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FORMULATION OF FINAL RESISTANCE OF THE AIR FILTERS

ABSTRACT
Air filters play an indispensable role in maintaining a good indoor air quality (IAQ) for
the occupants in a building. However, a significant drawback of the air filter applications
is the high pressure drop across it, causing a high energy consumption of the HVAC
system. The dust cake formation on the filter media after a certain period of usage can
even further increase the high energy consumption. Therefore, an accurate setpoint of the
final resistance can ensure energy-saving of the system while the indoor air quality is not
compromised. In the industrial practice, the final resistance is set twice the initial
resistance according to ASHRAE 52.2-2020 recommendation or set using Rule of
Thumbs as there is a lack of final resistance study in the literature. In this research, a
pleated fibreglass air filter is studied to identify the factors affecting filtration
performance and formulate the final resistance relationship. The filtration performance
parameters, including the initial pressure drop, filtration efficiency, pressure drop across
dust cake and the dust holding capacity of the filter, are studied experimentally and via
CFD. A triangular pleat is found to have the lowest initial pressure drop, and it is found
that the fibre diameter, filtration velocity, pleat density and pleat depth are the
contributing factors affecting filtration performance. The empirical models of filtration
performance parameters are expressed in terms of the contributing factors. The models
are validated that the predicted models are acceptable as the difference between predicted
and validated R? values are only less than 1.5 %. The validated empirical models are used
for the prediction in the final resistance model in consideration of the filter lifespan and
the energy cost. The findings of this study can effectively provide a guideline to the filter
manufacturers in the filter design stage or the filter selection stage. The filtration
performance can be easily predicted by inserting the design parameters into the empirical

models. The final resistance can also be determined analytically with the proposed model

il



in consideration of the predicted filter lifespan and energy cost. The proposed filtration
performance parameter models and final resistance model can provide a better filter
selection for the end-users, giving a better solution in maintaining the building’s IAQ and,

at the same time, minimizing the operation cost.

Keywords: final efficiency; initial pressure drop; dust holding capacity; energy

consumption; filter lifespan
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FORMULASI RINTANGAN AKHIR PENAPIS UDARA

ABSTRAK
Penapis udara memainkan peranan yang amat penting dalam mengekalkan kualiti udara
dalaman (IAQ) yang baik untuk penghuni dalam sesebuah bangunan. Namum, kelemahan
ketara bagi aplikasi penapis udara ialah penurunan tekanan yang tinggi menyebabkan
penggunaan tenaga tinggi dalam sistem HVAC. Pembentukan kek habuk pada media
penapis selepas tempoh penggunaan tertentu meningkatkan lagi penggunaan tenaga. Oleh
itu, titik tetapan yang tepat bagi rintangan akhir, yang boleh memastikan penjimatan
tenaga sistem, dan kualiti udara dalaman tidak terjejas. Dalam amalan perindustrian,
rintangan akhir ditetapkan dua kali rintangan awal mengikut pengesyoran ASHRAE 52.2-
2020 atau ditetapkan menggunakan Peraturan Amalan disebabkan kekurangan kajian
rintangan akhir dalam literatur. Dalam penyelidikan ini, penapis udara gentian kaca
berlipat dikaji untuk mengenal pasti faktor yang mempengaruhi prestasi penapisan dan
untuk merumuskan formulasi rintangan akhir. Parameter prestasi penapisan termasuk
penurunan tekanan awal, kecekapan penapisan, penurunan tekanan merentas kek habuk
dan kapasiti pegangan habuk penapis dikaji secara eksperimen dan melalui CFD. Lipatan
segi tiga didapati mempunyai penurunan tekanan awal yang paling rendah dan didapati
diameter gentian, halaju penapisan, ketumpatan lipatan dan kedalaman lipatan adalah
faktor penyumbang yang mempengaruhi prestasi penapisan. Model empirikal parameter
prestasi penapisan dinyatakan dari segi faktor sumbangan. Model tersebut telah disahkan
bahawa model yang diramalkan boleh diterima kerana perbezaan antara nilai R2 hanya
kurang daripada 1.5%. Model empirikal ini digunakan untuk ramalan dalam model
rintangan akhir dengan mengambil kira jangka hayat penapis dan kos tenaga. Dapatan
kajian ini dapat memberi garis panduan secara berkesan kepada pengilang penapis dalam
peringkat reka bentuk penapis atau peringkat pemilihan penapis. Prestasi penapisan boleh

diramalkan dengan mudah dengan memasukkan parameter reka bentuk ke dalam model



empirikal. Rintangan akhir juga boleh ditentukan secara analitikal dengan model yang
dicadangkan dengan mengambil kira jangka hayat penapis dan kos tenaga yang
diramalkan. Model parameter prestasi penapisan yang dicadangkan dan model rintangan
akhir boleh memberi pemilihan penapis yang lebih baik untuk pengguna, dengan
memberikan penyelesaian yang lebih baik dalam mengekalkan IAQ bangunan dan pada

masa yang sama meminimumkan kos operasi.

Kata kunci: kecekapan akhir; penurunan tekanan awal; kapasiti memegang habuk;

penggunaan tenaga; jangka hayat penapis
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CHAPTER 1: INTRODUCTION

1.1 Background

Nowadays, the emission of particulate matter (PM) or particle pollution is becoming more
severe due to urbanization and industrialization. This has raised the alarm as the breathing
in of microscopic particles will bring serious health problems to humans. Breathing in air
pollution particles can cause cardiac-respiratory problems in the human body and the
long-term damage can even cause reduced life expectancy (Khomenko et al., 2021; Tainio
et al., 2021). Therefore, indoor air quality has always been a concern and the fibrous
filtration is necessary for the heating, ventilation and air conditioning (HVAC) system of
a building to reduce fine particles like PM; 5 or nanoparticle emissions to the environment

(Vijayan et al., 2015).

The primary filtration mechanisms in trapping the particles are interception, inertial
impaction, diffusion and gravitational settling (Billings, 1966), while the particle size is
the critical factor in affecting the domination of the filtration mechanism. The fibrous
filter performance is evaluated by the initial resistance to airflow, filtration efficiency, as
well as the pressure differential and collection efficiency changes when the filter is loaded
with dust (Billings, 1966; National Air Filtration Association, 1993). The filtration
performance depends on various factors such as the physical properties of the media such
as media porosity, fibre diameter, media thickness, solidity etc. (Bian et al., 2020; Kim et
al., 2021; Payen et al., 2012), the construction of the filter (pleat geometry) (Li et al.,
2019; Park et al., 2012), dust particle properties (particle diameter, size, dust loading rate
etc.)(Endo et al., 1998; Shihang et al., 2019; Wang et al., 2016) or the environmental
properties such as filtration velocity, humidity and temperature (Alderman et al., 2008;
Leung et al., 2010; Xia et al., 2018). These factors can significantly affect the filtration

performance.



However, one major drawback of the filtration system in the HVAC system of a
building is the high pressure differential across the several filter layers, which
subsequently leads to a higher energy consumption. The challenge in filtration system
design is to reduce the pressure differential across the filter, at the same time maintaining
the filtration efficiency and prolonging the filter service lifespan in order to achieve a
more energy and cost-efficient system for a building operation. Much research has been
carried out to investigate the energy and operational cost of air filters in optimizing the

energy consumed by the filtration system.

In addition to that, a filter parameter which is the final resistance can significantly
affect the total operational cost of the air filters. The final resistance of the air filter is
defined as the resistance to airflow up to which the filtration performance is measured to
determine the average arrestance and test dust capacity. In other words, the final
resistance acts as a reference point to replace the air filters. If the air filter is overloaded
with dust without regular filter replacement, the filter operational cost could be increased
due to the high pressure drop across the dust cake. In actual application, the final
resistance or the maximum operating resistance to airflow of air filter is normally
recommended by the manufacturers (ISO, 2016b). The final resistance is recommended
to be two times the initial resistance or the pressure drop of a clean filter as recommended
in ASHRAE 52.2:2017 (ASHRAE, 2017; Nassif, 2012) and most of the time is
recommended using the Rule of Thumbs. The recommendation of the final resistance is
required to be investigated in consideration of the energy cost and different contributing
factors to the filtration performance. Hence, in this study, a formulation of the final
resistance is determined by studying various parameters contributing to the filtration

performance and the energy cost.



1.2 Problem Statement

In the current air filtration industry, the final resistance of the air filters, which
corresponds to the filter replacement time, is recommended by the manufacturers based
on the Rules of Thumbs or by predefining the values to be two times of the initial pressure
drop of the air filters. This might bring to a high energy consumption when the filter is
overloaded with thick dust cake, before reaching the recommended final resistance. In
addition to that, the filter might rupture with the overloaded dust cake and this can
severely affect the building’s indoor air quality. Thus, the formulation of the final
resistance is required in consideration of various contributing factors of filtration
performance and the energy cost of the air filters. The final resistance model could act as
an important guideline for the manufacturers to determine the filter lifespan at the optimal

filtration performance and energy cost.

1.3 Research Questions
The research questions of the present project are as follows:
1. What are the factors affecting the filtration performance of the air filter?
2. How does the filter energy consumption and lifespan affect the final resistance of
an air filter?
3. What is the mathematical relationship of the final resistance to achieve the

optimum filtration performance?

14 Research Objectives
The aim of this research study is to develop a final resistance relationship with empirical
formulae of the filtration performance parameters in consideration of the energy factors.

The objectives of this research study are as below:

1. To determine the effect of the pleat shape on the initial pressure drop using

CFD simulation.



2. To analyse the effect of filter media, filtration velocity and pleat geometry on
the filtration performance of the air filters.

3. To develop empirical models of filtration performance parameters based on
different contributing or filter design factors investigated.

4. To develop a mathematical model for determining the final resistance of air

filters based on the energy and design factors.

1.5 Scopes and Limitations

The present work focuses on experimental studies and CFD simulation of the air filtration
performance under different contributing factors of the fibreglass media. Therefore, the
research work conducted in this project is restricted to fibreglass media filters with the

holt-melt separators.

1.6 Outline of Thesis

Chapter 1 outlines the background of this research work and defines the research
questions and objectives of the study. In Chapter 2, a detailed literature review is
conducted on the filtration mechanisms, factors affecting the filtration performance, CFD
techniques in evaluating the pressure drop and lifespan cost of the filters. Next, a detailed
comparison of air filter test standards available in the market is performed in Chapter 3.
Chapter 4 describes the methodology adopted in this study. Chapter 5 studies the effect
of the pleat shape on the initial pressure drop using CFD simulation. Chapters 6 to 8
explain the effect of media types, filtration velocity and pleat geometry, respectively, on
the filtration performance experimentally. Then, in Chapter 9, the empirical models of
each filtration performance parameter and the formulation of the final resistance are done.
Lastly, the main findings of this study and the recommendations for future works are

described in Chapter 10.



CHAPTER 2: LITERATURE REVIEW

2.1 Background Study

2.1.1 Indoor Air Quality

It is essential to maintain good indoor air quality (IAQ) as prolonged taking in indoor
pollutants such as biological contaminants (allergens, endoxins, building-related
dampness, and mould), chemicals (combustion products, off-gassing emissions,
carcinogens) can drastically increase the health risk (Dales et al., 2008). Increasing
ventilation rate in the HVAC system according to ASHRAE Standard 62 (ASHRAE
Standard, 2019) can reduce sick building syndrome, hence reducing IAQ problems in
Malaysia (Syazwan Aizat et al., 2009). Urbanization and industrialization have severely
increased the toxic emissions such as particulate matter (PM2.s) and greenhouse gases to
the environment which can cause cardio-respiratory diseases to human (Vijayan et al.,
2015; Wang et al., 2019; Yang et al., 2018). The air filtration plays an important role in
maintaining indoor air quality by effectively removing fine particles and allergens,
consequently improving human cardiorespiratory health (Vijayan et al., 2015; Xu et al.,

2010).

2.1.2 Energy Consumption of HVAC System

One of the major global concerns is the high building energy consumption which gives
rise to environmental impacts such as climate change and global warming. According to
Pérez-Lombard et al. (2008), the buildings in developed countries use up to 20 - 40% of
total energy usage, and the HVAC system has consumed almost half of the building
energy. HVAC system plays an essential role in maintaining thermal comfort for
occupants in a building (Guo & Zhou, 2009). In Malaysia, the building energy
consumption is at 48% of the total energy generated with half of the energy consumed at

the HVAC system (Hassan et al., 2014).



High fan power is used to overcome the airflow resistance across the distribution duct
in the HVAC system. The air filter is able to protect the HVAC equipment by preventing
airborne debris into the system which can cause fouling and clogging of the HVAC
components (Betts, 2013), at the same time effectively reduce PM> s level (Zhang et al.,
2016; Zhao et al., 2017). However, one significant drawback of using air filters in the
HVAC system is the high energy consumption as a consequence of the pressure drop
across several layers of air filter applications (pre-filter, secondary filter, HEPA and
ULPA grade filter) (Zaatari et al., 2014). The high flow resistance of air filters contributes

25-40% to the overall fan energy consumption of the HVAC system (Montgomery, 2015).

Therefore, the specification of the air filters should be designed in order to reduce

energy consumption, at the same time maintaining good filtration properties.

2.2 Filtration Performance and Mechanisms of a Clean Air Filter

2.2.1 Filtration Performance Parameters

The air filter performance is evaluated at the filtration efficiency, pressure drop, and dust
holding capacity (National Air Filtration Association, 1993). The performance of air

filters is evaluated at the factors (Billings, 1966):

1. The initial pressure drop of a clean filter
2. The filtration efficiency at the beginning of the filtration process
3. Changes in the efficiency and pressure drop of air filter caused by the dust

loading process

A high-performance air filter is expected to achieve high efficiency, low pressure
drop, and high dust holding capacity. The challenge in air filtration is to obtain high

efficiency and high dust holding capacity at a low pressure drop of air filters. A



quantitative criterion, which is called filter quality, g is used to compare filter

performance (Zhang, 2004)

_—In(1—-ng) 4 npl 2.1
U="aP T TndAp

where 17 is the overall efficiency, AP is the pressure drop across the filter, o« is the fibre
solidity, ng is the total single fibre efficiency, L is the filter thickness and df is the

diameter of the filter fibre.

2.2.1.1 Pressure Drop

A fibrous filter is made up of loosely-packed fibres with a preferred orientation across the
airflow direction. A packing density or filter solidity, «¢ which is the ratio of the total
volume of the filter fibres to the volume of the air filter, is within a range of 1 — 15 %.

The lower the packing density, the lower the pressure drop of the air filter (Wang, 2001).
For flow in a fibre filter, Darcy’s Law is expressed as (Billings, 1966)

AP, R? (2.2)
—0 = Ky (x

An empirical formula given for pressure drop across the filter is defined by Davies

(1953) as

64uLUy oS (1 + 56 oc3 @.3)
p, = 0 fdz( P 0,006 <o¢,< 0.3
f

where AP, is the resistance to airflow or pressure drop across the filter medium, Ko ()
is the theoretical resistivity of the medium, o« is the solidity, u is the fluid viscosity, R is

the fibre radius, df is the fibre diameter, U, is the air velocity and L is the filter thickness.



Del Fabbro et al. (2002) developed a semi-empirical model using dimensionless
approach principles in defining the pressure drop of a clean pleated filter over different

parameters:

07 2 2.4
460-( U )07 0.7-(22{‘1(1) (%) ( )
AP, h-Z Z2Ky h1
— 2 1+ 10 tog(1+7'75)
Z ) Kl ) vf PWZ

where AP, is the filter pressure drop; Z is the filter media thickness; K; is the media

airflow resistance; vy is the filtration velocity; h is the pleat height; B, is the distance

between two pleats; u is the air dynamic viscosity and Re is the Reynolds number.

There are a lot of researches done to reduce and optimize initial pressure drop across
air filters by studying the effect of the type of filter media (Bao et al., 2016), fibre
separation factor (Liu & Wang, 1997), the spacing between filter web (Roh et al., 2019),
face velocity at filter media (Xia et al., 2018), dust loading rate (Hinds & Kadrichu, 1997),
etc. The energy consumption across the air filters can be reduced with a lower initial

resistance of air filters.

2.2.1.2 Filter Efficiency

(a) Single Fibre Efficiency

For a particle-free and clean filter, the analytical expressions for overall efficiency and
pressure drop are formed based on the individual fibre contribution (Kasper et al., 2009).

According to Loffler (1968), the single fibre efficiency, nr is defined as

Ng=@*s (2.5)

where ¢ is the collision efficiency and s is the sticking probability.



As shown in Figure 2.1, if a fibre with a radius of R removes all the particles at a

distance of Y from fibre center, the single fibre efficiency is defined as (Chae, 2000)

Y (2.6)
Nr = R

Gas streamlines &\

Center line

Cross section
of fiber

Figure 2.1: Definition of Single Fibre Efficiency (Chae, 2000)

It can be seen from the definitions of single fibre efficiency above that the efficiency
is independent of the filter thickness, L (Chae, 2000). An air filter with a lower single
fibre efficiency can be improved to a higher overall efficiency using thicker filter media.
Therefore, it would be fair to evaluate an air filter performance using single fibre

efficiency.

The single fibre efficiency can be calculated by taking the sum of efficiencies for each
filtration mechanism. With single fibre efficiency due to interception 1z, impaction 7;,
diffusion np and gravitational settling efficiency 7, respectively, the total single fibre

efficiency is calculated by

Ng =Ng+n; +1p +1g¢ 2.7



The single fibre efficiency for different filtration mechanism (interception 7g,
impaction 7;, diffusion np and gravitational settling efficiency 7ns;) will be discussed in

sections later.

(b) Overall Efficiency
The overall efficiency, ¢ of an air filter with circular fibres can be obtained using the

single fibre efficiency using equation (2.8)(Regan & Raynor, 2009).

nr=1—exp

—4 o el 2.8)
T[df

where & is the filter solidity or the fraction of the bulk volume of a filter occupied by

fibres, L is the filter thickness and d is the fibre diameter.

2.2.2  Filtration Mechanism

There are two types of air filters: mechanical air filters and electronic air cleaners. The
main difference of electronic air cleaners is that they function with the electrostatic effect
which requires external power source whereas a mechanical air filter can function
passively (National Air Filtration Association, 1993). Figure 2.2 shows a summary of

different types of filtration mechanisms.
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Figure 2.2: Filtration Mechanism (Zhang, 2004)
2.2.2.1 Mechanical Air Filters
The working principle of mechanical filtration is that the filter medium acts as a porous
screen barrier of airflow to retain particles from the air stream. In mechanical filtration,
one important note is that the electrical charges are absent between air particles and filter
fibres and the particle collection happens purely because of the Van der Waal’s force of

attraction between them (Sutherland & Chase, 2011).

The assumptions used in deriving the single fibre model of the primary filtration
mechanisms (interception, impaction, diffusion, and gravitational settling) are (Billings,

1966):

1. The filter fibres are adequately far apart so that the airflow in the vicinity of a given
filter fibre can be taken as the airflow around an isolated fibre. The fibre crossing
effect and inter-fibre interference can be neglected.

2. There is no additional hydrodynamic lift or drag caused when the particles are
approaching a surface and do not distort the airflow.

3. The surface migration, re-entrainment, and effective contacts are neglected.
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The particle size is an important factor in the filtration mechanism and its efficiency.
Inertial impaction dominates in larger particles while diffusion happens at fine particles.
There is a region where the penetration of particles is maximum, and the filtration
efficiency is the lowest. This happens at the most penetrating particle size, MPPS at the
diffusion and interception regime as shown in Figure 2.3 and it is the most difficult to be

captured by the filters (Chae, 2000; Lee & Liu, 1980).
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Figure 2.3: Filtration Mechanism at Different Particle Size (Lee & Liu, 1980)

(a) Interception

Interception is a mechanism of filtration that occurs when a particle follows the airstream
around a fibre and is intercepted by the fibre if the force of attraction between the fibre
and dust particles is strong enough (National Air Filtration Association, 1993). The key
factor for interception for single fibre efficiency is the ratio of particle to fibre diameter
and the airstream velocity (Brown, 1993). An interception occurs if a particle is at a
distance of less than its radius from the fibre surface (Sutherland & Chase, 2011). The
limitation of interception efficiency is that the maximum efficiency is achieved when the

ratio of particle to fibre diameter is equal to one, with the efficiency increasing with this
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ratio up to one (Zhang, 2004). Based on this relationship, interception is an important
mechanism for large diameter particles and particles with odd shapes resulting in large

aerodynamic diameters.

[= @9)
R

where [ is the interception parameter, 1, and R are the radius of particle and fibre

respectively (Lee & Gieseke, 1980),

For a filter fibre in sphere, the interception efficiency, ngz around Stokes flow is

defined as (Lee & Gieseke, 1980)

3 1 (2.10)

e =1+ D1 2a+D T 2a+ DY

For a cylindrical fibre, the interception efficiency, g designated by Lamb’s flow is

given by (Chen, 1955; Langmuir, 1942; Lee & Gieseke, 1980)

(1+1)
2L,

= 1+DH—-14+———=
MR [2In(1+1) + a +I)2] @2.11)
where Ly = 1 —InRe is the Lamb’s hydrodynamic factor and Re is the Reynolds

number.

(b) Impaction

Inertial impingement or impaction usually happens on large and high density dust
particles, where they travel in a straight line and hit at the filter media, despite following
the air streamlines around the filter fibres (National Air Filtration Association, 1993).
Impaction is driven by the inertia of the particle in the air stream and can be predicted
based on the Stokes number, Stk, which is the ratio of the particle’s stopping distance

and the fibre’s diameter (Brown, 1993).

13



ppUoCr 2.12)

where d,, and p, are the diameter and density of particle respectively, U, is the free
stream velocity, C, is the Cunningham slip correction coefficient, u is the fluid dynamic

viscosity and d is the diameter of filter fibre.

As the Stokes number increases and so does the fibre efficiency, except when the ratio
of particle to fibre diameter increase for small particles and thicker fibres where the
efficiency will decrease (Zhang, 2004). Inertial impingement or impaction is a key

mechanism of filtration for capturing dense particles.

Kuwabara’s hydrodynamic factor for cylinder is used at the flow around the fibre,

depending on the filter solidity,«; (Kuwabara, 1959).

Ku = —0.51n o¢;— 0.75 +oc,— 0.25 o2 (2.13)

The collection efficiency due to impaction, 1; is expressed as (Zhu et al., 2000)

ni

_2(1 —op) foy dp) (A=) e
= TStk (—) + ———Stk (2.14)

ds Ku
(c) Diffusion

Diffusion occurs at fine particles that are bombarded by air molecules in the Brownian
movement. The erratic Brownian movement increases the probability of dust particles to
collide at filter media and stay attached to them (National Air Filtration Association,
1993). Diffusional single fibre efficiency depends on the ratio of particle to fibre diameter
and the Peclet and Kuwabara hydrodynamic factor dimensionless numbers (Zhang,

2004).
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From the equation of convective diffusion, as the Brownian movement and diffusive
deposition of particles increase with decreasing particle size, Peclet number,Pe is defined
as

dsU, (2.15)

Pe =
=D

where d; is the diameter of filter fibre, U, is the average air velocity inside the filter

media whereas D is defined as the diffusion coefficient of particle. The Peclet number is
used to determine the effect of convection and diffusion in particle transport (Billings,

1966; Chae, 2000).

Diffusion efficiency is the driving mechanism that allows a filter to capture particles
with a diameter less than the porosity of the filter at a low air velocity, which can be a
large component of a filter’s overall efficiency. Hence, the diffusion efficiency is

expressed by Brown (1993).

np = 2.9Ku~/3pe=2/3 (2.16)

(d) Gravitational Settling

Gravitational settling occurs when particles are removed from airstream because of
gravitational force. Gravitational settling is proportional to the terminal settling velocity,
Vs and inversely proportional to airstream velocity, U, as described as a “settling
parameter”, G (Chen, 1955; Pich, 1973). The gravitational settling efficiency, 7 is equal
to settling parameter, G as concluded by Ranz (1951) for a random cylinder transverse to
the flow.

o Vs _ dippg 2.17)
N U,  18uU,

15



where d,, is the particle diameter, p,is the density of the particle, g is the gravitational

acceleration, and p is the fluid viscosity.

Another important factor for gravitational settling is the direction of the airflow
Upward airflow results in an efficiency of zero while downward airflow would result in
a non-zero efficiency. With horizontal airflows with a velocity greater than 0.01 ms™, the
efficiency of gravitational settling for moderate to small particles is negligible, except for
very large particles in airflows with low velocity (Zhang, 2004). Gravitational settling
can be an efficient mode of filtration, though the requirements in velocity are unrealistic
for many filters leading to gravitational settling commonly being neglected for single

fibre and overall filter efficiency predictions.

(e) Straining

Straining is the simplest air filter particle capture mechanism, typically happening when
a dust particle is smaller than the distance between filter media fibres (National Air
Filtration Association, 1993). Straining is not an efficient way to remove fine particles

and mainly occurs on the filter media surface. Figure 2.4 depicts the straining mechanism.

Figure 2.4: Straining (National Air Filtration Association, 1993)
2.2.2.2 Electrostatic Mechanism
The electrostatic mechanism of filtration is a simple mechanism, although sometimes it

is difficult to predict performance. Electrostatic mechanism occurs when the filter fibre
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is charged or is placed under an electric field and attracts the charged or neutral particles

(Brown, 1993; Wang, 2001). Table 2.1 summarizes different electrostatic expression

based on various situations (Liu et al., 2017; Wang, 2001).

