S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Separation and Purification Technology 282 (2022) 120049

FI. SEVIER

Contents lists available at ScienceDirect
Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Separation and
Purification
Technology

L)

Check for

Filtering efficiency model that includes the statistical randomness of e

non-woven fiber layers in facemasks

B.T.H. Borgelink » ", A.E. Carchia®"", J.F. Hernandez-Sanchez , D. Caputo ", J.G.

E. Gardeniers >, A. Susarrey-Arce ™

& Mesoscale Chemical Systems, MESA+ Institute, University of Twente, Drienerlolaan 5, 7522 NB Enschede, the Netherlands
b Department Information Engineering, Electronics and Telecommunications, Sapienza University of Rome, via Eudossiana 18, 00184 Rome, Italy
¢ Instituto de Ciencias Aplicadas y Tecnologia, Universidad Nacional Auténoma de México, Circuito Exterior S/N, Ciudad universitaria, 04510, Mexico City

ARTICLE INFO ABSTRACT

Keywords:
COVID-19
Facemasks
Nanodroplets
Filtration efficiency
CFD modeling

Facemasks have become important tools to fight virus spread during the recent COVID-19 pandemic, but their
effectiveness is still under debate. We present a computational model to predict the filtering efficiency of an N95-
facemask, consisting of three non-woven fiber layers with different particle capturing mechanisms. Parameters
such as fiber layer thickness, diameter distribution, and packing density are used to construct two-dimensional
cross-sectional geometries. An essential and novel element is that the polydisperse fibers are positioned randomly
within a simulation domain, and that the simulation is repeated with different random configurations. This
strategy is thought to give a more realistic view of practical facemasks compared to existing analytical models
that mostly assume homogeneous fiber beds of monodisperse fibers. The incompressible Navier-Stokes and
continuity equations are used to solve the velocity field for various droplet-laden air inflow velocities. Droplet
diameters are ranging from 10 nm to 1.0 um, which covers the size range from the SARS-CoV-2 virus to the large
virus-laden airborne droplets. Air inflow velocities varying between 0.1 m's™! to 10 m's ™" are considered, which
are typically encountered during expiratory events like breathing, talking, and coughing. The presented model
elucidates the different capturing efficiencies (i.e., mechanical and electrostatic filtering) of droplets as a function
of their diameter and air inflow velocity. Simulation results are compared to analytical models and particularly
compare well with experimental results from literature. Our numerical approach will be helpful in finding new
directions for anti-viral facemask optimization.

1. Introduction

individuals [3,4]. A schematic representation of the main transmission
route is depicted in Fig. 1, in which the airborne droplets laden with

In late December 2019, an outbreak of a coronavirus strain (SARS-
CoV-2) was reported in Wuhan, China. At the time when this manuscript
was written, the virus has spread worldwide, and the COVID-19 infected
over 190 million people, causing more than 4 million deaths [1]. COVID-
19 is a highly transmissible respiratory disease, and the primary trans-
mission route is through mucosae contact with respiratory droplets
generated when an infected person coughs, sneezes, talks [2], or
breaths. Virus-laden droplets or aerosols having a diameter below 5 pm
are claimed to be relevant for transmission even beyond the recom-
mended social distance because they remain suspended in the air in
indoor environments for hours, during which they may infect

SARS-CoV-2 are color-coded to size. An infected individual generates
airborne droplets on the left, which are inhaled by the person on the
right.

One of the measures to reduce the SARS-CoV-2 virus spreading rate
recommended by health organizations and governments is the use of a
facemask [5,6]. The widespread usage of this protective equipment has
been crucial for epidemic containment both in the first and second
waves of COVID-19 [7-9]. However, controversies addressing people’s
adherence to facemask usage still exist because of the breathing
discomfort and the unclear protection offered.

An open issue is the filtering efficiency of facemasks against nano-
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metric droplets (small-sized droplets in Fig. 1).[10] Recent studies
pointed out that viruses, such as SARS-CoV-2, can be transmitted via
airborne droplets with a diameter ranging from 60 to 300 nm [11].
Existing protective filtration equipment is customarily not tested for
airborne particles smaller than 300 nm. For example, according to the
National Institute for Occupational Safety and Health (NIOSH), N95-
grade facemasks must ensure a 95% capturing efficiency of
300nm-diameter particles, while the pressure drop across the face mask
should be less than 250 Pa, at an air inflow rate of 85 L min~! [12]. A
new standardized test protocol might be required to adequately study
the filtering efficiency of smaller droplets and reduce the spread of the
SARS-CoV-2 virus [10,13].

