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ABSTRACT

Fine mode particulate matter (PM) is known to be a major risk for human health as it can
cause respiratory and cardiovascular diseases. Whether produced from anthropogenic or
natural processes, fine mode PM is often electrically charged with positive, negative and/or
bipolar charges. These preexisting charges can, in some cases, significantly affect measure-
ments from sensors which involve a charging stage prior to measurement by, e.g., electrom-
etry. In this work, we demonstrate quantitatively the impact of preexisting charges
(@ =0, %=1, £2) on three different unipolar diffusion charging (DC) configurations using both
simulations and experiments. The DC configurations include traditional steady state (SS) DC
and pulsed modes of DC, where in all configurations a positive corona charger is used. We
show that the impact of preexisting charges on SS and modulated precipitation (MP) DC is
comparable. Positively pre-charged particles cause a larger deviation for SS and MP DC, in
contrast to modulated diffusion charging (MDC), where negatively pre-charged particles
have a greater impact. In addition, we show that the ion concentration in the charging
region can be increased to significantly reduce the resulting error caused by the pre-charges
for both SS DC and MP DC, in contrast to MDC. These results show that the influence of
unipolarly pre-charged particles is very differently pronounced for the different modes of
DC. The impact strongly depends on the polarity of the pre-charges, characteristics of the
charger and the DC configuration itself. These insights are particularly interesting for the
design and the application of DC based sensors.
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1. Introduction measurement of PN, during periodic technical inspec-
tions (PTI) (Bainschab, Schriefl, and Bergmann 2020;

Air pollutants, like particulate matter (PM) or nitro-
Giechaskiel et al. 2018).

gen dioxide, are well known to be a major risk for
human health and our environment. Specifically, fine
mode PM can cause respiratory or cardiovascular dis- 1.1. Particle number measurement
eases and is a leading contributor to premature death

1 h ist for th f PN,
(WHO 2013). Combustion processes are known to be Several methods exist for the measurement of PN

which
Condensation particle counters (CPC) are widely used

include optical or electrical detection.

a major source of fine mode PM and automotive car
exhaust is thought to be one of the main contributors. ) i
In Europe, until 2011, particle number concentration in laboratories as reference equipment for PN. In
(PN) was not quantified during the different stages of
car inspections. The introduction of real driving emis-
sions (RDE) tests during the type approval process of

light-duty vehicles in Europe in 2017 led to an

CPCs, a saturated vapor is condensed on particles to
grow them in size large enough to be counted by an
optical detector (Chen 2011). The electrical measure-
ment of PN is mainly done in two steps. First, par-

increased interest in diffusion charging based PN
instruments for automotive car exhaust (Giechaskiel
et al. 2019). Currently, several European countries are
implementing  national  regulations  for  the

ticles are charged with a charging mechanism such as
diffusion charging. Second, the resulting charge on
the particles is measured. Different instruments exist
which are based on these measurement steps (Fierz
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et al. 2008, 2014; Keskinen, Pietarinen, and Lehtimaki
1992; Schriefl et al. 2020). Diffusion chargers employ
either a bipolar (Nishida et al. 2020) or a unipolar
(Fierz et al. 2008) ion atmosphere to charge particles
often by corona discharge. Generally, after one or
more conditioning stages, the resulting current caused
by the charged particles is measured by a Faraday cup
electrometer (FCE). The whole instrument can be cali-
brated to measure PN for particular diffusion charging
(DC) configurations (Schriefl et al. 2020).

1.2. Pre-charged particles

It is commonly assumed that the charge distribution of
particles is  overall neutral (Maricq  2006).
Consequently, diffusion charging based instruments are
usually calibrated with neutralized particles (Fierz et al.
2011). Although aged particles tend toward an overall
neutral charge distribution, freshly produced particles
can be bipolarly or unipolarly charged with a range of
possible charge distributions. Charging can happen
through several anthropogenic or natural processes, like
static electrification or thermal ionization. Of particular
concern are the anthropogenic sources of exhaust after-
treatment systems used in combustion based vehicles
(Schwelberger et al. 2019).

