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Abstract 

In recent years, the pursuit of people for better indoor air quality and the cleanliness 

requirement for the operating environments in factories have brought explosive 

growth to the market of air purifiers and clean air-conditioning systems. At present, 

the most effective method commonly used to separate particulate matters from air is 

to filter air with fibrous filter media. The performance parameters of a fibrous filter 

medium include filtration efficiency, resistance and dust loading capacity. These 

parameters would change gradually with the deposition of particles into the fibrous 

filter medium. The growth of filters’ resistance can directly lead to an increase in 

energy consumption and a decrease in supply air volume for a ventilation system. 

Consequently, the dynamic filtration resistance of fibrous filter media directly 

determines the dust loading capacity, energy consumption and service life of air filters. 

However, there has been a lack of widely accepted theoretical models for the dynamic 

filtration resistance of fibrous media in the open literature. 

 

It has been widely accepted that a dust loading procedure may be divided into three 

stages: the depth filtration, transition stage and surface filtration. However, for fibrous 

media used for general ventilation and cleaning air-conditioning, only the depth 

filtration and/or the surface filtration are usually experienced. Therefore, the research 

work reported in this Thesis focuses mainly on the dynamic filtration resistance 

models for fibrous media during depth filtration and surface filtration using both 
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theoretical modeling and experimental approaches, so as to improve dust loading 

capacity for Polytetrafluoroethylene (PTFE) high efficiency particulate air (HEPA) 

media. 

 

In the research work reported in this Thesis, firstly, the influences of filtration velocity, 

air flow humidity and aerosol concentration on the dynamic resistance of fibrous filter 

media was studied experimentally. The experimental results showed that, in the 

filtration velocity range of 2~10 cm/s which was commonly used for general 

ventilation, the influence of an increase in filtration velocity on the dynamic resistance 

of fibrous filter media was not significant. However, an increase over 5% in relative 

humidity (RH) of passing air flow would lead to a significant decrease in resistance in 

a short time period when the media was loaded with polydisperse KCl aerosols. The 

resistance growth trend for a medium loaded with KCl aerosols at an air RH close to 

the deliquescence point of the KCl aerosol was similar to that loaded with a liquid 

aerosol. But polydisperse SiO2 aerosols loaded into the media were not sensitive to 

the changes in air flow RH. In addition, the aerosol concentration had no significant 

influence on the dynamic resistance of a filter medium at the same filtration velocity. 

 

Secondly, a layered resistance model by incorporating the mass concentration 

distribution of deposited particles into Bergman model was proposed to predict the 

depth filtration resistance for fibrous media. Experiments for five-stacked glass fiber 
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media loaded with four monodisperse SiO2 aerosols and polydisperse SiO2 aerosols 

were conducted to investigate the distribution of deposited particles. The resistance 

growths obtained respectively from experiments and model prediction showed good 

agreement when the modification of critical loaded dust mass was applied. To 

theoretically evaluate the distribution of deposited particles inside a loaded medium, 

the D-model was established by dividing a filter medium into unit layers and applying 

the definition of single fiber efficiency to calculating the mass of particles captured by 

each layer. The variation trends in loaded dust mass predicted using the numerical 

solutions for the D-model agreed well with those obtained from the dust loading 

experiments. 

 

Thirdly, dust cake resistance models for both monodisperse aerosols and polydisperse 

aerosols were respectively developed by calculating the shielding effect of particles 

based on the kinetic theory. To monitor the changes in thickness and porosity for dust 

cakes during their formation, a laser scanning porosity measuring system was 

established and its accuracy and reproducibility demonstrated. When using this system 

to monitor the formation process of a dust cake, it was found that the thickness growth 

rate for a dust cake was gradually slowed down with an increase in loaded dust mass 

and finally leveled so that the dust cake porosity was decreased linearly. The results 

of dust loading experiments for PTFE membranes using monodisperse SiO2 with 

different geometric mean diameters and polydisperse SiO2 with different particle size 
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distributions suggested that, for monodisperse aerosols, the smaller the average 

diameter was, the faster the filtration resistance on the surface of PTFE films grew, 

and the dust layer porosity was higher under the same resistance growth. For 

polydisperse aerosols, the rate of increase in filtration resistance of the PTFE 

membrane and the porosities of dust cakes were decreased significantly with an 

increase in geometric standard deviation. 

 

Finally, based on the above three parts of completed work, an experimental evaluation 

method for dust loading performances for HEPA filter media was developed from 

three aspects: the applicability of experimental aerosol in terms of particle size and 

humidity sensitivity, experimental setups and procedures, and the evaluation method 

of energy consumption. This method was used to compare the dust loading 

performances when using an H14 PTFE medium with those when using an H14 glass 

fiber medium. Scanning electronic microscope (SEM) photos were taken after the two 

media were loaded to having a resistance of 900 Pa at 5.3 cm/s. The comparison results 

showed that although the PTFE medium had a 50% lower initial resistance, its 

resistance growth rate was far greater than that for the glass fiber medium. To remove 

the application limit of PTFE media due to their poorer dust loading performances, 

composite PTFE media were developed by replacing the windward base materials of 

PTFE media. Three electret filter media of three different filtration efficiencies were 

used as the windward materials to make composite PTFE media. The average 
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resistances during dust loading for these composite PTFE media were experimentally 

obtained and compared. Results show that the dust loading performances of the above 

three PTFE media were significantly improved after compositing, all being better than 

that of a glass fiber HEPA medium. Among them, "PTFE + medium efficiency 

electret" had the best energy consumption performance when using an eligible 

experimental aerosol. 

 

Keywords: dynamic resistance, monodisperse SiO2 aerosol, single fiber efficiency, 

porosity, composite PTFE media 
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Chapter 1  

 

Introduction 

 

Nowadays, people spend an average around 80% of their time indoors, which suggests 

that indoor air quality would have direct and significant impacts on occupants’ health. 

However, the monitored atmospheric PM2.5 values due to air pollution and haze 

weather often exceeded the limits specified in related codes and regulations. On the 

other hand, indoor activities such as smoking and printing generate a large number of 

particles. Both outdoor and indoor sources of particulate matter would jointly lead to 

an increase in indoor particulate matter concentration. Therefore, in recent years, the 

pursuit of people for better indoor air quality and the cleanliness requirements for the 

improved operating environments in relevant factories have led to explosive growth 

of the market of air purifiers and clean air-conditioning systems. 

 

At present, the most effective method commonly used to separate particulate matters 

from air is to filter the air with fibrous filter media. Various kinds of air filters made 

of fibrous media are being widely used for indoor air purification, environmental 

cleanness control and exhaust air treatment. 
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The performance parameters of a fibrous filter medium include filtration efficiency, 

resistance and dust loading capacity. These parameters would change gradually with 

the deposition of particles into the fibrous filter medium. For a fibrous medium made 

of fibers with no static electricity, its filtration efficiency is gradually increased with 

time unless it is damaged, implying that its filtration performance can be guaranteed 

within its life span. However, the growth of medium’s flow resistance can directly 

lead to an increase in energy consumption and a decrease in supply air volume for a 

ventilation system. 

 

The resistance of a fibrous filter is made of structure resistance and filter medium 

resistance, and the former can be considered to remain unchanged at a constant face 

velocity. Therefore, an increase in filter resistance is mainly caused by an increase in 

fibrous medium resistance. Consequently, the dynamic filtration resistance of fibrous 

filter media directly determines dust loading capacity, energy consumption and service 

life of air filters. Therefore, studying the dynamic resistance for fibrous filter media 

helps to evaluate their life cycle energy consumption and to optimize their structures 

so as to reduce the energy consumption of ventilation systems. However, there has 

been a lack of widely accepted theoretical models for the dynamic filtration resistance 

of fibrous media in the open literature. 
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It has been widely accepted that a dust loading procedure may be divided into three 

stages: depth filtration, transition stage and surface filtration. However, for fibrous 

media used for general ventilation and cleaning air-conditioning, only the depth 

filtration and/or the surface filtration are usually experienced.  

 

In China, the PTFE HEPA filter medium has taken an increasingly large share of the 

HEPA media recently because of its lower initial resistance as compared to other 

traditional glass fiber HEPA media at the same efficiency level. Millions of PTFE 

HEPA filters have been used in low load applications such as the factories that produce 

liquid crystal displays and organic light-emitting diode panels to maintain a super 

clean production environment. However, the applicability of PTFE HEPA filters to 

general ventilation is still limited by their lower dust loading capacities. 

 

Therefore, the research work reported in this Thesis focuses mainly on developing 

dynamic filtration resistance models for fibrous media during depth filtration and 

surface filtration using both theoretical modeling and experimental approaches, so as 

to improve the dust loading capacity for PTFE HEPA media. 

 

To begin with, the previously reported studies related to the dynamic resistance of 

fibrous filter media in open literature are reviewed in Chapter 2. The current status of 

existing research and research gaps were identified by reviewing the relevant research 



4 

work on established models for initial resistance and dynamic resistance of fibrous 

media, influencing factors and simulation studies on the media dynamic resistance. 

 

According to the research gaps identified in the literature review, Chapter 3 presents 

the proposal for the research work reported in this Thesis, including background, 

objectives and the methodologies to be adopted. 

 

In Chapter 4, an experimental setup that was specifically established for dust loading 

experiments of fibrous media in the current research work is detailed, covering 

experimental air flow, experimental aerosol and experimental fibrous media. The 

operating performances of the experimental setup were validated through resistance 

test, Zero% efficiency test, 100% efficiency test and aerosol concentration test. 

 

Chapter 5 reports on an experimental study on the influences of filtration velocity, air 

flow humidity and aerosol concentration on the dynamic resistance of fibrous filter 

media. The study results can be used as a useful reference for the parameter selection 

for the media dust loading experiments. 

 

Chapter 6 presents a study on the depth filtration resistance of fibrous filter media by 

combining the classical depth filtration resistance calculation formula and the mass 

concentration distribution of deposited particles. Experiments for five-stacked glass 
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fiber media loaded with monodisperse SiO2 aerosols and polydisperse SiO2 aerosols 

were conducted to investigate the mass concentration distribution of deposited 

particles and validate the established depth filtration resistance model. Moreover, a D-

model was built to theoretically evaluate the mass concentration distribution of 

deposited particles in a loaded medium. 

 

A study on the surface filtration resistance of fibrous media is reported in Chapter 7. 

Dust cake resistance models for both monodisperse aerosols and polydisperse aerosols 

were respectively developed by calculating the shielding effect of particles based on 

the kinetic theory. To monitor the changes in the thickness and porosity of dust cakes 

during their formation, a laser scanning porosity measuring system was established 

and its accuracy and reproducibility demonstrated. Dust loading experiments for PTFE 

membranes were carried out using both monodisperse aerosols and polydisperse 

aerosols to verify established resistance models. 

 

In Chapter 8, an experimental evaluation method for dust loading performances for 

HEPA filter media is presented. The method was developed based on the 

considerations of the applicability of experimental aerosol in terms of particle size and 

humidity sensitivity, experimental setups and procedures, and the evaluation of energy 

consumption for loaded media. This evaluation method was used to compare the dust 

loading performances when using an H14 PTFE medium with those when using an 
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H14 glass fiber medium. Composite PTFE media were developed by replacing the 

windward base materials of PTFE media with electret media to improve the dust 

loading performance of PTFE media. The average resistances during dust loading for 

these composite PTFE media were also experimentally obtained and compared. 

 

Finally, the Conclusions of this Thesis and the future work are given in Chapter 9. 
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Chapter 2  

 

Literature review 

 

2.1 Introduction 

 

At present, air filters have become indispensable in the ventilation systems in 

residential buildings and industrial plants [Chen et al. 2019, Bian et al. 2020]. The 

resistance increases of filters and filter media caused by captured particles have 

attracted extensive attention because of their significant impact on the service life of 

filters and the energy consumption of ventilation systems [Zaatari et al. 2016, Zuraimi 

et al. 2017, Ji et al. 2019].  

 

The structure types and filter media used in air filters have been changed significantly 

over the past many years. Recently, the optimization of filter media becomes the key 

to improving the performances of air filters since the structure types of air filters have 

been virtually finalized. Research work on the dynamic resistance performance for 

various fibrous filter media has been carried out recently [Ji et al. 2003, Tian et al. 

2018, Tian et al. 2019, Xia and Chen 2020] thus their basic understandings obtained. 
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As shown in Fig 2.1, with the continuous deposition of captured particles inside and 

on the surface of a fibrous filter medium, the filtration process may be roughly divided 

into three stages. The first one refers to a depth filtration stage, when captured particles 

deposit inside the medium and build “dendritic dust fiber”, resulting in a relatively 

low growth rate of resistance. For the second stage or the transition stage, with the 

clogging of the medium, particles are gradually unable to deposit into the medium, but 

only on its surface. At the third stage of filtration or surface filtration stage, “dust cake” 

is formed by the captured particles on the medium surface. During surface filtration 

stage, the resistance of loaded medium increases approximately linearly with an 

increase in loaded dust mass. 

 

 

Fig 2.1 Resistance curve for a fibrous medium during dust loading 

 



9 

The widely used general ventilation and clean air-conditioning systems are sensitive 

to the increases in air flow resistance and thus energy consumption. Hence, in practice, 

in these systems, almost no fibrous media would be used to completely go through the 

three filtration stages and to reach very high final resistance. For example, the glass 

fiber HEPA filters used in clean air-conditioning systems are well protected by 

upstream filters and loaded with a limited amount of dust during their service life, such 

that only depth filtration is experienced. For a PTFE HEPA medium, most of the 

captured particles will directly deposit on the surface of the PTFE membrane, because 

the base material on the windward side has a very low filtration efficiency. Hence, it 

could be considered that only the surface filtration takes place for PTFE media. 

 

The research work reported in this Thesis focused on studying the dynamic resistance 

of fibrous media used in general ventilation and clean air-conditioning systems. The 

types of fibrous media included medium and high efficiency glass fiber media and 

high efficiency PTFE media. Generally, only depth filtration and surface filtration 

were involved for these media. Therefore, in this research work, dynamic resistance 

performances of fibrous filter media during both depth filtration and surface filtration 

should be separately studied. 

 

In order to understand the current situation of filtration theory and to identify the 

research gaps, an extensive literature review on the previous studies related to the 
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dynamic resistance of fibrous filter media has been carried out. The review covered 

four aspects: initial resistance models for clean fibrous media, the dynamic resistance 

models for fibrous media during dust loading, the influencing factors and the 

simulation studies for the dynamic resistance of fibrous media. These will be presented 

in Sections 2.2 to 2.5, respectively. 

 

2.2 Initial resistance models for clean fibrous media 

 

Studies on the initial resistance of clean fibrous media lay a foundation to understand 

their dynamic resistance. Fibrous filter medium is a kind of porous material. When air 

passes through a fibrous medium, the total air pressure is reduced. However, the 

changes in kinetic energy and potential energy of air are usually ignored. Therefore, 

the pressure drop, i.e., the resistance of a fibrous medium, mainly refers to the 

difference in air static pressure between upstream and downstream of the medium. 

One the other hand, the resistance of clean fibrous media is affected by their internal 

structure, such as thickness, fiber diameter distribution, packing density, etc., and 

external environmental parameters, such as filtration velocity, air flow temperature, 

relative humidity, etc. 

 

The Darcy law which was derived from Darcy's experiments on water flowing over 

sand granular beds, has been adopted to describe the resistance characteristics of clean 
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fibrous media. The law specified a linear relationship between the pressure gradient 

and the velocity of fluid through a homogeneous isotropic porous medium at a steady 

flow rate, expressed as 

 

∆𝑃

𝑍
=
1

𝑘
𝜇𝑉 (2-1) 

 

where ∆𝑃 is the resistance, 𝑍 the thickness and 𝑘 the permeability of the porous 

medium, 𝜇 the dynamic viscosity coefficient of the fluid and 𝑉 the flow velocity. 

 

Fiber diameter and porosity of a fibrous medium were introduced to represent the 

parameter 𝑘 , for quantitatively calculating the medium resistance, as shown in 

Equation (2-2), 

 

∆𝑃0
𝑍𝑚

=
4𝑓(𝛼𝑚)

𝑑𝑓
2 𝜇𝑎𝑉 (2-2) 

 

where ∆𝑃0 is the resistance, 𝑍𝑚 the thickness, 𝛼𝑚 the packing density of the clean 

fibrous medium, which is the ratio of the non-porous packed volume of a medium to 

the actual volume, 𝑓(𝛼𝑚) a parameter related to the packing density, representing 

the force per unit area of the fiber surface exerted on air flow, which can be calculated 

according to the arrangement of fibers relative to air flow, 𝑑𝑓 the fiber diameter and 

𝜇𝑎 the air viscosity. 
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Jackson and James [1986] conducted a more comprehensive review of modeling 

studies on 𝑓(𝛼𝑚) based on air flow direction relative to fibers, and divided available 

models into the following three categories: theoretical models based on air flow 

direction parallel to that of fibers, theoretical models based on air flow perpendicular 

to that of fibers, and empirical and theoretical models based on air flow through a 

random arrangement of fibers. Among them, the models in the first category mainly 

included the single fiber models by Langmuir et al. [1942] and Happel [1959], and the 

models for fibers with the arrangements of square, regular triangle, regular hexagon 

and rectangular by Drummond and Tahir [1984]. The theoretical models in the second 

category mainly included the Kuwabara [1959] model, the approximation of the 

Kuwabara model by Fuchs and Stechkina [1963], the Hasimoto [1959] model, the 

resistance model of square and regular hexagonal fiber arrangement [Sangani and 

Acrivos 1982], etc. The models in the last category mainly included the empirical 

model by Chen [1955], Spielman and Goren [1968] theoretical model, Davies [1973] 

empirical model, Jackson and James [1986] theoretical model, and Henry and Ariman 

[1983] theoretical model. 

 

By comparing the predictions for the resistance of clean fibrous media from a number 

of existing model with experimental results as shown in Fig 2.2, Thomas et al. [2016] 

showed that the use of these models would lead to significant errors at the packing 
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density of less than 0.01 and greater than 0.4. Among these models, the Davies model 

would have the best prediction and has been thus widely used. 

 

 

Fig 2.2 Comparison between the predictions by a number of theoretical models for 

the resistance of clean fibrous media and experimental results [Thomas et al. 

2016] 

 

The Davies model for the resistance of clean fibrous media is expressed as 

 

∆𝑃0
𝑍𝑚

=
64𝛼𝑚

3
2(1 + 56𝛼𝑚

3)

𝑑𝑓
2 𝜇𝑎𝑉 (2-3) 
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The model would predicate the best when the packing density was between 0.006 to 

0.3. 

 

2.3 Dynamic resistance models for fibrous media during dust loading 

 

Existing studies on the dynamic resistance of fibrous filter media are very complicated, 

and only their representatives are reviewed in this Section. These included the 

“particle dendrite” hypothesis and Bergman model for depth filtration resistance, dust 

cake resistance models for surface filtration resistance and the related studies on 

loaded media porosity. 

 

2.3.1 “Particle dendrite” hypothesis and Bergman model 

 

Based on the previous observations on the particles’ deposition inside fibrous media 

through electronic microscopes, the dendritic deposition structure of particles was 

discovered [Cai 1992]. A “particle dendrite” hypothesis was proposed [Payatakes 

1976, Payatakes and Tien 1976, Payatakes 1977] to build the resistance models for 

loaded media. However, in these models, the captured particles were thought to be 

stacked along the direction of air flow. This would overestimate the filtration 

efficiency and the growth rate of resistance for fibrous media [Xu 2014]. To study the 
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shape and growth of particle dendrites, Kasper et al. [2010] used a confocal 

microscope to observe dendritic particles suspended on thin steel fibers in an aerosol 

stream. 

 

A resistance model, Bergman model, for loaded fibrous media was proposed based on 

the Davies model [Bergman et al. 1978]. The Bergman model considered a loaded 

fibrous medium as a superposition of the original clean medium fibers and the new 

fibers formed by captured particles, and may be used to evaluate the loaded medium 

resistance as the total from clean medium and particle fiber, as Equation (2-4). 

 

∆𝑃 = ∆𝑃0 + ∆𝑃𝑝𝑓 (2-4) 

 

where ∆𝑃 is the total resistance, and ∆𝑃𝑝𝑓 the resistance of particle fibers. 

 

∆𝑃 and ∆𝑃𝑝𝑓 in Bergman model were supposed to be independent of each other, but 

in practice, the influence of particle fibers on the air flow inside the medium cannot 

be ignored. In order to quantify this influence, Bergman increased the packing density 

of clean fibers and particle fibers by (𝐿𝑓 + 𝐿𝑝𝑓)/𝐿𝑓  and (𝐿𝑓 + 𝐿𝑝𝑓)/𝐿𝑝𝑓 , 

respectively, as follows, 
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𝐿𝑓 =
4𝛼𝑓𝑍𝑚

𝜋𝑑𝑓
2  (2-5) 

𝐿𝑝𝑓 =
4𝛼𝑝𝑓𝑍𝑚

𝜋𝑑𝑝
2  (2-6) 

 

where 𝐿𝑓 is the total equivalent length of clean fibers of the loaded fibrous medium, 

𝐿𝑝𝑓 the total length of particle fibers, 𝛼𝑓  the clean fiber packing density, 𝑑𝑓  the 

diameter of clean fibers, 𝛼𝑝𝑓 the particle fiber packing density, and 𝑑𝑝 the captured 

particle diameter. 

 

Then the Davies empirical model on the resistance for clean media, i.e., Equation (2-

3), was applied to calculating the resistance of clean fibers and particle fibers, by 

omitting the coefficient (1 + 56𝛼3). As a result, the resistance of a loaded fibrous 

medium may be evaluated by: 

 

∆𝑃 = 16π𝜇𝑎𝑉 [𝐿𝑓(𝛼𝑓
𝐿𝑓 + 𝐿𝑝𝑓

𝐿𝑓
)1/2 + 𝐿𝑝𝑓(𝛼𝑝𝑓

𝐿𝑓 + 𝐿𝑝𝑓

𝐿𝑝𝑓
)1/2] (2-7) 

 

Replacing 𝐿𝑓  and 𝐿𝑝𝑓  according to Equations (2-5) and (2-6), Equation (2-7) 

became: 

 

∆𝑃 = 64𝜇𝑎𝑉𝑍𝑚(
𝛼𝑓

𝑑𝑓
2 +

𝛼𝑝𝑓

𝑑𝑝𝑓
2)
1/2(

𝛼𝑓

𝑑𝑓
+
𝛼𝑝𝑓

𝑑𝑝𝑓
) (2-8) 
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It was assumed in Bergman model that the particles were deposited uniformly inside 

the fibrous medium. However, Letourneau et al. [1991] considered that this 

assumption was not consistent with the experimental observations, and thus proposed 

a modified model where a fibrous medium was separated into several uniformly thin 

layers along the thickness direction, assuming that captured particles were deposited 

uniformly in each thin layer, expressed by 

 

∆𝑃 = 64𝜇𝑎𝑉∫ (
𝛼𝑓

𝑑𝑓
2 +

𝛼𝑝𝑓(𝑍)

𝑑𝑝𝑓
2 )

1/2(
𝛼𝑓

𝑑𝑓
+
𝛼𝑝𝑓(𝑍)

𝑑𝑝𝑓
)d𝑍

𝑍𝑚

0

 (2-9) 

 

However, as seen, this modified model actually relied on the captured particle mass 

distribution which was determined experimentally in Letourneau’s study. In addition, 

the change in the packing density of the loaded fibrous medium during dust loading 

was considered by the model. 

 

Another model for filtration efficiency and resistance of fibrous HEPA filters during 

dust loading was proposed [Thomas et al. 1999, Thomas et al. 2001], based on the 

work of Letourneau et al. [1991], which was an important progress in the study of 

dynamic filtration. Based on the analysis of the experimental data and the observation 

of the loaded HEPA media using a SEM, Thomas believed that the accumulation of 

particles inside the HEPA media had an exponential distribution. Therefore, the 

proposed model took this inhomogeneity into consideration, and the resistance and 
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filtration efficiency for a loaded fibrous medium under unsteady conditions may be 

evaluated layer by layer on an on-going basis. Dust loading experiments were 

designed to verify this model, and fluorescein sodium aerosol was used to measure the 

penetration rate. Joubert et al. [2011] studied the dust loading resistance of HEPA 

filters under high humidity exposure using this model. 

 

In recent years, a nonlinear differential equation for particle concentration distribution 

in a fibrous medium was derived by Lin et al. [2013] based on the Navier-Stokes 

equation for viscous fluids. An empirical formula for dynamic filtration efficiency was 

obtained by fitting experimental results using nonlinear regression. 

 

2.3.2 Dust cake resistance models 

 

The Bergman model aimed mainly at the resistance increase during depth filtration. 

For the surface filtration situation, particles would deposit on the surface of fibrous 

media to form dust cakes, and the resistance of a dust cake was increased linearly with 

collected dust mass. 

 

The available resistance calculation methods for the dust cakes has been summarized 

by Rudnick and First [1978]. They compared the "free surface" resistance model 

proposed by Happel [1959, 1983, 1983] with Kozeny-Carman's empirical resistance 
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model for porous media [Carman 1956] and considered the latter less accurate. Cheng 

and Tsai [1998] conducted dust loading experiments at filtration velocities of 1~9 cm/s 

using three types of dust: fly ash having a mass mean diameter (MMD) of 6.28 μm, 

limestone dust of an MMD of 2.53 μm and fine powder of an MMD of 3.88 μm used 

for air cleaner test. The experimental results were used to obtain the resistance 

coefficients of the cakes of three types of dust, and they also believed that the Rudnick-

Happel model agreed better with the experimental results. 

 

In general, the total resistance of a fibrous medium covered with a dust cake during 

surface filtration was the sum of the clean medium resistance and the dust cake 

resistance, as follows, 

 

∆𝑃 = ∆𝑃0 + ∆𝑃𝑐 (2-10) 

 

where ∆𝑃𝑐 is dust cake resistance. 

