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An efficient and a versatile unipolar corona charger was developed. It has indirect charging
characteristics, with corona and charging regions separated. Ions were generated by a needle
electrode and then driven to the charging region by a sheath flow in order to reduce the
electrostatic loss of nanoparticles. The distance of the electrode to the walls can be adjusted by
a micrometer, modifying the onset voltage and Nit�product, and therefore the intrinsic and
extrinsic charging efficiencies and loss of charged particles. Experimental results indicate that
the generated ion current is practically the same independent of the variation in the applied
voltage or corona current, but varying the electrode gap distance seems to be a much more
efficient way to regulate the Nit�product. The charging efficiency can vary from high values,
comparable to the higher efficiency chargers presented in the literature, to lower levels such as
reached with bipolar chargers.

& 2013 Published by Elsevier Ltd.
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1. Introduction

Providing electrical charge to particles is a fundamental requirement for particle characterization by mobility analysis.
The calculation of the aerosol size distribution requires an accurate knowledge of the charge level and charge distribution of
the incoming aerosol. Although bipolar radioactive chargers are the most widely used devices due to their well-defined
charge distribution, unipolar diffusion chargers are still at the focus of interest, due to their simplicity.

Corona chargers have been studied for a long time (Alguacil & Alonso, 2006; Biskos et al., 2005a; Büscher et al., 1994; Hewitt,
1957; Intra & Tippayawong, 2010; Kruis & Fissan, 2001; Liu & Pui, 1975; Medved et al., 2000). They can attain higher charging levels
than radioactive chargers so that a lower concentration threshold can be reached with electrometers. Due to the absence of ion
recombination, unipolar ionization results in higher ion concentrations than bipolar ionization. Furthermore, they are exempt from
expensive safety precautions and severe legal restrictions caused by the use of the radioactive sources.

However, some difficulties have to be overcome before designing a new prototype. Reported problems are related with
the following issues (Kim et al., 2010; Kwon et al., 2006):
79
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Ozone production: During an electrostatic discharge in a gas such as air (78% N2, 21% O2 approx.), some diatomic oxygen
molecules from air are split and recombine to form ozone, which is unstable, toxic and a strong oxidant for metals.
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As a result, the discharge electrode can be altered and therefore the charging conditions of the corona device. For this
reason, a gas different from air is preferably used when possible.
65
2.
67
Nanoparticle generation: One of the advantages of the radioactive neutralizers over the corona discharge is the stability of
the first ones. In corona devices the usage of the electrode can wear it out and change its geometry, leading to a change in
charging efficiency levels. It could also promote the formation of new particles, either from erosion and sputtering from
the electrode itself or from gaseous contaminants present in the gas (Alonso et al., 2006; Kleefsman & Van Gulijk, 2008).
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AC or DC electric field: Although the previously presented corona devices used either direct or alternate current, it has
been recently reported that the AC field offers no benefit compared to the DC field (Marquard et al., 2006a). Comparing
the devices with AC (Biskos et al., 2005b; Büscher et al., 1994; Kruis & Fissan, 2001; Vivas et al., 2008) and DC (Chen &
Pui, 1999; Hernandez-Sierra et al., 2003; Li & Chen, 2011; Qi et al., 2008), an AC electric field in the mixing zone does not
reduce losses of nanoparticles, even under laminar flow conditions. The AC field seems to only affect the amount of ions
reaching the charging region. This is probably explained by the fact that nanoparticles are susceptible to hydrodynamic
forces from the ion wind or flow disturbances, which make losses to the walls unavoidable, irrespective of an additional
electric field.
77
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Losses of particles: The concentration of particles can decrease during the charging process due to diffusional losses (Ld),
which refers to losses inside the charger with no electric field is applied (no ions). These losses are usually small for
particles larger than 20 nm. The electrical losses (Lel) are additional losses of charged particles due to space charge
effects. For small particles, losses are substantial because two competing effects influence the total: since the charging
efficiency of ultrafine particles is lower than the rest of particles, the non-charged nanoparticles will suffer diffusional
losses, while because of their higher mobility the electrical losses will increase.
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To overcome the enumerated issues, the device operation characteristics are chosen as follows. The sheath gas for the
present work was pure nitrogen (purified with Oxisorb, 99.9999% purity) because it is closest to air in its material properties
(its breakdown voltage is only about 15% greater than air) and avoids the ozone generation. It has to be mentioned that N2 is
a non-electron attaching gas, efficient in slowing down electrons and thus is not able to form negative ions (Stano et al.,
2009–2010). Therefore, only positive corona operation is shown here.

