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Abstract
A 1D corona discharge model coupled to a 2D-axisymmetric particle charging model are
proposed in this paper to simulate nanoparticle charging process within a wire-tube air corona
discharge subjected to an applied positive or negative dc voltage. This 1D discharge model
provides the distribution of the electric field, the air ion and free electron concentrations for
the 2D charging model which in turn solves the spatial distributions of the various charged
nanoparticles within the tube. This 2D charging model takes into account the effect of
electrons, on the basis of Fuchs’ law usually employed in the literature for modelling of ion
diffusion nanoparticle charging. The current approach is valid when the concentration of
nanoparticles is much lower than the concentration of ionic species in the gas. Numerical
results show that the positive air ions can be assumed to be solely responsible for the charging
process in a positive air corona charger, while both the negative air ions and electrons play an
important role in the negative charging. At high negative charge intensities, the effect of the
electrons becomes appreciable due to their high conduction velocity. In general, the numerical
results obtained are in good agreement with the experimental data reported in the literature.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nanoparticle charging plays an important role in both
scientific studies and practical applications related to aerosols,
especially for those in the nanometre range i.e. <100 nm.
Charging of nanoparticles has been applied in a number of
different areas, such as material synthesis, nano-structure
patterning, contamination control and particle instrumentation
[1]. Diffusion-based charging is by far the most commonly
used technique for charging the nanoparticles. In this process,
the nanoparticles are exposed for a certain period of time
to an ionized gas environment normally generated by air

3 Author to whom any correspondence should be addressed.

corona discharges. The diffusion theory based on Fuchs’
law [2] is known to be used to model the charging mechanisms
of nanoparticles, and has been experimentally verified in
positive air corona chargers [3, 4]. This diffusion theory was
also used in a negative air corona charger as shown by the
work of Marquard et al [5]. However, these authors have
found that Fuchs’ diffusion theory fails to properly model
the charging mechanisms at high charging intensities, i.e. at
high Nt-product (N corresponds to the mean concentration
of the air ions, whereas t is the mean time residence of
the nanoparticles within the corona charger). Indeed, the
measured average charges carried by the nanoparticles (with
diameter of 65 nm) are considerably larger than the predicted
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values up to 1.6 times, in which the reason could not be
explained.

Until very recently, we have briefly presented a 2D
theoretical charging model [6] that predicts the path of
nanoparticles within the wire-tube, which is crucial in
optimizing the design and hence the charging effectiveness
of device chargers. This charging model demonstrated that
Fuchs’ law considered only air ions in the diffusion theory,
and that free electrons must be taken into account to explain
the above large discrepancy between the predicted and the
experimental data. Indeed, probably Fuchs did not deal with
the electron contribution because it requires a high dc field
which leads to a poor extrinsic charge efficiency (= fraction of
charged nanoparticles leaving the corona charger) due to the
electron collection within the corona charger.

However, the charging model in [6] was only briefly
presented and was applied with only one experimental
condition of Marquard et al [5], i.e. for an air gas carrier’s
velocity of 2 m s−1 and a negative cylindrical direct current (dc)
air corona with a length of 26 cm and a radius of 2 cm in radius.
It is thus the objective of this paper to present the details of this
model and its validity with other experimental data Marquard
et al [5]. As far as we know, only these authors provide
experimental data in high charging intensities. The theoretical
charging model [6] definitely requires to be confirmed with
other sizes than nanoparticles with a diameter of 65 nm in the
future.

In this paper, we present in detail the charging model
[6] which consists of a 1D corona discharge model and a
2D-axisymmetric nanoparticle charging model. Applications
with various velocities of the air gas carrier, both positive and
negative charging cases, are taken into account by considering
a smaller wire-tube in length (6 cm). The numerical results
obtained will be discussed by comparing with the experimental
data of Marquard et al [5], and finally the important findings
of this study are summarized at the end of this paper.

2. Corona discharge model

Some physical models in dc-corona discharge have been
developed and can be found in [7–11]. The wire-tube corona
device utilized by Marquard et al [5] is illustrated in figure 1.
It is a metal tube with length L = 6 cm and inner radius
R = 2 cm filled with flowing dry air, in which a tungsten
wire is stretched along the axis. The tungsten wire electrode
with a radius of rw = 0.05 mm is subjected to a positive or
a negative dc voltage φw with the current intensity per unit
of length I . The applied electrical potential φw is assumed
to be high enough to sustain a corona regime in a stationary
state [12]. The outer electrode which is made of stainless steel
tube is grounded. We assume inside the wire-tube charger
that the air is at atmospheric pressure and at uniform room
temperature.

