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Abstract: Electric charging is one of the essential aerosol dynamic mechanisms and is
harnessed for detection, capture and control of ultrafine aerosol particles in a range of devices.
For simplicity, charging and transport mechanisms are commonly modelled with zero spatial
dimensions (0-D) and averaged properties such as mean charge or mean particle diameter.
These models often neglect localised effects of the flow distribution, diffusion, discrete charge
states, and particle polydispersity, often proving inadequate to explain experimental data. This
work aims to provide an open-source three-dimensional (3-D) aerosol charging and transport
model including bipolar and unipolar diffusion charging, and photoelectric charging algorithms
for use in detailed design and analyses of aerosol systems. The computational model consists
of more than 200 particle transport equations for discrete charge states and polydisperse sizes
coupled with ion conservation equations in the framework of OpenFOAM, an open-source
computational fluid dynamics platform. Three test cases are introduced to verify
implementation of three charging models by comparison with published literature: bipolar and
unipolar diffusion charging, and photoelectric charging. Tutorial cases, which model three
distinct aerosol sensors, are described and demonstrate the capabilities of the 3-D aerosol
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charging and transport models within the predetermined flow field. The openAerosolCharging
code is available at https://openaerosol.sourceforge.io for widespread use and can be further

modified under the GNU general public licence.

Program Summary

Program title: openAerosolCharging
CPC Library link to program files: (to be added by Technical Editor)

Developer's repository link: https://openaerosol.sourceforge.io/

Code Ocean capsule: (to be added by Technical Editor)
Licensing provisions: GNU General Public License 3 (GPL)
Programming language: C++

Nature of problem (approx. 50-250 words): openAerosolCharging solves generalised aerosol
electrical charging and transport equations coupled with computational fluid dynamics using
the open-source computational platform, OpenFOAM [1]. The electric charging algorithm
including unipolar diffusion charging, bipolar diffusion charging, and photoelectric charging
is verified with zero-dimensional test cases [2-4] and generalized to three-dimensional
monodisperse or polydisperse particle distributions for more than 50 particle charge states.
openAerosolCharging can be straightforwardly coupled with other existing solvers, which
enables computations of complex multi-physics aerosol charging processes in practical

conditions.

Solution method (approx. 50-250 words): openAerosolCharging employs an explicit time-
stepping for the time-dependent source terms for generalised aerosol charging. The solution
methods and schemes provided by OpenFOAM 9 are used for solving the spatial and time

derivatives in the transport equations.
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1 Introduction

Aerosols can directly and indirectly affect the climate, environment and human health. The
dynamics of aerosols are fundamental to problems such as air pollution formation (e.g.
particulate matter from combustion and secondary organic aerosols), cloud formation (e.g.
atmospheric aerosols), delivery of medicine/drugs in vaporizers (e.g. e-cigarettes,
pharmaceuticals), disease transmission (e.g. via respiratory aerosols and droplets), and gas-
phase production of engineered nano-materials (e.g. carbon nanotubes; catalysts and catalyst
supports) [1, 2]. Electrical charging of particles plays a significant role in many natural
processes and is commonly harnessed in a wide range of engineered systems for measurement,

capture, and control of aerosol particles [1, 3].

Aerosols acquire charge through a range of mechanisms including flame charging, static
electrification, electrolytic charging, field charging, and photoelectric charging. However, even
in ambient air, transfer of charge is continuously occurring between gaseous ions and aerosol
particles by diffusional and electrostatic forces, referred to as ‘diffusion charging’ [1, 3]. A
range of measurement systems (typically for aerosol particles smaller than ~1 um in diameter)
include a charge conditioning stage which most commonly employs unipolar or bipolar
diffusion charging (ions of one or both polarities, respectively) or photoelectric charging for
subsequent measurement of the charged particles. For example, ISO standard methods for
measuring aerosol size distributions rely on knowledge of the charge distribution which results
from bipolar diffusion charging [4-6]. Many instruments employ unipolar diffusion charge
conditioners often when high charge levels of one polarity are desired for electrometer
measurements [7] including those with fine size resolution [8-10] and those which are lower in
cost and portable [11-14]. Furthermore, instruments may use the photoelectric effect to charge

aerosols for subsequent measurement, by irradiating them with ultraviolet light, and must
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design for discharging by diffusional charge transfer with gaseous ions [15, 16]. Knowledge of
the charging processes and behaviour of charged particles is important for the design of
instruments for more accurate measurements or for optimization considering size, weight and
cost. Therefore, this work focuses on modelling of bipolar and unipolar diffusion and
photoelectric charging as well as particle transport in the context of aerosol measurement

systems.

Charge conditioners yield charge distributions (i.e. the fraction of particles with different
integer numbers of discrete charges, referred to as ‘charge state’) which are predictable by
models for correct measurement inversion to yield aerosol properties, e.g. particle mobility
diameters or concentrations. In the absence of predictable charge distributions, detailed
experimental calibration is necessary. Or, if charge distributions are incorrectly predicted,
systematic bias in measurements could occur [17]. Since charge conditioners are subject to
localized flow and charging effects [18-20], spatial detail must be accurately modelled for
design and optimization, and to accurately predict charge states. Advances in modelling of
electrical charging either focus on detailed physics of ion-particle collisions [21] or, if the
spatial distributions of ions or particles are considered for applications in charge conditioning
[22], significant assumptions are made to simplify the transport equations. In low-cost sensors,
the integrated measured signal is a direct function of particle polydispersity, yet models often
assume monodisperse particle distributions, mean charge states (rather than distributions of
charge states), and assume transport phenomena such as diffusion are negligible to simplify the
solution algorithms [13, 23]. While these assumptions may be acceptable in simple systems,
they may not be sufficient in other cases [18, 19, 24, 25]. For example, localized transport of
ions due to electrostatic dispersion should be considered when high concentrations of charge
are present [18, 19, 24, 25] and the expected charge distributions may not be reached in bipolar
chargers in part due to localized effects of advection and diffusion of ions or particles [18, 19,
22, 24, 25]. Comprehensive modelling of the temporo-spatial dynamics of particle charging
coupled with fluid dynamics represents an opportunity for improved design and optimization

of aerosol instruments.

Although many numerical models for specific charging behaviour, e.g. diffusion charging
[7, 26-29] or photoelectric charging [23], have been developed, the models for comprehensive
aerosol charging in combination with computational fluid dynamics (CFD) simulations [25, 30]

are rare. Open-source codes which combine aerosol and computational fluid dynamics
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phenomena are limited to other applications in the areas of aerosol dynamics, transport or
aerosol growth rather than charging [31, 32]. In this work, we present an open-source toolbox
for generalized aerosol electrical charging and transport equations. The toolbox includes 0-D
models up to three-dimensional (3-D) CFD models. Equations for steady-state particle and
electric field transport including electrostatic effects are solved and modularized to selectively
include or neglect charging and transport terms. The charging equations include unipolar
diffusion, bipolar diffusion, and/or photoelectric charging. Sample cases are included for
simple 0-D models which retain sufficient complexity in charging equations but neglect
localized geometrical effects. Source terms for a range of mechanisms may be selected at run-
time (immediately prior to solving): for example, particle diffusion loss to walls. The solution
algorithm is generalized to monodisperse or polydisperse particle distributions and up to 50+
particle charge states. The codes are written using C++ in OpenFOAM v9, an open-source CFD
platform [33]. By incorporating a CFD platform, users may easily adapt to different flow
conditions and geometries, and the code may be operated natively in parallel if needed.
Importantly, the computational method and its implementation are verified by comparison with

existing literature to provide confidence in numerical results of other aerosol systems.