 

For a clean medium with a high filtration efficiency, its initial resistance and the rate 

of resistance increase after being covered with a dust cake were linearly related to 

filtration velocity. Then, a coefficient of 𝐾1, can be used as the resistance coefficient 

for a clean medium, and a coefficient of 𝐾2 , that for the dust cake, so that the 

resistance of a medium covered with a dust cake was 
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∆𝑃 = ∆𝑃0 + ∆𝑃𝑐 = 𝐾1𝑉 + 𝐾2
𝑉𝑀𝑐

𝐴𝑚
 (2-11) 

 

where 𝑀𝑐 is the dust cake mass, 𝐴𝑚 the filtration area. 

 

𝐾2 was first proposed by Billings [1966]. Dennis and Dirgo [1981] conducted an 

experimental study to determine 𝐾2, and Novick et al. [1992] recommended to use 

𝐾2 to integrate Bergman model, Rudnick-Happel model and Kozeny-Carman model. 

Song et al. [2006] used Equation (2-11) to evaluate the resistance of HEPA media 

loaded with monodisperse aerosols. 

 

In the studies on dust cake resistance, a widely accepted hypothesis was that the 

resistance of a dust cake was the sum of the forces exerted by each particle that made 

up the dust cake in the flow field, divided by the effective filtration area, expressed as 

follows, 

 

∆𝑃𝑐𝐴𝑚 =
∑𝐹𝑝

𝜀𝑐
 (2-12) 

 

where 𝐹𝑝 is the drag force for a single particle in the dust cake, 𝜀𝑐 the dust cake 

porosity. The correction of 1/𝜀𝑐  was made to reflect the influence of dust cake 

structure on inner air flow velocity. 
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The drag force for each particle obeyed Stokes law when the Reynolds number was 

less than 0.1 and can be expressed as follows, 

 

𝐹𝑝 = 6𝜋𝑟𝑝𝜇𝑎𝑉 = 3𝜋𝑑𝑝𝜇𝑎𝑉 (2-13) 

 

where 𝑟𝑝 is the radius and 𝑑𝑝 the diameter of the particle. 

 

The Stokes law was derived under the assumption that the air flow was continuous. 

However, when the particle size was very small at less than 15 μm, air flow may no 

longer be considered as continuous, so that the Cunningham slip coefficient correction 

[Cunningham 1910] was introduced to Equation (2-13) as 

 

𝐹𝑝 =
3𝜋𝑑𝑝𝜇𝑎𝑉

𝐶𝑐
 (2-14) 

 

where 𝐶𝑐 is the Cunningham slip correction factor, evaluated by 

 

𝐶𝑐 = 1 +
2𝜆𝑎
𝑑𝑝

∙ (𝐴1 + 𝐴2 ∙ 𝑒
−𝐴3∙𝑑𝑝
2𝜆𝑎 ) (2-15) 

 

where 𝜆𝑎  is the mean free path of air molecules, 𝐴1 , 𝐴2 , 𝐴3  the empirical 

coefficients, assumed at 1.165, 0.483 and 0.997, respectively [Kim et al. 2005]. 
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A representative theoretical model for calculating the dust cake resistance due to drag 

force of particles was developed by Endo et al. [1998, 2002], as follows, 

 

∆𝑃𝑐 = 18
𝜇𝑎𝑉

𝐶𝑐

𝜑(𝜀𝑐)

𝜀𝑐2
𝜅

𝑑𝑣𝑔2 exp⁡(4ln2𝜎𝑔)

𝑚𝑐

𝜌𝑝
 (2-16) 

 

where 𝜑(𝜀𝑐)  is the structure correction factor, 𝜅  the dynamic shape factor of 

particles, 𝑑𝑣𝑔  the geometric mean size of volume equivalent diameter, 𝜎𝑔  the 

geometric standard deviation of particle size distribution, 𝑚𝑐 the dust mass per unit 

area, 𝜌𝑝 the density of the particles. 

 

Although this model provided an effective method to link the resistance of a dust cake 

to the drag force of the particles inside the cake, the shielding effect of neighboring 

particles in direct contact with one another was not quantitatively expressed and hence 

an empirical correction was still required. Therefore, it became difficult to directly 

evaluate the surface filtration resistance using this model. 

 

Kim et al. [2009] experimentally investigated the deposition of soot nanoparticles on 

glass fiber media at a filtration velocity of 10 cm/s. The Endo model was applied using 

the size of primary particles and it was found that the predicted results were consistent 

with the experimental resistance results. However, it should be pointed out that the 
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Endo model was established for dust cake resistance during surface filtration and may 

not be applicable to dynamic resistance of glass fiber media where depth filtration 

took place. Liu et al. [2013] attempted to evaluate the resistance of membrane filters 

loading with diesel particulate matters and the study results showed that the available 

resistance expressions differed greatly from one another. 

 

Thomas et al. [2014] proposed a hypothesis that a dust cake consisted of “particle 

fibers”, so that Davies empirical resistance model for clean fibrous media may be used 

to obtain a resistance model for nanostructured dust cakes, as follows, 

 

∆𝑃𝑐 =
64𝛼𝑐

0.5(1 + 56𝛼𝑐
3)

𝐶𝑐𝑑𝑝
2𝜌𝑝

(1 − 𝐶𝑜)

[
2
3 − 𝐶𝑜

2(1 −
𝐶𝑜
3 )]

𝜇𝑎𝑚𝑐𝑉 (2-17) 

 

where 𝛼𝑐 is the packing density of the dust cake and equal to 1 − 𝜀𝑐, 𝑑𝑝𝑚 the mass 

mean diameter of particles in the dust cake and 𝐶𝑜 the overlap coefficient. 

 

It should be noted that Davies empirical resistance model was applied to clean filters, 

inside which fibers were perpendicular to air flow direction. Actually, the captured 

particles in a dust cake were more likely to form "dust fibers" that were nearly parallel, 

rather than perpendicular, to air flow direction due to the collecting mechanism of 

"dust filter". Thus, the resistance of the fibers parallel to air flow direction was 
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obviously different from that of the fibers perpendicular to air flow direction, leading 

to errors when using the model. 

 

Bourrous et al. [2016] established a simplified model based on Thomas dust cake 

resistance model to predict the resistance increase of ultrafine particle filters. Ribeyre 

et al. [2017] studied the resistance of three dust cakes formed by different non-

hygroscopic ultrafine aerosols and established a semi-empirical model to evaluate the 

duat cake resistance based on Thomas model. The established model took into account 

the changes in dust cake porosities and thicknesses and was found having a maximum 

deviation of 10% compared to the experimental results. 

 

There have also been various studies on the dust cake resistance by the researchers 

from the Chinese Mainland. Tan et al. [1990] and Rong et al. [1992] assumed that the 

dust cake structure remained unchanged, and based on the Kozeny- Carman Equation, 

 the filtration efficiency and resistance formulas for dust cakes were derived. Xiang 

et al. [2002a, 2002b] and Liu et al. [2002] proposed a simplified resistance formula 

for both fibrous media and dust cakes during dynamic filtration by combining both 

micro and macro analysis methods. Fu et al. [2003, 2004, 2006, 2008, 2009] carried 

out a number of investigations on the dynamic filtration of fibrous media in recent 

years. They studied the changes in resistance and filtration efficiency of fibrous media 

during dust loading by theoretical analysis, experiments and simulations. They also 
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introduced the concept of "fractal" to describe the structure of dust cakes by referring 

to Xu's study on dust cakes [Xu et al. 1993], which provided a new idea for the study 

of dynamic filtration performance of fibrous filter media. 

 

2.3.3 Loaded media porosity 

 

Among various parameters in resistance models, porosity was of particular concern 

because it reflected the structural characteristics of a loaded fibrous medium/dust cake 

and thus affected the resistance of a loaded fibrous medium/dust cake. A smaller 

porosity implied a greater air flow velocity inside the medium at the same inlet 

velocity and resulted in an intenser gas-solid two-phase flow friction and a higher air 

flow resistance. The porosity of a loaded medium/dust cake may be evaluated by: 

 

𝜀 = 1 − 𝛼 = 1 −
𝑚

𝜌𝐴𝑍
 (2-18) 

 

where 𝑚  is the mass, 𝐴  the windward area, 𝑍  the thickness of the loaded 

medium/dust cake and 𝜌 the true density of medium fibers/particles. 

 

It was easy to calculate the porosities for clean fibrous media and loaded media after 

their masses and thicknesses were measured. But for a dust cake, its porosity was 

relatively hard to obtain because the thickness of a dust cake made of 
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submicron/nanoparticles was less than 100 μm and the dust cake had a non-negligible 

surface roughness due to the rough surface of medium underneath. 

 

Aguiar and Coury [1996] developed a calculation formula for dust cake resistance 

based on the Ergun resistance model [Ergun and Orning 1949, Ergun 1952] for a 

particle fluidized bed, and adopted the resin embedding method proposed by Schmidt 

and Löffler [1990, 1991] to solidify dust cakes, and evaluated the porosity through 

microscopic images of a solidified cake. Cheng and Tsai [1998] proposed a method of 

measuring the dust cake thickness with a laser distance sensor to enable the calculation 

of dust cake porosity. Ito and Aguiar [2009] studied the porosity of dust cakes formed 

by different dust sources through optical microscope imaging and found that with an 

increase in filtration velocity, the porosity of dust cakes was decreased. Although 

various methods have been applied to dust cake porosity measurements, the measuring 

accuracy was still limited by the number of measuring points. 

 

2.4 The influencing factors for dynamic resistance of fibrous media 

 

The dynamic resistance of a fibrous medium was affected by several factors during 

the process of filtering particles, including the characteristics of a filter medium (fiber 

diameters, medium structure, fiber static electricity, porosity, thickness and filtration 

efficiency), parameters of air flow (velocity, relative humidity, temperature), 
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characteristics of filtered aerosols (concentration, particle size distribution, particle 

shape, physical and chemical properties), etc. Some of these factors were already used 

in dynamic resistance models, such as porosity, thickness and filtration efficiency of 

a fibrous medium, particle size distribution of the aerosol. Some of these factors would 

also interact with one another. For example, the influence of air flow relative humidity 

on the dynamic resistance of a fibrous medium mainly depended on the hygroscopicity 

of experimental aerosols. There were also certain factors that may change the dynamic 

resistance of a fibrous medium by affecting its filtration efficiency, such as fiber 

diameters and medium structure. The studies on the factors influencing the dynamic 

resistance of fibrous media have been reviewed from the aspects of fiber diameter, 

medium structure, fiber static electricity, filtration velocity, air flow relative humidity, 

air flow temperature, aerosol concentration and aerosol type, as follows. 

 

2.4.1 Fiber diameters 

 

According to Davies model for the resistance of clean fibrous filter media, the fiber 

diameter directly affected the initial resistance of a clean medium. However, its 

influences on the medium dynamic resistance may be mainly achieved by affecting 

medium filtration efficiency. 
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The filtration efficiency of a fibrous medium was increased as fiber diameter was 

decreased according to the single fiber efficiency calculation formula, because a 

thinner fiber had a stronger interception and diffusion during filtration. Hinds [1999] 

measured the filtration efficiency of three media with the same resistance but of 

different fiber diameters under the same filtration velocity. The filter media packing 

density was 0.05, and the fiber diameters 0.5 μm, 2 μm, and 10 μm, respectively. The 

measured results showed that the medium with the thinnest fiber had the highest 

filtration efficiency. 

 

Yun et al. [2007] measured the filtration efficiency of polyacrylonitrile nanofiber 

media prepared by the electrospinning method for monodisperse NaCl particles in the 

particle size range of 10~80 nm and at a filtration velocity of 0.053 m/s. The study 

results showed that for a given particle size, the filtration quality factor and single fiber 

efficiency of a nanofiber medium depended on the packing density and fiber diameter. 

More recently, Hung and Leung [2011] conducted a study on the filtration efficiency 

of nanofiber media with three fiber diameters of 94 nm, 185 nm and 220 nm, 

respectively. It was shown that due to the more significant diffusion and interception 

effects, finer fiber media had a higher filtration efficiency for particles with diameter 

between 50 and 200 nm, but their resistance was correspondingly higher. 
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2.4.2 Medium structure 

 

The influences of medium structure on the dynamic filtration performances of fibrous 

media mainly focused on the filtration efficiency, and study results showed that the 

medium structure had a significant impact on the filtration efficiency of fibrous media 

[Kirsch and Stechkina 1973, Kirsch et al. 1974].  

 

A fibrous medium had a complex structure and its three-dimensional model was 

therefore difficult to be built [Brown 1993]. Hence, most researchers tended to 

simplify a fibrous medium into a uniform fiber array. The studies on the 

inhomogeneity of medium structure can be divided into two categories: one for the 

uneven arrangement of fibers in a fibrous medium [Heidenreich et al. 1991, Adam et 

al. 1992, Molter and Fissan 1997, Dhaniyala and Liu 2001], and the other for where 

the diameter of fibers was widely distributed in a fibrous media [Bao et al. 1998, 

Sakano et al. 2000, Podgorski et al. 2006]. 

 

There were also studies where three-dimensional models for fibrous media were 

established to simulate the deposition of particles under different fiber arrangements 

and their influences on the dynamic resistance of the media. Wang et al. [2013] used 

a probabilistic model for the lattice Boltzmann-cellular automata of particle flow to 

simulate the filtration process of multi-layer fibers and to study the effects of different 
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fiber arrangements, such as parallel arrangement, staggered arrangement and 

separation ratio, on filtration efficiency and resistance. Qian et al. [2013] studied the 

influence of medium structure and particle characteristics on particle deposition and 

agglomeration characteristics in a filtration process, where 6 different fiber structures 

were used. 

 

Steffens and Coury [2007] proposed an assumption where a fibrous medium was 

regarded as a superposition of layered media. Each layer was composed of fibers with 

a narrow diameter distribution and its parameters may be evaluated according to the 

thickness, fiber diameter and packing density of the layer medium. Then a theoretical 

model for the performances of a fibrous medium under different fiber diameter 

distributions can be obtained. However, this assumption cannot be used to study the 

effects of particles deposition on medium filtration efficiency and resistance. 

Therefore, it was only suitable for studying the performance of clean fibrous media, 

but not for studying the dynamic resistance. 

 

2.4.3 Fiber static electricity 

 

The static electricity carried by fibers can help greatly improve the filtration efficiency 

of a fibrous medium. The electrostatic effect was usually used to improve the filtration 

efficiency of particles having the size from 0.15 μm to 0.5 μm, which were difficult to 
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be captured using other effects. The filtration efficiency in the presence of static 

electricity was affected by the chemical composition of particles and fibers, the charge 

on the particles, the charge density on the surface of fibers, and the strength of the 

electric field around fibers [Mostofi et al. 2010]. 

 

However, the static electricity on the fibers would not remain unchanged during dust 

loading, and would gradually weaken or even disappear as the particles were deposited 

on the fibers. For the macroscopical performance of the electrostatic fibrous media, 

their overall filtration efficiency was firstly reduced due to the gradual weakening of 

static electricity, but then the overall filtration efficiency gradually became higher as 

the rate of increase in the mechanical filtration efficiency caused by particle deposition 

was greater than the rate of decrease in the electrostatic filtration efficiency [Walsh 

and Stenhouse 1997]. 

 

2.4.4 Filtration velocity 

 

The effect of filtration velocity on dynamic resistance of fibrous media would include 

those on both the media filtration efficiency and the formation and structure of the 

trapped particles. 
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Filtration velocity significantly impacted on the overall filtration efficiency of fibrous 

media [Kousaka et al. 1990, Alonso et al. 1997, Mostofi et al. 2010]. At low filtration 

velocities, due to the relatively long residence time of particles in the filter media, 

fibers mainly relied on the diffusion and electrostatic effects to capture particles. As 

the filtration velocity was increased, the inertia of particles was also increased, making 

particles more difficult to be captured. Therefore, an increase in the filtration velocity 

would result in a significant drop in the filtration efficiency of the fibrous media. 

Boskovic et al. [2007, 2008] studied the filtration efficiency of a filter for particles of 

different shapes, in the size range of 50~300 nm and at the filtration velocities from 5 

cm/s to 20 cm/s. The study results showed that at a lower filter velocity, the filtration 

efficiency for particles of all shapes was higher. 

 

Silva et al. [1999] experimentally studied the influence of filtration velocity on the 

formation of dust cakes during dust loading. The experimental results showed that the 

porosity of a dust cake was decreased with an increase in filtration velocity, and the 

resistance of the dust cake was increased with an increase in the filtration velocity. 

 

2.4.5 Air flow relative humidity 

 

The air flow relative humidity was one of the main factors affecting the filtration 

efficiency and resistance of fibrous filter media [Mostofi et al. 2010, Mahdavi et al. 
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2015]. Chen et al. [2015] experimentally studied the influence of the air flow relative 

humidity on the resistance of the glass fiber HEPA media and PTFE HEPA media, 

and the study results demonstrated that the relative humidity had no effect on the initial 

resistance of the glass fiber and PTFE media. Dust loading experiments under different 

air flow relative humidity were conducted by Joubert et al. [2011], and the results 

suggested that an increase in air flow relative humidity in the range of 20 to 60% 

would cause a decrease in dust cake resistance. Generally, a high relative humidity 

would help reduce the resistance of the fibrous media loaded with hygroscopic 

particles, but had no effect on those loaded with non-hygroscopic particles [Gupta et 

al. 1993, Miguel 2003, Joubert et al. 2010]. 

 

The air flow relative humidity mainly affected the dynamic resistance through its 

interaction with hygroscopic particles. The hygroscopicity of nanoparticles was 

affected by their particle size, which occurred when air flow relative humidity was 

below the deliquescent point of nanoparticles [Biskos et al. 2006]. When the air flow 

relative humidity was increased but still below 70%, the size of nanoparticles was 

larger compared to that under drier conditions. The particle size ratio was defined as 

a growth factor. The study by Hu et al. [2010] showed that when air flow relative 

humidity was at 0 to 70%, the growth factor of particles in the size range of 20 to 200 

nm was between 0 and 10%. NaCl particles were also experimentally proved to have 

reversible absorption of liquid water on their surface when air flow relative humidity 
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was below the deliquescent point, which might affect the shape and structure of the 

particles [Wise et al. 2008]. 

 

2.4.6 Air flow temperature 

 

In aerosol filtration related studies, the influence of air flow temperature on the 

filtration performance of fibrous media has not been investigated in detail. When air 

flow temperature was lower than a specific value that can affect the fiber shape of a 

fibrous media, the influences of air flow temperature on the dynamic resistance was 

mainly the change in the Brownian motion of the particles and that in air density and 

viscosity. De Freitas et al. [2006] studied the filtration performance of a double-layer 

ceramic filter at high air flow temperatures. The study results demonstrated that a 

higher air temperature led to a lower filtration efficiency, due possibly to that an 

increase in air flow temperature may increase the number of particles rebounded from 

the filter. 

 

2.4.7 Aerosol concentration 

 

Wang et al. [2016] investigated the effect of aerosol concentration on the dynamic 

resistance of fibrous media using Arizona road dust. It was shown that aerosol 
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concentration had a significant influence on the resistance curve of tested fibrous 

media. However, the studies by Thomas et al. [2001] and Zhang et al. [2018] indicated 

that the change in aerosol concentration within a certain range had no effect on the 

dynamic resistance of fibrous media. 

 

2.4.8 Type of aerosol 

 

Generally, aerosols were different in the following three aspects: physical and 

chemical properties, size distribution and shape. The influences of physical and 

chemical properties on the dynamic resistance are discussed earlier in this Chapter in 

Sub-section 2.4.5. The size distribution of aerosols was an important parameter in 

resistance models, and is also covered earlier in Sub-sections 2.3.1 and 2.3.2. On the 

other hand, the effect of particle shape on the filtration efficiency of filter media was 

studied by Boskovic et al. [2005, 2007]. Spherical polystyrene latex (PSL) particles, 

spherical iron oxide particles and cubic magnesium oxide particles were used to test 

the filtration efficiency of polypropylene fibrous media. The results showed that in the 

particle size range of 50~300 nm, at the same size, the filtration efficiency for cubic 

particles was significantly lower than that for spherical particles, but the differences 

in filtration efficiency were gradually decreased as the particle size was increased. 
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The explanation given by Boscovic was that particles of different shapes move in 

different ways on the fiber surface. Spherical particles were sided or rolled before 

being stationary, while cubic particles were sided or turned over. Turning over can 

significantly change the contact area between the particle and the fiber surface, thereby 

increasing the separation possibility between particles and fiber. The influence of 

aerosol particle shape on the dynamic resistance may be generally taken into 

consideration by adding a shape factor in the models like Equation (2-16). 

 

2.5 Simulation studies on the dynamic resistance of fibrous media 

 

With the rapid development of computer technology, numerical methods have been 

widely applied to studying the filtration performance of fibrous media and filters. 

These numerical studies covered the collision between fibers and particles, the 

filtration efficiency and resistance of clean media and filters, and the dynamic 

filtration performance of loaded media and filters. However, in this Chapter, only the 

existing simulation studies on the dynamic resistance are reviewed from the following 

three aspects: particle depositing on fibers, particle deposition in filters and particle 

deposition on the fibrous medium surface and the formation of dust cakes. 
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2.5.1 Particle deposition on fibers 

 

The simulation studies of particle deposition on fibers covered the deposition of 

particles on a single fiber and that on multiple fibers with different structures. Zhu et 

al. [2013] used the Monte Carlo stochastic method to simulate the growth process of 

"dust fiber" on a single fiber, and the collision/rebound model developed by Dahneke 

[1971, 1972, 1973] was used to analyze the collision, adhesion and rebound of 

particles on fibers and deposited particles. 

 

Wang et al. [2013] applied the probabilistic model of the lattice Boltzmann-cellular 

automata of particle flow to simulating the filtration process of multi-layer fibers and 

the effects of different fiber arrangements, such as parallel arrangement, staggered 

arrangement, separation ratio, on filtration efficiency and resistance. Qian et al. [2010b] 

used a Computational Fluid Dynamics (CFD) software to numerically study the gas-

solid two-phase flow inside a fibrous medium to investigate the influence of the fiber 

structure on its filtration performance. The numerical results showed that the 

horizontal distance, vertical distance and the filtration velocity had an important 

influence on the filtration efficiency and resistance of the fibrous medium. Qian et al. 

[2013] also numerically studied the influence of medium structure and particle 

characteristics on particle deposition and agglomeration characteristics in a filtration 

process. 
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Three-dimensional models for fibrous media were established to study the deposition 

of particles. For example, Maze et al. [2007] built up the three-dimensional structure 

of a nanofiber fibrous media with fiber diameters of less than 200 nm, and loaded with 

nanoparticles. The structures of nanoparticles deposition under high and low 

temperature conditions were simulated. 

 

By developing custom C++ subroutines running in the Fluent environment, which 

incorporated both particle collection caused by interception and Brownian diffusion, 

and the slipping effects on the surface of nanofibers into CFD calculations, Hosseini 

and Tafreshi [2010] constructed the three-dimensional geometry of the internal 

microstructure of electrospun fiber media to simulate their resistance and filtration 

efficiency when capturing particles having diameters from 25 nm to 1000 nm. Saleh 

et al. [2013] also used this custom C++ subroutine to further simulate the 

instantaneous resistance of a fiber medium when particles were captured. With the 

rapid development of computer technology, three-dimensional micro-scale simulation 

has been expected to become the preferred method of filter design in the future. 

 

In studies conducted by Zhu et al., [2013], Wang et al. [2013] and Qian et al. [2010a, 

2010b, 2013], only the filtration interactions of inertia, interception and collision were 

considered, but that between the electrostatic force and the fiber structure on the 
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filtration performance of fibrous media was not covered. By modeling the three-

dimensional structure and electrostatic charge of some fibrous media, their resistance, 

filtration efficiency and dust loading capacity were numerically studied by Rief et al. 

[2006]. The particle size, the microstructure of the media, the electrical field and the 

shape of the fiber were considered in the numerical study and the results indicated that 

the filtration performances of a fibrous medium, in particular the performances related 

to electrostatic force, were highly related to the medium structure. 

 

Different from the above mentioned simulation methods, Zhong and Pan [2016] used 

statistical methods to incorporate the Monte Carlo simulation in the Ising model to 

study the particulate matter filtration process. 

 

2.5.2 Particle deposition inside filters 

 

Most of the existing studies on the simulation of the performances of filters focused 

on flat pleated filters, which had regular structures and were easy to be built into a 

three-dimensional model. Rebai et al. [2010a, 2010b] proposed a mathematical model 

for the dust loading of dense pleated filters used for gas filtration. Two main clogging 

scenarios were identified and analyzed based on numerical prediction, and the 

predicted changes in overall resistance caused by clogging compared with 

experimental data. 
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On the basis of the CFD simulation method incorporating the C++ subroutine, Fotovati 

et al. [2012] developed a macro model for a dense pleated filter to simulate its 

instantaneous filtration efficiency and resistance. The study results showed that 

increasing the number of pleats can reduce the resistance and enhance the filtration 

efficiency. Fotovati et al. [2011] also proposed a modeling method to study the 

influence of dust load on the resistance of a dense pleated filter. Feng et al. [2016] 

established two models based on the Lagrangian method and Euler method to simulate 

the unsteady filtration process in a dense pleated filter. 

 

In order to investigate the filtration process consisting of both depth filtration and 

surface filtration, Llive et al. [2018] established a mixture model where one-

dimensional depth filtration was modeled, and studied the filtration efficiency 

variation law of flat and densely pleat fibrous filters under constant air flow rate. 

 

2.5.3 Particle deposition on the fibrous medium surface 

 

In addition to the simulation studies on the interaction between particles and fibers or 

filters, there have been other studies on the simulation for the particle deposition on 

the fibrous medium surface and the formation of dust cakes during surface filtration. 

Zhu [2009] conducted an investigation on the deposition process of particles on the 
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surface of a single fiber, at three-dimensional conditions. The results showed when 

the diffusion of particles was stronger than the convection, the dust cakes formed by 

deposited particles would be looser. Lindquist et al. [2014] studied the formation of 

dust cakes based on the dynamic simulation method by Langevin [Ermak and 

Buckholz 1980] for monodisperse particles deposited on a flat substrate. 