An N95-facemask (Fig. 2a-b) consists of three layers with different
layer properties, such as layer thickness and morphology. The outer
fibrous layers, 1 and 3 in Fig. 2a-b, stabilize and protect the inner layer.
The inner layer, layer 2 in Fig. 2a-b, consists of thin electret fibers
generating an inhomogeneous electric field between the fibers. This
layer function is two-fold: (i) it acts as a mechanical filter, and (ii) it
deflects droplets through electrostatic interaction and thereby
increasing the filtration efficiency [14-16]. The distinct mechanisms to
capture airborne droplets and fine solid particles suspended in air
(aerosols) are inertial impaction, interception, Brownian diffusion, and
electrostatic interaction. Each of them is schematically depicted in
Fig. 2c.

As a background for our numerical model to analyze the facemask
filtering efficiency, we first give a short review of existing models
developed by others. To analytically describe the fluid flow through a
fiber bed, Kuwabara’s model is often used. In this model, the fiber bed is
represented by a 2D array of monodisperse cylindrical fibers, positioned
randomly but distributed homogeneously. A coaxial periphery around
the fibers is defined at which the airflow around neighboring fibers
causes the vorticity to disappear. In Kuwabara’s model, the packing
density a is defined as the ratio between the cross-sectional surface area
of the fiber and the surface area of the mentioned coaxial periphery. The
flow field between the fiber bed is defined as a function of the packing
density. Inside a fiber bed, a fluid traverses a tortuous path, meaning
that the air velocity between the fibers is higher than the air flowing into
the fiber bed. Kuwabara represented this velocity enhancement as the
inverse of the hydrodynamic factor Ku, defined as Ku = —}1Ina —3 +a 7%
[17]. Because the hydrodynamic factor is a function of the packing
density only, it can also be employed as a measure of the packing density
of a fiber bed.

Large | » Small
[

Large droplet
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A few dimensionless numbers are introduced to characterize the flow
inside the fiber geometry and the droplet capturing mechanisms.
Droplets of diameter d4 suspended in a flow are well advected by the
fluid flow if their characteristic response time is smaller than that of the
fluid. The Stokes number Stk is the ratio between these two character-
Cupydv

18uds ’
droplet density, air inflow velocity, dynamic air viscosity and mean fiber
diameter, respectively [18]. Cu is the Cunningham slip factor, defined as

istic time scales and is calculated as Stk = with py, V, pand d_f the

Cu=1+ i (2.31 +0.942exp( - 0.298%) ), with A the mean free path

of the fluid molecules, which is approximately 67 nm in the air at room
temperature and atmospheric pressure [19,20]. The Stokes drag force,
which is causing the droplets suspended in the air to move, assumes no-
slip of the air molecules at the surface of the droplet. However, if the
droplet size is of the order of the mean free path, air cannot be consid-
ered a continuum anymore. The slip factor assures that the drag force
acting on small droplets can still be calculated [19]. If Stk < 1, the
droplets are well advected by the flow, whereas Stk greater than 1
represents droplets that do not follow the liquid streamlines due to their
inertia. The Reynolds number Re is defined as the ratio between inertial
and viscous forces occurring in the airflow and is calculated as Re =

/"‘TVdf, with p, the density of air moving between the fibers [21]. It is

found that for air flowing through an N95-facemask, Re < 20, meaning
that the airflow is laminar. The ratio between droplets moving by means
of advection and (Brownian) diffusion is characterized by the Péclet
number Pe. For creeping and laminar flows, the Péclet number is defined

_ SnﬂVddd?

as Pe = =, with ky, the Boltzmann constant and T the air tempera-

ture. Droplets that are moving in a diffusive regime are characterized by
Pe < 1 [22]. The Péclet number does not contain the Cunningham slip
factor, because the models presented later correct for the slip effect
differently. For the ease of writing, the ratio between the droplet

diameter and fiber diameter is defined as R, i.e., R = %.
I

The capturing efficiency of a single fiber is defined as the probability
that a droplet moving along a single fiber is captured by making contact
with the fiber. If droplet-laden air moves along the fiber surface, the
droplet path may deviate from the air streamlines due to its inertia.
Inertial impaction relies on such deviations, where droplets impact the
fibers due to their inertia (Fig. 2¢).[16,15,18] Zhu et al. found that the
single fiber capturing efficiency by means of inertial impaction is

Airborne

transmission

transmission
"Anatomy of the lungs and heart" by liverpoolhls is licensed under CC BY-SA 2.0

Fig. 1. Schematic representation of the main transmission routes of the SARS-CoV-2 virus.
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Fig. 2. (a) 2D and (b) 3D schematic drawing of an N95-facemask composed of three layers. (c) 2D-schematic representation of the different capturing mechanisms

considered in this study.

calculated as E; = W&k +%Stk2 [18].

