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ABSTRACT

Electrostatic precipitators (ESPs) are frequently utilized in collecting fine organic and inorganic materials from
continuous liquid with few moving parts and high efficiency using electrically charging the particles. In this study,
cross-sectional 2D geometry of a wire-to-plate electrostatic precipitator the parametric data of which originally
published elsewhere was numerically modeled and validated to investigate submicron-micron particle charging in
terms of diffusion and field charging mechanisms and precipitation behavior of particles with detailed electric field
properties. Electric field, gas flow, and particle trajectory equations are coupled and solved in a multiphysics solver.
Particle tracking is realized with the Lagrangian approach. Results indicate variations in electric field strength and
space charge density between corona electrodes, with space charge present in the entire precipitation channel.
Between two different charging mechanisms, diffusion charging prevails for charge accumulated on submicron
particles, whereas field charging becomes dominant for particles larger than 1um diameter. However, for the ESP
configuration considered in this study, particles reach a charge saturation in less than 0.7 seconds, regardless of their
size. Although calculated precipitation efficiencies for micron-sized particles can reach to 100%, efficiencies for
submicron particle range drop with increasing particle size, as diffusion charging rapidly loses its effectiveness, in
50-250nm range.

Keywords: Computational Fluid Dynamics, Corona Discharge, Discrete Element Modeling, Electrostatic
Precipitation, Particle Trajectories.

OZET

Elektrostatik ¢oktiirticiiler (ESP), kiiciik boyutlu organik ve inorganik maddelerin siirekli akiskan icerisinden
elektriksel olarak yiiklenmeleri suretiyle yiiksek hassasiyetle ayristirilmalarinda yararlanilan, yapilarinda asgari
hareketli aksam bulunduran cihazlardir. Bu ¢alismada, deneysel verileri daha 6nce bir bagka kaynakta yayinlanmig
olan telden-plakaya tipteki elektrostatik ¢oktiiriicii sonlu elemanlar yontemi ile 2 boyutlu kesit geometri olarak
modellenmis ve mikron- ve mikron-alti partikiillerin alansal ve diflizyon mekanizmalari ile elektriksel olarak
yiiklenmelerinin, ayrica partikiil ¢okelme davraniglarmin detayli elektrik alan 6zellikleri kapsaminda incelenmesi
amacityla valide edilmistir. Elektrik alan, gaz akisi ve partikiil yoriinge denklemleri baglasik hale getirilerek multifizik
ortaminda ¢ozdiirlilmistiir. Partikiil takibi Lagrange yaklasimi ile modellenmistir. Modelin sonuglar1 korona
elektrotlar1 arasinda gerek elektrik alan kuvvetinde gerekse uzay yiik yogunlugunda kayda deger farkliliklar oldugunu
ve uzay yiikiiniin tiim ¢kelme kanalina yayildigin1 ortaya koymaktadir. iki yiiklenme mekanizmasindan, difiizyon
mekanizmasimin mikron-alti partikiillerde olusan yiik birikiminde etkili iken alansal yliklenmenin daha ziyade
1um’den daha biiylik partikiillerde 6n planda olmaktadir. Bununla birlikte, calisma kapsaminda dikkate alinmis olan
ESP konfigiirasyonunda partikiiller 0.7 saniyeden kisa siire igerisinde elektriksel yiik bakimindan doygun hale
gelmektedirler. Mikron boyutlu partikiillerin ¢dkelme verimleri ¢apa bagl olarak %100 mertebesine ulagmakla
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birlikte mikron-alt1 partikiillerde artan partikiil ¢apr ile difiizyon yiiklenme mekanizmasi etkisini hizla kaybetmekte,
dolayistyla 50-250nm arasindaki partikiillerin ¢okelme verimlerinde 6nemli diisiis gézlenmektedir.

Anahtar Kelimeler: Ayrik Eleman Modelleme, Elektrostatik Cokeltme, Hesaplamali Akiskanlar Dinamigi, Korona
Desarji, Partikiil Y 6riingeleri.