Several studies investigated the impact of preexist-
ing charges on unipolar diffusion charging. Biskos,
Reavell, and Collings (2005) showed that preexisting
charge on particles does not have an impact on the
final charge distribution as long as the amount of
charges is lower than the mean charge, which is
defined by the operating condition of the corona
charger. Qi et al. (2009) used a positive corona char-
ger and examined that initially negatively charged
particles carry almost the same number of positive
charges as initially uncharged particles after the char-
ger. Particles which were previously positively
charged carry more charges after the charging pro-
cess, whereby smaller particles cause larger devia-
tions in response. Maricq (2013) evaluated three low-
cost aerosol instruments for monitoring PM emis-
sions, where two of them were based on diffusion
charging. The study evaluated the impact of pre-
charged particles on the two diffusion charging based
sensors and, for both sensors, some significant effects
were demonstrated for different polarities and par-
ticle sizes. Fierz et al. (2014) stated that their pulsed
mode DC device is more affected by preexisting
charges compared to a common steady state (SS) DC
instrument. They indicated for their pulsed mode
device that particles which are initially negatively or
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positively charged introduce a sensor response which
overestimates and underestimates measurements,
respectively. Recently, Mamakos et al. (2019) studied
the influence of selective catalytic reduction (SCR)
on EURO VI heavy duty (HD) engines and vehicles.
They observed that the particles become increasingly
positively charged when the temperature of the SCR
system exceeds 300°C. Schwelberger et al. (2019)
assessed the introduction of an electrofilter and a tan-
dem positive-negative corona charger into an exist-
ing DC instrument. In their experimental study on
HD engines equipped with SCR, they found that the
DC device without modification measured on aver-
age a 65% higher concentration compared to the ref-
erence equipment and the modified DC instrument
due to positively charged particles.

1.3. Aim of this work

The aforementioned studies investigated the effects of
pre-charged particles on the charging process itself or on
individual instruments. Further research is needed to
assess the impacts of pre-charged particles on SS and
pulsed mode DC principles, to deepen insight into the
differences. In our work, we investigate the impact of
positively, negatively, and bipolarly pre-charged particles
for three different unipolar DC configurations. These
investigations are accomplished with both detailed simu-
lations and experiments for SS DC, modulated diffusion
charging (MDC) and modulated precipitation (MP) DC.
The remaining article is structured as follows: first, in
Section 2, we give a short introduction to the different
DC configurations, followed by Section 3, where the
numerical model and experimental methods are
described. In Section 4, we describe and discuss the out-
come of simulation and experimental investigations for
the three DC settings. Finally, in Section 5, a conclusion
is given. In addition, in the Supplementary Information
(SI) file, we describe in detail the application of tandem
DMA setups and the resulting charge distribution. For
clarification, in this article, the abbreviation DC stands
for the whole measurement principle including the cur-
rent measurement stage and not the charging process or
the charging stage itself.

2. Measurement principles and metrics
2.1. Introduction to diffusion charging

In diffusion charging, particles are exposed to an ion
atmosphere in which ions attach to particles and the
resulting charge distribution depends on the particle
diameter and shape (Shin et al. 2010). The charging
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process can be unipolar or bipolar. Bipolar diffusion
charging brings the particles to a steady-state charge dis-
tribution via collisions with both, positively and nega-
tively charged ions, whereas in unipolar diffusion
charging the particles are exposed to ions of one polarity.
After charging, the charge on the particles can be meas-
ured, commonly by a FCE. The resulting current can be
related to characteristics of particles. Diffusion charging
based sensors can be realized with different methodolo-
gies and a variable number of stages. This enables the
measurement of PN, among other particle related quanti-
ties (Fierz et al. 2014; Schriefl et al. 2020). The charging
process can be static or modulated in diffusion charging
based sensors. In between the corona charging and the
detection stages, an electrostatic precipitation (EP) stage
can deposit particles depending on their electrical mobil-
ity. Another possibility is to use two FCE at two different
measurement points in the instrument in order to add-
itionally obtain size information of the particles (Schriefl,
Bergmann, and Fierz 2019). It is assumed that the particle
losses are negligible between the different stages of the
instrument. In our work, we examined three different
unipolar DC configurations which are illustrated in
Figure 1 and are described in the following.

2.2, Steady state DC

In SS DC, particles are charged, commonly by corona
discharge. An electrical current is measured down-
stream of the corona by capturing the particles, and

thus their charge, with a FCE (cf. Figure 1) (Fierz
et al. 2008; Fierz, Scherrer, and Burtscher 2002). The
current, Iss, is given by

Iss(d) = NQq(d), (1)

where N is the particle number concentration, g(d)
comprises the particle mean charge and Q is the flow
rate through the instrument. Iss can be related to par-
ticle number concentration, N, multiplied with a power
law function of the particle diameter, d*, as given by

Iss o Nd*. (2)

The power law exponent, x, is close to 1 for par-
ticles with a diameter in the range of 20-200nm
(Nishida et al. 2019).