 

The above mentioned two studies on the formation of dust cakes were only for 

monodisperse particles. When simulating the formation of a dust cake composed of 

polydisperse particles, since the size of particles may distribute over a large range, the 

choice of numerical resolution was more difficult. Becker et al. [2016] developed a 

method that enabled the filtration simulation for the dust cake made of polydisperse 

particles at any grid resolution. They simulated the formation of dust cakes on the 

fibrous medium surface and established a percolation model using the Stokes-

Brinkman Equation, and the local packing density and flow resistance of each porous 

grid unit were used as the input to the Equation. 

 

2.6 Conclusions 

 

The following conclusions are made based on the literature review of the dynamic 

resistance of fibrous filter media presented in this Chapter. 

 



42 

Firstly, although there existed extensive studies on various factors influencing the 

dynamic resistance of fibrous filter media, the influences of the working environment 

of filters on dust loading in certain applications, such as general ventilation and clean 

air-conditioning, were yet to be studied. In these applications, with regards to filtration 

velocity, although the air velocities upstream of a filter were relatively high at 0.5~2.5 

m/s, a pleated folding design for the fibrous media in the filter would reduce the 

filtration velocity to only 2~10 cm /s. However, studies mainly looked into high 

filtration velocities. Besides, the influences of humidity change and aerosol 

concentration on the dynamic resistance have not been fully covered in the 

applications of general ventilation and clean air-conditioning. 

 

Secondly, depth filtration and surface filtration have not been correctly distinguished 

and the related theoretical models often misused in many existing studies. For example, 

glass fiber or synthetic fiber HEPA media were widely used in studying surface 

filtration resistance, but in fact, captured particles would firstly penetrate the surface 

and enter the filter media, so that depth filtration rather than surface filtration in these 

media took place. Therefore, the existing surface filtration resistance models cannot 

be directly applied to these media. 

 

Thirdly, the existing dynamic resistance models were established based on a number 

of assumptions and, therefore, prediction errors may occur when they were directly 
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applied to actual operating conditions. For example, the theoretical resistance models 

for depth filtration cannot reflect the changes in filtration efficiency and resistance at 

different thicknesses of a fibrous medium. In addition, for surface filtration, the Stokes 

law was used in Endo model to calculate the drag force of particles in a dust cake. 

However, the shielding effect among neighboring particles was neglected. 

 

Lastly, although various numerical methods like Monte Carlo, lattice Boltzmann and 

CFD have been widely applied to studying particle deposition in fibrous filters and 

media, in these methods, ideal situations were assumed and specific applications 

defined. Besides, existing theoretical models for particle filtration were largely used 

in related numerical studies, and new filtration theories cannot therefore be developed. 

 

The literature review on the dynamic resistance of fibrous media presented in this 

Chapter has identified a number of research gaps, as the four points summarized above. 

These gaps are therefore the targets of the research work reported in this Thesis. 
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Chapter 3  

 

Proposition 

 

3.1 Background 

 

Clean air can be used to help protect people’s health and maintain a suitable 

environment for industrial production. The most effective way to separate particles 

from air and generate clean air is to use fibrous filter media. However, during the 

service life of fibrous media, the deposition of particles would lead to an increase in 

the dynamic resistance of media and the energy consumption of a ventilation system. 

Therefore, carrying out a study on the dynamic resistance of filter media can help 

understand their dust loading process and optimize their structures to lower the energy 

consumption during their service life. 

 

Although various studies have been conducted on the dynamic resistance of fibrous 

media, there still existed research gaps as identified in Chapter 2. In fact, existing 

studies in the open literature mostly focused on investigating dynamic resistance 

performances of fibrous media used for specific applications but not on optimizing 

structure and improving dust loading performance for fibrous media. Therefore, 
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research work on understanding dynamic filtration resistance and improving the dust 

loading performances for fibrous filter media applied to general ventilation and clean 

air-conditioning has been carried out and is presented in this Thesis. 

 

3.2 Project title 

 

The research work reported in this Thesis focused on studying the dynamic resistance 

of fibrous filter media during depth filtration and surface filtration for general 

ventilation and clean air-conditioning applications. The research work is therefore 

entitled “Dynamic filtration resistance of fibrous filter media used for general 

ventilation and clean air-conditioning”. 

 

3.3 Aims and objectives 

 

The aims and objectives of the research work are as follows: 

 

⚫ To establish an experimental setup suitable for testing the filtration efficiency and 

resistance of fibrous filter media and for conducting the dust loading experiments; 

⚫ To experimentally investigate the effects of filtration velocity, air flow humidity 

and aerosol concentration on the dynamic resistance of filter media during dust 
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loading, and to develop an experimental scheme for subsequent theoretical 

modeling studies; 

⚫ To theoretically model and experimentally study the mass concentration 

distribution of deposited particles and the dynamic resistance for filter media 

during depth filtration; 

⚫ To build the surface filtration resistance models based on the investigation into 

the shielding effect between neighboring particles in a dust cake, and validate and 

verify the models through dust loading experiments using monodisperse and 

polydisperse aerosols; 

⚫ To develop an experimental evaluation method for dust loading performances for 

HEPA filter media and invent composite PTFE media based on the modeling 

study on depth filtration and surface filtration. 

 

3.4 Research methodologies 

 

Both theoretical modeling and experimental study will be adopted in the research work 

reported in this Thesis. Numerical approaches will also be used when analytical results 

cannot be obtained from using the established theoretical models. 

 

For the theoretical modeling of depth filtration resistance, a mass concentration 

distribution model for the deposited particles will be built by dividing a filter medium 
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into unit layers and applying the definition of single-fiber efficiency to calculate the 

mass of particles captured by each layer, where the classical depth filtration resistance 

calculation formula will be applied to evaluate the depth filtration resistance. Surface 

filtration resistance models for both monodisperse aerosols and polydisperse aerosols 

will be respectively developed by calculating the shielding effect of neighboring 

particles based on the kinetic theory.  

 

Based on established theoretical models, numerical approaches will be introduced to 

simulate the mass concentration distribution for deposited particles during depth 

filtration and to evaluate the effect of particle size distributions on the surface filtration 

resistance. 

 

For experimental study, a filter media performance experimental setup containing an 

aerosol generation section, a media test section and an air flow rate control section 

will be established. The effects of filtration velocity, air flow humidity and aerosol 

concentration on the dynamic resistance of filter media will be experimentally 

investigated. 

 

Dust loading experiments for filter media with different filtration efficiency levels will 

be carried out using either monodisperse or polydisperse SiO2 aerosols, when the 

filtration efficiency and resistance of filter media will be measured and recorded. The 
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experimental results will be used to validate and verify the theoretical models 

established in the research work reported in this Thesis. 
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Chapter 4  

 

The experimental setup 

 

4.1 Introduction 

 

An experimental setup with reliable performance and stable operation for the carrying 

out performance tests for fibrous filter media is needed for the research work reported 

in this Thesis. This Chapter provides an overview on the construction and performance 

verification of the experimental setup, and the dedicated experimental devices and 

methods applicable to each part of the research work are detailed in relevant Chapters. 

 

4.2 Descriptions to the experimental setup 

 

The experimental setup built for the research work reported in this Thesis can be used 

to evaluate the filtration efficiency and resistance of a filter medium, and to carry out 

dust loading experiments. The setup was established based on the European Standard 

EN 1822-3: 2009 High efficiency air filters (EPA, HEPA and ULPA) - Part 3: Testing 

flat sheet filter media; the International Standard ISO 29463-3: 2011 High-efficiency 
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filters and filter media for removing particles in air — Part 1: Classification, 

performance testing and marking; and the Chinese Standard GB 2626: 2006 

Respiratory protective equipment - non-powered air-purifying particle respirator. 

 

Fig 4.1 shows the photo of the experimental setup for filter media performance test, 

and Fig 4.2 the schematic diagram of the setup. As seen in Fig 4.2, the setup was 

composed of three sections: an aerosol generation section, a filter media test section 

and an air flow rate control section. 

 

 

Fig 4.1 Photo of the experimental setup 
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Fig 4.2 Schematic diagram of the experimental setup 
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Firstly, in the aerosol generation section, compressed dry air was supplied to an 

aerosol generator with a target aerosol solution, and then mixed with dry air and wet 

air to generate experimental aerosol at a controlled humidity. Secondly, in the filter 

media test section, a pressure difference meter was equipped to monitor the changes 

in air flow resistance for filter media, and an aerosol particle size spectrometer to 

measure aerosol concentration and particle size distribution both upstream and 

downstream of the filter media. Lastly, in the air flow rate control section, a nozzle air 

flow meter was used to monitor the changes in air flow rate real-time, and a computer 

to adjust the operating frequency of a variable speed fan to maintain the experimental 

air flow rate at its preset value. The specifications of this setup are given in Table 4.1. 

 

Table 4.1 Specifications of the experimental setup 

Items Specifications 

Standards GB 2626: 2006，EN 1822-3: 2009，ISO 29463-3: 2011 

Air flow rate 20~100 L/min 

Efficiency range 10%~99.999% 

Resistance range 0~2000 Pa 

Aerosol type NaCl/KCl，DiEthylHexylSebacate (DEHS) 

 

Fig 4.3 shows a user interface of the computer used in the experimental setup. Through 

this interface, users were able to adjust the pressure of air supplied to aerosol generator, 
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the dry air pressure and experimental air flow rate, to control the opening and closing 

of media holders, and to monitor the air flow rate and the resistance of tested media. 

 

 

Fig 4.3 User interface of the experimental setup 

 

The structure of medium holders used to hold the tested fibrous filter media is 

illustrated in Fig 4.4. The upper holder could be moved vertically while the lower 

holder was stationary. The opening and closing of the holders were controlled by a 

piston driven by compressed air. During experiments, a tested medium was clamped 

between the upper and lower holders. The effective filtration area of the filter medium 

in the holders was 100 cm2, and two silicone gaskets were used to seal the holder. 
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1. Upper holder 

2. Lower holder (stationary) 

3. Air flow inlet 

4. Air flow outlet 

5. Upstream static pressure sampling point 

6. Downstream static pressure sampling 

point 

Fig 4.4 Structure of the medium holders 

 

The details of the experimental setup are introduced in Sections 4.3 - 4.6, from the 

following four aspects, respectively: experimental air flow, experimental aerosols, 

experimental filter media and the performance verification. 

 

4.3 Experimental air flow 

 

As mentioned in Section 4.2, compressed dry air was supplied to an aerosol generator 

bypass, a dry air bypass and a wet air bypass. To generate experimental air flow at a 

controlled humidity and temperature, the generation of compressed air and the control 

of its flow rate, air humidity and temperature were required. 
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Ambient air was compressed by an air compressor as shown in Fig 4.2, stored in a 

compressed air tank, and dried and filtered before being put into use. A screw air 

compressor, which was a positive displacement gas compression device, was used to 

generate compressed air. The compressed air tank with a pressure range of 0.50~0.75 

MPa was used to store the generated compressed air. 

 

The setup used a nozzle flowmeter, a vortex pump and a frequency converter to 

measure and negatively-feedback control the air flow rate passing through tested filter 

media. Based on the mechanism of air throttling, the nozzle flowmeter was able to 

measure the air flow rate quickly through the real-time static pressure difference 

obtained by pressure difference sensors upstream and downstream of the nozzle. The 

measurement range of the nozzle flowmeter was 20~100 L/min, and the measurement 

accuracy 0.1 L/min. A high-precision differential pressure sensor with a measuring 

range from -1000 Pa to 1000 Pa, and a measuring accuracy of ±1.5%, was selected to 

measure the nozzle static pressure difference. 

 

When expanding into experimental air flow, compressed air would absorb heat, 

causing air flow temperature to decrease. The temperature of the experimental air flow 

can be adjusted by an air conditioner in the laboratory where the setup was located, 

because the air flow can fully exchange heat with the ambient when flowing through 
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air pipe before reaching the medium holders. On the other hand, the outlet air 

temperature of the air conditioner was set at 23 °C. 

 

Since the relative humidity of dry compressed air was as low as 10%, but the required 

relative humidity of experimental air flow should be generally higher than 10%, the 

control of air flow humidity required to humidify the air to the target relative humidity. 

Considering that the experimental setup already had a compressed air source, it was 

more convenient to use the air-water mixing method for the required humidification. 

In a humidifier of the experimental setup shown in Fig 4.2, compressed air was 

sprayed into distilled water through a Laskin nozzle to produce fine water droplets of 

5~8 μm diameter and compressed air was in full contact with water droplets to achieve 

the required humidification. A humidification efficiency of over 80% and the relative 

humidity control accuracy of 3% were achieved. 

 

4.4 Experimental aerosols 

 

4.4.1 Types of Aerosol 

 

It can be seen from the literature review on the dynamic resistance of fibrous filter 

media in Chapter 2 that the types of aerosols used for dust loading in various studies 
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were different. Some of these studies determined the experimental aerosols based on 

the types of particles captured in the specific applications of the filter media, and other 

studies used common types of aerosols that may be easily generated. 

 

According to the filter test standards and practice, common aerosol types included KCl 

solid aerosol, DEHS liquid aerosol, A1-A4 solid Arizona road dust, ASHRAE A1 dust, 

PSL monodisperse solid aerosol, etc. Among them, KCl solid aerosol and DEHS 

liquid aerosol were often used for filtration efficiency test of filters/filter media, A1-

A4 road dust and ASHRAE A1 dust for dust loading experiments of general 

ventilation filters, and PSL monodisperse solid aerosol for the calibration of aerosol 

spectrometers. 

 

The fibrous filter media studied in the research work were used in general ventilation 

and clean air-conditioning systems for capturing particles of small size and with 

complex solid components. Therefore, DEHS liquid aerosol and A1 -A4 road dust of 

large particle size and ASHRAE A1 artificial dust that contained cotton batting were 

excluded. Furthermore, the particle size distribution and concentration of solid 

polydisperse KCl aerosol can be adjusted through the generation situations, and 

monodisperse PSL aerosol can be conveniently used for validating and verifying the 

dynamic resistance models for fitter media. Therefore, these two aerosols were used 

in the research work. 
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The high price of monodisperse PSL aerosols would lead to higher dust-loading 

experiment costs, so monodisperse SiO2 aerosols with lower cost but similar 

properties were used as experimental aerosols. Also, monodisperse SiO2 aerosols with 

different average particle sizes can be combined to form polydisperse SiO2 aerosols 

with a controllable particle size distribution, which was also helpful to study the 

influence of aerosol polydispersity on the growth of medium dynamic resistance. 

 

4.4.2 Generation methods of aerosol 

 

The polydisperse KCl aerosol generator used a gas-liquid two-phase flow nozzle, 

which was more stable than the Laskin nozzle commonly used for aerosol generation. 

The concentration and particle size distribution of the aerosol generated through the 

two-phase flow nozzle during long-term operation were stable. The siphon effect 

occurred when compressed air passed through the gas-liquid two-phase flow nozzle, 

then KCl solution was sucked into compressed air and decomposed into droplets. The 

KCl droplets that entered the pipeline were dried by the compressed air in the dry air 

bypass and dehydrated to form KCl solid particles. Changing the pressure of 

compressed air or the concentration of the KCl solution can adjust the concentration 

and particle size distribution of the KCl aerosol generated. 
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Different from the KCl being dissolved in a solution, SiO2 existed as solid particles 

suspended in a suspension. Consequently, precipitating and blocking may be easily 

caused if the polydisperse KCl aerosol generator was used to generate SiO2 aerosol 

through SiO2 suspension. In addition, the cost was very high to produce the amount of 

SiO2 suspension required when using KCl aerosol generator. Therefore, a SiO2 aerosol 

generator, which had a small suspension capacity and was not easy to be blocked, was 

needed. 

 

The SiO2 aerosol generator used in the research work was a medical atomizer. The 

atomizer can be used to periodically input compressed air into the nozzle of a 

atomization cup at a certain frequency and to spray SiO2 suspension in the atomization 

cup to become droplets. The atomizer can be directly applied to the aerosol generator 

bypass shown in Fig 4.2, and the droplets containing SiO2 particles can be dried by 

the dry air bypass. The concentration and particle size distribution of SiO2 aerosol 

were determined by the amount and size distribution of SiO2 powder used in the 

suspension. The capacity of the atomizer cup of this atomizer was 8 mL, and SiO2 

suspension needed to be added periodically during dust loading. 
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4.4.3 Measurements of aerosol concentrations and size distributions 

 

Aerosol particle counters mainly included condensation particle counters (CPC) and 

optical particle counters (OPC). Condensation particle counters can only be used to 

measure the total number of aerosol particles but not the particle size distribution. 

However, the optical particle counters can be used to not only detect the total number 

of aerosol particles but also obtain the particle size distribution by measuring the 

number of particles in each particle size range. Therefore, they were more suitable for 

both monodisperse and polydisperse aerosols. Optical particle counters also had the 

advantages of non-interference with particle size distribution, wider range, shorter 

photoelectric conversion response time, higher resolution, and easier maintenance. 

Therefore, an optical particle counter was selected as the measuring device for aerosol 

concentration and particle size distribution in the experimental setup. The optical 

particle counter used in the research work was Palas Promo 2000 aerosol particle size 

spectrometer and its technical specifications are shown in Table 4.2. 
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Table 4.2 Specifications of Palas Promo 2000 aerosol particle size spectrometer 

Items Specifications 

Measuring principle Optical light-scattering 

Ranges of size 0.2~10 µm, 0.3~17 µm, 0.6~40 µm, 2~100 µm 

Size channels Up to 128 

Limit of concentration < 1×106 P/cm3 

Sampling rate 5 L/min 

 

4.4.4 Concentrations and size distributions of aerosols generated 

 

In order to understand the generation characteristics of the polydisperse KCl aerosol 

generator, KCl aerosol concentration and MMD emitted by 2% mass concentration 

KCl solution under different pressures of the generation air and the dry air are shown 

in Fig 4.5 and Fig 4.6, respectively. From these two figures, it can be seen that an 

increase in the generation air pressure and/or a decrease in the dry air pressure can 

lead to an increase in the KCl aerosol concentration, while a decrease in the generation 

air pressure and/or dry air pressure would result in an increase in the MMD of the 

generated KCl aerosol. For SiO2 aerosols, their particle size distributions were 

determined by the solid SiO2 powder used for suspension preparation. 
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Fig 4.5 KCl aerosol concentrations under different generation pressures 

 

 

Fig 4.6 MMDs of KCl aerosols under different generation pressures 

 



63 

4.5 Experimental filter media 

 

As mentioned in Chapter 3, the dynamic resistance of the fibrous filter media during 

dust loading would be targeted. According to the different pattern of particle 

deposition, depth filtration and surface filtration may be experienced for a filter 

medium. In order to study the dynamic resistance during the two filtration processes, 

medium-efficiency glass fiber filter media, glass fiber HEPA media and PTFE HEPA 

media were used. Here, the HEPA medium referred to a fibrous filter medium with a 

filtration efficiency of not less than 99.97% for the most penetrating particle size 

(MPPS) particles. 

 

According to European Standards EN 779: 2012 Particulate air filters for general 

ventilation -Determination of the filtration performance and EN 1822-3: 2009, various 

levels of filters and their corresponding performance requirements are shown in Tables 

4.3 - 4.4, respectively. 
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Table 4.3 Classification of air filters for general ventilation 

Group Class 

Final pressure drop 

(Pa) 

Average arrestance (Am) of 

synthetic dust 

(%) 

Average efficiency (Em) to 0.4 

μm particles 

(%) 

Minimum efficiency* to 0.4 

μm particles 

(%) 

Coarse 

G1 250 50 ≤ Am ≤ 65 -  

G2 250 65 ≤ Am ≤ 80 -  

G3 250 80 ≤ Am ≤ 90 -  

G4 250 90 ≤ Am -  

Medium 
M5 450 - 40 ≤ Em ≤ 60  

M6 450 - 60 ≤ Em ≤ 80  

Fine 

F7 450 - 80 ≤ Em ≤ 90 35 

F8 450 - 90 ≤ Em ≤ 95 55 

F9 450 - 95 ≤Em 75 

*. Minimum efficiency is the lowest one among the initial efficiency, discharged efficiency and the lowest efficiency throughout the loading 

procedure of a test. 
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Table 4.4 Classification of efficient particulate air (EPA) filters, HEPA filters and 

ultra low penetration air (ULPA) filters 

Group Class 

Integral value Local value 

Efficiency* 

(%) 

Penetration 

(%) 

Efficiency 

(%) 

Penetration 

(%) 

EPA 

E10 ≥ 85 ≤ 15 -  

E11 ≥ 95 ≤ 5 -  

E12 ≥ 99.5 ≤ 0.5 -  

HEPA 

H13 ≥ 99.95 ≤ 0.05 ≥ 99.75 ≤ 0.25 

H14 ≥ 99.995 ≤ 0.005 ≥ 99.975 ≤ 0.025 

ULPA 

U15 ≥ 99.9995 ≤ 0.0005 ≥ 99.9975 ≤ 0.0025 

U16 ≥ 99.99995 ≤ 0.00005 ≥ 99.99975 ≤ 0.00025 

U17 ≥ 99.999995 ≤ 0.000005 ≥ 99.9999 ≤ 0.0001 

*. The efficiency and penetration in this table refers to MPPS efficiency and 

penetration. 

 

In the research work reported in the Thesis, G1~F9 and E10~U17 were used to naming 

the fibrous media that can be made into filters that have classes of G1~F9 and 

E10~U17, respectively. 
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A glass fiber filter medium was manufactured using molten glass, with fiber diameters 

ranging from several microns to tens of microns. It was generally white in color, and 

its windward side can be easily distinguished from its leeward side, as the former was 

generally of a plush texture, but the latter can be relatively smooth, as shown in Fig 

4.7. 

 

 

 

Fig 4.7 Photos of windward side (up) and leeward side (down) of a glass fiber 

filter medium 

 

The PTFE medium was invented in the 1980s and had stable chemical properties and 

low resistance. At present, the PTFE filter medium can satisfy the filtration efficiency 

requirements for HEPA and ULPA media, and thus became a substitute to traditional 

glass fiber HEPA media. Unlike the glass fiber medium which was only made of glass 
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fiber, the PTFE medium generally had a three-layer structure, with a PTFE membrane 

in the middle, and a layer of non-woven fabric on both the windward and leeward 

sides. The sandwiched PTFE membrane had a three-dimensional network-like porous 

structure and thus a very high filtration efficiency, and the membrane fibers were very 

thin, with diameters between 10 nm to 100 nm. Due to the insufficient strength of the 

PTFE membrane, it cannot be used as a filter media alone. Hence, non-woven fabric 

substrates of a PTFE medium played a role in protecting and supporting the PTFE 

membrane. A photo of showing a PTFE HEPA medium is given in Fig 4.8. 

 

 

Fig 4.8 Surface photo of a PTFE HEPA medium 
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4.6 Performance verification for the experimental setup 

 

The purpose of carrying out performance verification for the experimental setup was 

to ensure the validity and accuracy of the setup through certain tests before it was put 

into actual use. To meet the needs of the research work for dynamic resistance and 

filtration efficiency monitoring during dust loading of the filter media reported in this 

Thesis, the performance verification of the experimental setup was carried out from 

three aspects: resistance measurement accuracy, Zero% efficiency test and 100% 

efficiency test, and experimental aerosol concentration stability. 

 

4.6.1 Accuracy of resistance measurement  

 

Given the objectives of the current research work on studying the dynamic filtration 

resistance of fibrous filter media, the accuracy of resistance measurement was of vital 

importance. Actually, the accuracy of resistance measurement was affected by the 

following three factors: air flow rate adjustment, resistance measurement method and 

the precision of the pressure difference meter. These three factors were fully examined 

during the construction of the experimental setup. Therefore, the resistance 

measurement accuracy of the experimental setup can be verified by comparing the 
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measured resistance results using the experimental setup with those from other two 

reference setups which were calibrated annually using the same testing filter medium. 

 

The same testing filter medium was installed at the experimental setup and the other 

two reference setups, and the filter medium resistances at different filtration velocities 

when installed at the three setups were measured and compared. The measured 

resistance results are shown in Fig 4.9. As seen, the resistance curves obtained from 

the three setups were very close to one another. Therefore, the resistance measurement 

accuracy from the experimental setup was verified. 

 

 

Fig 4.9 Comparison of resistance measurement results using three different setups 
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4.6.2 Zero% efficiency test and 100% efficiency test 

 

A Zero% efficiency test referred to the generation of experimental aerosols and the 

filtration efficiency test for a setup without installing tested filters. This test can be 

used to check the appropriateness of the entire pipeline, the aerosol generation, 

sampling and measurement devices. 

 

According to European Standard EN 779: 2012, a Zero% efficiency of a qualified 

setup should meet the following requirements: the filtration efficiency for particles not 

greater than 1.0 μm of 0±3%, and that for particles larger than 1.0 μm of 0±7%. In 

order to reduce statistical errors, the total number of each particle sample used for 

filtration efficiency calculation should be greater than 500. The Zero% efficiency test 

result for the experimental setup is shown in Fig 4.10, which satisfied the requirements 

in EN 779: 2012. 
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Fig 4.10 Zero% efficiency test results of the experimental setup 

 

A 100% efficiency test referred to when using the experimental setup for HEPA or 

ULPA filters if was ensured that the pipeline and sampling devices of the setup could 

meet the requirements of 100% efficiency determination. The filtration efficiency of 

all particle diameter channels of a qualified setup should be greater than 99%. 

 

The filtration efficiency of each particle size channel for an H14 glass fiber filter 

medium was measured using the polydisperse KCl aerosol at a filtration velocity of 

5.33 cm/s and the measured results are shown in Fig 4.11. It can be seen that the 

efficiencies of all the particle size channels measured by this experimental setup were 

greater than 99.9%, which satisfied the requirements of 100% efficiency test. 
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Fig 4.11 100% efficiency test results of the experimental setup 

 

4.6.3 Concentration stability of generated aerosols 

 

In order to avoid the influence of aerosol concentration fluctuations on the dynamic 

resistance of fibrous media during dust loading, and at the same time to make the 

loaded dust mass in proportion to dust loading time, aerosol concentration for the 

experimental setup should be kept stable. Fig 4.12 shows the number concentrations 

of KCl aerosols generated in the experimental setup at different loading time. It can 

be seen that the concentration of aerosols remained virtually stable during dust loading. 
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Fig 4.12 Stability test results of aerosol concentration for the experimental setup 

 

4.7 Conclusions 

An experimental setup has been established for carrying out the performance test and 

dust loading experiments of the fibrous filter media. In this Chapter, the construction 

of the setup, experimental air flow, experimental aerosols and the filter media are 

detailed. The performance verifications for the experimental setup are also reported, 

and the verification results demonstrated that the setup can meet the needs of the 

experimental part of the research work reported in this Thesis.  
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Chapter 5  

 

Effects of operating factors on dynamic resistance of fibrous media 

 

5.1 Introduction 

 

Fibrous filter media have been widely used in different environments and their actual 

performances were closely related to the operating condition of different environments. 