Table 2.1: Electrostatic Expressions

Particle Source of Electric Field Electrostatic Expression
around the fibre
Net charge By external electric field Ng = qE
Induced By external electric field meods (€, — 1 -
Dipole Ng = 4 <€p + 2) VIE|
Net charge By the charge on particle 1 g —1 q*
Ng = léme, <sf + 1) (r —rp)?
Net charge By the charged fibre N, = qQ.
E— 2meyr

Induced By the charged fibre d3 (e, —1\Q.°
Dipole Ng = 8me, <£p + 2) r3
Net Charge By line-dipole induced in qadf

fibre with surface charge -\ m

distribution 6(0) = o cos 6
Induced By line-dipole induced in ndy (g, — 1 o?ds
Dipole fibre with surface charge Ng = 16z <g T 2) (1+ &7)%r5

distribution 7(8) = o cos 6 oA !
Legends:
gp Permittivity of &, Dielectric constant of g Dielectric constant of fibre

free space particle

d,, Diameter of ds Diameter of fibre 77 Radius of fibre

particle

q Netchargeon Q.

particle

r Radial distance 8

of fibre

from fibre axis

|

with

components of

E, and Ey

Electric field E,

Net charge on unit length ¢

Polar angular coordinate  E,

Surface charge density

Externally applied electric
field
Eq

Y g — 1\ 17
=[1+<€f+1>rizlEoc059 =l1+<€f+1>rizlEosin9
1 1

Due to the lack of knowledge of the charge of particles, this mechanism is typically

negligible for prediction purposes, although it is known to increase filter efficiency

(Zhang, 2004). The common downside to electrostatic mechanisms of charged filters is

that the media is known to lose its charge with time and must be periodically charged to
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maintain filtration efficiency levels and that particles with the same charge as the filter

media will decrease the overall efficiency (Zhang, 2004).

2.2.3 Factors affecting Air Filter Performance

2.2.3.1 Air Velocity

If the velocity approaching the filter is not uniform, this non-uniformity can bring
significant effects on clean filter performance on the efficiency. The air velocity
distribution can be affected by filter housing geometry (Chambers et al., 2001). The
velocity distribution has also been studied by Kang et al. (2020) using a particle image
velocimetry (PIV). The experimental results obtained using PIV are similar to the CFD
simulated results. They found that the pleat geometry and the pleat stabilizing technique
are affecting the air velocity distributions and should be taken into consideration in flow
effect estimation. As discussed earlier in Equation (2.4), Del Fabbro et al. (2002) had also
developed a model in relating filtration velocity and other parameters with the initial

pressure drop, 4P,.

2.2.3.2 Filter Media Geometry

The pressure drop across an air filter can be affected by the filter geometrical properties.
Théron et al. (2017) studied the geometrical configuration of down-sized pleated filters
(120 x 120 mm?) according to standard EN 779-2012 and concluded that the pressure
drop can be lowered by reducing the pleat height and increasing pleat width, which is
toward a flat geometry. This happens because of the narrowness of the airflow inlet across
the filter media. With a smaller pleat width, the air is forced to pass through the smaller

filter inlet, causing a large differential pressure across the filter (Wiegmann et al., 2007).

Park et al. (2012) studied the effect of pleat geometry on a pleated cartridge filter and
found that the pleat ratio is 1.48 to obtain an optimum pressure drop and the highest

efficiency while Li et al. (2019) found that the pleat ratio should be kept below 1.59 for
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an effective filtration. Lo et al. (2010) concluded that the pleat ratio is affected by the
cleaning mode for filter cartridges with pulse-jet cleaning. Kim and Lee (2019) found that
the pleat ratio of 2.21 causes the maximum effective filtration area and filter cleaning

efficiency.

2.3 Dust Loading Behaviour of an Air Filter

Besides the initial performance of the clean filter, it is important to consider the behavior
of an air filter with dust accumulation. Generally, the pressure drop across the filter will
increase with loaded dust while the collection efficiency of loaded filter media will
improve (Wang et al., 2016). The amount of dust that an air filter is able to hold is

important to determine the lifespan of the air filter application.

As shown in Figure 2.5, there are three different phases of dust loading process

(Brown, 1993):

1. Depth filtration regime. The particles are accumulated inside the filter media. The
pressure drop increases gradually with increasing dust collected. The particles are
retained within the filter media by Van-der-Waals forces (Huurdeman & Banzhaf,
2006).

2. Transitional regime. Most of the void space in the media is filled with dust.
Apparent fibre shape changes due to loaded dust (Kanaoka, 2019), causing the
pressure drop increases at a higher rate than that of depth filtration regime.

3. Dust cake region / Surface filtration regime. The dust cake starts to build on the

filter surface and the pressure drop increases significantly in this region.

19



Figure 2.5: Dust Loading Phases (Zhang, 2004)
2.3.1 Filtration Performance Parameters
2.3.1.1 Pressure Drop across Dust Cake

From Darcy’s Law, the total pressure drop, AP across filter can be described as:

AP = AP, + AP, (2.18)
APy = K, Vy (2.19)
AP, = K V;W (2.20)
AP, 2.21
S=—==KW (2.21)
Vs

where AP, is the pressure drop across a clean filter as discussed in Section 2.2.1.1; K;
depends on the physical characteristics of filter media such as media porosity; AP. is the
pressure drop across dust cake; K, is the dust cake resistance coefficient; Vr is the
filtration velocity; W is the dust mass deposited per unit filter area and S is the dust cake

drag coefficient.
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2.3.1.2 Dust Holding Capacity

Dust holding capacity, which is also known a test dust capacity, is defined as the total
weight of dust a filter can capture, at the same time maintaining the filtration efficiency
until reaching the rated final pressure drop (Legg, 2017). Dust holding capacity is also
used to predict the lifespan of a filter. The dust holding capacity is calculated by deducting
the amount of dust left uncaptured by the test filter and increment of mass of the final
filter downstream from the total dust fed into the filter. The capability of the collection of

the test dust is called arrestance.

2.3.1.3 Arrestance

Arrestance is defined as the ability of a test filer to capture synthetic dust and usually used
to represent the filtration efficiency of a coarse filter (Zhang, 2004). The filtration
efficiency is the ability of a filter to remove microscopic particles. As for the coarse filter
where is the efficiency is low, the arrestance is used to measure the ability of the coarse
filter to remove relatively larger particles. In the air filter test standards, synthetic dust,
which is relatively bigger in particle size compared to fine particles generated from

aerosol, is used to determine the test filter arrestance. The arrestance, A is defined as

A= (1 - %) X 100% (2:22)

A

where my is the mass of dust which passes through the test filter and M, is the mass of

dust loaded to the test filter.

2.3.2  Factors Affecting Filtration Performance of Dust-loaded Filters
This section discusses on the different factors affecting the filtration performance when a

filter 1s loaded with dust.
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2.3.2.1 Fibre Media Characteristics
The filtration performance is strongly dependent on the fibre media characteristics such
as media porosity, the thickness of the filter media, and the fibre media arrangement. The

purpose is to prolong the clogging time of the filter media with slow increase in pressure

drop (Huurdeman & Banzhaf, 2006).

2.3.2.2 Particle Characteristics

Chen et al. (2014) studied the effect of different test dust which are 325 mesh talcum
powder, ASHRAE dust, and ISO A2 dust on the dust holding capacity and cleaning
effectiveness using experimental set-up according to EN 779:2012 with pulse-jet cleaning
system. The results recommended ASHRAE dust in filter testing due to its size

distribution and it can simulate the actual effects of atmospheric aerosol.

Lee et al. (2020) found that the pressure drop is higher at a same amount of loaded
mass for bigger geometric volume particles due to particle deposition via inertial
impaction. This can be explained by Stokes number in Equation (2.12). As the Stokes
number is proportional to the square of particle size, the dust cake of larger A2 fine dust
particles is more compressed than that of A1 ultrafine dust. This causes the A2 dust cake,
which is made up of larger dust particle size, to be less permeable, causing a higher

pressure drop.

Cheng and Tsai (1998) investigated the effect of dust particle shape on the dust cake
resistance. Irregular particles which are irregular limestone and SAE fine dust have larger
dust cake porosity compared to spherical fly ash particles. The more random arrangement

causes a lower pressure drop across dust cake.

Saleh et al. (2014) found out that the filter service life is longer when monodispersed

particles are used compared to the polydisperse aerosols with the same mass flux. An
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analytical equation was introduced by Endo et al. (1998) to study the effect of

polydispersity and shape factor on dust cake formation:

AP, djgexp (41n”ag,)  18(1 — &) v(e) (2.23)
uusH K B g2

The equation is simplified for monodisperse and spherical particles:

AP.dj  18(1—¢) v(e) (2.24)
uusH g2

where AP, is the dust cake layer pressure drop; u is the air viscosity; ug = u;€ is the
superficial velocity; u; is the interstitial velocity; € is the porosity; d,4 is the geometric
mean diameter of d,,; d,, is the volume equivalent diameter; g is the geometric standard

deviation; Ks is the dynamic shape factor and v(¢) is the void function.

2.3.2.3 Presence of External Electric Field

A simulation of particle deposition is carried out by Park and Park (2005) on filter fibre
in studying the effect of external electric field. Particles deposit in a linear dendritic form
on a fibre with an external electric field, causing more porous structure due to electrostatic

forces and therefore a lower pressure drop.

Lee et al. (2020) has proven experimentally that the dust holding capacity increases
with the presence of the external electric field. The cake porosities of the filter are higher

with an external electric field, which eventually increases the filter lifespan.

2.3.2.4 Dust Loading Rate

At increasing dust loading rate, the pressure drop across filter media decreases with a
same mass of dust loaded at unit filter area. At low dust loading rate, the particles move
with more intra-particles spaces and this allows more time for the particles to arrange

themselves on the media surface without the interference of incoming particles, forming
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a denser cake micro-structure and higher pressure drop across the dust cake (Wang et al.,

2016).

2.3.2.5 Air Velocity
The filtration velocity contributes to the dust cake resistance. The relationship between

the two factors can be described as (Dennis & JA, 1981):

K. = fV/ (2.25)
where K_ is the dust cake resistance coefficient; V is the filtration velocity; f and n are
constants. K, increases when the particle size increases or when the filtration velocity
increases. This happens due to the irreversible compaction on the dust cake and smaller
dust cake porosity at a higher filtration velocity, causing a larger K. value and hence

higher airflow resistance (Cheng & Tsai, 1998).

The relationship between the dust cake porosity and the filtration superficial velocity

is represented by

1—e=fVr (2.26)

where ¢ is the dust cake porosity (Choi et al., 2002).

Théron et al. (2017) studied the effect of the velocity profiles on the pleat geometry
influencing the initial local collection efficiencies. Schousboe (2017) also investigated
the maximum local velocity numerically to determine the filter pleat geometry. Alderman
et al. (2008) has studied the influence of media on the filter efficiency of the HEPA filters.
The efficiency decreases with increasing face velocity due to the reduced retention time
of particles in the nanofibre.(Leung et al., 2010) Saleem and Krammer (2007) found that
the specific resistance and density of dust cake are higher at a higher filtration velocity

when the dust concentration is constant for bag filters.
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2.3.3 Pleat Geometry

Li et al. (2019) studied the effect of pleat geometry on small-scale pleats experimentally
and concluded that the pleat ratio should be below 1.59 to achieve a good filtration effect.
The influence of the pleat ratio is more pronounced on the pressure drop as the superficial
velocity increases. Teng et al. (2022) found that the effective filtration area increases with
a pleat ratio of 2.22 to 3.70. A larger pleat ratio can allow the larger dust particles to
deposit at the pleat corners more easily. Park et al. (2012) also found that the pleat
configuration at a pleat ratio of 1.48 can result in the highest cleaning efficiency. The
aging of the filter can be decelerated by increasing the pleat count, which is concluded by

Fotovati et al. (2012) using numerical simulation on V-shaped pleats.

Théron et al. (2017) investigated a lab-scale pleated fibrous filter and summarised that
the pressure drop could be reduced with a pleated shape toward a flat geometry. Persaud
et al. (2021) concluded that the two pleat conditions to obtain optimum filtration
performance on a cartridge filter are using a longer pleat depth to increase filtration area
and using an optimal number of pleats, which is consistent with the findings of Maddineni

etal. (2019).

2.3.3.1 Humidity

The pressure drop across the air filter can be reduced at humid airflow. This is due to the
adsorption of water contained in the air on the dust cake surface. The deposition of dust
is restructured which leads to a more organized dust cake with lower pressure drop; thus
the time required to reach the final resistance is longer. A pressure drop across the dust

cake of a clogged filter, AP, in term of air humidity is described as (Joubert et al., 2011):

N (2.27)

Z K.(tr — k4t)

kn=1

Amgvy

AP. =pu
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where i is the air dynamic viscosity; Am is the particle mass in each cake layer; vy is
the filtration velocity; sy is the filtration surface area; k, is the variable of number of cake
layers; N is the number of cake layers; K, is the specific cake resistance; ty is the total

filtration time and At is the time required for the cake formation of each layer.

24 Energy and Operational Costs of Air Filters

2.4.1 Energy Calculation Method

It is important to consider the energy consumption calculation of the air filters. All three
standards have no specification on the calculation method on energy an air filter will
consume until the final resistance is reached. There are two energy efficiency

classification methods have been introduced.

2.4.1.1 Key Energy Performance
The first method is the “key energy performance” (kep) in Europe (Mayer et al., 2008)

and 1s expressed as

—100 log (1 — FE) (2.28)
kep = —
AP - C

(2.29)

— 1M
AP = i -fo P(m)dm
where FE is the average filtration efficiency at a particle size of 0.4um at 0.944m’/s
which is obtained from EN 779 test; AP is the average pressure drop of air filter in Pa;
P(m) is the instantaneous pressure drop across filter; M is the total mass of dust loading
in g, m is the variable of loaded dust, and C is an empirical constant. For energy
efficiency classification of the air filters with ASHRAE 52.2 test, a similar method can
be used by defining FE as the average efficiency according to minimum efficiency

reporting value (MERV) (Sun & Woodman, 2009).
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2.4.1.2 Wattage Method
The Wattage method determines the power of energy needed to overcome the airflow
resistance across the air filter. This method does not take into account of filtration

efficiency and the energy consumption is defined as

E_Q-ﬁ-t (2.30)

~ 11000
where E is the energy consumption in kWh; Q is the airflow rate in m’/s; t is the
operation time in hour; n is the system energy efficiency, which is a product of motor,

fan and transmission efficiencies and AP is the average pressure drop of air filter in Pa.

AP is determined as shown in the first method(Sun & Woodman, 2009).

The Wattage method using the results obtained from EN 779 is published in Eurovent
4/21-2014 (Eurovent, 2014). Eurovent 4/21-2014 was the guideline published in Europe
to define a method of air filter classification in consideration of energy efficiency. This
guideline makes use of the test result from EN 779 to further analyse the energy
consumption of air filters. After EN 779 is replaced by ISO 16890 in Europe since
2016(Courtey, 2017), the calculation method is amended according to ISO 16890

classification and the latest version is Eurovent 4/21-2018 (Eurovent, 2018).

2.4.2 Filter Life Cycle and Operational Cost Functions

The life cycle cost and operational cost of air filters are the important factors in selecting
suitable air filters in different applications. Some manufactures have compared the effect
of total filtration area such as the number of pockets of air filters on the annual energy
consumption by developing calculation software. Energy consumption analysis and
comparison are done between filters and recommendations are provided from the

software (Kimberly-Clark, 2013; Mann-Hummel).
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Faulkner (2001) had estimated the costs of different filters used in the HVAC system.
The cost of air filters varies for different designs depending on applications and is
estimated by

Cost per unit air flow (2.31)
_ Filter Cost + Labor Cost per Filter Installation + Energy Cost

Filter Lifetime X Air Flow Rate

Filter lifetime (2.32)
Dust Holding Capacity

~ Arrestance X Inlet Particle Concentration X Air Flow Rate

A change in pressure drop is a change of operating point on the fan curve that affects
the power consumption of a fan (Zhai & Johnson, 2017). A model is developed by
Montgomery et al. (2012) in predicting the energy efficiency and annual operation cost
of HVAC air filters at a constant airflow rate using ASHRAE MERYV rating filters. The
annual cost of operation is the most affected by the dust concentration in air and electricity
costs. The annual cost of operation can be reduced if the air filter is changed when it
reaches a pressure drop corresponding to minimum annual cost instead of following the

final resistance recommended by manufacturers.

Noh and Hwang (2010) studied the effect of ventilation rate and filter performance on
the indoor particle concentration and the fan power consumption in a residential housing
unit. The power consumption is not much affected by air filter at low ventilation rate as
the pressure drop across a filter at a low airflow rate is relatively small compared to the
pressure drop across ducting and heat exchanger. The filter performance is better at low

ventilation rate.

A predictive cost function for HVAC energy consumption in terms of ventilation and

filtration was developed by Ben-David and Waring (2018)
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] =Jg +Jiag tJsitter (2.33)

where ] is the pre-occupant cost function; /., J, 40 and J filter Ar¢ COSts due to energy

consumption, indoor exposure due to PM2.5 and ozone of outdoor origin as well as costs
for filter purchase and replacement respectively. Derivatives can be done with respect to

ventilation rate or filtration to analyse the respective effect on the cost function.

2.5 Computational Fluid Dynamics

Computational fluid dynamics (CFD) can efficiently the performance of the air filters. It
saves costs and time as the full-scale experiments need not be carried out after the
simulation results can correlate with experimental results. Besides, flow study within the
filter media is hardly achievable by experimental methods (Cai, 1993). A lot of research
has been adopting CFD simulation in air filtration research. The purpose of the research

and respective models used have been summarized in this section.

2.5.1 Turbulence Models

When solving fluid flow problems with CFD, turbulence behaviours of airflow should be
handled carefully during the calculation. For a turbulent flow regime, the Navier-Stokes’s
equations are modified to consider the fluid interaction with the fluctuating velocity fields
due to the turbulence. Turbulence models are introduced in CFD to resolve turbulence
fluid flow. There are many types of turbulence models and no one turbulence model is
generally accepted to solve every type of problem (Fluent, 2006). Hence, when choosing
the turbulence model in CFD analysis, the physics of the flow, level of accuracy required,
computational resources, and time have to be considered to achieve an efficient and
accurate solution. The turbulence models can be generally categorized into three groups:
Reynolds-Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES), and Direct

Numerical Simulation (DNS).
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Reynolds-Averaged Navier-Stokes (RANS) equations are the most common and
oldest approach in turbulence modelling. RANS equations represent the transport
equations for the mean flow quantities only, with all the scales of the turbulence being
modelled. The computational effort is greatly reduced by permitting a solution for the
mean flow variables. The RANS models can be closed in two ways, one is via the
Boussinesq hypothesis (Eddy Viscosity Models) and another is via the transport equations
for Reynolds stresses (Reynolds-Stress Models) (Fluent, 2006). The governing equations
consist of no time derivatives if the mean flow is steady. A steady-state solution can be
obtained economically. For an unsteady case, the computational advantage is more
obvious as the time step will be determined by the global unsteadiness in the mean flow
rather than by the turbulence. Hence, here comes the unsteady Reynolds-Averaged
Navier-Stokes (URANS). As long as the time scale of the changes in the mean is large
compared to the time scales of the turbulent motion containing most of the energy, the
turbulence models used to close the equations are valid. RANS approach is greatly used
for practical engineering calculation and industrial fluid simulation due to its robustness.
Models such as k-epsilon, k-omega, Spalart-Allmaras are the examples of RANS

approach.

Large Eddy Simulation (LES) is an approach in which the large eddies in the
turbulence flow are computed in a time-dependent simulation through a set of filtering
operations. Eddies that are smaller than the size of the filter will be removed and their
effect modelled using sub-grid scale models. During the time-dependent simulation in
LES, the data of the mean flow quantities, which are generally most engineering interest
will be gathered. Due to this method, the computational cost will greatly reduce. LES
requires higher computational resources than the RANS method, but yet far cheaper than

Direct Numerical Simulation (DNS).
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Direct Numerical Simulation (DNS) captures all the relevant scales of turbulent
motion. The Navier-Stokes equations are numerically solved without any turbulent
model. The grid size for DNS needs to be very fine to resolve the whole range of spatial
and temporal scales of the turbulence. The computational cost for DNS is extremely high
as it requires very large memory storage and processing units. The computational cost is
proportional to Re® and hence it is intractable for flow with complex geometries and high

Reynolds number.

2.5.1.1 The Shear-Stress Transport (SST) k-&» Model
There are 2 types of k- Turbulence Model which are standard k-0 model and shear-
stress transport (SST) k-® model. SST k- model differs from the standard model as

follow:

e Shear-stress transport k- model has the gradual change from the standard k-o
model in the inner region of the boundary layer to a high Reynolds number version
of the k- € model in the outer part of the boundary layer.

e Modified turbulent viscosity formulation to account for the transport effects of the

principal turbulent shear stress.

The standard k- model is an empirical model based on model transport equations for
the turbulence kinetic energy, k, and the specific dissipation rate, ®, which is the ratio of
e to k. The standard k- model in FLUENT incorporates modifications for low-Reynolds
number effects, compressibility, and shear flow spreading. It predicts free shear flow
spreading rate that is in close agreement with measurements for far wakes, mixing layers
and plane, round and radial jets. Hence, it is suitable for wall-bounded flows and free

shear flows (Fluent, 2006).
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In the SST k- model, it effectively blends the robust and accurate formulation of the
k- model in the near-wall region with the free stream independence of the k- model in
the far field. The SST k- model is similar to the standard k-® model, but with some

refinements as follow:

The standard k- model and the transformed k-& model are both multiplied by a
blending function and both models are added together. The blending function is designed
to be one in the near-wall region, which activates the standard k- model and zero away

from the surface, which activates the transformed k-¢ model.

The SST model incorporates a damped cross-diffusion derivative term in
the o equation. The definition of the turbulent viscosity is modified to account for the
transport of the turbulent shear stress. The modelling constants are different. With the
refinements above, the SST k- model is more accurate and reliable for a wider class of
flows such as adverse pressure gradient flows, airfoils, and transonic shock waves. The k

and o in the SST k-® model can be obtained from the following transport equations:

6(k)+6(k )—6 (+Mt)6k +Ge— Y +S (2:34)
5t P T e P T G [\ T G g | T T T Tk

) é 0 Ue\ Sw _ (2.35)
St (pw) + dx; (pwu;) = dx; [(.u + Um) 5Xj] +Gy—Yy+Dy+S,

where G represents the generation of turbulence kinetic energy die to the mean velocity
gradients; G, is the generation of ®; Y}, and Y, represent the dissipation of k and ® due to
turbulence; D, represents the cross diffusion term while Sj and S, are user-defined

source terms.
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2.5.2 Pressure Drop and Velocity Field across a Clean Filter

There is a lot of research done in simulating the initial pressure drop of the air filter and
velocity profile across the filter using CFD simulation as summarized in Table 2.2. Most
of the simulation adopted a 2D domain and one pleat geometry. A porous zone is used to
represent the filter media in macroscale simulation. As for the viscous model, various
turbulence models are used in previous works such as Detached Eddy Simulation (DES),
RNG k-¢ model, and RSM model which are proven to accurately predict the initial

pressure drop and velocity profile.
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Feng et al. (2014)

Purpose of studies

Table 2.2: Summary of Input Parameters of Previous Works

Filter Media Properties

To predict airflow and Rectangular pleat

pressure  drop
pleated filter

of a

Py, = 50mm

h = 50mm
B =833 x10"12m?
Z = 030mm

Simulation Domain

2D domain
Vinter = 0.13m/s

Flow model and properties
Turbulence model

- Standard k- model
- Low Re k-g model

- v2fmodel

- Large Eddy Simulation (LES)
models

- Detached Eddy Simulation
(DES)

SIMPLE  algorithm in
correction equation.

pressure

Pressure discretization - standard first
order upwind

Others — second order upwind

Outcomes and remarks

v2f model, LES and
DES (Spalart-Allmaras)
models accurately
predict the pressure drop
and flow distribution in
pleated filters.

As LES requires high
computer capacity, DES
(Spalart-Allmaras) and
the v2f models are
recommended.
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Théron et al. (2017)

Jeon et al. (2020)

Wiegmann et
(2007)

Chen et al. (1995)

Schousboe (2017)

al.

Purpose of studies
To study the
geometry on the
pressure  drop  and
velocity field

pleat

To predict the pressure
drop through two-stage
filtration

To show the effect of
pleat shape and filter
media on pressure drop

To optimize the pleated
filter design

To study the velocity
distribution across pleat
geometries.

Filter Media Properties
Triangle pleat (pocket filter)
P, = 11.5,23.0 mm

h= 20,40 mm

B =2.0+0.5x 10"°m?

C =3344 41000 m™*

Z = 0.50 — 0.65mm

B =10"11m?

B

=11x 1071925
x 10711 m?

Z = 0.5mm

h = 14.07,8.07 mm
Rectangular pleat
Rectangular pleat

Pleat density = 6.5, 7, 7.5,8,
8.5 PPI

h= 0.5,

0.75,1.0 inches

B =123 x107?m?

Z = 0.0145"

Table 2.2, continued

- Simulation Domain

- 2D domain

- Half pleat

- Vinter = 0.019 —
0.81m/s

- Triangular mesh (2D),
Tetrahedral mesh
(3D)

- Mesh growth rate =
1.05

- Vintet =
0.5,0.75,1.0 m/s

- 3D domain

- 2D domain
- Half pleat
- 2D domain

- Vinter = 10 ft/min

Flow model and properties
Turbulence model (Re=1550 - 45 000)
- Standard k-& model
- Reynolds stress model (rsm)

Laminar flow in porous media
Laminar flow model (Re < 1)

N/A

Laminar flow
Flow through filter: Darcy-Lapwood-
Brinkman mode

Laminar flow

Outcomes and remarks

Both turbulence models

give

similar pressure drop prediction

The relative error of 2D
and 3D
small. Pressure drop is
not affected by mesh
number.