2 Governing equations

Figure 1 shows the driving forces for particle and ion transport under consideration and
conceptual figures for three particle charging mechanisms used in this study. As shown in
Figure la, charged particles are subject to electrostatic forces from an externally applied
electric field and the interactions with gaseous molecules through advection and drag forces.
The electric charging of particles is represented by a probability of collision and charge transfer
between gaseous ions (ionized gaseous molecules) and particles considering diffusive (via
Brownian motion) and electrostatic forces [34]. As shown in Figure 1b and c, bipolar and
unipolar diffusion charging occurs when aerosol particles are exposed to gaseous ions of either
dual or single polarities, respectively. For bipolar diffusion chargers (of Figure 1b), gaseous
ions of both polarities are typically generated by exposing gaseous molecules to ionizing
radiation from a radioactive source (e.g. Am-241 or Kr-85), though other ionizing sources such
as X-ray are also common [35]. lons are typically generated throughout the internal volume of
a bipolar charge conditioner (i.e. the volume which is exposed to ionizing radiation). For
unipolar diffusion chargers (of Figure 1c), a corona discharge process is typically used as the
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ion source where ions are generated near the corona wire or needle. There are various methods
to transport ions through a charging section, where particles are exposed to the ions, such as
convection, diffusion, or electric field transport [36]. For either unipolar or bipolar diffusion
charging, the gaseous ions subsequently transfer charge to particles resulting in a charge
distribution which may be estimated. In a direct ultraviolet (UV) photoelectric charger,
particles are exposed directly to UV light, absorb light energy and emit electrons which, in turn,
quickly become gaseous ions (as seen in Figure 1d). An externally applied electric field, created
by applying a potential between two electrodes, is typically used to capture highly mobile ions
generated during particle photoelectric charging since those (negative) ions may neutralize the
(positively) charged particles by diffusion charging. However, charged particles are captured
less readily in an electric field than gaseous ions due to their significantly lower electrical
mobility, leaving them to remain suspended in an advective flow for subsequent measurement
[20, 37].

Externally applied electric field
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Figure 1: Schematics of (a) particle transport and charging mechanisms, (b) bipolar
diffusion charging, (c) unipolar diffusion charging, and (d) photoelectric charging.



The air flow entraining particles is solved by a 3-D incompressible Navier-Stokes equation.
Temperature is assumed to be constant, such that the temperature-dependent physical
properties (i.e. density and viscosity of fluid) are constant. It is assumed there is negligible
momentum transfer from particles or ions to the flow field, which allows decoupling solution
procedures of flow from the transported ions or particles. Therefore, the velocity field dictating
the particle advection is predetermined in the present model. Unsteady particle-fluid interaction
is not considered in the present study. The general aerosol dynamics including nucleation,
coagulation, and surface growth are not considered in this study, and interested readers may
refer to the complementary open-source models of Woo et al. [31], released on the same

openAerosol platform.

Considering the assumptions stated above, the general equations of aerosol dynamics and
electric charging can be represented as the 3-D steady state conservation equations for the

particle number concentration N,, , of a given charge level g and size within a bin b:

V-(UN, )=V (D, VN, ) =V (Z, (ENy ) + Sy o +Spq. (1)

The left-hand side of the equation represents the advection of particles with the gas velocity u

b,q,a

of the independently solved flow field. The first and second terms of right-hand side are particle
transport by diffusion and electric field, respectively. D and Z represent the diffusivity and
electrical mobility of particles, respectively. Diffusion charging in the free-molecular,
transition and continuum regimes are captured by a range of theories which have been validated
in many experimental studies [35, 38-42]. Equations based on Fuchs’ limiting sphere theory
[43] are widely accepted for charging applications in aerosol instrumentation and are therefore
used in this work [4, 34, 36]. The fourth term in the RHS of Eq. (1) accounts for the ion particle

collisions assuming that the ion transfers its charge to the particle, as follows.
Sb,q,ﬂ = ﬂbqﬂﬁq Nb,q+ln_ - t?%q_le,qn_ + ﬂbq_l%q Nb,q—ln+ - ﬂt?Hqule,anr (2)
where £ is the attachment coefficient defined as [44]

nS*ca,(q)

_ _ 3
d exp(qo(l(q),cij Sca, (q)I ( o(i(9), 5/><)]dx @)
KT

and where & is the limiting sphere radius as a function of the mean free path of the ions [45], ¢

is the mean thermal velocity of the ions, and a, is the ion-particle collision probability
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depending on charge and distance, T is the temperature, kg is Boltzmann’s constant, and
integration is over the non-dimensional distance x from infinity to the limiting sphere, J. The

potential ¢ is a function of the particle diameter and its conductivity as follows

(d,/2)
2r*(r* —(d,/2)*)

o) =V,| - )

where r is the distance from the centre of the particle, i is the number and polarity of particle
charges such that i is positive if the ion and particle are of the same polarity. The non-
dimensional conductivity parameter K is set to 1 for a perfectly conducting particle, and V, is
the elementary electron potential defined as:

eZ

V, =
A,

Q)

where e is electron charge and g, is vacuum permittivity.

The third term on the RHS, which may be neglected if photoelectric charging is not present, is

a source term for photoelectric charging defined by

_ ,0-1-q gq—q+1
Spqu = Ny~ N, (6)

b,q,a
where « is the combination coefficient for photoelectric charging calculated by the extended

form of Fowler-Nordheim equation. A combination coefficient %" [23, 46] accounting for
the probability of photoelectric charging spherical particles from charge level g to g+1 is

2
|7zdp

aq—>q+l — KC (hV _ q)q—>q+1)m
4hy

(")

where I is the intensity of UV irradiation (power per unit area), and hv is the specific photon
energy. K_is a material dependent and empirically determined proportionality constant. The

value of the exponent m is commonly 2 for metals and a few non-metals [47, 48]. @ is the
particle surface work function extracted from Michaelson [49] represented as

®q4)q+l — q)oo + 2dVe (q +1_§j (8)
p



where @ is the work function of a flat surface of the same material. The value of hv must be

0

greater than @ to enable a positive emission probability.

The steady transport equations for positive (+) ions, n*, and negative (-) ions, n™, are
given by
V-(un')=Vv-(D'Vn")-V-(Z'En")
+yt —Zm: qmzax (BN, ,n")—an"n" ’ ®)
b=1 q=qmin
V-(un')=VvV-(D'Vn)-V-(ZEn")
+y +Zm: qi (&N, — BN, ,n7)—an'n” (10)
b=1 q=0pin
where y is the ion generation rate, and a is the ion-ion recombination coefficient. Note that the
ion and particle charge conservation equations are coupled by the fact that both n and N appear
in the source terms. In this study, the local charge density due to contributions from ions and
charged particles is assumed not to affect the local electric field, E, which is independently
solved for from an externally applied potential. This assumption is valid for dilute particle and

ion concentrations, e.g. less than 5x10* ions m3[18, 50].

To comprehensively model aerosol charge conditioners, local advection, diffusion and
electric field transport are considered along with detailed unipolar and bipolar diffusion
charging and photoelectric charging theory. However, the implementation must be carefully

verified against reference data as shown in the following sections.

3 Model verification

The implementation of the electric charging equations is verified by the limit cases in three
0-D test cases corresponding to unipolar diffusion charging, bipolar diffusion charging, and
photoelectric charging mechanisms, respectively. The 3-D particle transport equation, Eq. (1),

is simplified as

dN,, S

gt bae” S

(11)

b,q,p

Without spatial derivatives, Eq. (11) forms a homogeneous linear ordinary differential equation
and was numerically solved by the first order Euler method. In the absence of transport
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phenomena, the test cases focus on the verification of time-dependent particle behaviours

dictated by the coupled source terms and ion transport equations. The 0-D computational

domain in OpenFOAM can be setup by a 1 x 1 x 1 cubic domain with cyclic boundary

conditions for all pairs of opposite faces. The physical constants used in the three verification
cases are as follows. The Boltzmann constant ks is 1.38065 x 1023 m?kg s?K!, the
elementary charge is 1.60217 x 10'1° C, and the vacuum permittivity is 8.85418 x 10712 F
m™, which are used in Eq. (3). The mass of one molecule of carrier gas is set to

4.65173 x 10726 kg, used in calculating the mean free path of ions for Eq. (3).