Hence, the effects of certain operating factors such as filtration velocity, air flow 

humidity and temperature, and aerosol concentration on the dynamic resistance of 

fibrous media have attracted increased research attention. Therefore, the effects of 

these operating factors on the dynamic resistance of fibrous media have been 

experimentally studied and the study results are presented in this Chapter. 

 

Generally, filtration velocity had a significant influence on the filtration efficiency of 

fibrous media. Different filtration efficiencies of fibrous media due to different 

filtration velocities would result in different number of particles captured by fibrous 

media, and thus directly affect the dynamic resistance of fibrous media. However, it 

should be noted that the filtration velocity was relatively high in previous studies on 

the influence of filtration velocity on the medium dynamic resistance. For example, 
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the filtration velocity adopted by Balazy [2005] in studying its influence on the 

filtration performance of fibrous media for 10~500 nm particles was set at 30 cm/s, 

which was much higher than that adopted for general ventilation and clean air-

conditioning applications. On the other hand, the change in filtration velocity would 

also affect the deposition of particles on fibers and hence the dynamic resistance of 

fibrous media, which however received limited attention in existing studies. Therefore, 

it was necessary to study the effects of filtration velocity on the dynamic resistance of 

fibrous media in filtration velocity range appropriate to those used in general 

ventilation and clean air-conditioning systems. 

 

In addition, air flow humidity was one of the key factors affecting the filtration 

efficiency and resistance of fibrous media. Related studies on the effects of air 

humidity on the dynamic resistance of fibrous media have been reviewed in Chapter 

2. In general ventilation applications, an increase in air humidity was often caused by 

rainy weather, where air relative humidity can be increased from 50%~60% to 

70%~100%. An increase in air flow relative humidity would affect the dynamic 

resistance of fibrous media in the following two manners: ⅰ) the loaded media were 

treated with air flow of high relative humidity and ⅱ) the media were loaded with 

particles in a high air relative humidity environment. In the research work reported in 

this Thesis, both hygroscopic KCl aerosols and non-hygroscopic SiO2 aerosols would 
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be used to study the influence of air flow humidity on the dynamic resistance of fibrous 

media in the two above mentioned manners. 

 

Experimental aerosols were usually used to conduct dust loading experiments for 

fibrous media to examine their filtration performances and dust holding capacities in 

actual applications. Relatively high aerosol concentrations were always adopted to 

reduce the dust loading time duration in these experiments. However, there existed 

different opinions among the existing relevant studies on the effects of aerosol 

concentration on the dynamic resistance of fibrous media. For instance, Wang et al. 

[2016] considered that aerosol concentration had a noticeable influence on the 

resistance curve of the tested filter media, but Thomas et al. [2001] believed that the 

changes in aerosol concentration within a certain range had little influence on the 

growth of dynamic resistance of fibrous media. Therefore, it became necessary to 

examine the influence of aerosol concentration on the dynamic resistance of fibrous 

media. 

 

The effects of air flow temperature on the dynamic resistance of fibrous media were 

both the change in Brownian motion state of particles caused by the intensification of 

air molecular, and the influences from air density and viscosity. In the applications of 

general ventilation and clean air-conditioning, the temperature of air flow passing 

through fibrous media was relatively low and its variation range was narrow. Thus, air 
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flow temperature had little influence on the dynamic resistance of fibrous media, so 

that this was not studied in this Chapter. 

 

Therefore, the influences of the following operating factors including filtration 

velocity, air flow humidity and aerosol concentration on the dynamic resistance of 

fibrous media were experimentally investigated and the experimental results are 

reported in this Chapter. The experimental results can provide a guideline when 

selecting certain parameters for the experimental studies presented in Chapters 6 to 8. 

 

5.2 Filtration velocity 

 

The influence of filtration velocity on the dynamic resistance of fibrous media was 

reflected by filtration efficiency, because a higher filtration velocity could enhance the 

inertia of particles, and the deposition of particles on the fibers and media surface. 

 

To examine the influence of filtration velocity on the dynamic resistance of fibrous 

media applied to general ventilation and clean air-conditioning, the actual filtration 

velocity of fibrous media in these applications should be firstly defined. Then the 

influence of filtration velocity on filtration efficiency and deposition of particles could 

be respectively studied, by theoretical analysis and experimental approaches. 
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Filtration efficiency and dust loading resistance for fibrous media under different 

filtration velocities were tested using polydisperse KCl aerosols. 

 

There were three types of filters commonly used in general ventilation and clean air-

conditioning, including medium efficiency bag filter, medium efficiency V-bank filter 

and high efficiency box filter. Their photos, structures and sizes and rated air flow 

rates are given in Table 5.1. According to the rated air flow rate and filter structure 

and size, the corresponding filtration velocity ranges for the fibrous media were 

evaluated and are also given in Table 5.1. As seen, the rated filtration velocity of 

fibrous media applied to general ventilation and clean air-conditioning ranged from 2 

cm/s to 10 cm/s. This velocity range was adopted in the study presented in this Chapter. 
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Table 5.1 Filtration velocity ranges of fibrous medium used in three different types of filters 

 

   

Type Medium efficiency bag filter Medium efficiency V-bank filter High efficiency box filter 

Structure and size 6 bags, 600*600*750 mm3 600*600*300 mm3 600*600*250 mm3 

Rated air flow rate 1000~2000 m3/h 2000~3400 m3/h 3400 m3/h 

Filtration velocity range 5~10 cm/s 5~8 cm/s 2~5 cm/s 
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5.2.1 Effects of filtration velocity on filtration efficiency 

 

A fibrous filter medium was featured with not only the MPPS but also the most 

penetrating filtration velocity, below which its filtration efficiency would decrease 

with an increase in filtration velocity. A previous study on filtration efficiency for two 

kinds of fibrous media indicated that the most penetrating filtration velocity for 

synthetic fiber media and glass fiber media were at 0.7 m/s and 0.9 m/s, respectively 

[Xu 2014], which were far greater than the rated filtration velocity for fibrous media 

used for general ventilation and clean air-conditioning. Hence, an increase in the 

filtration velocity within the range of 2~10 cm/s would lead to a decrease in the 

filtration efficiency for the fibrous media targeted in the research work reported in this 

Thesis. 

 

According to Table 4.3 and Table 4.4, a fibrous medium in “F”, “E” or “H” class had 

a relatively high filtration efficiency which may not easily be affected by the change 

in filtration velocity. Therefore, an M5 glass fiber medium was selected and its 

filtration efficiency curves at 3 cm/s, 5.33 cm/s and 10 cm/s tested using polydisperse 

KCl aerosols. Three obtained efficiency curves are plotted in Fig 5.1. As seen, as 

filtration velocity was increased from 3 cm/s to 5.33 cm/s and finally to 10 cm/s, the 

filtration efficiency of the M5 medium basically remained unchanged when particle 

diameters were less than 1.0 μm, but was decreased otherwise. 



81 

 

 

Fig 5.1 Filtration efficiency curves for an M5 medium at three filtration velocities 

 

As the air flow resistance of a loaded fibrous medium came from the collision among 

air molecules, captured particles and medium fibers, a decrease in filtration efficiency 

may affect the medium dynamic resistance through changing the number and surface 

area of captured particles. Fig 5.2 shows both the number distribution and surface area 

distribution for the experimental aerosol. As seen, almost no particles and only limited 

particle surface area were distributed in the size range over 1.0 μm. Consequently, it 

can be concluded that even for an M5 medium, an increase in filtration velocity within 

2~10 cm/s had no significant effect on filtration efficiency and thus its dynamic 

resistance. 
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Fig 5.2 The distributions of number and surface area for the experimental 

aerosol 

 

5.2.2 Effects of filtration velocity on particle deposition 

 

It was a common practice to study the effects of filtration velocity on particle 

deposition through observing particle deposition structures using an optical 

microscope or a scanning electron microscope. However, an optical microscope or a 

scanning electron microscope may actually be inappropriate for the observation, 

because the two kinds of microscopes can only provide statistical information of 

particle deposition structure in two-dimension rather than three-dimension. Therefore, 

in the research work reported in this Thesis, the effects of filtration velocity on particle 
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deposition were examined through comparing dynamic resistance curves of fibrous 

media at different filtration velocities. 

 

The effects of filtration velocity on particle deposition may occur during depth 

filtration, transition stage and surface filtration for a fibrous medium. However, for a 

fibrous medium with the filtration efficiency class of “G” or “M”, surface filtration 

was not easy to take place as its filtration efficiency was relatively low. Therefore, F7 

and H14 glass fiber media were selected to study the effects of filtration velocity on 

particle deposition. Polydisperse KCl aerosols were used for dust loading experiments 

for F7 and H14 glass fiber media at filtration velocities of 3 cm/s, 5.33 cm/s and 10 

cm/s, respectively.  

 

Fig 5.3 shows the resistance curves for three F7 media at three filtration velocities 

during dust loading. For each curve, its y axis was normalized by corresponding 

filtration velocity, so that the clogging of the three F7 media could be easily compared 

with one another at three filtration velocities. It can be seen from Fig 5.3 that, three 

curves were close to one another during dust loading. Although an increase in filtration 

velocity brought a slight decrease in medium filtration efficiency, the resistance curve 

comparison shown in Fig 5.3 suggested that a change in filtration velocity had almost 

no effect on the resistance for F7 medium and consequently the particle deposition. 
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Fig 5.3 Resistances for three F7 media at three filtration velocities during 

dust loading 

 

 

Fig 5.4 Resistances for three H14 media at three filtration velocities during 

dust loading 
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Fig 5.4 shows the resistance curves for three H14 media at three filtration velocities 

during dust loading. As seen, a change in filtration velocity had either no significant 

effect on the dynamic resistance of H14 media, during depth filtration, transition stage 

or surface filtration. 

 

For a particle in microscopic movement, a larger movement velocity could enhance 

its inertia and weaken its diffusion. It was easier for a particle with a higher velocity 

to deposit at a deeper place, leading to a greater packing density of a dust cake or 

loaded fibrous medium. However, according to the simulation study by Zhu [2009] on 

dust cake formation, only when the Peclet numbers, i.e., the filtration velocity under 

the same characteristic scale of flow field and molecular diffusion coefficient, became 

over 10 times greater, the effects of particle/filtration velocity change on dust cake 

structure could be slightly significant. Therefore, in the filtration velocity range of 

2~10 cm/s applied to general ventilation and clean air-conditioning, a change in 

filtration velocity had no considerable effect on particle deposition during dust loading 

of fibrous media. 

 

In summary, in the filtration velocity range of 2~10 cm/s used in general ventilation 

and clean air-conditioning, an increase in filtration velocity for a fibrous medium 

would lead to a decrease in its filtration efficiency for larger particles and may bring 

a change in particle deposition. However, according to the experimental results and 



86 

theoretical analysis presented in this Section, the effects of filtration velocity on 

medium dynamic resistance were not significant. Then a filtration velocity of 5.33 

cm/s can be adopted in the subsequent experiments conducted in the research work 

reported in this Thesis. This velocity is also commonly used in existing standards and 

literature. 

 

5.3 The humidity of air flow 

 

Since glass fiber media and PTFE media targeted by the research work reported in this 

Thesis did not have the ability for moisture absorption, their resistance would hence 

not change when passing through air flow of high relative humidity. Therefore, the 

effects of air flow humidity on the dynamic resistance of fibrous media would be 

mainly demonstrated through influencing aerosols used in dust loading experiments. 

In this Section, polydisperse KCl aerosol and polydisperse SiO2 aerosol were selected 

as the representatives of hygroscopic aerosol and non-hygroscopic aerosol, 

respectively. They were used to examine the influences of both changes in air flow 

humidity on the resistances of loaded fibrous media and different air flow humidity 

on the dust loading performances of clean fibrous media. 
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5.3.1 Effects of the changes in air flow humidity on the resistance of loaded media 

 

To investigate the effects of changes in air flow humidity on the resistance of loaded 

fibrous media, parts of the experimental setup as shown in Fig 4.2 including the 

aerosol generation bypass, dry air bypass and wet air bypass were used to generate the 

experimental aerosol/air flow at required RH. 

 

Four dust loading experiments were carried out using H14 glass fiber media, among 

them three H14 media were loaded with polydisperse KCl aerosol and one 

polydisperse SiO2 aerosol, respectively. During the four dust loading experiments, the 

RH of experimental aerosols was kept at about 40% and the filtration velocity at 5.33 

cm/s. The final resistance for the three H14 media loaded with KCl aerosol was set at 

900 Pa and the one loaded with SiO2 at 950 Pa, so as to distinguish and compare 

resistance curves corresponding to different aerosols. 

 

For each H14 medium, when the final resistance arrived, the aerosol generation bypass 

was shut down while the holders were kept closed. Then the pressures of dry air bypass 

and wet air bypass were immediately set at pre-designed values to generate 

experimental air flow with the required RH. Three H14 media loaded with KCl aerosol 

were treated with experimental air flow at different levels of RH at about 30%, 50% 

and 80%, respectively, and one loaded with SiO2 aerosol with that of about 75% RH. 



88 

The resistances of H14 media and the RH values of the experimental air flow were 

recorded during the four experiments. 

 

Fig 5.5 shows the changes in the resistance for four loaded H14 media when passing 

through air flow at different RH levels. As seen, the resistance of the H14 medium 

loaded with KCl aerosol remained unchanged when the RH of the passing air flow 

was at 30.5%, which was lower than that applied to dust loading experiments. 

However, the resistances of the H14 medium loaded with KCl aerosol were decreased 

significantly over a short time period when the RH of passing air flow was at a higher 

RH level between 47.8% and 77.8%. For H14 medium loaded with SiO2 aerosol, no 

changes in its resistance may be observed at an air flow RH of 75.2%. 
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Fig 5.5 Resistances of H14 media loaded with KCl/SiO2 aerosols at different RH 

levels of passing air flow 

 

Generally, a constant resistance of loaded fibrous media would suggest a stable 

particle deposition structure, but a sudden drop in resistance would imply that a 

particle deposition structure was changed. In order to observe the differences in 

particle deposition structure before and after introducing the air flow of a higher RH 

level to the medium loaded with KCl aerosol, SEM photos were taken for both a 

loaded media treated with higher RH air and the other loaded media not treated with 

higher RH air, respectively, as shown in Fig 5.6. 
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a) Untreated medium b) Treated medium 

Fig 5.6 SEM photos for two H14 media loaded with KCl aerosol with one treated, 

and the other not treated, with high RH air flow 

 

As seen in Fig 5.6, the depositions of KCl particles in the medium not treated with 

high RH air flow had dendritic structures and the particle size was relatively small. 

However, KCl particle depositions in the medium treated with high RH air flow had 

fusion structures rather than dendritic structures. Hence, it can be inferred that for KCl 

particles which were able to absorb moisture, a high RH air flow disintegrated the 

dendritic deposition structures and caused small particles to fuse into large particles. 

Both the collapse of dendritic structures and the formation of large particles led to a 

decrease in obstruction when air flow passed through at the micro level, which was 

reflected by a sudden drop in the resistance of the loaded medium at the macro level. 

 

In certain cases, the holders in the experimental setup needed to be opened to finish 

certain operations for tested fibrous medium for the subsequent dust loading 
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experiments in Chapters 6 to 8. Due to the effects of changes in air flow RH on the 

resistance of loaded fibrous media, errors may be brought in to these dust loading 

experiments because there would be a difference in RH level between the experimental 

air flow and ambient air. To determine whether opening holders and exposing loaded 

media to ambient air would affect their resistance, two H14 media loaded with 

polydisperse KCl aerosol and one with SiO2 aerosol under an RH level of about 40% 

were exposed to ambient air or placed in closed holders without air flow passing 

through. Their resistances and the RH level of ambient air were recorded and are 

illustrated in Fig 5.7. 

 

 

Fig 5.7 Resistances of three H14 media loaded with KCl/SiO2 aerosols when 

exposed to ambient air or placed in closed holders 
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In Fig 5.7, although the RH of ambient air was all greater than 40%, the resistance of 

the medium loaded with SiO2 and exposed to ambient air basically remained 

unchanged. This was similar to what happened when it was treated with high RH air 

flow.  

 

However, the resistance of the two media loaded with KCl aerosol exposed to closed 

holders and ambient air would gradually be decreased from 900 Pa to 759 Pa and 450 

Pa, respectively. This indicated that the resistance of fibrous media loaded with 

hygroscopic particles would be decreased even when being placed in a high RH 

environment. Therefore, SiO2 aerosol should be used instead of KCl aerosol if it was 

necessary to open the holders during dust loading experiments. 

 

5.3.2 Effects of different levels of air flow humidity on the dynamic resistance of 

clean media 

 

H14 glass fiber media were also used in dust loading experiments conducted in the 

study presented in this Sub-section. For comparing the dynamic resistances of clean 

fibrous media under different air flow RH, polydisperse SiO2 aerosol and polydisperse 

KCl aerosol were respectively used in these experiments. 

 



93 

Fig 5.8 illustrates the resistances of two H14 media during dust loading under two RH 

levels of 26.5% and 76.4%, respectively, using polydisperse SiO2 aerosol. As seen, 

the differences in RH levels had almost no effect on the dynamic resistance of H14 

media when loaded with SiO2 aerosol. 

 

 

Fig 5.8 Resistance curves for two H14 glass fiber media loading with SiO2 aerosol 

under different RH levels 

 

Fig 5.9 shows the resistances for three H14 media during dust loading under the RH 

levels of 27.1%, 55.7% and 76.2%, respectively, using polydisperse KCl aerosol. It 

can be seen from Fig 5.9 that, a higher air flow RH caused a smaller increase in 

medium resistance at the same loaded dust mass. However, under air flow RH of 

76.2%, when loaded dust mass exceeded 7 g/m2, the rate of increase in medium 

resistance became more noticeable. 
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Fig 5.9 Resistances of three H14 glass fiber media loading with KCl aerosol under 

different air flow RH level 

 

It was necessary to compare the growth rates for three resistance curves in Fig 5.9. In 

Novick's semi-empirical model for HEPA fibrous media resistance, i.e., Equation (2-

11), K2 was defined as a resistance coefficient to represent the relationship between 

medium resistance increase and loaded dust mass [Novick et al. 1992]. However, the 

use of K2 cannot reflect the instantaneous resistance growth rate for a fibrous medium. 

Actually, the instantaneous growth coefficient of dynamic resistance for fibrous media 

at a fixed loaded dust mass, k2, was defined by Zhang et al. [2018] as 
(𝛥𝑃2−𝛥𝑃0)𝐴

𝑀2𝑉
, as 

shown in Fig 5.10. 
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Fig 5.10 Schematic definition of k2, the instantaneous resistance growth rate 

for a fibrous medium [Zhang et al. 2018] 

 

In order to compare the influences of air flow RH on the instantaneous growth rate for 

H14 medium resistance when loaded with KCl aerosol, k2 values for the three curves 

shown in Fig 5.9 were calculated and are illustrated in Fig 5.11. It can be seen that, at 

two relatively low air flow RH levels, i.e., 27.1% and 55.7%, k2 values for H14 

medium loaded with KCl aerosol were firstly increased with an increase in loaded dust 

mass, then remained relatively stable, but finally dropped slightly. However, at a 

higher air flow RH at 76.2%, k2 values were increased steadily at the initial stage and 

were much lower than those at air flow RH of 27.1%, but was increased sharply when 

the loaded dust mass exceeded 7 g/m2. The variation trends in k2 values for the medium 
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loaded with KCl aerosol at high RH levels were similar to that of the medium loaded 

with liquid aerosol. 

 

 

Fig 5.11 k2 values for three H14 glass fiber media loading with KCl aerosol 

under different RH levels 

 

When liquid aerosol was loaded into a fibrous medium, deposited liquid particles 

would firstly wrap fibers to form a liquid film. This type of deposition could only 

increase the fiber diameter at an initial stage of dust loading, leading to a lower 

resistance growth rate than the dendric deposition of solid particles. However, in the 

later stages of dust loading, the connection of the liquid film between fibers would 

directly block the microporous structure inside a fibrous medium, resulting in a sharp 

rise in its resistance, as reflected by the curve marked with “76.2%±2.3%” in Fig 

5.11. 



97 

 

According to relevant experimental results, KCl crystal would deliquesce at an 

environmental RH of about 85% at room temperature [Ye and Chen 2013]. The 

deliquescent RH for KCl crystal was lowered when in particle shape. Accordingly, it 

may be deduced that the KCl particles generated in the experimental work reported in 

this Chapter at air flow RH level of 76.2% were in the liquid state before reaching the 

fibrous medium, resulting in a similar resistance growth trend to that for a medium 

loaded with liquid aerosols. 

 

In summary, the effects of air flow humidity on both the resistance of loaded media 

and dynamic resistance of clean media were through the interaction between the water 

vapor in moist air and hygroscopic aerosol particles. Special attention should hence 

be paid when using hygroscopic aerosol like KCl to avoid errors due to the changes in 

air flow RH and the high RH environment in subsequent experiments presented in 

Chapters 6 to 8. 

 

5.4 Aerosol concentration 

 

In the Standards of performance test for air filters and fibrous media, long-term 

performances of filters and media, i.e., their resistance and filtration efficiency in their 

life cycle, were tested under laboratory conditions using experimental aerosols instead 
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of ambient aerosols. Much higher concentrations for experimental aerosols than those 

of ambient aerosols were generally applied in standard tests to reduce dust loading 

time. This is also to be adopted in the research work reported in this Thesis. At present, 

there seemed no consensus on the effects of aerosol concentration on the dynamic 

resistance of fibrous media in existing literature. In this Section, hence, such effects 

were studied experimentally. 

 

Polydisperse KCl aerosol was used as the experimental aerosol. Its concentration was 

adjusted through changing dry air flow rate, since changing the pressure of 

compressed air and mass concentration of KCl solution for aerosol generation may 

influence the aerosol particle size distribution. Four dust loading experiments for H14 

glass fiber media were conducted at a filtration velocity of 3.0 cm/s and 5.3 cm/s and 

using two mass concentration KCl aerosols, respectively. The final resistance was set 

at 900 Pa. During dust loading, the upstream aerosol mass concentration was basically 

kept constant and real-time monitored. 

 

Fig 5.12 and Fig 5.13 show the resistance curves for H14 glass fiber media during dust 

loading using different concentration KCl aerosols at a filtration velocity of 3.0 cm/s 

and 5.3 cm/s, respectively. In the two figures, at the same filtration velocity, the 

medium resistances corresponding to the same loaded dust mass using different 

concentration KCl aerosols was almost the same, suggesting that the aerosol 
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concentration had no significant effects on the dynamic resistance of fibrous media, 

within the range of aerosol concentration involved in the experiments presented in this 

Section. 

 

 

Fig 5.12 Resistance curves for two fibrous media loading with different 

concentration KCl aerosols at a filtration velocity of 3.0 cm/s 
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Fig 5.13 Resistance curves for two fibrous media loading with different 

concentration KCl aerosols at a filtration velocity of 5.33 cm/s 

 

In the limited existing studies on the effects of aerosol concentration on the dynamic 

resistance of fibrous media, Thomas et al. [2001] and Zhang et al. [2018] considered 

that changes in aerosol concentration within a certain range had no effect on the 

growth of dynamic resistance of fibrous media. This was similar to the observations 

from Fig 5.13 and Fig 5.14. On the other hand, the experimental results of Wang et al. 

[2016] indicated that the aerosol concentration had a noticeable influence on the 

resistance curve of the tested filter media as shown in Fig 5.14. However, the results 

were obtained from the dust loading experiments for glass fiber media using ISO 

12103-1 A1 dust. 
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Fig 5.14 The experimental results on effects of the aerosol concentration on glass 

fiber medium dynamic resistance [Wang et al. 2016] 

 

As seen in Fig 5.14, there were only minor differences among the resistance curves 

for media during dust loading under different aerosol concentrations. On the other 

hand, the effects of aerosol concentration on the dynamic resistance were 

demonstrated to become less significant at the smaller average particle size of the 

experimental aerosol. However, the aerosols involved in general ventilation 

applications and hence the experimental aerosols to be used in the research work 

reported in this Thesis would have much smaller average particle sizes than the ISO 

A1 dust used. Hence, the fact that aerosol concentration had almost no effect on the 

dynamic resistance of fibrous media was not in conflict with the conclusions made by  

Wang et al. [2016] due to the difference in particle size. Therefore, the aerosol 
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concentration in subsequent experiments reported in Chapters 6 to 8 can be 

appropriately increased to shorten the duration of a dust loading experiment. 

 

5.5 Conclusions 

 

The influences of filtration velocity, air flow humidity and aerosol concentration on 

the dynamic resistance of fibrous filter media were studied experimentally and the 

study results are presented in this Chapter. The experimental results showed that, in 

the filtration velocity range of 2~10 cm/s which was commonly used for general 

ventilation, although an increase in filtration velocity resulted in a decrease in the 

filtration efficiency of a fibrous medium and caused a change in the deposition form 

of the particles on the surface of medium fibers, its influence on the dynamic resistance 

of fibrous filter media was overall not significant. 

 

The experimental results also showed that, an increase of over 5% in relative humidity 

of passing air flow would lead to a significant decrease in resistance over a short time 

period when the media was loaded with polydisperse KCl aerosols. The resistance 

growth trend for a medium loaded with KCl aerosols at an air relative humidity close 

to the deliquescence point of the KCl aerosol was similar to that loaded with a liquid 

aerosol. But polydisperse SiO2 aerosols loaded into the media were not sensitive to 

the changes in air flow relative humidity. 
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Moreover, it was demonstrated through dust loading experiments under different 

aerosol concentrations and the comparison with a previous study that, the aerosol 

concentration had no significant influence on the dynamic resistance of a filter 

medium at the same filtration velocity. 