2.3. Modulated DC

In MDC, the net charge transferred to the particles is
measured, by periodically modulating the ion source
and measuring an induced current produced by the
charged particles. In this case, the particles are
charged by a corona discharge, whereby the corona
voltage is modulated by simply switching the voltage
periodically on and off. As a consequence, the par-
ticles are either exposed to unipolar ions (corona volt-
age on) or not (corona voltage off). Downstream,
alternating clouds of charged and uncharged particles
penetrate a Faraday cage electrometer. This leads to
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Figure 1. lllustration of the three examined DC configurations. In all configurations, the resulting charge is measured with a
Faraday cup electrometer (FCE). (a) Steady state (SS): corona is operated at constant voltage, (b) modulated diffusion charging
(MDCQ): corona voltage is modulated, and (c) modulated precipitation (MP): corona is operated at constant voltage. In addition, an
electrostatic precipitator is used to deposit particles depending on their electrical mobility (Schriefl, Bergmann, and Fierz 2019).



an induced AC current signal caused by particles
entering and leaving the Faraday cage (Fierz et al.
2014). The amplitude of the AC current signal, Iypc,
is defined by

Ivpc(d) = NQq(d). (3)

Ivpc can be related to particle number concentra-
tion, N, multiplied with the particle diameter, d*, as
stated by

Impc o< Nd*, (4)

where the exponent, x, is close to 1 as stated above in
SS DC (Section 2.2) due to the same charging condi-
tions. Iypc can be related to lung deposited surface
area (LDSA; Fierz et al. 2014).

2.4. Modulated precipitation DC

Similar to the two previously described configurations,
in MP DC, particles are charged by a corona dis-
charge, whereby the corona charger is operated in
steady-state mode. Following the corona, particles are
deposited depending on their charge level and the
particle diameter. This is done by applying a modu-
lated, electrostatic field on the particles in an electro-
static precipitator (EP). Therefore, the particles are
either deposited depending on their electrical mobility
(precipitation voltage on) or they pass through this
stage (precipitation voltage off) (Burtscher and
Schmidt-Ott 2006). The modulation of the particles’
charge state allows for the subsequent induced current
measurement, as described in the MDC configuration
(cf. Figure 1). The amplitude of the AC current signal,
Ivp, is given by

Imp(d) = NQg(1 — Tgsp), (5)

whereby the transmission through the EP assuming
laminar flow conditions is given by (Hinds 1999)

2 — ZV,
Tesp(d) = max| 0, Wese 5 ESPTESP ) (6)
WEsp

Here, wgsp is the distance between the parallel pre-
cipitation plates, Z is the electrical mobility of the par-
ticles, Vgsp is the precipitation voltage and tggp is the
time particles remain in the precipitation section.

With this configuration, the measured current, Iyp,
can directly be related to particle number concentra-
tion, N, as given by

IMP o« N. (7)
This equation is only valid in the size regime rele-

vant for automotive exhaust measurement. The size
regime depends on the design and operating
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parameters of the diffusion charger (e.g., dimensions,
charging efficiency, flow rate and precipita-
tion voltage).

This depiction of the measurement principles pro-
vides a coarse overview for understanding the follow-
ing simulations and experiments. A more detailed
description and an extensive comparison of pulsed-
mode DC can be found in Schriefl, Bergmann, and
Fierz (2019).

2.5. Counting efficiency

The experiments and simulations are conducted by
varying particle diameter, d. Furthermore, experiments
and simulations are conducted for different numbers
of preexisting charges, g, on the particles. The
response of the diffusion charger configurations,
Np.(d), must be related to a reference device for
comparability. Commonly in PN measurements, the
response is characterized by its counting efficiency,
CE?(d) (Schriefl et al. 2020). In this article, we refer
the responses of the different DC configurations to a
reference CPC, which measures in parallel to the dif-
fusion charger the PN, N{,.(d). This reference CPC
is calibrated to have almost 100% counting efficiency
(CE) for the size range of interest. Hence, the CE is
defined by

CEq(d) _ N%C(d)

= . (8)
Népe(d)

2.6. Particle mean charge

As previously mentioned, simulations and experiments
are evaluated in terms of CE in this work. To make
them comparable, the particle mean charge,

I

ézm, )

can be calculated by measuring the current, I, caused
by the particles, charged with a number of elementary
charges, e. It further depends on the flow through the
DC device, Q, as well as the measured particle num-
ber, N. The particle mean charge depends on the Njt
product, where, N; denotes the number of ions in the
charging region and, t specifies the time which the
particles remain in the charging region (Bischer,
Schmidt-Ott, and Wiedensohler 1994). In general, the
particle mean charge increases with ion concentration
and the residence time of the particles in the charging
region. It further depends on the particle size,
whereby the particle mean charge increases with par-
ticle diameter.
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3. Methods
3.1. Numerical model

The simulations in this work employ a steady-state flow
profile which is computed using the computational fluid
dynamics (CFD) package of OpenFOAM v.5. Thereafter,
using the flow profile, diffusion charging and transport
(convective, diffusive, electrical) characteristics are solved
for particles and ions using the numerical model devel-
oped by Nishida, Boies, and Hochgreb (2017). This
model comprises the computation of the sensor response
depending on ion concentration, particle concentration,
particle size distribution and precipitation voltage. The
meshing is realized with a simple grading approach with
decreasing cell size into the direction of the walls. Each
of the five parts of the geometric model is made out of
192,000 (60 x 80 x 40) cells. The total length of the
geometry is 100mm with a cross section (width and
height) of 4 x 16 mm”.