INTRODUCTION

Electrostatic precipitation (ESP) is a technique, where the electrostatic body forces accumulated on the submicron
and micron particles are used for particle sedimentation. EPSs are commonly used in areas and processes in which
purifying air, or other gases, is required [1]. One characteristic of the EPS is that very high collection efficiencies are
achieved (usually >99%) for micron-sized particles [2], with relatively low-pressure losses through the precipitation
channel, typically lower than 1000 Pa. These properties, along with a typically low number of moving parts
employed, make these devices a robust and cost-efficient method in particle-laden fluid treatment applications [3].
Precipitation of submicron and micron-sized particles on surfaces by way of electrical manipulation offers is
promising for in-line particle sedimentation processes in the industry and many household applications. On the other
hand, controlling the parameters that govern high-intensity corona discharges, resulting charge accumulation on
particles, and finally the sedimentation characteristics of particles with specific physical properties require a thorough
understanding of the process, which implies its multidisciplinary character.

Corona discharge is the principal process in ESP, as the mechanism behind particle charging, hence the high
precipitation efficiency is primarily related to the number of ions generated and transported into the domain as a
result of corona discharge [4]. Several studies focus on the investigation of temperature effects on discharge
characteristics in DC corona configurations [5], [6] and the effects of electric potential on fine aerosol particle
precipitation in positive DC corona discharges for cleaning indoor air. The increasing level of temperature negatively
affects the energy consumption of the system [7]-[9].

As stated previously, the understanding and design of an ESP with high precipitation efficiency require a detailed
understanding of different aspects of the process, such as the electrostatic characteristics of the setup, the effect of
the gas composition, and particle properties [10]. Experimental studies are probably the most accurate way to
investigate the process, yet they might not be the most time- and resource-efficient way, given the complex character
of a typical ESP application. However, as is the case in many modern engineering applications, these difficulties can
be overcome using mathematical modelling. In numerical modelling, the collected data, which were first validated,
can be used to study different aspects of the process [11].

In the current study, the coupled physics of ESP, namely corona discharge, forced convection of air, charge
accumulation on solid particles, particle-laden flow characteristics, and particle tracking are characterized and solved,
using the COMSOL Multiphysics commercial software. The model is first validated against a previous experimental
study and then the precipitation efficiencies along with the electric field parameters occurring in the solution domain
are investigated. The study takes a different perspective and outlines the effects of the two charging mechanisms
influencing the particle precipitation. Detailed numerical studies are available on the wire-to-plane configuration,
however with the emphasis generally on the electrical field properties and total precipitation figures [10, 12, 13].

MATERIAL AND METHOD
Fluid Flow

Solving the turbulent flow might prove a difficult task, despite the ever-increasing efficiency of the computing
methods. The multiphysics nature of the problem requires highly refined discretization schemes, which require a
great amount of computational power, even for 2D applications. As usual with systems of high complexity, certain
simplifications become necessary in ESP modelling, such as incompressible flow assumption [14]. This is justified
by low pressure drop along the precipitation channel [15, 16]. The time-averaged conservation equations for mass
and momentum are utilized to express continuous flow of air with electrical body force calculated in a different
module.
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Conservation of mass is given by:

0
E (pur) =0 (1)

Conservation of momentum is expressed as:

0
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where p and p;,, represent air density and the concentration of ionic charges, respectively, u is the gas velocity, f;
is the drag coefficient, and E; is the strength of electric field. With the normal process properties of ESPs in air
purification applications, the calculated Reynolds numbers usually indicate a turbulent flow scheme [16]. Given its
ability to represent turbulence flows in a wide variety of applications, the standard k — & turbulence model is used
in this study, to calculate the turbulent viscosity, ., therefore, to solve the Reynolds-Averaged Navier Stokes
equations for turbulence kinetic energy and turbulence dissipation rate [12, 17, 18].

Particulate Flow and Particle Charging

As customary in computational fluid dynamics-discrete element modeling (CFD-DEM) applications, the particle-
laden flow can be described using two principal approaches: the Eulerian and the Lagrangian. The Eulerian approach
treats both components of the flow (fluid and particles) as continua, whereas the Lagrangian approach considers only
the fluid as continuum and the particles as discrete elements scattered in this continuous fluid. Forces acting on each
individual particle are considered and the particle momentum and positions are calculated for every step of the
solution. Both approaches have some advantages depending on the application [19, 20]. With the Lagrangian
approach, detailed information for each individual particle injected into the solution domain: particle positions and
trajectories, particle momentum, and particle fates (trapped on the surfaces, escaped the solution domain, or
stagnated), are available. The Lagrangian approach can consider multiple particle types, shapes, and distribution of
sizes. On the other hand, the Lagrangian approach brings a limitation on the particle volume fraction, as treating each
particle separately demands very high computational capacity. Therefore, the Lagrangian approach is only utilized
where the particle phase is ‘dilute’, compared to the continuous fluid. The Eulerian approach has the advantage of
configuring mixtures with high particulate content more easily, hence preferred over the Lagrangian approach in
certain applications [21, 22, 23]. In the scope of the present study, since the particulate phase is sufficiently dilute
and a size-distribution of particles is available, the Lagrangian approach to particulate-phase configuration is
preferred.

