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Abstract

To mitigate the adverse effects of airborne particulate matter, nonwoven fibrous air filter media
are increasingly used, particularly in regions with poor air quality where rapid clogging of
filtration systems is common. Optimizing filter performance remains a complex challenge due
to multifaceted interactions between air, particles, and filter media. This research investigates
the behavior of airborne inertia-dominated particles in fibrous filter media, focusing on the
influence of various filter-based parameters and operating conditions on particle deposition
morphology, dust holding capacity, and filtration performance. The filtration performance
parameters include particle capture efficiency, pressure drop, and quality factor. The filter-
based governing parameters considered are the through-plane fibre orientation, segmental
aspect ratio of fibres, fibre material, fibre diameter distribution, fibre volume fraction, and filter
thickness. On the other hand, the operating conditions considered are the face velocity, particle
size distribution, and dust feed rate. The study employs both computational and experimental
methods, combining the two/three-dimensional numerical simulations of particle capture by a
single fiber-segment with the full-scale filtration experiments on filter media in order to
understand the filtration phenomena at an elementary as well as a realistic scale. The lattice
Boltzmann method (LBM), coupled with Lagrangian approach for two-dimensional
simulations and discrete element method (DEM) for three-dimensional simulations, has been

employed for numerical modeling and simulations.

For inertia-dominated particles, it has been found that an optimum through-plane orientation,
as well as an optimum segmental aspect ratio, exists for fibres at which the quality factor is
highest. The optimum through-plane fibre orientation lies around 20°-25° for low segmental
aspect ratios of a fibre whereas 35° for higher ones tested in the present study, and it is
independent of the Stokes number. For the presented set of parameters, the optimum segmental
aspect ratio of a fibre is found as “2”. The interplay between particle diameter and face velocity
is such that despite the Stokes number and fibre-based Reynolds number remaining constant,
different pairs of particle diameter and face velocity can exist, yielding substantially different
particle deposition morphologies and filtration performance parameters during the initial stages
of filtration. At a given Stokes number and fibre-based Reynolds number, large particles injected
at a low face velocity can be captured with a better overall filtration performance compared to the
small particles injected at a high face velocity, where these two combinations are equivalent in

terms of inertia-dominated particle capture. A low dust feed rate is found to facilitate depth



filtration alone to a great extent of the dust loading of filter media, whereas a higher dust feed rate
leads to an earlier transition (partial) to surface filtration. The surface coverage of dust cake
increases with rise in dust feed rate and face velocity, but it decreases with rise in fibre diameter.
The dust holding capacity (DHC) of filter media decreases until fibre diameter is increased to
a certain extent, which is attributed to the associated reduction in the specific surface area of
fibres. However, DHC increases with further increase in fibre diameter, which is attributed to

the dominant influence of the associated increase in mean pore size.

An optimum face velocity for particle capture is found to exist, at which the cumulative particle
capture efficiency is maximum. The optimum face velocity has been found to decrease with rise
in particle diameter, but it increases with rise in fibre diameter and dust feed rate. The optimum
face velocity is also conjectured to increase with enhancement in particle-fibre adhesion forces,
filter thickness, and fibre volume fraction. When any operating condition varies during the
filtration process, the cumulative filtration performance parameters are found to depend on the
sequence in which the concerned operating condition varies. For example, if dust concentration
in a given space changes due to nearby activities (such as smoke generation, windstorm,
rainfall, or operation of another air filter), or if an air filter is relocated to a room of different
size or to an environment with lower/higher pollution level, the filtration flow rate would need
to be adjusted, which in turn alters the face velocity. In such a case, the cumulative particle
capture efficiency, coverage of dust cake, and pressure drop are higher if a higher face velocity
follows a lower one, compared to the respective quantities obtained when the same lower face

velocity follows the higher one.