3.1 Bipolar diffusion charging

The bipolar diffusion charging process was verified by replicating an example case of
Hoppel and Frick [26] in which an initially uncharged aerosol is exposed to a region initially
free of ions and approaches a “steady-state”, bipolar charge distribution as ions are introduced.
In the zero-dimensional domain, the last term in the particle transport equation, Eq. (1), and
the last two terms in the ion transport equations, Eq. (9) and (10) are the only terms governing

this problem, and the other terms are disabled prior to solving.

Table 1 summarises the physical properties used in this example. Note that the attachment
coefficient was not calculated by Eq. (3) but the values given in Hoppel & Frick [26] were
directly employed to replicate that work. Their attachment coefficients are overall slightly
higher than those obtained by Eg. (3).

Table 1: Physical properties used in the bipolar diffusion charging example case from Hoppel
and Frick [26].

Quantity Value Unit
Particle diameter 200 nm
Electric mobility for positive ions 1.3x10* m?v-ist
Electric mobility for negative ions 1.8x10* m?v-ist
Mass of positive ion 200 AMU"
Mass of negative ion 100 AMU”
lonization rate, ¥ 1011 m3s?
Recombination coefficient, a 1.6x101? m3s?
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* Atomic Mass Unit

The concentrations of monodisperse particles with diameter of 200 nm were solved for charge
levels, g, between -5 and +5. A concentration No = 10'% m™3 of the neutral particle (zero charge)
was set as an initial particle number concentration. The calculations ran for 100 s simulation

time with a time step of 1072 s.

Figure 2 exhibits the results from the present numerical simulation compared to the
corresponding results in Hoppel & Frick [26]. The number of neutral particles decreases, while
the number of charges on the particles increases, as ions are introduced to the system. The
number of positive and negative ions increase almost identically. Particles acquire charge until
a “steady-state” charge distribution is reached, in which the rate of charge transfer to particles
with q charges to reach q + 1 charges (by positive ions) is equal to the rate of charge transfer
to particles with g + 1 charges (by negative ions) to reach g charges [43]. The time required to
reach a steady-state charge distribution is approximately 10 s in this case. Negative ions have
a higher diffusivity than positive ions and therefore transfer charge to particles at a faster rate.
The resulting steady-state charge distribution is asymmetric, carrying a net amount of negative
charges, proportional to the logarithm of the ratio of mobilities of positive ions to negative ions
[51]. The results of the present model are in excellent agreement with the results from Hoppel
& Frick [26] with the maximum difference of “steady-state” particle number concentration of
4.2%, though values from Hoppel & Frick [26] (and other verification cases) are extracted from

a pdf of the publication using graph digitization software.
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Figure 2: Bipolar diffusion charging of particles for diameter of 200 nm and ionization rate
of 10 m3s. Comparison of the results of the present model and from Hoppel & Frick
[26]. Black, red, and blue lines represent neutral, positive, and negative charges with the
integer number representing g for each line.

3.2 Photoelectric charging

The implementation of photoelectric charging equations was verified by comparison with
the case considered in Maisels et al. [23] that solves the charge levels acquired by monodisperse
particles as a function of UV irradiation. Photoelectric charging model is modelled by the
photoionization source term of Eq. (6) and the source term containing « in the negative ion
transport equation in Eq. (10). The physical properties used in this example case are
summarised in Table 2. The light energy hv can be rewritten as hc/A where c is the speed of

light, and A the corresponding wavelength, which yields the value of hv as 7.20838 eV.

Table 2: Physical properties used in the photoelectric charging example case from Maisels et

al. [23].
Quantity Value Unit Ref.
Particle diameter 53 nm [23]
Electric mobility for negative ions 1.35x10* m?V-ist [23,52]
Mass of positive ion 140 AMU [53]
Mass of negative ion 101 AMU [53]

Product of empirical constant and

4.38x103%*  Jlm?2s! [23]
irradiation intensity, K I
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Potential barrier of the plane surface, [23]
2.5 eV

D,

Wavelength of UV irradiation, A 172 nm [23]

In this example case, residence time of particles within the irradiation region is 0.7 s, beyond
which particles move into an irradiation-free region. For the zero-dimensional time-dependent
calculation, this was represented by an initial run with photoelectric charging until 0.7 s,
followed by a continuation without photoelectric charging that stops after 2 s. Four test cases
with different total concentrations N, were considered in this example case. The initial
concentrations were set to Ny, = N; o with the values of 104, 103, 102, and 10'* m?,

respectively.

As shown in Figure 3, the concentration of neutral particles decreases over time as particles
are charged to increasingly positive charge levels by the photoelectric effect by Eq. (6). For the
relatively low total particle concentration of N, = 10'* m™, high, positive charge levels (e.g.
+10 charges per particle) are reached as shown in Figure 3 (a). In comparison, for the relatively
high total particle concentration of N, = 10'* m™, lower charge levels are reached as shown
in Figure 3 (b). At high particle concentrations, more negatively charged ions are generated by
the photoelectric effect and diffusion (dis-)charging is more likely to occur for high particle
and ion concentrations (of opposite sign) as shown in Eq. (12). Particles with more than 10
charges need to be calculated (using a separate transport equation for each charge level as in
Eq. (1)), for accurate solutions of the case with N,,, = 101 m~3, while they can be neglected
for higher total concentrations. The modular code enables the user to select, at runtime, the

range of charge states to solve, and therefore the number of transport equations.
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Figure 3: Photoelectric charging of 53 nm particles depending on the total number
concentration N,,; and the number of charges g, (a) 101! m~3 and -5<q < 22, and (b) 10*
m~3 and -10<q < 10. Particle concentrations outside the selected range of charge levels
would have negligible contributions to the mean charge if calculated. Black, red, and blue
lines represent neutral, positive, and negative charges with the number representing g for
each line.

Figure 4 shows the mean charge per particle as a function of time for four different particle
concentrations compared directly with Maisels et al. [23]. In this case, the range of charge
levels, g, considered (i.e. a distinct transport equation is solved for each charge level, q) for
Nio: = 101t m~3 is -5 to +22, and for the other cases, q is -10 to +10. In the early stages of
charging, all cases match an asymptotic solution [23] indicating that the mean charge is only a
function of particle size and the intensity of the irradiation and does not depend on the particle
number concentration. With fixed intensity of irradiation, the mean charge per particle reaches
a steady-state condition (plateau) at which photoelectric charging is balanced by diffusional
dis-charging which occurs at a higher rate for higher particle and ion concentrations. After the
irradiation is turned off, the mean charge immediately decreases due to diffusional discharging
and this occurs more rapidly for the case with higher particle concentration. The results of the
present model are in very good agreement with those from Maisels et al. [23] and the maximum

difference is 3.6%.
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Figure 4: Mean charge per particle as a function of time for photoelectric charging of a
monodisperse aerosol particles of 53 nm diameter at four different particle concentrations.
The results of the present model are compared to the results from Maisels et al. [23].

3.3 Unipolar diffusion charging

Kaminski et al. [7] compare measured and predicted charge distributions of an opposed
flow unipolar charge conditioner. Unipolar diffusion charging in the present model is verified
by comparison with Kaminski et al. [7] using the same Fuchs diffusion charging model [43],

properties and conditions as follows.