The CFD results agree
well with experimental
results for both single
and two-stage filtration.

simulation is

Precise pressure prediction eases
the filter design process.

N/A

The filtration velocity is non-

uniform along the pleat.
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Table 2.2, continued

Purpose of studies Filter Media Properties - Simulation Domain

To study pressure drop Triangular pleat - 2D domain
of pleated air filters B =11.89 x 10~ 1?m?

7 = 0.406mm = Vinee = 0.6m/s
To study the air flow of = Triangular pleat - 2D domain
filters B =10"8t0107% m?

C=1147.0m™! Vinlet =1.0,5.0 m/s

Rectangular and triangular - 2D domain

pleats

To model air flows and
pressure d

h =27 —48mm

Flow model and properties

Turbulence model
- Standard k-¢ model
- RNG k-¢ model
- Reynolds stress model (RSM)

Laminar flow within porous media
Turbulence model for flow domain
- Standard k- model

Laminar flow

P, = pleat width; h = pleat height; B = media permeability; C = media inertial resistance; Z = media thickness; V;,;.; = duct air velocity

Outcomes and remarks

- Standard k-e model
showed greater
deviation from

experimental results.

- RNG k-¢ model and
RSM model agree with
experimental results.

- RSM model is fitted
better than RNG k-¢
model.

N/A

N/A
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253

Dust Loading Simulation

The Eulerian model considers the particles as a continuous phase variable. The effect of

particle motion on the airflow is neglected. The Lagrangian method tracks the particle

trajectories and is used to model particle motion. These two models are widely used in

the literature in simulating the instantaneous pressure drop across the filters which is

summarized in Table 2.3.

References = Purpose
of

studies
To model
unsteady
filtration
performa
nce of
pleated
filter

Feng and
Long
(2016)

Table 2.3: Review of Dust Loading Simulations

Filter Media
Properties

Rectangular pleat

Dust Deposition
Modelling

Lagrangian method
Transient particle

deposition

Eulerian model
2D  domain

gravitational force

without

dp, > 0.5um, assuming
all particles captured on
media (100%
efficiency)

Flow
model and
properties
DES-SA
turbulence
model

Filter media
& cake
layer -
porous zone

SIMPLE
algorithm
to  couple
the pressure
and
velocity

Outcomes and
remarks

Both Lagrangian and

Eulerian methods
provide accurate
results with

acceptable error.

Eulerian model is
used as the computing
is faster.
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Fotovati et
al. (2011)

Fotovati et
al. (2012)

Purpose
of
studies
To model
instantan
eous
pressure
drop
during
dust
loading
(cake
filtration

)

To
simulate
the
particle
depositio
n inside
media
(depth
filtration

)

Filter Media

Properties

Rectangular and

triangular pleat
h =254mm
Z = 0.38mm

Triangular pleat

h =254mm
Z = 0.7mm
a=5%

df =15 um

Table 2.3, continued

Deposition

Modelling

Lagrangian
particle
tracking
method
Steady state
flow field
Relatively
large particles
cannot  pass
through
media, only
deposition

d, =

3,10 um
Particle
rebound
neglected

160 batches of
particles  (a
pseudo-time
step each)
A=2x

1013 particles

m3

Lagrangian
approach
Discrete

Phase Model
(DPM)
A=2X

10° particles/
m3

Flow Outcomes
model and remarks
properties

2D domain = N/A

Vinlet
=02,1.0m

/s

2D domain

Laminar
flow

Filter media
as  porous
zone

Vinlet
=0.05,0.5n

/s

and

Pw = pleat width; h = pleat height; B = media permeability; C = media inertial resistance; Z = media

thickness; Vinlet = duct air velocity; d,, = particle size; A = Aerosol concentration; a = solid volume
fraction (SVF); dy = fibre diameter

2.6 Final Resistance

The final resistance of air filter is defined as the resistance to airflow up to which the

filtration performance is measured to determine the average arrestance and test dust

capacity according to ISO 16890:2016 Air Filters for General Ventilation (ISO, 2016b).

The final resistance is a reference point for the users to replace the filter.
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The final resistance value is defined differently in various air filters for general
ventilation standards which are EN779:2012, ASHRAE 52.2:2017, and ISO 16890:2016.
The final resistance defined for different classes of air filters by various standards is
summarized in Table 2.4. The defined value of final resistance in test standards is used to
determine the filter performance according to respective standards for filter classification
and comparison.

Table 2.4: Final Resistance Defined by Test Standards (ASHRAE, 2017; EN,
2012; ISO, 2016b)

EN 779:2012 ASHRAE 52.2:2017 ISO 16890:2016
Final 250 Pa 350 Pa 200 Pa
Resistance (Filter Class: (All Filter Classes) (Filter Class:
Gl -G4) ISO Coarse)
450 Pa 300 Pa
(Filter Class: (Filter Class:
M5 — F9) ISO ePM1, 2.5 & 10)

In actual application, the final resistance or the maximum operating resistance to
airflow of air filter is normally recommended by the manufacturer (ISO, 2016b). The final
resistance is normally recommended to be two times the initial resistance or the pressure
drop of a clean filter as recommended in ASHRAE 52.2:2017 (ASHRAE, 2017; Nassif,

2012).

2.7 Summary of Literature Review

The final resistance of the air filter is important to be determined according to different
filter designs, media, or applications. If a filter is over-specification and ruptures before
the recommended final resistance, the indoor air quality of a building will be drastically
affected. The sudden increase of static pressure across the HVAC system as a result of

filter ruptures will be disastrous to the system components.

Besides, the energy consumption of the air filter is well depending on the final

resistance. As discussed above, the air filter is recommended to be replaced before the
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recommended final resistance to optimize the annual operation cost of the HVAC system
(Montgomery, 2015). One important factor which affects the energy consumption and
lifespan of air filters significantly is the rate of increase in pressure drop of the air filters.
The factors affecting the initial pressure drop and pressure drop during dust loaded have
been reviewed and it is important to consider the relationship of these factors in setting
an optimum final resistance of the air filters. The factors affecting the pressure drop and

factors contributing to the life cycle cost are shown in Figure 2.6.

Media Fiber
Characteristics

- Porosity
- Fiber diameter i

- Media thickne: )
ecia Tckness System Efficiency

Burst Pressure Operation Time =~ ——

- Tensile Strength il
ow Rate —

Filter Construction
(Total filtration b .
Area) » Initial pressure Energy Life Cycle
drop Consumption Cost

- No of pleats

- Pleat height

- Filter depth » Pressure drop with
W & dust accumulated

Air Properties

F Y

Filter Cost

Installation Cost [——

- Air velocity —
- Relative humidity

Dust Properties

- Particle Shape -
- Dust loading rate
Figure 2.6: Factors Affecting the Filter Pressure Drop
In order to study the factors affecting the filtration performance, the testing procedure
according to different test standards which are EN 779, ASHRAE 52.2, and ISO 16890
is compared. The difference between the three test standards discussed in Chapter 3. The

test procedure is adopted in determining various parameters affecting the final resistance.
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Other than that, CFD is also widely used as a methodology in studying the filtration
performance. With experimental validation, CFD can effectively predict the filtration

performance, which is time and cost-saving.

In summary, the final resistance is recommended by manufacturers and its relationship
is necessary to be developed. If the air filter ruptures before the recommended final
resistance, the indoor air quality will be highly contaminated, especially for
pharmaceutical industries. Studying various contributing factors experimentally and via
simulation, the final resistance relationship is important to ensure that the service period
of the air filter can be optimized with high filtration efficiency at optimum energy

consumption.
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CHAPTER 3: AIR FILTER TEST STANDARDS FOR PARTICULATE

MATTER OF GENERAL VENTILATION

Air filters play an important role in an HVAC system to maintain the good indoor air
quality of a building. The air filter test standards act as a guideline to evaluate air filter
performance. The current global test standard, ISO 16890:2016 adopts particulate matter
classification which can be easily understood. The European standard, EN 779:2012 is
obsolete and replaced by ISO 16890:2016 in June 2018. ASHRAE 52.2:2017 which
adopts Minimum Efficiency Reporting Value (MERYV) classification is still widely used
in the United States. Some countries in Southeast Asia such as Malaysia, Brunei, and
Singapore are applying different standards: EN779, ASHRAE 52.2, and ISO 16890.
Standardization of the air filter testing and classification is undoubtedly important in the
global air filtration market. This paper can act as a reference and assist these developing
countries in adopting the suitable air filter testing standard to develop their national
standard. As all three standards have no specifications on energy efficiency classification,
the energy rating system can be obtained using Eurovent 4/21-2018. The HVAC system
supply air quality can be further improved with the consideration of WHO annual mean

pollutant limits and EN 16798-3 air classification to determine the supply air cleanliness.

3.1 Background of Test Standard Development

3.1.1 ASHRAE 52.2

The air filter standard was originated by the American Society of Heating and Ventilating
Engineers (ASHVE) in the 1930s with an adopted code in determining the air filter
efficiency. The filter efficiency was calculated on the basis of the amount of weight of
the synthetic dust which a filter was able to remove (May, 1965). Later in 1953, the Air
Filter Institute (AFI), a manufacturers’ association adopted Section 1 of a Code for

Testing Air Cleaning Devices (Institute, 1954) in determining the filter efficiency. (May,
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1965) A final filter was located at the air filter’s downstream to trap the unfiltered
synthetic dust and this weight of the final filter was used to calculate dust arrestance or
efficiency. The dust holding capacity was introduced in the AFI code to estimate the air
filter lifespan. The ASHVE and AFI codes worked with a weight method test which was
suitable for medium-efficiency filter but found unreliable when the weight efficiency was

approaching 100 percent due to experimental error.

Hence, a dust-spot test method was developed by the United States Bureau of
Standards and later published by the Air Filter Institute in 1960 (Air Filter Institute, 1960).
The dust-spot test method used atmospheric dust from the air and clean filter papers were
used to collect upstream and downstream dust at the same sampling rate. The upstream
sampler was operated for a shorter time period so that both upstream and downstream
could collect the same dust densities on the filter papers. The dust-spot efficiency was
defined as a function of the sampling period obtaining the same dust density on filter

papers.

The dust-spot efficiency and arrestance test were improved and then published as
ASHRAE 52-68: Method of Testing Air Cleaning Devices Used in General Ventilation
for Removing Particulate Matter in 1968 as the first official air filter testing standard in
HVAC industry (Zhou & Shen, 2007). This standard directed the testing procedures to
determine the performance in air cleaning equipment. The ASHRAE 52-68 was then
improved and introduced as ASHRAE 52-76 in 1976 by defining a test filter duct section
for the pressure drop determination and adding in S.I. units despite merely using English
units (National Air Filtration Association, 1993). As ASHRAE 52-76 required a long
testing time for atmospheric dust spot efficiency, ASHRAE 52.1-1992 was published.

The ASHRAE 52.1 (ASHRAE Standard, 1992) defined a shorter testing method for better
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reproducibility and allowing the testing procedure from previous ASHRAE 52-76

(National Air Filtration Association, 1993) at the same time.

The ASHRAE 52.1 focused on the filter performance in protecting machinery and
coils and filter’s ability to remove staining size particles. The atmospheric dust spot
efficiency as well as the ASHRAE dust weight arrestance were calculated and averaged
in consideration of the dust loading procedure (Klenk). The dust spot efficiency was

determined using light blockage due to atmospheric dust on a target paper (Farr, 2013).

The concern of maintaining good indoor air quality had been increasing, hence the
ability of an air filter in removing different particle sizes became more important to judge
the filter efficiency. In 1999, ASHRAE 52.2 was introduced with a Minimum Efficiency
Reporting Value (MERV) based on a wide particle size range ("ANSI/Standard 52.2-
1999, Method of Testing General Ventilation Air-Cleaning Devices for Removal
Efficiency by Particle Size," 1999). ASHRAE 52.2 was improved and modified in 2007,
2012, and the latest in 2017. ASHRAE 52.2:2017 (ASHRAE, 2017) is currently widely

adopted in worldwide countries especially in the United States.

3.1.2 ENT779

The European standards on air filter test methods and classification started when
ASHRAE 52-76 was adopted as Eurovent 4/5 with minor modifications in 1979
(Gustavsson, 1996). Eurovent 4/5 classified filters from EU1 to EU9 based on their dust
spot efficiency and arrestance. The test airflow and final pressure drop of air filters were
not specified in this standard. The Eurovent 4/5 was later replaced by Eurovent 4/9 before
European Committee for Standardization (CEN) introduced EN779. Eurovent 4/9
determined the fractional efficiency of air filters at particle size between 0.2 to 3 um
(Goodfellow & Tahti, 2001). Comparative tests were carried out to find the average

particle efficiency from 0.2 - 0.5 pm at a final pressure drop at 300 Pa. The average
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particle efficiency was compared to dust spot efficiency, and it showed a good agreement
that the particle efficiency at 0.4 um corresponded approximately to the dust spot
efficiency. Therefore, a classification method had been developed in EN779 in 1993
based on 0.4 um particle average efficiency to replace dust spot efficiency (Gustavsson,
1996). The EN779 was revised in 2002 and officially replaced Eurovent 4/9. The latest
revised version was EN779:2012 and this standard was replaced after ISO 16890 was

adopted by European in August 2016 (Ginestet, 2017).

3.1.3 1ISO 16890

ISO 16890 was introduced in 2016 and it adopts a new classification method based on
particulate matter size which is recommended by the World Health Organization. ISO
16890 has replaced EN 779 in Europe as EN 779 focuses on the air filter performance at
a particle size of 0.4 pm (Ginestet, 2017). Focusing only on one particle size is not
sufficient to reflect the actual filter performance in operation as particulate matter is not
uniform in size or shape. Therefore, ISO 16890 tests the air filter performance at a range
of particle size from 0.3 um to 10 pum, where the particles below 10 pum can be inhaled

easily into the human body and endanger human health. (Courtey, 2017).

There are four parts of ISO 16890 which have been published in December 2016. The
classification of the air filters introduced in this standard gives a clear link between filter

efficiency and indoor air quality. The air filer is classified as ePM1, ePMa.s, and ePM o.

3.2 Comparison between Testing Standards
The testing method and procedure for EN 779, ASHRAE 52.2, and ISO 16890 are

compared and summarized in Table 3.1.
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Technical
specifications,
requirements
classification
Efficiency

Table 3.1: Comparison of Clauses and Chapters

and

Measurements and

Air Flow Resistance

Determination of

Arrestance (Dust

Loading Test)

Determination of the

minimum efficiency

(Conditioning
method)

ASHRAE

52.2:2017
Section 4 -9,
Section 12

Section 10.1 —
10.6

Section 10.7

Appendix J
(Optional Test)

EN 779:2012

Chapter 5 - 6

Chapter 7—10.3

Chapter 10.4

Chapter 11

ISO 16890:2016

Part 1

Part 2

Part 3

Part 4

Table 3.2 is the comparison between the air filter standards for general ventilation

which are EN779, ASHRAE 52.2 as well as ISO 16890.

Particle Size

Test Aerosol

Test
Configuration

Electrostatic
Discharge

Duct

Table 3.2: Technical Comparison

ASHRAE 52.2

Cover particle
range
from 0.3 pm to
10 um

KCl aerosol
(0.3-10 pum)

» Straight / U
shaped
duct

EN 779

Cover particle range

from 0.2 um to 3.0
pm  but
reported at a particle

efficiency

size of 0.4 pm

Positive

Pressure

Optional.
Superfine KCI

treatment

DEHS aerosol
(0.2 - 3.0 pum)

» Straight duct
* Positive / Negative
Pressure

IPA discharge on
media only

ISO 16890

Cover particle range

from 0.3 pm to 10 um

DEHS aerosol
(0.3-1.0 um)
KCI aerosol
(1.0 - 10 pm)

» Straight / U shaped

duct

* Positive / Negative

Pressure

IPA discharge on

whole filter
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Table 3.2, continued

ASHRAE 52.2 EN 779 ISO 16890
Test Dust ASHRAE dust ASHRAE dust ISO fine dust
Dust Loading Incremental Incremental dust feed Classification without
Test dust feed is necessary for dust feed
is necessary for = classification.
classification.
Final  Pressure 350Pa GI - G4 250Pa ISO Coarse 200Pa
Drop MS5 - F9 450Pa ISO ePMI, 2.5 & 10
300 Pa
Filter Classification  Classification against Classification against
Classification against average efficiency particle size ranges
minimum classes from G1 to F9 PMI1, PM2.5 & PM10
efficiency
(MERYV)
MERV 1 -
MERYV 16
Energy Efficiency No No No

Classification

33 Test Procedure

3.3.1 ASHRAE 52.2

Firstly, the pressure drop against different airflow rate of a clean air filter is tested with
clean atmospheric air which has undergone HEPA filtration. The pressure drop is
measured at 50 %, 75 %, 100 %, and 125 % of the rated air flow rate, which is 0.944 m%/s
if not otherwise specified by the manufacturer. Next, it is the particle size efficiency (PSE)
test, in which the clean test filter is challenged by aerosol from 0.3 pm to 10.0 pm particle
sizes to determine the PSE. During the dust loading test, the test filter is fed with synthetic
dust of 30 g or an increase of 10 Pa, whichever comes first. PSE measurement is
performed after the dust loading procedure, which is a similar procedure as EN 779. The
dust loading and PSE measurement repeat for 4 times until the final resistance is reached.
The filter is tested to a final resistance of 350 Pa if not specified by the manufacturer or
until the arrestance drops below 85 %, whichever comes first. All efficiency curves are

plotted, including the initial efficiency curves of the clean filter and all of the efficiency
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curves after each dust loading stage. From all the efficiency curves, the minimum
efficiency of different particle sizes can be determined. The air filter is classified based

on minimum efficiency reporting value (MERV).

3.3.2 EN779

The test sequence of EN779 starts with a pressure drop against air flow rate determination.
This determination of initial resistance or pressure drop is the same as that of ASHRAE
52.2. Next, in order to determine the initial efficiency, the air filter is tested at a range
from 0.2 um to 3.0 um but reported at the particle size of 0.4 pm only as the particle size
of 0.4 um is the most difficult to be filtered (Courtey, 2017). Most filters have a minimum
efficiency of around 0.4 pm. The dust loading procedure is then started after the initial
efficiency and pressure drop are determined. After the first stage of 30 g dust loading with
ASHRAE 52.2 synthetic dust, the initial arrestance can be obtained. At least four more
approximately equal amounts of dust loading stages are done to achieve the final pressure
drop of the tested air filter. For air filters of the coarse group (G), the maximum final
pressure drop is 250 Pa whereas Medium (M) and Fine (F) group filters are set at 450 Pa.
After every dust loading step, efficiency, arrestance, and pressure drop are determined.

The classification of the air filter is then done based on the particle size of 0.4 pm.

3.3.3 1ISO 16890

The first step of ISO 16890 is the measurement of initial resistance as a function of the
airflow rate. The initial fractional efficiency of a clean and unconditioned filter is
measured at a range of particle sizes from 0.30 pm to 10.0 um. Next, the same test filter
undergoes an artificial conditioning step with isopropanol (IPA) for 24 hours. The
fractional efficiency test of the conditioned test filter is then repeated. This conditioned
fractional efficiency is equal to the minimum fractional test efficiency. The ePM

efficiencies can be calculated and classified accordingly. If the air filter can be classified
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in ISO ePM 10, ePM 2.5, or ePM 1, the following dust loading test is optional, whereas
the test is necessary for ISO Coarse group. In the dust loading test, only arrestance, test
dust capacity, and airflow resistance are determined. No efficiency test is carried out after
the dust loading process. For filters with particulate efficiency less than 50 % at PMjo
particle range, the final pressure drop is 200 Pa while for other filters, the final resistance

to airflow is 300 Pa.

34 Filter Classifications

Generally, there are three classes of air filters — coarse filters which are normally used as
the primary stage of filtration, medium grade filters or normally called secondary filters
and fine filters which are able to remove particles at high efficiency and used at the final
stage of filtration(National Air Filtration Association, 1993). The classification of air
filters is important to compare the air filter performance and act as a reference for users

to select suitable air filters depending on applications.

3.4.1 ASHRAE 52.2

The particle size efficiency is determined at a size range of 0.3 pm to 10.0 pm. ASHRAE
52.2 uses the resulting size-resolved removal efficiency data to classify the average filter
efficiency in three aggregate particle bins (Stephens, 2018). As shown in Table 3.3, the
efficiency is analysed at size ranges, from 0.3 to 1.0 um, 1.0 to 3.0 um, and 3.0 to 10.0
pm. The minimum efficiency at different sizes within the 3 respective small ranges are
averaged and classified according to the Minimum Efficiency Reporting Value (MERV).
For efficiency of less than 20 % of the range of 3.0 um to 10.0 um, the filter is classified

based on the average arrestance.
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Table 3.3: Classification of ASHRAE 52.2 (ASHRAE, 2017)

Standard 52.2 Composite Average Particle Size Efficiency, % in
Minimum Size Range, pm

Efficiency Range 1 Range 2 Range 3 Average

Reporting Arrestance

Value 0.30 to 1.0 1.0 to 3.0 3.0 to 10.0 %

(MERYV)

1 N/A N/A E3<20 Aavg< 65

2 N/A N/A E3<20 65 < Aayg

3 N/A N/A E3 < 20 70 S Aavg

4 N/A N/A E3<20 75 < Aavg

5 N/A N/A 20<E; N/A

6 N/A N/A 35<E; N/A

7 N/A N/A 50<E; N/A

8 N/A 20<E; 70 <E; N/A

9 N/A 35<E; 75<E; N/A

10 N/A 50<E; 80 <Ej N/A

11 20<E; 65<E; 85<E; N/A

12 35<E; 80<E 90 <E; N/A

13 S50<E; 85<E; 90 <E; N/A

14 75 <E; 90 <E; 95<E; N/A

15 85<E; 90<E; 95<E; N/A

16 95 <E; 95<E; 95<E; N/A
34.2 ENT779

EN779:2002 has been revised the classification system from only F and G group filters
to three groups (F, M, and G filters). As shown in Table 3.4, a filter with less than 40%
average efficiency at 0.4 um particles is grouped as coarse filter or group G. G group
filters are classified from G1 to G4 based on their average arrestance with the loading
dust. Medium (M) group filters require an average efficiency from 40% to less than 80%
at 0.4pum and are classified in M5 or M6 based on their average efficiency. For average
efficiency of 80 % or more, the filter is grouped as fine (F) filter from F1 to F9 based on

their average efficiency as well as the minimum efficiency throughout the test.
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Table 3.4: Classification of EN 779 (EN, 2012)

Group Class Final test Average Average Minimum
pressure efficiency (Am) efficiency (Em) efficiency * of
drop of synthetic of 0.4 pm 0.4 pm particles
Pa dust particles %
% %

Coarse Gl 250 50<An<65 - -
G2 250 65 <An<80 - -
G3 250 80<An<90 - -
G4 250 90 < An - -
Medium M5 450 - 40<En <60 -
M6 450 - 60 <E, <80 -

Fine F7 450 - 80<Em<90 35
F8 450 - 90<En<95 55

F9 450 - 95 <En 70

* Minimum efficiency is the lowest efficiency among the initial efficiency, discharged
efficiency, and the lowest efficiency throughout the loading procedure of the test.

3.4.3 1ISO 16890

In order to determine the particulate matter efficiencies, ePM of air filters, standardized
volume distribution functions are used in this standard. The functions are used globally
to represent the average ambient air of urban and rural areas (Ginestet, 2017). The fine
filters which can filter PM and PM> 5 particle size fractions are evaluated with an urban
area size distribution, whereas filters for PM g fraction are evaluated with the rural area
size distribution. The initial and conditioned fractional efficiencies are averaged as the
real performance of the air filters lays between the initial and conditioned fractional
efficiencies. The average fractional efficiencies are used for calculation of particulate
matter efficiencies, ePM. The particle size range is 0.30 um to 1.0 um for ePMy, 0.30 pm
to 2.50 pm for ePMy 5 and 0.30 um to 10.0 pm for ePMio. The classification of the air

filters is done based on ePM calculations, as shown in Table 3.5.

Table 3.5: Classification of ISO 16890 (ISO, 2016b)

Group Requirement Class reporting
designation ePM | min ePMb 5 min ePMo value
ISO Coarse - - <50 % Initial grav.
Arrestance
ISO ePM10 - - >50 % ePMo
ISO ePM2.5 - >50 % - ePMaz s
ISO ePM1 >50 % - - ePM,
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The reporting of the ePM classes is done by rounding downwards the class reporting
values to the nearest 5% points whereas it is reported as “>95%" for values larger than
95%. The ISO Coarse filters which have an ePMj less than 50% are reported with their
initial gravitational arrestance, whereas other filter groups are reported at their respective

particulate matter efficiencies.

3.5 Test Aerosols and Particle Counter

An aerosol is a suspension of fine solid or liquid particles in the air (Carrier, 2005). Test
aerosol is particles generated either in the solid or liquid phase to determine the particle
size efficiency. The number and size of particles generated from the test aerosol are

determined using an optical particle counter or spectrometer.

3.5.1 ASHRAE 52.2

The test aerosol used in ASHRAE 52.2 is polydisperse solid-phase potassium chloride
(KCl) generated from an aqueous solution. The reasons for choosing KCI aerosol are
because KCl particles, which are not hazardous to human health, are easy to generate and
available at low cost. Solid-phase KCl particles provide a more severe challenge to test
devices as they are easy to bounce off collection surfaces, increasing the chance of

penetration.