Figure 2 represents the schematic geometry of the
simulations, which is divided into five parts. These are
inlet, charging region, intermediate section, precipita-
tion section and outlet. Particles are released at the
inlet with a prescribed number of charges and size
distribution. The particles are considered to be
entrained in a uniformly distributed flow. Thereafter,
particles are exposed to an ion atmosphere. In the
simulation, it is assumed that the ions are generated
by a corona charger that is separated from the charg-
ing region by a grounded metal grid (i.e., indirect cor-
ona charger, see Dhaniyala et al. (2011); Fierz et al.

(2008)), which lets ions pass through. In this
Precipitation GND
(x-z-Plane)
lon Inlet
(x-z-Plane)
Upper Wall
(x-y-Plane)

Particle Inlet
(y-z-Plane)

(x-z-Plane)

configuration, the ions are forced by an electric field
into the charging region, where they transfer charge to
the particles. The electric field is generated from an oppos-
ite negative diffusion charging voltage, where excess ions
are trapped. With this approach a steady-state ion concen-
tration is achieved. Additional advantages of this approach
are that there is pure diffusion charging (and no field
charging) and that the losses are minimized due to avoid-
ance of strong electrical fields. Following the charging
stage, the particles are passed through an electrostatic pre-
cipitation region. Here, the particles either pass through
(precipitation voltage off), or are transported and deposited
depending on their electrical mobility (precipitation volt-
age on). This part is only used for the MP configuration.
For SS and MDC, the precipitation voltage is set to 0. In a
final step, the charges carried by the particles at the
outlet of the precipitator are translated into an electrical
current, I,.

All three DC configurations (SS, MDC, and MP)
are modeled. The current for the SS mode is directly
given by I,. For the MDC mode, the final current,
Al, mpc, is computed by subtracting the current
[ION=°ff (corona voltage off) from the current [ON-on
(corona voltage on),

AI(),MDC — I(I)ON*OH _ I‘I)ONfoff. (10)

For the MP configuration, the resulting current,
Iy, mp, is computed by

AI(),MP — Igspfl)ff _ Ic]f,SPfon' (11)

[ESP—off apd TESP~on give the currents when the ESP

is turned off and turned on, respectively. As

0\)\\5‘5 Particle Outlet

) / (y-z-Plane)

|
| |

L Symmetry Plane

(x-y-Plane)

Precipitation HV
(x-z-Plane)

Figure 2. Schematic representation of the OpenFOAM v.5 simulation geometries representing the different stages of the modeled

diffusion charger. (lllustration from Schriefl [2019].)



described, the response of the MDC and MP configu-
rations are modeled by the difference of the SS signal
and not through an induced current signal (see
Schriefl, Bergmann, and Fierz (2019)). Consequently,
the effective waveform is not taken into account and
some deviations are expected. A more detailed
description of the numerical simulation can be found
in Nishida et al. (2019); Schriefl (2019).

3.2. Experimental setup

In Figure 3, the schematic of the experimental setup is
depicted. The setup is structured into four main sec-
tions. First, the particles are generated. Then, a tan-
dem DMA setup is used to select particles of a
specified size and number of charges, therefore a spe-
cific mobility. After the selection, the monodisperse
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particles are sampled in parallel by the candidate char-
ger and a reference CPC.

In the following, the four main sections are
described in more detail. In the SI file, the tandem
DMA setup and the behavior of the different charge
fractions are explained in detail.

3.2.1. Particle generation

For the experiment, NaCl particles are used as the test
aerosol. The NaCl particles are produced by generat-
ing droplets with an atomizer (ATM220, Topas
GmbH) and subsequently drying with a diffusion
dryer (DDU570, Topas GmbH). Two salt solutions,
100 ppm NaCl for 30, 50, and 75nm particles and
500 ppm NaCl for 100, 150, and 200 nm particles are
employed to generate the required particle size
distributions.