Interception is a mechanism in which the droplet moves along the
streamline surrounding the fiber but still is captured due to its size
(Fig. 2¢).[15,16,20,23-25] The droplets moving in the air are constantly
colliding with surrounding air molecules. As a result, small droplets
move in random paths due to Brownian diffusion and, thereby, could hit
the fiber surface (Fig. 2¢).[15,16,20,23,24] Lee and Liu theoretically
predicted the capturing efficiency by means of both interception and
Brownian diffusion using the Kuwabara flow field and corrected their
models to fit available experimental data [20]. Subsequently, Liu and
Rubow [25] and Payet et al. [24] made refinements to this model to
account for slip effects on droplets of sizes comparable to the mean free
path of air molecules 4, and to restrict the single fiber capturing mech-
anism to not exceed Ep = 1. The single fiber capturing efficiency by
means of interception Ep and diffusion Ep are calculated as Eg =

16( 1| Pe® cp
0.61¢ E Cp and Ep = .

Ku 14R Yy
1+ 16 (ﬁ) Pe Cp

these equations, the constants 0.6 and 1.6 are introduced to fit the model
with experimental data, and Cg and Cp are correction factors to account
for the slip effect and are calculated as Cr =1 +%38‘ and Cp = 1 +

, respectively. [24,25]. In

1/3
0.776 % (%) [24,25]. Because the density of streamlines around
I

the fiber is independent of the air velocity, the single fiber capturing
efficiency by means of interception is also found to be independent of
the flow velocity. Due to Brownian motion of the droplets, they may
change to another streamline closer to the fiber surface. It has

experimentally been shown that the single fiber capturing efficiencies by
means of diffusion and interception enhance each other. Hence, they are
combined as Epg = Ep + Eg.

An electret can be seen as the electric equivalent of a magnet. Its
surface contains either positive or negative bound electric charge. As a
consequence, an electret generates an external electric field. Droplets
moving through an electret fiber bed are exposed to this electric field,
which polarizes them and causes a dielectrophoretic force to act on
them. This force deflects the droplets and drives them towards regions of
a high diverging electric field, thereby capturing them (Fig. 2¢) [24-28].
Batazy et al. [28] adapted the model from Lathrache and Fissan [29-31]
to fit the single fiber collection efficiency by means of dielectrophoresis,

2%
calculated as Ep = 0.21 (ﬂ) 2Cr, - with Cg the electrostatic

Ku ] 142 ac)

Cuq®d? -1
MMy 5 |- In these
37[60;{!1; (l +e,f) Erdt

equations, € is the vacuum permittivity, €. the dielectric constant of

capturing parameter defined as Cp =

the fiber material, €, 4 the dielectric constant of the liquid in the droplets
and q the line charge density of the electret fibers. The electric field
strength around an electret fiber is proportional to the permanent dipole
moment, thus proportional to the bound charge density at the surface of
the fiber. The line charge density is not a physically meaningful quantity
to measure the dipole strength of the electret fibers and often is treated
as a fitting parameter. Reported line charge density values vary between
g =0.06 n.Cm™! to g =34.2 nC m~! [28]. This large spread of three
orders of magnitude is assumed to be caused by different data fitting
protocols and differences in the electret fibers’ permanent dipole
moment.

Facemask filters are made of non-woven fiber webs and are classified
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as depth-filters. Thus, when droplets smaller than the average distance
between fibers are passing through the web, different mechanisms
intervene simultaneously to capture them. Customarily, the depth-
filtration theory is employed to calculate the overall droplet capturing
efficiency E of a fiber bed from the single fiber capturing efficiency
Ef[15,16] This theory assumes that air is flowing perpendicularly to the
fiber surface and not along with the fiber. The single fiber capturing
mechanisms Ej, Epg and Eg discussed in the introduction are assumed to
act independently on the droplet, i.e. these capturing mechanisms do not
enhance or reduce the efficiency due to another capturing mechanism.
Based on this assumption, the single fiber capturing efficiency Ey is
calculated as E; = 1—][;(1 —E;), with Ej the corresponding relative is
capturing efficiency of each capturing mechanism, which are Ej, Epg and
Ep.[15,16] The overall capturing efficiency E of a fiber bed consisting of
—4aEsL

parallel fibers is calculated as E =1—exp (W
mdf(l—a

) .[15,16,32]

Although the formal derivation can be found in Davies, [32] an intuitive
understanding of this equation is given here. Consider a droplet con-
centration difference between the front and back sides of the facemask.
The chance that a droplet collides onto a single fiber rather than passes it
is proportional to the cross-sectional area of the fiber. In terms of the
packing density, this surface is proportional to ;%‘ The larger the

thickness L of the fiber bed, the higher the probability a droplet gets
captured by the fiber. The increase of the air velocity inside the fiber
bed, because of the tortuous path it has to take, scales inversely with
1 —a. This factor is taken into account, as a higher flow velocity inside
the fiber bed results in a larger droplet flux towards a single fiber. Hence,
the exponent scales as ﬁ, too.