To prevent losses of aerosol particles due to the strong electric field when passing through the charger, the so-called
indirect corona charger layout was applied (Li & Chen, 2011; Qi et al., 2007, 2008). The ionization and mixing zones are
separated, therefore the reduction of the electric field strength in the charging region is expected to lead to a reduction of
the charged particle losses inside the charger (Wiedensohler et al., 1994). It attenuates the erosion of the needle due to the
use of clean nitrogen gas, thus it may remain stable for longer and avoids contamination of the electrode. Also, the
introduction of a surrounding sheath air flow helps the charged particles to flow through the charger without excess
precipitation on the charger walls (Intra & Tippayawong, 2011).

A tungsten needle was used as a discharge electrode, since this material has the highest melting point and the lowest
vapor pressure of all metals, thereby is efficient for electron or ion emission. A constant electric field is formed by means of
high voltage supplied to the electrode, since an alternate field does not offer any advantage and can lead to ion losses.

Generally, an ideal charger provides a balance between a high ion concentration and low particle losses, the capacity to
work at various ambient conditions with no gas-to-particle conversion, low coagulation levels between charged particles
and a predictable charge distribution for application to size selection of nanoparticles. The unipolar charger must lead to
acceptable fractions of singly charged particles with minor fractions of multiply charged particles. Therefore, there is an
interest to improve the unipolar corona discharge charger.

The corona charger proposed here is designed to be applied where radioactive neutralizers have been traditionally used.
Ideally, it will have the possibility of reaching similar charge levels as radioactive neutralizers in order to easily replace them,
and since it can be turned on and off there are no transportation restrictions, making it a good choice for field studies. It is
experimentally confirmed that there is no particle generation inside the device, and it is designed for minimal waste of the
needle and for a quick and an easy replacement without major changes in the charging efficiency.

The performance of the corona charger was assessed in experiments with monodisperse particles in the size range of
6–60 nm, aerosol flow rates between 0.5 and 1.5 lpm. Charging efficiencies and particle charge distributions were measured
and compared to the ones obtained with a commercial radioactive bipolar charger.
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2. Experimental setup

2.1. Design of the unipolar corona charger

Taking into account the objectives and drawbacks from prior instruments, the device is designed as a needle-based post-
charging device, where ion generation and charging chambers are separated as can be seen in Fig. 1. This avoids
contamination of the needle which results in a longer life time (Kwon et al., 2005; Qi et al., 2007). A tungsten needle is
mounted on a micrometer-supported base, so that the distance to the output of the ionizing chamber can be modified and
therefore the distance to the ground electrode can be precisely controlled during the experiment.
lease cite this article as: Domat, M., et al. Investigations of the effect of electrode gap on the performance of a corona
harger having separated corona and charging zones. Journal of Aerosol Science (2013), http://dx.doi.org/10.1016/j.
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Fig. 1. Cross-section of the corona device. The inner part consists of the needle, the high voltage connection and the ion driving flow. The outer part, where
particles come in, is separated from the inner up to the charging region, where the particle flow surrounds the ion flow.
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The ion chamber is concentric to and surrounded by the particle flow, which as shown in a theoretical study (Alonso
et al., 2009) is the best configuration for unipolar chargers. The advantage of cylindrical geometry is that distortion of
electric field between electrodes is minimal due to the absence of corners and edges (Intra & Tippayawong, 2006).

Two different flows are applied for carrying ions, Qi, and aerosol particles, Qa. The particle-free flow that transports the
ions out of the generation region prevents the penetration of particles into the corona discharging zone, while the 451 of
inclination of the particle flow with respect to the ion flow helps the mixing of ions and particles.