The mass and electrical mobility of the unipolar, positive ions are 290 AMU and
1.15x 10~* m2v-1s%, respectively, which follows approximately the Kilpatrick relationship
between mass and mobility of ions [54]. Charge distributions are solved for distinct,
monodisperse particle sizes between 10 and 500 nm. Thus, there is no interaction among
particles of different sizes in this case (except particle-ion interactions), and the concentration
of ions is fixed (at 7 x 102 m™3). Therefore, the solution process was simplified in this tutorial
case by setting parameters of a lognormal distribution: number of size bins, geometric standard
deviation, and count median diameter to 100, 1.8, and 70 nm, respectively, to generate the files
for the boundary and initial conditions for the particle transport equations, and then prescribing
an initial concentration of 1x 10° m at each particle size to give a fixed concentration at each
particle size bin considered. The considered charge range is -2 <q < 20. With the time step

for calculation of 1 ms, the calculation was run for 1 s of physical time.
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Figure 5 shows the charge fractions (fractions of particles at each discrete charge state) as
a function of particle diameter during the unipolar charging process. Larger particles carry
higher discrete charge levels when exposed to the same unipolar ion concentrations as smaller
particles. The model predictions are in very good agreement with the Kaminski’s Fuchs model
by maximum relative error of 1.6% over a range of particle sizes and discrete charge levels

from 0 to +8 charges per particle.
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Figure 5: Unipolar charge distributions for 1 to 8 elementary charges obtained from the
present model and a Fuchs model from Kaminski et al. [7].

Kaminski et al. [7] discuss that, due to some quantifiable disagreement with their
experimental data, Fuchs’ model may be used to predict average charge levels, but cannot
deliver accurate charge distributions for the charger considered, and an empirical approach is
required. This conclusion highlights that while bipolar charge distributions are well modelled
and characterized, particularly for spherical particles [35], and considered to be known a priori
for ISO standard measurements [4], more work is required for accurate modelling of unipolar
diffusion chargers considering a range of possible charging and transport effects.
Comprehensive modelling of the temporo-spatial dynamics of particle charging coupled with
particle transport represents an opportunity for improved design and optimization of aerosol
instruments. The models demonstrated in this work may provide a basis for validating unipolar

chargers with experimental data.
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4 Tutorials

Three tutorials for 3-D steady-state particle charger simulations are discussed to
familiarise users with the implementation of the openAerosolCharging code in OpenFOAM
and demonstrate the capabilities of the model. Figure 6 presents the file structure of
openAerosolCharging code on top of OpenFOAM file structure. Three tutorials cases are
described here: (1) a unipolar diffusion charger, (2) a bipolar diffusion charger, and (3) a
photoelectric charger. In the solution procedure for these examples, the flow through the 3-D
charger channel is predetermined, and the particles classified into discrete numbers of the size
and charge are calculated. The following subsections introduce the test procedure, boundary
conditions, and results in detail. To represent typical operating conditions for aerosol
measurement devices, the properties of the carrier gas (i.e. p = 1 atm, T =20°C, p =1.2 kg m™)
are specified for dry air at normal temperature and pressure (NTP). Gas viscosity is calculated
as 1.82x10° kg'm™s™ according to Kim et al. [55]. The carrier gas properties may be adjusted

at runtime and standard OpenFOAM flow solvers may be used
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openAerosolCharging

— exampleCase L~ sre
[ run — chargerSrc
— 0 — chargingEquations.H
’» Initial conditions — createFields.H
: — fluxBalance.H
— constant — aerosolChargingFoam.C
L transportProperties — inputBetas.H
— system — inputBetasC.H
— blockMeshDict : |npu’FBetasD.H
- physicalConstants.H
— controlDict — solveAirScalars.H
— fvSchemes L flowSre
— fvSolution — aerosolFlow.C
— sampleDict — createFlowFields.H
— topoSetDict — physicalConstants.H
— config — solveAirH
|— betaC_Sizel.TXT — coeffsrc
: L— attachment.C
L Allclean — IﬁnormaISrc .
L— Allrun lognormalDist.C
— createFiles — Allwclean
— generate-directories — Allwmake

— makefile

Figure 6: File structure of the aerosolChargingFoam solver (src) and tutorial cases
(exampleCase).

4.1 Test procedure

The main procedure, which is common to all tutorial cases, is coded following the
OpenFOAM style guide [56] where possible. In addition, several C++ and shell scripts are
utilised for generating lookup tables for model parameters and evaluating solutions for
visualisation. In the ‘makefile’ (located in the top level folder of each test case) commands are
predefined for running the test cases as shown in Figure 7. The first step is generation of the
computational mesh by ‘make mesh’ command. This generates computation mesh based on
the information written in ‘blockMeshDict’ at ‘/run/system/’. Then, any regions of the
computational geometry which require special consideration (e.g. defining an irradiated region
vs. a non-irradiated region) are defined by running ‘topoSet’. After mesh and topology are
defined, the flow that is not affected by particle motion can be precalculated by the command
‘make runFlow’. The flow solver based on icoFoam solves incompressible laminar Navier-

Stokes equations without time derivatives using the PISO algorithm.
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mesh:

( cd run && blockMesh | tee log.blockMesh)

( cd run && topoSet | tee log.topoSet)
runFlow:

( cd run && aerosolFlow | tee log.flow)
runCharging:

(./createFiles)

(./generate-directories )
( ¢d run && ./Allrun )
( cd run && aerosolChargingFoam | tee log.run)

clean:
( cd run && ./Allclean )

Figure 7: Generic test procedure composed in makefile.

The initial and boundary conditions for each variable are defined in ‘/run/0’ directory, and
all model parameters including those used for generating lookup tables are defined in
‘transportProperties’ as shown in Figure 8. The charging and transport terms in the equations
may either be considered or neglected by indicating in the ‘transportProperties’ file at runtime.
For example, the ion-ion attachment during bipolar charging process is activated by setting the
Boolean ‘uselonlonAtt’ to ‘true’. Photoelectric charging is activated by setting
‘usePhotoCharging’ as true. For unipolar charging, the keywords ‘uselonlonAtt’ and
‘usePhotoCharging’ are disabled.

For particles, the command ‘createFiles’ generates the files required for defining boundary
and initial conditions for each size and charge level (e.g., nPart0Sizel) based on a common file
starting with underscore (e.g., nPart). After that, ‘generate-directories’ populates each discrete
particle size bin with a number concentration according to parameters defined for a log-normal
particle size distribution: number of size bins, b (‘Nbin’), geometric standard deviation
(‘stdev’), count median diameter (‘CMD’), and total number concentration (‘Ntot’). Then,
‘generate-directories’ generates lookup tables for the attachment coefficients g solved for the
particle sizes and charge levels considered. The command ‘aerosolChargingFoam’ starts
running the solver and the output is saved to a log file. Each command can be executed by
‘make’ command, e.g. ‘make runCharging’ for running the charging solver. For evaluation of
the zero-dimensional verification cases, time evolutions of particle and ion number
concentration were retrieved at the centre of the domain by using ‘probe’ function defined in

‘/run/system’. Prior to using openAerosol, and for details on other applications within the
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OpenFOAM suite, it is recommended to consult the OpenFOAM User Guide and tutorial cases
[33].

R R O e T *\
| == | |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: 9 |
| \\/ A nd | Web: www . OpenFOAM. org |
| \\/ M anipulation | |
K */
FoamFile
{

version 9;

format ascii;

class dictionary;

location "constant";

object transportProperties;

}

//*************************************//

//General Simulation Settings
//useTransient true; //use transient equations

//Physics used (terms in particle and ion equations)

usePhotoCharging false; //photoelectric charging
usePartElecTrans false; //particle electric field transport
usePartDiffTrans false; //particle diffusion
uselonElecTrans false; //ion electric field transport
uselonDiffTrans false; //ion diffusion

uselonIonAtt true; //ion-ion recombination
useFluxBalance false; //use flux balance for 3D geometry

//Fluid Properties

rho rho [1 -3000 0 0] 1.2041;//Constant gas density
mu mu [1 -1 -1000 0] 1.82e-5;//Constant viscosity
TAir TAir [00 0100 0] 293;//Constant gas temperature
mfp mfp [01 00O0O0 0] 66.5e-9;//Mean free path of gas

//Ion Properties

1.35e-4; //Electrical mobility of +1 ions
1.6e-4; // Electrical mobility of -1 ions
200; //mass of +1 ions