Lee and Liu realized that different capturing mechanisms do not act
independently and combined the single fiber capturing mechanisms
through diffusion and interception [20]. In reality, different capturing
mechanisms will act cooperatively and enhance the capturing efficiency.
Most of the reported models are only reasonably accurate for a specific
set of conditions such as droplet diameter, flow velocity, or dielectric
constant of the droplets. Furthermore, in a real fiber bed with randomly
distributed polydisperse fibers, fibers can be located close to each other
or touch and cross each other. Thus, the calculation of the capturing
efficiency by means of the depth filtration theory is not only an elabo-
rative task, its accuracy can be unsatisfactory.

In the design and optimization process of multi-layered filters,
computer modeling is a very powerful tool [33]. A model that predicts
the capturing efficiency of a fiber bed for different-sized droplets as a
function of the air inflow velocity reduces the necessity of performing
tedious and expensive measurements to determine the facemask per-
formance. The electric field and airflow field simulation between the
fibers and the droplet trajectories through the fibrous layers offer an
excellent method to study mechanical and electrostatic filtration
mechanisms. This allows a quantitative and qualitative understanding of
the filtration process, and in our view, is more intuitive than existing
analytical models. Furthermore, and in our view very relevant for
practical implementation, a numerical model allows straightforward
randomization of the fiber diameter and location of the fibers, thereby
producing statistical data with increased reliability, because it takes into
account the variability in real facemasks, which occurs due to the mask-
to-mask variation in the production process, and due to the variation in
mask position and configuration during wearing.

In our work, a 2D computational model has been developed using
COMSOL Multiphysics® to predict the filtering efficiency of each layer
of an N95-facemask (Fig. 2a-b). For each layer of such facemask, fibers,
with a polydispersity corresponding to measured values, are randomly
placed inside the simulation domain, where neighboring fibers are
allowed to touch each other. In this way, the simulation domain be-
comes more realistic than the fiber geometry considered by, for
example, Kuwabara. Simulations were repeated for different

Separation and Purification Technology 282 (2022) 120049

randomized domains, which allows statistical analysis of the simulation
results. The capturing efficiency of an N95-facemask is studied by
varying the droplet diameter from 10 nm to 1.0 pym for air inlet velocities
varying from 0.1 m s ™! to 10 m s~1. The simulated capturing efficiencies
are compared to predictions made by the analytical models reviewed
above and to experimental results found in literature.

2. Methodology

The 2D filter geometry is generated using the software MATLAB
R2018b® and SolidWorks 2019®. A MATLAB script based on an existing
function [34] is used to generate random diameter fibers and position
them inside a 2D domain with a fixed domain height of 1 mm. To
reproduce the actual morphology of the different layers of an N95-grade
facemask, the script generates a geometry according to the thickness L,
packing density @, and fiber diameter distribution d; + o4 of each layer.
The layer properties, taken from Batazy et al., are listed in Table 1. These
data were chosen because of the care taken by the authors to obtain
statistically relevant measurement data and the availability of filter
details, furthermore the data are quite representative for other work
reported in literature (see e.g. the collected data in Davies [35] and
Cheng et al. [36]). In the script, the packing density is defined as the
ratio of the surface area occupied by fibers and the total surface area of
the simulation geometry, as observed in a 2D projection of parallel fi-
bers, see the example geometry in Fig. 3. This data is exported to Sol-
idWorks using a macro, and the produced drawing is saved and exported
to COMSOL Multiphysics 5.4, serving as the simulation geometry.

The model implemented in COMSOL Multiphysics is time-dependent
and two-dimensional. For all simulations, the Reynolds number is found
to be lower than 20, meaning that the assumption of laminar flow
through the medium is correct. Hence, the flow is modeled using the
incompressible Navier-Stokes and continuity equations which are solved
using a linear piecewise interpolation method. Furthermore, the air is
assumed to be a continuous medium for all droplet sizes. Particle
tracking is implemented to simulate the forces acting on the droplets and
to track the droplet position. The electrostatics module is used to model
the electric field generated by electret fibers and allows the simulation of
the dielectrophoretic force acting on the droplets. An example geometry
of layer 3 of an N95-facemask is depicted in Fig. 3. The gray circles and
the white rectangular area represent the polypropylene fiber domain
and air domain, respectively. The arrows with accessory numbers point
at boundaries on which different boundary conditions are applied.

