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Abstract Fibrous filter media with reticular support
structure and tortuous pore channels have been widely
used in filtration fields. Most of these filter media
contain multiple types of fibers such as wood pulp
fibers, glass fibers or synthetic fibers with a broad
range of diameters to meet the requirements of
filtration and strength performance. Some fibers in
the filter media, e.g. cellulose fibers, have complex and
irregular shapes such as hollow structure. It is
necessary to generate a more realistic filter media
model based on the actual properties of fibers. In this
work, fibrous filter media with complex microstruc-
ture were investigated by simulation method. SEM
(scanning electron microscope) and fiber analyzer
were used to obtain the physical characteristics of fiber
such as diameter, wall thickness, length Gaussian
distributions, and cross-section shape. Based on these
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experimental data, a database containing several
common fiber models was created. 3-D fibrous models
corresponding to the real wet-laid binderless filter
media were generated. Average pore size, permeabil-
ity and collection efficiency simulations were carried
out using the modules of the GeoDict code. The
simulated results were close to the experimental data.
With the work of this study, it was found that smaller
diameter PET fibers in the filter media led to a lower
average pore size, lower permeability and a better
collection performance. When the diameter of PET
fibers was < 5.54 pm, the change in fiber diameter has
a great impact on the performance. When the diameter
of PET fibers was larger than 12.40 pm, it has less
effect on the performance.
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Introduction

As a well-established effective method to reduce air
pollution, filtration using fibrous filter media with
reticular support structure and tortuous pore channels
that allow airflow to pass through while effectively
trapping particles has been widely used in engine
industry (Sun et al. 2018), commercial and residential
heating and air conditioning (HVAC) systems, clean
rooms, personal protection and industrial chemical
processing applications. The most common fibers in
air filtration include polypropylene (PP), polyester
(PET), glass and cellulose. As a low cost and
environmentally green material (Jonoobi et al.
2015), cellulose fibers not only provide bulk, perme-
ability and mechanical strength for filter media, but
also act as a support structure for the media such as
melt-blown and electrospun media which are gener-
ally too thin and weak to own structural integrity
(Hutten 2016). Cellulose fibers are usually used in
combination with other fibers such as synthetic fibers
or glass fibers to meet the stringent requirements of
filtration and strength performance. Therefore, the
knowledge of the performance of fibrous filter media
containing multiple types of fibers used in air filtration
fields is particularly important.

The theories involved in aerosol filtration with
fibrous media are mostly concerned with flow-through
porous media and particle filtration. In early research,
Davies (1973) simplified the fibrous filter media into
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single or isolated fibers and offered the single fiber
theory to describe the filtration of aerosol particles
from an air stream. Kuwabara (1959) and Happel
(1959) cell model considered the effects of adjacent
fibers and assumed filter media as arrays of randomly
distributed parallel circular cylinders. However, these
theories and prediction models relied on empirically
fitted parameters from assumed conditions. Due to the
wide range of operating conditions as well as media
type and aerosol characteristics (Zhang et al. 2019),
the prediction theories remain hardly achievable.
Numerical studies consisting of generating fibrous
filter models together with solving general field
equations (mass, momentum, energy balance) have
been powerful tools to predict the performance of
fibrous filter media. The 2-D microstructural model
had been introduced for paper-based materials imple-
mented with SEM analysis (Jiang et al. 2018). Chang
et al. (2006) carried out series of simulations of
particle collection process on 2-D filter models of
cylindrical fibers. The 2-D filter model could clearly
present the effect of particle capture mechanisms and
deposition morphology of particles, but still could not
accurately describe the 3-D network structure of actual
filter media. Therefore, some scholars developed the
virtual 3-D filter media for the filtration simulation.
The generation of 3-D filter media model can be
classified into two categories. One is to reconstruct the
3-D microstructure based on the parameters such as
fiber diameter, fiber length, fiber orientation and
porosity of fibrous filter media as input data. The
influence of these parameters on the performance of
filter media had been investigated (Fotovati et al.
2010a, b; Wang et al. 2007; Hosseini and Tafreshi
2010). However, almost all of these studies assumed
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the fibers in the virtual 3-D structure as straight
cylinders. Moreover, the microstructures of filter
media in these studies were simple, and the fibers
were usually monodispersed or bimodally dispersed
(Fotovati et al. 2010a, b). The other way to reconstruct
a 3-D filter media model is by converting the 3-D
image data of real filter media from X-ray microto-
mography (Gervais et al. 2015, 2017), FIB/SEM-scan
(Aslannejad et al. 2017) or digital volumetric imaging
(DVI) (Jaganathan et al. 2008), etc. into 3-D media
models. The advantage of these methods is that
realistic filter geometries can be simulated, but there
are still some problems. First, there is a conflict
between the spatial resolution and the field size, since
high resolution means small spatial domain size.
Second, the uniqueness of each filter makes it difficult
to parameterize or characterize the reconstruction of
filter media, and each individual reconstruction is
difficult to obtain (Yang et al. 2018). Third, if a filter
medium is composed of several kinds of fibers with
similar X-ray absorption contrast, it is difficult to
distinguish each fiber and parameterize the fiber by
image processing. For example, it is difficult to
determine the parameters of each fiber like density,
Hamaker constant, etc.