This research provides valuable insights for optimizing filter design and operation, contributing
to improved filtration performance, energy efficiency, and extended service life in a wide range

of applications.
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ad or ao
A

AE

AR

Cfr
m
Cer
Cres O €

Cs
C

Drem
Dm

DFR
DoF

adhesion distance (m)

area (m?), or nominal surface area
(m?), or Avagadro's number, or a
designated experiment (expt-A)
adhesive energy (J)

aspect ratio
a dimension of fibre-segment (m)

weighting function (in PSM), or
absolute surface area (m?), or a
designated experiment (expt-B)
volumetric concentration (m™), or
damping coefficient (Ns/m)
macroscopic friction coefficient

microscopic coefficient of
Coulomb friction

coefficient of restitution

sound velocity (lattice units)
Courant number, or coverage of
dust cake

microscopic velocity (lattice
units)

Cunningham slip correction factor
drag coefficient

diameter (m)

collisional cross-section (m)

3D Wiener measurement
diameter of a filter medium (m)
intermolecular cut-off distance
(m)

diffusion coefficient for particles
(m?/s)

dust feed rate (kg/m?s)

depth of filtration (m)
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mpw

mpc

S

Rcar
RNt
or]
Re

St
SVF

~ -

mass (kg)
basis weight of filter media
(kg/m?)

cumulative mass of dust captured
by filter media per unit area
(kg/m?)

number, or number of fibres a
particle interacts with

radius (normal) vector’s direction
for a particle

number, or number of particles

pressure (Pa)/particle

pressure (Pa), or atmospheric
pressure in particular (Pa)
Peclet number

number of dust cake patches
quality factor (Pa™)
position vector

gas constant (J/K/mol), or
dimensionless separation between
the centres of two particles
capture coefficient

interception coefficient

Reynolds number
degree of slippage
specific surface area
Stokes number

solid volume fraction

time (s or lattice units)

operating temperature (K)
torque (N m)



probability distribution function
(LBM)

F force (N or lattice units)

FVF fibre volume fraction (%)

G refractive index

h Planck’s constant (J s)

hp height of dust column in dust

container (m)

H Hamaker constant (J)

I moment of inertia (kg m?)

k spring coefficient (N/m)

ks Boltzmann constant (m’kg s2K™!)

Kn Knudsen number

KE kinetic energy (J)

Ku Kuwabara factor

lor L length or thickness (m or lattice

units)
Greek symbols

(0} direction parameter (LBM), or area
fraction of fibre in computational
domain

Bp  solid (particle) volume fraction (in
PSM)

BM  momentum coupling parameter

Y separation between a particle and fibre,
or between two particles (m)

) extent of overlap (m)

A difference/drop/step-size

€ specific surface energy (J/m?), or
porosity

n particle capture efficiency

XXVi

Zrm
(or Z)
Zmin

tortuosity

velocity (m/s or lattice units)
face velocity (m/s)

velocity of solid after collision
operation as per PSM (lattice
units)

potential (V), or volume (m?)

a dimension of fibre-segment (m)

weight (LBM)

windward side (of fibre-segment)
coordinate/direction, or any
particle diameter (m), or any
distance (m)

coordinate/direction
coordinate/direction, or a ratio
(density/efficiency/pressure
drop/gaps), or distance (m)
thickness of filter media (m)

minimum required thickness of
filter media (m)

kinematic viscosity (lattice
units or m?/s)

static dielectric constant, or
Gaussian random variable
density (kg/m? or lattice units)
thickness of Stern layer (m)

relaxation time (lattice units)
main electronic absorption
frequency (s)

volume fraction, or the angle at
which Brownian force acts
(rad)

pressure drop factor



inclination angle of fibre-segment (rad)
with respect to flow direction

degree of hardness in repulsion between
the particles

mean free path of air (m)/ diameter ratio
for two particles

dynamic viscosity (Pa s)