100; //mass of -1 ions

zIonsP zIonsP
zIonsN zIonsN
mIonsP mIonsP
mIonsN mIonsN

//Particle Properties
//Polydisperse, for monodisperse, use Nbin = 1 and stdev = 1

Nbin Nbin [000O0O0O0 0] 1; //Number of polydisperse size bins
CMD CMD [0000O0O0 0] 100e-9; //Count median diameter

stdev stdev [0 0 0 0 0 0 0] 1;//For monodisperse, use stdev = 1
Ntot Ntot [0 =300 00 0] 1el0;//Particle number concentration

minQ minQ [00 O0O0O0O0 0] -5;//Minimum charge state to solve
maxQ maxQ [0000O0O0 0] 5;//Maximum charge state to solve

//Diffusion Properties
ionsPGenRate ionsPGenRate [0 -3 -1 0 0 0 0] lell; //Volume source for positive ions
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ionsNGenRate ionsNGenRate [0 -3 -1 0 0 0 0] lell; //Volume source for negative ions
ionRec ionRec [0 3 -1 0 0 0 0] 1.6e-12; //Volumetric +1/-1 ion recombination

//PhotoCharging Properties

KCI KCI [-1 -4 1 00 0 0] 4.38E36;//Empirical photoionization constant

exponent exponent [0000O0 0 0] 2;// (hv-phi) “exponent

Rexponent Rexponent [0O0O0OO0O0O0 0] 2;//d"Rexponent

distFromLight distFromLight [0 1 0 0 O 0 0] 0.02;//dist. from UV source to chamber

hv hv [000OO0O0O0 0] 6;//1light energy [eV]

Phi inf Phi inf [0O0O0OO0O0O0 0] 4.5;//work function [eV]

//Solution output

units fA;//electrical current units to display

iUnitConv 1iUnitConv [0O0O0OO0O0O0 0] lel5;//electrical current conversion to amps

minDisplay minDisplay [0 O 0 0 0 0O O] le-30;//minimum current to display in amps

fluxBalTol fluxBalTol [0 O O O 0 O 0] 0.001;//Solution tolerance for particle
conservation (Number rate, #/s)

iBalTol iBalTol [00OO0OO0OO0O0 0] le-19;//Solution tolerance for current

conservation in Amps
Figure 8: Generic example of ‘transportProperties’ to set the model parameters for the
aerosolChargingFoam solver.

4.2 Geometry and boundary conditions

The geometry and boundary conditions for the three tutorial cases are depicted in Figure
9. The types and values of boundary conditions for each variable are summarised in Table S1-

S3 in Supplement Information, SI 1.

(a) Unipolar or bipolar diffusion charger

Upper wall lon inlet
¥y (unipolar charger only)
< » P Side wall =2 20 2 2t 2 4 Side wall
w y Inflow T T T T T
Symmetry BTl alial Outflow
lane ¥ Side wall AT T e T T Efeld Side wall
p u ! lon trap
- i ' (unipolar charger only) L
1

' ! Pre-charging zone: Charging zone: Post-charging zone:
l'; """ - Uncharged particles only - Particles charged by ions - Charged particles only

N (no gaseous ions) - lons flux across region by (no gaseous ions)

low-strength electric field
(unipolar charger)
Volumetric ion generation
(bipolar charger)
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(b) Photoelectric charger

. Upper wall
! E-field
d Upper wall 4 A A A AAAaD
out_——4 - o
- 1 1 | 1 1 1 1
e Inflow —» T T T T T Outflow
1 1 | 1 1 1 1
= L
I
h bt 1 1 I 1 1 1 1
! diy ne Lower wall
\ b=t Pre-charging zone: Charging zone: Post-charging zone: L
v Lower h . - . .
y - Uncharged particles only - Particles charged using - Charged particles only
K wall / l . . :
* L+ Cyclic (no gaseous ions) volumetric source terms (no gaseous ions)
o .»7  condition - lons generated using

volumetric source terms
- lons captured in low-strength
electric field

Figure 9: Geometry and boundary conditions for two tutorial cases corresponding to (a)
square channel unipolar or bipolar diffusion chargers and (b) cylindrical geometry of a
photoelectric charger.

4.2.1 Unipolar and bipolar diffusion charging

The example case of diffusion charging in this study is a charging channel wherein the
particle flow is passed through an ion wind created by electric field transport of ions
perpendicular to the flow direction. Figure 9 (a) shows the geometry and boundary conditions
for the diffusion charger in the tutorial case. The geometry consists of three blocks as ‘Pre-
charging zone’, ‘Charging zone’, and ‘Post-charging zone’ within a symmetrical rectangular
flow channel with a length L of 60 mm and a cross section H X W of 4x16 mm?. The
computational mesh of 70 x 105 x 70 cells yields the total cell number of 514,500. Simple
grading was applied such that the cell size near the wall is approximately four times smaller
than the cell size in the middle of the channel. This charger geometry was used for both the

unipolar charging and bipolar charging tutorial cases.

For both cases, the air flow entrains an uncharged, lognormal distribution of particles set
by 8 particle size bins and geometric standard deviation of 1.7. The count median diameter and
the total concentration were set to 50 nm and 10 m™3, respectively. In this test case, an
indirect diffusion charger is employed where the ion source (e.g. corona wire) generates ions
which pass through an ion inlet, pass through a charging region and are captured at an ion trap
due to an externally applied electric field. The charging region is sufficiently shielded from the
ion source such that field charging (which may occur near e.g. corona wire) is not significant.

For this purpose, the ion trap voltage is set to -150 V applied for a distance of 4 mm between

22



electrodes such that only ions are significantly captured and particles remain in the advective
flow. This ensures that most of mobile ions can be captured at the ion trap and do not contribute
to the flux of charge at the outlet caused by the charged particles. Note that this flux of charged
particles over time may be predicted by the model and represents sensor signals (i.e. electrical

currents) of commercial aerosol sensors.

In the unipolar charging case, the ‘lon inlet” was used to represent a transmissive boundary
condition for ions generated from the outside of the channel. The ion concentration at the ‘lon
inlet’ boundary is determined to match an averaged nt product, where n is the ion
concentration and t is the characteristic time defined by the volume of the charging region
divided by the volumetric flow rate. Positively charged ions are transferred from the ‘lon inlet’
at a potential of 0 V and transferred to the oppositely located ‘Ton trap’ where a negative DC
voltage is applied to capture excess ions. Thus, the positive ion concentration at the ‘Ion inlet’
was set to n = 1.3 x 103 m3. The two boundary conditions for ions were not used in the
bipolar charging tutorial. Instead, the positive and negative ions were generated by volumetric
source (ionsPGenRate, ionsNGenRate in Figure 8) in the charging region, representative of
volumetric ion generation by ionization of gas molecules by e.g. a radioactive source placed
nearby within the charging volume. The ion generation rates for both positive and negative
ions were set to 71 = 105 m3s!. The recombination coefficient was 1.6x10°2 m3s™t. For
unipolar diffusion charger, the inlet velocity of the air flow was set to 0.26 ms™! that
corresponds to the flowrate of 1 L min™*, while the flow rate for bipolar diffusion charger was
0.3 L min™!.

4.2.2 Photoelectric charging

The geometry of the photoelectric charging tutorial case shown in Figure 9 (b) represents
a typical photoelectric charger that consists of a cylindrical flow chamber including two
concentric electrodes dictating electric field transport of ions and particles. The outer electrode
is a cylinder d,,.of 25 mm diameter and 200 mm length L, and the inner electrode is a
concentrically located rod d;,, of 1.5 mm diameter. A UV light source is placed at the particle
inlet and light is directed towards the outlet of the chamber. To represent the non-collimated
light intensity that decreases with the inverse square law in the flow direction, the distance
from light source ‘distFromLight’ was set to 2 cm and the product K.I was fixed as
1034 J1m2s1, The computational domain corresponds to a 45° section of the tube with
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symmetric boundary conditions in angular direction. The total number of cells is 6 x 10* cells
with increasing cell density towards the walls where the highest concentration gradients occur.
Since the transported particles and ions which reach the walls are assumed to be immediately
captured, the charged particle and ion concentrations at the walls are set to zero.