In this work, we developed a method to reconstruct
the 3-D fibrous structures of the actual composite filter
media containing multiple types of cellulose fibers and
polyester fibers. The generation of the virtual 3-D
fibrous structures corresponding to above composite
filter media was divided into two steps. Firstly, SEM
and fiber analyzer were used to obtain the physical
characteristics of fibers. Based on these experimental
values, a database containing parameters of several
common fiber models was created. Then the macro-
scopic parameters of filter media models such as
domain size, basis weight, fiber percentage, voxel
length were determined according to the experiment
data. The measured results such as average pore size,
permeability and filtration efficiency were compared
with the simulated results using the modules of
Geodict code. Based on this work, we can continue
to increase the number of types of fiber raw materials
in the database, which can help to develop high
performance filter media from plenty of fiber combi-
nations and internal structure designs for different
application.

Experiment
Materials and samples preparation

In air filtration, synthetic fibers and cellulose fibers are
most commonly used to manufacture filter media. In
this study, five binderless fibrous filter media, made of
three types of cellulose fibers and five different
polyester (PET) fibers, were prepared by the wet-laid
process. The filter media was designed according to
the commercial filter medias provided by Fibrway
company (Guangzhou, China). In each filter medium,
the cellulose fibers were the same, while the PET
fibers were with diameters of 2.9 um, 5.5 pm, 8.5 pm,
10.9 um, 17.4 um, respectively. The mass ratio of
cellulose fiber to PET fiber is 95:5, and the basic
weight of each filter medium is 100 g/m?. The surface
morphologies of the fibrous filter media are charac-
terized by scanning electron microscope (G2 Pro Y,
Phenom-World, Netherlands). As seen in Fig. 1, while
the cellulose fibers were irregular in shape, the PET
fiber had regular morphology. These fibers oriented
randomly to form a fiber-web structure, which could
serve as a channel for the air flow and capture particles
with several coupled filtration mechanisms.

Fiber characterization

Unlike synthetic fibers, the cellulose fibers usually
have complicated and irregular shapes, and the cross-
section shape of wood pulp fiber is approximately
elliptical with a hollow structure. Therefore, it is not
practical to simply assume cellulose fibers in the filter
media as straight cylinders.

In this study, the size distributions of fiber diameter
and wall thickness of three wood pulp fibers were
determined by measuring 30 fibers in a SEM image via
image analysis software Image-Pro. The fiber analyzer
(FS 300, Metso, Finland) was used to determine the
fiber length, curl and coarseness by analyzing the fiber
suspension. Then the fiber density can be derived by
Eq. (1).

_ C
7'Edf]df2

where Py is fiber density; C is the fiber coarseness,
which is the mass per unit length; dp is the major
diameter of the elliptical cross-section of fiber; dj, is
the minor diameter of the elliptical cross section of the
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Fig. 1 SEM images of filter media containing PET fibers with different diameters

fiber. Table 1 summarizes the morphological param-
eters of fibers constituting the filter media. The
parameters of cellulose fibers are determined by above
methods, and the parameters of PET fibers are
provided by the manufacturer.