Uncharged nanoparticles at the entrance of the tube are
carried into the corona charger by the flowing dry air. The
air corona discharge leads to the formation of free electrons,
positive and negative air ions [13]. These charged species are
characterized by their number concentration Ne, N+, N− and

Figure 1. Sketch of direct current (dc) corona charger with
wire-tube configuration.

their electrical mobility coefficients µe, µ+, µ−, respectively.
Their presence within the wire-tube leads to the formation of
charged nanoparticles at the exit of the wire-tube charger.

By neglecting the electric wind [14], the stationary corona
discharge is governed by the time-independent continuity
equations for each charged species i (electrons, positive and
negative air ions) [15]:

∇ · �Ji = Si, (1)

where Si is the production term, and the flux of the charged
species i is given by

�Ji = ei

e0
Niµi

�E. (2)

where ei is the charge carried by the species i and e0 the
absolute value of the electron charge. The local electric field
strength �E is governed by the Maxwell–Gauss equation:

∇ · �E = 1

ε0

∑
i

eiNi, (3)

where ε0is the permittivity of free space. Note that the flux of
charged species (2) only consists of the drift conduction term
due to the electric field by ignoring the diffusion conduction
term [16]. Since the corona discharge is assumed to be
axisymmetric and invariant in the axial direction, the stationary
continuity equations (1) can be simplified as one-dimensional
form and rewritten as follows:

1

r

d

dr

(
r
ei

e0
NiµiE

)
= Si, (4)

where r is the radial coordinate, i.e. the distance to the centre
of the wire. The above production term Si of electrons, positive
and negative air ions are given by [16]

Se = ∓(α − η) NeµeE, (5)

S+ = ±αNeµeE (6)

and
S− = ∓ηNeµeE. (7)

The sign in equations (5) and (7) is negative if the active
electrode (wire) is subjected to a positive potential and positive
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vice versa. In contrast, the sign in equation (6) is positive
if the wire electrode is subjected to a positive potential and
negative vice versa. Mean values of spectral distributions
of electrical mobilities are µ+ = 1.4 × 10−4 and µ− =
1.9×10−4 cm2 V−1 s−1 [4] related to the positive and negative
air ions, respectively. However, the electrical mobility of
electrons µe, the ionization coefficient α and the attachment
coefficient η all depend upon the local electric field E and are
given in the appendix.

The Deutsch assumption [17], which stipulates that the
space charge affects only the magnitude of the electric
field but not its direction, is satisfied in coaxial cylindrical
configurations [18]. In the current study, the air ion
concentration (∼109 cm−3) is much larger than that of
nanoparticles (∼105 cm−3) and electrons (∼2–3 orders of
magnitude smaller than air ions). The space charge between
electrodes thus essentially originates from the air ions, which
leads to the following simplified Gauss equation, based on the
symmetry of the discharge [15]:

1

r

d

dr
(rE) = I

2πrµε0E
. (8)

Rigorously speaking, the above equation is only valid in the
region where the current intensity is carried almost exclusively
by one kind of charged species characterized by its electrical
mobility µ [15]. We will see later that for a positive (negative)
corona the current intensity is almost carried by the positive
(negative) air ions so that we can simply put µ = µ+ (µ = µ−)

in equation (8). In addition, by Kaptsov’s assumption [19],
which considers that the electric field on the corona wire’s
surface remains constant at the value resulting from Peek’s
formula [20] defined as

Ew = E(r = rw) = 30δ

[
1 +

0.3

(δrw)1/2

]
, (9)

where Ew is in kV cm−1 and the wire’s radius rw in cm;
δ(= T0P/T P0) is the relative density of the air gas, in which
T0(= 298 K) and P0(= 1 atm) are the reference temperature
and pressure, respectively. The assumption that the electric
field strength at the wire’s surface is equal to Peek’s onset
field is generally acceptable in particle charging modelling
and has been demonstrated in detail by Morrow [21]. By
utilizing equation (9) as the boundary condition of equation (8),
the expression of the local electric field can be expressed as
follows:

E(r) =
[(

I

ε02πµ±

)
×

(
1 − r2

w

r2

)
+

(
Ewrw

r

)2
]1/2

(10)

in which the air ion electrical mobility depends on whether the
discharge is positive (µ = µ+) and negative (µ = µ−).