As can be seen in Fig. 1, the distance between electrodes is different depending on the position of the needle. The corona
discharge will be produced at the tip of the needle, and the field lines will be straight and perpendicular to the earthed
surface. This means that for a position of the micrometer (Dgap) between 0 and 5 mm of distance from the needle tip to the
outlet of the discharge region, the shorter distance to the earthed electrode will be the radius of the tube, since it has
cylindrical geometry. For gaps from 5 mm onward, the shape of the earthed electrode is conical, and the perpendicular
distance d to the surface can be calculated by trigonometry. For simplicity we will refer these distances from now on as the
Dgap value, bearing in mind that the actual values of the distance between electrodes are the related d.

This configuration allows modification of a wide number of parameters such as the ion and aerosol driving flows,
the length of the charging region by replacing or adding another tube, or the distance between the needle electrode to the
earthed wall. All these features influence on the operation of the device, therefore determining the Nit�product.
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2.2. Experimental setup

To characterize the designed charger prototype, the experimental setup shown in Fig. 2 was used.
A distribution of SnO nanoparticles with an electrical mobility diameter below 60 nm was generated by the well-known

evaporation–condensation technique (Scheibel & Porstendörfer, 1983). The carrier gas passing through the furnace is
nitrogen at 1.5 lpm.

The aerosol passes first through a 85Kr radioactive neutralizer, where the particles acquire a known charge distribution.
A Nano-DMA (TSI-8085, Minneapolis, USA) with a fixed operating voltage classifies particles based on the electrical mobility.
An aerosol with a monodisperse particle distribution passes then through a second 85Kr neutralizer to neutralize the
charged particles and then through an Electrostatic Precipitator (ESP) to remove the remaining charged particles. Only
neutral particles with known size and concentration Cin are introduced in the test charger.
Please cite this article as: Domat, M., et al. Investigations of the effect of electrode gap on the performance of a corona
charger having separated corona and charging zones. Journal of Aerosol Science (2013), http://dx.doi.org/10.1016/j.
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Fig. 2. Experimental setup for characterization of the corona charger.
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At the exit of the prototype charger, monodisperse particles pass through a SMPS (TSI-3080 with Nano-DMA8085 and
the 85Kr neutralizer from the SMPS removed) in combination with a CPC (TSI-3775) to scan the size distribution,
alternatively with the voltage on and off (Cout

on
and Cout

off
respectively) to measure the amount of charged particles and particle

losses inside the device.
Since the proportion of charged particles cannot be directly measured, the charged particles are removed by means of a

second precipitator after the corona charger. There, Cout is obtained, and the difference between Cout
on

and Cout will give the
concentration of charged particles.
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3. Results

3.1. Corona current

Measurement of the ion current is done by means of an electrometer (model EL-5010, RAMEM, Madrid, Spain) which can
measure in the femtoammeter range. The ion current at the outlet of the charging region was measured by means of a
Faraday cup fabricated by RAMEM too. The collector was a stainless-steel tip connected with the electrometer device and
isolated from the outer walls of the cage. The tip was fed with an applied bias voltage of 12 V to attract the ions to the
collector.

A commercial DC high voltage power supply was used to maintain the voltages and currents in the ranges between
2.0–4.5 kV and 1–12 μA. The ions produced inside the charger are then led into the Faraday cup.

Firstly, the value of the corona onset voltage V0 must be known, which has a strong dependence on the electrode tip
radius and the inter-electrode distance (Henson, 1981). Despite the experimental and theoretical efforts made to predict V0

accurately, its experimentally observed value varies under different conditions. It can be approximated by Peek's (1920)
equation:

V0 ¼mvE0δ 1þ 0:308ffiffiffiffiffi
δr

p
� �

r ln
S
r

� �
ð1Þ

where r is the radius of curvature of the tip of the needle, S is the distance between electrodes and 0:308 cm1=2 is an
empirical constant for cylindrical geometry. The relative air density factor δ is 1 at NTP, and the conductor roughness factor
mv is 1 for smooth cylindrical electrodes.

The disruptive voltage gradient is a value empirically calculated for the critical electric field that causes the medium (an
insulating gas) to break down and become partially conductive. At NTP conditions, this electric field is around 15% larger for
nitrogen than for air, i.e. E0ðN2Þ ¼ 3:565� 106 V=m.

The corona onset voltage can be determined experimentally as the point at which the current intersects the voltage axis
Vc in Fig. 3. Measured and calculated corona onset voltages differ substantially, obtaining experimentally 1.95, 2.25 and
2.40 kV for electrode distances of 3, 7 and 10 mm, while calculated results are 2.03, 2.54 and 2.95 kV respectively.