The aerosol generated is in a range from 0.3 pum to 10 um. The aerosol is discharged
with a radiation generator before being introduced into the test duct. According to
ASHRAE 52.2:2017, the reason for setting the upper particle size limit as 10 pm is
because particles of this size may affect human health and air handling equipment. The
particles can affect human health as the particle size may be trapped in the nose, causing
irritation or allergy. Besides, the particles can soil surfaces, equipment, and ductwork
system, affecting the indoor air quality (IAQ). Many allergens, fungi, and bioaerosols are

also within a size range of 3.0 um to 10 pm. Choosing 0.30 pum as the lower size limit is
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because the available optical particle counters in the commercial market have a good
monotonic response to polydisperse aerosol and are able to achieve 0.30 um particle size
counting. The particle counters used to measure particle range from 0.3 pm to 10 um shall

consist of 12 channels.

3.5.2 EN779

In EN 779:2012, liquid aerosol which is DEHS or any equivalent aerosol is used. The
liquid aerosol is chosen in this standard based on experience gained from EN779:2002
and Eurovent 4/9 techniques as a liquid aerosol is easy to generate particles at a required
size range with a high degree of consistency. As the particle counters are calibrated with
spherical latex particles, calculation spherical liquid particle size in particle counters is
more accurate compared to using solid particles of salt with a non-spherical shape.
Undiluted DEHS is used to generate a non-charged aerosol. The aerosol generated for
filtration efficiency as a function of particle size at a range of 0.2 pm to 3.0 um. The
optical particle counter (OPC) required should have at least 5 size channels at equidistant

logarithmic scale from 0.2 pm to 3.0 pm.

3.53 1ISO 16890

There are 2 types of test aerosol used in this standard, combining both test aerosols from
EN 779 and ASHRAE 52.2. The first type is liquid phase aerosol which is DEHS and
other equivalents. This liquid phase aerosol is used to generate a particle size range of
0.30 pm to 1.0 pm. Another type is the polydisperse solid-phase potassium chloride (KCI)
generated from aqueous solution. The particle size range generated by KCI aerosol is 1.0
um to 10.0 um. The KCI aerosol is required to pass through the discharge ionizer to

achieve Boltzmann electrostatic charge distribution.
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The optical particle counter requires a minimum of 12 logarithmically spaced particle
size channels for full data set collection. It requires a minimum of three size channels in

ranges of 0.3 um to 1.0 um, 1.0 um to 3.0 um and 3.0 um to 10.0 um respectively.

3.6 Test Duct Configuration

The test duct configuration can be designed according to specifications described in the
standards. Generally, the cross-section of ducts is 610 mm x 610 mm. For ASHRAE
52.2, the test duct must be operated at positive pressure in either a straight or U-bend
configuration. The blower is located at the duct upstream of the test filter and draws air
into the duct. As for EN 779, the test rig can be designed with negative or positive pressure
in a straight configuration. ISO 16890 allows a straight test rig or a U-shaped test rig
configuration. It can be in a negative or positive pressure airflow arrangement. In order
to determine the fan location for EN 779 and ISO 16890, the effect of using pressure or
negative pressure operation should be considered. For the fan located upstream, a positive
pressure operation could cause the test aerosol and loading dust leak into the room while
the particles could leak into the test rig at negative pressure. In Figure 3.1 and Table 3.6,

the instruments and devices required for different standards are summarized.

Figure 3.1: Test Rig Configuration(ISO, 2016b)
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Table 3.6: Summary of Instruments and Devices Required for Testing
(ASHRAE, 2017; EN, 2012; ISO, 2016b)

Label Items Applicable to
ASHRAE EN 779 ISO
52.2 16890
1 Upstream High-Efficiency Particulate v v v
Air (HEPA) Filtration
2 Liquid Aerosol Injection v v
3 Solid Aerosol Injection v v
4 Dust Injection v v v
5 Upstream Mixing Orifice v v v
6 Upstream Aerosol Sampling Head v v v
7 Upstream Test Device Pressure Tap v v v
8 Test Device v v v
9 Downstream Test Device Pressure Tap v v v
10 Downstream Mixing Orifice v
(Efficiency Test)
Downstream Final Filter (Dust Loading v v v
Test)
11 Downstream Aerosol Sampling Head v v v
12 Downstream High-Efficiency Optional Optional ~ Optional
Particulate Air (HEPA) Filtration
13 Air Flow Measurement Device v v v

3.7 Electrostatic Discharge

An electrostatic enhanced air filter can achieve high efficiency as the particles can be
easily removed when they pass through the charged media surface (Feng & Cao, 2019;
Tian et al.,, 2018). Therefore, electrostatic discharge is important to determine the

minimum efficiency of air filters.

3.7.1 ASHRAE 52.2

ASHRAE Technical Committee 2.4 had developed a method of conditioning that has
been demonstrated in limited cases to predict the air filter performance more closely in
the actual use. This conditioning method is an optional method described in Appendix J
of this standard to predict the efficiency loss. If desired, both the compulsory test

described in ASHRAE 52.2 and the optional conditioning test are required to be done
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respectively on two similar test devices. This optional test requires potassium chloride
(KCI) as a conditioning aerosol. The conditioning aerosol of KCI does not go through

discharge ionizer whereas the test aerosol does.

The test sequence with the conditioning procedure is as well started with the pressure
drop test at various airflow rates. The particle size efficiency (PSE) test of the clean filter
is done as described in the compulsory test using test aerosol. Next, the test device is
exposed to conditioning aerosol with the airflow rate used in the PSE test. The upstream
concentration of the conditioning aerosol is measured using a condensation particle
counter (CPC). The conditioning is done in incremental steps with a PSE taken after each
increment. The conditioning process is stopped when the measurement shows no further
significant drop or when the cumulative exposure time of the filter to conditioning aerosol
reaches a certain value. After that, the PSE test and dust loading process are done as
described in ASHRAE 52.2 standard. The test filter with conditioning step is classified
with minimum efficiency reporting value (from MERV 1-A to MERV 16-A) according

to a different table in Appendix J in ASHRAE 52.2, as shown in Table 3.7.

Table 3.7: Classification with Conditioning Step of ASHRAE 52.2 (ASHRAE,

2017)

Standard Composite Average Particle Size Efficiency, Average
52.2 % in Size Range Arrestance (%)

Minimum Range 1 Range 2 Range 3 %

Efficiency 0.30to 1.0 1.0to3.0 um = 3.0to 10.0 um

Reporting pum

Value

(MERV-A)
1-A N/A N/A E3-A<20 Aavg < 65
2-A N/A N/A E3-A <20 65 < Aavg
3-A N/A N/A E3-A<20 70 < Aavg
4-A N/A N/A E3-A <20 75 < Aavg
5-A N/A N/A 20<Es;-A N/A
6-A N/A N/A 35<E;-A N/A
7-A N/A N/A 50 <Es-A N/A
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Table 3.7, continued

Standard Composite Average Particle Size Efficiency, Average
52.2 % in Size Range Arrestance (%)
Minimum Range 1 Range 2 Range 3 %
Efficiency 0.30t0 1.0 1.0to3.0 um  3.0to 10.0 um
Reporting um
Value
(MERV-A)
8-A N/A 20 <E;-A 70 <E3-A N/A
9-A N/A 35<Ex-A 75 <E3-A N/A
10-A N/A 50 <Ex-A 80 <Es-A N/A
11-A 20<Ei-A 65 <Ex-A 85 <Es-A N/A
12-A 35<Ei-A 80 <Ez-A 90 <E3-A N/A
13-A 50<Ei-A 85 <Ex-A 90 <E3-A N/A
14-A 75 <Ei-A 90 <Ex-A 95 <E3-A N/A
15-A 85 <Ei-A 90 < Ex-A 95 <Es3-A N/A
16-A 95 <Ei-A 95 <Ex-A 95 <Ej;-A N/A
3.7.2 EN779

In order to determine the effect of electrostatic removal mechanism on the filter
efficiency, the filter material is tested before and after being discharged with isopropanol
(IPA). The filter material sample must be identical to the material of the tested filter. The
material sample shall be selected by cutting to represent the complete filter. The media
sample is discharged by immersing it in IPA for two minutes and dried on the inert surface
for 24 hours. The test aerosol, the particle size range, and efficiency measurement
procedure are similar to the testing procedure of full filter. The average discharged

efficiency is reported at 0.4 um particle size.

3.7.3 1SO 16890

The conditioning test is to determine the minimum test efficiency of the air filters and the
effect of the electrostatic removal mechanism on air filter performance. The conditioning
material used is isopropanol (IPA). IPA is placed in a cabinet for evaporation until the

equilibrium of IPA vapour in the ambient air of the cabinet is reached. The conditioning
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time for the test filter is 24 hours. After the conditioning time is reached, the test device
is placed under standard climatic conditioned for at least 30 mins before carrying out the

conditioned fractional efficiency test (ISO, 2016¢).

3.8 Test Dust

Test dust or loading dust is synthetic dust formulated specifically in different standards
and used to determine the dust holding capacity and arrestance of air filters. The
efficiency of air filters due to the dust loading effect can be studied with a simulated test

using test dust.

Both EN 779 and ASHRAE 52.2 use synthetic dust as defined in ASHRAE 52.2 which

consists of

- 72% by weight of ISO 12103-1, A2 Fine Test Dust
- 23% by weight of powdered black carbon

- 5% by weight of milled cotton linters.

ISO 16890 uses the synthetic loading dust, L2 as specified in ISO 15957(ISO, 2016d).

3.9 Energy Efficiency Classification

The differential pressure across air filters can cause high energy consumption of the
HVAC system (Montgomery et al., 2012; Sun & Woodman, 2009; Zhai & Johnson,
2017). Therefore, energy efficiency classification is important to evaluate the
performance of air filters. However, all three test standards have no specifications on the
energy consumption calculation of air filters until the recommended final resistance. The
comparison of air filters in terms of energy efficiency is not possible as there is no

guideline described in test standards.
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3.10  Discussion

3.10.1 Standardization with ISO 16890

Before ISO 16890 is introduced, the European standard, EN 779, and the American
standard, ASHRAE 52.2 have been widely used in their respective region while other
regions such as Asia and the Middle East countries have used both of the standards
(Courtey, 2017). A standardization of air filter test method and classification is aimed to
be achieved by the introduction of ISO 16980 in global air filtration industries. As EN
779 is obsolete, ISO 16890 is adopted in Europe while ASHRAE 52.2 is still a preferred

standard for the US.

3.10.2 Classification Method

EN 779 is obsolete as the European has adopted ISO 16890 as the new official air filter
testing standard. Comparing ISO 16890 and ASHRAE 52.2, the main concern of the
public is their classification method. The previous EN 779 testing only reports the
efficiency at 0.4 um to determine filter classification. Both ISO 16890 and ASHRAE 52.2
focus on the particle size range of 0.3 um to 10.0 um, covering particle size which could
endanger human health. ASHRAE 52.2 classifies the air filters with Minimum Efficiency
Reporting Value (MERV) while ISO 16890 uses particulate matter (PM) classes.
Reporting with the MERV method, the filter users need to refer to the classification table
to get a better picture of the air filter performance. Classification with particulate matter
can better represent the actual dirty air in the outdoor environment and provide a better
understanding of the users on the actual performance of air filters from the filter reporting
value. The classification by using particulate matter also aligns with the World Health
Organization and Environmental Protection Agency, focusing on the effect of particulate
matter such as PM» s on human health as well as the importance of indoor air quality

(IAQ) nowadays.
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ASHRAE 52.2 and ISO 16890 are using the measurement of size-resolved particle
removal efficiency from 0.3 um to 10 pm. ASHRAE 52.2 uses the resulting size-resolved
particle removal efficiency to classify the filter efficiency into three particle size bins and
determine the minimum removal efficiency in each bin for MERV classification. ISO
16890 uses the resulting size-resolved particle removal efficiency to estimate the mass-
based particle removal efficiencies at PMi, PMa s and PMjo. Efficiency at PM; (ePM)
covers the particle range from 0.3 um to 1.0 um; ePMa 5 covers from 0.3 um to 3.0 pm
whereas ePM o considers particle size of 0.3 pm to 10 um. The ambient air is bimodally
distributed with particles in fine and coarse mode. Bimodal volume distribution functions
are used in ISO 16890 to represent the outdoor air in urban and rural globally. Assuming
the ambient particles are spherical with constant unit density, the volume-based removal
efficiencies are equivalent to mass-based efficiencies (Stephens, 2018). ISO 16890 uses

a mass particle efficiency similar to ASHRAE 52.1 but with consistent particle mass

compared to the ambient air (Comparing ISO 16890 and ASHRAE 52.2/MERV).

3.10.3 Electrostatic Discharge

The electrostatic effect can significantly increase the filter efficiency as the dust particles
can be held by strong electrostatic forces when they come in contact with filter media
(National Air Filtration Association, 1993). However, if the filter is not electrostatically
charged continuously, the air filter performance will drop intensely after the filter is fully
discharged with dust particles. Therefore, in order to determine the minimum efficiency
of the air filters, the electrostatic discharge can be carried out on the test filter. In EN 779,
the discharge procedure is done on filter material by immersing the media in isopropanol
solution. The discharge treatment which is included in Appendix J is optional for
ASHRAE 52.2 and it is done using charged aerosol. In ISO 16890, the electrostatic
discharge is done on the whole test filter by exposing the filter in isopropanol vapour. The

normal MERYV classification of ASHRAE 52.2 does not take into account the effect of
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electrostatic discharge. The efficiency obtained from ASHRAE 52.2 testing might be
higher than its actual performance due to the electrostatic effect. Although the discharge
procedure is included as an option, most companies do not carry out electrostatic
discharge, causing a misrepresentation of the real-world filter performance (Comparing
ISO 16890 and ASHRAE 52.2/MERYV). Electrostatic discharge on filter media itself in EN
779 might not be sufficient as the performance may vary after the whole filter is fully
assembled with the filter frame. A full filter discharge introduced in ISO 16890 can
efficiently remove all the charged particles and determine the minimum efficiency of the
air filter. Both efficiencies before and after discharged are reported and compared in ISO

16890.

3.10.4 Energy Calculation

It is important to consider the energy consumption calculation of the air filters. All three
standards have no specification on the calculation method for the energy of an air filter to
be consumed until the final resistance 1s reached. Eurovent 4/21-2014 was the guideline
published in Europe to define a method of air filter classification in consideration of
energy efficiency. This guideline makes use of the test result from EN 779 to further
analyse for the energy consumption of air filters. The latest version is Eurovent 4/21-2018
which implements the energy efficiency according to ISO 16890 classification after EN

779 1is obsolete in Europe.
The energy consumption of air filters described in Eurovent 4/21 is determined by

_qy-AP-t @3.1)
~ 11000
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1M (3.2
AP = —f AP(m)dm
MJ,

where W is the energy consumption in kWh; g, is the airflow rate at 0.944m?>/s; t is the
operation time at 6000 hours; n is the system energy efficiency at 0.50, which is the
average fan efficiency in an air handling unit and AP is the average pressure drop of air
filter until the final resistance in Pa. AP is calculated from equation (3.2) where AP (m)
is the instantaneous pressure drop across filter; M is the total mass of dust loading in g,

m is the variable of loaded dust (Eurovent, 2018).

3.11 Summary

Comparing different factors, ISO 16890 provides a guideline in air filter testing at general
ventilation. The classification with the particulate method approach is easy to understand
even for the users who are not air filter specialists. This can increase the public awareness
of the surrounding air quality by selecting suitable air filters accordingly. However, it is
recommended to introduce an energy consumption calculation method in the test standard
with Eurovent 4/21 (Liu et al., 2017). Besides, in order to maintain good indoor air
quality, the World Health Organization annual mean pollutant limits and EN 16798-
3:2017 (CEN, 2017) which describes air classification can be taken into account for
building supply air system. The air filtration and ventilation system design can be holistic
in consideration of air filter performance with ISO 16890:2016, filter energy consumption
with Eurovent 4/21 as well as air quality with WHO annual mean pollutants limits and

EN 16798-3:2017

A common air filter classification method enables manufacturers and consumers to
compare filter performance like-for-like. The introduction of ISO 16890 provides a
classification method using particulate matter which can be adopted globally and acts as

a universal guideline for air filter comparison. Reporting efficiency in particulate matter
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can be easily understood by the end-users who are not air filter experts. ISO 16890
focuses on a classification related to air pollutant levels and indoor air quality which
aligns with World Health Organization. Europe has adopted ISO 16890 in replacement
of EN 779 while ASHRAE 52.2 is still widely used especially in the United States.
Standardization of the air filter standard is necessary, especially for countries in Southeast
Asia such as Malaysia, Brunei, and Singapore. The adoption of ISO 16890 in global
countries for air filter testing and classification, at the same time embedding Eurovent
4/21 for energy efficiency calculation, WHO guidelines for annual air pollutant limits and
EN 16798-3 for building supply air quality, will bring a significant effect in the air

filtration and building ventilation systems.
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CHAPTER 4: METHODOLOGY

In this chapter, the methodology used in this research study is discussed. CFD simulation
is used to study the effect of pleat shape on the initial pressure drop. Experimental data
collection is conducted to study the influence of the type of fibre media, filtration velocity,
pleat depth and pleat density on the filtration performance. Besides, the physical
properties of the filter media are also determined using SEM scan and tensile strength
measurements. The experimental data analysis is performed using linear multiple

regression to find the empirical models for the filtration performance parameters.

4.1 Project Workflow

Figure 4.1 shows the workflow planning of the study. A literature review is conducted
thoroughly to identify the research niche. Factors affecting the final resistance are studied
comprehensively. Different air filter test standards are studied to adopt a suitable
experimental procedure. Next, the various CFD modelling techniques applied in air

filtration simulations are studied, and suitable models are applied in this project.

A test rig is built for experimental data collection based on the international air filter
test standard, ISO 16890:2016 as described in Section 4.2. The ducts and mechanical
parts are designed using Computer-Aided Design (CAD) and fabricated accordingly. The
measuring devices and instruments are selected based on the requirements of the standard

and installed accordingly.

CFD simulation is conducted to study the pleat shape of the filter. The steady-state
simulation is used to study the pressure drop across the clean air filter. The experiments
are carried out to study the effect of filter media, filtration velocity, pleat depth and pleat
density on the filtration performance. After that, the experimental data collected are

analysed to form empirical models for each filtration performance parameter using linear
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multiple regressions. Then, the formulation in defining final resistance is determined in

consideration of the filter's predicted lifespan and energy cost.
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Figure 4.1: Workflow Chart

4.2 Computational Fluid Dynamics

Computational fluid dynamics (CFD) is used to study the effect of the pleat shape on the

initial pressure drop. Six different pleat shapes are studied, which are depicted in Figure

4.2. Each pleat shape is fixed at a pleat depth of 44 mm and a pleat density of 4.0 pleats

per inch (PPI), while the total filtration area is maintained at about 443 mm per unit length.

The thickness of the porous zone is 0.32 mm, which is the fibreglass media thickness used

in this study.
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4.2.1 Computational Domain, Mesh, and Boundary Conditions

Both 2D simulation and 3D simulation are carried out to simulate the airflow through a
flat sheet, while 2D simulations are used to simulate the flow behaviours for different
pleat shapes. The length of the fluid domain is set to be at least three times the model
dimension for the upstream domain and at least five times for the downstream to ensure
the flow will not be disturbed due to the limit of the computational domain and the
boundary conditions. Figure 4.3 shows the computational domain and the boundary

conditions used in the simulation.
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ANSYS Mesh is used as the meshing tool to generate the mesh for the computational

domain. The quality of the mesh is important in order to simulate a reliable result. As

shown in Figure 4.4, structured meshes are generated for all study cases by using the

surface slicing technique in order to get a low skewness mesh. The maximum skewness

for all cases is controlled at 0.5, and the minimum orthogonal quality is at 0.7, in which

the mesh quality is good compared with Figure 4.5.

Figure 4.4: Structured Mesh Technique
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Figure 4.5: Mesh Metrics Spectrum
Mesh independence studies are carried out for each case to ensure the simulation result
is independent of the grid size used. The scaled residual is observed, and the solution is
considered converged to at least 0.001. Figure 4.6 summarizes the graphs of the mesh
independence test for each case. The selected total element number for each case is

tabulated in Figure 4.6.
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Table 4.1: Number of Elements with Respective Skewness and Orthogonal

Quality
Study Case Number of Maximum Minimum
Elements Used Skewness Orthogonal
Quality
2D Flat Shape 48,000 8.9121x10° 1.0000
Media
3D Flat Shape 992,768 0.0228 0.9939
Media
Rectangular 1,045,636 0.5000 0.7071
Triangular 1,278,000 0.4794 0.7242
U-shaped 819,360 0.5000 0.7032
S-shaped 827,640 0.5000 0.7088
Z-shaped 1,405,920 0.5000 0.7183
Box-shaped 819,360 0.5000 0.7047

4.2.2 CFD Models

4.2.2.1 Viscous Model

The Reynolds number for the rectangular and triangular pleat shape is 5364 whereas the
Reynolds number for box-shaped, U-shaped, S-shaped and Z-shaped is 4828. Therefore,
the Shear-Stress Transport (SST) k-o turbulence model is used as the viscous model is
applied to compute the turbulence behaviours of the air flow across filter media pack.
Shear-Stress Transport (SST) k-o turbulence model is the refinement of the standard k-o
model, and it is suitable to simulate for the flow that involves flow separation and adverse
pressure gradient. The Shear-Stress Transport (SST) k-o turbulence model is able to give
reasonable accuracy by using less computational resources and time (Ferziger et al., 2002;
Fluent, 2017). The accuracy of the results can be further increased by applying the second

upwind scheme discretization method.

4.2.2.2 Porous Media Model
Darcy Forchheimer equation is used to predict the pressure drop across a porous region,

AP. Two parameters are included in the Equation (4.1) which is the viscous and inertial
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resistance to the airflow (Théron et al., 2017) where Z is the media thickness; u and p are
the air dynamic viscosity and density; B is the media permeability; C is the inertial
resistance coefficient and V; is the air velocity.

APy, u C )
7 BtttV

@.1)

B is calculated to be 1.23 X 10711 m? and C is 1.24 X 10°m™! based on the data
extracted from manufacturer’s technical sheet, which is attached in Appendix A. The flow
inside the porous zone is laminar as the Reynolds number is small (Cai, 1993; Feng &

Long, 2016; Théron et al., 2017).

4.3 Construction of Testing Equipment

Full-scale testing equipment according to air filter testing standard, ISO 16890:2016 with
burst pressure testability is constructed to test air filter performance. This standard is
chosen as a reference for the test rig design because ISO 16890:2016 is now widely used

in the industry due to the new classification method as discussed in Chapter 3.

The testing equipment is able to determine the filtration efficiency with the aid of
aerosol generation system, airflow resistance with variable airflow system, the
classification of each air filter based on fractional efficiency of the air filter of a specific
size range and burst pressure of air filter with increased airflow across the filter or by
feeding additional synthetic test dust to filter. The cross-sectional area of the test duct is
610 mm x 610 mm, which is the typical size of an air filter. Figure 4.7 shows the location
of the instruments in the testing equipment. The components and their functions are
summarized in Table 4.2. The measuring devices are the important components for
testing. To ensure the measurement accuracy, all measuring devices are calibrated by

third party laboratory complied with ISO 17025.
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HEPA Filter

DEHS Aerosol Probe

(Connected to DEHS Aerosol Generator)
KCl Aerosol Probe

(Connected to KCI Aerosol Generator)
Dust Injection Probe

(Connected to Dust Feeder)

Mixing Orifice

Upstream Particle Counter

(Connected to Optical Particle Counter)
Differential Pressure Gauge

o]

10

11

12
13

Test Filter

Mixing Orifice (For Efficiency Test)
Final Filter (For Dust Loading Test)
Downstream Particle Counter
(Connected to Optical Particle Counter)
HEPA Filter

Air Flow Meter
Connect to Blower

Figure 4.7: Schematic Drawing of Testing Equipment

Figure 4.8: Complete Testing Equipment
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Table 4.2: List of Instruments and Measuring Devices

Component Model Function

Pre-Filters, 2 units of JAF Deakleen SU = To filter entering air and make sure

Secondary Filters 594x594x44 mm air is clean before the aerosol

& HEPA Filter 2 units of JAF Miracel Il purge

Section MH 594x594x95 mm

1 unit of JAF Lunacel HC
600x1200x149 mm

DEHS  Aerosol ATM 231 Atomizer Liquid phase aerosol which is to

Generator and Aerosol Generator generate particle size range from

Probe 0.3 um to 1.0 pm.

KCl Aerosol TSI Model 8108-1 Solid-phase aerosol which is to

Generator and generate particle size range from

Probe 1.0 pum to 10.0 pm.

Dust Feeder - To feed air into the test duct to
determine arrestance of the air
filter

Mixing  orifice - To ensure even distribution of air

and Perforated particles in laminar airflow.

Plate

Optical Particle 2 units of LAP 340 Laser Device for detecting and counting

Counter Aerosol Particle Counter the number of air particle present
in the sample air

Differential Beck 984M To determine the pressure drop

Pressure Gauge

across the test filter.