Because of the Coulomb repulsion of charged species on
the electrodes, boundary conditions of the air ion continuity
equations (4) are N+(r = rw) = 0 and N−(r = R) = 0
for a corona subjected to a positive high voltage. Similarly,
for a negative discharge these boundary conditions become
N−(r = rw) = 0 and N+(r = R) = 0. As for the

Figure 2. Distribution of the electrons, positive and negative air
ions. The wire-tube corona is 2 cm radius and submitted at
φw = +9.8 kV with I = 16.7 µA cm−1.

continuity equation of electrons, its boundary condition on
the wire’s surface is given by the current intensity determined
experimentally [22]:

I = 2πrw

(∑
i

|ei |µiNiE

)
rw

, (11)

where only the electrons and positive (negative) air ions have
a non-zero contribution to the current intensity for a positive
(negative) discharge.

All the above equations are discretized by the central
finite-difference method and are then solved using an iterative
algorithm for the matrix equations.

For a positive (negative) corona, the diffusion theory
considers that only positive (negative) air ions are responsible
for the charging of nanoparticles. In this condition, the current
density is assumed to be carried exclusively by these air ions
and their concentration is given by utilizing equations (10)
and (11):

N±(r) = I

2πe0µ±

[(
I

ε02πµ±

)(
1 − r2

w

r2

)

+

(
Ewrw

r

)2]−1/2

. (12)

Figure 2 illustrates the distributions of the charged species
as a function of the radial position in the region very close
to the powered wire within a positive air corona discharge.
These results were obtained for a voltage of φw = +9.8 kV
and I = 16.7 µA cm−1, which corresponds to one of the
experimental data of Marquard et al [5]. These distributions
are obtained by solving the continuity equations (4) for the
electrons, the positive and negative air ions. In the detailed
model, the density of positive air ions is at least four orders of
magnitude higher than the densities of electrons and negative
air ions, which shows that the negative air ions and electrons
may be neglected in practice. These trends are similar to the
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Figure 3. Distribution of the positive air ions and the electric field.
The wire-tube corona is 2 cm in radius and submitted at
φw = +9.8 kV with I = 16.7 µA cm−1.

Figure 4. Distribution of the electrons, positive and negative air
ions. The wire-tube corona is 2 cm in radius and submitted at
φw = −8.8 kV with I = 16.7 µA cm−1.

results obtained by Chen and Davidson [13] and Takahashi
et al [23]. Moreover, the concentration of the positive air
ions predicted by the detailed model coincides very well with
that by equation (12) based on the diffusion theory starting
at the distance of 0.001 cm from the wire’s surface. Large
deviation can still be found near the wire surface, i.e. in the
ionization region. Similar to the diffusion theory, the positive
charging is solely caused by the positive air ions. Indeed, as
shown in figure 3 the current is essentially carried by these
positive air ions in the drift region (�0.001 cm from the wire’s
surface which occupies almost the entire volume of the wire-
tube charger.

In contrast, figure 4 shows the distributions of the charged
species within a negative air corona very close to the powered
wire, in which the potential is φw = −8.8 kV with the same
current per length in the case of positive corona [5]. Based
on the detailed model, the ionization region where the positive
air ions are dominant is found to be much larger (∼0.025 cm
from the wire’s surface) as compared with that of the positive

Figure 5. Distribution of the negative air ions and the electric field.
The wire-tube corona is 2 cm in radius and submitted at
φw = −8.8 kV with I = 16.7 µA cm−1.

corona. In addition, the concentration of negative air ions
is lower than that predicted using equation (12) because the
current flux is not only carried by the negative air ions but also
the electrons in the drift region (see figure 5). Nevertheless, the
positive air ions can also be neglected in the negative charging
model, because the drift region occupies the major portion of
the wire-tube charger. The concentration of electrons is about
two orders of magnitude smaller than the negative air ions,
which is appreciable as compared with the case of the positive
air corona. Despite their low concentration the electrons have
been shown to play an important role in the negative charging of
nanoparticles at high Nt-product and thus cannot be neglected
[6]. This is because of the much larger electrical mobility of
the electrons as compared with the air ions. It is noted that in
figures 3 and 5 the values for the electrical mobility of electrons
in the ionization and drift regions are calculated to be µe ∼ 300
and ∼820 cm2 V−1 s−1, respectively, based on the formula in
the appendix. Indeed, when the local field becomes higher, the
electron temperature is raised, the rate of collision increases
and the electrical mobility decreases, as described in [24].