4.3 Results

The solver for the 3-D tutorial case captures the evolution of charge distributions over
space and time, whereas the 0-D solver used for the verification cases described in Section 3
considered only the evolution over the corresponding convective time. For both diffusion
charger cases, the calculation of flow for 100 PISO iterations (1 s with time step of 0.01 s in
the ‘controlDict’ file) was preceded and the calculation of particle electric charging was
conducted for 200 iterations (2 s with time step of 0.01 s). The conservation of particles and
charges is confirmed after each solution iteration by performing an integral sum of the
advective and diffusive fluxes through each boundary (e.g. walls, inlet and outlet) as well as
summing number of particles and charge produced in volumetric source terms (if any).
Conservation is confirmed when the summation of particles and charge through all boundaries
and produced within the volume equals zero. The user specifies a tolerance for particle number
and charge conservation and these tolerances are used as the convergence criteria for particle
charging and transport. The ‘make view’ command generates the VTK files for visualisation.
Figure 10 shows the distribution of mean charge per particle for the three tutorial cases. The
calculation time depends on the number of discrete bins to represent the particle distribution.
For the unipolar diffusion charging case, the calculation time for 8 bins and 16 bins is
approximately 7 and 17 times that of monodisperse particle, respectively, while, for
photoelectric charging, the calculation time for 8 bins and 16 bins is approximately 29 and 52
times than that for monodisperse particle, respectively [25]. The unipolar diffusion charger and

photoelectric charger cases successfully replicated the test cases from Nishida et al. [25].
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(a) Unipolar diffusion charger

Internal cells

Xy plane at z=4mm

Mean charge per particle (-)
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(b) Bipolar diffusion charger
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Figure 10: Distribution of mean charge per particle obtained from the (a) unipolar diffusion
charger, (b) bipolar diffusion charger, and (c) photoelectric charger tutorial cases.

Moreover, the bipolar diffusion charger tutorial predicted physically reasonable results.
Figure 11 shows the average charge fractions at the outlet obtained with four different

monodisperse particle diameters. These charge fractions are extracted at the outlet of a 3-D
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simulation, where a sufficiently long convective time enabled a “steady-state” charge
distribution to be reached as was seen for a 0-D simulation in Figure 2 after a convective time
of approximately 10 s. The results are very close to the theoretical steady-state charge fractions
from Wiedensohler [57] and Gunn and Woessner [58], and deviations are attributed to small
differences in ion-particle attachment behaviour compared with the model used ion-particle
attachment model used (Eq (3)). Though there are complex spatiotemporal charging effects
captured by this model, the resulting “steady-state” charge fractions are key to monitoring
operation of charge conditioners. The series of tutorial cases shows that the validated 0-D
model was successfully extended to the 3-D model of particle and ion conservation equations
solved using flow-fields which were pre-determined by solving the Navier-Stokes’ equations.

All equations were solved within the open-source platform, OpenFOAM.

1.0
Lines: Present model d =6.4nm
| Symbols: Theory dp =17.2 nm
. .

081 d =46 nm
AL, d,=123.5nm
c
S 06}
Q
o
E
©
D04t
©
-
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02F

ool —

5 4 3 2 1 0 1 2 3 4 5
Elementary charge state [-]

Figure 11: Average charge fraction at the outlet of a bipolar charger compared to the

theoretical “steady-state” charge fraction from Wiedensohler [57] and Gunn and Woessner
[58].

It is noted that while detailed verification of model implementation with the 0-D charging
models available is appropriate and necessary, further verification and validation would
provide more confidence in the models. The authors welcome other cases which include 3-D

modelling of charging and transport for further verification of model implementation.
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5 Conclusions

This study aimed to develop a comprehensive, open-source computer code for three-
dimensional aerosol dynamics and electric charging including bipolar, unipolar, and
photoelectric charging. The computer code includes more than 200 equations for transport and
charging of polydisperse particle distributions in the CFD open source platform OpenFOAM.
Three 0-D limit cases of charging models available in literature were implemented in the
OpenFOAM platform and were verified by accurately replicating bipolar diffusion, unipolar
diffusion and photoelectric charging processes. Comparison with the bipolar charging model
of Hoppel & Frick [26] showed good agreement with a maximum difference of 4.2%, though
values from Hoppel & Frick [26] (and other verification cases) are extracted from a pdf of the
publication using graph digitization software. The photoelectric charging model of Maisels et
al. [23] was replicated with a maximum difference of 3.6%. For unipolar diffusion charging,
the model of Kaminski et al. [7] was implemented and showed a maximum difference of 1.6%.
The detailed verification with 0-D charging models provides confidence in the correct
implementation of the charging equations and provides a foundation for accurate modelling of
charging phenomena. The implementation in OpenFOAM allows straightforward extension of
the 0-D models for 3-D problems by coupling readily available transport equations. Three 3-D
tutorial cases for bipolar diffusion, unipolar diffusion and photoelectric charging simulations
coupled with computational fluid dynamics are used to describe the detailed implementation
of the model and to demonstrate capabilities for comprehensively modelling practical aerosol
systems. The source code and tutorial cases are released open-source on the openAerosol
platform. This provides a framework for modelling of temporo-spatial dynamics of particle

charging and transport for future developments of aerosol instrumentation.
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7 Nomenclature

a Recombination coefficient, ms*

c Mean thermal velocity of ions, m s
D Particle diffusivity, m?s?

dp Particle diameter, m

E Electric field E = (e1, 2, €3)", V. m?
e Electron charge, C

hv Specific photon energy, eV

ks Boltzmann constant, J K

N Particle number concentration, m
n lon number concentrations, m™

p Pressure, atm

t Time, s

T Temperature, K

U Velocity field u = (u1, Uz, uz)™, ms?
Ve Elementary electron potential, V

Z Particle electric mobility, m? Vs

Greek symbols

a Combination coefficient for photoelectric charging, s
oc lon-particle collision probability, —

B Attachment coefficient, m3s™

y lon generation rate, m3s!

& Vacuum permittivity, F m*

p Density, kg m™

D Particle surface work function, eV

28



8 References

(1]
(2]
(3]
(4]
(5]

(6]

(7]

(8]

(9]
(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

29

Hinds WC. Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles.
Wiley; 1999.

Kulkarni P, Baron PA, Willeke K. Aerosol Measurement: Principles, Techniques, and
Applications. Wiley; 2011.

Flagan RC. History of Electrical Aerosol Measurements. Aerosol Science and Technology
1998;28(4):301-80, https://doi.org/10.1080/02786829808965530.

ISO. BS ISO 15900: 2009 (E) Determination of particle size distribution-dierential electrical
mobility analysis for aerosol particles. 2009,

Wang SC, Flagan RC. Scanning Electrical Mobility Spectrometer. Aerosol Science and
Technology 1990;13(2):230-40, https://doi.org/10.1080/02786829008959441.
Wiedensohler A, Birmili W, Nowak A, Sonntag A, Weinhold K, Merkel M, et al. Mobility particle
size spectrometers: harmonization of technical standards and data structure to facilitate high
quality long-term observations of atmospheric particle number size distributions. Atmos Meas
Tech 2012;5(3):657-85, https://doi.org/10.5194/amt-5-657-2012.

Kaminski H, Kuhlbusch TAJ, Fissan H, Ravi L, Horn H-G, Han H-S, et al. Mathematical
Description of Experimentally Determined Charge Distributions of a Unipolar Diffusion
Charger. Aerosol Science and Technology 2012;46(6):708-16,
https://doi.org/10.1080/02786826.2012.659360.