Ventilation

HEPA
Filter

Particle Generation

Particle Size Selection

i . X-ray
Atomizer | Diffusion Dryer ) . DMA
Topas ATM220 " Neutralizer
p Topas DD570 TSI 3088 TSI 3081
................................. Particle Charge Selection
Cambustion
Electrostatic
Precipitator
X-ray '
> Neutralizer DMA Laminar
TSI 3088 TSI 3081 Static Mixer
........................... Response Measurement .
E Diffusion Charger i —ss
' === MDC
e — Electrostatic Faraday Cup - MP
i Precipitator Electrometer

CPC

Figure 3. Schematic of the experimental setup for the measurements of the impact of pre-charged particles on different unipolar

diffusion charging configurations.
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3.2.2. Particle size selection

Downstream of particle generation, the polydisperse
particles are neutralized with an X-ray neutralizer
(Advanced  Aerosol  Neutralizer 3088, TSI
Incorporated) followed by a DMA (Differential
Mobility Analyzer 3081, TSI Incorporated) which is
used to classify particles according to their electrical
mobility. With this first DMA, monodisperse particles
of a specific electrical mobility are extracted from the
polydisperse size distribution. The selected particles
are primarily singly charged particles of the chosen
mobility diameter; however, some particles with larger
diameter carrying multiple charges are also selected
since they may have the same or a similar elec-
trical mobility.

3.2.3. Particle charge selection

Downstream of the first DMA, the particles of mono-
disperse electrical mobility are again neutralized to re-
distribute the charges. This process enables pre-
charged particles with a specific number of charges to
be selected using a second DMA (Differential Mobility
Analyzer 3081, TSI Incorporated) by choosing the
corresponding mobility diameter. Uncharged particles
are selected by depositing the charged fraction with
an electrostatic precipitator (Electrostatic Precipitator,
Cambustion) so that only uncharged particles remain.
For illustration, in Figure 4 a particle distribution is
shown where the first DMA is set to 150nm and the
second DMA is operated in scanning mode. With this
distribution, the second DMA can either select singly
charged 150 nm particles (by setting a mobility diam-
eter of 150nm) or doubly charged 150 nm particles
(by setting a mobility diameter of 99nm). For the

selection of the negatively pre-charged particles, an
external high voltage (HV) generator (Stanford
Research System, Inc., Model PS350/5000V-25W) was
used to generate a positive driving voltage for the
DMA. The negative voltage, for the selection of posi-
tively pre-charged particles, was directly used from
the TSI equipment.

3.2.4. Response measurement

After the selection of particles with a specific mobility
diameter and number of charges, the monodisperse
particles are passed through a custom built laminar
static mixer. This is necessary to ensure adequate mix-
ing prior to sampling with measurement equipment
used in parallel (Walker et al. 2018). Downstream of
the mixer, the aerosol sample is split into a particle
stream sampled by the candidate diffusion charger
and the reference CPC (Condensation Particle
Counter 3775, TSI Incorporated) in parallel. The dif-
ferent DC configurations are realized with a custom
made pulsed mode diffusion charger (PMDC) and an
additional electrometer (IONER Aerosol Electrometer
EL-5030, RAMEM) for the SS measurements. We note
the electrometer required a warm-up period of more
than 1h to reach the stable operating temperature
conditions required to gather reproducible data. If
measurements are performed during the warm up
phase, the output current of the electrometer drifts
considerably. The custom made PMDC (Schriefl,
Bergmann, and Fierz 2019; Schriefl et al. 2020) is built
in a modular way, such that the different configura-
tions can be chosen by either skipping one module
(EP) or by changing the operating conditions (corona

5
15 X 10 T T T T T T T
=120 nm, q=1 ® SMPS data
d=235 nm, q=2 :
—~ d=313 nm, q=3 Fitted curve
™M
£
2 10r |
o
3
o
el
S ol d=150 |
= d=235
© d=235nm, g=1
d=388 nm, q=2
0 I

150
Mobility diameter (nm)

200 250 300 350 400

Figure 4. Charge distribution scanned with the tandem DMA setup. First DMA is set to a mobility diameter of 150 nm. Second

DMA is operated in scanning mode.



charger). Both, the corona charger and the EP, can be
operated in pulsed or steady-state modes.

4. Results and discussion

Simulations and experiments are conducted for par-
ticles with diameters between 30 and 200 nm and par-
ticles carrying g = 0, £1, £2 preexisting charges prior
to the charging stage. In the simulation, also neutral-
ized particle charge distributions according to
Wiedensohler (1988) are considered at the inlet of the
charger. This is of importance as steady-state bipolar
charge distributions are frequently encountered and
DC based instruments are usually calibrated with neu-
tralized particles (Fierz et al. 2011).