Figure 6 shows the evolution of the same variables than
figure 5, in which the potential is φw = −5.2 kV with
the current per length of I = 0.33 µA cm−1 [5]. The
concentrations of negative air ions and electrons are found to
be about two orders of magnitude lower than in figure 5.

We have observed that the ionization region only occupies
a negligible portion of the corona charger for both positive and
negative cases. The current flux which is essentially carried
by the air ions (either positive or negative alone) in the drift
region leads to a fairly good approximation of the electric
field based on equation (10). Figures 3 and 5 show that the
electric field decreases rapidly with increasing radial position
and becomes nearly constant after r = 0.5 cm. However,
the rate of decrease in the electric field with respect to the
radial distance is slower for the lower current density case
(see figure 7). As the electric field is not considered to be
constant in this study, the charging model presented in this
paper predicts more precisely the average charges carried by
the nanoparticles.
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Figure 6. Distribution of the negative air ions and the electric field.
The wire-tube corona is 2 cm in radius and submitted at
φw = −5.2 kV with I = 0.33 µA cm−1.

Figure 7. Predicted attachment rate coefficients βd,q of electrons
(γe = 1 and 0.013), positive and negative air ions to uncharged
(q = 0) and charged (|q| = 1) nanoparticles.

3. Nanoparticle charging model

Several works related to nanoparticle charging and kinematics
in dc corona can be found in [7, 25–30]. In this study,
the distribution of nanoparticles within the charger device
is governed by the following time-independent continuity
equations:

∇ · �Jd,q = Sd,q, (13)

where �Jd,q and Sd,q are the flux and the production term related
to the spherical nanoparticles of diameter d with q elementary
charges, respectively. The transport of nanoparticles is a
combination of several factors which include convection due
to carrier air flow, drift due to the electric field and diffusion
due to the concentration gradient. The current density can thus
be written as follows:

�Jd,q = Nd,q
�U + Nd,q q µd

�E − Dd∇.Nd,q, (14)

where the vector �U describes the mean carrier air flow velocity.
Terms Nd,q and µd are the number density and the coefficient
of electrical mobility of nanoparticles, respectively.

The distribution of nanoparticles within the wire-tube
charger is assumed to be axisymmetric. Moreover, a typical
velocity profile of the fully-developed turbulent pipe flow [31]
is adopted based on the experimental conditions of Marquard
et al [4]. With these conditions, the continuity equation (13)
can be rewritten as:

Uz

∂Nd,q

∂z
+ |q| µdE

∂Nd,q

∂r
+ |q| µdNd,q

(
E

r
+

∂E

∂r

)

− Dd

(
1

r

∂Nd,q

∂r
+

∂2Nd,q

∂r2
+

∂2Nd,q

∂z2

)
= Sd,q (15)

in which we applied the following boundary conditions to solve
them:

• at the entrance of the wire-tube charger, Nd,q=0(z = 0) =
N0 and Nd,q �=0(z = 0) = 0 where N0 is the initial
concentration of uncharged nanoparticles;

• at the exit of the tube, the wire’s surface and grounded
electrode, ∂Nd,q/∂ �n = 0 (�n is the normal unit vector on
the considered surface). The nanoparticles do not undergo
any physical processes at the exit, and catalytic processes
on the tube surfaces are neglected.

The general production term of nanoparticles in the
continuity equations (15) can be written as

Sd,q = β+
d,q−1N+Nd,q−1 − β+

d,qN+Nd,q + β−
d,q+1N−Nd,q+1

− β−
d,qN−Nd,q + βe

d,q+1NeNd,q+1 − βe
d,qNeNd,q, (16)

where the first term on the right-hand side describes the
generation rate of nanoparticles of diameter d with q

elementary charges by the attachment between a positive air
ion and a nanoparticle with q − 1 elementary charges. The
third (fifth) term on the right-hand side describes the rate
of generation by the attachment between a negative air ion
(electron) and a nanoparticle with q + 1 elementary charges.
The second, fourth and the sixth terms on the right-hand side
indicates the loss rate of the nanoparticles of diameter d with q

elementary charges by their attachment with a positive air ion,
a negative air ion and an electron, respectively. The attachment
rate coefficients of positive air ions β+