Particles injected into ESP are exposed to aerodynamic drag and electric body force, therefore their trajectories in
the precipitation channel are determined mainly by these two factors. Due to the dispersed character of the Lagrangian
particulate flow, the particle-particle interactions are ignored, thus the particle motion equation takes the form:

Mp% = CIpEi + 37T[ldp(ﬁi — Vl')(l + 0.15R€3'687) (3)

where M, is the mass of an individual particle, v; is the particle velocity, g, is the particle charge, d,, ,s the particle
diameter, Re, = plu —v|d,/u is particle Reynolds number. The instantaneous gas velocity, @ is a sum of two
velocity components, namely the mean and fluctuating velocity. The fluctuating component is calculated through
turbulent kinetic energy, as a result of time-averaged conservation equation approach. The two-way turbulence
coupling is fully accounted for when the particles affect fluid flow and gas flow affects the particle trajectory. The
particle momentum source term is given by [24]:

6k pr(dk)? tout
fioi = L T “
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where N; is the total number of particles within the solution domain, m,, is the mass flow rate along the trajectory of

a specific particle, p; is the particle density, Cp, is the drag coefficient of spherical particles, and t;,, and t,,,; are the
particle entrance and departure to and from the solution domain.

To investigate the gas flow effects on particle trajectories and the precipitator efficiency, several particles are required
to be injected into the domain. This number is determined considering the capacity of the computing equipment.
Also, the variety in particle sizes should be considered to predict the submicron- and micron-sized particle
precipitation efficiencies. In this study, 100 particle injection points with equal spacing along the inlet boundary were
defined and 100 particles, each of a different size, were injected at every injection point. This configuration allows
for 10,000 trajectories to be generated and investigated.

Calculation of charges accumulated on the particles is an important aspect to be adopted into ESP numerical
modeling. Although there are alternative methods available for this task [25, 26], the charging model developed by
Lawless [27] is considered in the present study. As a combined charging model, the Lawless approach involves both
field and diffusion effects in calculating the total electrical charge accumulated on each particle. These charging rates
are defined as:

(w)—2 o4
S exp(v —3w) — 1’ v > 3w
dv 3W v
-f 3w v, )
l + F(w) —v—3w - s
1
> 0.
fw) ={(w+ 0.475)0575’ w = 0.525 o
1, w < 0.525

f(w) is the fractional area function, v = qe/2meod,kT and w = (K /K + 2)(Ed,e/2kT) are the dimensionless
particle charge and the electric field strength respectively, and T = (p;b;t/€,) is the dimensionless charging time.

Electric Field and Current Flow

The ionization reactions in the corona discharge are very intricate part of the mathematical model. However, these
reactions take place in the very vicinity of the discharge electrode. Considering that fact, many studies involving
corona discharges [28, 29, 30] simply ignore the active corona zone; this leads to well-established simplification,
which is also utilized in the current work. The electric field is handled via Poisson’s equation, which involves ionic-
charge density and electric potential:

azqo _ _pion + Ppc (7)

xg &

where ¢ is the electric potential (V), p;on is the space charge density (C/m3), Ppc 1S the charge density of particles
(C/m3), g, is the permittivity of gas (C/V - m). Also, the convection-diffusion equation is used to calculate space
charge density, p;on:

do
Ep=—— 8
= (8)
d dp;
axk pion(kionEk + uk) - Di a;;n] =0 (9)

where D; is the ion diffusion coefficient (m?2/s), k;,y is the ion mobility (m?/s - V) and E is the local electric field
strength (V/m).
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The boundary conditions to solve convection-diffusion equations are required for the electric potential and space
charge density. The electric potential is defined on the discharge electrode surfaces, in this case a positive DC voltage,
which has a constant value. The collector electrodes, on the other hand, are grounded. The ion density on the discharge
electrode surface is calculated using the current value. For the collector electrodes and the remaining boundaries, a
steady-state diffusion condition is defined:

