
 

 

Advanced Aerosol Filtration Analysis: 

Filtration Modeling for Polydisperse Fibrous Filters,  

Airborne Particle Sizing, and 

Pleated Filter Flow Characterization 

 

A DISSERTATION 

SUBMITTED TO THE FACULTY OF THE 

UNIVERSITY OF MINNESOTA 

BY 

 

SEUNGKOO KANG 

 

IN PARTIAL FULFILLMENT OF THE REQUIERMENTS 

FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

Dr. DAVID Y.H. PUI, Adviser 

 

 

March 2018 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©  Seungkoo Kang 2018 

  



i 

 

Acknowledgments 
 

First and foremost, I am deeply indebted to my advisor, Professor David Y. H. Pui, for 

his constant support, insightful comments, and guidance throughout my graduate studies 

at the University of Minnesota. He provided me with the encouragement and freedom to 

work on any aerosol related studies that interested me. With his support, I was able to 

seek out new knowledge and widen my area of expertise on aerosol science and 

technology. As a result, I have worked on various interesting aerosol related projects 

beyond three topics presented here. He was trusting, patient, and supportive, thus giving 

me the room to make mistakes in my learning process and the time to develop various 

codes and to conduct many experiments. This has been the most challenging, enjoyable, 

and rewarding learning experience of my life. 

 

I would like to also thank all my committee members, Professor Thomas Kuehn, Peter 

Raynor, and Cari Dutcher for reviewing my dissertation, providing me valuable 

comments, and serving on my Ph. D. exam committees. Especially, I would like to thank 

Dr. Kuehn since he has been a committee member for every exam during my graduate 

study here, including my oral qualifying exam on heat transfer, Mater’s Plan B final 

exam, preliminary exam, and finally my Ph. D. defense. I also would like to 

acknowledge Professor Sue Mantel who encouraged me whenever I experienced 

roadblocks in my graduate studies.  

 



ii 

 

I would like to thank the Center for Filtration Research (CFR) for the financial support, 

comments, and interests in my studies: 3M Corporation, A.O. Smith Company, Applied 

Materials, Inc., BASF Corporation, Boeing Company, Corning Co., China Yancheng 

Environmental Protection Science and Technology City, Cummins Filtration Inc., 

Donaldson Company, Inc., Entegris, Inc., Ford Motor Company, Guangxi Wat Yuan 

Filtration System Co., Ltd, MSP Corporation; Samsung Electronics Co., Ltd., Xinxiang 

Shengda Filtration Technology Co.,Ltd., TSI Inc., W. L. Gore & Associates, Inc., 

Shigematsu Works Co., Ltd., and the affiliate member National Institute for 

Occupational Safety and Health (NIOSH). I also gratefully acknowledge the American 

Filtration and Separation Society Fellowship which was awarded in 2018. 

 

My special thanks are extended to my sister for her love and encouragement. She has 

been a mentor and champion throughout my life. My wife, Jin Joo, I could not have 

completed my degrees without your support and I was only able to finish my studies 

thanks to you. I hope I have made you and our lovely son, Byungheon, proud. You both 

are my inspiration. 

 

Finally, I am forever indebted to my grandfather, Kye soo Hwang, who raised me and 

supported me into adulthood. I will continue to honor your memory. 



iii 

 

Dedication 
 

This thesis is dedicated to my wife for her love and encouragement 

  



iv 

 

Abstract 
 

Filter media are widely applied for the effective removal of airborne particulate 

matter (PM) at a relatively low cost. They are essential to many aspects of our daily life; 

they can be found in residential buildings, hospitals, and vehicles, to remove aerosol 

particles. It is well known that exposure to PM has a strong impact on human health, 

causing respiratory issues, allergic diseases, and mortality. Moreover, recent studies 

describe the possibility of developing additional conditions through exposure to PM 

such as cardiovascular disease, neurodegenerative effects, and brain disorders. 

Considering the fact that people spend most of their time indoors, it is very important to 

be protected from PM. 

Although aerosol filtration has been widely studied, there remain unanswered 

questions about the filtration of aerosol particles due to their complex size and shape 

dependent nanoparticle behavior and the random porous geometry of filter media. Thus, 

development of new filtration analysis methods can improve data analysis and increase 

prediction accuracy for filtration studies. As a result, the methods for evaluating filter 

media will be improved. In addition, enhanced analysis methods can contribute to 

improving filter performance for current and future filter products. 

This thesis is divided into three parts. The first part (Chapter 2) focuses on the 

development of a numerical model for fibrous filter media. The modeling and prediction 

of filtration performance of fibrous filter media are essential for media design targeted 

for various applications. In this work, I successfully developed a 2-D numerical model 

for fibrous filter media. In the modeling, the flow field was calculated in model filter 
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media using the fiber size distribution, average solidity and thickness, the same as those 

of real filter media. The excellent agreement between the numerical and experimental 

particle collection efficiency of two commercially available fibrous filter media and the 

measured data for particles in the sizes from 3 nm to 500 nm and at two face velocities, 

10 and 15 cm/sec, validates the model. Via the validated model, I further investigated 

the effect of fiber size polydispersity (both in the unimodal and bimodal fiber size 

distributions) on the particle collection efficiency of fibrous media having a fixed 

arithmetic mean fiber diameter, solidity and filter thickness. The particle capture in 

fibrous media is noticeably influenced by the polydispersity of fibers in a unimodal 

distribution, especially for particles in the sizes ranging from 10 to 100 nm, and further 

affected by the peak size and volume fraction in each mode of a bimodal fiber size 

distribution. 

The second part of the study (Chapter 3) is devoted to the characterization of 

airborne particles using the particle/droplet image analysis (PDIA) technique. For 

measuring the size distribution of re-suspended dust particles from dust dispersers in the 

application of filter tests, real-time aerosol instruments are generally used. Various 

instruments, however, report different size distributions for the same dust sample. These 

different size distributions for the same dust sample occur as a result of the particle 

transport loss during the sampling, especially for dust particles larger than 1 µm, as well 

as the different measurement principles and different sizing ranges of the instruments. 

Therefore, the in-situ and noninvasive shadowgraph technique with an image analysis 

technique (PDIA) were applied to measure the size of re-suspended aerosol particles. 

The experimental system consisted of an 8 Mpixel CCD camera equipped with a high 
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magnification lens, up to 28X, to allow the measurement of small particles down to 1.5 

μm. Monodisperse PSL particles with diameters of 5, 17 to 26 μm were generated from 

a home-built generator and used to demonstrate and validate the sizing accuracy of the 

system. The validated system was then applied to measure the size distribution of the 

widely used ISO A2 fine dusts re-suspended by different dust dispersers, including the 

ISO light-duty and ISO heavy-duty injectors. Results showed a noticeable discrepancy 

between the size distributions determined by the powder manufacturer and those from 

ISO injectors by PDIA. 

In the last part (Chapter 4), airflow patterns through pleated filter media were 

characterized using the particle image velocimetry (PIV) system. Filters are typically 

pleated to increase surface area and thus increase capture capacity in a confined space. 

Pressure drop across the filter is one of the most important factors in evaluating the 

performance of plated filter media and is affected by certain parameters, such as pleat 

geometry and filter properties. Characterization of airflow patterns is another important 

factor to be considered as the filtration efficiency is affected by the face velocity 

approaching the filter media, yet a number of previous studies mostly focused on the 

pressure drop measurement. In this study, PIV is employed for the characterization of 

airflow patterns through pleated filters. In the first part of the study, a numerical 

simulation of a custom-built rectangular pleated filter was conducted and PIV data was 

used to compare the numerical model. Subsequently, commercial pleated filters were 

used to study the effects of pleat stabilizing technique, which is commonly applied to 

pleated filters to maintain pleat shape and preserve gaps between pleats, on the velocity 

distribution downstream of the pleated filters. It was found that flow patterns were 
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affected not only by pleat geometry but also by pleat stabilizing techniques. Therefore, 

in addition to pleated filter geometry, the geometric effects of pleat stabilizing 

techniques should be also considered for more realistic pleated filter modeling. 
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Chapter1: Introduction 
 

 Aerosol Filtration Modeling 

 

The removal of aerosol particles is a matter of great concern in air contamination 

control. Fibrous filters are widely used to separate submicron particles from a gas stream 

in a variety of applications, such as semiconductor and pharmaceutical industries.  

Airborne particles are removed through collisions with fiber surfaces. The size of the 

particles determines the dominant particle collection mechanisms, which are random 

diffusion, inertia impaction, and interception. Brownian diffusion is the predominant 

mechanism to collect very small size of particles. For particles with diameters 

comparable to fibers, interception and impaction play an important role capturing 

particles. The development of each capture mechanism has taken place over the course of 

many decades and through various studies (details can be found from the references 

(Baron & Willeke, 2005; Brown, 1993; Hinds, 1999; Wang & Otani, 2013)). Although 

much research has been conducted to develop analytical and empirical expressions and 

numerical simulations to estimate the performance of fibrous media, there remain many 

unanswered questions due to the random porous and complex microstructure geometry of 

fibrous filter media. 

The classical single-fiber-efficiency (SFE) theory has been widely applied to 

estimate particle collection efficiency of fibrous filter media (Brown, 1993; Hinds, 1999). 

The SFE theory predicts the overall particle collection efficiency with the assumption that 

a single fiber is located in the middle of the filter while the axis of the fiber is 
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perpendicular to aerosol flow. In the SFE theory, fiber diameter, df, is one of the most 

important factors greatly affecting overall collection efficiency, and is represented by a 

uniform diameter. However, the fibrous filter is composed of a wide range of fibers 

diameter. Equivalent diameters from various definitions have been adopted to determine 

the fiber (Japuntich et al., 2006; Li, Zuo, Japuntich, & Pui, 2012; Podgórski, 2009; 

Podgórski, Bałazy, & Gradoń, 2006; Podgorski, Maißer, Szymanski, Jackiewicz, & 

Gradon, 2011; VanOsdell, Liu, Rubow, & Pui, 1990). Up to the present, the guidelines to 

determine proper equivalent diameters for fibrous filter media are unclear. As discussed 

by Podgorski (Podgórski, 2009), one equivalent fiber diameter to estimate the collection 

efficiency of fibrous filter against a wide range of particle sizes might not be achievable. 

Furthermore, while many numerical simulations have been developed for filtration study, 

most have been limited to modeling filter media with uniform fibers (either in patterned 

or randomly packed in media), and results have been compared to results calculated by 

the SFE theory (Tehrani, Moosavi, & Sadrhosseini, 2017; Hosseini & Tafreshi, 2010a, 

2010b; Jin, Yang, Du, & Yang, 2017; Li, Shen, & Li, 2016; Lin, Tao, & Lee, 2014; Yue, 

Zhang, & Zhai, 2016). 

In this study, two standard fiberglass filters from Hollingsworth & Vose, HF-0012 

and HF-0493, which were evaluated in many previous studies (Dhaniyala & Liu, 1999a, 

1999b; Japuntich, Stenhouse, & Liu, 1997; Japuntich et al., 2006; Kim, Harrington, & 

Pui, 2006; Wang, Chen, & Pui, 2006; Wang, Kim, & Pui, 2008), were chosen to validate 

our modeling. A numerical model was developed to generate a filter domain with 

polydisperse fibers, and to calculate flow field and particle collection efficiency inside 

the filter domain. Collection efficiency through simulation was compared to collection 
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efficiency gained through experimental data, using a wide submicrometer size range, 

from 3 nm up to 500 nm. The differences among our model, experimental data, the SFE 

equation, and numerical models with uniform fibers are discussed. Finally, the effect of 

polydispersity on collection efficiency in unimodal and bimodal fiber distribution will be 

discussed. 

 

1.2 Airborne Particle Size Measurement 

 

For the resuspension of standard dust, e.g. ISO A2 fine dust (ISO12103-1, 2016), ISO 

and commercial dust dispersers are generally applied to challenge air filters used in 

applications such as internal combustion engines (ISO 5011, 2014). In order to evaluate 

the performance of these filters, the characterization of airborne dust is essential, 

especially its size distribution. Reliable information on the size of the dust source or 

accurate measurements of the size distribution of generated particles is required. 

However, it is challenging to acquire precise dust size distributions due to the following 

reasons: 1) particle agglomeration, 2) transport loss, and 3) the limitations of the particle 

sizing instruments.  