Test Filter - To install a test filter

Section

Final Filter - To capture dust which cannot be

filtered by test filter

Downstream 1 unit of JAF Lunacel TS To ensure air is clean before it is

HEPA Filter 600x600x292 mm released to the environment

Air Flow Meter Beck 984M with AFG-1 To measure volumetric airflow in
Averaging Flow Grid the test duct

Blower with VSD
controller

VCM 561 N

To suck and control the required
airflow

4.4 Experimental Data Collection
In order to determine the final resistance, the factors affecting the filtration performance
such as type of fibreglass media, filtration velocity, pleat density and pleat depth are

studied. The performance of air filters is evaluated at its clean state and followed by a

dust loading procedure.
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4.4.1 Test Aerosol

Test aerosol is used to generate fine particles to determine filtration efficiency. Two types
of aerosol are used in this study which are the liquid phase aerosol of DEHS
(DiEthylHexylSebacate) and the solid phase aerosol of potassium chloride (KCI) (ISO,
2016¢c). DEHS droplets are generated using a Laskin nozzle by ATM 231 Atomizer
Aerosol Generator. DEHS is used in the particle size range of 0.3 um to 1.0 um. The solid
phase aerosol or KCI aerosol is used in a relatively larger particle range from 1.0 um to

10.0 um. The KCl aerosol is generated using TSI Model 8108-1 aerosol generator.

The aerosol particle generated is counted using optical particle counters. Two similar
units of LAP 340 Laser Aerosol Particle Counter are used to measure the upstream and
downstream aerosol particles. There are 12 particle size channels used to cover the
particle size range from 0.3 pm to 10.0 um, as shown in Table 4.3.

Table 4.3: Particle Counter Channel Size Range

Size Range Lower Limit of Particle Upper Limit of
Channel Channel (um) Particle Channel (um)
1 0.30 0.40
2 0.40 0.55
3 0.55 0.70
4 0.70 1.00
5 1.00 1.30
6 1.30 1.30
7 1.30 2.20
8 2.20 3.00
9 3.00 4.00
10 4.00 5.50
11 5.50 7.00
12 7.00 10.00

4.4.2 Synthetic Test Dust
ISO 15957-L2 test dust is used for the dust loading process. This test dust is as known as

ISO 12103-A2 fine dust, with an approximate bulk density of 900 kg/m? (ISO, 2015).
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Table 4.4 shows the dust particle size distribution of ISO 15957-L2 test dust, while Figure
4.9 is plotted using the median value of the maximum volume fraction.

Table 4.4: Dust Particle Size Distribution (ISO, 2016a)

Size (um) Maximum Volume Fraction (%) for ISO
15957-L2/ ISO 12103-A2 test dust

1 2.5t03.5
2 10.5 to 12.5
3 18.5 to 22.0
4 25.5t029.5
5 31 to 36
7 41 to 46

10 50 to 54

20 70 to 74

40 88 to 91

80 99.5 to 100

120 100

ISO 15957-L2 Synthetic Dust Distribution
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Figure 4.9: Dust Particle Size Distribution
4.4.3 Testing Procedure
To determine the filter performance, the test sequence is described below. The full test
sequence is repeated three times with new filters of a similar model to ensure the
repeatability of the experiment. The assumptions made for the test procedures are the

airflow is in a steady-state condition, and the system is under isothermal condition.
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(a) Determination of Initial Pressure Drop
1. The test filter is installed accordingly
2. The pressure drop is measured at 50 %, 75 %, 100 %, and 125 % of the rated air
flow rate, which is 0.944 m?/s. This corresponds to filtration velocity of 1.27 m/s,

1.90 m/s, 2.54 m/s and 3.17 m/s.

(b) Determination of Initial Fractional Efficiency

(i

N

Correlation Counts (Without test filter installed)

3. The test filter is removed from the test duct. The beginning background counts are
measured for upstream, Ug . j, ,s and downstream, dj ¢ .

4. The DEHS aerosol generator is started and stabilized.

5. The efficiency counts (without test filter installed, but with DEHS aerosol started)
are measured for upstream, U, ; s and downstream, D, ; ,,s at a particle size range
of 0.3 um to 1.0 pm. 5 samples (i = 1,2, ...,5) of 30 seconds measurements are
taken for upstream and downstream counts. The DEHS aerosol is then stopped.

6. The KCl aerosol generator is started and stabilized.

7. The efficiency counts (without test filter installed, but with KCl aerosol started)
are measured for upstream, U, ; s and downstream, D, ; ,,; at particle size range of
1.0 pm to 10.0 pm. 5 samples (i = 1,2,...,5) of 30 seconds measurements are
taken for upstream and downstream counts. The KCI aerosol generator is then
stopped

8. The final background counts are measured for upstream, Ug . r s and downstream,
dc fps- Step 3 to step 8 is used to determine the correlation ratio for the efficiency

calculation later.
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(i)  Efficiency Counts (With test filter installed)

9. The test filter is then installed. The beginning background counts are measured for
upstream, Ug p, s and downstream, d ;).

10. The DEHS aerosol generator is started and stabilized.

11. The efficiency counts (with test filter installed and DEHS aerosol started) are
measured for upstream, U; ,c and downstream, D;,,; at particle size range of 0.3
um to 1.0 um. 5 samples (i = 1,2, ...,5) of 30 seconds measurements are taken for
upstream and downstream counts. The DEHS aerosol is then stopped.

12. The KCl aerosol generator is started and stabilized.

13. The efficiency counts (with test filter installed and KCI aerosol started) are
measured for upstream, U, ,; and downstream, D; ,,¢ at a particle size range of 1.0
pm to 10.0 pm. 5 samples (i = 1,2, ...,5) of 30 seconds measurements are taken
for upstream and downstream counts. The KCI aerosol generator is then stopped

14. The final background counts are measured for upstream, Ug f,,; and downstream,

df ps-

(c) Conditioning Procedure
15. The test filter is then placed inside a cabinet filled with isopropanol (IPA) vapour
to carry out discharge process of the test filter for 24 hours.
16. After 24 hours, the test filter is placed under standard climatic conditions for at

least 30 minutes.

(d) Determination of Discharged Fractional Efficiency
17. To determine the discharged fractional efficiency, Steps 3 to 14 are repeated by

using the discharged test filter.
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(e) Determination of Arrestance, Dust Holding Capacity & Final Pressure Drop

18.

19.

20.

21.

22.

The final filter is weighed and recorded. The test filter and final filter are installed
to the duct. The final filter is installed downstream of the test filter, which is
installed as Item 9 from Figure 4.7, to recapture penetrated dust of the test filter.
The test filter is progressively loaded with ISO 15957 L2 synthetic. The first stage
of dust feeding is stopped after 30g of dust is loaded or an increase of 10 Pa of the
test filter. This gives the initial arrestance of the test filter.

Before stopping each stage of the dust feeding, the leftover dust which remains in
the feeder tray to the dust pickup tube is brushed, and the dust feeder is vibrated
for 30 seconds to entrain the dust into the duct airflow. The total dust loaded and
the consequent pressure drop of the test filter is recorded after each feeding stage.
The dust feeding is stopped, and the final filter is reweighed. The dust left between
the test filter, and the final filter is collected and included in the final filter weight.
The dust feeding cycle is repeated from steps 19 to 21 to obtain a smooth dust

loading curve until the filter media breaks or a drop of arrestance more than 2%.

A similar procedure is used to investigate other factors affecting the filtration

performance such as type of fibreglass media, filtration velocity, pleat density and the

pleat depth.

4.4.4

Calculation Formulae

4.4.4.1 Filtration Efficiency

As described in Section 4.4.3(b), the background counts (both correlation and efficiency)

are averaged.

The correlation ratio, R is used to correct any bias that happened due to probably

systematic errors in the experiments between upstream and downstream sampling

systems. The correlation ratio is calculated from the ratio of downstream to upstream
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particle counts when only aerosol generator is on and without any test filter installed.
These particle counts are recorded in Steps 5 and 7 in Section 4.4.3(b). The individual
correlation ratios calculated from each sampling repetition, R; ,s are averaged to obtain a
final correlation ratio for each particle size, Eps. The standard deviation of the correlation
ratio, & ps is determined. The particle size channel is summarized in Table 4.3. The

geometrical mean diameter, &p s 1s used to represent the particle size, ps.

- ’ 4.2
dps = dps + dps+1 “-2)

where d,, is the lower limit of the particle size channel and d,,s44 is the upper limit of

the particle size channel.

The fractional efficiency is the percentage of particles a test filter can remove from the
air and is calculated from the penetration of the particles. The observed penetration of
particles, P; , s 18 calculated from the ratio of downstream to upstream particle counts

when only aerosol generator is on and with the test filter installed. These particle counts
are recorded in Step 11 and 13 in Section 4.4.3(b). These penetrations are averaged to

find the observed penetration value for each particle size ﬁo_p s- The standard deviation of

the observed penetration, §,, s is determined.

The final penetration of each particle size, Pps is obtained by correcting the observed
penetration, Iso,ps with the correlation ratio, Ep s- This is to reduce the bias that happened

due to the systematic error in the experiments. The total error is calculated by combing

the standard deviation of the correlation ratio and observed penetration.

The fractional efficiency, 1,5 can be calculated from the final penetration values, Pps.

The same calculation method is used for both initial and discharged efficiencies. The

filtration efficiency is taken from the average of the initial and the discharged efficiencies
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of the test filter. Table 4.5 and Table 4.6 summarizes the formulae used in fractional

efficiency calculation and the respective nomenclature used.

Table 4.5: Formulae in Calculating Fractional Efficiency (ISO, 2016c¢)

Description Formulae
Referring Terms
to Section
4.4.3(b)
Step 3 & 8 | Correlation | Upstream U _ Upcpps T Upcrps 4.3)
background B.cps — 2
count Downstream D _dpeps T derps 4.4)
B,c,ps — 2
Step 9 & 14 | Efficiency | Upstream Un = Uppps + Up,fps 4.5)
background Bps — 2
count Downstream Do & dpps + df ps (4.6)
L
Step 5 & 7 | Correlation | Each > & D¢ ips 4.7)
Ratio sampling Lps = Ueips
Average BN\ =1 Rips . 4.8)
= S
Standard n = 1o 4.9)
Deviation of Sens = i=1(Rips = Rps)
Each P n—1
Sampling
Step 11 & | Observed | Each b D; ps (4.10)
13 Penetration | observed Lops . b
penetration '
sampling
Average ~ i1 Piops o 4.11)
observed 0.ps = n im=5
penetration
Standard n =, |4.12)
Deviation of Syps = i=1(Piops — Fops)
Each P n—1
Penetration
Sampling
- Final Each _ 130 s 4.13)
Penetration | particle size -5
Total error \/ (gcps)z 4 (60,,5)2 4.149)
Pops
Fractional | Each Nps = (1 — ps) X 100% 4.15)
Efficiency | particle size
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Table 4.6: Nomenclature used in Filtration Efficiency Calculation Formula

Symbol Description
Ug,cps Upstream background average correlation count for each particle size
Ugcpps | Beginning upstream background average correlation count for each
particle size
Ug,c f.ps Final upstream background average correlation count for each particle
size
Dg cps Downstream background average correlation count for each particle size
dp,cps Beginning downstream background average correlation count for each
particle size
defps Final downstream background average correlation count for each particle
size
Ug ps Upstream background average efficiency count for each particle size
Ug p,ps Beginning upstream background average efficiency count for each
particle size
Ug,fps Final upstream background average efficiency count for each particle size
Dg ps Downstream background average efficiency count for each particle size
dp,ps Beginning downstream background average efficiency count for each
particle size
df ps Final downstream background average efficiency count for each particle
size
R; s Correlation ratio for each sample i and each particle size
D¢ips Downstream correlation count for each particle size
Ueips Upstream correlation count for each particle size
Rps Final correlation ratio for each particle size
n Number of samples
Ocps Standard deviation of the correlation ratio for each particle size
P ops Observed penetration for each sample i and each particle size
D; ps Downstream efficiency particle count for each particle size
Uips Upstream efficiency particle count for each particle size
Py ps Observed penetration for each particle size
Oglos Standard deviation of the observed penetration for each particle size
Pps Final penetration for each particle size
Ops Standard deviation of the final penetration for each particle size
Nps Fractional efficiency for each particle size
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4.4.4.2 Arrestance

Arrestance, 4; is calculated after each dust loading step, j with

m; (4.16)
A =(1--2)x100%
M;

where m; is the mass of dust passing the filter (total mass gain of final filter and the dust
collected between the test filter and final filter and M; is the mass of loaded dust during

the dust loading stage j.

4.4.5 Test Filters Used

The test filter model selected is a pleated secondary filter, as shown in Figure 4.10(a).
The filter media used is fibreglass with hot-melt separator. The cross-sectional filter size
is 594 mm (Width) x 594 mm (Height). The pleat depth used is 44 mm, 60 mm, 75 mm,
85 mm, and 95 mm. There are four types of fibreglass media used, namely media A, B,
C, and D. As for pleat density, which is defined by the number of pleats per inch media,
3.5 pleats per inch (PPI), 4.0 PPI, 4.5 PPI, 5.0 PPI, 6.0 PPI and 6.5 PPI are tested. Figure
4.10(b) defines the pleat geometry, and the pleat width can be calculated with Equation
(4.17).

25.4 4.17)
no.of pleats per inch

Pleat width, B,,(mm) =

(@) (b)
Figure 4.10: (a) Test Filter Model (b) Pleat Geometry
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4.4.6 Physical Properties of Media Used

As mentioned earlier, there are four types of different filter fibreglass media investigated
in this study, namely media A, B, C and D. The physical properties of the media used are
analysed on their effect on the filter performance. The tensile strength of the media, fibre
diameter, media thickness and filter packing density are determined. The specification

sheets of each media are attached in Appendix A.

4.4.6.1 Scanning Electron Microscope

A scanning electron microscope (SEM) uses a beam of focused electrons over a surface
to gain information about the surface composition and topography, creating an image of
the surface. The four filter fibre samples are scanned for their microstructure using SEM.
The Quanta 200 FEG Scanning Electron Microscope is used. A high vacuum of 70 Pa

and a high voltage of 5.00 kV are used.

The SEM images generated are analysed using software Image J to study the
microstructure of the filter media, which is the fibre diameter. The geometric mean
diameter of the fibre is calculated from 150 fibres in the image (Baheti & Tundk, 2017,
Shin et al., 2008). Figure 4.11 shows the labelling of the measurements in the SEM

images.
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VacMode |Mag HV | Det WD 4/13/2021 300.0pm
High vacuum 300x| 5.0 kV(ETD 10.5 mm 11:24:37 AM F6

(b)
Figure 4.11: Labelling of Measurements in SEM Image (a) Overall (b) Zoom-in

4.4.6.2 Tensile Strength

The tensile strength of each media type is tested using Victor Manufacturing
Electromechanical Benchtop Type Tensile Machine VEW 220 Series. A total of 3
samples in the machine direction (MD) and 3 samples in the cross direction (CD) are cut
from the fibre media roll and labelled accordingly, as shown in Figure 4.12 with
dimensions of 25 mm x 350 mm. The sample is fixed in an upright position with a test

span gap of 180 + 5 mm in the test machine, as shown in Figure 4.13(b). The elongation
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speed used in this test machine is 25 mm/min. Raw data collected is extracted from the

software for data analysis.

Figure 4.12: Media Samples Preparation for Tensile Test

180 = 5 mm

(a) (b)
Figure 4.13: (a) Tensile Machine (b) Installation of Media Sample

4.5 Linear Multiple Regression for Data Analysis

Linear multiple regression is used to study the empirical models of the filtration
performance parameters, which are filtration efficiency, initial resistance, pressure drop
across dust cake and dust holding capacity, using 51 sets of experimental data obtained
in this study. The filtration performance parameter is the predicted dependent variable
used in linear multiple regression modelling, whereas the independent predictor variables

or the filter design parameters in this study are the fibre diameter, d filter packing
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solidity, o, filtration velocity, V¢, pleat depth, P; and pleat density B,. The analysis

software used in the linear multiple regression is JMP Pro 15.

Equation (4.18) shows the general formula of the linear multiple regression, where y
is the predicted dependent variable, f3, is the y-intercept, [5; is the regression coefficient
of the first independent variable, X; and f3,, is the regression coefficient of the last
independent variable, X,,.

y = Po+ L1 X1+... +BpXn (4.18)

The multicollinearity between the independent variables is first tested using variance
inflation factor (VIF) using Equation (4.19) where VIF; is the VIF value for independent
predictor variable j and Rjz is the coefficient of determination. A high VIF shows that the
independent variable is highly collinear with another variable in the model. When
multicollinearity exists, the precision of the estimated coefficients will reduce and weaken
the statistical power of the regression model. According to Daoud (2017), when VIF =1,
the parameters are not correlated, and there are no multicollinearity issues; for 1 < VIF <
5, the parameters are moderately correlated, and the results are acceptable; for VIF > 5,
the parameters are highly correlated, and the multicollinearity should be resolved by

omitting the redundant variable with higher VIF from the regression model.

1 (4.19)

Then, the analysis of variance using the F-test is carried out to compare the fits between
the linear models. If the p-value obtained from F-test is below 0.05, it can be concluded
that there is a significant linear relationship between the predicted and predictor variables

and the model provides an acceptable fit (Siegel, 2016).
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CHAPTER 5: INVESTIGATION OF THE EFFECT OF PLEAT SHAPE ON

THE INITTIAL PRESSURE DROP USING CFD SIMULATION

Computational Fluid Dynamics (CFD) is efficient in predicting and analysing the fluid
flow performance as it is a cost and time-saving method with careful justification. CFD
has been useful in determining the air filtration performance (Fan et al., 2018; Feng et al.,
2014; Fotovati et al., 2011; Qian et al., 2013). The validated simulation results which
have been studied in the literature have proven the reliability of the CFD models. In this
chapter, computational fluid dynamics (CFD) is used to study the effect of the pleat shape
on the initial pressure drop of the filters. Due to the complexity of fibre media structure,
a computational affordable macroscale model is used to determine the pressure drop of
the air filters. The filter media is modelled as a porous medium. Firstly, a flat sheet filter
media is modelled in 2D and 3D. The simulated result is compared with the datasheet
provided by the manufacturer. The same settings are used to study the effect of pleat
shape on the initial pressure drop. Six different types of pleat shapes (triangular,
rectangular, S-shaped, U-shaped, Z-shaped and box pleats) are investigated in this

chapter.

5.1 Model Validations using a Flat Sheet Media
A porous medium model is used to simulate the filter media with the parameters input
calculated using Equation (4.1). A flat sheet of filter media in the centre of a

computational domain is simulated in 2D and 3D environments.

Figure 5.1 and Figure 5.2 show the pressure drop contour of the flat sheet 2D and 3D
models respectively. The air velocity is set at 0.033 m/s, 0.0533 m/s, 0.0667 m/s and
0.0833 m/s to obtain the air resistance curve of the porous media. As depicted in Figure
5.3, it can be observed that 2D simulation provides an acceptable pressure drop compared

to the experimental data given by the media datasheet (attached in Appendix A) with a
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deviation of less than 5.2 %. However, the 3D simulation shows a higher deviation from
the experimental data, which is at a deviation of 15.5%. As the 3D-domain requires high
computational demand, 2D-domain with a better prediction is chosen and sufficient for
simulation. 2D simulation is widely used in the filtration simulation (Feng et al., 2014;

Fotovati et al., 2011; Schousboe, 2017; Théron et al., 2017).

(a) (b)
Figure 5.1: Static Pressure of Flat Sheet Model (2D) at Filtration Velocity of
5.33 cm/s (a) Full View (b) Closed-up View

(a) (b)
Figure 5.2: Static Pressure of Flat Sheet Model (3D) at Filtration Velocity of
5.33 cm/s (a) Full View (b) Closed-up View
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Initial Pressure Drop vs. Filtration Velocity

(Flat Sheet Media)
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Figure 5.3: Air Resistance Curve of Porous Media

5.2 Effect of Pleat Shapes on Initial Pressure Drop

In the filter application, the flat sheet media is always pleated to increase the filtration
area so that it can collect more dust particles within a limited filter cross-sectional area.
Besides, a pleated filter is able to increase the physical strength of the filter against a high
airflow rate. The pleat shape of the filter can significantly affect the initial pressure drop
of the filter, even with the same pleat density, pleat depth and total filtration area. Hence,
in this section, six different pleat shapes of the filters, including triangular, rectangular,
S-shaped, U-shaped, Z-shaped and box pleats, have been generated, and their effect on

the initial pressure drop across filters are studied.

Figure 5.4 shows that the triangular pleat has the lowest pressure drop, followed by S-
shaped, Z-shaped, rectangular and U-shaped pleats while the box pleat has the highest

pressure drop.
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Figure 5.4: Chart of Initial Pressure Drop at Different Pleat Shapes at Filtration
Velocity of 2.54 m/s

The triangular pleat shape has the lowest initial pressure drop of 146.65 Pa at the
filtration velocity of 2.54 m/s, while the box pleat has the highest initial pressure drop of
400.58 Pa. Observing the pressure contour of the box pleat in Figure 5.5, the airflow from
the upstream is halted when reaching the small opening of the porous media zone, causing
the pressure building up in the upstream porous area. This halt of airflow is due to the
small gap between the box pleats, which blocks the air from passing through, as shown
in the velocity vector in Figure 5.6. Compared with the triangular pleat using the velocity
vector in Figure 5.8, it shows that the flow is slowly converging into a V-shaped channel,
resulting in an overall smooth flow across the porous media. From Figure 5.8(d), the
turbulence after the triangular pleat is also minimum. This causes the triangular shape to
have the lowest pressure drop of 146.65 Pa among the pleat shapes, as depicted in Figure

5.7.
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Figure 5.5: Pressure Contours for Box Pleats (a) Overview (b) Detail View B
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(a)
.......... C¢
(b) (c)
(d) (e)

Figure 5.6: Velocity Vectors for Box Pleats (a) Overview (b) Detail View B: Full
Pleats (c) Detail View C: Pleat Side (d) Detail View D: Pleat Upstream (e) Detail
View E: Pleat Downstream
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(b)

Figure 5.7: Pressure Contours for Triangular Pleats (a) Overview (b) Detail
View B
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(b) (©)

(d)
Figure 5.8: Velocity Vectors for Triangular Pleats (a) Overview (b) Detail View
B: Full Pleats (c¢) Detail View C: Pleat Side (d) Detail View D: Downstream Pleat

Comparing the simulation results of Z-shaped pleat from Figure 5.9 and Figure 5.10,
Z-shaped pleat has a similar shape configuration to the triangular pleat but with a different
pleat angle. This also brings a relatively smooth flow across the slanted pleat of the Z-
shaped, but a slight flow blockage happened on the horizontal pleat. Therefore, the Z-
shaped pleat has a slightly higher pressure drop of 164.95 Pa at a velocity of 2.54 m/s

compared with the triangular pleat at 146.65 Pa.
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(a)
(b)
Figure 5.9: Pressure Contours for Z-shaped Pleats (a) Overview (b) Detail View
B
.......................... B
(a)
(b) (©

Figure 5.10: Velocity Vectors for Z-shaped Pleats (a) Overview (b) Detail View
B: Full Pleats (c) Detail View C: Pleat Side

Observing the pressure contours in Figure 5.11 and Figure 5.13, both rectangular pleat

and U-shaped pleat have a higher pressure drop, which is 190.34 Pa and 286.30 Pa at an
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air velocity of 2.54 m/s, compared with the triangular and Z-shaped pleats. The
rectangular pleat and U-shaped pleat have a similar pleat configuration, but the
rectangular pleat has an equal pleat opening while the U-shaped has narrower pleating at
one side. It can be clearly seen in the velocity vector from Figure 5.12 that there is high
turbulence in flow downstream of the rectangular pleat, forming a wake region after the
pleat. The turbulence flow and wake will cause a drag to the overall airflow, hence
increasing the flow resistance and pressure drop across the porous media. As depicted in
the velocity vector from Figure 5.14, the U-shaped pleat has a larger surface area
downstream, which has caused the formation of a bigger wake region. This has resulted
in a higher pressure drop across the filter compared with the rectangular pleat. An S-
shaped pleat is an improved version of the rectangular pleat, by curving the corner of the
rectangular shape. As shown in Figure 5.15, the pressure drop across this S-shaped pleat
is 162.10 Pa at a velocity of 2.54 m/s, which has reduced 14.84 % from the rectangular
pleat’s pressure drop at 190.34 Pa. Observing the velocity vector in Figure 5.16(c), the
flow downstream of this filter pleat is relatively smoother, and the wake region is
minimized as compared with the rectangular shape, which results in a lower pressure

drop.
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(b)

Figure 5.11: Pressure Contours for Rectangular Pleats (a) Overview (b) Detail

View B
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(b) (©)

) (e)

Figure 5.12: Velocity Vectors for Rectangular Pleats (a) Overview (b) Detail
View B: Full Pleats (c) Detail View C: Pleat Side (d) Detail View D: Pleat
Upstream (e) Detail View E: Pleat Downstream
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(a)
(b)
Figure 5.13: Pressure Contours for U-shaped Pleats (a) Overview (b) Detail
View B
- B
(a)
(b) ()

Figure 5.14: Velocity Vectors for U-shaped Pleats (a) Overview (b) Detail View
B: Full Pleats (c) Detail View C: Pleat Side
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Figure 5.15: Pressure Contours for S-shaped Pleats (a) Overview (b) Detail
View B
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Figure 5.16: Velocity Vectors for S-shaped Pleats (a) Overview (b) Detail View
B: Full Pleats (c) Detail View C: Pleat Downstream (d) Detail View D: Pleat Side

For the completeness of the study, different flow velocities across the filter pleats are
also simulated to study the initial resistance curve for different pleat shapes. From Figure
5.17, it can be observed that the gradient of the graphs increases from triangular, S-
shaped, Z-shaped, rectangular, and U-shaped to box pleats. The viscous drag effect
increases with increasing air velocity, and the effect is more pronounced for the U-shaped
pleat and the box pleat. The wake regions become bigger downstream of the pleats,
especially for the U-shaped and box pleats, causing the differential pressure across the
pleats to increase significantly. This causes the initial pressure drop against the air

velocity curve to increase in a steeper gradient from the triangular towards the box pleat.
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Initial Pressure Drop vs. Filtration Velocity
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Figure 5.17: Comparison of Initial Pressure Drop for Different Pleat Shape at
Filtration Velocity of 2.54 m/s

5.3 Summary

Based on the CFD simulation results, it can be concluded that the pressure drop across
the porous media will be affected by the pleat shapes. Different pleat shapes will impose
different resistance toward the airflow, causing the pressure drop across the filter to vary.
Besides, the pleat shape also causes the flow to be turbulent after the porous media. The
turbulence in flow will dissipate the flow energy and cause the differential pressure to be
higher. Among all the pleat shapes in this study, the triangular pleat produces the least
resistance against air flow upstream and the minimum turbulence downstream, causing
the lowest pressure drop across it. This explains why the triangular pleats are typically
used in filter applications in the filtration industry. Therefore, the triangular pleats are
selected and used in the physical filter construction for experimental data collection in

the following chapters.
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CHAPTER 6: EFFECT OF FILTER MEDIA ON THE FILTRATION

PERFORMANCE

In this chapter, the effect of filter media characteristics on the filtration performance of
the pleated fibrous media is studied experimentally. The filter flat sheet media are
constructed into filters of similar construction as described in Section 4.4.5 with triangular
pleats to determine the filtration performance, including the initial pressure drop,
filtration efficiency and pressure drop across the dust cake. Previous studies are limited
to using flat sheet media in studying the effect of filter media on filtration performance.
The filtration performance of pleated media is incomparable with flat sheet media,
especially on the dust cake performance. Section 6.1 summarizes the physical
characteristics of the fibreglass media, while Section 6.2 discusses the effect of
electrostatic charges on fibreglass media before looking into the effect of fibreglass media

on the filtration performance.