J
WEy

Pw = (10)

where J is the ionic current density on the discharge electrode surface (4/m), and E,, is electric field strength on the
discharge electrode surface (I//m). As stated previously, the modeling approach adopted in this study neither
involves direct generation and sustaining plasma, nor the relevant chemical reactions. Instead, the electric strength at
the corona onset is calculated from Peek’s law:

Ey=E.§ <1 +

J5—> (12)

where E, is the electric field strength at corona onset, the value of which was assumed to be 3x10° V/m in the
present study, & is the relative density compared with the standard condition, ¢ is an empirical constant with a value
of 0.0308 and r, is the discharge electrode radius. Peek’s law suggests an iterative approach to solve for the surface
electric strength and ion charge density [31]. The iteration is repeated until the electric strength on the wire surface
is within a certain tolerance to the value provided by Peek’s law. This value is then adopted as the ion charge density
on the active electrode on the corona onset. Available numerical studies proved that Peek’s law is a successful method
of approximating the actual corona discharge conditions [13, 28-30].

Problem Description and Model Discretization

All the above aspects of the numerical modeling, namely electric field calculation, particle charging mechanism, the
Lagrangian particle tracking, and the turbulent flow domain for the continuous fluid are calculated with the Comsol
Multiphysics software. The multiphysics requirements of ESPs can be handled relatively easily with the software’s
ability to connect variables of one specific domain to the other, therefore discretizing the problem into multiple
branches and multiple study steps, stationary or transient.

The study requires a turbulence scheme to comply with the local Re numbers that may well exceed the laminar flow
limitations in the ESP domain. Turbulent flow through ESP is calculated via the Standard k — &£ model. The electric
field and the ionic charge density, resulting from a steady-state Poisson solver, were imported to the fluid flow
interface to handle the particle charging and particle transport. A transient solver with 1ms time steps is considered
to obtain particle behavior, particle charging characteristics, and eventually the ESP efficiency. In the current study,
the ESP domain is initialized with a set of boundary conditions, providing information on the turbulent flow and
electrostatics aspects of the model. The airflow within the domain is solved first, without accounting for the effects
of the corona discharge. The electric field strength is calculated via the Poisson equation, which requires the space
charge density to be determined (Eqgs.s 7 and 8). The initial ion charge density at the active electrode surface is
assumed to be zero. From this point, the surface ion density is updated iteratively. When the surface field strength is
within a certain tolerance with the iterative result, the final value of the surface charge density is adopted for the
remaining of the numerical calculation [32].

Following the turbulent flow and electric field calculations, particles from the precipitator inlet are injected into the
domain, where each particle trajectory is calculated based on the Lagrangian scheme, and particle fates are calculated
by the software. Because the behavior of charged particles may affect the flow patterns inside the ESP domain, the
calculations were repeated multiple times, by using the convergent results of the latest simulation run. This way, the
electrical body forces and particle charge densities are updated until the set of equations is conveniently converged.
The model is based on a simplified, 2D ESP geometry, containing two planar ground electrodes and 4 active
electrodes with 2mm diameter (Fig. 1). A positive DC electrical potential of 43.5 kV is applied to the active
electrodes. Due to the mass properties of the particles, the electric field effects on the particles are dominant,
compared to gravitational effects, hence the effect of gravity on the particles is neglected. The forced convection of
air is defined as a fully developed flow with 1m/s average velocity at the inlet boundary of the model. The geometry
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has an active precipitation area of 0.14m? (Fig. 1 (a)), with a channel width (W) of 610mm and a height (2H) of
230mm. Expecting an electric field with strong gradient, a triangular mesh with a relatively low growth rate is
employed. After discretization, the domain comprises 281,610 elements with an average element quality of 0.89. The
overall view of the applied mesh can be seen on Fig. 1 (b). The mesh structure exhibits a densely-packed discretization
in the vicinity of the corona electrodes, capturing both electrostatic properties and the particle trajectories reliably,
as will be seen in the following pages.

