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Aerosol filters composed of electrostatically charged bipolar fibers are referred to as electret filters. A
novel computational model is developed in this work to study the impact of droplet deposition on
aerosol capture efficiency of electret fibers. The electret fibers were assumed to have a dipole
orientation that was either parallel or perpendicular to the airflow direction. The simulations were
conducted using the ANSYS CFD code after it was enhanced with a series of in-house subroutines. Our
simulations revealed that droplet deposition on electret fibers decreases their ability to capture airborne
particles. More specifically, the simulations were devised to isolate droplet's physical and electrical
properties (e.g., surface tension, electrical conductivity...) and quantify their impact on fiber capture
efficiency. It was found, in particular, that droplet’s electrical conductivity and permittivity have the most

Received 17th September 2024, adverse impact on the performance of an electret fiber. This is perhaps because higher droplet

Accepted 28th November 2024 conductivity results in severe fiber charge neutralization, and higher droplet permittivity leads to a
stronger fiber charge shielding. In contrast, fiber wettability was found to have a negligible impact on

fiber efficiency. The work presented in this paper offers valuable insights into the complex nature of
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1 Introduction

Electret filters are widely used in respiratory masks and HVAC
filters for their high particle capture efficiency."” Electrostatic
attraction is the primary mechanism of particle capture in an
electret aerosol filter. The airborne particles naturally carry some
positive and negative electrostatic charges according to the
Boltzmann equilibrium charge distribution (they carry equal
numbers of positively charged and negatively charged particles).
Electrostatic attraction enables a higher aerosol collection effi-
ciency without increasing the filter’s pressure drop.

A charged fiber attracts neutral particles via polarization
force (induced dipole) and attracts charged particles via a
combination of polarization and Coulomb forces.*” Particle
capture in an electret filter is due to a combination of mechan-
ical (inertial impaction, interception, and diffusion) and elec-
trostatic (coulombic and polarization) capture mechanisms.®*>
The capture efficiency of a mechanical filter generally increases
with solid particle accumulation on the fiber. This, however, is
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electret filters used in different industrial and environmental applications.

not necessarily the case with electret filters."®® Various factors

(e.g., fiber charge neutralization and charge shielding) can
impact the collection efficiency of an electret filter. For this
reason, it is hard to draw a universal conclusion about the
performance of electret filters when loaded with particles. For
instance, Brown et al.>’ reported that the decrease in filtration
efficiency of their dust-loaded electret filters was due to the
dendritic particle-deposits that formed on the surface of the
fibers (i.e., the charge shielding effect). In contrast to solid
particles, liquid droplets behave very differently when they are
captured by a fiber as they can deform and spread on and
between the fibers.>' > There are only a few studies focused on
performance degradation of electret filters exposed to organic
solvents (e.g., dioctyl phthalate (DOP), poly-a-olefins (PAO), or
isopropyl alcohol (IPA)).>*>® Because of its complex nature, the
physics behind charge decay in droplet-loaded electret filters
has remained unclear. This complexity arises from the intricate
interplay between various factors, including the electrical and
interfacial properties of the droplets as well as the wetting
properties of the fibers.

To the best of our knowledge, no study has yet proposed a
theoretical framework to analyze the effects of droplet deposition
on the performance of electret filters. In this concern, we have
developed a 3-D model to simulate the interactions between
liquid aerosols (DOP and water) and charged fibers, and to also
quantify the aerosol capture efficiency of a droplet-loaded

This journal is © The Royal Society of Chemistry 2025
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electret fiber. Our results predict a significant reduction in the
collection efficiency of an electret fiber due to droplet deposition
and shed some light on underlying physics of fiber charge
degradation.

The remainder of this paper is organized as follows. In
Section 2, we describe the problem and present the governing
equations that need to be solved for the electrohydrodynamic
field around an electret fiber. In Section 3, we describe the
governing equations for the aerodynamic field around the fiber
as well as the balance of force that acts on aerosol particles. Our
results and discussion are presented in Section 4 followed by
our conclusions in Section 5.