6.1 Physical Properties

6.1.1 Scanning Electron Microscope

There are four different fibreglass media (media A, B, C and D) used to study the filtration
performance. The filter media is scanned using a scanning electron microscope to study
the microscopic porosity. The SEM images in Figure 6.1 depicts the morphology of the

fibreglass media tested at a magnification factor of 300.
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(d)
Figure 6.1: SEM Images of Fibreglass Media (x300) (a) Media A (b) Media B (¢)
Media C (d) Media D

6.1.2 Fibre Diameter

The geometric fibre diameter, df, is estimated by averaging 150 fibre diameters from the
SEM images using Image J software. Figure 6.2 depicts the media fibre diameter
distribution. As the fibre size distribution follows a lognormal distribution, the mean fibre

diameter, df and its standard deviation, o is calculated using Equations (6.1) and (6.2),

where g is the geometric standard deviation.

dr = dg, - exp(0.5 In®0y) (6.1

oF = J—l + exp(InZay) 6.2)
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Figure 6.2: Media Geometric Fibre Diameter Distribution (a) Media A (b)
Media B (c) Media C (d) Media D

The mean fibre diameters, df are 7.86 pm, 6.53 pm, 6.16 um and 4.57 pm,

respectively for media A, B, C and D.
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6.1.3 Filter Packing Density

The filter packing density is the volume fraction of fibres in a filter, also known as solid
volume fraction (SVF) or filter solidity. Filter packing density, o, is calculated using
Equation (6.3)

W, 6.3

_ (6.3)
f

where Ws is the basis weight of the fibre media or the mass of fibre media per unit filter

area; py 18 the fibreglass density and Z is the media thickness.

The fibre thickness, Z is measured using a micrometre for 15 repetitions, and the
average values are recorded as 0.39 mm, 0.31 mm, 0.31 mm and 0.30 mm for media A,
B, C and D, respectively. Five samples of 10 cm x 10 cm of each media type are weighed,
and the average basis weight is 79.34 g/m?, 67.24 g/m?, 70.94 g/m* and 74.01 g/m? for

media A to D, respectively.

The density of fibreglass, pr is 2.48 g/ cm? (Shrivastava, 2018). After calculation, the
o« of filter media are 0.08203, 0.08746, 0.09227 and 0.09952 respectively for media A

to D.

6.1.4 Tensile Strength

Tensile tests are carried out on the flat sheet media. The tensile test is carried out to
determine the tensile strength of media in both machine direction and cross direction.
Figure 6.3 and Figure 6.4 show the samples of the force-deformation curve of different
media types. When the force is increased until the media’s ultimate strength, the media

fractures, thus causing the sudden drop in the graph of force against deformation.
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Figure 6.3: Force against Deformation in Machine Direction

Figure 6.4: Force against Deformation in Cross Direction
The tensile strength of fibreglass media is calculated using Equation (6.4) (Bajpai,
2018). The fibrous media network is manufactured with more fibres are aligned in parallel
to the direction of the media machine, which is known as the machine direction (MD).
This causes the media to have directional-dependent physical properties. This explains
why the tensile strength is higher in the machine direction than in the cross direction for
all four types of media in Figure 6.5. In other words, the media has a stronger strength or

is stiffer in the machine direction; this also causes the deformation in CD to be larger than
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MD by comparing Figure 6.3 and Figure 6.4. The tensile strength is highest for media A,

followed by C, B and D.

Tensile Strength (N/mm) =

Ultimate Force
Sample Width

Tensile Strength vs. Media Type

6.4)

2.0

Tensile Strength (N/mm)

0.5+

0.0-

Media A Media B Media C Media D
Media Type
B Cross Direction [l Machine Direction

Figure 6.5: Chart of Tensile Strength of Flat Sheet Media in Cross and Machine

6.1.5

direction

Summary of Media’s Physical Properties

Table 6.1 summarizes the physical properties found experimentally for all 4 media.

Table 6.1: Physical Properties of Filter Media

Media | Fibre Mean | Basis | Thickness Filter Tensile Tensile
Diameter, | Weig | Measured Packing | Strength in | Strength in

ds (um) ht, W (mm) Density, Machine Cross

(g/m? Xp Direction Direction

) (N/mm) (N/mm)
A 7.86+0.14 | 79.34 | 0.39+0.03 | 0.0820 2.2180 0.6263
B 6.53£1.04 | 67.24 | 0.31+£0.02 | 0.0875 1.2990 0.4167
C 6.16+096 | 70.94 | 0.31+0.03 | 0.0923 1.7230 0.4953
D 4.57+0.29 | 74.04 | 0.30+0.02 | 0.0995 1.2340 0.3537
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6.2 Effect of Electrostatic Charges on Fibre Media

The electrostatic effect is one of the significant contributing factors to improving filter
efficiency. However, the efficiency of the charged filter will decrease with time as the
charged particles are neutralized by the dust particles, giving the minimum efficiency

when the electrostatic charges are at a steady-state (Ji et al., 2003).

In order to study the effect of the electrostatic mechanism on the filtration efficiency
at different types of fibre media, the initial efficiency and the discharged efficiency are
determined. The initial efficiency of a test filter is measured before the whole filter is
placed in a discharged cabinet filled with isopropanol vapour for 24 hours. This

discharging method is advised in the air filter testing standard, ISO 16890-4 (ISO, 2016¢).

From Figure 6.6, it can be observed that the difference between initial and discharged
fractional efficiencies is very minimal, less than four percentage points. This shows that
the electrostatic removal mechanism is negligible in the fibreglass media. Due to the finer
fibre diameter in fibreglass media, the filtration mechanisms are dominant in the
interception, the inertial impaction and Brownian diffusion. Compared to synthetic filter
media, the fibre diameter is larger than the fibreglass media, causing the synthetic media
to have larger voids (Vaughn & Ramachandran, 2002). The collision and interception
between fibres and particles reduce in the large voids. Therefore, synthetic media is

normally charged to increase the filtration efficiency, but not fibreglass media.
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Fractional Efficiencyvs. Particle Diameter
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Figure 6.6: Electrostatic Effect on Filtration Efficiency
However, there are still some minor possibilities for the charge accumulation on the
fibreglass when the filter is exposed to charged aerosol particles. In order to minimize
this effect, the filtration efficiency is taken as the average of the initial and discharged

efficiencies in the following study.

6.3 Filtration Performance
The relationship between the physical properties and the filtration performance, including

the filtration efficiency, initial pressure drop and the pressure drop across the dust cake is

discussed in this section.

6.3.1 Effect of Physical Properties on Clean Filters

6.3.1.1 Filtration Efficiency

The filtration performance of a clean pleated filter is evaluated with the filtration
efficiency and initial pressure drop. The filtration efficiency is plotted against particle
sizes ranging from 0.3 pm to 10.0 um in Figure 6.7. It can be observed that the filtration
efficiency curve shifts upwards from media A to D. This can be related to the fibre

diameter and filter packing density of the fibreglass media. As shown in Table 6.1 earlier,
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the fibre mean diameter decreases while the filter packing density increases from media
A to D. The collection mechanism is dominant by diffusion and interception for particle
size range < 0.5 um, where the filtration mechanisms are stronger with decreasing fibre
diameter (Kim et al., 2021). This explains why the filtration efficiency increases with
decreasing fibre diameter, as shown in Figure 6.8(a), and this result is in agreement with
Payen et al. (2012). Figure 6.8(b) displays that the filtration efficiency increases when the
filter packing density increases. The filter packing density, o is the ratio of fibreglass’s
volume to the filter’s volume. When the filter packing density is higher, the trapping
probability can also be increased with a higher ¢, resulting the filtration efficiency to

increase.

Besides, in Figure 6.7, the filtration efficiency increases with particle diameters and
the minimum efficiency occur at the particle size of 0.3 um for all fibreglass media. This
is because the particle size of 0.3 um is the most penetrating particle size (MPPS) as
defined by the United States Environmental Protection Agency (EPA) (EPA, 2022). At
MPPS, the particle size is the hardest to be captured by filter fibre as it is too big to be
collected by Brownian’s diffusion (< 0.1 pm) and too small to be collected by interception

(> 0.5 pm).
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Figure 6.7: Filtration Efficiency against Particle Diameter at Different Media
Types

Filtration Efficiency vs. Fiber Diameter Filtration Efficiency vs. Filter Packing Density
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Figure 6.8: Effect of (a) Fibre Diameter and (b) Filter Packing Density on
Filtration Efficiency

6.3.1.2 Initial Pressure Drop

Next, the initial pressure drop is an important parameter in evaluating the filtration
performance, as the initial pressure drop can significantly affect the energy consumption.
Figure 6.9 shows that the initial pressure drop increases with increasing filtration velocity
for all fibreglass media and also increases from media A to D. Figure 6.10 shows that the
initial pressure drop decreases with increasing fibre diameter and increases with filter
packing density. This can be explained as a denser network can be formed with a smaller
fibre diameter (Bian et al., 2020). The denser network has created a greater resistance to

airflow, causing the initial pressure drop to increase with decreasing fibre diameter.
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Similarly, as the filter packing density increases, the air permeability also decreases due

to the fibre’s blockage, causing the initial pressure drop also increase.

Initial Pressure Drop vs. Filtration Velocity
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Figure 6.10: Effect of (a) Fibre Diameter and (b) Filter Packing Density on
Initial Pressure Drop

6.3.1.3 Quality Factor

A good filtration performance gives a high filtration efficiency and low initial pressure
drop. This can be evaluated using the quality factor, QF, as defined in Equation (6.5),
where P is the filtration penetration, n is the filtration efficiency and 4P is the initial

pressure drop across the filter.
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QF = AP, AP, 6:3)

Figure 6.11 shows the quality factor of the fibreglass media filters as a function of fibre
diameter and filter packing density. It can be observed that the quality factor decreases
with increasing fibre diameter but increases with increasing filter packing density. Hence,
it is desirable to use a greater fibre diameter and higher filter packing density in order to

maximize the filtration performance of a clean filter.
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Figure 6.11: Effect of (a) Fibre Diameter and (b) Filter Packing Density on the
Quality Factors

6.3.2 Pressure Drop across Dust Cake

Figure 6.12 shows an example of a filter before and after the dust loading process. Dust
is fed consistently into the filter at the tested filtration velocity, which is 2.54 m/s. At the
point when the arrestance starts to drop, it indicates the filter media reaches its maximum
dust holding capacity, which can be seen in Figure 6.13. The filter media deforms at the
end of the testing due to the high pressure incurred by the airflow. The drop in arrestance
occurs when the filter media starts to break, so the dust particle can easily pass through
the media. As the arrestance is defined as the amount of dust a filter can hold while
retaining the required filter’s efficiency (Legg, 2017), a drop in arrestance indicates the
failure of the test filter as the filter’s efficiency is no longer retained. The dust loading
process will stop upon reaching the test filter’s failure and the final pressure drop will be

recorded.
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Figure 6.12: (a) Clean Filter (b) Close-up of Clean Filter Media (c) Tested Filter

(d) Close-up of Tested Filter Media
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Figure 6.13: Arrestance against Mass of Loaded Dust at Different Media Types

Figure 6.14 shows the graph of total pressure drop against the mass of loaded dust on
the test filters with different media types, while Figure 6.15 is the graph of pressure drop
across dust cake against the mass of loaded dust and plotted by subtracting the initial
pressure drop from the total pressure drop from Figure 6.14. From Figure 6.15, the results
illustrate that the curves of dust cake pressure drop increase in three different stages:
constant increase stage at a low gradient, accelerating increase stage and lastly, constant
increase stage at the steepest slope, which follows the typical dust loading behaviours

(depth filtration, transitional filtration and surface filtration).
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Figure 6.14: Total Pressure Drop against Mass of Loaded Dust at Different
Media Types

Figure 6.15: Pressure Drop across Dust Cake against Mass of Loaded Dust at
Different Media Types

Table 6.2 summarizes the effect of the physical properties of fibreglass media on dust
cake formation. It shows that the mass of loaded dust in depth filtration increases as the
fibre diameter increases. This might be because as the fibre diameter is bigger, the fibre
network is lesser dense, which causes a bigger average pore diameter. The amount of dust
that can be deposited within the fibre media will be greater, which leads to a bigger mass

of loaded dust in the depth filtration, and eventually, a higher dust holding capacity.
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However, compared with the filtration efficiency in Section 6.3.1.1, the filtration
efficiency of the media increases, and the respective dust holding capacity decreases,
except for Media B and C having relatively similar dust holding capacity with a minor
difference of 10 g, which can be shown in Figure 6.16. The bigger average pore diameter
has decreased the impact probabilities between fibres and dust particles, decreasing the
filtration efficiency, even though the dust holding capacity is high. This shows a

compromise in the filtration performance.

Table 6.2: Effect of Physical Properties on Dust Cake Formation

Media Types Mean Fibre Mass of Dust Holding
Diameter, d; (um) Loaded Dustin  Capacity (g)
Depth
Filtration (Pa)

A 7.86 +0.14 230 461

B 6.53 +1.04 180 314

C 6.16 + 0.96 160 324

D 4.57+0.29 130 299

Filtration Efficiency at MPPS, 0.3 pm & Dust Holding Capacity vs.

Media Types
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Figure 6.16: Filtration Efficiency and Dust Holding Capacity at Different Media
Types

The tensile strength of the fibreglass media is expected to be influencing the final

pressure drop of the filter and pressure drop across the dust cake. However, the high p-
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values, as shown in Table 6.3 indicate no obvious relationship between tensile strength
and the pressure drop across dust cake and the final pressure drop. The relationship is
significant when the p-values are less than 0.05 (Siegel, 2016). Therefore, it can be

concluded that the tensile effect has no clear correlation with the pressure drop of the

filter.
Table 6.3: p-Values of Tensile Strength and Pressure Drop
p-Values Pressure Drop across Final Pressure Drop
Dust Cake
Tensile Strength in 0.4905 0.7374
Machine Direction
Tensile Strength in Cross 0.6366 0.5877
Direction
6.4 Summary

In this chapter, the effect of electrostatic charges on fibreglass media and the effect of
physical properties of fibreglass media on filtration performance is studied. It can be
concluded that the electrostatic removal mechanism is negligible on the fibreglass media.
As for the physical properties of the fibreglass media, the initial pressure drop and
filtration efficiency increase (in overall, quality factor increases) with decreasing fibre
diameter and increasing filter packing density. The filtration efficiency increases, and the
dust holding capacity decreases with decreasing fibre diameter. This is because as the
fibre diameter decreases, the fibre network formed is denser, which leads to smaller pore
size. The smaller pore size and higher filter packing density increase the trapping
probability, subsequently increasing the filtration efficiency. However, the smaller pore
size decreases the air permeability, which increases the initial pressure drop. The dust
holding capacity also decreases as the amount of dust deposited within the fibre media
decreases with a smaller average pore size. Besides, the tensile strength is proven not to

influence the pressure drop of filters as the correlation coefficient is low.
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CHAPTER 7: THE INFLUENCE OF FILTRATION VELOCITY ON THE

FIBROUS FILTER PERFORMANCE

The air filtration velocity is one of the important parameters contributing to the filtration
performance of a fibre filter. This chapter discusses the effect of the filtration velocity on

the filtration efficiency, initial pressure drop and the pressure drop across dust cake.

The filter model used remains constant in this part of investigation. The test filter used
are constructed the same with fibreglass media with a pleat density of 4.0 PPI at
dimension of 594mm (H) X 594mm (L) X 95mm (D). These parameters are used
typically in industrial practice. The test filters are tested using similar methodology as
described in Chapter 4 but at different filtration velocities. A full test of determination of
the filtration efficiencies and the pressure drop across dust cake are repeated at 1.27 m/s,
1.90 m/s, 2.28 m/s, 2.54 m/s and 2.79 m/s. The selected filtration velocity is within the
recommended range of initial resistance test (1.27 m/s — 3.17 m/s) in ISO 16890.(ISO,
2016c¢) Due to the physical structure of the fibreglass media is unable to support the
prolonged full test of the dust loading procedure at 3.17 m/s, the filtration velocity is taken
at 50%, 75 %, 90 %, 100 % and 110 % of the recommended HVAC operating velocity,
which is 2.54 m/s (ASHRAE, 2017). Each full test at different filtration velocities is

repeated 3 times.

7.1 Filtration Efficiency

In Figure 7.1, the graph of filtration efficiency is plotted against the geometrical mean
diameter of the aerosol particles. It shows the overall filtration efficiency is higher when
the filtration velocity increases. The inertial impaction becomes more significant when
the filtration velocity increases which can also be seen in the increasing trend in Figure
7.2. This causes the filtration efficiencies to increase when more particles are trapped at

increasing filtration velocity. The aerosol particle investigated are within the range of 0.3
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um and 10.0 um, which is at the inertial impaction and interception dominant stage. As
shown in the finding of Zhu et al. (2000), diffusion is dominates the particle collection
for particle diameter < 0.1 um while inertial impaction and interception are collecting

particle of diameter > 0.5 pm dominantly.

Figure 7.1: Filtration Efficiency against Particle Diameter at Different
Filtration Velocities

Observing Figure 7.2, the overall trend shows an increasing filtration efficiency with
increasing filtration velocities and the increasing trend is more pronounced when the
particle mean diameter is smaller. This has been demonstrated that the inertial impaction
i1s dominating at relatively smaller particle size. A greater force of inertia is brought by
high air velocity, and this increases the possibility of collision between the particles and
the media fibre. The gradient of increasing filtration efficiency becomes less steep at the
higher particle size. The efficiency in removing large particles is high due to interception.
This happens because the interception collection is more significant when the particle
diameter is getting nearer to the fibre diameter, which is 4.52 pm in this case (Zhang,
2004). A larger particle can be intercepted easily within the fibre media. The phenomenon

is in contrast, which happens typically at HEPA filters tackling the fine particles with
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diameter below 0.1 um. The filtration efficiency is found to be decreasing with an
increasing filtration velocity (Alderman et al., 2008) and this is because the diffusion

mechanism is dominant at the nanoparticle size range.

Filtration Efficiency vs. Velocity
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Filtration Efficiency (%)

. . .
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= 1.88 pm 257pum = 346pm = 4.69 pum 6.20pum  # 8.37 pm

Figure 7.2: Filtration Efficiency against Filtration Velocity at Different Particle
Diameters

Therefore, it is concluded that the filtration efficiency is dependent on the filtration
velocity where the filtration efficiency increases with increasing velocity as the inertial

impaction collection is more dominating at higher filtration velocity.

7.2 Initial Pressure Drop

The total pressure drop across filter is the summation of the initial pressure drop and the
pressure drop across dust cake, as shown in Equation (2.18) AP = AP, + AP,. According
to Equation (2.19) AP, = K;V¢, the clean filter pressure drop is proportional to the
filtration velocity based on Darcy’s Law. This relationship is proven in the experiments

by Li et al. (2019) at a range of tested velocities of 0 cm/s to 10.10 cm/s.

Figure 7.3 is the graph of initial pressure drop against filtration velocity. The graph is

plotted based on the average of 15 repetitions on 15 test filters of similar model while the
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error bar is constructed based on the standard deviation. The initial pressure drop
increases in quadratic form with the filtration velocity. The relationship between the

initial pressure drop, AP, and filtration velocity, V¢ found in this study is

AP, = 36.8V;* — 42.69 V; + 28.92 (7.1)

which is not consistent with Darcy Law. In HVAC system, the air face velocity is set in
the range of 2.0 to 2.5 m/s for the dehumidifying coils (Handbook, 2005) and this
subsequently causes the air filter experiencing similar high air velocity in actual
application. Therefore, Darcy’s Law is no longer applicable to explain the filter initial

pressure drop.

Initial Pressure Drop vs. Filtration Velocity
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Figure 7.3: Initial Pressure Drop against Filtration Velocity
Darcy Forchheimer equation is used to predict the pressure drop across a porous
region, AP. Two parameters are included in the equation which is the viscous and inertial

resistance to the airflow (Théron et al., 2017):

APy, u C 5
7 "BtttV

(7.2)
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where Z is the media thickness; u and p are the air dynamic viscosity and density; B is
the media permeability; C is the inertial resistance coefficient and Vy is the air velocity.
According to Dake (1983), the non-Darcy component which is the inertial resistance is

negligible at low flow velocities.

The test filtration velocities in this study are relatively high, which is 1.27 m/s, 1.90
m/s, 2.54 m/s and 3.17 m/s. The selected test filtration velocities correspond to the 50%,
75%., 100% and 125% of the rated air flow rate, which is 0.944 m?/s for a filter size with
cross-sectional area of 610 mm x 610 mm at 0.944 m>/s as described in ISO 16890:2017
(ISO, 2016c). Therefore, the inertial resistance effect is significant in this study, as shown
in the data-fitted equation according to Equation (7.2) in Figure 7.3. This justifies the
difference in clean filter pressure drop curve against filtration velocities of this study with

the literature findings.

In short, it is found that the initial pressure drop shows a quadratic relationship of
AP, = 36.8 sz — 42.69 Vy + 28.92 with filtration velocity which is because the

inertial resistance is accounted at high filtration velocity.

7.3 Pressure drop across dust cake

In this section, the pressure drop across dust cake, AP, will be investigated based on the
effect of the filtration velocities. The filters with same fibreglass media at 4.0 PPI and a
pleat depth of 95 mm are tested at different velocities which are 1.27 m/s, 1.52 m/s, 1.90
m/s, 2.28 m/s and 2.54 m/s. Figure 7.4 shows the arrestance of the filters at different
filtration velocities. When the arrestance drops more than 2 percentage points, it indicates
the filter media starts to break and the respective mass of loaded dust on the filter is the

maximum dust holding capacity.