Y.
T_, X ‘ Collecting Plate (@)
610
B 150 75 | 9
=
g g | | $="Vo a
e < ; JLe
- . =y ; ; 3 ; H—- ; — =
:-J
Gas Flow ——» ‘ Active Electrodes
x=0 ‘ Collecting Plate =0 1
m - b

T T T T T T T T T T
[+] 0.05 0.1 0.15 0.2 0.25 0.3 ' 0.35 0.4 0.45 0.5 0.55 0.6

AL

S5 SRR XK
Figure 1. (a) The Model Geometry and (b) Mesh Structure with a Close-up View of Edge Division (¢) Near
Corona Electrodes.

The boundaries and their values are summarized on Table 1. One important aspect is that, the electric field strength
at all active electrode surfaces are the values that satisfy Peek’s law approach employed in this study. The electric
potential to commence the ESP process is directly adopted from the commonly-cited work of Penney and Matick
[33].



KSU Miihendislik Bilimleri Dergisi, 27(1),2024 84 KSU J Eng Sci, 27(1),2024
Aragtirma Makalesi Research Article
O. Ekin

Table 1. Boundaries Conditions for the Simulated ESP Configuration

Electric Field Space Charge Density Fluid Flow Particle Tracking
Inlet ¢ /an = 0 0psan/On = 0 v:x:o?or%;s ul;x:o%onrlr{;s
Outlet dp/on =0 9pion/0n = 0 (GageOPFr):ssure) (Parti?:/lznés:unter)
gl::?:'ipoddes o =0kV 0pion/On =0 No slip. Freeze
élcetg\t/re'odes @ = 43.5kV Determined Iteratively No slip. Freeze

Finally, the particles injected from the inlet boundary of ESP domain are of the uniform 1500 kg/m3 density [34]. To
properly address the submicron and micron range particle behaviors within the model, a uniform distribution of
particles sizes, between 50nm and 10um containing 100 different diameters is adopted.

RESULTS AND DISCUSSION

The numerical results for the electric potential distribution in the investigated model were compared with the seminal

work published by Penney and Matick [33]. The electric potential distribution observed in the present study is in
good agreement with the said publication (Fig. 2).
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Figure 2. Electric Potential Distribution Calculated Numerically Against the Experimental Results Published by
Penney and Matick [33].
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Adequate mesh refinement and mesh independence in the numerical study was also an important aspect of model
validation. Too coarse a mesh possibly provides a faster solution -even convergence, but the parametric results may
not display the best results in terms of model stabilization. Too fine mesh metrics, the model might display
redundancy in terms of degrees of freedom, and poor convergence time. To provide a better tradeoff between
refinement and model stability, multiple mesh structures with varying metrics were applied. The critical parameter
was assumed to be space charge density (C/m?) in the corona electrode vicinity and the results suggested that the
adopted mesh suggests an optimum refinement (Table 2). Fig 3 shows no significant improvement in the parameter
with advancing refinement in comparison to the adopted mesh configuration. To note, mesh metrics are scored
between 0-1, with 1 (or 100%) being the best possible configuration for a given metric. Skewness penalizes elements
with extremely low or high angles compared to an ideal element, whereas volume versus circumradius evaluates the
proportion of an element area and the circumscribed circle of the element.

Table 2. Results of Different Mesh Configurations Utilized in Mesh Independence Study.

Maximum Volume
Mesh Space Charge Element Size Growth # of Average versus
Configuration Density [C/m?] [mm] Rate Elements Skewness circumradius
Finer 3 3.2190E-05 4 1.03 510948 0.9105 0.9634
Finer 2 3.2184E-05 5 1.04 362484 0.9027 0.9545
Finer 1 3.2185E-05 6 1.045 316534 0.8971 0.9491
Adopted Mesh 3.2187E-05 7.5 1.05 281610 0.8946 0.9456
Coarser 1 3.2219E-05 10 1.1 138774 0.8674 0.9095
Coarser 2 3.2337E-05 15 1.2 76122 0.8365 0.86
Coarser 3 3.2666E-05 20 1.3 56704 0.8249 0.831
3.27E-05
= ——Space Charge Density
g 3.26E-05 Convergence
£ 3.25E-05
E
A 3.24E-05
$
E 3.23E-05
o
S 322E05
&
3.21E-05
25000 125000 225000 325000 425000 525000

Number of Elements in Mesh

Figure 3: The Optimum Mesh Configuration Was Determined Considering the Largest Maximum Element Size
(7.5mm in This Study) That Conforms the Results Calculated via Further-refined Alternatives.