First, dust tends to form agglomerates when contained due to adhesive forces, i.e. van 

der Waals and electrostatic forces (Hinds, 1999). Powder manufacturers measure the size 

distribution of dust typically in liquid form using laser diffraction instruments in order to 

completely deagglomerate dust particles. In this process, even chemical agents and 

ultrasonication are applied to prevent the agglomeration of the particles. Therefore, 

obtaining the same distribution as measured in the liquid phase may be impossible with 
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dust dispersers. Besides, the dust deagglomeration rate changes with the performance of 

dust dispersers. Therefore, differences between measured size distributions and labeled 

size distributions from the manufacturers are frequent. 

Second, transport loss is another significant factor altering the size distribution for 

micrometer and super-micrometer dust particles. This loss results from the electrostatic, 

inertial, and settling effects when particles are transported inside tubing (McMurry & 

Rader, 1985; Okazaki & Willeke, 1987; Von Der Weiden, Drewnick, & Borrmann, 

2009). The loss will be more significant if improper tubing materials are used (Tsai & 

Pui, 1990).  

Finally, many instruments employed to determine the size distribution usually have 

their own limitations, such as the sizing ranges and identification of particle shapes. For 

example, the time of flight instrument, Aerodynamic Particle Sizer Spectrometer (APS, 

TSI 3321), measures the aerodynamic diameter of particles in the narrow size range from 

0.5 to 20 micrometers. In addition, irregularly shaped particles can be misinterpreted as 

APS is calibrated with spherical PSL particles. Therefore, a conversion between effective 

density and dynamic shape factor is required depending on the real drag acting on the 

particle for further acquiring the informative and indirect shape information (Hinds, 

1999). The laser diffraction instruments have a wider sizing range as compared to APS. 

However, they are also normally calibrated with spherical particles, and the calibration of 

non-spherical particles is very time consuming and challenging. In many cases, particles 

with irregular shapes and changes in refractive index can lead to erroneous results with 

laser diffraction instruments (Beekman et al., 2005; Mühlenweg & Hirleman, 1998). The 

phase-Doppler anemometry (PDA) is a particle sizing instrument, but, again non-
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spherical particles cannot be accurately measured (Damaschke, Gouesbet, Gréhan, 

Mignon, & Tropea, 1998; Zhang & Ziada, 2000) while a majority of A2 dust are in 

irregular shapes. 

To overcome those limitations, we employed the shadowgraph techniques. This is a 

noninvasive technique allowing a direct measurement and analysis of individual particles 

for their size and shape. The shadowgraph technique has been applied widely. 

Applications include measuring the size, shape and velocity of sand (Shahi & Kuru, 

2015), ice particles (Galeote, 2010) and spray droplets, but the majority of studies using 

this technique have focused on droplet characterization (Inthavong, Fung, Yang, & Tu, 

2015; Kashdan, Shrimpton, & Whybrew, 2003; Kim & Kim, 1994; Lecuona, Sosa, 

Rodríguez, & Zequeira, 2000; Malot & Blaisot, 2000) 

In the present study, the particle/droplet image analysis (PDIA) technique was 

applied to the measurement of airborne particle distribution and shape in order to evaluate 

the performance of ISO injectors. In-house code using JAVA and MATLAB was 

developed for the automated classification of particle images, and the accuracy of the code 

was verified using the differently sized PSL particles generated by a custom-built disperser. 

With the validated measurement method and the code, the PDIA was applied to measure 

the size distribution of ISO A2 fine dust dispersed from ISO injectors. 
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1.3 Airflow Characterization of Pleated Filter Using Particle Image Velocimetry 

(PIV) 

 

Flat filter media are plated due to the benefits of having a large surface area in a 

limited space, but finding optimal conditions for pleated filters is very complex. Filter 

performance, measured by filtration efficiency and pressure drop across the filter, is 

significantly affected by several factors, but most importantly by pleated filter geometry, 

filter properties, and face velocity. Optimal pleat density, for example, is not found for 

both low and high pleat numbers, since a smaller area of filter media results in a higher 

face velocity, and the drag force will increase with higher pleat counts, respectively 

(Chen, Pui, & Liu, 1995; Rebaï, Prat, Meireles, Schmitz, & Baclet, 2010). In addition, the 

shape of pleats also affects filter performance. 

For many applications using pleated filters, velocity distribution approaching the 

filter may not be uniform while the filter efficiency is directly influenced by the face 

velocity (Chambers, Al-Sarkhi, & Yao, 2001). Nonuniform distribution of upstream flow 

has a number of causes, including the filter housing configuration and/or disturbed flow 

due to the pre-filter or other obstacles. Chambers et al. (Chambers et al., 2001) 

investigated the upstream velocity distribution of pleated filters using several filter 

housing configurations with laser Doppler anemometry and found that the filtration 

efficiency was affected by the nonuniform flow approaching the pleated filters. That is, 

the particle capture amount on the filter can be spatially inhomogeneous, which may 

result in unpredictable filter performance degradation and lifespan reduction.  
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While upstream flow can be nonuniform, so can downstream flow for applications 

which require the measurement of the flow downstream of a pleated filter. Parameters 

such as pleat geometry and filter installation affect the flow downstream of pleated filters 

causing nonuniform flow distribution, which may lead researchers to misread flow 

information when the single point measurement technique is applied. For other 

applications, the use of several filters in a row, the efficiency and lifespan of a filter 

inside a unit can be affected by the flow distribution determined by any filters in front of 

that filter. Therefore, obtaining velocity distribution information is important to 

accurately estimate the optimization of filter performance. In addition, experimentally 

obtained velocity information can be used for the validation of numerical models, leading 

to the development of better numerical models.  

Particle image velocimetry (PIV) is an optical technique which can produce 

instantaneous two-dimensional velocity vectors without interrupting the flow field. While 

several flow measurement techniques are available, including hot wire anemometry 

(HWA) and laser Doppler anemometry (LDA), PIV is employed for this study because it 

is nonintrusive and offers to measure a relatively large domain. The advantages and 

disadvantages of these measurements techniques will be discussed in Chapter 4. 

The objective of this study is to develop a non-intrusive experimental method to 

measure the flow field directly downstream of a pleated filter element using PIV. In the 

first part of the study, a numerical simulation of a custom-built pleated filter is conducted 

and PIV data is used to compare the numerical model. Subsequently, commercial pleated 

filter media are used to study the effect of pleat locks on flow distribution. Pleat locks are 

a pleat stabilizing technique, an indentation to fix the pleats in the original position under 
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various operating conditions. For pleated filter modeling, pleat geometry typically has 

been the sole focus of study, even though pleat stabilizing techniques are widely applied 

when pleated media are manufactured. Finally, the capability of PIV to inspect defects 

was demonstrated by detecting a pinhole on the filter surface. 

 

1.4 Research Objectives 

 

The objectives of this thesis are to 1) develop a numerical filtration model for fibrous 

filter media, 2) develop a method for measuring the size distribution of airborne dust 

particles, and 3) characterize airflow patterns through pleated filters. These analysis 

methods will enhance filtration analysis capabilities, resulting in better estimation, more 

accurate data analysis, and finally, the improvement of filter performance for current and 

future filter media.   

 

1.5 Dissertation Outline 

 

A brief review of the topics and research objectives are described in this Chapter. The 

next three chapters consist of the main body of the dissertation. Each chapter contains a 

separate manuscript that has been published, is under review, or is in preparation. In 

Chapter 2, the development of a numerical filtration model that considers fiber 

polydispersity is described. Filtration efficiency among the models, classical single fiber 

theory, and experimental data are compared. Chapter 3 discusses the use of a PDIA 

technique to characterize the size and shape of individual particles suspended from ISO 



 

9 

 

injectors. In Chapter 4, a PIV technique is used to measure the airflow patterns through 

pleated filter media. Finally, conclusions and future work are described in Chapter 5.   
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Chapter 2: Modeling of Fibrous Filter Media for Particle Filtration 
 

2.1 Introduction 

 

The removal of ambient fine PM2.5 (defined as the particulate matter with the size 

less than 2.5) and ultrafine PM (defined as the particulate matter with the size less than 100 

nm) is of great interest for residents in the close proximity to highways and highly polluted 

cities. It is because fine and ultrafine PM could have adverse effects on the environment 

and public health, especially for children, elders and people with pulmonary diseases 

(Berkeley Earth Publishes, 2015; Rohde & Muller, 2015; Zhou et al., 2015). As reported 

by Berkeley Earth (Berkeley Earth Publishes, 2015), 4,000 people in China die daily 

because of air pollution. High reading of PM2.5 is one of major contributors. According to 

the work of Zhou et al. (Zhou et al., 2015), hourly peaks of PM2.5 concentration had 

exceeded 800 μg/m3 in Beijing since 2013, which is ~ 32 times higher than the 25 μg/m3 

level recommended by World Health Organization (WHO). Respirators are required to 

remove fine and ultrafine PM from breathing air. Fibrous filter media are commonly used 

in respirators for its effective removal of PM and relatively low cost. Studies have been 

performed to investigate the collection efficiency of fibrous filter media for particles in a 

wide size range (Dhaniyala & Liu, 1999a; Japuntich et al., 2006; Kim, Kang, & Pui, 2016; 

Kim, Bao, Okuyama, Shimada, & Niinuma, 2006; Kim et al., 2006; VanOsdell et al., 1990; 

Wang et al., 2006). 

The classical single-fiber-efficiency (SFE) theory has been widely applied to 

calculate the particle collection efficiency of fibrous filter media (Brown, 1993; Hinds, 

1999). The SFE theory estimates the overall particle collection efficiency of fibrous filter 
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media by representing the media as an ensemble of well-patterned model cells in which a 

single fiber is located at the centers of individual cells. The overall particle collection 

efficiency, E, or particle penetration, P, of filter media can then be calculated as: 

𝑃 = 1 − 𝐸 = exp(
−4𝛼𝐸𝛴𝑡

𝜋𝑑𝑓(1−𝛼)
)                                                                                                           (1) 

where t is the media thickness, α is the medium solidity, df is the fiber diameter, and E∑ is 

the total SFE. The total SFE accounts for all the mechanisms for capturing particles, i.e., 

by the diffusion (ED), interception (ER), impaction (EI) and gravitational setting (EG): 

𝐸𝛴 = 1 − (1 − 𝐸𝑅)(1 − 𝐸𝐼) (1 − 𝐸𝐷) (1 − 𝐸𝐷𝑅) (1 − 𝐸𝐺)                                 (2) 

where EDR is the enhanced capture from the interception of diffusing particles. Note that 

the gravity effect on particle filtration is negligible for submicrometer-sized particles. The 

empirical formula of ER, EI and ED were proposed in early studies (Baron & Willeke, 2005; 

Brown, 1993; Hinds, 1999; Wang & Otani, 2013). For particle filtration via porous media, 

the particle Brownian diffusion is the predominant mechanism for the filtration of small 

particles. Both interception and impaction play key roles in capturing particles in the sizes 

comparable to the filter fiber diameter. Typical formula for the single fiber efficiency due 

to the aforementioned particle capture mechanisms are shown in Table 2-1 (Hinds, 1999; 

Lee & Liu, 1982; Stechkina, Kirsch, & Fuchs, 1969). 
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Table 2-1. Empirical formula for single fiber efficiency resulted from various particle 

capture mechanisms. 