d,q , of negative air ions
β−

d,q and of electrons βe
d,q to nanoparticles are given in the

appendix at the end of this paper. The latter is characterized
by a probability γe that an electron is captured by a nanoparticle
inside its limiting-sphere. A value of γe = 0.013 is used in [6]
for nanoparticles with diameter of 65 nm for some specific
flow conditions. It was suggested that this low value results
from the high conduction velocity of electrons (ve = µeE).
Indeed, with appreciable amount of electrons in the drift region
of a negative air corona, the electrons play an important role in
nanoparticle charging due to the higher electrons flux (= Neve)

moving through the limiting sphere. As we consider the same
size of nanoparticles, we applied the above value of capturing
probability for the electrons in this study. Note that for the
attachment rate coefficient of air ions β±

d,q , the probability that
an air ion is captured by a nanoparticle inside its limiting-
sphere is usually assumed to be equal to the unity (γ ± = 1).

Figure 7 illustrates the effects of nanoparticle size on the
attachment rate coefficients βd,q of the electron, the positive
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and negative air ions onto the uncharged (q = 0) and charged
(|q| = 1) nanoparticle with the applied electric field of
10 kV cm−1. Note that only the attachment rate coefficient
of electrons strongly depends on the electric field because of
its dependence on the electrical mobility µe and the diffusion
coefficient De of electrons. As expected, all the attachment
coefficients increase with increasing size of the nanoparticles.
For a capturing probability equal to unity for all the charged
species, the attachment rate coefficient βe

d,q=0 related to the
electrons is about three orders of magnitude higher than
the ionic rate coefficients β±

d,q=0. This observation is due
to the high conduction velocity of electrons ve as explained
earlier. Similarly, the attachment coefficients of negative air
ions are higher than those of positive air ions simply because of
larger conduction velocity due to higher mobility of negative
air ions. As expected the values of attachment rate coefficient
of electrons become smaller when the probability of capture
γe decreases.

Figure 7 also shows that the attachment coefficients of all
charged species onto a nanoparticle with |q| > 0 elementary
charges decrease with increasing number of charges. However,
the electron attachment coefficients become close to each other
at higher diameter of the nanoparticles, which is especially
true for the present test case (d = 65 nm). Moreover,
the nanoparticles are unlikely to be highly charged if the
size becomes very small which is in line with observations
of Pui et al [3] and Alguacil and Alonso [30]. Indeed,
these studies showed that charging efficiency of nanoparticles
decreases experimentally with decreasing diameter. However,
the attachment process between an electron and a charged
nanoparticle remains relatively efficient, because of the great
conduction velocity of electrons as compared with that of ions.
Indeed, this large velocity leads to a stronger flux of electrons
moving through the limiting-sphere of nanoparticles.

4. Comparison with experiments

Figure 8 illustrates the average charge carried by the
nanoparticles at the exit of the positive (negative) corona
charger as a function of the Nt-product. The numerical
results are obtained by considering only the positive (negative)
air ions by using equation (12) in the case of a positive
(negative) discharge. We can see that these results are in good
agreement with the ion diffusion Fuchs’ model by considering
only positive air ions, which is known to reproduce the
experimental measurements in the case of positive charging
[3, 4]. This finding validates the 2D-axisymmetric charging
model employed in the current study. The average charge
carried by the nanoparticles is greater in negative discharge
because attachment coefficients of the negative air ions are
higher than those of the positive air ions (see figure 7).
However, the diffusion theory by considering only negative
air ions and based on Fuchs’ law fails to predict accurately the
negative nanoparticle charging in particular at high charging
intensities, which is shown next.

In contrast, figure 9 illustrates the average charge carried
by the nanoparticles at the exit of the negative corona charger
as a function of the Nt-product. It is clear that the diffusion

Figure 8. Predicted average charge carried by the nanoparticles
with diameter of 65 nm by considering only air ions as a function of
the Nt-product. The wire-tube corona is 6 cm in length and 2 cm in
radius. The mean velocity of the carrier gas is 2 m s−1.