125



Figure 7.4: Arrestance against Mass of Loaded Dust at Different Filtration
Velocities

7.3.1 Effect on K. in Different Transitional Regimes
As shown in Figure 7.5, the total pressure drop is plotted against the mass of dust loaded
to the filter. The total pressure drop, AP is the summation of initial pressure drop of the

filter, AP, and the pressure drop across dust cake, AP, which can be expressed as

mV, 7.3
AP = AP, + AP, = AP, + Kc,uS—f (7.3)
f

where K. is the specific dust cake resistance coefficient, u is the dynamic viscosity of
air, m is the mass of dust loaded on the filter, V; is the filtration velocity and Sy is the

filtration area.
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Figure 7.5: Total Pressure Drop against Mass of Loaded Dust based on
Filtration Velocity

Figure 7.6 is showing the relationship of dust cake pressure drop against mass of
loaded dust with the deduction of initial pressure drop. It can be observed that the curve
gradient of the trendline is increasing along with the mass of loaded dust, at three distinct
stages: constant increase stage at a low gradient, accelerating increase stage and lastly
constant increase stage at the steepest slope. It is further categorized into three different
filtration regimes based on the obvious increase in curve gradient: depth filtration,
transitional filtration, and surface filtration. The specific resistance coefficient of dust
cake, K, represents a measure of the difficulty of air permeation through the filter. Figure
7.7 is transformed from Figure 7.6 using Equation (7.3)(7.2) to determine K, based on
three different filtration regimes. The K, value in each regime is determined in linear
regression (Cheng & Tsai, 1998). Table 7.1 summarizes the specific resistance coefficient

of dust cake at different filtration regimes.
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Figure 7.6: Pressure drop across Dust Cake against Mass of Loaded Dust based
on Filtration Velocity
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Figure 7.7: Effect of the Dust Cake Specific Resistance Coefficient at Different
Filtration Stages (a) Depth Filtration (b) Transitional Filtration (c) Surface
Filtration
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Table 7.1: Specific Resistance Coefficient of Dust Cake at Different Filtration

Regimes

Filtration Specific Resistance Coefficient of Dust Cake, K. (x10° m/g)
Velocity Depth Filtration Transitional Surface Filtration

(m/s) Filtration

1.27 0.1024 0.2335 0.3008

1.90 0.1072 0.3328 0.2948

2.28 0.1824 0.3584 0.4359

2.54 0.2318 0.4005 0.6097

2.79 0.1999 0.5516 0.6849

Figure 7.8 depicts the close-up pictures of the filter media during depth filtration,
transitional filtration and surface filtration. It can be observed that the colour of the filter
media becomes more brownish, and the pleat structure becomes curvier as the dust
accumulated on the surface increases along the filtration stages. In the early stage, which
is called depth filtration in Figure 7.7(a), it can be observed that the gradient, K. is less
steep than other two stages. This can also be seen from Table 7.1 that the K. values at the
depth filtration are the lowest compared to other regimes. The dust particles have
accumulated on the surface of each filter fibre. As the amount of dust is limited in the
early stage trapped within the filter media, which is less than 150 g of loaded dust, the
airflow is not obviously affected and therefore, the change in pressure drop is increasing
gradually at the lowest K. values. K. values of transitional region, which is shown in
Table 7.1, is higher that of the depth filtration but lower than the surface filtration. This
happens due to the thin properties of the fibreglass media, most of the void space is filled
quickly by dust particles within the filter media and it enters transitional stage when the
dendritic structures start to form. The pressure drop of the filter in this transitional stage
increases faster than the depth filtration. The dendritic structures gradually grow in the
transitional stage until the dendrites intercept others’ grow paths. At this stage, the filter
enters surface filtration when the dust cake is formed. The pressure drop curve in this
stage increase steeply compared to the previous two stages, causing the K, values to be

highest.
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(a) (b) (c)

Figure 7.8: Samples of Close-up Pictures for Filter Media during (a) Depth
Filtration (b) Transitional Filtration (c) Surface Filtration

7.3.2 Effect on K. in Full Range of Mass of Loaded Dust

Besides seeing in filtration regimes, the specific resistance coefficient of dust cake, K, is

AP—-AP,
Viu

also analysed in a full range of mass of loaded dust. Figure 7.9(a) is the graph of

against sﬂ where the gradient of the graphs represents the specific resistance coefficient
f

of dust cake, K. It exhibits quadratic growth with increasing mass of dust per filtration

AP-APy . : -
area, SE The rate of change of I; :0 with respect to sﬂ is shown in Figure 7.9(b). It also
f f f

can be seen that the K, values are increasing when the mass loaded on the filter surface
area increases and it behaves as linear relationship. This can be explained that the porosity
of dust cake decreases when more dust is accumulated on the filter surface, hence exerting

a higher blockage to the air flow.
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As shown in Figure 7.9(a), the pressure drop across dust cake is divided by the
filtration velocity to study the effect of the filtration velocity on the K. It shows that the

filtration velocity is a contributing factor in dust cake formation, as at different velocities,
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the rate of change with respect to mass of loaded dust is different instead of overlaying
of each other. The slope of the dust cake specific resistance coefficient, K, is steeper at
the higher filtration velocity, with the increasing of loaded dust mass as shown in Figure
7.9(b). This is proven by Cheng and Tsai (1998) and Choi et al. (2004) that the dust cake
formed tends to be relatively thinner at a higher filtration velocity, as the old dust cake is
compressed by the new dust cake layer to be denser, and this decreases the dust cake

porosity. As a result, the pressure drop across dust cake increases at increasing velocity.

However, the K, values for filtration velocity of 2.79 m/s increase significantly at a
steeper slope compared to other velocities. This happens might be due to the strong
turbulence effect at a high filtration velocity. The turbulence effect brings to an uneven
dust distribution in the air flow, causing the dust hardly deposited on the filter. The low
amount of dust deposited in the depth filtration and beginning of the transitional filtration
causes the K, to be lower than that of filtration velocity of 2.54 m/s. When the dust cake
starts to develop at the later stage, the effect of filtration velocity across the dust cake
becomes significant. This causes K, to increase significantly at a steeper slope, starting
from a lower K, value which corresponds to a lower mass of loaded dust, as shown in

Figure 7.9(b) compared with other filtration velocities.

Therefore, it can be summarized that the specific resistance coefficient of dust cake,
K. increases linearly with mass of loaded on filter. K. increases with the increasing
filtration velocity due to the denser dust cake formed at a higher filtration velocity. The
effect of filtration velocity on K. is further analysed by fixing the mass of loaded dust or

dust concentration as shown in the following.

7.3.3 Effect on K, at Constant Dust Concentration
Figure 7.10 illustrates the relationship of K. and filtration velocity at constant dust

concentration. The dust concentrations are taken at 4.75 g/m?, 9.51 g/m?, 14.26 g/m?,
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19.01 g/m?, 23.76 g/m? and 28.52 g/m?, which correspond to the mass of dust loaded of
50 g,100 g, 150 g, 200 g, 250 g and 300 g on the test filters. When the dust concentration
is lower than 19.01 g/m? K, is increasing linearly with filtration velocity while the
relationship turns into quadratic growth as the dust concentration increases. When the
dust concentration is lower than 19.01 g/m? which is in the depth filtration region and
the beginning of the transitional filtration region, dust is accumulated within the filter bed
and dust cake formation is low. This causes the effect of filtration velocity on dust cake
resistance to air flow is not significant due to low dust cake formation. When the dendritic
structures form into dust cake since the middle stage of transitional regime, the dust cake
resistance becomes higher and increases in higher gradient along the increasing velocity.
The filtration velocity becomes a major factor on pressure drop across dust cake, when

the dust cake formation is getting thicker.
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Figure 7.10: Relationship between K. and Filtration Velocity at Constant Dust
Concentration
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Thus, the empirical relationships of K, and filtration velocity, Vs can be concluded as

K. = aVs +b (7.4)

for depth filtration and beginning of transitional filtration and

K.=aVi> + bV +c (7.5)
for middle of transitional filtration and surface filtration where a, b and ¢ are empirical

constants.

7.3.4 Effect on Dust Holding Capacity & Final Pressure Drop

Next, the effect of filtration velocity on the dust holding capacity and the final pressure
drop is also studied, as depicted in Figure 7.11. The final pressure drop is the resistance
to air flow when the filter reaches its maximum dust holding capacity. It reveals that as
the dust holding capacity decreases and the final pressure drop increases as the filtration
velocity increases. The reason behind is that when the filtration velocity is high, a higher
force will be incurred on the filter media, causing the filter media to deform easily. This
leads the media to fail at a lower dust holding capacity at higher filtration velocity. As
discussed earlier, the pressure drop across filter is significantly dependent on the filtration
velocity. Therefore, the final pressure drop increases with filtration velocity, even when
total mass of dust loaded is low. Therefore, the dust holding capacity is low with high

final pressure drop at a higher filtration velocity.
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Figure 7.11: Effect of Filtration Velocity on Dust Holding Capacity and Final
Pressure Drop

7.4 Summary

The experimental findings indicate that the influence of the filtration velocity is
significant to the filtration performance including filtration efficiency, initial pressure
drop and pressure drop across dust cake. The filtration efficiency increases with
increasing filtration velocity as the inertial impaction becomes more dominating at high

filtration velocity.

The 1nitial pressure drop exhibits quadratic growth with increasing filtration velocity,
corresponding to Darcy Forchheimer equation at the relationship expressed as

AP, = 36.8 sz — 42.69V; + 28.92 as the inertial resistance is significant at high

filtration velocity.

The dust cake specific resistance coefficient, K. increases at an increasing velocity,
V¢. The dust cake tends to be compressed into a denser form at a high filtration velocity,

which subsequently increasing the pressure drop across dust cake. At constant dust

concentration, the relationship between K. and Vy is in a linear relationship for depth

filtration and the starting of transitional filtration at an empirical equation of K. = aVy +
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b. Since the middle of transitional filtration and the surface filtration, K. shows a
quadratic growth with increasing Vy at an empirical equation of K, = an2 + bVs + ¢

where a, b and ¢ are empirical constants.

The dust holding capacity decreases and the final pressure drop increases with
increasing filtration velocity. The greater force incurred by the higher velocity or greater
air flow causes the filter media deforms and ruptures easily, causing a low dust holding

capacity.

The filtration efficiency is the most important factor in consideration of the indoor air
quality as well as the air filter design. If the filtration efficiency can achieve the minimum
required indoor air quality according to different industrial applications, such as hospitals,
office buildings or semiconductor factories, the operation of the HVAC filtration systems
can be maintained at a lower filtration velocity, considering that the higher air velocity
will increase the pressure drop across the filter and subsequently increases the system
energy consumption. Therefore, the selection of the operational air velocity across the air
filters shall take into consideration of both the filtration efficiency and the system energy

consumption.
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CHAPTER 8: EFFECT OF THE PLEAT GEOMETRY ON THE FIBROUS

FILTRATION PERFORMANCE

Filter media is often pleated to maximize the effective filtration area in a limited filter
dimension. The pleat geometrical parameters are important to be considered as the
filtration performance is strongly dependent on the pleat geometry such as pleat depth
and pleat density or pleat width. The aim of this chapter is to study the effect of the pleat
geometry of the full-sized industrial filters on the filtration performance, including the

initial filtration efficiency, initial pressure drop and the pressure drop of the dust cake.

In order to find the effect of pleat density on the filtration performance, the filter media
used is fixed with same fibreglass media at a pleat depth of 95 mm. Different filters at
different pleat densities of 3.5 PPI, 4.0 PPI, 4.5 PPI, 5.0 PPI, 6.0 PPI and 6.5 PPI are
tested at the different filtration velocities. The investigation of the influence of pleat depth
on the filtration performance is carried out at different pleat depths of 44 mm, 60 mm, 75
mm, 85 mm and 95 mm, keeping the pleat density constant at 4.0 PPI. The filtration
velocity is maintained at 2.54 m/s for filtration efficiency and dust loading procedure in

this study of pleat geometry.

8.1 Filtration Efficiency

The effect of the pleat geometry on the filtration efficiency is studied. The graphs of
filtration efficiency against particle diameters at different pleat densities and pleat depths
are plotted in Figure 8.1 and Figure 8.2, respectively. The figures show that as the particle
diameter increases, the filtration efficiency also increases due to as the interception
collection become more dominate at a larger particle size larger than 0.5 um (Zhu et al.,
2000). As discussed earlier in Chapter 2, there are three particle capture mechanisms:
Brownian diffusion (particle size < 0.1 um), interception (particle size > 0.5 um) and

inertial impaction (particle size > 5 um). The most penetrating particle size which

138



normally happens in the particle size of 0.1 to 1 um (Wang & Zhao, 2015), which are in
the interception mechanism range, is difficult to be captured by the fibres. This has caused
the filtration efficiency to be relatively lower at the smaller particle range as shown in

Figure 8.1 and Figure 8.2.

Figure 8.1: Filtration Efficiency against Particle Diameter at Different Pleat
Densities

Figure 8.2: Filtration Efficiency against Particle Diameter at Different Pleat
Depths

Besides, it can be observed from Figure 8.1 and Figure 8.2 that the pleat densities and
pleat depths show insignificant relationship with the filtration efficiency as the filtration
efficiencies are very close to each other at different pleat densities and pleat depths. The
difference between the maximum and minimum efficiency values against various particle

diameters are only less than 3 percentage points within different pleat densities, and less
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than 8 percentage points within different pleat depths. The insignificant relationship
between the pleat geometry and filtration efficiency corresponds with the literature
findings as the filtration efficiency is pronouncedly affected by media fibre properties and
filtration velocity (Bian et al., 2020; Leung et al., 2010; Payen et al., 2012), which are
discussed in Chapters 6 and 7, while the pleat geometry is significantly influencing the
pressure drop of the filters (Théron et al., 2017). Hence, it can be concluded that the pleat

geometry is a negligible contributing factor in filtration efficiency.

8.2 Initial Pressure Drop

8.2.1 Pleat Density of Filter Media

Figure 8.3 illustrates the relationship between the initial pressure drop and filtration
velocity at different pleat densities. The initial pressure drop shows a quadratic growth
with the filtration velocity for all pleat densities, corresponding to the Darcy Forchheimer
equation discussed in Section 7.2. Equation (8.1) shows the curve-fitted expression of the

relationship
AP, =K, Vi? — Ky Vr+c (8.1)

where AP, is the initial pressure drop, Vr is the filtration velocity, K; represents the
inertial resistance coefficient to airflow, K; is the viscous resistance coefficient to airflow,
and c is the empirical constant. As the pleat density increases, the gradient of the graphs,
which represents the inertial resistance coefficient, K; also increases. This is better
depicted in Figure 8.4, which shows a substantial effect of the pleat density on the initial
pressure drop. As the pleat density increases, the initial pressure drop also increases. This
happens because pleating is an efficient way to increase the total filtration area in limited
filter size. A higher total filtration area is able to allow more air to pass through easily.
However, when the pleat density is too high, the compact media pack will in fact decrease

the pleat channel and form a high blockage to the airflow from passing through. The high
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pleat density media has caused a low air permeability and thus an increased airflow
resistance. This explains the phenomenon in which the initial pressure drop increases with

increasing pleat density in Figure 8.4.

It has shown that at lower filtration velocities which are 1.27 m/s and 1.90 m/s, the
initial pressure drop increases linearly with increasing pleat density while showing an
accelerating increase of initial pressure drop at higher filtration velocities of 2.54 m/s and
3.17 m/s. The effect of the pleat density on the initial pressure drop becomes more
pronounced at higher velocity. This happens because of the increasing inertial effect of
airflow on the initial pressure drop across the higher pleat density (Maddineni et al.,

2019).
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Figure 8.3: Initial Pressure Drop against Filtration Velocity based on Different
Pleat Densities
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Initial Pressure Drop vs. Pleat Density
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Figure 8.4: Initial Pressure Drop against Pleat Density at Different Filtration
Velocity

Therefore, it can be summarized that the initial pressure drop is dependent on the pleat
density, where the initial pressure drop increases with increasing pleat density. The effect
of pleat density on the initial pressure drop is more pronounced, showing a quadratic
increment of initial pressure drop at higher filtration velocity due to the increasingly

significant inertial effect across the denser pleats.

8.2.2 Pleat Depth of Filter Media

From Figure 8.5, the relationship between the initial pressure drop and the filtration
velocity exhibits a quadratic growth at different pleat depths, which is the similar trend
with pleat density as shown in Figure 8.3. Figure 8.6 demonstrates a decreasing linear
relationship between the initial pressure drop and pleat depth at different filtration
velocities. The initial pressure drop increases when the pleat depth is smaller. This can be
explained that the increasing pleat depth increases the total filtration area, which will
increase the air permeability. Air can pass through the filter media easily with a larger

filtration surface and hence, causing a lower resistance to airflow.
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8.2.3 Pleat Ratio

Velocity

pleat width, P,, as shown in Equation (8.2).

Pleat ratio, a is a dimensionless parameter in terms of pleat density and pleat depth to

represent the pleat geometry. The pleat ratio is calculated by dividing pleat depth, P; with
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P, 25.4 8.2)
a=—,B, = -
Pleat density

Figure 8.7 is plotted to reveal the relationship between the initial pressure drop and
pleat ratio. It shows that the initial pressure drop shows a positive quadratic relationship
with the pleat ratio, having an optimum pleat ratio to obtain the minimum initial pressure
drop at different filtration velocities. This outcome is also proven by Persaud et al. (2021)
that increasing the pleat depth and using an optimal pleat density can achieve an optimum

filtration performance which is the initial pressure drop in current finding.

Initial Pressure Drop vs. Pleat Ratio

Y (1.27 m/s) = 156.5 - 14.987X + 0.51417X®
500+ R2 (1.27 mv/s): 0.82

Y (1.90 m/s) = 255.1 - 21.787X + 0.7515"%®
1 R2(1.90 mis): 0.76

4p0 4 Y (2.54 mis) = 399.1 - 32117 + 1.1957X*
R* (2.54 m/s): 0.91

{Y (347 m/s) = 572.6 - 44 59*X + 1. 704*X2
R* (317 mds): 0.93

300

200

Initial Pressure Drop (Pa)

100+

. . | . .
5 10 15 20 25
Fleat Ratio, a

Filtration Velocity
e 127Tmis +190m/s = 254mis a4 317mis

Figure 8.7: Effect of Pleat Ratio on the Initial Pressure Drop
Table 8.1 summarizes the optimum pleat ratio to achieve lowest initial resistance to air
flow at different velocities. The optimum pleat ratio decreases slightly as the filtration
velocity increases, and the difference between the highest and lowest optimum pleat ratio
is only a decrease of 10.2 % while the lowest filtration velocity of 1.27 m/s increases by
119.69% to 2.79 m/s. It can be concluded that the effect of filtration velocity is

insignificant on the pleat ratio to achieve minimum initial pressure drop.
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Table 8.1: Optimum Pleat Ratio for Minimum Initial Pressure Drop

Filtration Velocity (m/s) Optimum Pleat Ratio for Minimum
Initial Pressure Drop
1.27 14.57
1.90 14.49
2.54 13.44
2.79 13.08

Therefore, the optimum pleat ratio is found to be at a range of 13.08 to 14.57 at a
median value of 13.895. The pleat ratios concluded from the literature are below 1.59 (Li
etal., 2019), 1.48 (Park et al., 2012) or 2.22 - 3.70 (Teng et al., 2022), which are relatively
smaller than the outcome of this study. This is due to the filter tested are mini pleats or
cartridge filters, which is not suitable for the HVAC application. Thus, a pleat ratio range
of 13.08 to 14.57 is recommended to obtain a low initial pressure drop for the full-scaled

HVAC pleated filters.

8.3 Pressure Drop across Dust Cake

8.3.1 Arrestance

Figure 8.8 shows the graphs of arrestance against mass of loaded dust at different pleat
densities and pleat depths. When the arrestance starts to drop more than 2%, the dust
loading process will be stopped. This indicates the filter media’s failure, and the dust

holding capacity is taken.
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Figure 8.8: Arrestance against Mass of Loaded Dust at Different (a) Pleat
Densities (b) Pleat Depths

8.3.2 Effect of Pleat Density on K,

Figure 8.9 is the total pressure drop plotted against the mass of loaded dust to the filter
for different pleat densities. The total pressure drop is the summation of initial pressure
drop of the clean filter and the instantaneous pressure drop across dust cake, which has
been discussed in Equation (7.3). The pressure drop across dust cake are illustrated in
Figure 8.10, by subtracting the initial pressure drop from total pressure drop. It can be
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observed that the pressure drop across dust cake for all pleat densities increases in three
gradient zones, which are depth filtration (constant increase stage at a lower gradient),
transitional filtration (accelerating increase stage), and surface filtration (constant
increase stage at the steepest slope). The dust loading stages are in consistence to typical
dust loading behavior, which is also similar to Section 6.3.2. In the depth filtration, the
particles are collected within the fibre media, where the pressure drop increases gradually
at a lower gradient. After most filter fibres are filled with dust particles, the transitional
filtration begins when the dendritic structures start to form, and the pressure drop
increases at a higher rate than depth filtration. The surface filtration is the regime where
the dendritic structures overlay each other, forming a dust cake layer. Dust is then trapped

on the dust cake surface and the pressure drop across dust cake increases rapidly.

Figure 8.9: Total Pressure Drop against Mass of Loaded Dust at Different Pleat
Densities

147



Figure 8.10: Pressure Drop across Dust Cake against Mass of Loaded Dust at
Different Pleat Densities

AP—-AP,
Viu

Using Equation (7.3) AP = APy + AP. = APy + K .u mS_Vf , the graph of against
f

mass of loaded dust per filtration area, 52 is plotted in Figure 8.11(a) where the gradient
f

of the graphs represents the specific resistance coefficient of dust cake, K. The curve is

transformed into a linear graph of K, against sﬂ to study the effect of pleat density on K.
f

From Figure 8.11(b), the gradient increases with increasing pleat density. With the same
mass of dust fed, it results in a higher pressure drop across the filter at higher pleat density.
Figure 8.12 depicts that the K. shows an exponential increment with increasing pleat

density, P, at dust concentration of 5 g/m?, 10 g/m?, 15 g/m* and 20 g/m’. There are no

K. values for pleat density of 6.0 and 6.5 PPI at the dust concentration of 15 g/m? and 20
g/m? due to filter’s failure beyond 10 g/m?. In addition, it also shows that the K, value
increases drastically when the pleat density is bigger than 5.0 PPI. This can be explained
that when the media is highly packed (at high pleat density), the pleat is very dense that
they are in contact with each other and create a blockage to the air flow. This subsequently
reduces the effective filtration area, even though the total media area is large at high pleat

density. This result is in consistency of the findings of Al-Attar (2011) and Teng et al.
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(2022) that the pleat crowding effect as a result of the excessive number of pleats will
cause a loss in effective filtration area. In summary, the specific resistance coefficient of

dust cake, K, increases exponentially as the pleat density increases.
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PleatDensity
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Figure 8.12: Relationship of the Pleat Density on the Dust Cake Specific
Resistance Coefficient, K.

8.3.3 Effect of Pleat Depth on K,

Figure 8.13 and Figure 8.14 show the total pressure drop and the pressure drop across
dust cake respectively for different pleat depths whereas Figure 8.14 shows that the dust
loading curve follows the typical 3 different filtration regions: depth filtration, transitional

filtration and surface filtration.
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Figure 8.13: Total Pressure Drop against Mass of Loaded Dust at Different
Pleat Depths

Figure 8.14: Pressure drop across Dust Cake against Mass of Loaded Dust at
Different Pleat Depths

The effect of the pleat depth on the dust cake specific coefficient, K. can be studied
from Figure 8.15. It can be observed that the dust cake specific coefficient, K, increases
as the mass of loaded dust on the filter increases. Figure 8.16 shows that the K. shows a
negative parabolic curve with increasing pleat depth, P;. At a pleat depth below 75 mm,

K. shows an increasing trend along with pleat depth. This is because as the pleat depth is
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small, the effective surface area to hold dust is smaller. When the filter reaches its
maximum dust holding capacity, it can no longer support the relatively high pressure drop
exerted on the filter with lower pleat depth, which is physically less rigid. At a constant
pleat density or pleat width, as the pleat depth is greater than 75 mm, K, decreases along
with increasing pleat depth. The filter structure is more rigid and the effective filtration
area to hold dust increases with increasing depth, causing the specific resistance of dust

cake to decrease.

(@)
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Figure 8.15: Effect of the Pleat Depth on the Dust Cake Specific Resistance
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8.3.4 Effect of Pleat Ratio on K

The effect of pleat geometry on the specific resistance coefficient of dust cake, K. can be
studied using pleat ratio, a, as shown in Figure 8.17. Pleat ratio is a dimensionless
parameter to represent the pleat geometry by taking into the account of pleat density and
pleat depth, which is expressed as

_ Pleat depth X Pleat density 8.3)
B 25.4

a

A positive parabolic relationship is found between the pleat ratio and K, values with
the optimum K, value occurred at the pleat ratio of 11.72, 11.46, 9.96 and 10.26

respectively for dust concentration of 5 g/m?, 10 g/m?,15 g/m? and 20 g/m?.
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Figure 8.17: Effect of Pleat Ratio on the Specific Resistance Coefficient of Dust
Cake

The K, values are increases drastically when the pleat ratio is higher than 20, which
corresponds to the pleat density above 5.5 PPI, as compared with Figure 8.12. It can be
said that the pleat density is the key contribution factor to K, as the K, values increase
significantly at higher pleat density, causing the effect of pleat density dominates in the

overall effect of pleat geometry on K. Figure 8.18 illustrates the effect of pleat geometry
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on the resistance to air flow. When the pleat density increases, the pleat channel allowing
air to pass through decreases; this results the viscous effect to increase significantly

compared to increasing pleat depth.

Figure 8.18: Effect of Pleat Geometry on the Resistance to Air Flow (a) Base
Case (b) Greater Pleat Depth (¢) Higher Pleat Density

There are two contribution factors to the effect of pressure drop, which is the inertial
and the viscous effects. If there is only inertial effect which contributes to the pressure
drop across dust cake, the specific resistance of dust cake can be minimized by increasing
the filtration area (Rebai et al., 2010), which can be demonstrated by the effect of pleat
depth in Section 8.3.3. On the other hand, at a higher pleat density, the pleat channel is
narrow for air flow to pass through, which could significantly increase the viscous drag.
When the pressure drop across dust cake is contributed by the viscous and inertial effects,
the specific resistance of dust cake will increase at a high gradient, as happened at pleat
ratio more than 20 as shown in Figure 8.17. This explains why the effect of pleat density
outweighs the effect of pleat depth, causing the overall effect of pleat ratio follows the

curve trend of pleat density.