2 Governing equations for
electrohydrodynamic flow

The computational domain considered for this work has a
length, width, and height of 60 pm, 32 pm, and 5 um, respec-
tively. It consists of a square cell zone, in which an electret fiber
is placed (the cell size was determined based on the desired solid
volume fraction). For simplicity, we have assumed the bipolar
fibers to have equal amounts of dissimilar charges on their
opposite sides. The magnitude of surface charge density of fibers
considered in this work is based on the experimental work of
Chang et al.*® Two additional zones, upstream and downstream
of the fiber, were considered and meshed using polyhedron
elements. The mesh was refined near the fiber surface where
strong gradients were expected (see Fig. 1). Our simulations of
droplet deposition on electret fibers took advantage of the
volume of fluid (VOF) method in the presence of an electrostatic
field. More specifically, a body force term (electrical stress) was
added to the Navier-Stokes equations to account for the impact
of the electrostatic field on droplet motion. The electric field was
obtained from solving the electrostatic potential equation
(assuming neutral droplets). Dioctyl phthalate (DOP) or water
droplets with a diameter of d, a density of p,, viscosity of y;
relative permittivity of ¢;, and an electrical conductivity of o; were
initially placed near the fiber and allowed to evolve (and move
solely under the influence of the electrostatic field) with time.
The properties of the fluids used in the simulations are listed in
Table 1.

The mesh size was selected such that each droplet was
represented by at least 68 cells. To achieve this, a mesh size
of approximately 200 nm (or smaller) was used to simulate a
droplet with a diameter of 1 pm. The air velocity at the inlet was
set to zero to prevent droplet movement induced by drag force.
The outlet was designated as the pressure outlet, and the side
walls were treated as symmetric boundary conditions. The top
and bottom walls were assigned a periodic boundary condition.
Furthermore, a no-slip boundary condition with a specified
contact angle was imposed on the fiber wall. Additionally, we
also assumed that the free charges developed at the droplet-air
interface do not alter the fiber’s surface charge density due to
contact with the fiber. This assumption was made to simplify
the complicated nature of the problem at hand. VOF method
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Fig. 1 Computational domain and its boundary conditions. The yellow-
filled cells represent the droplets at time zero.

=0

relies on solving the mass and momentum conservation equa-
tions for each phase. The mass conservation across the entire
domain can be expressed as follows:

V-(pU) = 0 1)

where p and U are the density and velocity of the fluid,
respectively. The two-phase fluid flow field under investigation
here was also affected by the electrostatic field. Additional
terms were added to the Navier-Stokes equations to incorpo-
rate the influence of surface tension at the droplet-air interface
F,. and the electric stress Feq, i.e.,

d(pU

%—i— V. (pUU) = —-Vp+ V- [u(VU + VU] + Fy

+ Fes (2)

The volume fraction of each phase was determined by
solving the subsequent equation.

0oy

ot

+ UV, =0 (3)

where the subscript g refers to either the droplet (o) or air (a)
phase. In the VOF method, the properties such as density,
viscosity, and permittivity in each computational cell are
dependent on the cell’s volume fraction. Therefore, such phy-
sical properties are interpolated using the Weighted Arithmetic
Mean (WAM), defined as:

P = %oPo + (1 - O‘o)pa (4)
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Table 1 Properties of the material
Material d (um) p (kg m™?) u (Pas) s(Sm™ & y(Nm™) 0 (%)
Air — 1.205 1.79 X 107° 1.0 x 1072 1.0 — 30,65,108
DOP 1.0 988 577 x 107° 2.67 x 107" 5.1 0.015
Water 1.0 988 1.0 x 10 5.5 x 10°° 80.18 0.072
Fiber 8.0 1000 — — 1.5 —
U= oo + (1 — 0)ta (5) In an electrohydrodynamic flow, the dynamic currents are
‘a 6 small because the time scales at which the magnetic induction
&= 0o — Ap)e . s
oo o)éa () effect becomes important are significantly smaller than the
0= 0o00 + (1 — oo)04 ) flow time scales.*®** Therefore, we ignored the electromagnetic

The volumetric surface tension force Fy was defined using
the Continuum Surface Force (CSF) model.*° The model treats
surface tension as a continuous, 3-D force along the interface,
rather than a boundary condition applied directly at the inter-
face. The expression for the volumetric surface tension force is
given by:

_ yprVo,

T (o +P0)
2

(8)

Here, 7 is the surface tension coefficient, and « is the curvature
of the droplet-air interface. The VOF method obtains the
curvature of the droplet-air interface x using the unit normal
vector 0 Le.,

it
K=-V-— 9)
In|
The VOF formulation defines the surface normal vector at
the droplet-air interface 77 as the gradient of the phase volume
fraction, ie.,

= Vo, (10)

The surface tension force is applied using a piecewise linear
interface calculation (PLIC) scheme, which accurately com-
putes curvatures to reconstruct the droplet-air interface.