Subscripts/Superscripts

act
ap0
avg

on

BD

cake

cp
cr

Cap
Cz

DEM

DFS

€C
en

cq
ex

air/airflow

actual

air with particles at inlet
average

adhesion

body

Born

Brownian diffusion
collision/contact/ computational
domain/during or before
collision

dust cake

captured particles

critical

computational domain, or
collision

captured

clogged/clogging zone of filter
media

deposition, or diametral

at downstream

deposited particles
(aerodynamic) drag, or dust, or
dimensions

discrete element method

dusty fibrous surface
electrostatic/efflux/outlet
electrostatic cut-off
entrance

equilibrium (LBM)

exit

XXVii

lim

LBM

LE
LvdW
max/Max

min
mD

nf

np
Norm

0g

opt

pe
pi

pore

QF or
QF

req
sa

—

up

angular velocity (rad/s)
BGK operator (LBM)

solid (particle) collision
operator (in PSM)

limit

axial or longitudinal
lattice Boltzmann method
lattice element(s)
London-van der Waals
maximum

minimum

based on mass of dust
node(s)/normal

nodes across fibre diameter
nodes across particle diameter
normalized

orthogonal

optimum

particle(s), or, based on particle
size, or based on pressure
particles at efflux (outlet)
particles at inlet

parallel

of pore

quality factor, or based on
cumulative quality factor
required

surrounding air

tangential
total/transpose/transient
at upstream
coordinate/direction



EDL electric double layer
f fibre/fibre-segment/filter media,
or final, or at outlet, or in the
outlet section of flow channel
For (F) final, or at final stage
Fed fed to the filter media
Flange  fallen at flange
fm/FM filter medium/media, or based
on filter medium/media
FO at final stage but original
condition (face velocity)
i initial/inlet
inj injection/injected
Imp/IMP  inertial impaction
Int/INT  interception
Abbreviations
AR aspect ratio
BD Brownian diffusion
CADR clean air delivery rate
CFD computational fluid dynamics
CpPU central processing unit
CUDA Compute Unified Device
Architecture (NVIDIA's parallel
computing platform)
DEHS Di-Ethyl-Hexyl-Sebacat
DEM discrete element method
DFR dust feed rate
DHC dust holding capacity
DLVO Derjaguin-Landau-Verwey-
Overbeek
expt experiment
FM filter medium/media
FVF fibre volume fraction

XxViii

O <

NmD (FM)

Mp

LBM
LE
LIGG
GHTS

max
min
MPI

OCDS

PET
PM
PP
PSM

QF
RPM
SEM

coordinate/direction
initial, or at inlet, or in inlet
section of flow channel

in lattice units (LBM)

based on particle capture
efficiency

based on cumulative dust-mass-
based particle capture
efficiency

based on cumulative dust-mass-
based particle capture
efficiency associated with filter
media alone

based on particle-size-based
particle capture efficiency

based on density

lattice Boltzmann method
lattice element(s)

LAMMPS Improved for
General Granular and Granular
Heat Transfer Simulations
maximum

minimum

message passing interface

overall control and display
station

polyethylene terephthalate
particulate matter

polypropylene
partially saturated method

quality factor

revolutions per minute
scanning electron microscope/
microscopy



GPU graphics processing unit SVF solid volume fraction

HEPA high efficiency particulate air TCLB Templated MPI+CUDA/CPU
Lattice Boltzmann code
ISO International Organization for UNICEF United Nations International
Standardization Children's Emergency Fund
LAMMPS Large-scale Atomic/Molecular (now, United Nations
Massively Parallel Simulator Children's Fund)

Additionally, “i, j, q, and m” as subscripts are the indices used for designating the set of
particles under consideration; and the asterisk (*) as superscript indicates the concerned
parameter in lattice units (LBM). Also, any symbol with an overhead bar (for example, 7,,,p,
Ap, QF, Coqke, etc.) indicates either the cumulative/total/overall value of the concerned
parameter, or its average value in the concerned context, and the relevant meaning in this regard
has been explicitly mentioned wherever applicable. Furthermore, a few additional symbols,
used sparingly, have been defined in the text at their first appearance.
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