4.1. Particle mean charge

In order to make simulations and experiments com-
parable, the particle mean charge of the simulation is
fitted to the experiment. The ion concentration of the
simulation was adjusted to match the mean charge
behavior to the corresponding curve of the DC instru-
ment used in the experiment. Figure 5 depicts the
particle mean charge for both simulation and experi-
ment measured with the SS configuration. The ion
concentration, Nj, of the simulation is set to
1.75 x 10" m™> which results into an Nit product of
1.35x 10" ms.

35 ; . . :
O Experiment
X simulation Ni=1.75 x 10" 1)

N
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:
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N\
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Mean charge per particle
S
\
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0 1 L L 1 . L L .
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Mobility diameter (nm)

Figure 5. Mean charge curve of both simulation model and
the used corona charger in the experiment. The mean charge
per particle shows the mean charge acquired for the respective
particle diameter. The dashed lines are linear fits through the
acquired mean charges of simulation and experiment.
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4.2. Counting efficiency

The counting efficiencies (CEs) determined by simula-
tion and experiment of the three DC configurations
are shown in Figure 6. The CE results of the simula-
tion and the experiment are each normalized by the
uncharged (q=0) results at 75nm, i.., simulation
results are normalized by the (q=0) curve of the
simulation and experimental results are normalized by
the (9=0) curve of the experiment.

In SS mode (Figure 6a), the CE linearly increases
with increasing particle diameter (cf. Equation (2)).
This linear trend is expected, due to the continuous
charging process. Particles that initially carry a num-
ber of positive charges bring along a higher CE. This
is a consequence of the applied positive corona volt-
age and therefore, positive ion atmosphere where the
mean charge, and therefore the measured electrical
current, becomes increasingly positive. Conversely, if
the particles are pre-charged with negative charges,
the normalized CE is underestimated compared to the
uncharged curve. For the SS mode, the experiment
and simulation show good agreement with some
quantifiable differences where the experiment shows a
different gradient of the curves. The differences are
more pronounced due to the normalization which
emphasizes the slopes of the curves. A non-linear
behavior can be observed for smaller, highly charged
particles. This can be attributed to the ion trap which
mainly attracts smaller, highly charged particles due
to their higher electrical mobility.

For the MDC configuration (Figure 6b), the oppos-
ite behavior is observed in comparison to the SS
mode. Positively pre-charged particles lead to the nor-
malized CE being underestimated compared to ini-
tially uncharged particles. The net charge transfer
from the positive ions generated by the corona to the
positively pre-charged particles is lower compared
with initially uncharged particles. The curves repre-
senting initially negatively charged particles result in
an overestimated CE. The net charge transfer from
the positive ions generated by the corona to the nega-
tively pre-charged particles is higher compared with
initially uncharged particles. This outcome is in agree-
ment with the statement of Fierz et al. (2014). They
indicated for their pulsed mode device an overesti-
mation for negatively pre-charged particles and an
underestimation of positively pre-charged particles.
Comparing simulation and experiment for the MDC
configuration, the results are in good agreement with
some quantifiable differences for negatively pre-
charged particles.
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Figure 6. Counting efficiency (CE) of the three examined diffusion charging topologies. In addition to the specific number of
charges, in the simulation also neutralized particle distributions (g =N) at the inlet are taken into account.

The impact of preexisting charges on MP DC
(Figure 6c) leads to a similar behavior as in SS DC.
Positively pre-charged particles cause the normalized
CE to be overestimated compared with sampling
uncharged particles. For MP DC, the effect can be
attributed to the MP process, where the induced cur-
rent increases. First, the modulated EP is turned off
(no electrostatic field), more charges progress into the
FCE. Second, the EP is turned on, particles with
increasing amount of charges (and the same diameter)
are increasingly deposited in the precipitator section
and therefore, fewer charges pass through. The CE of
particles carrying initially negative charges are under-
estimated, when normalized. As expected, the CE
curves of the MP mode are less size dependent than
for the SS and MDC modes (cf. Equtation (7)).
Compared to the SS DC, a bigger impact on smaller

particle sizes (<100nm) can be seen in MP DC
because up to a certain size all particles are deposited
in the precipitation region when the EP is turned on.
Experiments and simulation results show very good
agreement for uncharged particles and particles carry-
ing negative pre-charges. Some differences between
experiment and simulation results are seen for par-
ticles carrying a positive charge prior to the cor-
ona charger.