The electrostatic body force Fs can be derived by taking the
divergence of the Maxwell stress tensor 7,,, and is given as,

Fes = V-1 (11)

Foy = pE — %E2Vs +V Bp (S—Z) TEZ} (12)
where p. is the volumetric charge density and E is the electric
field strength. The first term on the right-hand side of eqn (12)
represents the electrophoretic (Coulomb) force arising from the
interaction between the electric charges and the external elec-
tric field (aligned with the electric field direction). The second
term accounts for the dielectrophoretic (polarization) force
which is due to the permittivity gradient at the fluid—fluid
interface (acting in a direction normal to the interface). The
last term arises from the changes in the material density, and is
typically known as the electrostriction force.>" In this study, the
effect of electrostriction forces was considered negligible due to
the assumption that the fluids are incompressible.

200 | Soft Matter, 2025, 21,198-208

coupling and assumed that the electric field E was curl free, i.e.,
V x E =0 and E = —V¢. Since F; depends on E and p,. (see
eqn (12)), we solved the Poisson (eqn (13)) and charge con-
servation equations (eqn (14))** by assuming zero electrostatic
potential and zero charge flux at the inlet and outlet bound-
aries. A constant potential flux and a fixed charge density were
assigned to the fiber surface.

V-(¢E) = V-(e(=V)) = pe (13)
p.

Er +V-(6E)+V-(p.,U)—V-(DVp,) =0

(14)

In eqn (14), the second term represents the ohmic charge
conduction, the third term accounts for the convection of
charges, and the fourth term accounts for ion diffusion in the
fluid. The diffusivity of the ion is denoted by D. In this study,
droplets (water or DOP) had extremely low ion concentrations,
and the air contained no ions.

3 Governing equations for aerosol
flow modeling

To simulate the capture of aerosol particles by a droplet-loaded
bipolar fiber using ANSYS, we started by storing the electro-
static field intensity and its gradients in different user defined
memory (UDM), as described in Section 1 of the ESI.{ The flow
field around the fiber is characterized by the Reynolds number,
which represents the ratio of inertial to viscous forces. The
Reynolds number, defined using the fiber diameter, was found
to be Re = 0.0539, which is much less than one, indicating that
the flow around the fiber is dominated by viscous force (i.e., the
Stokes flow regime). Therefore, we obtain the aerodynamic field
in the computational domain by solving eqn (15), derived from

eqn (2).

V-p = uVU (15)
Aerosol capture efficiency calculations started by releasing a
certain number of particles in the computational domain and
then tracking their trajectories via integrating Newton’s second
law applied to each particle. This resulted in the position and
velocity of each particle as a function of time.***® For a
spherical particle in the Stokes regime, the equation of motion

This journal is © The Royal Society of Chemistry 2025
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was expressed as follows:

duf 18y
dr — dy?p,C*

(Ui —ul) + foi + fei (16)

where, my,, 1, U, dp, pp, and C° are the particle mass, particle
velocity, fluid velocity, particle diameter, particle density, and
Cunningham correction factor, respectively. The first term on
the right-hand side of eqn (16) is the drag force per unit mass of
the particle, while the second and the third terms, respectively,
represent the polarization force f; and the Coulomb force f.;, i.e.,

dey (e — 1
foi = %:"(?;T) V(E?) (17)
foi = "(rZiE (1)

where ¢, is the dielectric constant of the particle and g(n) = ne is
the total number of elementary charges e carried by the particle.
Eqn (17) and (18) were added to the standard discrete phase
model (DPM) module in ANSYS via a UDF. Numerical simula-
tions for the capture of aerosol particles by a droplet-loaded
bipolar fiber were conducted by solving eqn (15) and (16) with
boundary conditions given in Table 2.

We defined single fiber efficiency (SFE) as the ratio of the
number of particles captured by a fiber (or by loaded droplets)
Ncap to the number of particles injected from the inlet boundary
Ninj, L€,

Aes
nsee(n) = —

Ninj (19)

In predicting SFE, a given number of particles were injected
at the inlet boundary using a UDF. Particles that encountered
the fiber or deposited droplets were removed from the simula-
tions. For these calculations, an interception UDF was used to
monitor the distance between the surface of the particle and
the surface of the fiber (or the surface of the deposited
droplets). Aerosol particles in the size range of 50 to 1000 nm
were considered for the simulations and it was assumed that
they each carried a single positive or negative charge (i.e., g, =
+1e). The properties of the electret filter and solid aerosol
particles employed in the simulations are listed in Table 3.