Capture mechanism SFE equation

Diffusion

Interception

Impaction

Interception-diffusion

𝐸𝑅 =
1−  

  (1  )
  

𝐸𝐼 =
    

    
    =

    
    

1    
  =     −          −                

𝐸𝐷 =  𝑃 
−   

𝐸𝐷𝑅 =
1       

(  𝑃 )1  

𝐸𝐷 = 1  
1−  

  

1  

𝑃 −    𝑃 =
   

 
  =

    
     

𝐸𝑅 =    
1− 

  

  

1  
  =

  

  
   = −

   

 
−
 

 
  −

  

 

 

 

 

Among all the parameters in the SFE formula, the fiber diameter, df, is one of the 

key factors greatly influencing the overall particle collection efficiency of filter media. The 

SFE theory however assumes a uniform fiber diameter in media, which is not the case in 

real fibrous filter media. Equivalent diameters have been proposed to determine the fiber 

size to be used in the SFE theory (Japuntich et al., 2006; Li et al., 2012; Podgórski, 2009; 

Podgórski et al., 2006; Podgorski et al., 2011; VanOsdell et al., 1990). Mean and effective 

diameters are suggested in the literature to identify the equivalent fiber size for a real filter 

media. For the mean diameter, either the arithmetic mean (i.e., average), geometric mean, 

or volume-surface mean with a given the fiber size distribution have been proposed as the 

equivalent fiber size (Podgórski, 2009; Podgórski et al., 2006; Podgorski et al., 2011; 

VanOsdell et al., 1990): 
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dA (Arithmetic mean): ∑
𝑑𝑓

𝑛
                   (3) 

dG (Geometric mean): √  1   ⋯  𝑛
𝑛      (4) 

dVS (Volume-surface diameter): 
∑𝑛𝑑𝑓

2

∑𝑛𝑑𝑓
        (5) 

where, df is the real fiber diameter and n is the total number of fibers. The effective fiber 

diameter (i.e., pressure-equivalent diameter) can be derived from the given pressure drop 

across filter media at a constant face velocity (Davies, 1973): 

 𝐸  =
√   (

 4𝛼
3
2(1+5 𝛼3)

∆𝑃
)                                                                          (6) 

where, U is the face velocity, µ is the viscosity of gas, and ∆p is the pressure drop across 

filter media. The effective fiber diameter defined by Davies (Davies, 1973) has been 

applied in previous studies (Japuntich et al., 2006; Li et al., 2012; Podgórski et al., 2006). 

Other definitions of equivalent fiber diameters have also been made available in the 

literatures. Four equivalent fiber sizes, described above, for fibrous filter media are often 

adopted in the studies. 



 

14 

 

 

Figure 2-1. Particle collection efficiency for HF-0012 at the face velocity of 5.3 cm/sec. 

 

The overall collection efficiency as a function of particle size for a fibrous filter 

medium are in fact different when applying the SFE theory with aforementioned equivalent 

fiber diameters. Figure 2-1 shows an example of the particle collection efficiency 

calculated by Eq. (1) with single fiber efficiency formula given in Table 2-1 for a fiberglass 

filter medium HF-0012. It is shown that the particle collection efficiency curve of a filter 

media strongly depends on equivalent fiber diameters. There is no definitive guideline to 

identify the proper equivalent diameters for fibrous filter media. In fact, one equivalent 

fiber diameter to calculate the particle collection efficiency of fibrous filter media in a wide 

particle size range might not be even feasible (Podgórski, 2009). More, the particle 

collection efficiency curve of a filter medium varies when different expressions for the 

same filtration mechanism are applied in the SFE theory. 
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 2-D and 3-D numerical modeling has been utilized to investigate the filtration 

performance of fibrous filter media. Unfortunately, a majority of numerical studies 

modeled filter media with uniform fibers (either in patterned or random packing) and 

compared the numerical result with that calculated by the SFE theory (Tehrani, Moosavi, 

& Sadrhosseini, 2017; Hosseini & Tafreshi, 2010a, 2010b; Jin et al., 2017; Li et al., 2016; 

Lin et al., 2014; Yue et al., 2016). The comparison with the experimental data were made 

in three published studies (Sambaer, Zatloukal, & Kimmer, 2012; Tronville, Rivers, & 

Zhou, 2008; B. Zhou et al., 2017). However, custom-built filter media, not real filter media, 

were used in the above studies (Tronville et al., 2008; Zhou et al., 2017). The validation of 

their numerical result with the experimental data is limited to the cases of two/three particle 

sizes, with only one size in the submicrometer range. Sambaer et al. (Sambaer et al., 2012) 

developed a filtration model based on image-based 3-D structures of nanofiber media. The 

authors produced polyurethane nanofiber media by the electrospinning process, in which 

relatively monodisperse nanofibers in the diameter of 120 nm were manufactured. In their 

modeling, the flow field was assumed because of large void space and negligible effect of 

nanofibers on the flow field in media. Note that the particle filtration by nanofiber media 

is dominated by the impaction and interception, not by the particle diffusion. 

Different from early studies, we selected two commercially available filter media 

(i.e., HF-0012 and HF-0493 from Hollingsworth & Vose) for this study. A 2-D numerical 

modeling with the consideration of polydisperse fibers was developed to calculate the flow 

field and particle collection in selected media. The model validation was accomplished by 

comparing our modeling result with the measured particle collection efficiency in a wide 

submicrometer size range (i.e., from 3 to 500 nm). Upon the model validation, the effects 
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of fiber polydispersity in unimodal and bimodal fiber distributions on the particle collection 

efficiency of filter media were also investigated. 

 

2.2 Numerical Modeling 

 

2.2.1 Model for Fibrous Filter Media 

 

In this study, two different types of computational domains were generated for 

comparison as shown in Figure 2-2: domains composed of randomly distributed 

monodisperse fibers and domains composed of randomly distributed polydisperse fibers. 

Regardless of fiber size and the number of fibers, all of the domains have the same 

thickness and solidity as the commercial filter media as specified in Table 2-2. 
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Figure 2-2. Example computational domains to represent HF-0012 media: (a) – (d) 

domains composed of monodisperse fibers and (e) a domain composed of polydisperse 

fibers. 
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Fibrous filter media were modeled in the 2-D rectangular medium space with the 

width the same as the thickness of real filter media. The height of the medium space was 

determined by considering the total number of fibers to be placed and the void space of 

studied filter media. In general, more than 500 fibers were placed in the media space to 

assure that our numerical results were independent of the medium space size (Hosseini & 

Tafreshi, 2010b). Fibers were added to the medium space either with uniform sized fibers, 

using one of equivalent fiber diameter, or with polydisperse fibers, according to the 

measured log-normal fiber size distributions. For polydisperse fiber domains, diameters of 

fibers were randomly generated in the measured fiber size distributions. The generated 

fibers were randomly placed in the medium space until the average media solidity was 

achieved. 

 The algorithm to arrange fibers in the pre-defined media space was similar to that 

proposed by Hosseini and Tafreshi (Hosseini & Tafreshi, 2010b). In the algorithm, fibers 

were consecutively generated and randomly placed in the medium space while avoiding 

the fiber overlapping. To have high-quality meshes for the later flow field calculation, a 

minimal distance of 0.1 µm between adjacent fibers was kept when placing fibers in the 

medium space. Note that the 0.1 µm gap is only several tenths of average fiber diameters 

of both HF-0012 and HF-0493 media. When a fiber was crossing either the top or bottom 

boundary of the medium space, the outside-space portion of the fiber was then placed on 

the opposite boundary of the medium space because of the periodic boundary conditions 

assumed at the top and bottom boundaries of medium space. 
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2.2.2 Calculation of Flow Field 

 

A typical computational domain used in this modeling and boundary conditions is 

shown in Figure 2-3. The computational domain typically extends 150 μm upstream and 

30 µm downstream the medium space. The flow was assumed to move from the left 

entrance to the right exit. A uniform velocity profile (either 10 or 15 cm/s) and pressure 

were assumed on the flow entrance and exit of the computational domain, respectively. 

The periodic boundary conditions were applied at the top and bottom boundaries of the 

domain. No slip condition was applied to all the fiber surfaces. 

 

Figure 2-3. A typical example of the computational domain with model HF-0012 media. 

 

Since the flow Reynold number based on the fiber diameter is far less than 1.0 (Re 

<< 1), the Stokes flow was assumed in the computational domain and solved in ANSYS 

Fluent with the 2-D governing equations of continuity and momentum: 
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𝛻 ∙  =                                                                                                                  (7)

 𝛻𝑝 −  𝛻  =                                                                                                       (8) 

Note that the special attention had been paid to the grid distribution in the neighborhood of 

fiber surface for the accurate calculation of flow field and particle capture near a fiber. 

Hosseini and Tafreshi (Hosseini & Tafreshi, 2010b) found that the pressure drop over a 

fiber is not affected when more than 50 grid points are used in the fiber perimeter. In our 

modeling, the number of grid points on a fiber perimeter was linearly increased with the 

fiber diameter because fibers in a wide size range are distributed in the medium space. The 

fraction of fibers having grids less than 50 on a fiber perimeter are approximately 5-8 % in 

our study.  

 

2.2.3 Particle Tracking 

 

An in-house JAVA code was developed for the particle trajectory calculation. The 

Langevin equation with the consideration of  diffusive random motion of particles was 

employed to calculate the particle Brownian motion in the computational domain (Ermak 

& Buckholz, 1980): 

𝑚�̇� = −𝑚𝛽(𝑣 −  )  𝑋 𝛽 =
 

𝑚
 f: frictionalfactor                                        (9) 

where m, β, and v are the mass, frictional constant, and velocity of a particle, 

respectively. U is the flow velocity at the particle position. X is a random force. The 

property of random force is depicted by a Gaussian distribution function with the mean 

and mean square as: 
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 𝑋( ) >=  ,      𝑋( ) ∙ 𝑋( ′) ≥  𝑚𝛽  𝛿(  −   ′)                                             (10) 

where k represents the Boltzmann constant and T is the absolute temperature. The method 

of Ermak and Buckholz (Ermak & Buckholz, 1980) was applied to describe the Brownian 

motion of particles  

To calculate the particle collection efficiency in model filter media as a function of 

particle size, particles with a specific size (i.e., 3, 5, 10, 20, 30, 50, 100, 200, 300, 500 nm) 

were introduced at the entrance of the computational domain. To ensure that the numerical 

result is not influenced by the number of introduced particles, the change of particle 

collection efficiency was investigated by introducing different total number of particles in 

the computational domain. In our calculation, 1,500 particles were introduced for each run 

case. The locations to introduce particles at the domain entrance were assigned by 

uniformly dividing the height of the flow entrance by the total number of particles to be 

introduced. The above calculation was repeated at least ten times for each case. The average 

of ten calculated collection efficiencies was then used in the comparison with the 

experimental efficiency. 

 

2.3 Experimental Setup and Method 

 

2.3.1 Experimental Setup for the Particle Collection Efficiency Measurement 

 

Figure 2-4 shows the schematic diagram of an experimental setup for the 

measurement of particle collection efficiency of studied filter media. The setup consists of 

a Collison atomizer (TSI 3079, Shoreview, MN) for the generation of submicrometer-sized 
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particles, a differential mobility classifier (DMC, TSI 3081, Shoreview, MN) for the 

particle size classification, and an ultrafine condensation particle counter (UCPC, TSI 3776, 

Shoreview, MN) to measure the upstream and downstream concentrations of test filter 

media. KCL solutions of two different concentrations (i.e., 0.01% and 1% by volume) were 

used in the atomizer to generate particle in the sizes ranging from 20 nm to 500 nm. 0.01% 

and 1% KCL solutions were used for test particles in 20-50 nm and 100-500 nm, 

respectively. The solvent in atomizer-produced droplets were dried in the diffusion drier 

with Silica gel as the desiccant. Electrical charges on dried particles was conditioned to a 

Boltzmann charge distribution in the Po-210 charger. A TSI DMC (TSI 3081) classified 

KCl particles in the mobility sizes of 20, 30, 50, 100, 200, 300, and 500 nm. A second Po-

210 charger was utilized to minimize electrical charges on DMC-classified particles. 
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Figure 2-4. Experimental setup for the measurement of particle collection efficiency of 

studied filter media. 

 

The penetration of particles at each tested size was calculated as the ratio of the 

concentrations in the downstream and upstream of test filter media: 

𝐸( 𝑥) = 
𝐶𝑑𝑜𝑤𝑛(𝑑𝑥)

𝐶𝑢𝑝(𝑑𝑥)
                                                                                              (11) 

where, Cup(dx) is the particle concentration at the upstream of filter media, Cdown(dx) is the 

downstream particle concentration, and E(dx) is the filter collection efficiency for a test 

particle size. The test face velocity was selected either at 10 or 15 cm/s. For each particle 

size, the penetration efficiency of each filter media sample was measured at least 3 times 
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and averaged. Three different samples were randomly selected and tested for each selected 

filter media. 

 

2.3.2 Characterization of Studied Filter media 

 

 Two fiberglass filter media, i.e., HF-0012 and HF-0493, from Hollingsworth and 

Vose were tested. The specification of two fibrous filter media are given in Table 2-2. The 

media HF-0012 is thicker in the thickness and lower in the solidity than the media HF-

0493. Although the DOP penetration of HF-0012 is lower than that of HF-0493 at the same 

face velocity, its flow resistance is higher than that of HF-0493.  

 

Table 2-2. Specifications of H&V filter media. 