In short, it shows a positive quadratic relationship between the pleat ratio and the
specific resistance coefficient of dust cake, K. with an optimum pleat ratio of 9.96 to
11.75 for dust concentration of 5 g/m? to 20 g/m? to obtain the minimum specific

coefficient of dust cake.
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8.4 Pleat Ratio Overview

Figure 8.19 summarizes the effect on pleat ratio on the filtration performance, including
initial pressure drop, pressure drop of dust cake, final pressure drop, specific resistance
coefficient of dust cake and the dust holding capacity. The dust holding capacity reaches
a maximum value at pleat ratio of 13.5 while the specific resistance coefficient of dust
cake at 5 g/m? maintains at acceptable minimum values within pleat ratio range of 9.96
to 14.50 before increasing drastically. The initial pressure drop is at its minimum at a
pleat ratio range of 13.08 to 14.57, as concluded in Section 8.2.3. Final pressure drop is
the summation of the initial pressure drop of clean filter and the total pressure drop across
dust cake. Both final pressure drop and pressure drop across dust cake reach at local peak
at a pleat ratio of 13.50, which corresponds to the peak of the dust holding capacity. This
outcome is acceptable as the dust loading is highest at this point which results a relatively
higher final pressure drop. Although the filter’s final pressure drop can go higher at higher
pleat ratio, its respective dust holding capacity drops, which can be seen at the drastic
increase in K, value. A high pressure drop with low dust holding capacity is not ideal, as
the energy consumption will be relatively high as well. Considering all filtration
performance, this can be concluded that the pleat ratio range of 13.08 to 14.57 contributes
to the optimum filtration performance with the highest dust holding capacity and

minimum initial pressure drop and specific resistance coefficient of dust cake.
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DustHolding Capacity, Specific Resistance Coefficient of
Dust Cake, Pressure Drop vs. PleatRatio
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Figure 8.19: Comparison of Filter Performance at Different Pleat Ratios

Comparing with the literature findings, the pleat ratio was found to be below 1.59, (Li
et al., 2019) at a range of 2.22 to 3.70 (Teng et al., 2022) and 1.48 (Park et al., 2012) to
achieve good filtration effect. The pleat ratio concluded in previous works were based on
small-scale pleats, mainly on cartridge filters. The pleat ratio of a HVAC filter for an
optimum filtration performance were found to be much higher (13.08 - 14.57) from this
study, showing that the pleat ratio are different for different filtration applications. Théron
et al. (2017) studied a down-sized pleated filter and concluded that the initial pressure
differential can be reduced with a pleat shape toward a flat geometry, without considering
the formation of dust cake. However, the pleating feature was important as the dust
holding capacity could be increased when the filtration area was higher. Taking into
consideration of the dust loading effect on the pleat geometry, it was hence found that the
optimum pleat ratio occurs at a range of 13.08 - 14.57, for a triangular pleat. The findings
of this study could be directly applicable in the actual filter selection, as the suggested
pleat ratio range was studied comprehensively using a full-scaled filter based on the

filtration performance of the filter’s clean and dirty states.
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In short, the filter media is normally pleated to increase the filtration area of a filter
within a fixed filter size, and the optimal filtration performance is greatly affected by the
pleat geometry. The optimum pleat ratio in obtaining high dust holding capacity, low
initial pressure drop and specific resistance coefficient of dust cake happens at a range of

13.08 to 14.57 for the full-scale fibrous filters on HVAC system applications.

8.5 Summary

It is found that the pleat geometrical parameter is a contributing factor on the filtration
performance. The effect of pleat geometry on the filtration efficiency is concluded to be
insignificant while the filter’s initial pressure drop and the pressure drop across dust cake

are dependent on the pleat geometry.

The initial pressure drop increases as the pleat density increases, while the effect of
the pleat density is more pronounced on the initial pressure drop at a higher filtration
velocity, depicting a quadratic increment of initial pressure drop along with pleat density
with a higher inertial effect across the denser pleats. As for the influence of pleat depth,
the initial pressure drop decreases with an increasing pleat depth as the air can pass
through the filter at a lower air flow resistance when the total filtration area is bigger at a
higher pleat depth. The overall pleat geometry, including the pleat density and pleat depth
can be represented using pleat ratio. It can be summarized that the optimum pleat ratio to
obtain the minimum initial pressure drop is found to be at a range of 13.08 to 14.57 for a

full-sized pleated fibrous filter.

The specific resistance coefficient of dust cake, K, increases exponentially with the
increasing pleat density, due to the high blockage to air flow of the high pleat density. K,
shows a negative parabolic curve with increasing pleat depth, with maximum K, value at
pleat depth of 75 mm. Before the pleat depth of 75 mm, the filter is physically less rigid,

causing the structure fails at lower dust holding. After the pleat depth of 75 mm, the filter
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structure is more rigid and the effective filtration area to collect dust is greater at higher
pleat depth, resulting the dust holding capacity to be higher and the overall K, decreases.
Seeing the effect of the pleat geometry in terms of pleat ratio, « to the specific resistance
coefficient of dust cake, K, it exhibits a positive parabolic relationship between a and
K, with an optimum pleat ratio of 9.96 to 11.75 for dust concentration of 5 g/m? to 20

g/m?.

In conclusion, the optimum pleat ratio occurs at 13.08 to 14.57 to obtain an optimal
filtration performance at low initial pressure drop and low specific resistance coefficient

of dust cake while getting a high dust holding capacity.

159



CHAPTER 9: EMPIRICAL MODELLING OF FILTRATION PERFORMANCE

AND FINAL RESISTANCE RELATIONSHIP

In this chapter, the formulation of final resistance in consideration of different filtration
performance which are the filtration efficiency, initial pressure drop, dust holding
capacity, pressure drop across the dust cake and the filter’s energy consumption is
discussed. Firstly, the relationship of filtration performance depending on different filter
design parameters, including the media physical properties (fibre diameter, filter packing
density), filtration velocity, pleat geometry (pleat depth, pleat density) is investigated.
There are a total of 51 sets of experimental data used in the linear regression modelling,
in which 67% is used as training set and 33% is used to validate the predicted model. The
respective multiple linear regression reports are attached in Appendices D to G. Next,
the estimated filter lifespan and the filter operating time with cost consideration are

studied and the final resistance is finally modelled.

9.1 Empirical Models of Filtration Performance with Design Parameters
The empirical models of the filtration performance are discussed in this section. The

models are valid when the design parameters are within the ranges stated in Table 9.1.

Table 9.1: Valid Ranges for Design Parameter

Design Parameters Valid Range

Fibre Diameter 4.57 ym < dy < 7.86 um
Filtration Velocity 1.27m/s <Vy <2.79m/s
Pleat Depth 44mm < P; <95mm
Pleat Density 3.5PPI <P, <6.5PPI
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9.1.1 Filtration Efficiency

As discussed from Chapters 6 to 8 earlier, the filtration efficiency is concluded to be
depending on the fibre diameter, d filter packing solidity, «; and filtration velocity, V.
The experimental datasets are analysed with a multiple linear regression to determine the
relationship of filtration efficiency and the dependent parameters. From Table 9.2, it can
be seen that the multicollinearity occurs between fibre diameter and filter packing
solidity. Therefore, the redundant variable with higher VIF, which is the filter packing
solidity will be omitted from the regression model and the filtration efficiency, ny is
expressed in Equation (9.1) as a function of fibre diameter, d; and filtration velocity, V.

The final predictive model of filtration efficiency is expressed in Equation (9.2).

Table 9.2: VIF values for Independent Variables for Filtration Efficiency

Parameters VIF
Fibre Diameter 18.048
Filter Packing Solidity 18.109
Filtration Velocity 1.0224
Filtration Ef ficiency = f(dy, V) 9.1
Filtration Ef ficiency,nr = —17.63d; + 14.59V; + 150.37 9.2)

From Equation (9.2), filtration efficiency increases with the decreasing fibre diameter
and the increasing filtration velocity. As the fibre diameter decreases, the fibre network
formed in denser which increases the collection probability of the dust particles, causing
the filtration efficiency to increase. When the filtration velocity is high, it increases the
inertial impaction between the dust particles and the fibre media. This causes the filtration

efficiency to increase with an increasing filtration velocity.
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9.1.2 Initial Pressure Drop

The initial pressure drop, AP, is found to be dependent on the fibre diameter, d filter
packing solidity, ¢, square of filtration velocity, sz, pleat depth, P; and square of pleat
density sz. The relationship between the dependent variables and the initial pressure
drop are justified with p-values. It is found that the filter packing density has no obvious
relationship with the initial pressure drop as the p-value is greater than 0.05. Therefore,

the function of initial pressure drop is expressed in Equation (9.3) and the final predictive

model of initial pressure drop is expressed in Equation (9.4).

Initial Pressure Drop, APy = f(dy, V%, Py, B,%) 9.3)
Initial Pressure Drop, AP, 94)
= —39.78d; + 29.32 V;* — 1.23P; + 5.79P,% + 264.93

From Equation (9.4), it can be observed that the initial pressure drop increases with
increasing filtration velocity and pleat density while decreases with increasing fibre
diameter and pleat depth. The contributing effect of filtration velocity is the strongest
with its quadratic relationship and relatively higher coefficient on the initial pressure drop.
This is due to the higher inertial resistance effect incurred by high filtration velocity,

which is in correspondence with Darcy Forchheimer equation (Théron et al., 2017).

9.1.3 Pressure Drop across Dust Cake

The pressure drop across the dust cake, AP. is investigated in terms of specific resistance
coefficient of dust cake, K, in earlier chapters and found that the contributing factors to
K, are square of filtration velocity, sz , square of pleat depth, P;* and the natural
exponential of pleat density, e’». As AP, corresponds to K., AP, can be defined as
Equation (9.5). The final predictive model of pressure drop across dust cake is expressed

in Equation (9.6).
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Pressure drop across dust cake, AP, = f(V;*,P;* , e®?) 9.5)
Pressure Drop across Dust Cake, AP, 9.6)
= 72.80 V;* + 0.03598P,* + 0.1754e"» — 253.87

The pressure drop across dust cake increases with filtration velocity, pleat depth and
pleat density. At a higher filtration velocity, the dust particles are compressed into a
denser dust cake, hence causing the dust cake resistance to air flow becomes higher.
Another significant contributing factor is the pleat density. At a higher pleat density, the
pleat channel is narrowed for the airflow to pass through, and this leads to an increase of

viscous drag, increasing the dust cake pressure drop.

9.1.4 Dust Holding Capacity

The contributing factors of dust holding capacity, DHC are found to be fibre diameter,
dy, filter packing solidity, ¢, filtration velocity, V¢, square of pleat depth, P;? and square
of pleat density sz. The relationship between the dependent variables and the dust

holding capacity are justified with p-values. It is found that the filter packing density has
no obvious relationship with the dust holding capacity as the p-value is greater than 0.05.
Therefore, the function of dust holding capacity is expressed in Equation (9.7) and the

final predictive model of dust holding capacity is expressed in Equation (9.8).

Dust holding capacity, DHC = f(d, Vy, sz, sz) 9.7)
Dust holding capacity, DHC 9.8)

= 44.85d, — 57.37V; + 0.0340P,;> — 9.956P,% + 51.27

The dust holding capacity increases with fibre diameter and pleat depth but decreases
with filtration velocity and pleat density. The fibre diameter and filtration velocity
contribute the most on the effect of dust holding capacity, with relatively greater

regression coefficients. As the fibre diameter increases, the media fibre network is less
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dense and this leads to a bigger pore size, increasing the dust holding capacity. Next, the
dust holding capacity decreases with filtration velocity as a greater force exerts on the
filter media at a higher velocity. This results the filter media to deform easily and fail at

a lower dust holding capacity.

9.1.5 Summary of Statistical Tests for the Empirical Models

Table 9.3 and Table 9.4 summarize the statistical test results of the empirical models
discussed earlier from Section 9.1.1 to 9.1.4. All empirical models of the filtration
performance parameters explain a significant relationship with high R? values and the
model is a significant predictor with low p-value from F-test (p < 0.05). The independent
predictor variables show a significant contribution to the model with p < 0.05. There is

no multicollinearity among the independent predictor variable as the VIF is approximate

to unity.

Table 9.3: Bivariate Analysis between Design Parameters and Filtration

Performance
Fibre lelltgzg Filtration | Pleat Pleat
Diameter Density Velocity Depth Density
Correlation | -0.8704 | 0.8520 0.9676 0.2307 0.1436
Filtration | Significance | 0.0002 0.0004 <0.0001 0.4082 0.5698
Efficiency | Probability
Significance Yes Yes Yes No No
N Correlation | -0.9552 | 0.9693 0.9796 -0.9374 | 0.9867
Plr';i‘j;e Significance | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001
Drop Probability
Significance Yes Yes Yes Yes Yes
Pressure | Correlation | -0.0454 | 0.1444 0.9749 0.9490 0.6306
Drop Significance | (0.8885 0.6544 <0.0001 | <0.0001 0.005
across Probability
Dust Cake | Significance No No Yes Yes Yes
Correlation | 0.8305 | -0.7882 -0.7816 0.9809 | -0.9692
lel‘;j;g Significance [ 0.0008 | 0.0023 0.0006 | <0.0001 | <0.0001
Capacity Probability
Significance Yes Yes Yes Yes Yes
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Table 9.4: Statistical Test Results of Linear Multiple Regression

Predicted R? Analysis of Independent Predictor Variable
Model Variance (F-test)
Parameter Estimates VIF
Filtration 0.6755 | F(2,31) = 32.26 Fibre p=-17.63 | 1.001
Efficiency, nr p < 0.0001 diameter, df | p < 0.0001
Filtration p = 14.59 1.001
velocity, Ve | p = 0.0017
Initial 0.9762 | F(4,29) = 297.64 | Fibre B =-39.78 | 1.008
Pressure p < 0.0001 diameter, df | p < 0.0001
Drop, AP, Square  of | B = 29.32, 1.060
filtration p < 0.0001
velocity,
Vi?
Pleat depth, | § = —1.23 1.085
Py p < 0.0001
Square of | B = 5.79 1.079
pleat p < 0.0001
density, sz
Pressure drop | 0.8359 | F(3,30) = 50.95 Square of | B = 72.80 1.056
across  dust p < 0.0001 filtration p < 0.0001
cake, AP, velocity,
Vi?
Square of | B = 0.03598 | 1.078
pleat depth, | p < 0.0001
P;*
Natural B =0.1754 1.068
exponential | p = 0.011
of pleat
density, efr
Dust holding | 0.9087 | F(4,29) = 72.14 Fibre B = 44.85 1.008
capacity, p < 0.0001 diameter, df | p < 0.0001
DHC Filtration B =—-57.37 | 1.067
velocity, V; | p = 0.0040
Square of | B = 0.0340 1.095
pleat depth, | p < 0.0001
p?
Square of | f = —9.956 | 1.086
pleat p < 0.0001

density, B, 2
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9.2

Validation of Predicted Models

17 out of the 51 sets of experimental data are used to validate the predicted models., It

can be justified that the predicted models are acceptable as the difference between R?

values are small, which is only less than 1.5% as shown in Table 9.5.

Filtration
Efficiency
Initial
Drop
Pressure
across Dust Cake
Dust
Capacity

9.3

R?2  Value of R? Value
Training Sets

0.6755 0.6720
0.9762 0.9701
0.8359 0.8236
0.9087 0.9033

Modelling of Recommended Final Resistance

Validation Sets

Table 9.5: Comparison of R? Values for Training and Validation Dataset

of Percentage
Difference (%)

0.52%

0.62%

1.47%

0.59%

of

When the design parameters such as fibre diameter, filtration velocity and pleat geometry

are varied, the filtration performance including filtration efficiency, 7y, initial pressure

drop, AP;, pressure drop across dust cake, AP. and dust holding capacity, DHC can be

calculated using the empirical models in Section 9.1. Final resistance is the maximum

operating resistance to air flow of the air filter. In this section, the modelling of the final

resistance is discussed by comparing the filter’s lifespan until the final pressure drop and

the energy cost. In this modelling, the terms of “final pressure drop” refer to the APr

calculated using Equation (9.9) while the “final resistance” is defined as the

recommended maximum operating resistance for the filter replacement after considering

the energy cost.

Final pressure drop, APy

= Initial Pressure Drop, AP,

+ Pressure Drop across Dust Cake, AP,

9.9)
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9.3.1 Filter Lifespan until its Final Pressure Drop

The dust loading curve of instantaneous pressure drop, AP(m) against mass of loaded
dust, m is found to be fitted as Equation (9.10) (Montgomery et al., 2012) where a and b
are the empirical constants of the dust loading curve. The constants a and b can be
obtained by inserting the initial pressure drop (m = 0) and final pressure drop (m =

DHC() into the equation. Equations (9.11) and (9.12) express constants a and b.

AP(m) = qeP™ (9.10)
a= AP, (9.11)

- 1 lnAﬁ 9.12)
DHC AP,

The instantaneous mass of loaded dust, m can be estimated using Equation (9.13)
(Bulejko et al., 2021) where Q is the airflow rate, t is the filtration time, 14 is the

filtration efficiency and C,, is the upstream dust concentration of the building.

m=Qtnr Cy, 9.13)

At the final pressure drop, the mass of loaded dust, m is the dust holding capacity,
DHC. Equation (9.13) can be rearranged to determine the filter lifespan, ¢; and expressed
as Equation (9.14).

;= DHC 9.14)
QN Cyp

The filter lifespan at its final pressure drop, tf is dependent on the upstream dust
concentration which is related to the building’s indoor and outdoor air quality. The
upstream dust concentration, C,, can be estimated from Equation (9.15) using the ratio
of fresh air and return air of the HVAC system, where %0A is the percentage of fresh air
introduced by the HVAC system, Cy,ytq00r 1S the outdoor particle concentration, %RA is

the percentage of return air and Cj;, 4,07 18 the indoor particle concentration.
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Cup = %04 X Coutdoor + %RA X Cindoor (9'15)

9.3.2 Filter Usage in Consideration of Costs
The energy consumed by the air filter, E' can be estimated using Equation (9.16) where
Wavg 1s the average power, t is the filter operating time, AP is the average pressure drop,

Q is the airflow rate and 7 is the system efficiency or the fan efficiency.

AP 9.16
E = Wavgt == TQt ( )

By operating integration on Equation (9.10), the average pressure drop of the dust

loading curve, AP can be obtained and is expressed as Equation (9.17).

9.17)
bm

1 m a
AP = —j AP(m) dm = — (eb™ — 1)
mJy
Substituting Equations (9.11), (9.12) and (9.13) into Equation (9.17), the average

pressure drop can be expressed as Equation (9.18) with constant B, defined in Equation

(9.19) (Montgomery et al., 2012).

— AP (9.18)
P=—(ePrt -1
Bt )
Qnr Gy, . AP (9.19)
Bi="Dnc Mz,

Therefore, the power energy consumption of the filter can be estimated using Equation
(9.20) and (9.21) respectively. By substituting the estimated filter lifespan, t; from

Equation (9.14), the total power consumed throughout the filter lifespan, Wi, can be

estimated from Equation (9.22).

AP,Q Bt
- 1t
nB.t (e 1)

(9.20)
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AP, .

il (Bt — 1) 9.21)
nB;

- APy Q (Bt — 1) 9.22)

I nBgts

Besides, it is important to take into the consideration the filter replacement cost (filter
cost, Cr + installation cost, C;) and the energy cost, Cg. If the filter replacement cost is
relatively low, it would be more cost effective to replace the filter as soon as the energy
cost exceeds the replacement cost. The filter operation time in which the energy cost

equals to the filter replacement cost, t.,;; can be solved using Equations (9.23) and

(9.24).
Cr = E X Energy Unit Cost = Cr + C; (9.23)
1 Cr + C))nB 9.24
toos = —In[ (Cr+Cpn L 1] (9.24)
By "APy,Q X Energy Unit Cost

9.3.3 Definition of Final Resistance Model
Therefore, in the filter design stage, the final resistance can be recommended based on

the estimation of filter lifespan at its final pressure drop, t; using Equation (9.14) or the

filter operation time with cost-saving, t.,s; using Equation (9.24), whichever is shorter.
Hence, with the selected filter usage time, namely tzg , the final resistance can be

recommended using Equation (9.25).

Qnrtrr Cup | APf (9.25)
Final Resistance = APye PHC AP;

where

nr = —17.63d; + 14.59V; + 150.37
APy = —39.78d; + 29.32 V;* — 1.23P; + 5.79P,% + 264.93
DHC = 44.85d; — 57.37V; + 0.0340P,;* — 9.956P,% + 51.27

Cup = 0p0A X Coutdoor + %RA X CindOOT
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APy = APy + AP, (9.26)
= —39.78d, + 102.12 V;* + 0.03598P,” — 1.23P,

+ 5.79P,° + 0.1754e" + 11.06

9.3.4 Comparison with Previous Works

In the current manufacturer’s practice in the air filtration industry, the final resistance is
given as a predefined value using the Rule of Thumbs or by setting two times the initial
resistance (ASHRAE, 2017; Nassif, 2012). The predefined value might be resulting a
longer lifespan of the filters, but the high energy consumption will be the trade-off for the
prolonged filter usage, which is not cost-effective in actual applications. Therefore, the
optimal filter replacement or final resistance recommendation should be considering the

life-cycle operational cost of the filters instead of using the predefined values.

Poyhonen et al. (2021) has developed a real-time energy calculation for the air filters
by installing the calculation program on the fan monitoring system. The filter replacement
can be conducted based on the real-time results which could bring to a lower life-cycle
cost of the filters. However, this method only works during the filter application and
might not be feasible to some consumers where the energy monitoring system is not
available for their HVAC systems. The final resistance model found in the current study
is useful during the filter design stage, in order to maximize the filtration performance, at

the same time considering the filter operational cost.

The current final resistance model is in-line with the findings of Montgomery et al.
(2012) that the filter should be replaced if the filter reaches a resistance where the
operation or energy cost is higher than the initial filter cost. This can minimize the annual
operational cost of the filtration system. The final resistance model in this study is aided

with the filtration performance prediction using the empirical models based on various
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filter design parameters, taking into consideration of filter operational cost. This could

predict the optimal filter lifespan and suggest the actual final resistance of a filter.

9.4 Summary

The empirical models in determining the filtration performance in the function of design
parameters (fibre diameter, filtration velocity, pleat depth and pleat density) are
developed with multiple linear regression method. The discrepancy between the training
data and validation data is only less than 1.5% for all empirical models, including
filtration efficiency, initial pressure drop, pressure drop across dust cake and dust holding
capacity. With these empirical models, the filter lifespan and the filter energy
consumption are estimated. By comparing the estimated filter lifespan model and the

energy cost model, the final resistance can be recommended.
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CHAPTER 10: CONCLUSIONS & RECOMMENDATIONS

The development of the formulation of the final resistance model has been presented in
the previous chapters from the investigation of the factors affecting the filtration
performance through experimental data collection, modelling of the filtration

performance parameters to the consideration of filter lifespan with energy cost.

10.1 Conclusions

The objectives of this research have been achieved and the conclusions are drawn as

follows:

1. The triangular pleat shape gives the lowest initial pressure drop, followed
by S-shaped, Z-shaped, rectangular, U-shaped and the box pleat, due to its least
resistance against air flow at the upstream and the minimum turbulence at the
downstream.

2. The quality factor increases with decreasing fibre diameter and increasing

filter packing density. Dust holding capacity increases with increasing fibre
diameter. Tensile strength of the media does not affect the filtration
performance.

The filtration efficiency increases with increasing filtration velocity as the
inertial impaction becomes more dominating at high filtration velocity. The
initial pressure drop is expressed in term of filtration velocity as AP, =
36.8 sz — 42.69 Vy + 28.92. The relationship between K. and V is in a
linear relationship for depth filtration and the starting of transitional filtration
at an empirical equation of K, = aV; + b. Since the middle of transitional
filtration and the surface filtration, K. shows a quadratic growth with

increasing Vy at an empirical equation of K. = an2 + bV + ¢ where a, b and
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4.

c are empirical constants. The dust holding capacity decreases and the final
pressure drop increases with increasing filtration velocity.

The pleat ratio range of 13.08 to 14.57 contributes to the optimum
filtration performance with the highest dust holding capacity and minimum
initial pressure drop and specific resistance coefficient of dust cake.

The empirical models of filtration performance are listed as below. The
models are validated that the predicted models are acceptable as the difference

between predicted and validated R? values are less than 1.5 %.

nr = —17.63d + 14.59V; + 150.37
AP, = —39.78d; + 29.32 V;* — 1.23P; + 5.79B,% + 264.93
AP, = 72.80 V¢* + 0.03598P,* + 0.1754ef» — 253.87

DHC = 44.85d; — 57.37V; + 0.0340P,;* — 9.956P,% + 51.27

where

4.57 ym < df < 7.86 um

1.27m/s <Vy <2.79m/s

44mm < P; <95mm

3.5PPI <P, <6.5PPI

The final resistance can be recommended using the expression as below

where the selected filter operation time, tgp is selected from the predicted filter
lifespan, t; and the operation time with cost breakeven, t.,s; , whichever
shorter. Both t; and t.,s can be calculated using the empirical models

concluded in Conclusion 5 mentioned earlier.

Qnrtrr Cup lnAPf
Final Resistance = APye  PHC AP;
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DHC

tf i
Q nr Cup
_ 1 (CF-I-CI)T]Bl _ Qnr Cup APf
Leost ~ B, [AP ; +1]'Bl - In
1 0Q XEnergy Unit Cost DHC APy

Based on the results summarized, it can be concluded that filtration performance is
affected by various factors and should be taken into consideration for the filter design and
applications. In addition to that, the recommendation of the suitable final resistance is
important to maintain the good indoor air quality with the optimum energy cost and filter
lifespan. The findings of this research can be applied directly in the industrial work as it
gives a reference to the manufacturers during the filter design. As for the end users, a
better prediction of the filter selection can be done with the proposed filtration
performance models, giving a better solution in maintaining the building’s IAQ and at the

same time minimizing the operation cost.

10.2  Significance of Study

The proposed filtration performance models and the recommended final resistance model
give significant contributions to the air filtration industry for both design and application
stages. A comprehensive prediction of the filtration performance and its expected lifespan
can be carried out during design stage or during selection of filter applications. The
proposed models can effectively act as an important guideline to the manufacturers in
recommending the final resistance with analytical method instead of using the Rule of

Thumbs.

10.3 Recommendations for Future Work
The recommendations that could be carried out in the future work in the contribution of

the air filtration research. The suggestions are listed as below:

1. The type of filter media can be studied using synthetic fibre or the filter model can

be varied using pocket filters. The respective filtration performance models can be
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developed as pocket filters are another widely adopted filter model in the HVAC
filter application.

The filter performance could be tested in the actual HVAC system of the buildings
and the result can be compared against the test filter standard results. This can
study the difference between the laboratory test and the actual filtration
performance based on the environmental air conditions.

Computational fluid dynamics could be adopted in prediction of the dust loading
behaviours of the filters until its maximum pressure drop. It would be more cost-

effective in filtration study.
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