Due to its complex nature, not many empirical correlations
have been developed to predict the performance of electret
fibers. In addition, the presence of liquid droplets on the
surface of the electret fibers further complicates the problem.
Electret fibers capture aerosol particles mostly via the Coulomb

Table 2 Hydrodynamic and electrostatic boundary conditions used in the
simulations

Boundary Aerodynamic Particle trajectory
Inlet Velocity inlet: u, = u..; u, = 0 Escape
Outlet Pressure outlet Escape
Sides . Ouy —
Symmetric: —~ = 0
dy
Fiber surface No slip Trap

Top and bottom sides Periodic —

This journal is © The Royal Society of Chemistry 2025
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Table 3 Properties of the filters and particles considered in the
simulations

Parameters Values

Filter thickness, H 0.70 mm

Face velocity, Uy 01ms '

Fiber charge density, o¢ 25 or 50 uC m?
Solid volume fraction, o 5.0%

Particle diameter, d,, 50-1000 nm

Dielectric constant of particle, &, 4.6
Particle density, pp 1980 kg m ™3
Particle charge +1e

and polarization forces. We considered both the electrostatic
capture and interception mechanisms for the collection of
aerosol particles in this study. Note that the inertial impaction
mechanism plays a negligible role in the capture of small parti-
cles, especially in comparison to electrostatic and interception
mechanisms. This can easily be examined by calculating the
Stokes number (St), which measures the ratio of a particle’s inertia
to the viscous forces exerted on it by the fluid. For the particles
considered in our study, the Stokes number varies in the range of
0.00097 < St < 0.0885, which is much less than unity, ie., the
particles follow the air streamlines perfectly.® We have extensively
investigated the role of Brownian diffusion in aerosol capture in
our previous work (see ref. 9, 19, 37 and 38 and references
therein). For this reason, we intentionally excluded the effects of
Brownian diffusion in the current study to better isolate the role of
electrohydrodynamic and electrostatic forces in aerosol filtration.
It is well known that the Brownian force increases the collection
efficiency of fibers for particles smaller than 200 nm. Including
the Brownian diffusion does not add much to the physics of the
problem at hand, but it makes it harder to explain the effects of
droplet deposition on the electrostatic capture efficiency of the
fiber. The empirical SFE correlation along with related equations
and discussion are provided in Section 2 of the ESL{ Moreover,
the percentage reduction in the SFE of clean and droplet-loaded
fibers was determined using the average SFE values for both the
droplet-loaded and clean fibers as per eqn (20).

_ TISFE,Clean — "ISFE Droplet

Rsre (20)

TSFE,Clean

Here, 1spg,clean aNd 1srE,proplec F€present the SFE of clean and
droplet-loaded electret media, respectively.

A validation study for our numerical simulations of electro-
hydrodynamic aerosol flow is given in Section 3 of the ESIL.{

4 Results and discussion
4.1 Fiber properties

This section presents simulation results for the interactions
between an electret fiber and DOP droplets. This will be in terms
of volumetric charge development in the droplets and the
decrease of the fiber’s electrostatic field due to droplet deposition.

Neutral DOP droplets become polarized when they are in the
proximity of charged bipolar fibers. The polarized droplet is
then attracted to the fiber due to the electrostatic field and the

Soft Matter, 2025, 21,198-208 | 201
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Fig. 2 Simulation of DOP droplets’ travel towards the charged fiber

due to electrostatic attraction and their spread on the surface of the fiber

are shown in (a) through (d) as a function of time. The surface charge

density of the fiber and its contact angle with DOP were assumed to be
=25 uC m~2 and 30°, respectively.

permittivity gradient at the air-liquid interface. The polariza-
tion force is always attractive due to the negative gradient of the
permittivity towards the fiber (see eqn (12)). The nature of
the Coulomb force depends on the polarity of the charges on
the droplet and the fiber. Initially, the electrohydrodynamic
forces were weaker than the surface tension force, so the
droplet remained spherical and stationary (Fig. 2a). Over time,
the total electrostatic force became stronger than the surface
tension force causing the droplet to become elongated and
accelerate towards the fiber (Fig. 2b). Once the droplet depos-
ited on the fiber, the tangential and radial components of the
electrostatic forces (i.e., Coulomb and polarization forces)
worked to spread the droplet on the fiber surface. The capillary
force helped the droplet spread on the fiber, when the contact
angle was less than 90 degrees (Fig. 2¢), and resisted against it
when the contact angle was greater than 90 degrees. The
droplets stopped spreading when their kinetic energy, gener-
ated by the electrohydrodynamic forces acting on them, was
exhausted by the frictional viscous forces between the droplets
and the fiber surface (Fig. 2d). A similar phenomenon has been
observed in studies focused on the electrowetting effect on
dielectrics.*?*°

Fig. 3 shows examples of particle trajectory calculations
around clean and droplet-loaded electret fibers. Two dipole
orientations (parallel or perpendicular to the airflow direction)
were considered. Aerosol particles considered in this figure had
a diameter of 100 nm and carried a charge of —1e or +1e. Here,
we considered a fiber diameter of d = 8 um, a fiber surface
charge density of o¢ = 25 uC m~ >, and a contact angle of 0 = 30°.
It can be seen in this figure that particles were attracted to the