Figure 9. Evolution of the average charge carried by the
nanoparticles with diameter of 65 nm within a negative corona
discharge as a function of the Nt-product. The wire-tube corona is
6 cm in length and 2 cm in radius. The mean velocity of the carrier
gas is 2 m s−1.

theory which considers only the attachment of negative air
ions fails to predict the average charge at the exit of the
charger. Interestingly, the present complete 2D charging
model, based on Fuchs’ model, which takes into account the
effect of electrons and negative air ions agrees very well with
the measurements. Although the concentration of electrons
is much lower than that of negative air ions (see figure 5,
which corresponds to Nt ∼ 5 × 107 s cm−3), their attachment
coefficients are very high as compared with that of negative air
ions. At low Nt-product the average charges predicted by the
diffusion theory are higher than the measurements because it
does not take into account the electrons. Indeed, the charging
process is essentially caused by the negative air ions at low
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Figure 10. Evolution of the average charge carried by the
nanoparticles with diameter of 65 nm within a negative corona
discharge with various mean air gas carrier’s velocity as a function
of the Nt-product. The wire-tube corona is 6 cm in length and 2 cm
in radius.

Nt-product (the concentration of electrons is too low) and
the diffusion theory considers the current is carried only by
these air ions, which leads to a higher ionic concentration
(see figure 6, which corresponds to Nt ∼ 3.5 × 106 s cm−3).
Finally, a low value of the capturing probability of electrons
(γe = 0.013) leads to satisfactory numerical results as
compared with the measurements.

Figure 10 illustrates the comparison of the prediction by
the complete negative charging model with the measurements
at various flow velocities (1.6, 2 and 2.5 m s−1) using the same
capturing probability of electron (γe = 0.013). It is clear that
the numerical results obtained by the 2D model are in good
agreement with the experimental data of Marquard et al [5].
This shows that this low capturing probability of electron is
insensitive, at least, to the above simulation conditions.

Figure 11 shows the distribution of the nanoparticles with
q = 0, −1, −2, −3, −4, −5, −6, −8 and −10 elementary
charges within the negative wire-tube charger illustrated by
figure 5 (φw = −8.8 kV, I = 16.7 µA cm−1) with a carrier
gas mean velocity of 2 m s−1, which corresponds to Nt ∼
5 × 107 s cm−3. The nanoparticles acquire quickly electrical
charge near the wire, because of the high concentration of the
attachment partners (electrons and negative air ions) near the
wire’s surface, as shown in figure 5. Charged particles are then
carried by the dry air flow further downstream and at the same
time move towards the outer electrode wall due to radial electric
field. This can be confirmed from the location of peak value
of concentration of various elementary charges. For higher
charges, say, q = −10, there is not enough time and space for
the nanoparticles to be charged. Thus, its concentration is very
low as compared with those of lower charges such as q = −4
and q = −5, which leads to an average charge of q̄ ∼ 4.8 at
Nt ∼ 5 × 107 s cm−3 at the exit of the wire-tube, as shown in
figures 9 and 10.

Figure 12 illustrates the same distributions and air gas
carrier’s velocity within a positive corona discharge shown

Figure 11. Distribution of the nanoparticles with diameter of 65 nm.
The wire-tube corona is 6 cm in length and 2 cm in radius and
submitted at φw = −8.8 kV with I = 16.7 µA cm−1. The mean
velocity of the carrier gas is 2 m s−1.

Figure 12. Distribution of the nanoparticles with diameter of 65 nm.
The wire-tube corona is 6 cm in length and 2 cm in radius and
submitted at φw = +9.8 kV with I = 16.7 µA cm−1. The mean
velocity of the carrier gas is 2 m s−1.

in figure 3 (φw = 9.8 kV, I = 16.7 µA cm−1). Their
behaviour is the same as in the case of negative corona.
However, the positive wire-tube charger is inefficient in
charging nanoparticles as compared with negative one because
only the positive air ions are responsible of the charging
process. Indeed, we have seen previously that the attachment
rate coefficients related to the positive air ions are much
lower than those of negative air ions and electrons present in
the negative corona discharge. Thus, with the same current
intensity most of the nanoparticles carry q = 4 elementary
charges at the exit of the wire-tube. This leads to an average
charge q̄ ∼ 4 at Nt ∼ 6 × 107 s cm−3, which is lower than
that of the negative charger.

Figure 13 shows the average charge carried by the
nanoparticles as a function of their mean residence time within
the wire-tube, in which the potential is φw = −8.8 kV with the
current per length of I = 16.7 µA cm−1. This figure shows
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Figure 13. Evolution of the average charge carried by the
nanoparticles with diameter of 65 nm within a negative corona
discharge as a function of the mean residence time. The wire-tube
corona is 6 cm in length and 2 cm in radius and submitted at
φw = −8.8 kV with I = 16.7 µA cm−1.

that nanoparticles are even more charged as they stay with
longer time in the charger device. However, this may not be
true if longer tube or higher electric field is considered [6],
which is beyond the scope of the current study.