Johnson T, Caldow R, Pocher A. A New Electrical Mobility Particle Sizer Spectrometer for
Engine Exhaust Particle Measurements. SAE International;
2004,https://doi.org/10.4271/2004-01-1341.

Keskinen J, Pietarinen K, Lehtimaki M. Electrical low pressure impactor. Journal of Aerosol
Science 1992;23(4):353-60, https://doi.org/https://doi.org/10.1016/0021-8502(92)90004-F.
Reavell K, Hands T, Collings N. A Fast Response Particulate Spectrometer for Combustion
Aerosols. SAE International; 2002, https://doi.org/10.4271/2002-01-2714.

Fierz M, Houle C, Steigmeier P, Burtscher H. Design, Calibration, and Field Performance of a
Miniature Diffusion Size Classifier. Aerosol Science and Technology 2011;45(1):1-10,
https://doi.org/10.1080/02786826.2010.516283.

Fierz M, Meier D, Steigmeier P, Burtscher H. Aerosol Measurement by Induced Currents.
Aerosol Science and Technology 2014;48(4):350-7,
https://doi.org/10.1080/02786826.2013.875981.

Marra J, Voetz M, Kiesling H-J. Monitor for detecting and assessing exposure to airborne
nanoparticles. Journal of Nanoparticle Research 2010;12:21, https://doi.org/10.1007/s11051-
009-9695-x.

Schriefl MA, Nishida RT, Knoll M, Boies AM, Bergmann A. Characterization of particle number
counters based on pulsed-mode diffusion charging. Aerosol Science and Technology
2020;54(7):772-89, https://doi.org/10.1080/02786826.2020.1724257.

Burtscher H, Siegmann HC. Monitoring PAH-Emissions from Combustion Processes by
Photoelectric Charging. Combustion Science and Technology 1994;101(1-6):327-32,
https://doi.org/10.1080/00102209408951880.

Nishida RT, Johnson TJ, Boies AM, Hochgreb S. Measuring aerosol active surface area by direct
ultraviolet photoionization and charge capture in continuous flow. Aerosol Science and
Technology 2019;53(12):1429-40, https://doi.org/10.1080/02786826.2019.1661958.

Leppa J, Mui W, Grantz AM, Flagan RC. Charge distribution uncertainty in differential mobility
analysis of aerosols. Aerosol Science and Technology 2017;51(10):1168-89,
https://doi.org/10.1080/02786826.2017.1341039.



https://doi.org/10.1080/02786829808965530
https://doi.org/10.1080/02786829008959441
https://doi.org/10.5194/amt-5-657-2012
https://doi.org/10.1080/02786826.2012.659360
https://doi.org/10.4271/2004-01-1341
https://doi.org/https:/doi.org/10.1016/0021-8502(92)90004-F
https://doi.org/10.4271/2002-01-2714
https://doi.org/10.1080/02786826.2010.516283
https://doi.org/10.1080/02786826.2013.875981
https://doi.org/10.1007/s11051-009-9695-x
https://doi.org/10.1007/s11051-009-9695-x
https://doi.org/10.1080/02786826.2020.1724257
https://doi.org/10.1080/00102209408951880
https://doi.org/10.1080/02786826.2019.1661958
https://doi.org/10.1080/02786826.2017.1341039

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

30

Biskos G, Reavell K, Collings N. Electrostatic characterisation of corona-wire aerosol chargers.
Journal of Electrostatics 2005;63(1):69-82,
https://doi.org/https://doi.org/10.1016/j.elstat.2004.07.001.

de La Verpilliere JL, Swanson JJ, Boies AM. Unsteady bipolar diffusion charging in aerosol
neutralisers: A non-dimensional approach to predict charge distribution equilibrium
behaviour. Journal of Aerosol Science 2015;86:55-68,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2015.03.006.

Nishida RT, Boies AM, Hochgreb S. Modelling of direct ultraviolet photoionization and charge
recombination of aerosol nanoparticles in continuous flow. Journal of Applied Physics
2017;121(2):023104, https://doi.org/10.1063/1.4972335.

Gopalakrishnan R, McMurry PH, Hogan CJ. The Bipolar Diffusion Charging of Nanoparticles: A
Review and Development of Approaches for Non-Spherical Particles. Aerosol Science and
Technology 2015;49(12):1181-94, https://doi.org/10.1080/02786826.2015.1109053.

Alonso M, Alguacil FJ. The effect of ion and particle losses in a diffusion charger on reaching a
stationary charge distribution. Journal of Aerosol Science 2003;34(12):1647-64,
https://doi.org/https://doi.org/10.1016/5S0021-8502(03)00357-4.

Maisels A, Jordan F, Fissan H. Dynamics of the aerosol particle photocharging process. Journal
of Applied Physics 2002;91(5):3377-83, https://doi.org/10.1063/1.1446237.

Maisels A, Jordan F, Einar Kruis F, Fissan H. A Study of Nanoparticle Aerosol Charging by Monte
Carlo Simulations. Journal of Nanoparticle Research 2003;5(3):225-35,
https://doi.org/10.1023/A:1025523709760.

Nishida RT, Yamasaki NM, Schriefl MA, Boies AM, Hochgreb S. Modelling the effect of aerosol
polydispersity on unipolar charging and measurement in low-cost sensors. Journal of Aerosol
Science 2019;130:10-21, https://doi.org/https://doi.org/10.1016/].jaerosci.2019.01.003.
Hoppel WA, Frick GM. The Nonequilibrium Character of the Aerosol Charge Distributions
Produced by Neutralizes. Aerosol Science and Technology 1990;12(3):471-96,
https://doi.org/10.1080/02786829008959363.

Li L, Gopalakrishnan R. An experimentally validated model of diffusion charging of arbitrary
shaped aerosol particles. Journal of Aerosol Science 2021;151:105678,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2020.105678.

Svensmark J, Shaviv NJ, Enghoff MB, Svensmark H. The ION-CAGE Code: A Numerical Model
for the Growth of Charged and Neutral Aerosols. Earth and Space Science
2020;7(9):€2020EA001142, https://doi.org/https://doi.org/10.1029/2020EA001142.
Gopalakrishnan R, Thajudeen T, Ouyang H, Hogan CJ. The unipolar diffusion charging of
arbitrary shaped aerosol particles. Journal of Aerosol Science 2013;64:60-80,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2013.06.002.

Knoll M, Schriefl MA, Nishida RT, Bergmann A. Impact of pre-charged particles on steady state
and pulsed modes of unipolar diffusion chargers. Aerosol Science and Technology
2021;55(5):512-25, https://doi.org/10.1080/02786826.2021.1873910.

Woo M, Nishida RT, Schriefl MA, Stettler MEJ, Boies AM. Open-source modelling of aerosol
dynamics and computational fluid dynamics: Nodal method for nucleation, coagulation, and
surface growth. Computer Physics Communications 2021;261:107765,
https://doi.org/https://doi.org/10.1016/j.cpc.2020.107765.

Lucci F, Frederix E, Kuczaj AK. AeroSolved: Computational fluid dynamics modeling of
multispecies aerosol flows with sectional and moment methods. Journal of Aerosol Science
2022;159:105854, https://doi.org/https://doi.org/10.1016/j.jaerosci.2021.105854.
OpenFOAM9. OpenFOAM v9. The OpenFOAM Foundation, https://openfoam.org/.



https://doi.org/https:/doi.org/10.1016/j.elstat.2004.07.001
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2015.03.006
https://doi.org/10.1063/1.4972335
https://doi.org/10.1080/02786826.2015.1109053
https://doi.org/https:/doi.org/10.1016/S0021-8502(03)00357-4
https://doi.org/10.1063/1.1446237
https://doi.org/10.1023/A:1025523709760
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2019.01.003
https://doi.org/10.1080/02786829008959363
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2020.105678
https://doi.org/https:/doi.org/10.1029/2020EA001142
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2013.06.002
https://doi.org/10.1080/02786826.2021.1873910
https://doi.org/https:/doi.org/10.1016/j.cpc.2020.107765
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2021.105854
https://openfoam.org/

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

(45]

[46]
[47]

(48]

[49]

31

Adachi M, Kousaka Y, Okuyama K. Unipolar and bipolar diffusion charging of ultrafine aerosol
particles. Journal of Aerosol Science 1985;16(2):109-23,
https://doi.org/https://doi.org/10.1016/0021-8502(85)90079-5.