202 | Soft Matter, 2025, 21,198-208
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Fig. 3 The impact of dipole orientation on the trajectory of particles with
a diameter of 100 nm carrying charges of —1e and +1e are shown for clean
(a, b, e and f) and DOP-loaded (c, d, g and h) charged fibers. Figures a-d
and e—h show fibers with a parallel dipole and with a perpendicular dipole,
respectively. A contact angle of 30° and a surface tension of 0.015 N m~*
were considered for the DOP droplets. For illustration purposes, only a few
number of trajectories are shown.

side of the bipolar fiber that had a charge polarity opposite to
that of the particles. Moreover, it can be noted that collection
efficiency against 100 nm particles was lower when the fiber
dipole was parallel to the airflow direction and was higher
when it was perpendicular (fibers with a parallel dipole repelled
the positive particles with a strong Coulomb force, as shown in
Fig. 3b and d). It can also be noted that collection efficiency
decreased when the fiber was loaded with DOP droplets.
A similar result was observed in the experiments of ref. 8, 28,
and 41, where the deposition of DOP aerosols reduced the
particle collection efficiency of an electret filter. This is because
the charges that develop at the air-droplet interface generate an
electrostatic field that opposes the field created by the charges
of the fibers. This reduced the net intensity of the electrostatic
field around the fiber, a phenomenon known as fiber charge

This journal is © The Royal Society of Chemistry 2025
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neutralization. Moreover, the particle trajectories in Fig. 3c, g
and h suggested that the repulsive Coulomb force exerted on
the airborne particles by the droplet was weaker than the
attractive Coulomb force exerted on them by the fiber.

The electrostatic field around clean and droplet-loaded
fibers is shown in Fig. 4a-d using the field vector plots overlaid
on the contour plots of the electric field magnitude. Here, we
considered a fiber surface charge density of o¢ =25 uC m 2 and
a contact angle of 0 = 30°. The electrostatic field emerges from
the positive charge (indicated by arrows pointing outward away

Parallel dipole

Perpendicular dipole

N ’,///,// ﬂ R
X n/// /’Iu/lh\\\.\ N W

3.75 Magnitude of electrostatic field (kV/m) 8230
[m] QO ||, Clean

100 o 1, Clean
C 0.5F i df =8 pum
C 1] =

90 | 3 qp = tle
C Flow Flow UO =0.1 m/s
N g 6 =30°
- 703F O

80 - & H g or=25 uC/m?
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Fig. 4 The electrostatic field around bipolar fibers with parallel and
perpendicular dipoles are shown in (a) and (b) for clean fibers and in (c)
and (d) for DOP-loaded fibers. SFE reduction due to the DOP loading is
shown in (e) with the SFE of the clean fiber shown as the inset. A contact
angle of 30° and a surface tension of 0.015 N m~* were considered for the
DOP droplets.
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from the fiber) and converges on the negative charge of the
fiber (indicated by arrows pointing towards the fiber). The red
and blue colors represent the maximum and minimum magni-
tudes of the electrostatic field, respectively. The highest mag-
nitude of the electrostatic field appears to be on the fiber
surface where the gradient of the electrostatic potential
changes sign (E = —V¢), indicating a change in charge polarity.
More interestingly, this figure shows that the magnitude of the
electrostatic field decreases on the surface of the fiber where a
DOP droplet is deposited (see the blue-colored droplets on the
surface of the fibers in Fig. 4c and d). This effect is due perhaps
to the differences between the permittivity of DOP and air.
In addition, for the case of the parallel dipole (Fig. 4a and c),
the maximum reduction in electrostatic field intensity was
observed on the side of the fiber facing the air flow, while for
the perpendicular dipole orientation (Fig. 4b and d), it was on
the side of the fiber perpendicular to the air flow. More
quantitative comparisons between the performance of fibers
with perpendicular and parallel dipole orientations are given in
Fig. 4e for clean and droplet-loaded fibers. This figure shows
the percentage reduction in the SFE due to droplet deposition
on an electret fiber versus particle size when the dipole orienta-
tion is parallel to the air flow (black symbols) and when it is
perpendicular (red symbols). The inset in Fig. 4e shows the SFE
of the clean fibers, and it indicates that SFE is higher for fibers
with a perpendicular dipole when the aerosol particles are
smaller than about 300 nm, but the role of dipole orientation
becomes insignificant when particles are larger. The results
presented in the inset of Fig. 4e are in qualitative agreement
with the observations of Wang et al.”> who reported that the
dipole orientation of an electret fiber plays an insignificant role
in the capture of large particles. Fig. 4e shows that the largest
decrease in SFE occurred for larger particles and when the fiber
dipole was oriented perpendicular to the air flow. This can be
explained by considering that the gradient of the electrostatic
field decreased more significantly with droplet loading on the
fiber in the perpendicular dipole configuration. Note that for
the larger aerosol particles, collection efficiency depends on the
magnitude of the electrostatic field gradient and on the mass of
the particle (see eqn (17)). For the smaller particles (less than
300 nm) on the other hand, the reduction in the magnitude of
the electrostatic field was countered by an increase in the
charge-to-mass ratio of the particles (the collection efficiency
of the smaller particles depends on the magnitude of the
electrostatic field and the charge-to-mass ratio of the particles,
see eqn (18)). 514119