The normal inflow (of air) boundary condition is set on boundary 1,
and the velocity is varied between 0.1 m s~ and 10 m s, thereby
matching the air inflow velocity of different expiratory events, such as
breathing, talking, and coughing.[37,38] At this boundary, a fixed
amount of 2-dimensional droplets is introduced with a diameter ranging
from 10 nm to 1 pm. This diameter range is chosen because it spans the
typical size of the SARS-CoV-2 virus up to the large virus-laden airborne
droplets [39-42]. On boundary 2, a symmetry boundary condition is
applied, meaning that the air and droplets can only escape at boundary
3, where an outlet boundary condition is applied. This outlet boundary
condition fixes the pressure and also freezes the droplets, allowing the
Navier-Stokes equations to be solved and the capturing efficiency to be
evaluated. At the edge of each fiber, such as boundary 4, the no-slip

Table 1
Properties of the three fibrous layers of a N95-grade facemask. Data are taken
from Batazy et al.[28] (“Respirator A”, see their Table 1).

Layer ThicknessL + 61, (mm)  Packing Fiber

number k density a diameterd; + o47(um)
1 (External) 0.31 + 0.05 0.165 39.49 +1.80

2 (Middle) 1.77 £ 0.12 0.069 7.84 + 2.00

3 (Internal) 1.05 £ 0.16 0.200 40.88 + 2.26
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Fig. 3. An example of a simulation geometry of layer 3 of an N95-facemask.
The gray circles depict the fibers’ cross-section, and the white area depicts
the air domain in between the fibers. The numbers with arrows point at
boundaries where certain boundary conditions are applied. The height of the
simulation geometry is set to 1 mm, whereas the thickness L is set according to
the specifications of each fibrous layer. The packing density is defined as the
total gray area divided by the area of the simulation geometry (see text).

condition guarantees no net air velocity. Droplets contacting the fiber
edge become instantly static, thereby mimicking the capture of the
droplet by a fiber.

Electret fibers are treated as a linear dielectric with a net permanent
polarization that is directed upstream for all fibers in the geometry.
Because in literature there is no consensus about the polarization density
o of electret fibers, this parameter is assumed to be of the order of
1.10~*Cm~2. The physical parameters of the fibers, air and droplets used
in the model are listed in Table 2, in which the liquid parameters
correspond to the properties of human saliva, and the temperature of the
air is set to the average temperature of air exhaled by humans.

The geometry is discretized using a free triangular mesh and is
refined at the air-fiber interface using the boundary layer node. A mesh
convergence study has been performed to ensure that the mesh has a
sufficient spatial resolution to solve the differential equations and
simulate the droplet capturing process. A default stationary solver cal-
culates the pressure distribution, velocity field, and electrostatic field in
the air domain. These solutions are subsequently used in a default time-
dependent study to uni-directionally solve the droplet trajectories by
calculating the Stokes drag and the dielectrophoretic and Brownian

Table 2

Relevant physical parameters used in this work.
Droplet density[43,44] 993kgm™>
Droplet dynamic viscosity[45,46] 1.69+10 > Pas
Droplet surface tension[46] 65.7.10*Nm™!
Dielectric constant of the droplets[47] 75
Air temperature[43,48] 34°C
Air dynamic viscosity[43] 1.9¢10 % Pas
Air density[43] 9.8¢10 'kgm 3
Dielectric constant of air 1.0
Electrical conductivity of air 8¢1071°Sm™!
Polypropylene density 912kgm3
Dielectric constant of Polypropylene[49] 2.3
Polarization density of Polypropylene 1.107*Cm—2
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forces acting on the droplets.

Using a randomized simulation geometry for each of the three layers
on an N95-facemask, the filtering efficiency of each layer is analyzed
separately. Every time a simulation is ran, a new random simulation
domain is generated by the Matlab script, i.e. the fiber’s size and posi-
tion are randomized. To obtain statistically meaningful simulation re-
sults, this process is repeated n, times and the results are averaged. The
normal inflow velocity of air is fixed to determine the minimum number
of simulations to assure statistically meaningful results. The minimum
number of simulations is reached once the mean pressure drop across a
filtering layer reaches a plateau.

The filtration efficiency of each layer k has been calculated for
different inlet velocities and a range of droplet diameters, for each
randomized filtering medium. The filtering efficiency Ej of layer k is
calculated as Ex = 1 —’%, with nj; the number of droplets at the inlet
(boundary 1 in Fig. 3) and ny, the number of droplets reaching the outlet
(boundary 3 in Fig. 3). Another parameter used to quantify the filtering
performance is the particle penetration Py, which is defined as
P =1—F; =" [15,16].