 

The above experimental results can therefore be referenced when selecting appropriate 

operating parameters for the experiments reported in Chapters 6 to 8. 
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Chapter 6  

 

Depth filtration resistance of fibrous media 

 

6.1 Introduction 

 

As shown in Fig 6.1, if a clean fibrous medium was divided into four layers of the 

same thickness, each layer would have the same packing density, filtration efficiency 

and resistance. However, when the medium was used to filtrate particles, a layer close 

to the windward side of the medium would capture more particles than that close to 

the leeward side because the concentration of particles was higher, leading to an 

uneven distribution of deposited particles. As deposited particles were able to enhance 

the mechanical filtration efficiency of a fibrous medium, uneven distribution of 

deposited particles would be further enhanced during the filtration process. 
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Fig 6.1 Schematic diagram of depth filtration for a fibrous medium 

 

Fig 6.2 shows the photos of both the windward and leeward sides of a loaded V-Bank 

filter. As seen, the windward side was completely filled with captured dust and its 

color was black. However, the color of the leeward side was gray, implying a lower 

loaded dust concentration than that on the windward side. The difference in loaded 

dust concentration between the two sides of a loaded filter also demonstrated the 

uneven distribution of deposited particles for a fibrous medium during depth filtration. 
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Fig 6.2 Photos of windward (left) and leeward (right) sides of a loaded V-

Bank filter 

 

According to the literature review presented in Chapter 2, Bergman et al. [1978] 

proposed a model to evaluate the depth filtration resistance by regarding deposited 

particles as “particle fibers” and applying the Davies model to a loaded medium. 

However, Bergman model did not consider the uneven distribution of deposited 

particles along the thickness of a medium during depth filtration. The air flow 

resistance of a deposited particles was influenced by its local porosity and velocity, 

which were directly determined by the distribution of deposited particles in the 

medium. Therefore, it became necessary to investigate the distribution of deposited 

particle in a fibrous medium during depth filtration, and it may also be a better method 

to evaluate the depth filtration resistance of a fibrous medium by incorporating the 

distribution of deposited particles into Bergman model. 
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Although there were previous studies on the distribution of deposited particles inside 

a fibrous medium [Letourneau et al. 1991, Thomas et al. 2001], no theoretical models 

have been established. On the other hand, certain experimental results were reported 

in existing literature for the distribution of deposited particles, but their accuracies 

may be in doubt due to the potential errors in measuring operations. For example, an 

adhesive tape was used to distinguish the deposited particle mass in the different 

thickness range of a loaded medium [Thomas et al. 2001]. 

 

Therefore, to study the depth filtration resistance of fibrous filter media, dust loading 

experiments for five-stacked glass fiber media were conducted firstly to obtain the 

distribution of deposited particles and the resistance of the five-stacked media. 

Secondly, the Bergman model was combined with the experimentally obtained 

distribution of deposited particles to evaluate the depth filtration resistance of fibrous 

media. The effect of particle size on depth filtration resistance was also discussed. 

Finally, a new model, or D-model, for the mass concentration distribution of deposited 

particles inside a loaded medium was theoretically established and numerically solved. 

The growth coefficient of single fiber efficiency, an important parameter of the D-

model, was also evaluated based on the experimental results and the D-model. In this 

Chapter, the results of both theoretical modeling and dust loading experiments for 

depth filtration resistance are presented. 
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6.2 Dust loading experiments for five-stacked media 

 

6.2.1 Method of the dust loading experiments 

 

Dust loading experiments were required for experimentally investigating the depth 

filtration resistance of fibrous media and the distribution of deposited particles, i.e., 

the loaded dust mass in different thickness ranges of the loaded media. Considering 

that the deposition of particles in a loaded media was fragile and easy to be damaged, 

therefore, the measuring operations previously used such as dividing a medium using 

an adhesive tape [Thomas et al. 2001] and solidifying it using the resin [Aguiar and 

Coury 1996] may not be appropriate. 

 

It was considered that instead of cutting a fibrous medium into several pieces, stacking 

several media and measuring their respective parameters before and after a dust 

loading experiment could be realized more easily. In this way, a five-stacked media 

were regarded as one “thickened” fibrous medium and each medium in the five-

stacked media occupied a certain thickness range of the “thickened” medium. 

Therefore, an experimental method for dust loading experiments as schematically 

shown in Fig 6.3 was proposed. By using this method, the resistance, filtration 
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efficiency and loaded dust mass for each fibrous medium could be measured and 

recorded independently. 

 

 

Fig 6.3 Experimental method of dust loading for multi-stacked fibrous media 

 

Holders of the experimental setup may be opened to measure the loaded dust mass for 

each medium during the dust loading experiments. Therefore, to avoid the effect of 

the changes in air humidity on the resistance of loaded media, SiO2 aerosols were used 

in the experiments. Furthermore, four monodisperse SiO2 aerosols and a polydisperse 

one were employed to investigate the influence of particle size distribution on the 

depth filtration resistance of fibrous media.  

 

Table 6.1 shows the particle size distributions of experimental aerosols. 
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Table 6.1 Particle size distributions of experimental monodisperse/polydisperse SiO2 

aerosols 

 

Particle diameter 

(manufacturers)，

μm 

Geometric mean 

diameter (SEM), 

μm 

Geometric standard 

deviation (SEM) 

Monodisperse 

0.30 0.305 1.13 

0.40 0.412 1.10 

0.55 0.548 1.14 

1.0 1.06 1.08 

Polydisperse - 0.283 1.29 

 

On the other hand, using too few stacked media was not able to provide enough useful 

data, but using too many may also be counter-productive because the mass 

concentration of deposited particles for the downstream media would be small and 

then no significant changes in the concentration may be observed. According to the 

results from preliminary experiments, the number of stacked media was hence 

determined at five. Glass fiber media with classes of both M6 and M7 were used in 

the experiments. Their parameters are listed in Table 6.2.  
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Table 6.2 Parameters of two experimental fibrous media 

Class 

Basic weight, 

g/m2 

Thickness, 

mm 

Packing 

density 

Average fiber 

diameter, μm 

Initial filtration 

efficiency at 0.4 

μm 

M6 61.3 0.595 0.0406 2.67 34.2 % 

F7 60.0 0.431 0.0548 2.05 52.9 % 

 

Two dust loading experiments for the five-stacked M6 media and M7 media using the 

polydisperse SiO2 aerosol, and four experiments for five-stacked M6 media using four 

monodisperse SiO2 aerosols were conducted, respectively, at a filtration velocity of 

5.33 cm/s. The following parameters including resistance, filtration efficiency and 

mass of each clean medium were measured before a dust loading experiment. During 

dust loading, the same parameters would be measured several times at a regular time 

interval. The final resistance to terminate an experiment was set at 3 times the initial 

resistance of the five-stacked media. 
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6.2.2 Experimental results of dust loading experiments 

 

Figs 6.4 to 6.6 show the experimental results for loaded dust mass, filtration efficiency 

for 0.4 μm particles and resistance of each M6 medium during dust loading for the 

five-stacked media using the polydisperse SiO2 aerosol. 

 

It can be seen from Fig 6.4 that, the loaded dust mass for Medium 1 was much greater 

than that of the other media at the end of dust loading, and increased almost linearly 

with an increase in dust loading time after 4000 s. The loaded dust mass for Medium 

2 was increased significantly prior to 4000 s, but was increased slightly thereafter, 

with an increase in dust loading time. In addition, the increases in loaded dust mass 

for the other three media were not obvious during the whole process of dust loading.  

 

In Fig 6.5, the filtration efficiency for 0.4 μm particles for Medium 1 was increased 

from 60% at the beginning of dust loading to nearly 100%, 6000 s after dust loading 

time. This variation trend in filtration efficiency was affected by loaded dust mass, 

and determined the variation trend of loaded dust mass at the same time. 
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Fig 6.4 Loaded dust masses for each M6 medium and the corresponding five-

stacked media during dust loading 

 

 

Fig 6.5 Filtration efficiencies for 0.4 μm particles for each M6 medium and 

the corresponding five-stacked media during dust loading 
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Fig 6.6 Resistance curves for each M6 medium and the corresponding five-

stacked media 

 

Fig 6.6 illustrates resistance curves for each M6 medium and the corresponding five-

stacked media. As seen, the variation trend of the resistance for Medium 1 was similar 

to that of loaded dust mass shown in Fig 6.4. However, at the same dust loading time, 

the ratio of the resistance for Medium 2 to that for Medium 1 was significantly less 

than the ratio of loaded dust mass for Medium 2 to that for Medium 1. This might 

reflect the difference in size distributions of particles captured by Medium 1 and 

Medium 2, respectively. 

 

It should be noticed, however, that the five-stacked M6 fibrous media was thicker than 

the single M6 fibrous medium. The performance and distribution of deposited 

particles of five-stacked M6 fibrous media belonged to the stacked media which was 
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regarded as a new medium rather than the M6 medium. On the other hand, the five-

stacked M6 fibrous media has a relatively even structure in its thickness direction, 

while some commercial fibrous media that have gradient structures for better dust 

holding capacity. Therefore, the experimental results of the five-stacked M6 fibrous 

media may be different from those of the commercial fibrous media. 

 

Fig 6.7 shows the changes in loaded dust mass for each M7 medium and the 

corresponding five-stacked media during dust loading using the polydisperse SiO2 

aerosol. As seen, the trend of increase in loaded dust mass was more significant than 

that for the five-stacked M6 media due to the higher initial filtration efficiency for the 

M7 medium. 

 

Fig 6.7 Loaded dust masses of each F7 medium and the corresponding five-

stacked media 
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The variation trends for results of dust loading experiments using respectively the four 

monodisperse SiO2 aerosols were overall similar to those using the polydisperse SiO2 

aerosol. These results are not shown in the current Section but would be used in the 

subsequent Section for the evaluation of depth filtration resistance. 

 

6.3 Resistance of fibrous media during depth filtration 

 

6.3.1 Layered resistance model for depth filtration 

 

Since the deposited particle masses in different layers of loaded five-stacked media 

were experimentally obtained, the depth filtration resistance of the five-stacked media 

may therefore be evaluated by incorporating the experimental data into Bergman 

model. A layered resistance model for depth filtration was then established as follows, 

 

∆𝑃 = 64𝜇𝑎𝑉𝑍𝑖∑ (
𝛼𝑓

𝑑𝑓
2 +

𝛼𝑝𝑓,𝑖

𝑑𝑝𝑓
2)
1/2(

𝛼𝑓

𝑑𝑓
+
𝛼𝑝𝑓,𝑖

𝑑𝑝𝑓
)

𝑖=𝑛

𝑖=1
 (6-1) 

 

where 𝑍𝑖 and 𝛼𝑝𝑓,𝑖 are respectively the thickness and packing density for layer 𝑖. 
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6.3.2 Comparison between the layered resistance model and Bergman model 

 

An increase in packing density of fibrous media caused by dust loading was not 

significant when compared to the packing density of clean media. Therefore, this had 

little effect on air flow velocity and its influence on the resistance of clean medium 

fibers can be ignored. Furthermore, to compare directly the predictions using the 

layered model and Bergman model for depth filtration resistance, the comparison was 

based on the resistances of particle fibers rather than those of loaded media. 

 

Fig 6.8 shows the experimental and the predicted resistances of particle fibers for each 

M6 medium for the five-stacked M6 media loaded with the monodisperse aerosol with 

an average diameter of 0.412 μm. In this figure, “0” represents the five-stacked M6 

media. It can be seen from Fig 6.8 that, all the resistances obtained using the layered 

model were significantly greater than those from experiments. According to 

experimental results, certain growth in loaded dust mass for Medium 3 to 5 were 

measured, however, there was almost no resistance growth caused by loaded dust 

being observed for these media. 
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Fig 6.8 Resistance comparison between experiments and models for five-stacked 

M6 media loaded with 0.412 μm monodisperse aerosol 

 

Furthermore, Fig 6.9 shows an SEM photo for medium fibers in the initial stage of 

dust loading. As seen, under a smaller loaded dust mass condition, deposited particles 

were only attached to the fiber surface but not formed particle fibers that can cause a 

significant growth in medium resistance. This implied that there existed a critical 

loaded dust mass for a loaded medium, below which the dust loading cannot cause a 

significant resistance increase. 
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Fig 6.9 SEM photo for medium fibers in the initial stage of dust loading 

 

In the current study, the critical loaded dust mass was defined as the 50% of average 

loaded dust masses corresponding to a resistance increase of 1 Pa for the loaded M6 

media. The modification was therefore made by subtracting the critical loaded dust 

mass from the original loaded dust mass when it was used to evaluate the depth 

filtration resistance. The resistance growths predicted by the layered model with the 

modification were evaluated and are shown in Fig 6.8, as marked by “Layered model 

with modification”. As seen, the predicted values by the layered model with 

modification were closer to experimental values than those without modification. 

 

On the other hand, Bergman model can be directly used to predict the resistance 

growth for each M6 medium and five-stacked M6 media when the uneven distribution 

of loaded dust mass was ignored. Hence, the Bergman model was also modified by 
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the critical loaded dust mass. As shown in Fig 6.8, the predicted total growth of 

resistance values by Bergman model with modification were significantly smaller than 

those obtained from experiments. The distribution of resistance growth in different 

media cannot be predicted as well. Therefore, the layered model established by 

incorporating the distribution of deposited particles into the Bergman model was 

considered more appropriate for evaluating the depth filtration resistance of fibrous 

media. 

 

6.3.3 Effects of aerosol particle size on depth filtration resistance of fibrous media 

 

The resistance curves for particle fibers respectively made of four monodisperse SiO2 

aerosols are shown in Fig 6.10. As seen, the resistance was higher for particle fibers 

made of the monodisperse aerosol with a smaller average diameter at the same loaded 

dust mass. This agreed well with the predictions made by the layered model, Equation 

(6-1). On the other hand, a smaller diameter of particles was able to cause a greater 

growth coefficient of single fiber efficiency according to the experimental results 

shown in Table 6.5. Therefore, the gathering trend of the increase in loaded dust mass 

and resistance toward the windward side for a fibrous medium would be more 

significant when loaded with smaller particles, which would also cause a greater 

resistance growth. 
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Fig 6.10 Resistance curves for particle fibers respectively made of four 

monodisperse SiO2 aerosols 

 

Although Equation (6-1) showed satisfactory applicability when predicting the 

resistance growth of a fibrous medium loaded with monodisperse aerosols, it may not 

appropriate when polydisperse aerosols were adopted. For a polydisperse aerosol, its 

average diameter can be expressed in different types, like geometric mean diameter, 

surface area mean diameter and volume mean diameter. These three kinds of diameter 

differed greatly and would be changed during dust loading for deposited polydisperse 

SiO2 particles. Therefore, different predictions would be made when applying the 

three kinds of diameter to Equation (6-1). 

 

The geometric mean diameter, surface area mean diameter and volume mean diameter 

of deposited polydisperse particles for five-stacked M6 media were calculated and are 
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showed in Fig 6.11. As seen, the volume mean diameter and surface area mean 

diameter of deposited particles was decreased gradually while the geometric mean 

diameter remained almost unchanged during dust loading. The values of volume mean 

diameter and surface area mean diameter were mainly determined by t larger particles, 

which had smaller numbers and contributed less to resistance growth under the same 

loaded dust mass. Therefore, the geometric mean diameter may be more appropriate 

when evaluating the resistance growth of fibrous media loaded with polydisperse 

aerosols. 

 

 

Fig 6.11 Variation trends for three kinds of average diameter for deposited 

polydisperse SiO2 particles during dust loading 

 

On the other hand, Table 6.3 lists the differences between the experimental resistance 

growth and the predicted using the layered model, using three kinds of the average 
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diameter. It can be seen that the predictions by using geometric mean diameter agreed 

better with the experimental results. Therefore, the geometric mean diameter was 

recommended as the representative diameter in evaluating the resistance growth of 

fibrous media during depth filtration in the studies presented in this Chapter. 

 

Table 6.3 Differences between the experimental resistance growth and the predicted 

one using three kinds of average diameter 

Kind of diameter 

Geometric 

mean diameter 

Surface area 

mean diameter 

Volume mean 

diameter 

Predicted resistance growth 357 113 40 

Difference 19.4% -61.8% -86.6% 

 

6.4 Modeling the mass concentration distribution of deposited particles inside 

fibrous media 

 

Although the layered model, i.e., Equation (6-1), can be used to evaluate the depth 

filtration resistance for fibrous media, the distribution of deposited particles was 

required in the model. In Sections 6.2 and 6.3, the distribution of deposited particles 

was obtained through the dust loading experiments for five-stacked media. To enable 

the practical use of the layered model, it was considered necessary that the distribution 
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of deposited particles of fibrous media should be theoretically modeled. Hence, in this 

Section, modeling the distribution of deposited particles of fibrous media is reported. 

 

6.4.1 An established D-model for the mass concentration distribution of 

deposited particles 

 

It can be seen from Fig 6.1 that when filtration time, t > 0, both the deposited particle 

mass and the filtration efficiency would be uneven along the thickness of a loaded 

medium. During a filtration process, filtration efficiency at the current time point 

would determine the mass distribution of deposited particles at the next time point, 

and vice versa. 

 

A model for the mass concentration distribution of deposited particles, or D-model, 

was established based on the following assumptions: 

 

1) A fibrous medium was uniform, isotropic and can be divided into thin layers along 

the thickness with fixed filtration efficiency; 

 

2) The filtration velocity inside the medium was one-dimensional and perpendicular 

to the medium surface, and air flow was laminar due to low filtration velocity; 
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3) An experimental aerosol was uniform and stable upstream of the medium. The 

hydrodynamic characteristics of aerosol particles remained unchanged when passing 

through each layer of the medium. The effects of air molecular diffusion and 

turbulence on suspended particles in the medium were neglected; 

 

4) Single fiber efficiency was increased linearly with an increase in local deposited 

particle concentration. The effect of deposited particles on medium porosity was 

considered but that on clean fiber length was not; 

 

5) Particles would not be detached from medium fibers after being captured. 

 

 

Fig 6.12 A unit layer in a loaded medium 

 

A unit layer with a thickness of d𝑧  and a surface area of 𝑆 in a loaded fibrous 

medium is schematically shown in Fig 6.12. The mass concentration for deposited 

particles inside the loaded medium was termed as 𝑀𝑝 and that for suspended particles 

as 𝐶𝑝. 
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The total length of the clean fiber, 𝑙, inside the unit layer was evaluated as follows, 

 

𝑙 =
4𝛼𝑓𝑆d𝑧

𝜋𝑑𝑓
2  (6-2) 

 

where 𝛼𝑓  is the initial packing density of the unit layer, 𝑑𝑓  the average fiber 

diameter. 

 

The local average air velocity around medium fibers, 𝑉′, was influenced by medium 

fibers and deposited particles, expressed as 

 

𝑉′ =
𝑉

1 − 𝛼
 (6-3) 

 

where 𝑉 is the face velocity of loaded medium, 𝛼 the local packing density taking 

into account the deposited particles, which may be evaluated as follows, 

 

𝛼 = 𝛼𝑓 +
𝑀𝑝

𝜌𝑝
 (6-4) 

 

where 𝛼𝑓 is the packing density of a clean medium and 𝜌𝑝 the density of deposited 

particles. 
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The local single fiber efficiency was increased linearly with an increase in the mass 

concentration of loaded dust, expressed as 

 

𝜂𝑓𝑝

𝜂𝑓
= 1 + 𝜆𝑀𝑝 (6-5) 

 

where 𝜂𝑓𝑝 is the local single fiber efficiency of the loaded medium, 𝜂𝑓 the single 

fiber efficiency of a clean medium, 𝜆 the growth coefficient of single fiber efficiency. 

 

According to the definition of single fiber efficiency [Xu and Zhou 2014], for the unit 

layer, an increase in the mass concentration of deposited particles with an increase in 

dust loading time can be evaluated as, 

 

d𝑀𝑝

d𝑡
=
𝜂𝑓𝑝𝑑𝑓𝑉

′𝐶𝑝𝑙

𝑆d𝑧
 (6-6) 

 

where 𝑡 is the dust loading time. 

 

Integrating Equation (6-6) with Equations (6-2) to (6-5), 
d𝑀𝑝

d𝑡
 can be expressed as 

 

d𝑀𝑝

d𝑡
= 𝑉𝐶𝑝

4𝛼𝑓𝜂𝑓

𝜋𝑑𝑓
∙
1 + 𝜆𝑀𝑝

1 − 𝛼0 −
𝑀𝑝

𝜌𝑝

 
(6-7) 
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On the other hand, the change in the mass concentration of suspended particles, 
∂𝐶𝑝

∂𝑡
, 

was equal to the sum of an increase in the mass concentration of deposited particles 

and the particle transportation caused by the passing aerosol, expressed as 

 

−
∂𝐶𝑝

∂𝑡
= 𝑉

∂𝐶𝑝

∂𝑧
+
d𝑀𝑝

d𝑡
 (6-8) 

 

Equation (6-8) can be re-arranged as: 

 

𝜕𝐶𝑝

𝜕𝑡
+ 𝑉

𝜕𝐶𝑝

𝜕𝑧
+
d𝑀𝑝

d𝑡
= 0 (6-9) 

 

Then the equations for the mass concentration of deposited particles and suspended 

particles inside a loaded medium during depth filtration were obtained and combined 

as the D-model for the mass concentration of deposited particles, shown as Equation 

(6-10). 

 

{
 
 

 
 
d𝑀𝑝

d𝑡
= 𝑉𝐶𝑝

4𝛼0𝜂𝑓

𝜋𝑑𝑓
∙
1 + 𝜆𝑀𝑝

1 − 𝛼0 −
𝑀𝑝

𝜌𝑝
∂𝐶𝑝

∂𝑡
+ 𝑉

∂𝐶𝑝

∂𝑧
+
d𝑀𝑝

d𝑡
= 0

 (6-10) 

 

The boundary conditions for Equation (6-10) were 
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{
 
 

 
 

𝐶𝑝(0, 𝑡) = 𝐶0
𝐶𝑝(𝑧, 0) = 0⁡(𝑧 ≠ 0)

𝑀𝑝(0, 𝑡) = 0

𝑀𝑝(𝑧, 0) = 0

 (6-11) 

 

where 𝐶0 is the aerosol mass concentration upstream of the loaded medium.  

 

In the D-model, or Equation (6-10), all the parameters except for the growth 

coefficient of single fiber efficiency, 𝜆, can be easily obtained based on the initial and 

boundary conditions of a medium before dust loading. However, the values of 𝜆 at 

different dust loading conditions were still to be determined. Furthermore, since it was 

generally impossible to obtain analytical solutions for a partial differential equation, 

numerical approaches to solve Equation (6-10) were therefore adopted based on a 

given 𝜆 value. 

 

6.4.2 Numerical solutions for the D-model for mass concentration distribution of 

deposited particles 

 

To numerically solve the D-model for mass concentration distribution of deposited 

particles, i.e., Equation (6-10), continuous variables, 𝑧 and 𝑡, should be discretized 

firstly so that the continuous equations for 𝐶𝑝(𝑧, 𝑡)⁡and 𝑀𝑝(𝑧, 𝑡) can be transformed 

into discrete sequences. The two terms, ℎ⁡and⁡𝜏, were used to represent the step length 



130 

in medium thickness and dust loading time, respectively. 𝐶𝑝(𝑖, 𝑗) was the discrete 

value of mass concentration for suspended particle and⁡𝑀𝑝(𝑖, 𝑗) that for deposited 

particles in a loaded fibrous medium at point (𝑖, 𝑗) , where 𝑖  and 𝑗  are for the 

thickness axis and time axis, respectively. 

 

Then, Equation (6-7) was transformed into 

 

d𝑀𝑝

d𝑡
=
𝑀𝑝(𝑖, 𝑗) − 𝑀𝑝(𝑖, 𝑗 − 1)

𝜏
 

= 𝑉𝐶𝑝(𝑖, 𝑗 − 1)
4𝛼0𝜂𝑓

𝜋𝑑𝑓
∙
1 + 𝜆𝑀𝑝(𝑖, 𝑗 − 1)

1 − 𝛼0 −
𝑀𝑝(𝑖, 𝑗 − 1)

𝜌𝑝

 
(6-12) 

 

and further re-arranged as 

 

𝑀𝑝(𝑖, 𝑗) = 𝑀𝑝(𝑖, 𝑗 − 1) + 𝜏𝑉𝐶𝑝(𝑖, 𝑗 − 1)
4𝛼0𝜂𝑓

𝜋𝑑𝑓

∙
1 + 𝜆𝑀𝑝(𝑖, 𝑗 − 1)

1 − 𝛼0 −
𝑀𝑝(𝑖, 𝑗 − 1)

𝜌𝑝

 
(6-13) 

 

∂𝐶𝑝

∂𝑡
 and 

∂𝐶𝑝

∂𝑧
 were discretized in Equation (6-14) and (6-15), respectively. 

 

∂𝐶𝑝

∂𝑡
=
𝐶𝑝(𝑖, 𝑗) − 𝐶𝑝(𝑖, 𝑗 − 1)

𝜏
 (6-14) 

 

∂𝐶𝑝

∂𝑧
=
𝐶𝑝(𝑖, 𝑗) − 𝐶𝑝(𝑖 − 1, 𝑗)

ℎ
 (6-15) 
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Therefore, Equation (6-9) can be transformed into 

 

𝐶𝑝(𝑖, 𝑗) − 𝐶𝑝(𝑖, 𝑗 − 1)

𝜏
+ 𝑉

𝐶𝑝(𝑖, 𝑗) − 𝐶𝑝(𝑖 − 1, 𝑗)

ℎ
+ 𝑉𝐶𝑝(𝑖, 𝑗)

4𝛼0𝜂𝑓

𝜋𝑑𝑓

∙
1 + 𝜆𝑀𝑝(𝑖, 𝑗)

1 − 𝛼0 −
𝑀𝑝(𝑖, 𝑗)
𝜌𝑝

= 0 
(6-16) 

 

and further re-arranged as 

 

𝐶𝑝(𝑖, 𝑗) =

𝐶𝑝(𝑖, 𝑗 − 1)

𝜏 + 𝑉
𝐶𝑝(𝑖 − 1, 𝑗)

ℎ
1
𝜏
+
𝑉
ℎ
+ 𝑉

4𝛼0𝜂𝑓
𝜋𝑑𝑓

∙
1 + 𝜆𝑀𝑝(𝑖, 𝑗)

1 − 𝛼0 −
𝑀𝑝(𝑖, 𝑗)

𝜌𝑝

 
(6-17) 

 

Accordingly, based on the initial and boundary conditions, the mass concentration 

distribution of deposited particles and suspended particles in a loaded fibrous medium 

at different dust loading times can be numerically obtained. 