Fig. 5a and b show contour plots of volumetric charge density
of the DOP droplets deposited on fibers with two different
surface charge densities of g¢ = 25 pC m~2 and ¢¢ = 50 uC m ™2,
respectively, in the parallel dipole orientation. Here the droplet-

. .. i . Oo o
to-air conductivity and permittivity ratios (G_a>’ <g) were
considered to be 2.67 x 10% and 5.1, respectively. As expected,
increasing the surface charge density of the fiber resulted in an
increase in the volumetric charge induced on the droplets. This
is because the conduction of ohmic charges increased with
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Fig. 5 Volumetric charge density contour plots for DOP droplets depos-
ited on bipolarly charged fibers having surface charge density of o =
25 uC m~2 and ¢; = 50 pC m~2 are shown in (a) and (b), respectively.
SFE reduction due to the DOP loading is shown in (c) with the SFE of the
clean fiber shown as the inset. A contact angle of 30° and a surface tension
of 0.015 N m~* were considered for the DOP droplets.

increasing intensity of the electrostatic field (eqn (14)), and that
enhanced the migration of charges from within the droplet to its
surface. Also note that droplets deposited on the fiber’s positive
side acquired a negative volumetric charge (shown in blue),
while those on the fiber’s negative side acquired a positive
charge (shown in red).

Our predictions of the positive and negative charge devel-
opment on the droplet-air interface are in qualitative agree-
ment with the observations of Das et al.** and those of Reddy
and Esmaeeli.*> The charge developed at the air-droplet inter-
face generated an electrostatic field in the opposite direction to
that produced by the fiber. Therefore, the induced charges
reduce the net intensity of the electrostatic field around
the fiber.

Fig. 5c shows the reduction percentage of SFE (due to
droplet deposition) versus particle size. In this figure, two
different surface charge densities are considered for the case
of the parallel dipole configuration. The inset figure shows the
SFE of the clean fibers, and it illustrates that increasing the
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fiber surface charge density increases the magnitude of the
electrostatic field (and its gradient) leading to an increase in
SFE. A similar phenomenon was reported by Podgorski and
Balazy®® in their numerical simulation. Notably, the results in
Fig. 5¢ show a more severe decline in the capture of smaller
particles (smaller than 300 nm) when the fiber was charged
more strongly (blue symbols). This indicates that the droplet
loading impacts the Coulomb force more severely than the
polarization force, for fibers with a higher surface charge
density. The average SFE reduction over the entire range of
particle diameters was found to be 46% for the fiber with a
surface charge density of g¢ = 25 uC m~> and 34% for the fiber
with a surface charge density of g¢ = 50 pC m 2.

4.2 Electrical properties of droplets

This section presents simulation results on how the electrical
properties of DOP influence the electrostatic field around an
electret fiber, and how that affects the electrostatic forces
experienced by an aerosol particle traveling near the fiber.