Filter parameters HF-0012 HF-0493 

Thickness (mm) 0.74 0.36 

Basis weight (gram/m²) 69 65 

Solidity 0.039 0.076 

DOP % Penetration (0.3μm at 5.3 cm/s) 79.9 88 

Pressure drop at 5.3 cm/s (Pa) 13 8 

 

Fiber diameters of both HF-0012 and HF-0493 were measured by the analysis of 

scanning electron microscope (SEM) images. Figure 2-5 shows the SEM images of HF-

0012 and HF-0493 at the magnification of x2,000 and x500, respectively. A total of 10 or 

more images were taken for each filter media. Individual fiber diameters were measured 

from each image and the total number of measured fibers exceeded more than 300. As 

shown in Figure 2-6, the fiber size distribution measured from SEM images for a studied 
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media could be fitted by a log-normal distribution (Podgórski, 2009; VanOsdell et al., 

1990). The mean equivalent fiber diameters were calculated using the measured fiber size 

distributions for each filter media. Table 2-3 gives three mean equivalent fiber diameters 

obtained from SEM images and one pressure-equivalent fiber diameter calculated by Eq. 

(6). Equivalent fiber diameters of HF-0012 are in general less than those of HF-0493.  

 

 

Figure 2-5. Typical SEM images of test H&V fibrous filter media: (a) HF-0012 and (b) 

HF-0493.  
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Figure 2-6. Cumulative fiber size distributions for studied filter media (a) HF-0012 and 

(b) HF-0493. 

 

 

Table 2-3. Equivalent fiber diameters of studied filter media (calculated based on the 

measured fiber size distribution and pressure drop). 

Equivalent fiber diameter (μm) HF-0012 HF-0493 

Arithmetic mean 3.3 5.7 

Geometric mean 2.5 4.5 

Volume-surface average 5.1 5.6 

Effective fiber diameter (Davies) 5.3 8.3 

 

 

2.4 Result and Discussion 

 

2.4.1 Typical Flow Field and Particle Trajectory in Modeled Filter Media 

  

Figure 2-7 describes the streamlines in two computational domains (a) and (b) given in 

Table 2-4, respectively. One case (a) is with polydisperse fibers and the other (b) is with 

monodisperse fibers. As shown in Figure 2-7, The flow fields are significantly affected by 

the degrees of filter polydispersity in fibrous filter media. Figure 2-8 shows the trajectories 
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of ten particles of 200 nm in size in the computational domain with modeled HF-0012 

media (at the face velocity of 10 cm/s). Three particles were captured by fibers and seven 

particles penetrate through the media. Because of periodic boundary condition, the particle 

crossing the top boundary was re-entered the computational domain from the bottom 

boundary. 

 

 

Figure 2-7. Examples of streamlines in the computational domains at the face velocity of 

10 cm/s for two filter domains, (a) Case 1 and (b) Case 3, given in Table 2-4. 
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Figure 2-8. An example of 200 nm particle trajectory in the computational domain of 

HF-0012 media at the face velocity of 10 cm/s. 10 particle trajectories are shown. 

 

2.4.2 Effect of Modeled Filter Media 

 

Because of the random fiber size selection and placement in the medium space in 

each creation of model filter media, the actual fiber size distribution and total number of 

fibers in the modeled filter media are varied although the solidity and measured size 

distribution of real filter media were followed. For example, the number of fibers in three 

modeled HF-0012 filter medium space, shown in Figure 2-9, are 782, 874, and 929 with 

the media solidity of 3.929%, 3.899%, and 3.900%, respectively. The numerical particle 

collection efficiencies of three modeled filter media HF-0012 as a function of particle size 

and at the face velocity of 10 cm/sec are shown in Figure 2-10. It is found that the variation 

of particle collection efficiency calculated via three modeled HF-0012 filter media are 

negligible. 
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Figure 2-9. HF-0012 domains having the different number of fibers and normalized 

cumulative fiber distributions corresponding to each domain. 

  

In our numerical study, the difference of maximal fiber numbers in all the cases 

was ~7 % resulting in the less-than-4% variation of calculated particle collection efficiency. 

To further minimize the variation, 15 model media were generated for each studied filter 

media. The model media with the minimal, mean, and maximal numbers of fibers were 

then selected for our calculation. The final particle collection efficiency for a given filter 
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media and particle size was the average of the efficiencies obtained from three selected 

model media. 

 

 

Figure 2-10. The comparison of particle collection efficiency of three selected model 

HF-0012 filter media. 

 

2.4.3 Collection Efficiency Measurement 

 

Filtration efficiencies against 20-500 nm KCl particles were measured for two 

different fiberglass filter media, HF-0012 and HF-0493. The collection efficiencies of 

these filer media were also measured in several previous studies (Dhaniyala & Liu, 

1999a; Kim et al., 2006; Wang et al., 2006) using different particles. Wang et al. (Wang 

et al., 2006) measured the efficiency of HF-0012 against NaCl particles in the range of 

20-260 nm. Kim et al. (Kim et al., 2006) also tested the collection efficiency of HF-0012 
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against silver particles from 3 nm to 20nm. Figure 2-11 (a) shows the collection 

efficiency measured in this study together with the efficiencies measured by Wang et al. 

(Wang et al., 2006) and Kim et al. (Kim et al., 2006) for HF-0012 at the face velocity of 

10 cm/s. The results agree well with each other despite the fact that the test particles used 

for each study were different. This agreement likely stems from the fact that the sizes of 

tested particles are submicron, thus the gravitational setting is negligible and their density 

difference doesn’t affect the collection efficiency results. Figure 2-11 (b) shows the 

collection efficiencies of HF-0493 measured in this study and that measured by 

Dhaniyala and Liu (Dhaniyala & Liu, 1999a). Dhaniyala and Liu (Dhaniyala & Liu, 

1999a) generated DOP particles from 50 to 400 nm to measure the efficiency of HF-

0493. As shown in Figure 2-11 (b), the efficiency curve from this study is in good 

agreement with the experimental data from Dhaniyala and Liu (Dhaniyala & Liu, 1999a). 

The collection efficiencies in Figure 2-11 will be compared to the numerical model using 

the data points (3-500 nm for HF-0012 and 20-500 nm for HF-0493). 

 

Figure 2-11. Collection efficiency comparison with other studies for (a) HF-0012 and (b) 

HF-0493. 
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2.4.4 Comparison of Numerical and Experimental Particle Collection Efficiency 

 

Figure 2-12 shows the comparison of collection efficiency, obtained from the 

experiment, numerical modeling, and Eq. (1), as a function of particle size at both face 

velocities of 10 and 15 cm/s for studied HF-0012 and HF-0493 filter media. The empirical 

formula given in Hinds (Hinds, 1999) were used in the SFE equations. In general, the 

particle collection efficiency curves obtained from our numerical modeling in all the cases 

agree well with the experimental data for both studied filter media. The maximal difference 

between the numerical and experimental data is less than 7%. 

For both studied filter media, the particle collection efficiency calculated from the 

SFE theory with the geometric mean diameter significantly deviates from the measured 

data. The SFE theory with the arithmetic mean diameter overestimates the collection 

efficiency of HF-0012. On the other hand, it underestimates the collection efficiency of 

HF-0493 for particles with the sizes between 50 and 500 nm. The SFE theory with the 

volume-surface average diameter deviates from the experimental data for HF-0012, but it 

is in good agreement with the experimental data in the case of HF-0493. The SFE theory 

with the effective fiber diameter underestimates the collection efficiency for both HF-0012 

and HF-0493. The similar trend could also be observed when using the SFE theory with 

the empirical equations given in the work of Lee and Liu (Lee & Liu, 1982). 
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Figure 2-12. Comparison of particle collection efficiency, obtained from the experiment, 

numerical modeling, and SFE theory for (a) HF-0012 at 10 cm/s; (b) HF-0493 at 10 cm/s; 

(c) HF-0012 at 15 cm/s; and (d) HF-0493 at 15 cm/s. The efficiency data calculated by 

the SFE equations given in the works of Hinds (Hinds, 1999).  

 

2.4.5 Comparison of Particle Collection Efficiency between Computational Domains 

 

Figure 2-13 shows the collection efficiency obtained from the computational 

domains with monodisperse and polydisperse fibers as a function of particle size at the face 

velocity of 10 cm/s for HF-0012 and HF-0493 filter media. Similar to the results discussed 

in 4.3, the particle collection efficiency obtained from monodisperse fiber domains provide 

quite different estimations depending on the selection of equivalent fiber diameter. In fact, 
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the trend of each curve obtained from monodisperse computational domains were very 

similar to the curves calculated from classic single fiber theory when the selected 

equivalent fiber diameter was the same.   

 

Figure 2-13. Comparison of particle collection efficiency, obtained from the experiment, 

numerical modeling, and SFE theory for (a) HF-0012 and (b) HF-0493 at 10 cm/s. 

 

2.4.6 Effect of Polydispersity 

 

The effect of fiber polydispersity on the particle collection efficiency for model 

filter media having the same filter properties (i.e., filter thickness, solidity and arithmetic 

mean fiber size) but different fiber polydispersity was investigated in this part of study. 

Table 2-4 gives the parameters used for the creation of three model filter media (in Figure 

2-14a). A model media with the higher coefficient of variation (CV) indicates that fibers 

in the medium space has the higher degree of polydispersity. Because the size of model 

filter media is fixed, the number of fibers decreased as the degree of fiber polydispersity 

increased. Figure 2-14 shows the collection efficiency as a function of particle size at the 

face velocities of 10 and 15 cm/sec. The fiber polydispersity effect on the particle collection 
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efficiency is negligible for particles with the sizes smaller than 10 nm and larger than 100 

nm. The high diffusivity of particles with less than 10 nm in sizes results in the capture of 

particles regardless of media microstructure difference. For particles with the sizes larger 

than 100 nm, their sizes are close to the most penetrating particle size (MPPS) for studied 

media, in which particles are not effectively captured by diffusion, interception or 

impaction (Hinds, 1999; Podgórski et al., 2006). The fiber numbers and polydispersity may 

not have significant effect on the particle penetration of filter media in the size range near 

by the MPPS. The variation of particle collection efficiency among three model filter media 

are clearly observed for particles in the sizes between 10 and 100 nm. More specifically, 

the difference of 5-14% in the particle collection efficiency were observed when comparing 

the cases with the model media 1 and 3 for particles in the sizes 10-100 nm. Thus, the effect 

of fiber polydispersity should be taken into the consideration in the modeling of filtration 

performance of fibrous filter media. 

 

Table 2-4. Parameters of hypothetical filter media with unimodal fiber size distributions. 

Filter 

domain no. 

Thickness 

(mm) 

Solidity 

(-) 

Arithmetic mean 

fiber diameter (μm) 

Coefficient of  

variation (-) 

Number of 

fibers (-) 

1 1 0.1 15 0.47 320 

2 1 0.1 15 0.27 396 

3 1 0.1 15 0.07 456 
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Figure 2-14. Comparison of particle collection efficiency of three hypothetical fibrous 

filter media having various degree of polydispersity at the face velocity of (a) 10 cm/s 

and (b) 15 cm/s.  

 

2.4.7 Effect of Bimodal Fiber Distributions 

 

The particle collection efficiency of fibrous filter media with bimodal fiber size 

distributions (i.e., fine and coarse fiber modes) was investigated in this part of study. Table 

2-5 lists the parameters of six hypothetical filter media (computational domains shown in 

Figure 2-15). All filter media have the same thickness and solidity. Figure 2-16 shows the 

comparison of particle collection efficiency of six media as a function of particle size at 

the face velocity of 10 cm/sec. The media 1-3 have the different CVs of fibers in both 

bimodal modes. The media 1 has more fibers to capture particles although all the three 

media have the same macroscopic filter properties. As observed in Figure 2-16, the 

collection efficiency of the media 1 is higher than those of the media 2 and 3, i.e., the 

particle collection efficiency of filter media is affected by the degrees of fiber size 

polydispersity. The media 2, 4, and 5 have different coarse fiber modes. The media 4 has 

more fibers in the coarse fiber mode because its fiber size peak is less than that of the media 
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2 and 5 (for a fixed solidity). As a result, the particle collection efficiency of media 4 is 

higher than those of the media 2 and 5. Filter media 6 has the largest fiber diameter in the 

coarse fiber mode among six media and the volume fractions of fine fiber mode are higher 

than other media. Media 6 thus has the number of fibers in the fine mode higher than those 

of media 1 and 2. Because the increase of fiber numbers in the fine mode, the particle 

collection efficiency of media 6 is comparable to that of media 1. 
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Figure 2-15. Computational domains described in Table 2-5. 
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Table 2-5. Parameters of hypothetical filter media with bimodal fiber size distributions. 