The electric field intensity significantly varies at different points of the precipitation channel (Fig. 4). This variation
is much stronger close to the channel symmetry plane and is much milder near the collecting electrodes. As it can be
seen on Fig. 5, the electric field variation results in a variable ion charge distribution, which affects the particle
charging level.

The ionic density shows a similar behavior to the electric field intensity; it reaches the peak the highest values in the
vicinity of discharge electrodes. As it can be seen on Fig. 4, near the first electrode the charge density is about
2.58x10° C/m®. The same can also be observed for other lines along the precipitation channel. Another important
aspect of the plot is that the maximum charge densities are observed at both ends of the precipitation channel with
smaller values at the center. lonic charge densities tend to concentrate near the discharge electrodes, but these
densities preserve their values along the vertical distance from corona electrodes; namely 5.35x10° C/m? for H/4,
5.34x10° C/m?® for H/2 and 5.06x10® C/m? for 3H/4. This mechanism guarantees the diffusion charging of submicron
particles along the precipitation channel of the ESP.
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Despite of the fact that a large variety in particle sizes (50nm-10um) were utilized in this study to investigate
precipitation efficiency, three specific particle diameters are picked to demonstrate the field and diffusion charging
mechanism effects. When a diameter smaller than 1pm is considered, the diffusion effect dominates the charge
accumulated on the particles. As seen on Fig. 6(a), diffusion charging practically determines the charge number as
particles with a diameter of 50nm travel through ESP domain. However, this scheme changes with the increasing
particle size. As particle sizes go from submicron to micron level, field charging mechanism becomes more and more
prominent, as seen on Figs. 6(b) and (c). For relatively large particles, the charge accumulated on the particle is
largely attributed to the field charging, yet the diffusion part is also still significant [35, 36].
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The current study assumes a 43.5kV voltage applied to four discharge electrodes and a constant discharge current of
0.475mA. Also, the electrical charging of particles was defined by a dimensionless charge number. The precipitation
efficiency of submicron particles sharply decreases for particle diameters between 50nm and 250nm. With an
increasing particle size the precipitation efficiency increases to around 18% for 1um diameter particles. This variation
is also encountered in previous studies [30, 37] both experimental and numerical, and can be accounted to the
charging mechanism that is effective for a given size range of particles. The diffusion charging becomes the dominant
mechanism with small particle size, as stated previously. Higher numbers of accumulated charge, combined with the
relatively high electric field intensity near the inlet boundary of ESP results in better precipitation efficiencies for
50nm particles (Fig. 6(a)). This property of the process changes and the efficiency drops with increasing particle size
for submicron range. However, as field charging mechanism becomes dominant for particles larger than 1um, the
efficiencies increase and over 77% of particles with diameters Spum or larger are precipitated (Fig. 7(b)).
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Figure 7. The Relation Between the Precipitation Efficiency and Particle Size: Submicron-sized Particles (a) and
Micron-sized Particles (b).

CONCLUSION

In this study, the charging of micron- and submicron-sized particles and particle trajectories were investigated in a
wire-to-plate DC electrostatic precipitator by developing a numerical model validated against published experimental
data. The effect of different charging mechanisms is discussed using a simplified corona discharge process, along
with the characteristics of electric field distribution. Based on the analysis, the following conclusions can be stated.
The electric field and ion charge density along the length of precipitation channel displays large variations. However,
following the first discharge electrode, the ion charge density remains above a certain level for the entire of channel
length. This is a main factor for maintaining particle charge accumulation required for higher precipitation
efficiencies, especially for micron-sized particle range.

While submicron particles are mostly affected by the diffusion effects, this mechanism changes with an increasing
particle size. For particles with 1um and larger diameters, the field charging mechanism becomes dominant, but with
diffusion charging effects still significant. On the other hand, the field charging is largely ineffective when submicron
sizes are in question. Finally, an increasing particle diameter results in both charging mechanisms become more
effective, thus improving the overall precipitation efficiency within the ESP channel. However, for the submicron
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range, efficiencies averaging 21% were observed, because the field charging is nearly absent in charging these
particles. The study is distinguishable by the detailed, numerical field investigation of electrical parameters with a
model validated against the actual experimental data. A novel perspective to separating the effects of the field and
diffusion charging mechanisms on particle precipitation is also suggested in the context.
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