The current experiences a first increase when the corona starts and then again rapidly increases when spark-over is
reached. The corona discharge starts at lower voltages for a gap of 3 mm, while for the gap of 10 mm the range of applicable
Please cite this article as: Domat, M., et al. Investigations of the effect of electrode gap on the performance of a corona
charger having separated corona and charging zones. Journal of Aerosol Science (2013), http://dx.doi.org/10.1016/j.

jaerosci.2013.08.017i

http://dx.doi.org/10.1016/j.jaerosci.2013.08.017
http://dx.doi.org/10.1016/j.jaerosci.2013.08.017
http://dx.doi.org/10.1016/j.jaerosci.2013.08.017
http://dx.doi.org/10.1016/j.jaerosci.2013.08.017
Original Text:
set-up --

Original Text:
stainless 



1

3

5

7

9

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

57

59

61

63

65

67

69

71

73

75

77

79

81

83

85

87

89

91

93

95

97

99

101

103

105

107

109

111

113

115

117

119

121

123

Fig. 3. Corona applied voltage versus output current at an ion dilution flow of 0.5 lpm and a sheath aerosol flow of 1.5 lpm.
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corona voltages is greater, as can be seen in Fig. 3. But while the current of the 3 mm gap increases with applied voltage,
in the case of 10 mm it tends to grow slowly, remaining approximately constant.

The reason is that the ion current depends exclusively on corona voltage only within a narrow interval (Intra &
Tippayawong, 2010). At larger voltages it practically becomes constant, independent of the corona voltage, since a higher
degree of ion loss is inevitable with a large number of ions, e.g. due to space charge effects.

In Fig. 4 the variation in corona is shown with the lower axis for a fixed corona applied current of 0.07 mA, and the
variation of corona current for a fixed applied voltage of Vc ¼ 3:5 kV with the upper axis. The measured output current is
practically the same independent of the variation in applied voltage or current. Therefore in the following, unless the
contrary is indicated, we will work by varying the voltage at fixed Ic ¼ 0:07 mA for simplicity reasons.

3.2. Particle losses

The presence of particle losses can impose significant uncertainties in determining the true charging efficiency. They can
be distinguished into two types of losses, the losses of neutral particles, mainly caused by diffusion,

Ld ¼ 1�F � C
off
out

Cin
; ð2Þ

and losses of charged particles, related to the effect of electrostatic forces,

Lel ¼ F � C
off
out�Con

out

Cin
: ð3Þ

The additional flow for driving ions Qi makes it necessary to consider an auxiliary flow factor for aerosol dilution,

F ¼ QiþQa

Qa
¼ Qout

Q in
: ð4Þ

There is some controversy on whether the definitions of losses and charging efficiency should be based on the particle
number concentration itself (Hernandez-Sierra et al., 2003) or on the particle fluxes (i.e., particle concentration times the
carrying flow rate) (Marquard et al., 2006b; Qi et al., 2007). For chargers with a supplementary gas flow like shown in
Büscher et al. (1994), Chen & Pui (1999), and Medved et al. (2000), the aerosol concentration is diluted within the appliance.
Due to different aerosol flow rates entering and leaving the charger, the concentration ratio cannot be obtained by
measuring the particle number upstream and downstream the charger and shall therefore be based, for each particle size,
on the total number of particles, not on the number concentration. That is, the measured number of particles is multiplied
by the corresponding flow rate to obtain the particle flux in each stream. This is a factor to take into account for comparison
with numerical results from other devices, even though dilution has no effect on the possibility of single particles to be
charged.

Since the diffusional effect is significant only for particles smaller than approx. 20 nm, the diffusional losses are reduced
with increasing diameter, having very strong losses (close the 50%) for Dpo10 nm (Fig. 5).

However, when the charger is switched on there are additional electrostatic losses. Electrical losses for the needle
position of 3 mm are much greater (above 20% for the smallest diameters) than for the gap of 10 mm, which barely reach 2%.
This effect is related to the ion concentration, since with a lower needle position the electric field is more shielded from the
charging region, so that the particles are more likely to be lost by electrostatic effects.