Filter media characterization

The thickness and basis weight of PET fibrous filter
media is summarized in Table 2. The thickness is
defined as the vertical surface-to-surface distance of
filter media, which has a certain influence on the air

Table 2 Fibrous filter media composed of PET fibers with
different diameters

#1 #2 #3 #4 #5

PET diameter (pm) 17.4 10.9 8.5 5.5 2.9
Thickness (ptm) 600 633 692 751 768
Basis weight (z/m?) 100 100 100 100 100

permeability and filtration performance. In this study,
the average thickness of fibrous filter media was
measured using a handheld thickness gauge (YG 142,

Table 1 Morphological

Parameter Cellulose 1 Cellulose 2 Cellulose 3 PET

parameters of different

fibers Major diameter (pm) 3287 +£5.9 26.8 + 4.3 154+25 -
Minor diameter (pm) 13.36 £ 2.9 9.57 £ 29 14 £ 5.1 -
Wall thickness (pum) 480 £ 1 5.00 £ 1 9.00 £ 1 -
Length (mm) 880 2000 880 5000
Density (g/m”) 14 13 1.01 1.38
Curl (%) 15.4% 9.7% 19.1% 0
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Ningbo Textile instrument Factory, China) in accor-
dance with the method of TAPPI T411-76.

Pore size measurement

A capillary flow porometer (GFP-1100-A, PMI, USA)
based on liquid extrusion technique was used to
determine the mean pore sizes, and porewick ™ was
used as the test liquid. Pore size measurement assumes
cylindrical capillaries through the medium, and the
mean flow pore size is the pore diameter at which the
flow through a wetted medium is 50% of the flow
through the dry medium at the same pressure drop.

Filtration performance determination

Air permeability of fibrous filter media is the measured
airflow through a specified area of filter media at a
specified pressure drop. In this study, the permeability
of filter media was determined with an automatic air
permeability tester (FX 3300, TEXTtest, Switzer-
land), and the specified pressure drop was 200 Pa. The
airflow of the instrument measured is based on Eq. (2)
(Whitaker 1986).

Vo = — E% (2)

uw L

where vy is the airflow velocity; Ap is the pressure
drop; k is permeability constant; p is the viscosity of
air; L is the thickness of filter media.

An automated filter media penetration tester (8130,
TSI, USA) was employed to evaluate the filtration
efficiency of fibrous filter media. The test flow velocity
was 5.34 cm/s, and the test particles were sodium
chloride aerosols. As seen in Fig. 2, solid sodium
chloride particles were generated by the aerosol
generator, supplied with compressed, dry and filtered
air and with a 2% solution of NaCl. The generated
particles were dried in a dryer chamber and then flew
through a neutralizer to reach Boltzmann Charge
Equilibrium. The filter media were fixed in a circular
sample fixture with test area of 100 cm?. The air-
particle flow entering into the tester was regulated by
the mass flowmeter. Two photometers were used to
measure the amount of NaCl particles upstream and
downstream by light scattering. Counting filtration
efficiency was expressed by the percentage of con-
taminant removal as in Eq. (3).

E—1— Ndown (3)
Ny

where Ny, and N,, were the downstream and
upstream concentration of particles, respectively.

Numerical simulations

The simulation tool GeoDict (Math2Market, Ger-
many) was used in this part to simulate the filtration
performance of the fibrous filter media. GeoDict was a
voxel-based highly integrated software package for
material modeling, visualization and property
analysis.

Creation of virtual fibrous filter media

PaperGeo module of GeoDict dedicated to generating
paper models was used to create the virtual fibrous
filter media. As shown in Fig. 3, the creation process
was divided into two steps. The fiber models which
can represent the real fibers were created, and then the
macroscopic parameters of filter media models such as
domain size, basis weight, fiber percentage by weight
and voxel length were determined. In this study, it was
assumed that the fibers in the filter media models were
isotropically distributed on the X-Y plane and
uniformly laid down in the z-direction. The PET
fibers of filter media were assumed to be straight. The
voxel numbers in the Z direction were configured
according to the thickness of real filter media, basis
weight of filter media models and the fiber percentage
by weight. The cross-section image of real fibrous
filter media and virtual structure was showed in Fig. 4.
The green, yellow, red, purple objects in the virtual
structure were Cellulose 1, Cellulose 2, Cellulose 3
and PET fiber, respectively. It can be observed from
the real filter media and virtual structure that Cellulose
1 and Cellulose 2 with aspect ratio of 3 had similar
elliptical cross sections and hollow structures, while
Cellulose 3 had an approximate circular cross-sec-
tion. The cross section of the PET fiber was circular.