 

Fig 6.13 schematically illustrates the calculation procedures for Equations (6-13) and 

(6-17). The black dots in Fig 6.13 represent boundary conditions, i.e., known values 

and black circles unknown values for 𝑀𝑝 and 𝐶𝑝. According to Equation (6-13), the 

value of 𝑀𝑝 at (1,1) can be calculated using the values of 𝑀𝑝 and 𝐶𝑝 at (1,0). Then 

the value of 𝐶𝑝  at (1,1) can be obtained using the value of 𝑀𝑝  at (1,1) and 𝐶𝑝 
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values at (1,0) and (0,1) based on Equation (6-17). The values of 𝑀𝑝 and 𝐶𝑝 at any 

time points and any thickness can therefore be obtained by repeating these calculation 

procedures. 

 

 

Fig 6.13 Schematic diagram of numerical calculation procedures for 

Equations (6-13) and (6-17) 

 

A python program was constructed based on the calculation procedures shown in Fig 

6.13 to numerically solve Equation (6-10). Fig 6.14 shows the flow chart of python 

program design. Python 3.7 was used and the libraries of Numpy and Matplotlib were 

applied to designing and executing the program. Program coding is listed in Appendix 

A. 
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Fig 6.14 A program flow chart 

 

The initial values for the parameters used in the program are shown in Table 6.4. These 

values were basically the same as those in the dust loading experiments presented in 

Section 6.2. 
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Table 6.4 The initial values of the parameters for the program used for the aerosol 

mass concentration calculation in a loaded medium 

Parameter Value Unit 

Time step length 0.1 s 

Time step number 1×105 - 

Thickness step length 8×10-5 m 

Thickness step number 25 - 

Filtration velocity 0.0533 m/s 

Packing density of clean medium 0.3 - 

Single fiber efficiency of clean medium 0.4 - 

Average fiber diameter of clean filter material 5.0×10-6 m 

Growth coefficient of single fiber efficiency 5.0×10-6 m3/mg 

Particle density 2.2×109 mg/m3 

Initial aerosol mass concentration 10 mg/m3 

 

Fig 6.15 and Fig 6.16 respectively show the numerical results of the mass 

concentrations of suspended particles in different medium thicknesses and the loaded 

dust masses within different medium thickness ranges. The parameter of mass 

concentration was used in Equation (6-10) to represent the distribution of deposited 

particles. However, the loaded dust mass would be easier to be obtained than the mass 

concentration in a dust loading experiment. Therefore, the loaded dust mass instead of 
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the mass concentration was applied in Fig 6.16, so as to compare directly the results 

between numerical solutions and the dust loading experiments. 

 

 

Fig 6.15 Numerical results for the mass concentrations of suspended particles in 

different medium thicknesses 
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Fig 6.16 Numerical results for the loaded dust masses within different medium 

thickness ranges 

 

As seen from Fig 6.15, the mass concentration of suspended particles was higher at a 

lower thickness at a fixed dust loading time due to the filtration of the medium. With 

an increase in dust loading time, the mass concentration of suspended particles was 

decreased rapidly. Moreover, except for the mass concentrations at the thickness 

adjacent to the windward side of the loaded medium, shown by the curve marked with 

“z/z0=0.04” in Fig 6.15, the mass concentrations at the other four thicknesses were all 

decreased to nearly 0 when ~ 6000 seconds in dust loading time elapsed. This indicated 

that the increase in filtration efficiency tended to be mainly near the windward side of 

the loaded medium. 
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In Fig 6.16, although the loaded dust mass in all the five thickness ranges was 

increased with an increase in dust loading time prior to 4000 s, a much greater loaded 

dust mass in the range of (0~0.2)z0 than that in the other four ranges after 2000 s was 

resulted in because of increased filtration efficiency near the windward side. Besides, 

the loaded dust mass in the thickness range of (0~0.2)z0 was increased almost linearly 

with an increase in dust loading time after 4000 s, which implied that the gravimetric 

efficiency, i.e., the filtration efficiency evaluated by the particle mass was increased 

to around 100% during this period. 

 

The growth trends of loaded dust mass for all the five thickness ranges shown in Fig 

6.16 were similar to those obtained from the dust loading experiments. This suggested 

that the established D-model can predict well the distribution of deposited particles 

when an appropriate growth coefficient of single fiber efficiency was adopted. 

 

6.4.3 Evaluation of the growth coefficient of single fiber efficiency 

 

In Equation (6-10), the single fiber efficiency of a clean medium, 𝜂𝑓, can be evaluated 

using the logarithmic penetration law, which was proposed by combining the single 

fiber efficiency and filtration efficiency of a clean medium [Xu and Zhou 2014]. 

However, the growth coefficient of single fiber efficiency, 𝜆 , was difficult to 

determine. In open literature, Huang et al. [2006] observed the deposition of particles 
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on a single fiber using a microscope, but no information about single fiber efficiency 

was provided. There were also two other studies modeling the deposition of particles 

on medium fibers [Kanaoka et al. 1983, Hosseini and Vahedi Tafreshi 2012]. However, 

the modeling results were only described qualitatively and cannot be used to evaluate 

the growth coefficient. 

 

The growth coefficient of single fiber efficiency for a medium during dust loading 

may be determined by the particle size distribution and medium fiber diameter. In the 

current study, the growth coefficient of single fiber efficiency for experimental media 

could be evaluated by combining the numerical results presented in Sub-section 6.4.2 

and the experimental results of dust loading for five-stacked media using 

monodisperse SiO2 aerosols. 

 

Although the variation trends for the experimental results of dust loading for five-

stacked M6 media using polydisperse SiO2 were similar to those predicted by the D-

model, they were not appropriate for evaluating the growth coefficient of single fiber 

efficiency. This was because the filtration efficiency evaluated by particle mass, i.e., 

the arrestance, was adopted in Equation (6-10) and would be determined by the size 

distribution of experimental aerosol. However, the filtration efficiencies of a medium 

evaluated by either particle mass or particle number for monodisperse aerosols were 

the same. Therefore, the growth coefficient of single fiber efficiency could be 
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evaluated based on the results of dust loading experiments using monodisperse SiO2 

aerosols. 

 

Therefore, the experimental results of dust loading experiments for five-stacked M6 

media using the monodisperse SiO2 aerosol with an average diameter of 0.412 μm 

were used to evaluate the growth coefficient of single fiber efficiency. On the other 

hand, a numerical study following the method illustrated in Sub-section 6.4.2 was also 

performed using the same parameters as those in dust loading experiments, except that 

variable growth coefficients of single fiber efficiency were applied. The experimental 

and numerical simulation results on the increases in loaded dust mass for the five M6 

media were compared and are shown in Fig 6.17 (a). As seen, the predicted mass 

concentration distribution of deposited particles by the established D-model presented 

in this Chapter agreed very well with the experimental results when a suitable growth 

coefficient of single fiber efficiency was applied. 

 

Considering that the majority of the increase in loaded dust mass and resistance for 

the five-stacked media was distributed in Medium 1 and Medium 2, the determined 

growth coefficient of single fiber efficiency should predict the best the loaded dust 

mass for Medium 1 and Medium 2. The differences between the experimental and 

simulated loaded dust mass for both Medium 1 and Medium 2 were calculated and are 

plotted in Fig 6.17 (b). Also, the sum of the absolute value for the difference for 
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Medium 1 and that for Medium 2 at a fixed growth coefficient was obtained. Then the 

growth coefficient was determined when the sum reached its minimum value. As 

shown in Fig 6.17 (b), the growth coefficient of single fiber efficiency for 0.4 μm 

particles for the experimental M6 medium was determined at 1.0×10-6 m3/mg. 
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(a) The comparison between experimental results and simulated loaded dust mass 

 

(b) Differences between experimental results and numerical results for Medium 1 

and Medium 2 at different growth coefficients of single fiber efficiency 

Fig 6.17 Evaluation of the growth coefficient of single fiber efficiency 

 

On the other hand, it seemed that the growth coefficient of single fiber efficiency may 

also be evaluated using the logarithmic penetration law. Fig 6.18 (a) shows all the 

measured filtration efficiencies for each M6 medium at different loaded dust mass. By 
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applying the logarithmic penetration law to each measured filtration efficiency, the 

corresponding single fiber efficiencies at different loaded dust concentrations were 

obtained and are plotted in Fig 6.18 (b). By applying a linear fitting to these single 

fiber efficiencies, the growth coefficient of single fiber efficiency was determined at 

2.55×10-8 m3/mg. 

 

It can therefore be seen that the growth coefficient obtained using the logarithmic 

penetration law was much smaller than that obtained from the numerical results. 

However, the logarithmic penetration law was established based on the assumption 

that a fibrous medium was always uniform. Once the medium was loaded with 

particles, the assumption was no longer applicable. Therefore, combining the D-model 

and a numerical solution proposed in this Chapter shall provide a better way to 

evaluate the growth coefficient of single fiber efficiency for a fibrous medium. 
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(a) Filtration efficiencies for 0.4 μm particles at different loaded dust masses 

 

(b) Single fiber efficiencies for 0.4 μm particles 

Fig 6.18 Evaluation of the growth coefficient of single fiber efficiency using the 

logarithmic penetration law 

 

The growth coefficients of single fiber efficiency for the other three monodisperse 

SiO2 aerosols for the experimental M6 medium were also obtained based on the 

numerical solutions. Table 6.5 lists the obtained coefficients. As seen, a larger particle 
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had a less significant effect on the growth of single fiber efficiency at the same loaded 

dust mass concentration. 

 

Table 6.5 The growth coefficients of single fiber efficiency for four experimental 

monodisperse SiO2 aerosols for experimental M6 medium 

Particle size (μm) 0.305 0.412 0.548 1.06 

Growth coefficient of single fiber 

efficiency (×10-6 m3/mg) 

1.4 1.0 0.7 0.2 

 

6.5 Conclusions 

 

To investigate the distribution of deposited particles, experiments for five-stacked 

glass fiber media loading respectively with four monodispersed SiO2 aerosols and a 

polydisperse SiO2 aerosol were firstly designed and conducted. Then, a layered model 

by incorporating the distribution of deposited particles into Bergman model was 

proposed to predict the depth filtration resistance for fibrous media. The resistance 

growths obtained respectively from experiments and model prediction showed good 

agreement when the modification of critical loaded dust mass was applied. In terms of 

the effect of particle size on depth filtration resistance for fibrous media, loading with 

smaller particles led to a greater rate of growth in filter media resistance. According 
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to comparative analysis and calculation, it was recommended to use the geometric 

average diameter as the representative particle size to evaluate the resistance increase 

for filter media loaded with polydisperse particles. 

 

On the other hand, to theoretically evaluate the distribution of deposited particles 

inside a loaded medium, the D-model was established by dividing a filter medium into 

unit layers and applying the definition of single fiber efficiency to calculate the mass 

of particles captured by each layer. The variation trends in loaded dust mass predicted 

using the numerical solutions for the D-model agreed well with those obtained from 

the dust loading experiments. In addition, the D-model may also be used to evaluate 

the growth coefficient of single fiber efficiency for the experimental M6 medium. 
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Chapter 7  

 

Surface filtration resistance of fibrous media 

 

7.1 Introduction 

 

From the literature review presented in Chapter 2, it can be seen that experimental and 

theoretical studies on the resistance of a dust cake formed during surface filtration for 

HEPA media under different dust loading conditions have been carried out [Novick et 

al. 1992, Gupta et al. 1993, Endo et al. 1998, Penicot et al. 1999, Endo et al. 2002, 

Thomas et al. 2014]. Among these studies, the Endo model [Endo et al. 1998] and 

Thomas model [Thomas et al. 2014] were the representative two theoretical models 

for surface filtration resistance. However, it may be difficult to directly evaluate the 

surface filtration resistance using Endo model because an empirical correction was 

still required in the model. Error may also result in when using Thomas model, because 

the resistance of the fibers parallel to flow direction in real applications was obviously 

different from that of the fibers perpendicular to flow direction assumed in the model. 

 

On the other hand, for traditional glass fiber HEPA media, a filtration process would 

gradually change from depth filtration to transition stage, and then to surface filtration 
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[Thomas 2017]. However, for a PTFE HEPA medium, most of captured particles 

directly deposited on the surface of the PTFE membrane because the base material on 

windward side had a very low efficiency [Zhang et al. 2018]. Hence, it could be 

considered that only the surface filtration took place in PTFE media. Therefore, it 

would be more appropriate to study the surface filtration resistance using PTFE HEPA 

media than using glass fiber HEPA media which were generally used in previous 

relevant studies. 

 

In addition, although various methods have been applied to dust cake porosity 

measurements [Aguiar and Coury 1996, Ito and Aguiar 2009, Elmøe et al. 2011, Liu 

et al. 2013], the measuring accuracy was still limited by the number of points measured, 

in particular when the thickness of a dust cake made of submicron/nanoparticles was 

less than 100 μm and the dust cake had a non-negligible surface roughness because of 

the rough surface of medium underneath. Moreover, in previous literatures, it was 

considered that the porosity of a dust cake remained unchanged during its formation, 

so only one measurement after loading dust was required. The changes in the thickness 

and porosity of a dust cake have been rarely studied during dust loading. 

 

Therefore, to quantitively investigate the surface filtration resistance in the study 

reported in this Chapter, firstly resistance models for dust cakes made of monodisperse 

and polydisperse particles were respectively established based on the kinetic theory. 
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Secondly, a laser scanning porosity measuring system was set up to accurately monitor 

the changes in the thickness and porosity of a dust cake during its formation. Finally, 

dust loading experiments for PTFE media were conducted using monodisperse and 

polydisperse SiO2 aerosols, when the changes in dust cake thickness and porosity were 

monitored and analyzed, and the models developed were validated using the 

experimental data with both monodisperse and polydisperse SiO2 aerosols. 

 

7.2 Theoretical models 

 

Instead of using Stokes Law that cannot calculate the forces exerted on a specific area 

of a particle surface, the drag force of particles and shielding effects among 

neighboring particles in a dust cake were therefore evaluated using the kinetic theory. 

Fig 7.1 illustrates the shielding effect in a particle chain paralleled to flow direction in 

a dust cake formed during surface filtration. 
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Fig 7.1 Schematic diagram of shielding effect in a particle chain 

 

According to the rigid-body specular reflection hypothesis in the kinetic theory 

applied to evaluate molecules collisions on a surface [Bernardo et al. 2013], the impact 

force, 𝑑𝐹𝑝, acting on a unit area of a particle, 𝑑𝐴, at an angle of 𝜃 with the air flow 

direction can be expressed by 

 

d𝐹𝑝 = 2𝜌𝑎𝑉√𝑉2 + 𝑐̅2cos𝜃d𝐴 (7-1) 

 

where 𝜌𝑎 is air density, 𝑐̅ = √
8𝑘𝐵𝑇𝑎

𝜋𝑚̅𝑎
 the average velocity of air molecules, 𝑘𝐵 the 

Boltzmann constant，𝑇𝑎 the thermodynamic temperature of air，𝑚̅𝑎 the average mass 

of air molecules. 

 

The impact force, 𝑑𝐹𝑝, in Equation (7-1) was the sum of molecular collision from a 

normal semi-free space of 𝑑𝐴 . When the shielding effect between neighboring 
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particles was considered, the ratio between an effective corresponding space for 𝑑𝐴 

and the semi-free space can be expressed as 
𝜑

𝜋
, which should also be taken as a 

correcting coefficient for 𝑑𝐹𝑝, calculated as follows, 

 

𝜑

𝜋
=
3

2
−
1

𝜋
(arccos⁡(

1 − 2cos𝜃

√5 − 4cos𝜃
) + arcsin (

1

√5 − 4cos𝜃
)) (7-2) 

 

As seen, 
𝜑

𝜋
= 0 when 𝜃 = 0 and 

𝜑

𝜋
= 1 when 𝜃 =

𝜋

2
. 

 

Then 𝑑𝐹𝑝 was corrected for the shielding effect as 

 

d𝐹𝑝 = 2𝜌𝑎𝑉√𝑉2 + 𝑐̅2cos𝜃
𝜑

𝜋
d𝐴 (7-3) 

 

For a single particle shielded by neighboring particles, its drag force, 𝐹𝑝, only came 

from the air flow direction since the horizontal drag forces were mutually canceled 

out. Then 𝐹𝑝 can be obtained by integrating Equation (7-3): 

 

 

𝐹𝑝 = ∫d𝐹𝑝cos𝜃 

= 2𝜌𝑎𝑟𝑝
2𝑉√𝑉2 + 𝑐̅2∫ ∫ cos2𝜃sin𝜃(

3

2
−
1

𝜋
(
1 − 2cos𝜃

√5 − 4cos𝜃

𝜋
2

0

2𝜋

0

+ arcsin (
1

√5 − 4𝑐𝑜𝑠𝜃
)))d𝜃d𝜓 

= 0.788𝜋𝜌𝑎𝑟𝑝
2𝑉√𝑉2 + 𝑐̅2 

(7-4) 
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In Equation (7-4), since 𝑉 is far less than 𝑐̅, so √𝑉2 + 𝑐̅2 can be replaced by 𝑐̅. 

Considering that the air velocity inside the dust cake can be increased to 𝑉 𝜀𝑐⁄  

because the particles occupied some space but the air flow rate remained the same as 

that at cake inlet, and substituting 𝑟𝑝 with 𝑑𝑝, the drag force was then evaluated by 

 

𝐹𝑝 =
0.197𝜋𝜌𝑎𝑑𝑝

2𝑉𝑐̅

𝜀𝑐
 (7-5) 

 

The polydisperse particles making up the dust cake were assumed to have a lognormal 

distribution, 

 

𝑓(𝑑𝑝) =
1

√2𝜋ln𝜎𝑔
exp [−

(ln𝑑𝑝 − ln𝑑𝑝𝑔)
2

2ln2𝜎𝑔
] (7-6) 

 

where 𝑑𝑝𝑔 is the geometric mean diameter, 𝜎𝑔 the geometric standard deviation. 

 

Furthermore, assuming all the shielding effects caused by the contacts among particles 

in the dust cake were averaged as Equation (7-5), the sum of the drag forces on these 

particles was 

 

𝐹𝑐 = ∫
0.197𝜋𝜌𝑎𝑑𝑝

2𝑉𝑐̅

𝜀𝑐

∞

1
∞

𝑁𝑝𝑓(𝑑𝑝)d(𝑑𝑝) (7-7) 
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where 𝑁𝑝 is the number of particles in the dust cake. 

 

Then a model for evaluating the resistance of the dust cake made of polydisperse 

particles was established as 

 

∆𝑃𝑐 =
𝐹𝑐
𝐴
=
0.197𝜋𝜌𝑎𝑉𝑐̅𝑁𝑝

𝜀𝑐𝐴
∫ 𝑑𝑝

2
∞

1
∞

exp [−
(ln𝑑𝑝 − ln𝑑𝑝𝑔)

2

2ln2𝜎𝑔
]

√2𝜋ln𝜎𝑔
d(𝑑𝑝) 

(7-8) 

 

For a simplified case that the dust cake made of monodisperse particles, the 

relationship between particle number and dust cake mass, 𝑀𝑐, was 

 

𝑀𝑐 =
𝜋

6
𝑁𝑝𝜌𝑝𝑑𝑝

3
 (7-9) 

 

Therefore, a model for evaluating the resistance of a dust cake made of monodisperse 

particles was established as 

 

∆𝑃𝑐 =
0.197𝜋𝜌𝑎𝑑𝑝

2𝑉𝑐̅

𝜀𝑐𝐴
∙ 𝑁𝑝 

=
0.197𝜋𝜌𝑎𝑑𝑝

2𝑉𝑐̅

𝜀𝑐𝐴
∙
6𝑀𝑐

𝜋𝜌𝑝𝑑𝑝
3 

=
1.182𝜌𝑎𝑐̅

𝜌𝑝
∙
𝑉𝑀𝑐

𝜀𝑐𝑑𝑝𝐴
 

(7-10) 
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7.3 Experimentation methods 

 

7.3.1 Size distributions of experimental aerosols 

 

Table 7.1 shows the distributions of experimental aerosols. Three polydisperse 

aerosols were constructed using monodisperse aerosol SiO2 of different particle sizes. 

For monodisperse aerosols, instead of using directly the technical specifications 

provided by their manufacturers, their distributions were calculated based on scanning 

electron microscope (SEM) photographs. As seen, SiO2 aerosols used for 

monodisperse dust loading experiments had the geometric standard deviations of less 

than 1.25, which satisfied the required monodispersity [Japuntich et al. 1994]. 
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Table 7.1 Particle size distributions of experimental monodisperse/polydisperse SiO2 

aerosols 

 

Particle diameter 

(manufacturers), 

nm 

Geometric mean 

diameter (SEM), 

nm 

Geometric standard 

deviation (SEM) 

Monodisperse 

aerosol 

50 52 1.13 

100 103 1.15 

300 310 1.19 

550 553 1.10 

Polydisperse 

aerosol 

- 305 1.25 

- 297 1.44 

- 314 1.65 

 

7.3.2 Laser scanning porosity measuring system for dust cake 

 

Considering that the accuracy for dust cake porosity measurement was inadequate due 

to limited measuring points used in previous studies [Cheng and Tsai 1998, Kim et al. 

2009, Liu et al. 2013], a laser scanning porosity measuring system as shown in Fig 7.2 

was developed to monitor the thickness and porosity of a dust cake during its 

formation. As seen, the measuring system consisted of a constant speed slider driven 
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by a stepper motor and a laser distance sensor having a resolution of 0.1 μm. During 

the back and forth movement of the slider along the diameter of the filter medium, the 

sensor monitored its distance from the filter medium, and the distance data were 

collected and recorded by a computer. For each medium, the number of distance data 

was around 1850 along the diameter. By comparing the distance data before and after 

a dust loading period, the changes in thickness along the filter medium diameter were 

determined and dust cake porosity calculated based on thickness distribution. 

 

 

Fig 7.2 Laser scanning porosity measuring system 

 

Furthermore, as shown in Fig 7.3, a metal gauze was placed on the lower holder and 

its air flow resistance may be considered as close to zero even at a very high face 

velocity. The filter medium was tightly sucked onto the metal gauze when the fan was 

operated and the thickness measured, avoiding the measuring error caused by the 

crimp or deformation of the filter medium. 
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Fig 7.3 The metal gauze prevents deformation of filter media 

 

In addition, Fig 7.4 illustrates an assumed thickness distribution for a dust cake. The 

dust cake was cut into two halves perpendicular to the measured area. In each half, the 

same thickness at the same radius distance as those on the measured area was assumed. 

Then, the area-weighted average thickness for each of half cakes may be calculated 

by taking each thickness data as the height of the half-ring area along the diameter. 

 

 

Fig 7.4 Diagram of a dust cake 
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Lastly, Fig 7.5 shows the thickness measurement results for an H14 glass fiber HEPA 

medium and an H14 PTFE HEPA medium, respectively. For each thickness 

measurement, over 1800 distance data were collected to area-weighted calculate the 

average thickness. Good reproducibility was demonstrated, ensuring the accuracy of 

porosity measurement. 

 

 

Fig 7.5 Thickness measurement results of two HEPA media 

 

7.3.3 Experimental procedures 

 

In some earlier studies, surface filtration was not distinguished from the whole 

filtration process [Aguiar and Coury 1996, Song et al. 2006], leading to considerable 

errors in studying dust cakes. Hence, the windward base materials of experimental 



158 

H14 PTFE HEPA media were removed to avoid its influence on dust cake porosity 

measurement. 

 

The experimental air flow rate was set at 32 L/min, and the corresponding filtration 

face velocity at 5.33 cm/s. The relative humidity of the air flow was controlled at about 

50%. The aerosol concentration was controlled at a level to allow that an experiment 

can be finished in 12 hours. 

 

The initial air flow resistance and thickness distribution were measured before a filter 

medium was loaded with experimental aerosol. During a dust loading experiment, the 

resistance of the filter medium was real-time monitored and recorded. After each 

period of dust loading, the thickness distribution for the loaded filter medium was 

measured four times using the laser scanning porosity measuring system shown in Fig 

7.2, when the filter medium remained stationary. 

 

Prior to measuring the thickness distribution at each period, the air flow rate was 

adjusted so as to maintain the pressure drop at a set point for half an hour before and 

after opening the holders, to eliminate the influence of pressure drop changes during 

different dust loading period on the filter media thickness. The resistance of the loaded 

filter medium was found to remain unchanged before and after thickness measurement 
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during the experiments, suggesting that the dust cake structure was not affected by 

measurement operations. 

 

Moreover, it was found that different pressures on a dust cake would not cause any 

changes in its thickness, so there was no dust cake compression mentioned in other 

studies [Aguiar and Coury 1996, Cheng and Tsai 1998]. The loaded dust mass was 

obtained after a dust loading experiment was ended. The gravimetric efficiency of 

HEPA media tended to be 100%. Hence, the loaded dust mass was directly 

proportional to the dust loading time duration at a stable aerosol concentration. 

 

7.4 Results and discussions 

 

7.4.1 Thickness and porosity of dust cakes 

 

The laser scanning porosity measuring system was used to exam the thickness changes 

of dust cakes due to the deposit of monodisperse aerosols of different diameters of 52 

nm, 103 nm, 310 nm and 553 nm, respectively, on the surface of PTFE membranes 

under the filtration velocity of 5.3 cm/s. The results are shown in Fig 7.6. To 

demonstrate the reliability of the porosity measuring system, a further baseline test 

without loading any dust was undertaken to exam the thickness changes for a PTFE 
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membrane under different resistances, which were realized through adjusting 

experimental air flow rate. As indicated in Fig 7.6 by the curve labeled “Without 

loading dust”, the pressure drop changes across the filter medium had no significant 

impact on the measurement results of its thickness. 