Filter 

domain 

no. 

Thickness 

(mm) 
Solidity 

Arithmetic 

mean 

fiber diameter 

(μm) 

Volume 

fraction 

of fibers (%) 

Coefficient 

of  

variation, 

CV 

Number 

of 

fibers 

1 1 0.15 5,   20 0.005, 0.145 0.05, 0.05 253, 461 

2 1 0.15 5,   20 0.005, 0.145 0.3, 0.3 235, 428 

3 1 0.15 5,   20 0.005, 0.145 0.5, 0.5 200, 370 

4 1 0.15 5,   15 0.005, 0.145 0.3, 0.3 240, 766 

5 1 0.15 5,   30 0.005, 0.145 0.3, 0.3 235, 195 

6 1 0.15 5,   30 0.015, 0.135 0.3, 0.3 710, 174 

 

 

 

 

Figure 2-16. Comparison of particle collection efficiency of four hypothetical filter 

media with bimodal fiber size distributions at the face velocity of 10 cm/s. 
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2.5 Conclusions 

 

A new 2-D numerical modeling with the consideration of fiber polydispersity has 

been proposed to predict the filtration performance of fibrous filter media. Different from 

early numerical studies, the validation of the modeling was through the comparison of 

measured particle collection efficiency of real filter media i.e., HF-0012 and HF-0493 in a 

wide particle size range, i.e., 3-500 nm. In our modeling, fibrous filter media was modeled 

in the representative medium space filled with polydisperse fibers, resulting in the same 

filter thickness and solidity, and fiber size distribution as those of the media to be modeled. 

The flow field and particle trajectory in model filter media were calculated.  The numerical 

particle collection efficiency of filter media was derived from tracing the fates of more than 

1,500 particles of a given size. The collection efficiency of studied filter media was 

calculated for particles in the sizes ranging from 3 to 500 nm and at two face velocities of 

10 and 15 cm/sec. Experiments were also carried out to characterize the fiber size 

distribution and the particle collection efficiency of selected filter media at two face 

velocities. The excellent agreement between the numerical and experimental collection 

efficiencies for particles in the sizes ranging from 3 to 500 nm evidences the success of 

proposed modeling in the prediction of particle collection efficiency of fibrous filter media.  

We further investigated the variation of particle collection efficiency of fibrous 

filter media due to the variation of fiber size polydispersity (both in unimodal and bimodal 

fiber distributions). In the case with unimodal fiber size distribution, it is observed that the 

variation of particle collection efficiency is noticeable for particles in the sizes from 10 nm 

to 100 nm under the fixed peak fiber size, solidity and filter thickness. It is also found that 

the change of particle collection efficiencies of filter media becomes more significant as 
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the degree of fiber size polydispersity increases. The degrees of polydispersity also 

influence the collection efficiency of fibrous filter media with bimodal fiber size 

distributions. The particle collection efficiency of bimodal filter media was in fact affected 

by the peak fiber size, volume fraction and fiber polydispersity in the fine and coarse modes.   
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Chapter 3: Measurement of Dispersity of ISO A2 Fine Dust by 

Particle/Droplet Image Analysis (PDIA) 
 

3.1 Introduction 

 

ISO dust injectors (ISO 5011, 2014) and commercial dust dispersers are generally 

used to re-suspend standard dusts, e.g. ISO A2 fine (ISO 12103-1, 2016), for challenging 

the air filters used in internal combustion engines and compressors for automotive and 

industrial applications (ISO 5011, 2014). However, the A2 dusts tend to form agglomerates 

easily due to adhesive forces, i.e. van der Waals and electrostatic forces (Hinds, 1999), 

when they are packed in a container. For an accurate evaluation of filter performance, a 

complete deagglomeration when re-suspending the dusts is desired. Otherwise, the size 

fractional efficiency of the filter based on the labeled size distribution by the manufacturer 

will not be reliable. Thus, the results will not be applicable for refining and designing new 

generation filter products. However, to the best of our knowledge, there has been no 

validation study reported to confirm whether the re-suspended dusts are completely 

deagglomerated by the ISO injectors. Instead, it is highly suspected that there is a severe 

difference between the measured size distribution by the user and the labeled distribution 

by the manufacturer. There could be several reasons causing the discrepancy, and one of 

the most important reasons is that the manufacturer, e.g. Powder Technology (Power 

Technology Inc., Arden Hills, MN), typically measures the distribution of dusts in the 

liquid with the laser diffraction instrument, e.g. Microtrac S3500 (Nikkiso Co, Ltd., Tokyo, 

Japan). During the measurement, chemical agents are added and ultra-sonication is applied 

to enhance the dispersity and to prevent the agglomeration of the dusts. In comparison, the 

users usually measure the distribution of the re-suspended dusts using real-time aerosol 
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instruments. Therefore, if the dusts are not deagglomerated properly by the dust injectors, 

the same distribution as that measured in liquid phase cannot be obtained. Nevertheless, 

although it is unlikely for general dust injectors to aerosolize the standard dusts with a 

similar size distribution as that in liquid phase, the data obtained from the measurement in 

liquid phase could be regarded as the reference size distribution and can be used to evaluate 

the performance of a dust disperser for re-suspending and deagglomerating dusts. 

In addition to the size distribution discrepancy caused by the re-suspension and low 

deagglomeration rates of the particles, the transport loss during the sizing measurement is 

another reason causing the discrepancy. Transport loss can alter the size distribution for 

microsized and super-microsized dust particles, i.e. >1 μm, because of the electrostatic, 

inertial, and gravitational settling effects when they are transported inside the tubing 

(McMurry & Rader, 1985; Okazaki & Willeke, 1987; Von Der Weiden et al., 2009). The 

loss will be more significant when improper tubing materials and tubing with small 

curvature are used (Tsai & Pui, 1990). For example, tubing curvature (bend) is usually 

required for adapting the isokinetic sampling and orientation of the instrument when 

introducing dusts from the generation point to the instrument inlet. In addition to the 

transport issues, many instruments employed to determine the size distribution usually 

have their own limitations, such as the sizing ranges and identification capability for 

particle shapes. For example, the aerodynamic particle sizer (APS, TSI 3321, Shoreview, 

MN) is widely used for measuring the size distribution of microsized and super-microsized 

particles (Buonanno, Lall, & Stabile, 2009; Jamriska, DuBois, & Skvortsov, 2012; Lo, 

Chen, & Pui, 2010), but it has a sizing ranges only from 0.5 to 20 μm. Moreover, the APS 

is generally calibrated with spherical particles and irregular shaped particles will be 
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interpreted as a certain aerodynamic diameter. Therefore, there needs a conversion between 

effective density and dynamic shape factor depending on the real drag acting on the particle 

for further acquiring the informative and indirect shape information (Hinds, 1999). In 

comparison, the laser diffraction instruments have relatively wider sizing range than the 

APS. However, particles to be measured are assumed to be spherical in this instrument, 

thus particles with irregular shapes and changes in refractive index can lead to erroneous 

results (Beekman et al., 2005; Mühlenweg & Hirleman, 1998). Moreover, this method 

cannot provide the velocity of particles. The phase-Doppler anemometry (PDA) is also a 

well-known particle sizing instrument for microsized particles with good accuracy. 

However, it is typically applicable for transparent and semi-transparent spherical droplets.  

Non-spherical particles may be measured (Damaschke et al., 1998; Zhang & Ziada, 2000) 

but may have various results dependent upon the orientation of the particles going through 

the measuring volume of the system.  Since the A2 dusts are in irregular in shape, hence 

the PDA technique may not be a suitable technique.   

Again, accurately characterizing the size distribution and shape of the dust particles 

from the dispersers are essential because the performances of filters are closely correlated 

with these parameters (Jung & Kim, 2013; Karwa & Tatarchuk, 2012; Lee & Liu, 1982; 

Song & Park, 2006). Hence, it is desirable to find a method which not only can accurately 

measure particle size and shape over a wide size range, e.g. 1.5 – 1,500 μm, with no 

sampling transport loss, but also can be independent of the dust dispersion methods and 

the types of dusts. One of possible and available methods to overcome those limitations is 

the shadowgraph image analysis technique (or the Particle/Droplet Image Analysis, PDIA). 



 

45 

 

This noninvasive technique allows a direct measurement and analysis of individual 

particles for their sizes and shapes.   

The shadowgraph technique has been widely applied such as for measuring the size, 

shape and velocity of sands (Shahi & Kuru, 2015), ice particles (Galeote, 2010) and spray 

droplets (Inthavong et al., 2015; Kashdan et al., 2003; Kim & Kim, 1994; Lecuona et al., 

2000; Malot & Blaisot, 2000). Up to now, no attempts have been made to evaluate the ISO 

dust injectors for ISO dusts dispersions by this method. It is very meaningful to examine 

the feasibility of using the PDIA to characterize the re-suspended ISO dusts.  

In the present study, the PDIA technique was adopted to measure A2 fine dust 

distributions and to investigate the performance of ISO injectors. In order to verify the 

accuracy of the PDIA, we first measure the size of monodisperse Polystyrene Latex (PSL) 

particles with diameters of 5, 17 and 26 μm aerosolized by a homemade disperser. The 

PDIA was then applied to measure the polydisperse ISO A2 fine dusts dispersed from 

different dust dispersers, including the ISO light-duty and ISO heavy-duty injectors. In 

addition, the size distributions from the two dispersers and that from manufacturer were 

compared. The goal of this study is to demonstrate the capability and viability of the PDIA 

system to accurately determine the size distributions of dust particles dispersed by the ISO 

injectors since there is no any sampling tubing involved in the measurement which avoids 

the transport loss of the dust particles. 
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3.2 Materials and Methods 

 

3.2.1 Experimental Setup 

 

The optical system of the PDIA consists of a Nd:YAG laser with 200 mJ/pulse 

(Solo 200XT, New Wave™ Research, Inc., Fremont, CA), light illumination optics, 

diffuser, synchronizer (Model 610035, TSI Inc., Shoreview, MN), CCD camera with 8 

million pixel resolution and  5.5 µm pixel size (POWERVIEW Plus, TSI Inc., Shoreview, 

MN), and a high magnification lens (14X Navitar micro-lens and an extra 2X adapter, 

maximum 28X). Figure 3-1 shows the schematic diagram of the PDIA system. Typically, 

the laser is placed behind a light diffuser and a camera positioned opposite to the diffuser 

plate. The dust laden flow is situated between the diffuser and the camera. Fundamentally, 

the shadowgraph imaging relies on the re-direction of light due to refraction. Light rays 

diverted by the dusts will travel elsewhere causing a lack of photonic energy on the image 

sensor then translating to a dark portion of the image and illustrating a ‘shadow’. Thus, the 

lack of light typically indicates the presence of the dust particle medium. In the current 

system, Nd: YAG laser was used as an illumination source, and the laser was generated as 

a cone of uniform light by using two cylindrical lenses oriented perpendicular to each other 

at the laser head. The diffuser plate was placed in the path of the illumination for the 

purpose of providing a uniform background. Uniform illumination is essential because any 

inconsistence in the illumination may cause an inaccurate result of the particle size. In 

addition to the measurement of size and shape of particles, the PDIA system can also 

measure the velocity of individual particles. 
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Figure 3-1. Experimental setup for measuring dispersed aerosol particles. 

 

3.2.2 Experimental Procedure and Depth of Field Determination 

 

The CCD camera was typically operated at a capture rate of 2.15 Hz with 10 μs 

time interval between a pair of laser illumination when the velocities of particles were also 

able to be measured, although it was not the major focus in the present study. The camera 

has a pixel resolution of 3312 X 2488 with a pixel size of 5.5 μm. With the 28X 

magnification, the size of each pixel can be reduced to about 0.2 μm, and the corresponding 

sampling region, i.e. field of view, is about 0.58 mm (length) by 0.44 mm (width). The 

high pixel resolution is necessary for capturing small particles as a sufficient number of 

pixels can be used to cover and represent the particle images. We used 8 pixels as a 

minimum number to determine the size of a particle to avoid errors from background noise. 