As seen in the SEM images, the fibers in the real
filter media manufactured by wet-laid process showed
almost no overlap, i.e. have non-intersecting fibers.
However, in the generation process of filter media
models, the algorithm under “allow objects overlap”
was fast, and the algorithm under “prohibit object

@ Springer



Cellulose

Exhausted Upstream
air photometer

=53

Downstream
photometer

EFOJ

HEPA
filter Mixing
chamber
Clean and dry
compressed air
A
Neutralizer

Aerosol
generator

Clean and dry
compressed air

Flow control

vakis Heater

Fig. 2 Schematic of the filtration efficiency tester in the experiment

Fig. 3 The creation process of virtual fibrous filter media models

overlap” or “remove fiber overlap” was time-con-
suming (Wiegmann et al. 2017). Therefore, the effect
of volume fraction of fiber overlap on the character-
istics such as permeability and average pore size was
studied. The generated models with overlap volume
fraction of 0.62 and 0.005 were shown in Fig. 5,
respectively. When the fraction was 0.005, the overlap
between fibers in the filter media models was nearly
removed. It is found that the permeability and average
pore size of filter media showed a decreasing trend
with the decline of overlap volume fraction in Fig. 6.
Since the virtual structures with different overlap
volume fractions were generated with the same
random seed, they had same fiber networks. Therefore,
when the overlap volume fraction decreased, the fibers
were gradually separated, leading to the decrease of
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porosity which can be seen in the dot line of Fig. 6.
When the volume fraction was lower than 0.01, the
porosity and the structure of the filter media tended to
be stable. In this work, the overlap volume fraction
was kept below 0.01 and the overlap between the fibers
was removed.

Representative domain size

Numerical simulations require extensive system mem-
ory and computation time. Hence, it is important to
find the representative domain size which can accu-
rately predict the performance of filter media models
such as pore size distribution, pressure drop and
filtration efficiency. The representative domain size is
the smallest domain size which represents the
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Fig. 4 The cross-section image of real fibrous filter media and virtual filter media model (#1: Cellulose 1, #2: Cellulose 2, #3: Cellulose

3)

Fig. 5 Generated models
with different overlap
volume fraction (a 0.62,
b 0.01)

characteristics of domain sizes larger than this size
(Lehmann et al. 2016).

Due to the fiber length exceeding even the largest
considered domain size, there are some edge effects in
the stochastic model (Easwaran et al. 2016). To avoid
these edge effects, domain sizes larger than the
required sizes were generated and boundary regions
of side length smaller than 100 pm were removed. The
physical properties such as average pore size, air
permeability of generated filter media models with
different domain sizes were shown in Fig. 7. Both
average pore size and air permeability became
stable =~ when  domain  size  reached to
700 pm x 700 pm x 600 pm.

Pore size simulation

As mentioned above, the capillary flow porometer
used to determine the mean pore sizes was based on
the principle of the liquid extrusion. Only throat of the
pore was measured by this method. In the simulation
of pore size distribution, a voxel should be completely
included in the pore space.

Flow simulation
Flow simulation options were controlled with the
FlowDict module of GeoDict. To calculate the airflow

through the filter media model, it was assumed that the
airflow was purely viscous, incompressible and
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stationary fluid. For filter media models in this paper,
the calculated dimensionless Reynolds number was
much < 1, which meant that the airflow through the
microstructure can be considered as creeping flow.
Therefore, conservation of mass (Eq. (4)) and conser-
vation of momentum (Eq. (5)) can be given as Stokes
equations in the pressure and velocity formulations as
following (Glowinski and Pironneau 1992):

Vi =0 (4)
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—uAW + Vp = ? (5)

where %’ is the fluid velocity; p is the pressure; p is the

fluid viscosity; ? is a force density.

When the Stokes equations, simplified from
Navier—Stokes equations by dropping the inertial
term, were used to describe the flow, change of
pressure drop or velocity by a factor can linearly
change the other by the same factor. The permeability
of the material can be computed by using the Darcy’
law expressed as Eq. (6) (Whitaker 1986).
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(6)
where Q is fluid flux; k is the intrinsic permeability of
the media; A is the cross-sectional area to flow;
(P, — P,) is total pressure drop; L is the length over
where the pressure drop is taking place.

Considering the air thermal conditions and fiber
diameters, the Knudsen number is much < 0.0001.
The no-slip boundary condition was used as Eq. (7)
(Brunner et al. 2006).

