
surface decrease, as shown in Fig. 7a. Furthermore, the negative ions that moved towards
the lower surface are isolated and then extend along the lower surface, as shown in plots at
t = 0.6 and 1.0 s in Fig. 9; however, the positive ions still remain at the side surface because
the averaged charge with bipolar charges at the side wall is still negative. Moreover, excess
negative ions at the lower side surface go back to the main flow; at this time, the portion of
the positive ions also moves towards the lower side surface, as shown in plots at t = 3.0 s
in Fig. 9. The positive ions at the lower side surface then extend towards the centre along
the surface, and the negative ions at the lower side gradually move away from the plate, as
shown in plots at t = 5.0 s in Fig. 9. Thus, such motions of the positive and negative ions
during neutralisation result in the time variation of the surface charge densities, as shown
in Fig. 7a. In addition, when the positive ions exist near the side surface, their density is
higher near the centre of the side surface, as shown in plots at t = 0.5, 0.6, and 1.0 s in
Fig. 9; on the other hand, when the negative ions exist near the side surface, as shown in
plots at t = 0.4 s in Fig. 9, their density is lower near the centre of the side surface due to
resultant electric fields by nearby surface charges, resulting in a bipolar surface charge distribution there. The bipolar surface charges created at the side surface in the early stage of
the neutralisation are kept during neutralisation, while their absolute values decrease very
slowly. This is because the influence of the electric fields created by the bipolar surface
charges is almost eliminated at a few millimetres from the plate; thus, it is difficult to neutralise the bipolar charges created by charges on the neighbouring surfaces even when ions
exist near the plate.
Since the initial surface charges were not high, the over-neutralised charges with a bipolar charge distribution led to no hazardous situation. The result, however, indicates that
ionisers have potential hazards to yields a highly charged bipolar distribution with different polarity on the upper and lower surfaces. The distribution could initiate a propagating
brush discharge that could lead to an ignition at the early stage of charge neutralisation
if the initial charges are higher and the plate thinner. Such a situation is possible when
charged objects are moving, e.g., continuously entrained products or long films with relatively fast transportation, because sufficient neutralisation time is not given. Furthermore,
when objects are much wider, ions are difficult to be transported to the lower side surface;
therefore, the hazardous bipolar charge could be maintained longer. To avoid this, ionisers
placed at both the upper and lower sides, which simultaneously neutralise the individual
surface charges, would be necessary when both side surfaces of an insulating object are
charged.
The phenomena of the charge neutralisations of conductive and insulating plates with a
balanced AC ioniser are almost identical to those with the balanced DC ioniser, except for
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the surface potentials of the plates having negative values with the oscillation of 50 Hz at the
steady state, as shown in Fig. 10. The oscillated negative offset voltage of the conductive
plate is caused by mono-polar space charges of positive or negative ions alternately created
near the ioniser outlet that lead to imbalance between positive and negative ion currents
as well as a relatively high space potential of positive or negative value alternately created
near the ioniser [15]. Here, the creation of the mono-polar space charges near the ioniser
is caused by ions emitted from the AC ioniser. Similarly, the surface potentials on the insulating plate have negative values with oscillation of 50 Hz. In addition, the oscillation of
the surface charge densities is approximately 10 pC/m2 . It is of interest that the amplitude
of the oscillation is several times larger than that of the conductive plate and sometimes
over ±5 V, even with sufficient neutralisation time. This indicates that the equivalent capacitance of the insulating plate with the resultant surface charge density distribution at the
steady state seems to be smaller than that of the conductive one. Therefore, the standard
test method using a conductive plate with a capacitance of 20 pF for the evaluation of the
performance of AC ionisers might lead to a potential problem.
Consequently, balanced DC ionisers enabling the offset voltage to be zero for conductive plates seem to be more appropriate than balanced AC ones for highly electrostaticsensitive devices, while we proposed a method, a continuously balanced AC ioniser, that
can eliminate the offset voltage of conductive plates as well as its AC oscillation [15].
Work in progress is the investigation of insulator charge neutralisation using simulations with different distributions of the initial surface charge density on the insulating plate.
IV.

C ONCLUSION

We investigated the difference between the phenomena of the charge neutralisations of
conductive and insulating plates with balanced DC and AC ionisers using 2-D electrohydrodynamic modelling. The macroscopic ion behaviours with the conductive and insulating plates were almost the same; in particular, with sufficiently neutralised plates at the
steady state, the density distributions of ions for the conductive and insulating plates be-
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came identical. As a result, we found that the evaluation of ionisers by the standard test
using a conductive plate is likely to present no obstacles for general applications and ordinary electrostatic-sensitive devices. For the insulating plate, however, the portions of the
positive and negative ions are transported to the plate to neutralise the surface charges on it
at the early stage of neutralaisation. At this time, very complicated surface charge distributions were created on the plate due to resultant electric fields by the surface charges themselves; in addition, relatively high surface potentials and charge densities, which may cause
potential problems and hazards, were observed during neutralisation. Since such phenomena could not be observed for the conductive plate, the results suggest that the evaluation
of ionisers by the standard test could lead to a latent problem in practical applications, in
particular, for highly sensitive devices. In addition, a bipolar charge distribution having
different polarity at the upper and lower surfaces of the plate, which can potentially lead
to propagating brush discharges, was observed at the early stage of neutralisation. This
indicates that ionisers themselves could create a hazardous situation resulting in ignition
when the initial surface charges are higher and the object to be neutralised is thinner. Furthermore, we found that a local bipolar charge distribution on the insulating plate, which
cannot be eliminated, is created at the steady state.
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