5. Conclusion

A 1D corona discharge model and a 2D-axisymmetric
nanoparticle charging model are proposed in this paper to
simulate nanoparticle charging within a wire-tube air corona
ionizer subjected to positive or negative voltage. This approach
is valid provided that the concentration of nanoparticles is
much lower than the concentration of charged species in
the gas. The numerical results obtained with an air corona
discharge and nanoparticles with diameter of 65 nm are in good
agreement with the experimental data. The ionization region
of the corona discharge can be neglected in charging process.
Only positive air ions are considered in positive charging and
the results of the 2D charging model are consistent with the
ion diffusion theory. However, the free electrons must be taken
into account (with capturing probability γe = 0.013) together
with the negative air ions in the negative charging. With the
same current, the charging efficiency of a negative corona
charger outperforms greatly that of a positive corona charger.
Charged species (electrons) with high conduction velocity play
an important role on the nanoparticle charging mechanisms.
More measurements using nanoparticles with different sizes
and number concentrations are strongly recommended to
further test the validity of the 2D charging model presented
in the study.
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Appendix

Ionization rate coefficient of gas molecules. The ionization
coefficient α(cm−1) is expressed as [32, 33]

α/P = exp[Pol(E/P )], (A.1)

where E/P � 35 V cm−1 Torr−1, and Pol(E/P ) is a
polynomial whose coefficients are given by

a0 = −0.64927 × 102, a1 = 0.52642 × 101,

a2 = −0.20238 × 100, a3 = 0.45178 × 10−2,

a4 = −0.63081 × 10−4, a5 = 0.56724 × 10−6,

a6 = −0.32780 × 10−8, a7 = 0.11739 × 10−10,

a8 = −0.23661 × 10−13, a9 = 0.20479 × 10−16,

P is the pressure in Torr and Eis the electric field in V cm−1.

Attachment rate coefficient of electrons to gas molecules. The
attachment coefficient η(cm−1) is expressed as [32, 33]

η/P = 1.95 exp(−60P/E)/ (E/P ), (A.2)

where P is the pressure in Torr and E is the electric field in
V cm−1.

Electrical mobility of electrons. The electrical mobility
µe(cm2 s−1 V−1) is the electron velocity coefficient (ve)

divided by the local electric field E. The electron velocity
ve(cm s−1) was expressed as [32, 33]

ve = 100 × 104(E/P )0.715

for E/P � 100 V cm−1 Torr−1,

ve = 155 × 104(E/P )0.62

for E/P > 100 V cm−1 Torr−1,

where P is the pressure in Torr and E is the electric field in
V cm−1.

Diffusion coefficient of electrons. The diffusion coefficient
De(cm2 s−1) is related to the electron temperature Te such
as [32, 34]

De = µe(kb/e0)Te = µe(kb/e0)(Te/T )T , (A.3)

where e0 and T are the electron charge (= 1.6 × 10−19 C)

and the gas temperature (=298 K at NTP), respectively. The
temperature ratio Te/T is expressed as

Te/T = 11.09 + 3.08 ln(E/P )

for E/P < 0.7 V cm−1 Torr−1,

Te/T = 15.36 + 14.9 ln(E/P )

for E/P � 0.7 V cm−1 Torr−1,

where P is the pressure in Torr and E is the electric field in
V cm−1.
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Electrical mobility of nanoparticles. The electrical mobility
µd is given by [35]

µd = e0Cc

3πηvisd
, (A.4)

where ηvis and Cc are the dynamic viscosity of the carrier gas
and the Cunningham slip correction factor, respectively.

Diffusion coefficient of nanoparticles. The diffusion coeffi-
cient Dd is given by the Stokes–Einstein relation [36]:

Dd = µdkbT

e
, (A.5)

where kb and T are Bolzmann’s constant and the translational
temperature, respectively.