Fig. 6a and b show the contour plots of electrostatic field
magnitude around a fiber loaded with droplets having relative
permittivity values of 5.1 and 80.18, respectively. The other
properties considered in producing these figures were those of
DOP droplets. The fiber was assumed to have a parallel dipole,
a surface charge density of ¢ = 25 uC m ™2, and a contact angle
of § = 30°. In these plots, the red and blue colors represent the
maximum and minimum values of the electrostatic field magni-
tude, respectively. It is evident from the figures that increasing
the relative permittivity of the droplets resulted in a decrease in
the magnitude of the electrostatic field (see the droplet colors in
Fig. 6a and b). This decrease is because droplets with higher
relative permittivity values can become more polarized and
consequently, weaken the electric field around the fiber.
Motevaselian and Aluru** also reported similar findings in their
study, where they investigated the variation of perpendicular
dielectric permittivity as a function of the electric field. They
found that liquids with higher permittivity more effectively
oppose the external electric field (thereby reducing the net
electrostatic field within the computational domain). This effect
is often referred to as electrostatic shielding. Fig. 6¢ shows the
negative effect of loading a fiber with droplets of different
relative permittivity values. This adverse effect was measured
relative to the data from the clean fiber simulations shown as the
inset in Fig. 5c. It can be seen in Fig. 6¢c that droplets with a
higher relative permittivity value degraded the performance of
the fiber more severely (i.e., more electrostatic shielding is
expected from droplets with a higher permittivity). Moreover,
the highest performance reduction seemed to occur against
particles of about 500 nm in diameter. This is perhaps because
both the polarization and Coulomb forces were at their mini-
mum level for this particle size. The average SFE reduction over
the entire range of particle diameters was found to be 46% for
droplets with a relative permittivity of 5.1, and 57% for droplets
with a relative permittivity of 80.18.

The effect of droplet electrical conductivity is studied in
Fig. 7. Here, the fiber is loaded with droplets of different

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Contour plots of electrostatic field magnitude around a DOP-
loaded charged fiber are shown in (a) and (b) for relative permittivity values
of ¢p = 51 and ¢ = 80.18, respectively. SFE reduction due to the
DOP loading is shown in (c) which is relative to the data of clean fibers
shown as the inset in Fig. 5¢ for a¢ = 25 pC m~2. In this figure, the fiber has a
parallel dipole.

electrical conductivity values. Fig. 7a and b show contour plots
of polarization force exerted on an aerosol particle with a
diameter of 1000 nm and a charge of —1e. Here the fiber was
loaded with droplets having conductivity values of 2.67 x 10~ ">
and 5.5 x 10" °S m™ ", respectively. As can be seen, polarization
force decreased with increasing droplet conductivity (see the
color of the deposited droplets). This effect is due perhaps to a
more efficient transfer of electrical charges inside the droplet
with a higher conductivity value which reduces the gradient of
the electrostatic field near the fiber (polarization force is
proportional to the gradient of the electrostatic field). The
polarization force vector field is overlaid on the contour plots
in Fig. 7a and b, and it clearly confirms that polarization force
is an attractive force by its nature, and it is independent of the
charge polarity of particles or that of the fiber (the force vectors
are always towards the fiber).>'**°

Fig. 7c and d show similar results but for the Coulomb force
experienced by the same aerosol particles. As can be seen, the
Coulomb force decreases with increasing droplet conductivity (see
the color of the deposited droplets). This occurs because
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Fig. 7 Contour plots of the polarization and Coulomb forces exerted on
aerosol particles with a diameter of d, = 1 um and a charge of g, = —1le by
a DOP-loaded bipolar fiber with a parallel dipole orientation. Electrical
conductivity of DOP was assumed to be 2.67 x 1072 S m™in (a) and (c)
but 5.5 x 10°®Sm~in (b) and (d). SFE reduction due to the DOP loading is
shown in (e) which is relative to the data of clean fiber shown as the inset in
Fig. 5¢ for o = 25 pC m™2.

increasing electrical conductivity enhances the ohmic conduction
(eqn (14)), which leads to more charge transfer to the droplet
surface, and in turn, enhances the charge neutralization effect.
Also, note how the Coulomb forces converge towards the positive
side of the fiber (ie., attracting the negatively charged aerosols)
but diverge from the negative side of the fiber (repelling the
negatively charged aerosols). Fig. 7e quantifies the negative effect
of droplet deposition on the performance of the aforementioned
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fiber. This adverse effect was measured relative to the data from
the clean fiber simulations shown as the inset in Fig. 5c. It can be
seen in Fig. 7e that deposition of high-conductivity droplets
severely weakens the performance of the fiber. The performance
reduction seems to be due to the weakened electrostatic forces
(polarization and Coulomb) caused by electrostatic shielding and
charge neutralization. It is worth noting that electrical conductiv-
ity has the most significant impact on the performance of a
droplet-loaded electret fiber. This is confirmed by calculating
the average SFE reduction over the entire range of particles, which
was found to be about 46% for droplets with an electrical
conductivity of 2.67 x 107> S m™" and 60% for droplets with
an electrical conductivity of 5.5 x 107° S m™".

4.3 Wetting properties

The wetting behavior of a fiber is generally characterized by the
contact angle between the parent material of the fiber and the
droplet of interest. Fig. 8a and b show the trajectory of particles
with diameters of d, = 0.2 pm and d, = 1.0 um, respectively,
around a droplet-loaded electret fiber. Two different contact
angles of 65° and 108° are considered for the deposited
droplets. The aerosol particles in Fig. 8a carried a charge of
gp = —1e while those in Fig. 8b carried a charge of g, = 1e. The
fiber dipole was parallel to the airflow direction, the fiber
surface charge density was o; = 25 pC m™ >, and the properties
of the liquid were those of water.