Therefore, the sizing limit of current PDIA is about 1.5 μm. In comparison, a lower 

magnification is preferred when particles are larger and with broader size distribution, e.g. 

ISO A2. Thus, the majority of particles can be captured. In this study, the micro-lens was 

set at 7X to take images of PSL calibration particles and ISO A2 particles. The images 
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were automatically taken by the Insight 4G software (TSI, Inc., Shoreview, MN) once the 

preferred operation parameters were set, including the aforementioned capture rate and 

time interval. Then the image analysis for the sizes and shapes of particles from the 

captured images was conducted by an in-house JAVA and MATLAB script. 

 

 

Figure 3-2. Images of 28 μm calibration circle taken at three different DDs from the best 

focus (focal plane) of DD = 0 μm (a) DD = 120 μm (b), and DD = 210 μm (c). Images 

comparison between 20 and 79 μm calibration circle taken at three different DDs from 

the best focus of DD = 0, 150 and 200 μm (d). 
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Clear images of captured particles are desirable but not always available. When a 

particle is positioning within the focal depth (or depth of field, DOF, or effective focus 

range, the spatial location where the image of the particle is acceptably sharp), a focused 

image will be obtained and its shape can be recognized clearly because there is a sharp 

contrast between the particle and the background as shown in Figure 3-2 (a). On the 

contrary, a particle sitting outside of the field will be defocused and blurred with a reduced 

intensity level, as shown in Figure 3-2 (b) and (c), depending on the defocus distance (DD). 

It has been found the DOF varies as a function of particle size and it is also influenced by 

both the threshold level and optical setup (Kashdan et al., 2003; Kim & Kim, 1994; Koh, 

Kim, & Lee, 2001; Yule, Chigier, & Cox, 1978). By fixing the threshold level and optical 

setup, Figure 3-2 (d) confirms the variation of DOFs with particle sizes as the smaller 

particles were found to be defocused faster. Thus, DOFs should be investigated for each 

size of particles for the correction of particle size distribution, which will be detailedly 

described later. To measure the DOFs of different sizes of particles, the calibration plate 

(PS20 calibration plate, Pyser-SGI Limited, Kent, UK) containing standard circles with 9.9, 

14, 20, 28, 40, 56, 79, and 112 μm in diameter was mounted on a translation slide and was 

moved away from the best focus plane and traversed in 10 μm intervals of DD continuously 

until the calibration circle became blurred and disappeared into the background. Again, 

remaining the threshold level and optical setup (7X lens) unchanged, this study found the 

DOF decreases nearly linearly with decreasing particle size for particles from 110 to 9.9 

μm as shown in Figure 3-3, which was in agreement with that reported by many literature 

(Kashdan et al., 2003; Kim & Kim, 1994; Koh et al., 2001; Yule et al., 1978). With the 

finding of this relationship, it was speculated that, for the measurement of particles with 
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polydisperse sizes like A2, small particles can be off-focused while larger particles are still 

in-focus at certain DD as larger particles have larger DOFs. Therefore, some portion of 

small particles will be missed and underestimated within the defined inspection volume 

(DOF times the inspection area) of the PDIA system. To represent the size distribution for 

the particles to be measured, the missing small particles should be corrected by weighting 

factors (Kashdan et al., 2003; Kim & Kim, 1994; Koh et al., 2001; Yule et al., 1978). Since 

there is a linear relationship between particle size and DOF, the factor can be simply 

determined as the ratio of the DOF of the PDIA system to the measured one of the particle. 

The DOF equal to 640 μm was used in this study, which was based on the similar method 

by Kashdan et al. (Kashdan et al., 2003). In addition, particles larger than 30 μm and sitting 

outside 640 μm will be excluded to confirm that only particles presenting in the control 

volume are taken into account.  
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Figure 3-3. Depth of field (DOF) decreases nearly linearly with decreasing particle size 

for particles from 110 to 9.9 μm. 

 

3.2.3 Image Analysis 

 

Determining the size of defocused particles accurately is the most important process 

during the image analysis of PDIA. The image analysis procedure of this study followed 

the flow chart shown in Figure 3-4 and more details are discussed in the following. 
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Figure 3-4. Flow chart of the current image processing procedure. 

 

As has been shown in Figure 3-2 (a), there is a very sharp contrast between the 

particle and the background because the particle is located on the focal plane. However, 

the in-focus area becomes smaller and smaller as the DD increases as shown in Figure   3-

2 (b) and (c). In addition, the total area and the intensity gradient in the halo area are 

changed. Yule et al. (Yule et al., 1978) and Kashdan et al. (Kashdan et al., 2003) found the 

changes of halo area could be used to extract the particle size.  

In order to identify the degree of focus and halo areas from each particle, proper 

threshold values should be assigned. Both Yule et al. (Yule et al., 1978) and Kashdan et al. 

(Kashdan et al., 2003) defined two threshold values to detect the halo area of each particle, 

one threshold value to determine the boundary between inner, II, and halo areas of the 

particle, and another boundary between the particle outside, IO, and the background. Thus, 

the area with threshold value between II and IO will be recognized as the halo area. These 

two thresholds are function of the background intensity, IB, and can be calculated as:  
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𝐼𝐼 = A × 𝐼𝐵                                                                                                          (1) 

𝐼𝑂 = B ×𝐼𝐵  𝐼𝐼                                                                                                 (2) 

where A and B are not fixed coefficients and IB was locally updated for each image to 

obtain the best contrast particle images. This approach was adopted by this study and A 

and B were chosen as 0.65 and 0.15, respectively, for the current experimental setup. The 

ratio of halo to total area was also used to determine the degree of focus and extract particle 

diameter in this study, where the ratio of each particle size is obtained during the calibration 

process. 

To extract the size of individual particles, the processing steps and the image 

analysis, as shown in Figure 3-4, are explained below. First, the background intensity, IB, 

was defined as the most frequently detected gray scale intensity in the image. Since the IB 

varied in each image, it was newly updated in every image. By applying the known IB, to 

Eqs. (1) and (2), II and IO were then calculated. Second, 8-connected pixels with gray scale 

intensity below the background intensity were detected as particles in the image. Third, 

particles with the number of pixels less than 8 pixels were excluded to avoid errors from 

background noise. In addition, the present of very small dusts inside lens or on the CCD 

sensor were excluded. Furthermore, particles touching the boundaries of the field of view 

were also removed, since the size and shape out of the boundary cannot be estimated 

especially for non-spherical particles. Fourth, only in-focus particles were classified by 

checking the ratio of halo to total area for every individual particle in the images. Fifth, 

each particle size was extracted using calibration data, i.e. the ratio of halo and total area 

of individual particles enabled to determine the real diameter and the DD of detected 
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particles. In the last, the velocity of each particle can be calculated by tracking its 

movement but the results are not shown.  

 

3.2.4 Validation of the System Sizing Accuracy using PSL Particles  

 

Three different sizes of monodisperse PSL particles of 5, 17, and 26 μm were 

dispersed using a homemade disperser to verify the sizing accuracy of the PDIA system. 

With the captured images, particle diameters and their size distributions were extracted 

from the image analysis procedure based on Figure 3-4. By the same procedure, the system 

was additionally calibrated with smaller calibration circles down to 3.5 μm.  

 

3.2.5 Measurement of ISO 12103-1 A2 Fine Dust  

 

ISO 5011 light-duty injector and heavy-duty injector were applied for re-

suspending the ISO A2 fine dusts. Then the size distribution of the re-suspended A2 dusts 

was characterized by the PDIA system. According to ISO 5011, the ISO light-duty dust 

injector is recommended for re-suspending dusts with the feed rates of 0 to 45 g min-1. In 

comparison, the ISO heavy-duty injector is recommended for the feed rates equal to or 

higher than 26 g min-1. In addition to the mass feed rate, different supply pressures of the 

injectors were also recommended by ISO 5011. Table 3-1 summarizes the mass feed rates 

and supply pressures tested investigated in this study for their effects on the size 

distribution changes of the A2 dusts. 
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The diameters of the dusts were converted from the equilibrium 2-D projected area 

diameter (√
4×𝐴𝑟𝑒𝑎

𝜋
), and their number distribution was determined by grouping and 

summing the sizes of all captured dusts. Here, the equilibrium sizes of dusts ranging from 

about 5 to 1000 μm were divided into 17 intervals with a logarithmic constant interval of 

0.15 as: 

 log (di+1/di) = 0.15 (3) 

where d is the particle size and subscript i is from 1 to 17. For example, d1, d2, d3 is 5.0, 

7.1, and 10.0 µm, respectively. This interval is close to the often used value in aerosol 

instruments such as APS and SMPS (scanning mobility particle sizer, TSI Inc., Shoreview, 

MN) for showing the size distribution of aerosol particles. 

 

Table 3-1. Measurement conditions with different dust feed rate and supply pressure. 

ISO injector type Supply pressure (psi) Dust feed rate (g min-1) 

Light-duty 10, 20 10, 20, 45 

Heavy-duty 45 45, 85 

 

 

3.3 Results and Discussion 

 

3.3.1 Size Distribution of Monodisperse PSL Particles 

 

Monodisperse PSL particles of 5, 17, and 26 µm generated by a homemade dust 

disperser were measured with the PDIA system and some of representative images of these 

particles are shown in Figure 3-5. To be noted, the images for 5 µm were captured at 14X 

and 28X magnifications, while 17 and 26 μm PSL particles were captured at 7x and 14X 
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magnification. As can be seen, a number of particles are agglomerated in every image. 

Since the purpose of the PSL measurement was to check the sizing accuracy of our system, 

these agglomerate particles had to be removed. In order to remove agglomerate particles, 

circularity (√
4𝜋×𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
) and aspect ratio (ratio of minor axis length to major axis length) 

of particles were investigated and included in the image analysis procedure. When these 

parameters close to unity, the shapes of particles are close to circle. We rejected and 

excluded particles with circularity and aspect ratio below 0.9 during the analysis. Table 3-

2 compares the size of PSL particles provided from manufacturer and measured by the 

PDIA system. As seen from the table, very good agreements of the sizes between the 

measured and labeled are obtained.  
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Figure 3-5. Example images of PSL particles of 5, 17, and 26 μm captured by the PDIA 

system. 

 

 

 

Table 3-2. PSL size provided by manufacturer and measured by the PDIA. 

Magnification Manufacturer Measured diameter 

14X 5 ± 0.5 μm 5.1 ± 0.4 μm 

28X 5 ± 0.5 μm 4.9 ± 0.3 μm 

14X 17 ± 2.7 μm 16.4 ± 1.5 μm 

7X 26 ± 3.9 μm 26.1 ± 1.8 μm 

14X 26 ± 3.9 μm 26.0 ± 2.7 μm 
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3.3.2 Size Distribution of Polydisperse ISO 12103-1 A2 Fine Dust 

 

In order to confirm the current experimental data to be statistically meaningful, a 

sufficient number of particle images were obtained. Yule et al. (Yule et al., 1978) suggested 

1,000 particles to have a representative size distribution and Malot et al. (Malot & Blaisot, 

2000) observed the mean diameter of measured droplets became nearly constant after the 

number of particles were more than 3,000. A similar result was obtained in this study, in 

which two normalized size distributions (not shown) determined from about 4500 and 1000 

particles captured at the same experimental condition were found to be almost identical.  

Figure 3-6 (a) shows a captured image of A2 dust particles dispersed by the ISO 

light-duty injector with 45 g min-1 feed rate and 10 psi supply pressure when the 

magnification of the micro-lens was set at 7X. The boxed region on the lower left is 

enlarged to show irregular shapes of the A2 dusts. The aspect ratio distribution shown in 

Figure 3-6 (b) further verifies that the majority of A2 dusts are with irregular shapes. The 

ratios of minor axis length to major axis length were mainly in the range of 0.5-1.0 with an 

average of ratio 0.75±0.13 but with many of them were as low as 0.3-0.5. To be noted, 

alignment effects on increasing filtration penetration may be considered for A2 dusts when 

a high filtration velocity was used (>10 cm s-1). Because it has been found that the 

elongated non-spherical particles, especially for the ratio smaller than 0.5, can have higher 

penetrations comparing with spherical particles with the same projected area diameter 

(Chen et al., 2013). 