 

 

Fig 7.6 Thickness changes of dust cakes during the monodisperse aerosol loading 

process 

 

As shown in Fig 7.6, the thickness of a dust cake grew non-linearly with the increase 

in loaded dust mass, but the rate of growth was gradually decreased and finally leveled 

as its resistance was increased. During dust loading, certain particles captured by the 

PTFE membrane deposited on top of the dust cake to promote thickness growth but 

the others went inside the cake. Initially, there were more particles on top of the dust 
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cake according to thickness measurement results and the dust cake structure was loose 

and thus easy to penetrate through. Later, the number of particles deposited inside the 

dust cake was increased gradually and that contributed to the thickness growth reduced. 

Finally, a balance between the number of particles deposited on top of the dust cake 

and that inside the cake was reached, to achieve stable micro growth in dust cake 

thickness.  

 

This thickness growth speed slowing down can also be explained based on the study 

of Kasper et al. on the morphology and packing density of particles deposited on thin 

steel fibers using confocal microscopy [Kasper et al. 2010]. In their study, β was 

defined as the ratio of particle inertia to interception and used to distinguish the dust 

cake growth pattern. It was found that when β was increased (corresponding to the 

decrease in interception efficiency of dust cake top structures in the research work 

reported in this Thesis), the dendritic growth pattern of dust cakes was gradually 

changed to the compact growth one, i.e. the thickness growth speed was slowed down.  

 

From Fig 7.6, it can also be seen that at the same increase in resistance, the dust cake 

formed with smaller particles had a greater thickness. This was because smaller 

particles had smaller inertia and stronger diffusion, and were therefore easily caught 

by the particle chains on top of a dust cake to promote thickness growth. 
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Fig 7.7 Porosities of dust cakes made of monodisperse aerosols of different 

diameters 

 

The changes in dust cake porosities due to thickness changes were calculated using 

Equation (2-18) and are plotted in Fig 7.7. As seen, a dust cake formed by smaller 

particles had a larger porosity due to its greater thickness and smaller mass at the same 

increase in resistance. The porosities were decreased almost linearly with the 

resistance increase, which was easy to understand because as shown in Fig 7.6, the 

thickness growth rate for a dust cake slowed down and tended to be stable, while the 

loaded dust mass was increased linearly at a stable experimental aerosol concentration. 

Therefore, the decline trend in porosities of dust cakes should be linear according to 

Equation (2-18). In previous studies on the surface filtration, the thickness or porosity 
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of a dust cake was measured only once after a complete dust loading process, so the 

changes in its thickness and porosity were not investigated. 

 

 

Fig 7.8 Packing densities of dust cakes and the comparisons with previous 

literatures 

 

With reference to the previous experimental results by others, Thomas et al. presented 

a fitting curve relating the change in packing density to particle size [Thomas et al. 

2001]. Fig 7.8 shows the experimental packing densities of dust cakes with different 

size particles at the resistance increase of 400 Pa and a face velocity of 5.33 cm/s in 

the research work. Fitting curve by Thomas and the packing densities obtained in 

previous studies are also shown in Fig 7.8. As seen, the experimental packing densities 

at different particle sizes obtained in the research work were far lower than those in 
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previous studies. However, it should be noted that the resistance growth in previous 

studies usually reached 2000 Pa or even to over 5000 Pa at 5.33 cm/s. As the change 

in porosity was related to an increase in dust cake resistance, a low load application as 

reflected by a low resistance would result in higher porosities and lower packing 

densities than a high load application. Therefore, if the porosity curves in Fig 7.7 may 

be linearly fitted, the packing densities of dust cakes with different particle sizes at 

2000 Pa may be predicted.  

 

In Fig 7.8, the predicted values and variation trend of the packing densities using the 

fitted linear relationship as marked by "Prediction @ 2000 Pa" were similar to the 

results from previous researches by others. Therefore, it can be concluded that the 

porosity and packing density of a dust cake formed during surface filtration were 

determined by dust loads, which should be taken into account when comparing and 

analyzing the porosity of a dust cake as well as building surface filtration resistance 

models. 
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Fig 7.9 Porosities of dust cakes made of polydisperse aerosols with a geometric 

mean diameter of around 300 nm and different geometric standard deviations 

 

The porosities were also evaluated for dust cakes formed from polydisperse aerosols 

with a geometric mean diameter of about 300 nm but with different geometric standard 

deviations. As seen from Fig 7.9, porosities of the dust cakes made of polydisperse 

particles showed an approximate linear decrease with the increase in resistance, which 

was the same as that for monodisperse aerosols.  

 

The porosities of the dust cake with a greater geometric standard deviation, 𝜎𝑔, were 

lower, but with a higher decline rate at the same level of resistance increase. This 

difference in porosity can be explained by the agglomeration effect. An increase in 

geometric standard deviation for aerosols led to an increase in particle size diversity 
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and more larger particles tended to deposit inside the dust cake and filled some gaps 

because of greater inertia, thus the agglomeration effect became more significant. This 

suggested that under the same loaded dust mass, a dust cake made of the aerosol of a 

larger geometric standard deviation had a smaller thickness and a larger packing 

density. 

 

7.4.2 Evaluation of resistance for dust cakes made of monodisperse aerosols 

 

The experimental surface filtration resistance curves of PTFE media loaded with 

monodisperse aerosols of different diameters are shown in Fig 7.10. As a parameter 

in the surface filtration resistance models, i.e., Equation (7-8) and Equation (7-10), the 

dust cake porosity was decreased with an increase in resistance according to the results 

shown in Fig 7.7, which further meant it was also decreased with an increase in loaded 

dust mass that was directly proportional to the resistance as shown in Fig 7.10. 

Therefore, formulas linking dust cake porosities with loaded dust mass were fitted and 

applied to the surface filtration resistance model for monodisperse aerosols, i.e., 

Equation (7-8). The pressure drops calculated based on the monodisperse model are 

also given in Fig 7.10.  

 

As seen, the experimental resistances of dust cakes made of four monodisperse 

aerosols were increased almost linearly with an increase in loaded dust mass. A larger 
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particle size led to lower growth rates of resistance, which was consistent with the 

results from a previous study on monodisperse dust loading experiments [Song et al. 

2006]. 

 

 

Fig 7.10 Experimental resistances for dust cakes made of monodisperse 

particles and its comparison with the monodisperse theoretical model 

 

The calculation results for surface filtration resistances using monodisperse aerosols 

also showed linear variation trends with an increase in loaded dust mass. However, 

according to Equation (7-8), both a decrease in porosity and an increase in loaded dust 

mass would result in an increase in resistance, and the porosity was negatively 

correlated to the loaded dust mass. Consequently, a non-linear growth in resistance 

with an increase in loaded dust mass should be demonstrated, which was inconsistent 

with the linear variation trends in Fig 7.10. Nevertheless, as seen in Fig 7.7, the 
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porosities of dust cakes for the four monodisperse aerosols remained at > 0.9, thus the 

effect of the changes in porosity on the calculated results using the models for surface 

filtration resistance in this Chapter was not significant, and the linear trends can be 

adopted. 

 

Table 7.2 Comparison between the dust cake resistances loaded with monodisperse 

aerosol and the model calculation 

 

Linear fitting coefficient 

for dust loading 

experiments, Pa/(g/m2) 

Linear fitting 

coefficient for model 

calculation, Pa/(g/m2) 

Ratio, 

experiment/model 

52 nm 448.76 351.83 1.27 

103 nm 249.26 180.16 1.38 

310 nm 75.72 59.61 1.27 

553 nm 45.22 34.97 1.29 

 

According to Fig 7.10, the experimental resistances for the dust cakes made of four 

monodisperse aerosols were significantly greater than those calculated using the 

monodisperse model. The linear fitting coefficients for all eight curves shown in Fig 

7.10 are listed in Table 7.2. As seen, the differences between the coefficients for 

experiments and those for model calculations were ranged between 27% and 38%. 

 



169 

It should be noticed that the resistance models in this Chapter were developed based 

on the rigid-body specular reflection hypothesis, which may not fully reflect the actual 

situation. According to a study on particle drag force for large Knudsen number 

situations [Li and Wang 2003], the specular reflection drag force should be corrected 

by a factor of 1 + 𝜋/8 if the diffuse reflection hypothesis was adopted, to bring the 

differences shown in Table 7.2 to within 10%. This suggested that after applying the 

correction factor, the diffuse reflection hypothesis may be better applied better to 

particle drag force evaluation in a dust cake. Consequently, the resistance models 

developed for the dust cake composed of both monodisperse and polydisperse 

particles were modified as Equation (7-11) and Equation (7-12), respectively, as 

follows, 

 

∆𝑃𝑐 =
1.595𝜌𝑎𝑐̅

𝜌𝑝
∙
𝑉𝑀𝑐

𝜀𝑐𝑑𝑝𝐴
 (7-11) 

 

∆𝑃𝑐 =
0.266𝜋𝜌𝑎𝑉𝑐̅𝑁𝑝

𝜀𝑐𝐴
∫ 𝑑𝑝

2
∞

1
∞

exp [−
(ln𝑑𝑝 − ln𝑑𝑝𝑔)

2

2ln2𝜎𝑔
]

√2𝜋ln𝜎𝑔
d(𝑑𝑝) 

(7-12) 
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7.4.3 Evaluation of resistance for dust cakes made of polydisperse aerosols 

 

For an aerosol with the lognormal size distribution, the relationship among its mass 

mean diameter, the geometric mean diameter and the geometric standard deviation 

was as follows[Xu 2014], 

 

lg𝑑𝑝𝑚
3 = lg𝑑𝑝𝑔

3 + 10.362lg2𝜎𝑔 (7-13) 

 

Therefore, the total number of particles in a dust cake, 𝑁𝑝, can be calculated using the 

cake mass and mass mean diameter of particles, and the polydisperse resistance model 

can be converted from Equation (7-12) to 

 

∆𝑃𝑐 =
0.197𝜋𝜌𝑎𝑉𝑐̅

𝜀𝑐𝐴
∙
6𝑀𝑐

𝜋𝜌𝑝𝑑𝑚
3 ∙ ∫ 𝑑𝑝

2
∞

1
∞

exp [−
(ln𝑑𝑝 − ln𝑑𝑝𝑔)

2

2ln2𝜎𝑔
]

√2𝜋ln𝜎𝑔
d(𝑑𝑝) 

=
1.182𝜌𝑎𝑉𝑐̅

𝜀𝑐𝐴
∙
𝑀𝑐

𝜌𝑝
∙
1

𝑑𝑚
3∫ 𝑑𝑝

2
∞

1
∞

exp [−
(ln𝑑𝑝 − ln𝑑𝑝𝑔)

2

2ln2𝜎𝑔
]

√2𝜋ln𝜎𝑔
d(𝑑𝑝) 

(7-14) 

 

A coefficient relating to particle size distribution parameters was proposed to reflect 

their influences on the resistance growth rate for a dust cake as 
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ζ(𝑑𝑝𝑔, 𝜎𝑔) =
1

𝑑𝑚
3∫ 𝑑𝑝

2
∞

1
∞

exp [−
(ln𝑑𝑝 − ln𝑑𝑝𝑔)

2

2ln2𝜎𝑔
]

√2𝜋ln𝜎𝑔
d(𝑑𝑝) 

(7-15) 

 

For aerosols with geometric mean diameters of 100 nm, 300 nm and 550 nm, Equation 

(7-15) was used to calculate the coefficients of ζ(𝑑𝑝𝑔, 𝜎𝑔) with geometric standard 

deviations from 1.1 to 2.0, and the calculation results are shown in Fig 7.11. The three 

coefficients corresponding to the three dust loading experiments conducted using 

aerosols with a geometric mean diameter of about 300 nm but different geometric 

standard deviations are also shown on the graph. 

 

 

Fig 7.11 Influence of the polydispersity on the resistance of dust cakes -- 

theoretical calculation and experimental results 
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It can be seen from Fig 7.11 that for the aerosols with three different geometric mean 

diameters, the resistance growth rates were decreased dramatically with an increase in 

geometric standard deviation, indicating that aerosol polydispersity significantly 

impacted on the resistance growth rate of a dust cake. The coefficients based on the 

experimental results showed similar decreasing trends with an increase in the 

geometric standard deviation, but were lower than those calculated using Equation (7-

15) for aerosols with a geometric mean diameter of about 300 nm. It seemed that with 

an increase in geometric standard deviation, the differences between the experimental 

and calculated coefficients were also increased. These differences may be determined 

by the agglomeration effect in the dust cake. It was assumed in the resistance models 

in this Chapter that each particle in a dust cake connected only two other particles 

upstream and downstream. However, the agglomeration of particles in a dust cake 

resulted in the shielding effect of some particles being far greater than that in the 

assumption. This meant that the actual effective drag force acting area for a particle 

was smaller than that used in assumption in the model, which was reflected in a macro 

way that the resistance for a dust cake was lower than that calculated by the models. 

The size diversity of particles was also increased with an increase in geometric 

standard deviation, leading to an increase in agglomeration effect. A similar pattern 

has been found in several previous dust cake simulation studies [Kim et al. 2009, Fu 

and Kang 2010]. 
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Fig 7.12 Comparison of dust cake resistances with different models for 

polydisperse aerosols 

 

The experimental dust loading resistances for polydisperse aerosols with a geometric 

mean diameter of 297 nm and a geometric mean standard of 1.44 and the 

corresponding calculation results using Thomas model, Endo model and the 

polydisperse resistance model developed in this Chapter, i.e., Equation (7-12) are 

plotted in Fig 7.12. In the figure, 𝐶𝑜 was taken as 0 for Thomas model, and 𝜑(𝜀) =

10(1 − 𝜀)/𝜀 was assumed for Endo model.  

 

As seen from Fig 7.12, the resistances calculated using the model for polydisperse 

aerosols developed in this Chapter demonstrated a linear growth with an increase in 

loaded dust mass and achieved the best agreement with the experimental results, as 

compared with the predictions by using other two models. The resistances calculated 
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using Endo model were significantly lower than the experimental results. According 

to Endo model, the calculation accuracy depended on the empirical coefficient 𝜑(𝜀) 

affected by the dust cake structure. Although Endo model showed good agreement 

with the experimental results when 𝜑(𝜀) = 10(1 − 𝜀)/𝜀  was assumed for some 

applications [Elmøe et al. 2009], its practicability was inadequate for the research 

work reported in this Thesis.  

 

Given 3.5th power of porosity in Equation (2-17), Thomas model presented a much 

higher growth rate than a linear variation trend since the porosity of a dust cake was 

almost linearly decreased with an increase in dust loading mass. Furthermore, 

although the difference between the prediction by Thomas model and the experimental 

results was not significant initially, it was increased rapidly, with greater deviations 

from the experimental results when loaded dust mass was greater. It should be also 

noticed that Thomas model was built for the nanostructured dust cakes which were 

formed by nanoparticles and there may not be significant declines in the dust cake 

porosities as the dust load was much heavier, while the typical particle size for the 

general ventilation applications concerned in the research work reported in this Theis 

was submicron and varied from 0.05~0.5 μm. 
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In conclusion, as each resistance model has its applicability, for the surface filtration 

resistance in applications of general ventilation and clean air-conditioning, the model 

established in this Chapter demonstrated the best applicability. 

 

7.5 Conclusions 

 

The resistance performances for filter media during dust loading have received special 

attention because of its considerable influence on the energy consumption and life 

span of ventilation systems. In this Chapter, surface filtration resistance models were 

developed and experimentally validated. To monitor the changes in thickness and 

porosity for dust cakes during their formation, a laser scanning porosity measuring 

system was established and its accuracy and reproducibility demonstrated with over 

1800 measuring points and the fact that the averaged values for HEPA media thickness 

in repeated tests were close one another. Using this system to monitor the formation 

process of a dust cake, it was found that an increase in the thickness of a dust cake was 

gradually decreased with an increase in loaded dust mass and finally leveled, and that 

the porosity was decreased linearly. 

 

Moreover, the dust cake resistance models for both monodisperse aerosols and 

polydisperse aerosols were respectively developed by calculating the shielding effect 

of particles based on the kinetic theory. Experimental results using monodisperse 
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aerosol suggested the better applicability of using the rigid-body diffuse reflection 

hypothesis than the spectra reflection hypothesis in developing resistance models. The 

predictions by using the polydisperse model agreed better with the experimental 

results than that using the previous models by other researchers. The models 

developed in this Chapter provide a new approach to theoretically studying the 

filtration resistance, and could be applied to not only the surface filtration but also the 

complete process of filtration for fibrous filter media. 
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Chapter 8  

 

Evaluation and optimization for the dust loading performance of 

PTFE HEPA media 

 

8.1 Introduction 

 

HEPA filters made of fibrous HEPA media have been used in many fields to maintain 

a super clean indoor air environment for various purposes, such as cleanrooms for 

producing semiconductor and LCD panels, nuclear power plants, bio-pharmacy and 

food processing and production facilities. During the service life of a HEPA medium, 

its filtration efficiency and resistance were simultaneously increased as dust was being 

loaded into the media. However, while little change in the filtration efficiency may be 

accepted due to its very high initial filtration efficiency at >99.95%, special attention 

should be paid to the increase in resistance which directly led to an increase in the 

energy consumption of a ventilation system and determined the lifespan of a HEPA 

filter. 

 

Traditional glass fiber media has been commonly used as HEPA media. Recently, the 

PTFE HEPA media, which were usually applied to dedusting industry for the removal 
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of large particles in exhaust gas, have emerged as an alternative and gradually gained 

a certain percentage of market share because of their much lower initial resistance, as 

compared to that of glass fiber at the same efficiency class. 

 

The dust loading performance of a HEPA medium referred to its dynamic resistance 

and energy consumption at a fixed amount of loaded dust mass. There have been a 

number of studies investigating the dust loading performance of glass fiber HEPA 

filters and HEPA media loaded with solid particles. However, there has been very 

limited research work reported in the open literature that focused on the dust loading 

performances of PTFE HEPA media. It is noted that the users of Fan Filter Unit (FFU) 

in the mainland China were always concerned about the experimental energy 

consumption comparison between PTFE HEPA media and glass fiber HEPA media 

and would expect a quantitative comparison result. But until now no tests for energy 

consumption and no developed evaluation methods for HEPA filters and media have 

been reported in the existing literature. 

 

On the other hand, although PTFE HEPA media had a much lower initial resistance, 

their resistance growth rate may be higher than that of glass fiber HEPA media due to 

their sandwiched structure. Therefore, PTFE HEPA media can only be used in low 

dust load applications, where upstream air filters with a high efficiency were required. 

If the dust loading performance of PTFE HEPA media was improved, i.e., their 
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resistance growth rate was lowered, the energy consumption of PTFE HEPA media 

can be reduced and their applications expanded. 

 

Therefore, the research work presented in this Chapter focused firstly on proposing an 

evaluation method for dust loading performance of HEPA media. A life span energy 

consumption model for HEPA media was built in the method. Secondly, the evaluation 

method was used to compare the dust loading performance between a glass fiber 

HEPA medium and a PTFE HEPA medium at the same filtration efficiency class. 

Lastly, composite PTFE HEPA media were developed for improving the dust loading 

performance of PTFE HEPA media. 

 

8.2 Evaluation method for dust loading performance of HEPA media 

 

Although the initial resistance and filtration efficiency of HEPA filter media have been 

extensively investigated, there were no standards and systematic research work on the 

evaluation method for the dust loading performance of HEPA filter media in the 

present literature. Therefore, based on the research work reported in Chapters 4~7, an 

evaluation method for the dust loading performance of HEPA media has been 

proposed from the following three aspects: the applicability of experimental aerosols, 

an experimental setup and procedures, and an energy consumption model for HEPA 

media. 
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8.2.1 Applicability of experimental aerosols 

 

It has been reported in Chapter 5 that, an increase in air flow humidity would lead to 

an irreversible decrease in the resistance of a fibrous medium loaded with particles 

that were able to absorb moisture. On the other hand, due to the effect of particle 

diameter on the resistance of fibrous media, the loaded dust masses at the same final 

resistance could differ greatly for fibrous media loaded with particles of different 

average diameters. Therefore, the applicability of experimental aerosols including the 

humidity sensitivity and the size distribution should be specified and examined when 

evaluating dust loading performance of HEPA media. 

 

The humidity sensitivity of an experimental aerosol can be examined by a pre-

experiment. In the pre-experiment, the experimental aerosol was used to conduct dust 

loading for a HEPA medium at a fixed relative humidity of experimental air flow. 

When the resistance of the HEPA medium was increased to 150% of the initial value, 

the relative humidity of the experimental air flow was increased by about 10%. If the 

medium resistance was decreased significantly, the experimental aerosol was regarded 

as being humidity sensitive. When humidity-sensitive aerosols were used for dust 

loading of HEPA media, the relative humidity of experimental air flow should be 

controlled at a preset level, with a fluctuation of less than 3%. 
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The size distribution of experimental aerosols should refer to that of the challenge 

aerosol for HEPA media in the actual use environment[EN 2012]. Since a HEPA filter 

was commonly used with an upstream coarse filter and an upstream efficient filter, the 

size distribution of the atmospheric aerosol filtered firstly by a G3 medium and then 

an F7 medium was measured. The measurement began at 8:00 and ended at 17:00 and 

the aerosol concentration was averaged at each size range. Fig 8.1 shows the measured 

distributions. As seen, the filtered atmospheric aerosol was basically distributed in the 

size range of less than 1.0 μm and its concentration distribution was narrower than its 

mass distribution. 

 

 

Fig 8.1 Size distribution of the atmospheric aerosol filtered by a G3 medium and 

an F7 medium 
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Since the MPPS of the efficient filter was about at 0.4 μm, in order to avoid the 

significant effect of large particles on the loaded dust mass of HEPA media, the 

experimental aerosol should have a mass median diameter,⁡𝐷50
𝑉 , of less than 0.4 μm, 

which may be further used as a standard specification. In Fig 8.1, the value of 𝐷50
𝑉  of 

the filtered atmospheric aerosol was at 0.32 μm, which was also consistent with the 

specification for the size distribution of the challenge aerosol. 

 

When the pressure of compressed air in the aerosol generation bypass was set to 120 

kPa and that in dry air bypass 20 kPa, the value of 𝐷50
𝑉  of the experimental KCl 

aerosol generated using the aerosol generator of the experimental setup reported in 

Chapter 4 and the KCl solution with the mass concentration of 1% was at 0.38 μm. 

Then, this experimental KCl aerosol can be used in the evaluation for dust loading 

performance of HEPA media when the relative humidity of experimental air flow was 

controlled at a preset level with a fluctuation of less than 3%. 

 

8.2.2 Experimental setup and procedures 

 

The experimental setup reported in Chapter 4 was able to meet the experimental 

requirements for the desired evaluation, but the following procedures should be 

followed. 
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1) Getting ready the qualified experimental aerosol and the corresponding generator; 

 

2) Opening the holders in experimental setup and examining the accuracy of resistance 

measurement for the setup; 

 

3) Cutting the tested HEPA medium to the size suitable for the holders and measure 

its initial mass at the temperature and humidity of the experimental air flow, with an 

accuracy of 0.1mg; 

 

4) Installing the tested HEPA medium in the experimental setup, adjusting the rate of 

experimental air flow to a preset value and recording the initial resistance of the HEPA 

medium, and adjusting the relative humidity of experimental air flow at a level of less 

than 65%. When the experimental aerosol was sensitive to the changes in relative 

humidity, the relative humidity should be more accurately controlled with a 

fluctuation of less than 3%; 

 

5) Generating the experimental aerosol at a stable concentration to load the tested 

HEPA medium and recording real-time the medium resistance and aerosol 

concentration; 
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6) Shutting down the aerosol generator when the final resistance reached and 

measuring the final mass of the tested HEPA medium. The final resistance can be set 

at 2-3 times of the initial one according to the actual applications of the tested HEPA 

medium. 

 

8.2.3 Energy consumption model of HEPA media 

 

So far there have not been international or regional standards to evaluate the dust 

loading performances of HEPA filters. Manufacturers and end-users generally 

regarded loaded dust mass in actual use as a reference to describe the durability of a 

HEPA filter. However, dust loading capacity only reflected the dust mass containing 

by a HEPA filter at its final resistance under experimental conditions without taking 

the energy consumption performance into consideration. Therefore, it became 

worthwhile to study the energy consumption performances for HEPA filters. 

 

The flow resistance of HEPA filters generally included both HEPA media resistance 

and structure resistance. The latter usually accounted for only a small percentage of 

the total resistance and remained unchanged during its entire service life. Hence, 

energy consumption comparison among HEPA filters based on their dynamic 

resistance should be acceptable. 
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The European Ventilation Association's Standard, EUROVENT 4/21: 2018 Energy 

efficiency evaluation of air filters for general ventilation purposes, provided a model 

for calculating the energy consumption of filters for general ventilation based on 

laboratory test results. This model was applied to evaluating the energy consumption 

performance of HEPA media presented in this Chapter. 

 

The energy consumption of a HEPA medium can be evaluated as follows, 

 

𝑊𝑡 =
𝑞𝑣 ∫ ∆𝑃𝑑𝑡

𝑡

0

𝜂 ∙ 1000
=
𝑞𝑣𝑡∆𝑃𝑡̅̅ ̅̅̅

𝜂 ∙ 1000
=
𝑞𝑣𝑚∆𝑃𝑚̅̅ ̅̅ ̅

𝜂 ∙ 1000
 (8-1) 

 

where 𝑊𝑡 is the total energy consumption of a HEPA medium, 𝑞𝑣 the rated air flow 

rate, ∆𝑃 the dynamic resistance, 𝜂 the fan efficiency, 𝑡 the run time, ∆𝑃𝑡̅̅ ̅̅̅ the time 

averaged resistance, 𝑚 the loaded dust mass, ∆𝑃𝑚̅̅ ̅̅ ̅ the mass averaged resistance.  