Fig. 8 shows that the negatively charged small particles were
attracted towards the positive side of the fiber but they were
repelled by the negative (back) side of the fiber. Fig. 8b shows
the trajectory of positively charged large particles. Despite their
charge polarity, these particles were also attracted towards the
positive side of the fiber (as well as to some areas of the negative
side). This behavior is due to the fact that large particles are
predominantly affected by the polarization force (which is an
attractive force regardless of the charge polarity of the particles)
while the smaller particles are governed by the Coulomb force (an
attractive or repulsive depending on the charge polarity of the
particles relative to that of the fiber surface)."*'® More interest-
ingly, the deposited droplets repelled the incoming particles, as
seen in Fig. 8a for Young-Laplace contact angles (YLCAs) of 65°
and 108°. This is because the negative side of the fiber creates
positive volumetric charges on the deposited droplets. Similarly,
the positive side of the fiber creates negative volumetric charges
on the droplets. It is also interesting to note that in the case of the
more wettable fiber, i.e., 0 = 65°, the droplets spread more on the
fiber surface and so they receive more induced charges compared
to the case of the less wettable fiber.

Consequently, smaller airborne particles (d, = 0.2 pm and
gp = —1e) experience more repulsion at 0 = 65° compared to 0 =
108° as shown in Fig. 8a. However, larger particles (d, = 1.0 um
and g, = +1e) do not experience a repulsion force because the
polarization force is much stronger than the Coulomb force, as
illustrated in Fig. 8b. The effect of droplet deposition on the
capture efficiency of the fiber is shown in Fig. 8c for both YLCAs
considered. This adverse effect was measured relative to the
data from the clean fiber simulations shown as the inset
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Fig. 8 Aerosol particle trajectories are shown for particles with a diameter
of dp = 0.2 pmand a charge of g, = —lein (a) and for d, = 1pmand g, = le
in (b). The fiber in these figures is loaded with water droplets having
contact angles of 65° and 108° with the fiber. SFE reduction due to the
water droplet loading is shown in (c) which is relative to the data of the
clean fiber shown as the inset in Fig. 5¢ for o; = 25 pC m~2.

in Fig. 5c. As can be seen, fiber’'s YLCA in the range of 65 to
108 degrees seems to play a minor role in particle capture.
Moreover, since common water (water with dissolved impurity)
has a significantly higher conductivity than other common liquids
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and since water has the highest dielectric constant than other
common liquids, deposition of water droplets on an electret fiber
can affect its electrostatic field. Our analysis, illustrated in Fig. 8e
and 6c, indicates that water droplet deposition has a more adverse
effect on fiber performance compared to DOP droplets. This is
because the movement of the volumetric charges from inside the
droplet to the air-liquid interface is greatly enhanced when a
droplet with high electrical conductivity is placed in an external
electric field. Once such a droplet deposits on the fiber, the free
charges at the air-liquid interface spread across the fiber surface,
and since these charges are opposite in polarity to those of the
fiber, the net electric field around the fiber decreases. As a result,
the conductive droplet serves as a pathway for charge dissipation,
thereby reducing the fiber’s electrostatic collection efficiency.
Additional information about the impact of humidity on the
performance of electret filters can be found in ref. 8 and 36.

5 Conclusions

A computational model is developed in this work to study the
effect of liquid droplet deposition on the aerosol capture efficiency
of electrostatically charged fibers, for the first time. The aerosol
particles were assumed to hold an equal number of positive and
negative charges and to have a diameter in the range of 50 to
1000 nm. The droplets (either DOP or water) were assumed to be
one micron in diameter and electrically neutral. The simulations
were used to quantify the impact of droplet deposition on fiber’s
aerosol capture efficiency. Special attention was paid to the role of
droplets’ wetting and electrical properties. Our simulations
revealed that the deposition of such droplets on an electret fiber
tends to decrease its particle capture efficiency. It was also
concluded that droplet’s electrical conductivity (due to severe
charge neutralization) and droplet’s permittivity (via charge
shielding) have the most negative effect on fiber’s efficiency. This
is in contrast to the droplet’s wetting properties that seemed to
have a minimal effect on fiber performance. In addition to
offering insights into the electrohydrodynamic behavior of a
droplet-loaded electret fiber, this paper presents a simulation
framework for the design and optimization of future electret
media for different industrial and environmental applications.
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