In all three cases (i.e., SS, MDC, and MP DC), the
impact of pre-charged particles with a steady-state,
bipolar charge distribution was considered using sim-
ulations. Only small differences compared to initially
uncharged particles are reported. A steady-state, bipo-
lar charge distribution carries a mean charge which is
overall nearly neutral (depending on the ratio of
mobilities of the ions used) and the magnitudes of



charge levels (e.g., root-mean-squared charge over all
charge states) are generally lower than found in uni-
polar diffusion charging for a given particle diameter.
The mean charge per particle of the bipolar charge
distribution used (Wiedensohler 1988) decreases from
approximately —0.03 to —0.23 charges per particle for
particles from 30 to 200nm mobility diameter.
Therefore, results are not significantly different from
the uncharged case and results are predictably limited
to a relatively small effect in the size range of interest.
The biggest impact is found for MDC where an
increasing influence for larger particles is shown. This
is attributed to the negative current which can be
measured at the outlet when the corona charger is
turned off due to the negative net charge of the bipo-
lar charge distribution. When the corona charger is
turned on, a similar charge level can be measured at
the outlet compared to uncharged particles. Thus, a
higher net charge is transferred to the particles com-
pared to uncharged particles at the inlet.

In general, the mean charge on an aerosol arising
from unipolar diffusion charging increases with particle
diameter. For a fixed level of preexisting charge (e.g., +1
charge per particle regardless of size), the impact of pre-
existing charges on the sensor response decreases with
increasing particle diameter. At larger particle sizes, the
high charge levels achieved in the charger more readily
overcome constant, low levels of preexisting charge.
However, in practical applications, the preexisting charge
levels are higher at larger particle sizes, an aspect which
must be considered. A more generalized analysis consid-
ering the effects of preexisting charge for arbitrary par-
ticle diameters is considered below.

4.3. Relative error caused by pre-charged particles

In addition to the CE, the relative error as a function
of preexisting charges relative to the uncharged case is
assessed. This figure of merit is of interest since
instruments are generally calibrated with neutralized
or uncharged particles, but measure, among others,
unipolarly charged particles. Therefore, the relative
error shows the deviations for the different configura-
tions in case of pre-charged particles compared to
uncharged particles and thus directly quantifies the
impact on measured signals from DC devices. In
Figure 7, the relative errors of simulation and experi-
ment are plotted with one other. The relative errors
are plotted in a generalized, non-dimensional manner
as a function of g;,/q g, for all measured CEs,
where q ..., represents the mean charge at the outlet
of the charger when there are no preexisting charges
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(see Figure 5) and g, represents the mean number of
preexisting charges at the inlet of the charger. This
non-dimensional relation holds for arbitrary particle
diameter. A g, / charger Value of greater than 1 shows
that the pre-charge is greater than the acquired mean
charge of the charger. Therefore, the effects on the
relative error of measurements are significant, agree-
ing with Biskos, Reavell, and Collings (2005). In add-
ition to the relative error data, polynomial fits
indicate the trends in relative error for both the simu-
lation and experiment. In the SI, the relative errors
are illustrated as a function of the mobility diameter.

In SS operation, positively pre-charged particles
cause a higher deviation compared to particles initially
carrying negative charges, which can be seen in Figure
7a. This is an expected behavior and can be attributed
to the positive corona voltage used in the PMDC
charger. In the charger, negatively pre-charged par-
ticles more readily acquire charges compared to posi-
tively pre-charged particles. A similar behavior was
already reported by Qi et al. (2009). The relative error
for simulation and experimental results agree well for
all conditions reported, however, deviations between
simulations and experiments increase with increasing
Qin/QCharger ratio.

The opposite behavior can be observed for the
MDC configuration shown in Figure 7b. Negatively
pre-charged particles have a greater impact on the CE,
due to the increased induced current and thus
increased amount of ions acquired during charging.
Particles carrying positive charges prior to the charg-
ing stage cause a smaller deviation and reduce CE due
to the smaller amount of acquired charges. The simu-
lation and experiments agree well for the initially,
positively pre-charged particles. For the particles car-
rying primarily negative charges, the simulation over-
estimates the relative error compared to the
experimental data.

For the MP mode of operation, positively pre-
charged particles have a greater influence on the sen-
sor response (cf. Figure 7c). This is due to the
increased induced current caused by increased precipi-
tation of particles. A smaller amount of charges (and
particles) penetrate through the Faraday cage during
the phase when the precipitation is turned on and an
increased amount of charges penetrate through the
Faraday cage during the off cycle of the EP, due to
the additional positive pre-charges. For the same rea-
son, particles carrying negative charges cause a smaller
induced current compared to the non pre-charged or
positively pre-charged case. The results agree well
between simulations and experiments for particles
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Figure 7. Relative error as a function of Gi,/Gcnargerr Where Gnarger represents the mean charge at the outlet of the charger when
there are no preexisting charges and g;, represents the mean number of preexisting charges at the inlet of the charger.
Polynomial fits indicate relative error trends for simulation and experiment.