When the corona is switched on, the ion concentration is ‘diluted’ with the ratio of the ionizer flow rate to the total flow
rate. Thus, the Nit�product can be changed by varying this ratio, since a small Qi in comparison to the Qa leads to a strong
Please cite this article as: Domat, M., et al. Investigations of the effect of electrode gap on the performance of a corona
charger having separated corona and charging zones. Journal of Aerosol Science (2013), http://dx.doi.org/10.1016/j.
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Fig. 4. Measured output current for variation of the applied current (upper axis) at a fixed corona voltage of Vc ¼ 3:5 kV and the applied voltage (lower
axis) at a constant corona current of Ic ¼ 7 μA.

Fig. 5. Losses of charged and neutral particles for several particle diameters at different distances between electrodes.
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decrease in the ion concentration and thereby of the Nit�product, on the other hand a high Qi would lead to a high ion
concentration but also a strong decrease in effective particle concentration. Therefore, an optimal flow balance has to
be found.

Selecting particles having a diameter of 15 nm and fixing Qa at 1.5 lpm, three different ion flow rates were tested and
losses of neutral and charged particles determined. In Table 1 it is shown for neutral particles that the larger the ion flow Qi,
the higher the particle losses. This cannot be explained by diffusion losses, as the reduced time when increasing the ion flow
rate should lead to smaller diffusion losses. However, the turbulence level might increase due to the inclined mixing
arrangement, which explains the increasing losses. The same happens when particles are charged for the case of 10 mm gap.
On the contrary, for the 3 mm gap, losses of charged particles slightly decrease with increasing ion flow. This is probably due
to the shorter residence time which reduces the loss of charged particles, where the loss mechanism is probably due to the
space charge effect of the ions entering the charging region.
Please cite this article as: Domat, M., et al. Investigations of the effect of electrode gap on the performance of a corona
charger having separated corona and charging zones. Journal of Aerosol Science (2013), http://dx.doi.org/10.1016/j.
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Table 1
Losses for neutral Ld and charged Lel particles of 1.5 nm at different corona operating voltages for an aerosol flow rate Qa of 1.5 lpm and three different ion
dilution flow rates. Two different distances from the electrode needle to the output were tested, 3 mm and 10 mm.

Vc (kV) Qi ðlpmÞ- Dgap ¼ 3 mm Dgap ¼ 10 mm

0.5 1.0 1.5 0.5 1.0 1.5

2.0 28.5 23.5 16.5 – – –

2.5 43.5 35.0 30.4 9.8 22.1 34.5
Lel (%) 3.0 – – – 10.2 21.9 35.7

3.5 – – – 11.0 22.4 35.7
4.0 – – – 11.6 21.1 35.7

Ld (%) 1.0 10.6 14.5 1.0 10.6 14.5
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Likewise, an increase in voltage will increase the ion concentration and therefore the electrical losses due to a stronger
space charge effect, as is shown for 3 mm gap. But in the case of 10 mm gap, losses are almost constant with the increase in
corona voltage, from which can be inferred that the space charge effect has a limited impact at this electrode distances.

It is seen that a higher total flow increases the losses, but when it is fixed, the ratio of ion to aerosol flow also has an effect
on the particle deposition in the charger. Losses can be expressed also in the form of the penetration of the particles through
the setup. An accurate calculation of the penetration has to take into account the total loss of charged particles LT ¼ LelþLd:

Pn ¼ 1�LT ¼ F � C
on
out

Cin
ð5Þ

In Fig. 6 the penetration is shown as a function of the ratio of ion to aerosol flow for the incoming charged particles. It can
be seen that a ratio greater than 1 leads to a very low penetration of charged particles through the charger, and shall be
avoided. The increasing space charge effect of the incoming ions at higher Qi=Qa ratios drives the particles towards the outer
walls, leading to lower penetration. From the graph, an acceptable ratio of the flows is 0.33, which corresponds to
Qi ¼ 0:5 lpm and Qa ¼ 1:5 lpm and will be used in the following.

3.3. Charging efficiencies

For the complete characterization of a charger it is necessary to measure particle loss, charging efficiency and charge
distribution. The charging efficiency is the most important performance parameter for aerosol chargers, since it describes
the possibility of an individual particle to acquire charges during the process.