@ =0 (7)

To keep the operating parameters in the flow
simulation the same as the experiment, the pressure at
the gas inlet in the z-direction was set to O Pa, and the
pressure at the outlet was 200 Pa. The air density and
dynamic viscosity were set to 1.204 kg/m® and
1.834 x 107> kg/(m s).

LIR (Left Identity Right) solver was used to
calculate the flow in the computational domain
representing the real filter media. The solver used a
non-uniform adaptive mesh, and PDEs with local
linear systems were solved in very low memory
requirements and fast calculation speed (Linden et al.
2015). The periodic boundary conditions in flow
direction and tangential direction were used, and the
added implicit in-flow region was 10 voxels and
implicit out-flow was 10 voxels (Azimian et al. 2018).

The error bound stopping criterion, which can
recognize oscillations in the convergence and prevent
premature stopping at local minima or maxima, was
chosen as the stopping criterion for the flow simula-
tions, and it was set to 0.01. The LIR solver would stop
when the relative difference with respect to the
prediction was smaller than 0.01. The simulation
results were calculated by a workstation with 128 G
RAM and four parallel processors, and the calculation
time on the computational domain size from
700 x 700 x 600 voxelsto 700 x 700 x 768 voxels
was about 20 to 50 min. The voxel length was 1 pm.

Filtration efficiency simulation

FilterDict module of GeoDict was used for the
filtration efficiency simulation. As it is known, the
two most important parts of the filtration efficiency
simulation were the movement of the particles in the
fluid and the treatment of interactions between the

particles and the fibers (collision models) (Rief et al.
2006). In this study, the concentration of the particles
is low enough to ignore the interaction among the
particles. The particles did not influence the airflow
and collide with other particles. The movements of
particles mainly resulted from hydrodynamic drag
forces from surrounding airflow, Brownian force due
to random diffusion, and inertia. Electrostatic effects
were not considered. Therefore, the particle motion in
the fluid can be described by solving the Lagrangian
formulation, and were governed by a force balance
acting on each of them, and it can be given as Eq. (8).

av R AW (1)
A 7 A
md ) 61U o (W -7V + o ) (8)

where m is the particle mass; R is the particle radius; w
is the fluid velocity; ¥ is the particle velocity, D is the
diffusivity; dW is 3D Wiener measurement, a math-
ematical model that describes a continuous-time
stochastic process; in the friction coefficient, Cc =

1+4(1.17 +0.525¢7°7%) is the Cunningham cor-
rection factor (He and Ahmadi 1999); A is the mean
free path of gas molecules.

The interaction between the particles and the fibers
was described by the collision model. In the simplest
setup, once a particle was in contact with the fiber, it
was captured by the fiber. In this study, the Hamaker
model, which considered the inelastic collision and
adhesion forces between fibers and particles, was used
for the simulation of filtration efficiency (Latz and
Wiegmann 2003). In the Hamaker model, the velocity
of the particles was compared to the adhesive forces. If
the speed of the particle was sufficiently small when
touching the fiber, the particle was captured by the
fiber. The condition on the velocity can be given as
Eq. (9).

’ H
VL —
47'cpa0R2

©)

where is p the particle density; ao is the adhesion
distance or equilibrium spacing between the particle
and the surface with a typical value of 0.4 nm; R is the
particle radius; H is the Hamaker constant (adhesion),
which can be given by the Lifshitz theory of van Der
Walls forces for the system of spherical particle and
the flat impaction surface as Eq. (10) (Israelachvili
2011).

@ Springer
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where kg is the Boltzmann constant; 7 is the absolute
temperature; ¢ is the relative permittivity; # is the
refractive index; & is the Plank constant; v, is main
electronic absorption frequency. The values of
Hamaker constant calculation were listed in Table 3.

The amount of energy that was not absorbed by the
particle-fiber collision was determined by restitution
value. The restitution value ranged from O to 1. If the
restitution value was 1, it meant that no energy was
lost and the particle was rebound with the same speed
it had before the collision. In this work, the restitution
value for particle-fiber interaction was set to 0.1
(Maddineni et al. 2018). The parameters used in the
filtration efficiency simulation were summarized in
Table 4.

Table 3 Parameters for the calculation of Hamaker constant

Numerical simulation validation and discussion
Experimental results

The physical characteristics of fibrous filter media
manufactured by wet-laid method had been summa-
rized in Table 2. As shown in Fig. 8, the thickness,
mean pore size and permeability of filter media
showed a decreasing trend with smaller PET fiber
diameter.