carrying primarily negative charges. Similar to MDC for
negatively pre-charged particles, a deviation between
simulation and experimental results is observed for
positively pre-charged particles. In general, preexisting
charges significantly affect measurement results for all
steady-state and pulsed-mode DC methods. Positive,
preexisting charges have a greater impact on the SS and
MP configurations than on MDC. Conversely, negative
preexisting charges more significantly impact the MDC
mode. Neglecting the polarity, our results show that the
influence of preexisting charges is in the same order of
magnitude for all DC configurations considered. This is
contrary to previously published studies, which mention
a higher impact on pulsed mode diffusion chargers
(Fierz et al. 2014). Deviations between simulations and

experiments for MDC and MP may be attributed to the
different details of the flow geometry. For MP and
MDC, an induced current measurement is applied,
where the signal is smeared by the flow profile. For SS,
particles are collected in the aerosol electrometer down-
stream, which is similar to the simulation, where the
current through the outlet boundary is quantified. The
simulation does not consider transient induced current
signals, whose waveform and amplitude is mainly deter-
mined by the geometry of the flow channel of the
Faraday cup, which is not considered within our model.
The deviations from the experiments are smaller for
positively pre-charged particles in the MDC mode (and
negatively charged particles in the MP mode) because
the total signal is smaller.



4.4. Impact of different ion concentrations

As already previously described (cf. Section 4.1), the par-
ticle mean charge of the simulation is fitted to the
experimental results. This was done by adapting the ion
concentration within the simulation in the corona charg-
ing region. The ion concentration of the corona charger
is a critically important operating condition of the diffu-
sion charger. By increasing the ion concentration, the
mean charge curve of the corona charger gets steeper
and particles reach higher charge states for the same resi-
dence time (since Njt product increases). In Figure 8,
simulations were performed to show the relative error as
a function of q;,/q e fOr two different ion concentra-
tions, Ny =1.75x 10" m™ and N; =7 x 10" m™.
The ion concentration of N; = 7 x 10> m™> reflects a
mean charge curve which has a double the slope of the
N; = 1.75 x 10"® m™> case of Figure 5. The increase of
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ion concentration enables the charger to more readily
overcome the effect of preexisting charge and therefore
reduce the relative error. The impact of the ion concen-
tration is more pronounced for SS and MP DC. With
increasing ion concentration, the relative error of pre-
charged particles substantially decreases in a similar fash-
ion. For MDC, the impact is much less pronounced,
especially for particles carrying initially positive charges.
Here, the impact on the ion concentration is negligible.
In the SI, the relative errors of the two simulations are
plotted as a function of the particle diameter.

5. Conclusion

In this work, different DC configurations are evaluated and
compared for their response to pre-charged particles.

Simulations conducted with OpenFOAM v.5 and
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Figure 8. Simulation results for relative error as a function of g, /Gcharger- Simulations are conducted with two different ion con-
centrations (1.75 x 10" m=3,7 x 10" m~3). Polynomial fits indicate the relative error trends for the different ion concentrations.
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experiments with a custom made diffusion charger served
as a basis for the study. The evaluated DC configurations
include SS and pulsed modes of DC, with the impact for all
three configurations being of the same order of magnitude,
contrary to previous assumptions. The impact can mainly
be distinguished by the polarity of the pre-charges. In case
of a positive corona charger, SS DC and MP DC are more
affected by positive pre-charges in contrast to MDC which
is more impaired by negative pre-charges. Deviations on
the CE ranged from 314 to —133% for SS, 228 to —99% for
MDC, and 350 to —85% for MP in the conditions consid-
ered. We report, in contrast to previous studies, that also
particles with a preexisting charge smaller than the operat-
ing condition of the charger (g, /q e < 1) can cause a
significant impact on the DC device. The impact strongly
depends on the DC configuration and the Njt product of
the charger. Considering the impacts on the applications of
diffusion charging based sensors, such as for PT1, the MDC
configuration stands out measuring positively charged par-
ticles, which can be generated in SCR systems as shown by
Mamakos et al. (2019) and Schwelberger et al. (2019).
However, for all configurations alike, the properties of the
sensor principle for the respective application must be
taken into account. The sensor response of MP DC can be
directly related to PN, whereas the quantified current of
MDC is dependent on the particle size and thus can be
referred to LDSA. We additionally showed that the ion
concentration of the corona strongly impacts SS DC and
MP DC, whereby higher ion concentrations reduce the
error caused by pre-charges significantly. On the contrary,
the influence of the ion concentration on the MDC config-
uration is much smaller. By adjusting the ion concentration
(or the residence time of the particles in the charging
region), the resulting error caused by pre-charged particles
can be minimized.
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