Figure 3-6 (c) shows the size distribution of detected particles from all processed 

images with the total number of about 4,000 particle counts. The particle diameters were 

found to be ranged from 5.0 to 118.6 μm. Figure 3-6 (d) shows the comparison of 
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normalized volume distribution determined by PDIA (volume diameter was determined 

based on the geometric mean diameter of the lower and upper limit size of each size interval) 

with that determined by Microtrac S3500. To be mentioned, in order to capture the majority 

of A2 dusts and compare the distributions between PDIA and manufacturer, 7X 

magnification was used, which limited the capture for particles smaller than 5 µm. 

However, it has been confirmed that there was negligible volume concentration for 

particles in the ranges of 1.5-5 μm by the use of 14X and 28X lens. These results will not 

be shown since particles larger than 30-40 μm cannot be captured accurately under such 

high magnifications. Besides, even though the particles smaller than 5 μm were excluded, 

qualitatively the comparison between the PDIA and the reference distributions still can be 

made. For example, the reference distribution was bimodal distribution with the first peak 

at 5-6 μm, however, PDIA had multiple modes and has very low concentration at 5-6 μm. 

It becomes clear that the ISO light-duty cannot deagglomerate the A2 dusts well. The 

manufacturer reported that the A2 had a number mean and volume mean diameter of 0.81 

and 16.21 μm, respectively. As can be seen, the re-suspended A2 dusts by the ISO light-

duty injector peak at ~30 µm with a low fraction of particles presented between 5-10 μm 

and the majority of dusts fell in 10-80 μm in volume diameter. 
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Figure 3-6. Raw image of A2 dusts re-suspended by ISO light-duty injector (a), aspect 

ratio distribution of A2 dusts (b), histogram of number distribution for A2 dusts (c), and 

comparison of normalized volume distribution for the A2 generated by the ISO light-duty 

injector under 45 g min-1 and 10 psi and measured by manufacturer with the Microtrac 

S3500 (d). 

   

Figure 3-7 (a) compares the number mean diameters between ISO light-duty and 

heavy-duty injectors under different dust feed rates and supply pressures. It should be noted 
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that the number mean diameters shown here do not take into account the particles smaller 

than 5 μm, i.e. the real mean diameter is likely to be slightly smaller than the one presented 

here. But as mentioned, there were negligible volume concentration for particles in the 

ranges of 1.5-5 μm. Therefore, the results shown in Figure 3-7 (a) are close to the real 

values and it is worthwhile to compare them for the purpose of investigating the 

effectiveness of deagglomeration under different operation conditions. In the figure, there 

is a clear trend showing that the sizes of re-suspended dusts increase with increasing feed 

rates for both injectors. Meanwhile, sizes of dusts decreased with increasing supply 

pressure as the feed rate was the same. The number mean diameters of light-duty injector 

with 20 psi supply pressure were all smaller than those with 10 psi supply pressure. 

However, it is noted that the heavy-duty injector was not able to deagglomerate the dusts 

further better than that by light-duty even with a higher pressure applied (45 psi) because 

a higher number mean diameter was obtained at the feed rate of 45 g min-1 with the light-

duty injector at 20 psi. This indicates that the performance of heavy-duty injector may not 

be better than that of light duty injector for A2 dusts re-suspension. 

 

 

 

 

 



 

62 

 

 

Figure 3-7. Effects of dust feed rates on number mean diameters for ISO light-duty 

injector at 10 and 20 psi and ISO heavy-duty injector at 45 psi (a) and comparison of 

volume distribution between 10, 20 and 45 g min-1 dust feed for ISO light-duty injector at 

10 and 20 psi supply pressure (b). 

    

Figure 3-7 (b) shows the comparison of volume distribution between 10, 20 and 45 

g min-1 at 20 and 10 psi supply pressures for the ISO light-duty injector. As can be seen, 

the A2 dusts re-suspended by the light-duty injector are in multimodal distributions and 

their mode sizes tend to move to larger size ranges with increasing mass feed rate and 

decreasing supply pressure. That is, dusts were deagglomerated slightly better at the lower 

dust feed rate and higher pressure. However, the re-suspended dusts from all these 

conditions were still much larger than the reference distribution by the Microtrac shown in 

Figure 3-6 (d). To be concluded, the reference distribution should not be used to interpret 

the filtration results when the ISO injectors were used to re-suspend the A2 dusts. 

To be mentioned, the major objectives of this study were to show the applicability 

of shadowgraph technique for the measurements of re-suspended dust particles from 

different injectors operated at different conditions and to compare the measured size 

distributions with the reference one provided by the manufacturer. However, the detailed 
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performances on the dust deagglomeration rates by the different injectors operated under 

different conditions were not studied in this study but they may be investigated in the future.  

In addition to the sizing ability, it was found that the performance of the dust 

injectors, in terms of stability of dust dispersion, can also be evaluated with the PDIA 

system by investigating the uniformity of measured dust concentrations, i.e. the number of 

particles captured in each image with time. The overall gray scale intensity of raw images 

will be changed with the number of particles on the image. That is, lower light intensity 

will be obtained for a raw image when a relatively more number of particles were captured. 

Figure 3-8 depicts the sequentially captured images of A2 fine dusts dispersed from ISO 

light-duty injector with 10 psi supply pressure and 45 g min-1 feed rate (a-d) and from ISO 

heavy-duty injector with 45 psi supply pressure and 45 g min-1 feed rate (e-h). The time 

interval between each image was 0.47 seconds. As shown in the figure, the concentrations 

of dust particles from both ISO injectors were changing continuously with time, which was 

due to the unstable deagglomeration and dust dispersion by the ISO injectors. This could 

be also due to an unstable delivery of dust feeding.    
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Figure 3-8. Sequentially captured images of A2 fine dusts dispersed from ISO light-duty 

injector with 10 psi supply pressure and 45 g min-1 feed rate (a-d) and from ISO heavy-

duty injector with 45 psi supply pressure and 45 g min-1 feed rate (e-h). 
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Since the overall light intensity of each captured image is related to the number of 

particles on the image, the variation of the intensity with time could be an indication of the 

uniformity of dust dispersion by different dust injectors at different operation conditions. 

Figure 3-9 shows the gray scale intensity changes during 23.5 seconds of continuous 

measurement (50 images) for the light-duty injector operated at 10 psi with 0.6 and 20 g 

min-1 dust feed rate and heavy-duty under 45 psi and 45 g min-1 feed rate. To be mentioned, 

the condition of 0.6 g min-1 feed was only applied for the concentration uniformity 

comparison here. The size distribution under this low feed rate was not available due to the 

low particle concentration on captured images. Nevertheless, in the future, it is meaningful 

to show the statistical significance distribution for the low mass feed condition by taking 

more images. As expected, gray scale intensity is clearly more uniform for lower dust feed 

rates and the intensity fluctuated significantly for higher dust feed rates. The fluctuated 

results were also observed for the light-duty with 10 psi at 10 and 45 g min-1 feed rates and 

heavy-duty with 45 psi at 85 g min-1 feed rate but not shown here. That is, the performance 

of ISO injector in terms of uniform generation of particles becomes more unstable with 

higher feed rates. For the ISO injector with 10 psi applied, re-suspended particle 

concentration is stable under 0.6 g min-1 dust feed rates, while it became unstable at the 

feed rate of 20 g min-1. The grey scale fluctuation at the dust feed rate of 10 g min-1 is 

similar to that of 20 g min-1 (data not shown). Although ISO light-duty injector is 

recommended to be operated up to the feed rates of 45 g min-1 and ISO heavy-duty injector 

is recommended for the feed rates higher than 26 g min-1, the performance of both injectors 

was found to be severely affected by the high mass feed rates, and re-suspended particle 

concentration was very unreliable. In addition, the deagglomeration efficiency is the main 



 

66 

 

issue for both ISO injectors, which needs to be largely improved. It is to be mentioned that 

the pulse to pulse laser variation may cause the measurement errors. However, this effect 

could be neglected in the ISO A2 dusts measurements of this study since the gray scale 

intensity shown in Figure 3-9 indicates that three different conditions all had a cyclical 

variation without any aperiodicity trends so the measured results were representative. 

 

 

Figure 3-9. Gray scale intensity changes for different measurement conditions. 

 

 

3.4 Conclusion 

 

The shadowgraph and image analysis technique, PDIA, was applied to develop a 

method for measuring the size distribution of re-suspended A2 fine dusts generated from 
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magnification lens was used to capture the shadow images of individual particles by 

backlight illumination using a Nd:YAG laser. Insight4G and a developed in-house 

MATLAB script were applied to automatically detect individual particles, while rejecting 

unacceptable particles. The accuracy of the image analysis code was verified by comparing 

the measured sizes of standard PSL particles to the sizes provided by manufacturer. Three 

different sizes of monodisperse PSL particles of 5, 17, and 26 μm were used to calibrate 

the PDIA system for its sizing accuracy. Good agreements were observed for all three PSL 

particles. The calibrated PDIA system was then applied to measure the size distributions 

of polydisperse ISO 12103-1 A2 fine dust dispersed by the ISO light-duty and heavy-duty 

injectors. Result showed that under all tested conditions both injectors produced 

incompletely deagglomerated A2 dusts compared with the reference size distribution 

determined by Microtrac S3500. The mean diameter of re-suspended A2 dusts increased 

with the dust feed rates for both injectors.  

The performance of the two ISO injectors was further evaluated by investigating 

the concentration changes of generated particles over time, as the gray scale intensity 

change could be an indicator for representing the uniformity of re-suspended dust 

concentration. As expected, dust generations with lower dust feed rates show uniform 

particle generation during the measurement, i.e. more stable performance. However, high 

fluctuation of particle concentration was observed, even though applied dust feed rates 

were far lower than recommended dust rates by ISO 5011. Therefore, one should be careful 

when estimating the total amount of dusts applied to the test system. 

The shadowgraph technique and image analysis applied in this study can provide 

the size of the dust particles without altering their size distribution caused by the 
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transportation loss. Also, this system can acquire shape parameters of individual dust 

particles, which is very important for detailed analysis of dust particles because majority 

of them are non-spherical. Not only that, the PDIA system can measure the dynamic 

behavior of the injector in terms of particle generation uniformity. Furthermore, the PDIA 

technique is able to measure dust sizes regardless of the dispersion methods and the types 

of dusts. 
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Chapter 4: Characterization of Pleated Filter Media using Particle 

Image Velocimetry (PIV) 
 

4.1 Introduction 

 

Pleated filter media are widely used to filtration of particles in a variety of 

applications including semiconductor, automotive, and pharmaceutical industries. Filter 

media are typically pleated to have more capacity for capturing more particles in a 

confined space. Finding an optimum pleated condition is complex because there are 

various factors to be considered such as flow properties, filter properties, and pleat 

density and shape. Optimal pleat density, for example, is not found for both low and high 

pleat numbers, since a smaller area of filter media results in a higher face velocity, and 

the drag force will increase with higher pleat counts, respectively (Chen et al., 1995; 

Rebaï et al., 2010). Previous studies have investigated the effects of pleat shape, pleat 

density, and face velocities on pressure drop across the filter for finding an optimum 

condition (Caesar and Schroth 2002; Chen et al. 1995; Del Fabbro et al. 2002; Rebaï et 

al. 2010). 

Pressure drop and particle collection efficiency are the most important indicators to 

evaluate the filter performance for flat filter media (before pleating). For pleated filters, 

however, velocity distribution should be also considered because the face velocity is 

typically not uniform in many applications while the filter efficiency is directly 

influenced by the face velocity (Chambers et al., 2001). Nonuniform distribution of flow 

approaching the filter media can be caused by many reasons including filter housing 

configurations, filters positioned at an angle of some degrees in the housing that is 

normal to the flow, and/or disturbed flow due to a pre-filter or other obstacles. Chambers 
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et al. (Chambers et al., 2001) investigated the upstream velocity distribution of pleated 

filters using different filter housing configurations with laser Doppler anemometry, and it 

was found that the filtration efficiency was affected by the nonuniform flow approaching 

the pleated filter. That is, the particles captured were spatially inhomogeneous, which 

may result in unpredictable filter performance degradation and lifespan reduction.  

In addition to the upstream flow nonuniformity, the flow downstream of pleated filter 

can be nonuniform because of pleat geometries, filter properties, and filter installation. 

These parameters can contribute to the localized differences of flow field downstream of 

pleated filters. For example, applications using several filters in series, the efficiency and 

lifespan of the filter inside the unit can be affected by the flow distribution determined by 

the upstream filters. Therefore, obtaining a reliable velocity distribution information is 

important to accurately estimate the optimization of the filter performance. 