Depending on the success of the particle to pass through the charger, this efficiency can be classified as intrinsic charging
efficiency, ξint, when only the rate of particles being charged is important, or extrinsic charging efficiency, ξext, when also the
success to properly reach the outlet of the device is taken into account. Discrepancy between intrinsic and extrinsic charging
efficiencies is attributed to the charged particle losses inside the charger (Qi et al., 2007).

The comparison of efficiencies is based exclusively on external measurements; knowledge of the internal physical
charging conditions such as Nit�product or electrical field is not required (Marquard et al., 2006b).

The intrinsic efficiency contains information about the ‘true’ charging probability of the particles, the total of the charged
particles leaving the charger compared with the neutralized particles going in. Additional assumptions for its experimental
determination are needed by considering the particles that were lost as a part of the totals:

ξint ¼
Cq
outþLel
Cin�Ld

¼ 1� C0
out

Coff
out

ð6Þ

On the other side, the extrinsic charging efficiency is the ‘final’ efficiency, the efficiency at which the corona charger will
operate. It can be determined experimentally without additional assumptions, considering the quantity of charged particles
exiting versus the total entering the charger:

ξext ¼ F � C
on
out�C0

out

Cin
ð7Þ

However, its definition also contains implicit information of losses and one cannot distinguish the contribution of these
losses to the extrinsic efficiency unless all particles are considered to be charged (Marquard et al., 2006b).

The charging efficiency is expected to rise with particle diameter and with ion concentration, whereas the intrinsic
efficiency should be higher for the gap of 3 mm since more ions are generated.

The balance of flows has a manifest impact on efficiencies, as it had on losses. When the total flow increases, residence
time is shortened and the ion concentration decreases due to dilution. With a constant total flow rate, a higher dilution flow
increases both the intrinsic and extrinsic charging efficiencies (Fig. 7) because of the higher number of ions that is supplied
to the aerosol, apparently compensating the smaller residence time and the increase of electrical losses. This effect is more
evident for the 10 mm gap, since the ion concentration is lower and more ion flow drags more ions, reducing losses.
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Fig. 6. Measured penetration for charged particles of 50 nm at different flow ratios for a fixed total flow rate of 2 lpm and an applied corona voltage of
3.5 kV.

Fig. 7. Intrinsic (solid symbols) and extrinsic (empty symbols) charging efficiencies of 50 nm particles for different flow ratios at a fixed total flow rate of
2.0 lpm. (a) refers to an electrode gap of 3 mm and (b) to 10 mm. Three different voltages are used for each measurement.
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But when the ion flow is larger than the aerosol flow, extrinsic charging efficiency decreases drastically since most of ions
are lost by the large space charge effect, which is supported by the fact that the intrinsic charging efficiency is unaffected by
the flow ratios.

The operating voltage Vc does not influence the intrinsic charging efficiency. However, for a gap of 3 mm, the higher the
voltage the lower the extrinsic efficiency, which is not the case for 10 mm. The reason can be found in Fig. 4, which shows an
increase in output current for 3 mm but not for 10 mm gap distance.

Figure 8 shows that efficiencies increase with the particle diameter since larger particles tend to acquire easily more than
one charge per particle. Also the effect of the inter-electrode distance on the charging by sizes is compared, determining that
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Fig. 8. Variation of intrinsic (solid symbols) and extrinsic (empty symbols) charging efficiencies with particle diameters for gaps of 3 mm and 10 mm.

Fig. 9. Extrinsic efficiencies for different particle sizes and gap distances compared with values from other devices presented in the literature.
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for the 3 mm gap, the intrinsic efficiency reaches practically 100% from 18 nm particles. Previously the effect of diffusional
losses was found to be strong for small particles (see Fig. 5) and the charging efficiency for diameters of 6 nm is around 65%.
When the gap increases up to 10 mm, therefore diminishing the ion concentration, the intrinsic efficiency is much smaller,
e.g. 50% for the particles with 40 nm in diameter.

In the case of extrinsic efficiencies, at diameters below 15 nm the combination of electrical and diffusional losses is
strong enough to decrease the real charging efficiency below 20% with the 3 mm gap. But following values are as high as
80% for 35 nm particles. However, for the 10 mm gap, the difference between intrinsic and extrinsic efficiencies is around
15%, even less as the particle size grows, which means that the ‘true’ and the ‘final’ efficiency (i.e. intrinsic and extrinsic
respectively) are quite close due to the smaller losses.