 

Since other parameters in Equation (8-1) were constant, the mass averaged resistance 

can be used to evaluate the energy consumption performance for HEPA media. 
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Fig 8.2 Resistance curve for a HEPA medium 

 

In order to calculate the mass averaged resistance, a polynomial fitting can be made 

for the resistance curve of a HEPA medium during dust loading, as shown in Fig 8.2. 

The expression of the fitting was as follows, 

 

∆𝑃(𝑚) = 𝑎 ∙ 𝑚4 + 𝑏 ∙ 𝑚3 + 𝑐 ∙ 𝑚2 + 𝑑 ∙ 𝑚 + ∆𝑃0 (8-2) 

 

where ∆𝑃(𝑚)  is medium resistance at loaded mass 𝑚 , 𝑎 , 𝑏 , 𝑐 , 𝑑  the fitting 

parameters.  

 

Then the mass averaged resistance of a HEPA medium can be evaluated as follows. 

 



187 

∆𝑃𝑚̅̅ ̅̅ ̅ =
1

𝑀𝑓
∫ ∆𝑃(𝑚)𝑑𝑚
𝑀𝑓

0

 

=
1

5
𝑎 ∙ 𝑀𝑓

4 +
1

4
𝑏 ∙ 𝑀𝑓

3 +
1

3
𝑐 ∙ 𝑀𝑓

2 +
1

2
𝑑 ∙ 𝑀𝑓 + ∆𝑃0 

(8-3) 

 

where 𝑀𝑓 is the final loaded dust mass of the medium. 

 

In summary, an evaluation method for dust loading performance of HEPA media was 

developed, based on the research work reported in Chapters 4~7 from three aspects: 

the applicability of experimental aerosol, experimental setups and procedures, and the 

evaluation method of energy consumption. It was considered in this method that the 

particle size distribution of experimental aerosols and the sensitivity of aerosols to the 

change in relative humidity of experimental air flow to eliminate the possible errors 

caused by the experimental aerosols. In addition, using energy consumption to reflect 

the dust loading performance for HEPA media would be better than using the dust 

loading capacity. 
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8.3 Dust loading performance comparison between PTFE HEPA media and glass 

fiber HEPA media 

 

8.3.1 Resistance curves and filtration stage comparison 

 

The evaluation method presented in Section 8.2 was used to evaluate and compare the 

dust loading performance between a glass HEPA medium and a PTFE HEPA medium, 

and the comparison results are presented in this Section. Dust loading experiments for 

an H14 glass fiber medium and an H14 PTFE medium were conducted at 5.3 cm/s 

filtration velocity and the final resistance was set at 900 Pa. In Fig 8.3, the SEM photos 

for loaded H14 glass fiber medium and H14 PTFE medium are compared, and in Fig 

8.4, the obtained resistance curves for the two HEPA media illustrated. 

 

Earlier studies indicated that in the preliminary dust loading stage for a glass fiber 

HEPA medium, part of particles may deposit on the surface of medium while others 

can easily penetrate the surface into the depth of the medium due to the porous 

structure of the glass fiber medium. However, as the growing dendritic particle fibers 

gradually filled up the space among fibers, it became harder for particles to arrive at 

the further depth of the medium. Then depth filtration turned into surface filtration and 

a dense dust cake can be formed. As shown in the SEM photos for the loaded glass 
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fiber medium in Fig 8.3 (a), Fig 8.3 (c) and Fig 8.3(e), after a long-time deposition, 

the dust particles captured by the glass fiber medium formed dendritic dust fibers 

inside the medium and a dust cake on the medium surface. 

 

By contrast, the dust loading process for the PTFE medium was very different from 

that for the glass fiber medium. In Fig 8.3(b), no dust cake can be found on the surface 

of the PTFE medium. However, with an enlarged view shown in Fig 8.3(d), it is seen 

that the upper coarse fibers of base material contributed little to filtrating particles 

because of their much larger diameter and lower packing density, so that most of the 

particles were deposited on the surface of PTFE membrane. Fig 8.3(f) shows a profile 

SEM photo of a loaded PTFE medium whose windward base material was removed. 

As seen, the PTFE membrane was extremely thin and effective so that particles were 

deposited directly on the membrane rather than into it. 
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(a) Surface of the loaded glass fiber medium (b) Surface of the PTFE fiber medium 

  

(c) Depth of the loaded glass fiber medium (d) Depth of the loaded PTFE medium 

  

(e) Profile of the loaded glass fiber medium (f) Profile of the loaded PTFE medium 

Fig 8.3 SEM photos of H14 glass fiber/PTFE media after being loaded with KCl solid particles 
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It can be seen from the resistance curve for the H14 glass fiber medium shown in Fig 

8.4 that, the resistance of the glass fiber medium was increased with an increase in the 

amount of particles deposited on it. The rate of increase was small initially, but became 

gradually great, which was also consistent with the results in earlier studies. However, 

the resistance curve for the PTFE medium was almost a straight line, which was 

different from that of the glass fiber HEPA medium. This suggested that the resistance 

of PTFE media was increased uniformly and the filtration stage remained unchanged 

during the whole process of dust loading. From the above micro-observation results 

for the loaded H14 PTFE medium, it can be inferred that only one filtration stage 

existed during dust loading for PTFE media, i.e., surface filtration. 

 

The resistance of the H14 PTFE medium was increased linearly with an increase in 

the loaded dust mass, and its rate of resistance growth was always higher than that of 

the H14 glass fiber medium. Therefore, although the initial resistance of the H14 PTFE 

medium was far lower than that of the H14 glass fiber medium, the resistance of the 

H14 PTFE medium actually exceeded that of the H14 glass fiber medium when the 

loaded dust mass reached 3 g/m2. 
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Fig 8.4 Resistance curves of H14 glass fiber medium and H14 PTFE medium 

 

8.3.2 Average resistance comparison 

 

Fig 8.5 shows the mass averaged resistance curves of the two tested H14 media under 

different loaded dust masses, where the mass averaged resistance was evaluated using 

Equation (8-3). It can be seen from Fig 8.5 that the growth rate for the mass averaged 

resistance of the H14 glass fiber medium was increased slowly but that of the H14 

PTFE medium stayed almost constant. The mass averaged resistance of H14 PTFE 

medium was firstly less than, but finally greater than that of H14 glass fiber medium 

when the loaded dust mass exceeded 6 g/m2 and the gap between them became wider 

thereafter. Thus, it can be concluded that the advantage of using H14 PTFE media for 
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low energy consumption was obvious at low dust loading or short-term use conditions, 

otherwise, the use of H14 glass fiber media would be more energy efficient. 

 

 

Fig 8.5 The mass averaged resistance curves for the tested H14 glass fiber medium 

and H14 PTFE medium 

 

Although PTFE media had about 50% lower initial resistance than glass fiber HEPA 

media, the evaluation results for their mass averaged resistances revealed that, the use 

of PTFE HEPA media may not be more energy efficient than the use of glass fiber 

HEPA media as shown in Fig 8.5, due to the higher growth rate of resistance. If the 

dust loading performances of the PTFE media were improved, the applications of the 

PTFE medium can be significantly expended and the energy consumption by cleaning 

air-conditioning systems lowered. 
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8.4 Developing composite PTFE media 

 

The composite filter media with gradient structures used in the mainland China were 

firstly designed by Shen [2006] and applied to the flue gas purification for coal-fired 

power plants. The filtration performances of these composite media were 

experimentally tested [Yan 2006, Liu and Xu 2009, Liang and Shen 2010] and their 

production methods investigated [Huangfu 2015, Zhang et al. 2016]. The composite 

media with gradient structures have also been used in the purification of indoor air 

[Zhou 2015]. However, these media were designed to filtrate large particles, and dust 

cakes were formed quickly, and the formed dust cakes used to filtrate particles. 

Therefore, the composite media with gradient structures cannot be applied to cleaning 

air-conditioning systems that were to having relatively small particles. However, the 

method of compositing media for the filtration performance optimization of fibrous 

media may be a good reference for enhancing the dust loading performance of PTFE 

media. 

 

8.4.1 Windward base material for composite PTFE media 

 

According to Section 8.3, the resistance growth rate of PTFE HEPA media was higher 

than that of glass fiber HEPA media at the same filtration efficiency class. Since the 
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windward base materials of PTFE HEPA media had almost no contribution to 

capturing particles, a composite PTFE medium could be constructed by using a 

medium with a fixed filtration efficiency as the windward material of a PTFE medium, 

so as to reduce the number of particles deposited on the PTFE membrane to form a 

dust cake. Glass fiber media and electret media may be considered as the windward 

base materials for composite PTFE media. 

 

Electret media referred to the fibrous filter media made of fibers with static electricity 

inside or on the surface [Cao 2007], which had a relatively low initial resistance and 

high filtration efficiency. Although the filtration efficiency of electret media would be 

decreased due to the effect of deposited particles on fiber static electricity during dust 

loading, the filtration efficiency of a composite PTFE medium with a windward 

electret medium can also be guaranteed by the PTFE membrane. 

 

Fig 8.6 shows the filtration efficiency curves for the original windward base material 

of an H14 PTFE medium, an electret medium and an F7 glass fiber medium, 

respectively, at a filtration velocity of 5.3 cm/s. As seen, the original windward base 

material had no significant filtration effects for particles, which was consistent with 

the SEM observation results shown in Fig 8.3. By contrast, the glass fiber medium had 

very high filtration efficiencies for particles within all relevant size ranges and 
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filtration efficiencies of the electret medium were overall higher than that of the glass 

fiber medium. 

 

Fig 8.7 compares the initial resistance curves for the above mentioned three media. It 

can be seen that, the original windward base material had an initial resistance of only 

about 2 Pa at a filtration velocity of 5.3 cm/s, contributing little to the initial resistance 

of an H14 PTFE medium of about 120 Pa. Although the initial resistance of the electret 

medium was significantly higher than that of the original windward base material at 

the same filtration velocity, it was much lower than that of the glass fiber medium, 

suggesting that the electret media had lower initial resistances but higher filtration 

efficiencies than the glass fiber media. Therefore, the electret media were chosen as 

the windward base material of the composite PTFE media. 
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Fig 8.6 Filtration efficiency curves for the original base material of an H14 PTFE 

medium, an electret medium and an F7 glass fiber medium 

 

 

Fig 8.7 Initial resistance curves for the original base material of an H14 PTFE 

medium, an electret medium and an F7 glass fiber medium 
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8.4.2 Dust loading performance of composite PTFE media 

 

The method proposed in Section 8.2 can also be used to evaluate the dust loading 

performance of the composite PTFE media. To investigate the initial filtration 

efficiency of the electret media on the dust loading performance of composite PTFE 

media, three electret media named “Electret Low”, “Electret Medium” and “Electret 

Efficient” were respectively used as the windward base material of composite PTFE 

media. The three media had their initial filtration efficiencies of over 65%, 90% and 

95% for 0.4 μm particles, respectively. Fig 8.8 illustrates the resistance curves for 

three composite PTFE media during dust loading and also those for an H14 glass fiber 

medium and an H14 PTFE medium. 

 

As seen, the loaded dust masses at the final resistance of 900 Pa for three composite 

PTFE media were all greater than that of the H14 PTFE media, meaning that the dust 

loading performances of PTFE media were significantly improved by being 

composited with the electret media. Moreover, the resistances of PTFE media 

composited respectively with the “Electret Medium” medium and the “Electret 

Efficient” medium were always less than that of the H14 glass fiber medium at the 

same amount of loaded dust mass. This implied that these two composite PTFE media 

could be always more energy efficient than the H14 glass fiber medium, thus removing 

the application limits for PTFE HEPA media. 
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Fig 8.8 Resistance curves for three composite PTFE media, an H14 PTFE media 

and an H14 glass fiber media during dust loading 

 

It can also be seen from Fig 8.8 that, although the resistances of PTFE media 

composited with the “Electret Low” medium or “Electret Efficient” medium were 

lower than that of the H14 PTFE media at a fixed loaded dust mass, they were higher 

than that of the PTFE composited with the “Electret Medium” medium. The filtration 

efficiency of an electret medium with a low filtration efficiency may be quickly 

weakened when its static electricity was eliminated. Hence, such an electret medium 

may not be able to provide effective protection for the PTFE membranes. However, 

an electret medium with a high filtration efficiency may be easily clogged by deposited 

particles and surface filtration would take place, leading to a higher growth rate of 
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resistance. Therefore, these two electret media would be less appropriate for 

compositing PTFE media than that named “Electret Medium”. 

 

The resistance growth coefficients, 𝑘2 , for the five media shown in Fig 8.8 were 

evaluated and are plotted in Fig 8.9. The coefficients can be used to reflect the filtration 

stage (i.e., depth filtration, transition stage, or surface filtration) for the five media. As 

seen, firstly, except for the H14 PTFE media experiencing only surface filtration and 

with the highest 𝑘2 value, the other four media had all experienced depth filtration, 

with smaller initial 𝑘2 values. 

 

 

Fig 8.9 The resistance growth coefficients for three composite PTFE media, an 

H14 PTFE media and an H14 glass fiber media 
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Secondly, the 𝑘2 values for the PTFE medium composited with the “Electret Low” 

medium at a loaded dust mass of 7 g/m2 were as high as those of the H14 PTFE 

medium. This indicated that the “Electret Low” medium had little filtration efficiency 

under this loaded dust mass condition, and the composite PTFE media behaved as an 

H14 PTFE medium. Thirdly, the variation trend for the 𝑘2  values of the PTFE 

medium composited with the “Electret Efficient” medium was similar to that of the 

H14 glass fiber medium, indicating a similar clogged filtration process. Lastly, the 

PTFE medium composited with the “Electret Medium” medium had always smaller 

𝑘2 values and correspondingly lower growth rates of resistance. 

 

Fig 8.10 shows the mass averaged resistances for the five media, which can be used 

to directly compare their energy consumption performances. As seen, the mass 

averaged resistances for the three composite PTFE media at a fixed loaded dust mass 

were always lower than those of both the H14 glass fiber medium and H14 PTFE 

medium. Among the three composite PTFE media, the PTFE medium composited 

with the “Electret Medium” medium had the lowest mass averaged resistance under 

the same loaded dust mass and was therefore the most energy efficient composite 

PTFE media for the experimental aerosol. 
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Fig 8.10 Mass averaged resistances for three composite PTFE media, an H14 

PTFE media and an H14 glass fiber media 

 

8.5 Conclusions 

 

In this Chapter, firstly, the development of an experimental evaluation method for dust 

loading performances of HEPA filter media is presented. The method considered the 

following three aspects: the applicability of experimental aerosol in terms of particle 

size and humidity sensitivity, experimental setups and procedures, and the evaluation 

method of energy consumption. This method was used to compare the dust loading 

performances when using an H14 PTFE medium with those when using an H14 glass 

fiber medium. Scanning electronic microscope (SEM) photos were taken, when the 

resistance of the two media after being loaded reached 900 Pa at a filtration velocity 
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of 5.3 cm/s. The comparison results showed that although the PTFE HEPA medium 

had a 50% lower initial resistance, its resistance growth rate was far greater than that 

of the glass fiber HEPA medium.  

 

Secondly, to remove the application limit of PTFE media due to their poorer dust 

loading performances, the development of composite PTFE media is reported in this 

Chapter. Composite PTFE media were developed by replacing the windward base 

materials of PTFE media, three electret filter media of three different efficiencies were 

used as the windward materials to make composite PTFE media. The mass averaged 

resistances during dust loading for these composite PTFE media were experimentally 

obtained and compared. The comparison results showed that the dust loading 

performances of the above three PTFE media were significantly improved after 

compositing, all being better than that of a glass fiber HEPA medium. Among them, 

the PTFE medium composited with the “Electret Medium” medium had the best 

energy consumption performance when using an eligible experimental aerosol. It 

should be noticed, however, that the best composite PTFE medium applied only to the 

experimental aerosol used in the research work reported in this Chapter. Since the size 

distribution of aerosols had a significant influence on the dust loading performance of 

fibrous media, the most energy efficient composite PTFE medium may still be 

determined according to the type of the challenge aerosols used. 
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Chapter 9  

 

Conclusions and proposed future work 

 

9.1 Conclusions 

 

In this Thesis, the research work on the dynamic resistance of fibrous media used for 

general ventilation and clean air-conditioning is presented. The conclusions of the 

Thesis are: 

 

1) An experimental setup has been specifically established for dust loading 

experiments of fibrous media. The construction of the setup, experimental air flow, 

experimental aerosols and the filter media are detailed in Chapter 4. The operating 

performances of the experimental setup were validated through resistance test, 

Zero% efficiency test, 100% efficiency test and aerosol concentration test, and the 

test results demonstrated that the setup can meet the needs of the experimental 

part of the research work reported in this Thesis. 

 

2) An experimental study on the influences of filtration velocity, air flow humidity 

and aerosol concentration on the dynamic resistance of fibrous filter media was 
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carried out and is reported in Chapter 5. The experimental results showed that, at 

the filtration velocity range of 2~10 cm/s, the influence of an increase in filtration 

velocity on the dynamic resistance of fibrous filter media was not significant. 

However, an increase of over 5% in relative humidity of passing air flow would 

lead to a significant decrease in the dynamic resistance in a short time period when 

the media was loaded with polydisperse KCl aerosols. The resistance growth trend 

for a medium loaded with KCl aerosols at an air relative humidity close to the 

deliquescence point of the KCl aerosol was similar to that loaded with a liquid 

aerosol. By contrast, polydisperse SiO2 aerosols loaded into the media were not 

sensitive to the changes in air flow relative humidity. Moreover, it was 

demonstrated that the aerosol concentration had no significant influence on the 

dynamic resistance of a filter medium at the same filtration velocity. 

 

3) Chapter 6 reports on the study on the depth filtration resistance of fibrous filter 

media by combining the classical depth filtration resistance calculation formula 

with the mass concentration distribution for deposited particles. Firstly, 

experiments for five-stacked glass fiber media loaded with four monodisperse 

SiO2 aerosols and polydisperse SiO2 aerosols were conducted to investigate the 

distribution of deposited particles. Secondly, a layered model by incorporating the 

distribution of deposited particles into Bergman model was proposed to predict 

the depth filtration resistance for fibrous media. The resistance growths obtained 
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respectively from experiments and model prediction showed good agreement 

when the modification of critical loaded dust mass was applied. Lastly, to 

theoretically evaluate the distribution of deposited particles inside a loaded 

medium, the D-model was established by dividing a filter medium into unit layers 

and applying the definition of single fiber efficiency to calculating the mass of 

particles captured by each layer. The variation trends in loaded dust mass 

predicted using the numerical solutions for the D-model agreed well with those 

obtained from the dust loading experiments. 

 

4) A study on the surface filtration resistance of fibrous media is presented in 

Chapter 7. Dust cake resistance models for both monodisperse aerosols and 

polydisperse aerosols were respectively developed by calculating the shielding 

effect of particles based on the kinetic theory. The predictions by using the 

polydisperse model agreed better with the experimental results than that using the 

previous models by others. To monitor the changes in the thickness and porosity 

of dust cakes during their formations, a laser scanning porosity measuring system 

was established and its accuracy and reproducibility demonstrated. When using 

this system to monitor the formation process of a dust cake, it was found that an 

increase in the thickness of a dust cake was gradually decreased with an increase 

in loaded dust mass and finally leveled, and that the porosity was decreased 

linearly. 
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5) Chapter 8 presents an experimental evaluation method for dust loading 

performances of HEPA filter media. The method was developed based on the 

considerations of ⅰ) the applicability of experimental aerosol in terms of particle 

size and humidity sensitivity; ⅱ) experimental setups and procedures; and ⅲ) the 

evaluation of energy consumption for loaded media. This evaluation method was 

used to compare the dust loading performances when using an H14 PTFE medium 

with those when using an H14 glass fiber medium. Composite PTFE media were 

also developed by replacing the windward base materials of PTFE media with 

electret media to improve the dust loading performances of PTFE media. The 

average resistances during dust loading for these composite PTFE media were 

experimentally obtained and compared. Results showed that the dust loading 

performances of the above three PTFE media were significantly improved after 

compositing, all being better than that of a glass fiber HEPA medium. 

 

The research work reported in this Thesis has made important contributions to better 

understanding the mechanism and characteristics of the dynamic resistance of fibrous 

filter media used for general ventilation and clean air-conditioning. The research 

results have provided new theoretical bases for both the depth filtration and the surface 

filtration resistance modeling, which can be used to enhance significantly the filtration 

performances of existing air filters and media. Therefore, it is believed that the 
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research results reported in this Thesis can contribute significantly to advancing air 

filtration theories, developing more energy efficient ventilation and air-conditioning 

systems and finally sustaining the global long-term goal of carbon neutrality. 

 

9.2 Proposed future work 

 

Based on the research work presented in this Thesis, a number of future studies are 

proposed: 

 

1) The SEM photos shown in Chapters 6~8 can only provide qualitative descriptions 

of clean or loaded fibrous media but not quantitative results, and thus cannot be 

used to describe the real-time interaction between particles and fibers. Therefore, 

microscopic real-time observation means shall be used to study the filtration 

processes for a single fiber or multiple fibers, so as to get a better understanding 

of the mechanism of aerosol filtration and to further improve the filtration 

performances of fibrous media. 

 

2) The layered resistance model built and reported in Chapter 6 may be not of 

sufficient accuracy in predicting the depth filtration resistance of a fibrous 

medium, because the effect of size distribution of deposited particles on medium 

resistance was not considered in Bergman model. Therefore, the kinetic theory 
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used in Chapter 7 may be used to evaluate the depth filtration resistance for 

fibrous media at given mass concentration distribution and size distribution of 

deposited particles. 

 

3) Electret fibrous media were chosen as the windward base materials of composite 

PTFE media, as reported in Chapter 8, due to their much lower resistance than 

that of glass fiber media at the same filtration efficiency class. However, there 

was no theoretical model describing the dynamic resistance of electret media. 

Therefore, further work to investigate the dynamic resistance of electret media 

based on the research results of depth filtration resistance obtained in Chapter 6 

should be organized for further optimization of composite PTFE media. 

 

4) As presented in Chapter 6, the uneven distribution of deposited particles in fibrous 

media has led to the acceleration in the growth rate of the medium resistance. In 

addition to the method of composite media applied reported in Chapter 8, it can 

also be considered to develop the fibrous medium with gradient packing density 

and distribution of fiber diameter along its thickness, so as to extend the life span 

of fibrous media made of single material. 
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Appendix A The python program for numerically solving Equation 

(6-10) 

import numpy as np 

import matplotlib.pyplot as plt 

 

dt = 0.1 #set step length for dust loading time, s 

m = 100000 #set the number of step for dust loading time 

dz = 0.00008 # set step length for medium thickness, m 

n = 25 # set the number of step for medium thickness 

 

V = 0.0533 #filtration velocity, m/s 

a0 = 0.3 #packing density of clean medium 

nf = 0.004 #sigle fiber efficiency for clean medium 

df = 0.000005 #average fiber diameter of clean medium, m 

λ = 0.000005 #growth coefficient of single fiber efficiency, m3/mg 

ρ = 2.2e9 #density of particles, mg/m3 

C0 = 10.0 #aerosol concentration, mg/m3 

pi = 3.1415945 

 

# Initial assignment 

C = np.zeros([n+1, m+1]) # two-dimensional array for mass concentration of 
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suspended aerosol 

M = np.zeros([n+1, m+1]) # two-dimensional array for mass concentration of 

deposited particles 

for k in range(0, m+1): 

    C[0, k] = C0 

 

#Calculating M and C 

for i in range(1, n): 

    for j in range(1, m): 

        M[i, j] = M[i, j-1]+dt*V*C[i, j-1]*4*a0*nf/pi/df*(1+λ*M[i, j-1])/(1-a0-

M[i, j-1]/ρ) 

        C[i, j] = (C[i, j-1]/dt+V*C[i-1, j]/dz)/(1/dt+V/dz+V*4*a0*nf/pi/df*(1+λ

*M[i, j-1])/(1-a0-M[i, j-1]/ρ)) 

 

#Plotting 

Space = np.arange(0, (m+1)*dt, dt) 

 

plt.figure(' Mass concentrations of suspended particles in different medium 

thicknesses', dpi=200) 

plt.plot(Space, C[1, :], 'g-', label='z/z0=0.04', linewidth=2.0) 

plt.plot(Space, C[6, :], 'b--', label='z/z0=0.24', linewidth=1.0) 
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plt.plot(Space, C[11, :], 'k-.', label='z/z0=0.44', linewidth=1.0) 

plt.plot(Space, C[16, :], 'r:', label='z/z0=0.64', linewidth=1.0) 

plt.plot(Space, C[21, :], 'y-', label='z/z0=0.84', linewidth=1.0) 

plt.ylabel('Mass concentration (mg/m )', fontsize=15) 

plt.xlabel('Dust loading time (s)', fontsize=15) 

plt.xlim(0, dt*m) 

plt.ylim(0, C0) 

plt.legend(loc='upper right') 

 

plt.figure(' Loaded dust masses within different medium thickness ranges ', dpi=200) 

CM = np.zeros([n+1, m+1]) # two-dimensional array for loaded dust mass 

for r in range(0, m): 

    for s in range(1, 26, 5): 

        CM[s, r] = dz/1000*(M[s, r] + M[s+1, r] + M[s+2, r] + M[s+3, r] + M[s+4, 

r]) 

plt.plot(Space, CM[1, :], 'g-', label='(0~0.2)z0', linewidth=2.0) 

plt.plot(Space, CM[6, :], 'b--', label='(0.2~0.4)z0', linewidth=1.0) 

plt.plot(Space, CM[11, :], 'k-.', label='(0.4~0.6)z0', linewidth=1.0) 

plt.plot(Space, CM[16, :], 'r:', label='(0.6~0.8)z0', linewidth=1.0) 

plt.plot(Space, CM[21, :], 'y-', label='(0.8~1)z0', linewidth=1.0) 

plt.ylabel('Loaded dust mass (g/m )', fontsize=15) 
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plt.xlabel('Dust loading time (s)', fontsize=15) 

plt.xlim(0, dt*m) 

plt.ylim(0, C0*5e-1) 

plt.legend(loc='upper left') 

plt.show() 
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