In the fibrous filter media, the decrease in fiber
diameter reduced the space occupied by a single fiber,
and the contribution of the fiber to the thickness was
reduced, while the increase in the number of fibers
caused more fibers to accumulate in z-direction of
filter media, both of which affected the thickness of the
filter paper. Therefore, when the PET fibers distributed
in the structures were increased from 11 to 17 pm, the

Parameter Values
Boltzmann constant, kg 1.38 x 1072
Temperature, 7 (K) 300

Relative permittivity, &
Refractive index, n
Plank constant, & (J s)

Main electronic absorption frequency, v, (s~")

Particle (5.90), Cellulose (3.78), PET (2.29), Air (1.00)
Particle (1.54), Cellulose (1.54), PET (1.43), Air (1.00)
6.63 x 1073

3.0 x 10"

Table 4 Parameters used
in the filtration efficiency

simulation

Parameter Values

Air density, p, (kg/m?) 1.204

Air dynamic viscosity, u (kg/ms) 1.834 x 107°
Particle density, p, (kg/m?) 2165

Particle diameter, D,, (im) 0.26

Hamaker constant, H/(x 10720)

Restitution, 7/([0, 1])

Face velocity, up (cm/s)

Cellulose (8.14), PET (6.67)
Cellulose (0.1), PET (0.1)
5.34
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Fig. 8 Experimental results
of average pore size,

permeability and efficiency 8x10™
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thickness of the filter media increased slightly due to
the decrease in the number of fibers. When the PET
fiber diameter was sufficiently small, the fibers played
a filling role in the filter media and were distributed in
the gaps of the cellulose fibers. Therefore, the
thickness of #5 filter media decreased slightly com-
pared to #4 filter media.

In air filtration, when basic weight was determined,
the fiber diameter was the most important factor
affecting the pore structure of filter media (Peart and
Ludwig 2000). The number of fibers and number of
pores in filter media can be calculated by Eqs. (11) and
(12), respectively.

4M
= (11)
npyDrLy
16M3L;
P = 3 SD4 (12)
TPy

where the Ny is the number of fibers per unit area of
media; Dyis the fiber diameter; M; is the basic weight
of the media; Lyis the fiber length; pyis the density of
the fiber; N, is the number of pores per unit area of
media. In this study, the amount of the PET fiber and
the number of pores per unit area increased due to the
decrease of fiber diameter. Therefore, the mean pore
size of filter media declined as the decreasing of the
PET fiber diameter. When the airflow passed through

Il Permeability
I Average pore size
B Efficienc

20

7
|

Efficiency (%)

Average pore size (pm)
S
L

2# 3# 4# 5#

Filter media

the filter media, the amount of energy absorbed by the
collision between the air molecules and the fibers
increase. Therefore, the air permeability of the filter
media decreased.

The filtration efficiency measured by using an
automated filter media penetration tester was shown in
Fig. 8. As the diameter of PET fibers in the filter media
decreased, the filtration efficiency of the filter media
increased. This was because that the amount of PET
fiber and the number of pores per unit area increased
due to the decrease of fiber diameter. When the
particles passed through the fiber web structure, the
particles were closer to the fiber and the probability of
collision between the particles and the fiber was
increased. Thus, the filtration efficiency was
improved. Meanwhile, the PET fiber with small
diameter had large specific surface area, and the
probability of particles trapped by random Brownian
diffusion increased.

Comparison of numerical calculation
and experiments

As mentioned in the above section, the virtual
structures corresponding to the real filter media were
created, and then the mean pore size, permeability and
filtration efficiency of filter media were predicted by
numerical simulations. The quantities calculated in
this work were all in the through-thickness (TT)
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Fig. 9 The 3-D virtual models generated according to the real samples and the web structures formed by PET fibers in the

corresponding models

directions. In this section, the simulated values were
compared with the experimental results. The 3-D
virtual filter media models generated according to the
real samples and the web structures formed by PET
fibers in the corresponding models were shown in
Fig. 9. It can be found that the diameter of PET fibers
(violet fiber in Fig. 9) in the filter media models was
increasing. As mentioned above, the mass fraction of
PET fibers for each filter media was 5%. Due to the
increasing thickness of media, the VF (volume
fraction) of the PET fibers for each model was 0.6%,
0.57%, 0.52%, 0.49%, 0.47%, respectively.