In Fig. 9, the extrinsic charging efficiency of the charger is compared as a function of particle diameter with collected data
from other corona-based aerosol chargers. Results of the extrinsic efficiencies of Qi et al. (2007) are included, along with
data from Büscher et al. (1994), Hernandez-Sierra et al. (2003) and Qi et al. (2008), and also the charging efficiency in the
case of bipolar charging (TSI Inc., 2006; Wiedensohler, 1988) is plotted for reference.

The charging efficiency used in this study refers to the charged particles flux, which is different from the definition
presented in other works (the fraction of charged particles among all the particles exiting from the charger). For this reason,
the selected data for reference are from chargers that consider dilution, except that of Hernandez-Sierra et al. (2003), in
which there was no dilution of the aerosol stream.

It can be seen that a wide spectrum of charging efficiencies is covered by the charger presented in this work when
moving from a 3 to a 10 mm electrode gap. For particles as large as 35 nm and a gap of 3 mm, efficiencies of around 85% are
reached, comparable with other highly efficient chargers, while with a 10 mm gap, lower efficiencies are attained, close to
that of radioactive chargers for particles below 20 nm. Changing the position of needle electrode can adjust the Nit�product
and therefore the charging levels as the user desires.
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3.4. Charge distribution

Since the particle size distribution usually based on measurement of the electrical mobility, a known and predictable
charge distribution must be imposed on the aerosol. For this purpose, the mobility distribution of the charged particles is
measured with the help of a second DMA after the test charger, as can be seen in Fig. 2.

The different peaks in Fig. 10 (for a particle diameter of 35 nm as an example) correspond to the different numbers of
charges on the particles. The relative area under each peak gives the fraction of charged particles carrying a certain number
of elementary charges. To obtain absolute magnitudes, the number fraction is normalized so that the total area under the
curves is one. For each particle diameter, this fraction of area is multiplied by the corresponding extrinsic charging
efficiency, returning the fraction of charged particles.

The y-axis shows the number concentration normalized in such a way that the total area under the curve is 1. The whole
scanning range of the Nano-DMA is covered, but due to the shape of the original distribution, the number of particles in the
tails is much lower than close to the central diameter. This can cause a voltage shift, as it was explained by Alonso & Kousaka
(1996). They showed that when particles classified by a DMA are passed through an identical second DMA operating with
the same flow rates, the mean classification voltage for the second unit is usually different from the fixed voltage applied to
the first one, and the shifts are larger for particles in the tails, where concentration is lower than the mean.

In our case, the voltage shift is around 1 nm, as can be seen in the different plots of Fig. 10, reaching 1.5 nm in the worst
cases where concentration was relatively low. Considering the accuracy of the voltage supply from the device, which as
provided by manufacturer's is 71 V for applied voltages under 500 V, 76 V for voltages below 5 kV and 72 V for voltages
up to 710 kV, and the uncertainty from the gas flow controllers, the error in the diameter is smaller than 1% (mostly
between 0.2% and 0.8%), and is within the accuracy of the SMPS.

A software was created to fit the curves and calculate the areas and mean diameters of each peak. The best fit calculation
is based on Differential Evolution (DE) (Strorn & Price, 1997), a method that optimizes a problem by iteratively trying to
improve a candidate solution with regard to a given measure of quality. DE is based on the following steps: a fixed number
of vectors are randomly initialized, then evolved over time to locate the minima of the objective function. At each iteration
(generation), new vectors are generated by the combination of vectors randomly chosen from the current population
(mutation). The out-coming vectors are then mixed with a predetermined target vector (recombination) and produces the
trial vector. Finally, the trial vector is accepted for the next generation if and only if it yields a reduction in the value of the
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Fig. 10. Normalized number concentration (NC) before and after the test charger for two gap distances at Qa ¼ 1:5 lpm and Qi ¼ 0:5 lpm. (a) is the
distribution before corona, from the bipolar charging for reference, (b) and (c) are for corona charging for an applied voltage of 3.5 kV and electrodes gap of
3 mm and 10 mm respectively.
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objective function (selection). DE can be used on optimization problems that are noisy, non-differentiable, nonlinear or
change over time, since it does not require the problem to be differentiable.