The average X and standard deviation 6x (where X is E or P) for each

o 2
layer k are calculated as X = ;> ", X;and oxx = Zlﬂn(s%x‘), with X;
the value of X obtained from simulation i. The total particle penetration
P of the N95-facemask is calculated as P = [[;_,P, and the total
capturing efficiency as E = 1 —P. The standard deviation of the total

capturing efficiency E and P are calculated as
2 2 2

D O] [ [

() () + (%)

3. Results and discussion.

O = Op =

3.1. Filtering efficiency — No electret-based filter

The filtering efficiency of the different layers of an N95-grade face-
mask is analyzed first without considering the electrostatic interaction
between the fibers and droplets. Using our model and analysis method,
the mean and standard deviation of the capturing efficiency of each
layer k are determined. These values are compared to the results that we
obtained by the depth-filtration theory described in the introduction.
Fig. 4 shows the capturing efficiencies Ej for all three layers as a function
of the droplet diameter d, for three different air inflow velocities V. The
modeled capturing efficiency Ey shows the same trend as that predicted
by the depth-filtration theory but fits only for the intermediate droplet
sizes and low flow velocities. Presumably, discrepancies arise because
the depth-filtration theory assumes homogeneously distributed and
monodisperse fibers and considers each capturing mechanism to act
independently on the droplets, whereas our numerical model takes
randomness into account in a statistical manner. Unfortunately there are
no experimental data available of individual layers to verify the data in
this figure.

Compared to layers 1 and 3, the capturing efficiency of layer 2 is
higher for the considered range of droplet diameters and flow velocities.
This is due to the fact that the overall capturing efficiency of a layer

: : 4al
scales exponentially with the factor pe e

the single fiber capturing efficiency in all three layers is equal, and
taking the numbers given in Table 1, it follows that for layer 2 this factor
is approximately 2.6 and 10.8 times larger than that for layers 3 and 1,
respectively. On top of this, layer 2 contains the smallest fibers and
therefore the curvature of the air streamlines in the vicinity of the fibers
is larger than in the other layers, meaning that droplets of all sizes are
captured more efficiently by means of interception. This effect is also
predicted by Lee and Liu, and others, who derived that this capturing
mechanism scales with the droplet to fiber diameter ratio.[20,25]

For the smallest droplets, which have a low inertia, capturing by

(see above). Assuming that
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Fig. 4. Capturing efficiency Ej for a normal inflow velocity of (a) 0.1 m s’l, (b)1.0ms 'and (c) 10 m s’l, as a function of the droplet diameter dy. The solid lines
represent the capturing efficiency calculated according to the depth-filtration theory explained in the introduction. The error bars show the standard deviation of the
determined capturing efficiency Ej at each point in the graph, which are derived from the repeated randomization process described in Methodology.

inertial impaction and interception is less likely. Although it is assumed
that the predominant capturing mechanism for small droplets occurs by
means of diffusion, the work from Lee and Liu, [20] and others[24,25]
suggests that diffusion-enhanced interception is likely to happen as well.
At higher airflow rates, droplets are advected by the airflow rather than
that they traverse a diffusive path.[15,16] This phenomenon is observed
in Fig. 4, in which the capturing efficiency of small droplets for all three
different layers decreases for increasing flow rate. This effect can also be
understood as follows: for large Péclet numbers, the single fiber

capturing efficiency by means of diffusion scales approximately as V-5,
The fiber diameter in layer 2 is approximately a factor of 5 smaller than
that in layers 1 and 3 (Table 1). Therefore, the Péclet number for layer 2
is a factor of 5 larger. Even though the packing density of layer 2 is the
lowest, the single fiber capturing efficiency by means of diffusion is the
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highest for fibers in layer 2 (Fig. 4). Because the fiber diameter in layers
1 and 3 are approximately equal, the Péclet numbers in these layers are
approximately equal too. As a result, the single fiber capturing efficiency
through diffusion and interception is approximately equal in layers 1
and 3. Layer 3 has a somewhat higher filtering efficiency, mainly
because its layer thickness is approximately 3 times that of layer 1.
For larger droplet sizes and all air inflow velocities V, the capturing
efficiency in all three layers increases. Furthermore, at higher flow ve-
locities, the efficiency rise occurs at smaller droplet sizes. This phe-
nomenon is due to the increase of the capturing efficiency by means of
inertial impaction. Because the fibers in layer 2 are approximately 5
times smaller in diameter compared to the fibers in layers 1 and 3, the
Stokes number of the droplets moving in layer 2 is approximately 5
times larger than in the other two layers. Therefore, the single fiber

Particle penetration P (%)

PN
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Fig. 5. The total capturing efficiency E (a) and particle penetration P (b) for the three mask layers in series, plotted as a function of the droplet diameter d; and for
different normal inflow velocities. The error bars for our simulation results denote the standard deviation calculated from the simulations for different randomized
fiber configurations, as described in Methodology. The solid lines depict the calculated data obtained using the depth-filtration theory. The solid lines are data

obtained by the depth-filtration theory.
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capturing efficiency by means of inertial impaction is higher in layer 2.
This effect is explained in the work of Zhu et al., where the single fiber
capturing efficiency by means of inertial impaction scales quadratically
and linearly with the Stokes number.[18] Although the packing density
in layer 2 is approximately 3 times lower than that in the other two
layers, the much higher Stokes number assures that inertial impaction is
more effective in layer 2.