Pore size

The pores formed by fibers distributed in the filter
media were shown in Fig. 10a. The pore structure was
represented by the blue block. The pore size of
numerical models was the diameter of the bottleneck
of through hole in the filter media. Figure 10b
compared simulated and experimental results of filter
media containing PET fibers with different diameters.
The numerical calculation results agreed well with the
experimental results. As mentioned in the previous
section, the number of PET fibers distributed in the
gaps of the cellulose fibers decreased due to the
increased diameter, which led to the increase of
average pore size. Particularly, when the diameter of

@ Springer

PET fibers was 17.4 pm, the number of PET fibers was
about 20, which meant that a further increase of the
diameter of PET fiber would result in smaller fiber
number in the structure. In other words, PET fiber
would hardly have effect on the average pore size of
the filter media.

Permeability

The permeabilities of virtual filter media composed of
three types of cellulose fibers and PET fibers had been
calculated by using the FlowDict module of GeoDict.
Figure 11a displayed the results of flow simulation for
visualization. According to the operating conditions in
the experiment, the prediction of mean flow velocity
for a given pressure drop was performed. As shown in
Fig. 11b, the permeabilities from numerical model are
compared with the experimental results. It can be seen
that the numerical calculation results agreed well with
the experimental results. When the diameter of PET
fiber in the filter media decreased, the number of PET
fiber increased significantly as shown in Fig. 9,
leading to mean decrease of pore size. When the
airflow passed through the filter media, the energy
absorbed by the collision between air molecules and
fibers increased. As a result, the air permeability of the
filter media decreased.
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Fig. 10 Average pore size of the filter media. a Pores with
44 um diameter distributed in the virtual structure correspond-
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Fig. 11 Permeability of the filter media. a Velocity field of the virtual structure corresponding to #3 filter media. b Comparison
between experimental and simulated permeability for filter media containing PET fibers with different diameters

Filtration efficiency

The thickness was critical to predict the filtration
efficiency of fibrous filter media. In this study,
parameters of each virtual filter media were deter-
mined by the results of experimental measurements.

The trajectory and final position of the particles
deposited on fiber were shown in Fig. 12a. As can be
seen, the particles were captured by the fibers in the
uppermost layer of the filter media, or bypassed these
fibers. Figure 12b compared the filtration efficiency
results from the numerical simulation and experiment.
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Fig. 12 Filtration efficiency of the filter media. a Trajectory
and final position of the particles deposited in the virtual
structure corresponding to #3 filter media (black dot lines).

It can be seen that a good agreement was obtained
between experimental and simulated efficiency values
when the diameter of PET fibers was larger than
5.54 um. When the diameter of PET fiber in the filter
media was sufficiently small, the simulated value was
significantly larger than experimental result. Beside
the discrepancy between virtual structure and actual
filter media, this behavior could be the results of
omitting particle re-entrainment effect (Cleaver and
Yates 1976) and fiber dynamics consideration (Xie
et al. 2016).

The network structures formed by PET fiber in
different filter media were shown in Fig. 9. When the
diameter of PET decreased, the amount of fibers
increased. These PET fibers distributed in the gaps of
the cellulose fibers divided the pore structures of filter
media, leading to smaller distance between particles
and fiber. Therefore, the filtration efficiency showed
an increasing trend with the decrease of diameter of
PET fiber in the fibrous filter media.

Conclusions
The reconstruction of the virtual structure of actual
composite filter media containing multiple types of

cellulose fibers and polyester fibers were studied. The
permeability, average pore size and aerosol filtration
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b Comparison between experimental and simulated filtration
efficiency for filter media containing PET fibers with different
diameters. (air velocity: 5.34 cm/s, particle size: 0.26 pum)

efficiency were predicted via the airflow and particle
transport simulations. Several methods for generation
of media models were reviewed. The creation process
of virtual structures in this work was divided into two
steps. Firstly, the fiber models which can represent the
actual fibers were created based on the parameters
measured by SEM and fiber analyzer. Secondly, the
macroscopic parameters such as domain size, voxel
length, fiber percentage by weight were determined
with the experimental measurement. We found good
agreement between the experimental and simulated
results.

With the work of this paper, we explored the
feasibility of building a fiber model database. We will
continue to increase the number of fiber types in the
database, and optimize the filtration performance such
as service life time from plenty of fiber combinations
and internal structure designs.
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