Johnson TJ, Nishida RT, Irwin M, Symonds JPR, Olfert JS, Boies AM. Measuring the bipolar
charge distribution of nanoparticles: Review of methodologies and development using the
Aerodynamic Aerosol Classifier. Journal of Aerosol Science 2020;143:105526,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2020.105526.

Biskos G, Reavell K, Collings N. Unipolar diffusion charging of aerosol particles in the transition
regime. Journal of Aerosol Science 2005;36(2):247-65,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2004.09.002.

Nishida RT, Boies AM, Hochgreb S. Measuring ultrafine aerosols by direct photoionization and
charge capture in continuous flow. Aerosol Science and Technology 2018;52(5):546-56,
https://doi.org/10.1080/02786826.2018.1430350.

Kirsch AA, Zagnit'Ko AV. Diffusion charging of submicrometer aerosol particles by unipolar
ions. Journal of Colloid and Interface Science 1981;80(1):111-7,
https://doi.org/https://doi.org/10.1016/0021-9797(81)90165-X.

Liu BYH, Pui DYH. On unipolar diffusion charging of aerosols in the continuum regime. Journal
of Colloid and Interface Science 1977;58(1):142-9,
https://doi.org/https://doi.org/10.1016/0021-9797(77)90377-0.

Johnson TJ, Nishida RT, Zhang X, Symonds JPR, Olfert JS, Boies AM. Generating an aerosol of
homogeneous, non-spherical particles and measuring their bipolar charge distribution.
Journal of Aerosol Science 2021;153:105705,
https://doi.org/https://doi.org/10.1016/j.jaerosci.2020.105705.

Li L, Chahl HS, Gopalakrishnan R. Comparison of the predictions of Langevin Dynamics-based
diffusion charging collision kernel models with canonical experiments. Journal of Aerosol
Science 2020;140:105481, https://doi.org/https://doi.org/10.1016/j.jaerosci.2019.105481.
Fjeld RA, Wu D, McFarland AR. Evaluation of continuum regime theories for bipolar charging
of particles in the 0.3-13 mu m diameter size range. |IEEE Transactions on Industry Applications
1990;26(3):523-8, https://doi.org/10.1109/28.55961.

Fuchs NA. On the stationary charge distribution on aerosol particles in a bipolar ionic
atmosphere. Geofisica pura e applicata 1963;56(1):185-93,
https://doi.org/10.1007/BF01993343.

Reischl GP, Makela JM, Karch R, Necid J. Bipolar charging of ultrafine particles in the size range
below 10 nm. Journal of Aerosol Science 1996;27(6):931-49,
https://doi.org/https://doi.org/10.1016/0021-8502(96)00026-2.

Wright PG. On the discontinuity involved in diffusion across an interface (the A of Fuchs).
Discussions of the Faraday Society 1960;30(0):100-12,
https://doi.org/10.1039/DF9603000100.

Cardona M, Ley L. Photoemission in Solids I. 1978.

Miller U, Schmidt-Ott A, Burtscher H. Photoelectric quantum yield of free silver particles near
threshold.  Zeitschrift  fir  Physik B  Condensed Matter 1988;73(1):103-6,
https://doi.org/10.1007/BF01312160.

Jiang J, Jr. CJH, Chen D-R, Biswas P. Aerosol charging and capture in the nanoparticle size range
(6—=15nm) by direct photoionization and diffusion mechanisms. Journal of Applied Physics
2007;102(3):034904, https://doi.org/10.1063/1.2768061.

Michaelson HB. The work function of the elements and its periodicity. Journal of Applied
Physics 1977;48(11):4729-33, https://doi.org/10.1063/1.323539.



https://doi.org/https:/doi.org/10.1016/0021-8502(85)90079-5
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2020.105526
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2004.09.002
https://doi.org/10.1080/02786826.2018.1430350
https://doi.org/https:/doi.org/10.1016/0021-9797(81)90165-X
https://doi.org/https:/doi.org/10.1016/0021-9797(77)90377-0
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2020.105705
https://doi.org/https:/doi.org/10.1016/j.jaerosci.2019.105481
https://doi.org/10.1109/28.55961
https://doi.org/10.1007/BF01993343
https://doi.org/https:/doi.org/10.1016/0021-8502(96)00026-2
https://doi.org/10.1039/DF9603000100
https://doi.org/10.1007/BF01312160
https://doi.org/10.1063/1.2768061
https://doi.org/10.1063/1.323539

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

32

Kasper G. Electrostatic dispersion of homopolar charged aerosols. Journal of Colloid and
Interface Science 1981;81(1):32-40, https://doi.org/https://doi.org/10.1016/0021-
9797(81)90298-8.

Nishida RT, Johnson TJ, Hassim JS, Graves BM, Boies AM, Hochgreb S. A Simple Method for
Measuring Fine-to-Ultrafine Aerosols Using Bipolar Charge Equilibrium. ACS Sensors
2020;5(2):447-53, https://doi.org/10.1021/acssensors.9b02143.

Wiedensohler A, Liitkemeier E, Feldpausch M, Helsper C. Investigation of the bipolar charge
distribution at various gas conditions. Journal of Aerosol Science 1986;17(3):413-6,
https://doi.org/https://doi.org/10.1016/0021-8502(86)90118-7.

Hussin A, Scheibel HG, Becker KH, Porstenddrfer J. Bipolar diffusion charging of aerosol
particles—I: experimental results within the diameter range 4-30 nm. Journal of Aerosol
Science 1983;14(5):671-7, https://doi.org/https://doi.org/10.1016/0021-8502(83)90071-X.
Kilpatrick W. An experimental mass-mobility relation for ions in air at atmospheric pressure.
Proc. Annu. Conf. Massspectrosc. 19. 1971:320-5

Kim JH, Mulholland GW, Kukuck SR, Pui DY. Slip Correction Measurements of Certified PSL
Nanoparticles Using a Nanometer Differential Mobility Analyzer (Nano-DMA) for Knudsen
Number From 0.5 to 83. J Res Natl Inst Stand Technol 2005;110(1):31-54,
https://doi.org/10.6028/jres.110.005.

OpenFOAM, Coding Style Guide; 2011. Available from: https://openfoam.org/dev/coding-
style-guide/#sec-1-1.

Wiedensohler A. An approximation of the bipolar charge distribution for particles in the
submicron size range. Journal of  Aerosol Science 1988;19(3):387-9,
https://doi.org/https://doi.org/10.1016/0021-8502(88)90278-9.

Gunn R, Woessner RH. Measurements of the systematic electrification of aerosols. Journal of
Colloid Science 1956;11(3):254-9, https://doi.org/https://doi.org/10.1016/0095-
8522(56)90050-2.



https://doi.org/https:/doi.org/10.1016/0021-9797(81)90298-8
https://doi.org/https:/doi.org/10.1016/0021-9797(81)90298-8
https://doi.org/10.1021/acssensors.9b02143
https://doi.org/https:/doi.org/10.1016/0021-8502(86)90118-7
https://doi.org/https:/doi.org/10.1016/0021-8502(83)90071-X
https://doi.org/10.6028/jres.110.005
https://openfoam.org/dev/coding-style-guide/#sec-1-1
https://openfoam.org/dev/coding-style-guide/#sec-1-1
https://doi.org/https:/doi.org/10.1016/0021-8502(88)90278-9
https://doi.org/https:/doi.org/10.1016/0095-8522(56)90050-2
https://doi.org/https:/doi.org/10.1016/0095-8522(56)90050-2