In Fig. 5, the total capturing efficiency E and particle penetration P of
the N95-grade facemask is plotted as a function of droplet diameter dyq
for different flow velocities V. The minimum in the capturing efficiency
observed for each layer Ej (Fig. 4) and therewith the minimum of the
total capturing efficiency E (Fig. 5a) decreases with increasing flow
velocity. Furthermore, the minimum is found for intermediate droplet
sizes, and shifts to smaller droplet sizes for increasing flow velocity. As
discussed above, this shift is understood because the single fiber
capturing efficiency by means of inertial impaction increases,[18]
whereas the single fiber capturing efficiency by means of diffusion de-
creases at higher flow velocities.[20] These effects therefore dominate
the most penetrating particle size (MPPS). At a flow velocity V =
0.1ms™!, the particle penetration P of droplets with radius dq = 0.3um is
above 80% (Fig. 5b), demonstrating the important finding that mask
filters relying only on mechanical filtering do not conform to the N95
standard set by the NIOSH.[12,28]

3.2. Filtering efficiency — Electret-based filter (N95-grade facemask)

The simulations are repeated, this time treating the fibers in the
second layer as electrets. The droplets are assumed to be uncharged,
therefore only mechanical capturing and capturing by means of die-
lectrophoresis is considered. Fig. 6b shows the electret-including
capturing efficiency E; as a function of the droplet diameter d; and air
inflow velocity V. For comparison, the capturing efficiency without
electrostatic interaction is re-plotted in Fig. 6a. The increase of the
filtering efficiency due to the electrostatic capturing mechanism is
evident, as the filtration efficiency for all droplet diameters and airflow
velocities is increased. In particular, droplets with sizes that are not
filtered effectively by means of diffusion and interception are filtered
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rather efficiently due to the electrostatic interaction. At low air inflow
velocities, the advected droplets have lower kinetic energy, and thus the
droplets are easier deflected by the dielectrophoretic force. Therefore,
filtering by electret fibers (Fig. 6b) is more efficient for low air velocities.
These effects are also predicted by Lathrache and Fissan, [29-31]. who
derived that the capturing efficiency by means of electrostatic interac-
tion scales nonlinearly with the droplet diameter d4 and air inflow ve-
locity V.

The deviation between the results of depth-filtration theory
(including the electret effect calculated as explained in the introduction)
and our simulated capturing efficiency E, becomes larger once the fibers
are treated as electrets. In a fiber bed with randomly positioned electret
fibers, the electric field generated by a single electret fiber is altered in a
non-linear manner by neighboring electret fibers. This effect changes the
single electrostatic fiber capturing efficiency. However, such an effect
cannot be included in a straightforward way in depth-filtration theory
and therefore it is concluded that the mentioned increased deviation is
mainly due to inadequate theoretical description of the single fiber
capturing efficiency utilizing dielectrophoresis. More complex models
are needed, which until now are scarce in literature. Only recently, the
first attempt in this direction has been published [50].

The total capturing efficiency E and particle penetration P of an N95-
grade facemask are computed, with the results shown in Fig. 7a and
Fig. 7b, respectively. It is evident that the electrostatic interaction is
essential for a high droplet capturing efficiency. For example, the min-
imum capturing efficiency of the simulated N95-facemask filter is 93%
at an air inflow velocity of V = 0.1ms™!, whereas this minimum without
the electrostatic interaction reaches only 15% (Fig. 5a). At this air ve-
locity, the MPPS shifts from approximately dj = 0.3um tod; = 0.05um,
also indicating the importance of the electret fiber web [10] to filter
smaller aerosols and therewith reduce the spreading rate of respiratory
viruses like SARS-CoV-2.

3.3. Filtering efficiency N95-grade facemask — Model vs. experiments.

Lastly, we compared the particle penetration predicted by our model
with the experimental data reproduced from Batazy et al. [28] These
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Fig. 6. The capturing efficiency E, plotted as a function of the droplet diameter d for various airflow velocities for layer 2. In (a), the fiber web consists of non-
electret fibers (i.e., this figure compiles the red lines and points of the graphs in Fig. 4), whereas in (b), the fibers are considered as electrets. The error bars
represent the calculated standard deviation from our series of randomized simulations (see Methodology). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 7. In (a) the simulated and theoretically predicted capturing efficiency E and in (b) particle penetration P of an N95-grade facemask, plotted as a function of the

droplet diameter d; for different air inflow velocities.V.

authors measured the penetration of uncharged NaCl particles with di-
ameters dq ranging from 10 nm to 0.6 pm, under a volumetric air inflow
rate of 85 L min~!, which corresponds to a normal average air inflow
velocity V ~ 0.13ms ! [28]. The experiments proved that an N95-grade
facemask could exceed the 5% particle penetration threshold, even
when the facemask seals perfectly to the wearers’ face. Above we have
already explained the reasons to choose these data, which we consider
representative for the state of the art of N95-grade masks. In Fig. 8,
Batazy et al.’s experimentally obtained particle penetration data is
reproduced and plotted together with our simulation results. The slight
difference between the normal air inflow velocities in our simulations
0.1ms bHand experiments (0.13 m s 1) is considered negligible. It can