Attachment rate coefficient of ions-electrons to nanoparticles.
The attachment coefficients β+

d,q and β−
d,q related to the

interaction between an air ion onto a nanoparticle of diameter
d with q elementary charges are given by Fuchs’ model [2, 4]
and are repeated as follows for completeness:

β±
d,q = πθ±γ±c̄±δ2

± exp

[
−�d,q (δ±)

kb T

]

×
{

1 + exp

[
−�d,q (δ±)

kbT

]
θ±γ± c̄± δ2

±
4a D±

×
∫ a/δ±

0
dy exp

[
�d,q (a/y)

kb T

]}−1

, (A.6)

where y is a dimensionless integration variable ranging from 0
to a/δ± with a(= d/2) as the radius of the nanoparticles. The
term �d,q(r) corresponds to the electrostatic potential energy
interaction:

�d,q(l) = e2

4πε0

[
q

l
− εr − 1

εr + 1

a3

2l2(l2 − a2)

]
, (A.7)

which reflects the superposition of the Coulomb and image
forces; l and εr are the interaction distance from the centre
of the nanoparticle and the dielectric constant of them
respectively. The mean thermal velocity c̄± and the diffusion
coefficient of air ions D± is given, respectively, by [37]

c̄± =
(

8kbT

πm±

)1/2

(A.8)

and

D± = µ± kbT

e0
, (A.9)

where m± is the mass of the corresponding air ion in interaction
with the nanoparticle.

The term δ± corresponds to the radius of a limiting-sphere
around the nanoparticle centre in which the air ions can be
captured such as [38]

δ± = a

Kn2±

[
(1 + Kn±)5

5
− (1 + Kn2

±)(1 + Kn±)3

3

+
2(1 + Kn2

±)5/2

15

]
, (A.10)

where Kn±(= λ±/a) is the air ion Knudsen number. The air
ion mean free path is determined from Maxwell–Chapman–
Enskog theory [39]:

λ± = 16
√

2

3π (1 + ε)

D±
c̄±

(
ma

ma + m±

)1/2

, (A.11)

where ma is the mass of neutral air molecules and ε(= 0.132)

is the correction factor when the colliding partners is assumed
to be a hard sphere of unequal mass.

The term θ±(= b2/δ2
±) describes the increase in collision

of the air ions with the nanoparticle due to the presence of
interaction forces by means of the impact parameter b. In the
absence of electrical force, this impact parameter is equal to
the radius of the nanoparticle (b = a). However, for the case
of charged nanoparticles it is equal to the minimum distance
bmin of the impact parameter which is given by the following
relation [40]:

b2 = l2

{
1 +

2

3kbT

[
�d,q(δ±) − �d,q(l)

]}
. (A.12)

The term γ± in equation (A.6) corresponds to the probability
that an air ion which approaches within the distance δ± is
captured by the nanoparticle [41].

The attachment rate coefficients βe
d,q related to the

interaction between an electron and a nanoparticle are similar
to those of air ions. Indeed, the ionic terms θ±, γ±, c̄±,
δ±, D± and T in equation (A.6) are just substituted by those
of electrons θe, γe, c̄e, δe, De and Te, respectively:

βe
d,q = πθeγec̄e δ2

e exp

[
−�d,q(δe)

kb T

]

×
{

1 + exp

[
−�d,q(δe)

kbT

]
θeγe c̄e δ2

e

4a De

×
∫ a/δe

0
dy exp

[
�d,q(a/y)

kb T

]}−1

(A.13)

The diffusion coefficient for electrons De is given by
equation (A.3), while the mean thermal velocity of electrons
is expressed as [42, 43]:

c̄e =
(

2 e0 De

meµe

)1/2

. (A.14)

This can be used to define electron temperature and mean free
path, respectively, as

Te = mec̄
2
e

3kb
(A.15)

and

λe = mec̄eµe

e0
. (A.16)

The limiting-sphere radius δe related to electrons is obtained
by substituting the electron mean free path, equation (A.15),
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into equation (A.10), where the air ion Knudsen number is
replaced by the electron Knudsen number Kne(= λe/a):

δe = a

Kn2
e

[
(1 + Kne)

5

5
− (1 + Kn2

e)(1 + Kne)
3

3

+
2(1 + Kn2

e)
5/2

15

]
. (A.17)

Further, by substituting the limiting-sphere radius with the
electron temperature into equation (A.12), one can obtain the
term θe (= b2/δ2

e ).
The diffusion theory (Fuchs’ model) is used without

explicitly designating the probability γ± that an ion is captured
by a nanoparticle inside its limiting-sphere [3, 4], which leads
implicitly to consider this probability to have a value equal
to unity (γ± = 1). However, the probability γe that an
electron is captured by a nanoparticle inside its limiting-
sphere is found to have a value lower than unity [6]. Note
that Romay [42] also found values lower than unity for the
capture probability of an electron (called accommodation
coefficient) by calculating attachment rate coefficients between
an uncharged nanoparticle and an electron with helium and
nitrogen gas carrier.
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