In our case, we fit the sum of Gaussians by DE taking as reference the quadratic error, and from the results calculates the
area under each curve and the corresponding geometric mean diameter, as well as the standard deviation of each peak.
To help the algorithm in the search for peaks, the number of log-normals and the mobility equivalent diameters were
provided, since sometimes were too close each other and they could not be distinguished by the software itself. Peaks with
an area of less than 1% were discarded.

Peaks appearing at the right of the nominal diameter are produced by particles which acquired a double charge in the
85Kr charger at the DMA-1 and were classified because they have the same electrical mobility as the singly charged. They are
usually unnoticed in the bipolar plot since they are classified within the peak of the selected voltage. Anyway, the fraction of
these particles is negligible in comparison with that of the main aerosol.

The experimentally found charge distributions are shown in Fig. 11 for particles with diameters between 6 and 60 nm for
two different electrode gaps and an optimum corona voltage of 3.5 kV, which maximizes the extrinsic efficiency. It can be
seen that the number of charges per particle can be adjusted by moving the electrodes. When the needle is at the gap of
3 mm, particles acquire up to 6 charges, having a wide range of doubly and triply charged particles, while further away, the
fraction of doubly charged particles is below 10% for diameters under 35 nm (Fig. 11(b)). This means that for smaller
electrode gaps, the effective Nit�product is higher than for larger ones, which can easily be explained by a larger number of
ions moving from the corona region into the charging zone. This effect can be very clearly seen in the charging level,
however when looking at the measured output current (Fig. 4), the differences between the output current for the 3 and
10 mm electrode gap are relatively small. Measuring the effective output current as a means to gain information on the
effective Nit�product is therefore not a good strategy.

The low amount of charges per particle facilitates the electrical mobility analysis for aerosol sizing, and a comparison
with a bipolar charger in Fig. 11(b) (data from SMPS-3080 from TSI, with a 85Kr charger (TSI Inc., 2006; Wiedensohler, 1988)
shows that for particles below 20 nm could be possible a substitution of the radioactive chargers by this device. Notice that
these results were obtained for certain characteristics, such as flow rates and voltages (therefore Nit), and changing these
can lead to results even closer to the bipolar distribution.
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Fig. 11. Charge distribution as a function of diameter for electrode gaps of (a) 3 mm and (b) 10 mm for flow rates of Qa ¼ 1:5 lpm and Qi ¼ 0:5 lpm and the
applied voltage of 3.5 kV. In (b) the bipolar distribution from Wiedensohler (1988) is shown as thick lines for comparison.
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The results show that having an electrode gap distance which can be easily varied is a very effective method to vary the
effective Nit�product. In Fig. 4, it can be seen that changing the corona current has only a limited effect on the measured
output current. Therefore, it can be concluded that changing the electrode gap distance is a better strategy to vary the
Nit�product than changing electrical characteristics such as corona current.

4. Conclusions

A new indirect corona device with cylindrical geometry was designed and tested. It is a flexible design in which many of
the features can be modified for a better control of the charging process, as well as the reproducibility of the results. It has a
sheath flow to drive the ions towards the charging zone, avoiding the direct contact of aerosol and corona needle.

The developed corona charger is able to vary the Nit�product over a wide range, for smaller values which lead to
charging levels close to the bipolar charge equilibrium, as well as high values which lead to high charging levels which are
relevant for electrostatic particle deposition or particle detection devices which become more sensitive when the charging
level increases. Thus, it can perform in a similar way as radioactive neutralizers, as well as obtain high efficiencies as the
previous unipolar devices. This could be significant in substitution of such radioactive devices by a unipolar source which
has similar characteristics but is exempt of the restrictions due to the radioactivity. It has a wide range of charging
efficiencies for the nanoparticle range, adjustable by controlling the amount of ion concentration by the position of the
needle electrode. This method of adjusting the Nit�product seems to result in a broader range of charging levels than by
adjusting electrical characteristics such as corona current.

Though the particle losses are relatively high, they are comparable to other devices shown in the literature and can
probably be reduced by optimizing further the flows or the corona voltage. It is remarkable also that an ion flow equal or
greater than the aerosol flow leads to high losses, so a more detailed study of this effect might lead to further optimization
of the charging conditions.
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