40 : —_—

be observed that our model with the statistical analysis method predicts
the overall particle penetration quite accurately, with a slight over-
estimation around the maximum particle penetration. Because the MPPS
reduces from dg = 0.3um to dq = 0.05um due to droplet caputuring by
means of dielectrophoresis, it is expected that our model underrated this
effect. The model from Lathrache and Fissan used to calculate the single
fiber capturing efficiency by means of dielectrophoresis scales with the
square of the line charge density [29-31]. Hence, it is expected that our
model scales with the square of the product of the fiber diameter and
polarization density. These observations makes us confident that the
estimated polarization density P = 1+10~*Cm~? is in the right range, and
that the fiber diameter is correctly randomized.
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Fig. 8. Numerically predicted particle penetration (for an air inflow velocity of V = 0.1ms™!) plotted together with the experimentally obtained particle penetration
(at an air inflow velocity of V = 0.13ms™!) reproduced from Batazy et al. (“Respirator A”).[28]



B.T.H. Borgelink et al.

The model predicts that the particle penetration in N95-grade face-
masks exceeds the 5% threshold for droplets with a diameter smaller
than 300 nm. Note that this is not covered by the N95 grade, which
specifies the 5% threshold at 300 nm. It is not yet clear how significant
these small droplets contribute to the transmission of respiratory vi-
ruses. It has been argued by Mao et al. that, although the viral concen-
trations in small droplets are not precisely known, it seems likely that
smaller droplets have a relatively small viral load [51]. Thus, even if
there might be a larger amount of smaller droplets, their total volume is
smaller than that of larger droplets, which might render them less in-
fectious. On the other hand, the same authors also mention that smaller
droplets penetrate deeper into the lungs, which would imply a higher
probability of infecting an individual. Furthermore, our results in e.g.
Fig. 7b show that even with the electret functionality, the N95 facemask
is ineffective in capturing the smaller particles at air velocities of 1.0 m
s™!, which are the conditions during speaking, i.e. normal human
interaction. This indicates that the relevance of the droplets in the
smallest size range should perhaps not be underestimated.

To conclude, we think that a model as presented by us is accurate and
reliable enough to predict, with limited computing effort, the different
contributions to the filtering efficiency of facemasks for aerosol droplets
with different diameters and different air velocities. In this way, it will
be very helpful in the design of improved multilayer filters with a spe-
cific particle capturing window.

4. Conclusions

In this work, existing analytical models to predict the single fiber
capturing efficiency due to different capturing mechanisms were
reviewed. The essential capturing mechanisms, being interception, in-
ertial impaction, Brownian diffusion, and dielectrophoresis, were
included in a 2D computational model to simulate the capturing effi-
ciency of the individual layers as well as the total capturing efficiency of
a 3-layer N95-grade facemask. The model represents the fibrous layers
as parallel cylindrical fibers with randomly distributed fiber diameter
and position, and design parameters such as packing density, layer
thickness, and fiber diameter and its distribution reported in the liter-
ature were used to reproduce a real N95-grade filter morphology and
dimensions. The essential contribution of the electret functionality of
the center mask layer clearly stands out, especially for filtering in the
smaller range of droplets. The simulation results were compared with
the predictions of depth filtration theory, commonly used in literature.
Good correspondence is found between the simulated capturing effi-
ciency and experimental particle capturing data from literature.

Our simulations also reveal that an N95-grade facemask does not
adequately filter nanometric droplets. If droplets smaller than 300 nm
turn out to be important to combat the spread of airborne diseases such
as COVID-19, new facemask designs will be required. Designs with
increasing filtering efficiency have been reported, such as filters con-
sisting of nanofibers rather than microfibers.[11,52,53,54] Although a
nanofiber web can assure a high filtering efficiency, it significantly in-
creases the air resistance, which reduces the wearing comfort of such a
mask. Furthermore, such nanofiber web clogs sooner, thereby also
rapidly increasing the air resistance. Multilayer filters, analogous to
NO95-grade facemasks with an interlayer spacing, are proposed to reduce
the pressure drop across the filters [52]. It is envisioned that the mini-
mum capturing efficiency could be increased, and the MPPS could be
reduced by adding another electret fiber layer, changing the
morphology or layer thickness of the electret fiber web of an N95-grade
facemask. Electret fibers with a larger polarization density increase the
electric field strength and enhance the electrostatic capturing efficiency
[55]. The presented model and analysis method will help studies to-
wards a more effective aerosol filter for a desired diameter range and air
inflow velocity.
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