Experimentally obtained velocity information can be used for the validation and 

improvement of numerical models. Feng et al. (Feng, Long, & Chen, 2014) conducted 

CFD simulations for obtaining the flow distribution downstream of pleated filter media 

using several turbulent models. The velocity distributions between pleats were 

experimentally measured using several hot wire anemometers to validate the models. 

Due to the high resolution and fast response, hot wire anemometry (HWA) is 

widely applied for velocity measurements. For the measurement of relatively large areas, 

however, HWA might not be an ideal choice since it is a single point technique. In 

addition, HWA is intrusive and can be contaminated by particles penetrating filter media 

(Cardesa, Nickels, & Dawson, 2012; Nabavi & Siddiqui, 2010) . Laser Doppler 
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anemometry (LDA) is a non-intrusive optical technique that has relatively high spatial 

resolution and frequency response (Baldi & Yianneskis, 2003; Morrison, Budihardjo, & 

Behnia, 2005; Nabavi & Siddiqui, 2010). LDA is, however, again a single point 

measurement technique while measuring flow field for a pleated filter typically requires 

measurements of relatively large areas. Particle image velocimetry (PIV) is an optical 

technique that can produce instantaneous two-dimensional velocity vectors for a large 

domain without interrupting the flow field. Therefore, PIV is a suitable technique for this 

study. 

The objective of this study is to develop a non-intrusive experimental method to 

measure the flow field directly downstream of pleated filter elements using PIV. In this 

study, PIV is employed for the characterization of airflow patterns downstream of pleated 

filters. To validate the computational fluid dynamics (CFD) models and experimental 

techniques with a simple geometry, a custom-built rectangular pleated filter is used to 

compare PIV data with a numerical simulation. Then, commercial pleated filters are used 

to study the effects of a pleat stabilizing technique (pleat locks), which is an indentation 

to fix the pleats in the original position under various operating conditions. For pleated 

filter numerical modeling, typically pleat geometry has been solely a matter of 

importance, although pleat stabilizing techniques are widely applied when pleated media 

are manufactured. Finally, the capability of PIV on the defect inspection was 

demonstrated. 
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4.2 Materials and Methods 

 

4.2.1 Experimental Setup 

 

Figure 4-1 shows the schematic diagram of the experimental setup. The flow system 

is composed of the pleated filter housing, laminar flow element (LFE), flow straighteners, 

Iris damper, and centrifugal pump. The LFE measures the volumetric flow rate, which is 

controlled by an iris damper. The pleated filter housing has an acrylic viewing section to 

capture images of illuminated seeding particles for the PIV measurement. Particle loading 

was monitored with pressure transducers because particle loading during the filtration can 

change the filter performance (Kasper, Schollmeier, Meyer, & Hoferer, 2009; Song, Park, 

& Lee, 2006; Stenhouse & Trottier, 1991; Thomas, Penicot, Contal, Leclerc, & Vendel, 

2001; Walsh & Stenhouse, 1996), increasing the pressure drop and collection efficiency, 

which may result in altering the flow field distribution. Thus, pressure drop across 

pleated filter media was continuously monitored during the measurement, and pleated 

filters were regularly changed to avoid any effects from the loading. The concentration 

and the mean diameter of seeding particles were controlled by atomizer pressure and 

solution concentration as necessary to obtain desirable image resolution. 
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Figure 4-1. Schematic diagram of the experimental setup. 

 

 

4.2.2 Measurements 

 

This study uses a custom-built rectangular pleated filter and a commercial pleated 

filter as shown in Figure 4-2. For the first part of the study, a custom-built rectangular 

pleat was used for the comparison of flow profiles between PIV and CFD results. For the 

second part of the study, a commercial pleated filter media were applied to investigate the 

flow patterns downstream of the filters. The width and height of the filter holder for the 

first study are both 152 and are 178 and 226 mm for the second study. 

 

4.2.2.1 Flow Validation with Rectangular Pleated Media 

 

As shown in Figure 4-2(a), a rectangular pleated filter composed of a single pleat 

constructed to measure the flow profiles of the pleated filter using PIV. Both 2D contour 

maps and velocity profiles along the y-direction at specific x-locations were compared to 

the CFD model. 
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Figure 4-2. Filters used for the study; (a) rectangular pleated filter and (b) commercial 

pleated filter. 

 

4.2.2.2 Measurement of Flow with Commercial Pleated Filter Media 

 

It is important to maintain pleats during the operation for the consistent 

performance of pleated filters over time. Therefore, pleat stabilizing techniques, such as 

pleat locks, gluing on the surface of pleats, and/or corrugation of the media, are typically 

applied. Pleat locks are commonly found in many commercial pleated filters as can be 

seen in Figure 4-2(b).  

In this study, we investigated the effect of pleat locks on the flow field 

downstream of pleated filters. As shown in the figure, two planes directly downstream of 

pleated filters were measured. The first plane was located where pleat locks are located 

on the top and the bottom of the filter, while the second plane was located where no pleat 
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locks exist on both sides of the filter. Table 4-1 shows the specifications of pleated filters 

applied for this study. 

 

Table 4-1. Specifications of pleated filters. 

Pleated filter Pleat height (inch) Pleat density (pleats per inch)

A 1 13

B 2 8

C 2 13  

 

4.2.3 Pinhole Detection 

 

In order to test the capability of PIV to be used as a defect inspection method, we 

performed a pinhole detection test by artificially making a pinhole of 1.5 mm on the pleat 

lock surface. Airflow patterns downstream of the pleated filter were measured with the 

exact same experimental conditions with and without the pinhole.  
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Figure 4-3. (a) PIV measurement section; (b) pleated filter types used for this study. 

 

4.2.4 PIV System 

 

PIV was configured to measure the instantaneous 2-dimensional velocity field 

downstream of the pleated filter element. The system was composed of a 200mJ/pulse 

Nd:YAG laser with laser sheet optics, an 8 MP CCD camera with resolution of 3312 x 

2488 pixels, and a synchronizer that controls the laser and camera  timing, and INSIGHT 

4G software (TSI Inc., Shoreview, MN) . The pleated filter was housed in a transparent 

enclosure to allow PIV measurements to be taken as shown in Figure 4-3(a). In each 

imaging event, the camera captures a pair of illuminated particles at the instant of two 

consecutive laser firings that are close apart. The particle displacement in pixels is 

evaluated by a correlation algorithm, and particle velocity is determined using a spatial 

scale determined by calibration with a known distance of object. It is assumed that 
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particles follow the fluid streamlines, and the fluid velocity field in the imaging region is 

known as a result. The optimum particle seeding concentration for image analysis can be 

achieved by controlling the atomizer or diluting the particle stream. Typically, two 

hundred or more image pairs were taken and averaged to minimize errors.  

 

4.2.5 Numerical Modeling 

 

4.2.5.1 Computational Domain and Boundary Conditions 

 

Flow field in the computational domain was solved by the commercial CFD code, 

ANSYS Fluent 15.0 with DES turbulent model. Velocity distributions obtained from the 

simulation results were compared to the experimental data. A computational domain was 

created for the simulation as shown in Figure 4-4. The ICEM-CFD meshing package was 

used for the mesh generation of the pleated filter flow, and the number of cells was 

approximately 2.8E6. Figure 4-4 describes the boundary conditions for the computational 

domain. Velocity inlet and pressure outlet were applied on the left and right sides, 

respectively. Symmetry conditions were applied on the top and left boundaries and no-

slip condition was applied to the bottom and right boundaries. 
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Figure 4-4. Computational domain. 

 

4.2.5.2 Turbulence Model 

 

For the numerical modeling of flows through pleated filter media, Feng et al. 

(Feng et al., 2014) evaluated several turbulence models such as the standard k-ε, low-

Reynolds-number k-ε, the v2f, Large Eddy Simulation (LES), and Detached Eddy 

Simulation (DES). Results indicated that three of them, v2f, LES, and DES, predict 

pressure drop and flow field in pleated filter accurately, although LES requires relatively 

high computation time and DES performs better than the v2f model. DES with Spalart-

Allmaras (SA) model was used in this work. DES is a hybrid method of LES and 

Reynolds averaged Navier-Stokes (RANS). The DES model applies a RANS to solve the 

flow in the near-wall region, whereas the LES is applied for the outer region. In the DES 

model, the closest distance from the wall, d, from SA model is replaced by  ̃ 

 ̃ = min(d,  𝐷𝐸𝑆∆) 

∆= max(∆x, ∆y, ∆z) 
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where, CDES = 0.65 and Δ is the scalar grid spacing (Spalart, 1997) 

In the present study, the momentum equation has been discretized using a second-

order bounded central differencing scheme. The first order upwind scheme was used in 

the transport equation for the turbulent viscosity. For the unsteady simulation, constant 

time steps of Δt = 0.001 sec were applied. In order to remove the initial flow effects and 

obtain the mean flow properties, the first 2000 time steps were not considered. 

 

4.3 Results and Discussion 

 

4.3.1 Velocity Distribution Comparison between CFD and PIV 

 

Figure 4-5 shows the contour plots from the CFD and PIV results. The overall trends 

of the velocity distribution from PIV and CFD results agreed, while the location where 

the flow was accelerated is lower for the case of PIV result. This discrepancy is possibly 

caused by the folded parts of the filter medium becoming more resistant to the flow due 

to compression of the media. The velocity distribution directly downstream of the folded 

part was almost zero in the PIV contour map. In order to compare the results 

quantitatively, velocity distributions along the Y-axis at two different X-locations 1 and 2 

are compared in Figure 4-6. Location 1 is 3 cm away from the lower part of the pleat, and 

location 2 is 1 cm away from the upper part of the pleat. As can be seen from all the plots 

in Figure 4-6, the trend of velocity distribution is similar, but the location where velocity 

accelerated is lower in the y direction for the PIV results due to less permeable regions 

near the folded parts of the filter. 
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Figure 4-5. Time-averaged contour plots of velocity from (a) CFD and (b) PIV at the 

inlet velocity of 0.32 m/s. 
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Figure 4-6. Normalized streamwise velocity distribution along the y-axis at (a) and (c) x 

= 3 cm and (b) and (d) x = 6.1 cm, (a) and (b) measured with the inlet velocity of 0.32 

m/s and (b) and (d) measured with the inlet velocity of 0.49 m/s. 
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4.3.2 Velocity Distribution downstream of Pleated Filters 

  

The streamwise velocity maps measured at Plane 1 and Plane 2 were compared and are 

shown in Figure 4-7 for the pleated Filter A and Filter B. As shown in the contour plots, 

Plane 1 and Plane 2 exhibited distinctly different flow fields for both filters, especially in 

the region directly downstream of the pleated filter. In Figure 4-7(c), the selected area 

directly downstream of pleated Filter B is enlarged to show the formation of several 

recirculation zones along the pleated filter. The recirculating flow may be formed as a 

result of the closely spaced geometry of pleat locks, above which Plane 1 is located. 

These areas are more resistant to the flow, causing the air to flow through the more 

permeable area adjacent to the pleat locks. Whereas, flow behavior downstream of the 

filter is different at Plane 2 as shown in Figure 4-7(b), i.e., greater streamwise velocity is 

observed. This flow acceleration is due to the pleat shapes. Although acceleration 

patterns were similar along the pleated filter in the Y direction, the pattern was somewhat 

irregular because the pleat spacing was locally nonuniform, which in turn caused the flow 

resistance to be locally nonuniform. From all three pleated filters, similar trends were 

observed at Plane 1 and Plane 2, although the filter geometry and inlet velocities were 

different (data is not shown for Filter C). Thus, it can be stated that the flow distribution 

downstream of the pleated filter media is significantly affected by pleat locks. 
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Figure 4-7. Time-averaged streamwise velocity (u) contour maps measured at (a) Plane 

1, (b) Plane 2 (pleated filter A), (c) Plane 1, and (d) Plane 2 (pleated filter B). 

 

As has been seen from the results above, it should be noted that measurements of the 

velocity distribution downstream of the filter media using single point measurement 

techniques can be affected not only by the position of the sensor (X and Y location) and 

pleat geometry but also by the pleat stabilizing technique, which are normally not 
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considered for pleated filter modeling. Thus, the location of the flow sensor should be 

carefully determined after the pleated filter. Figure 4-8 shows the streamwise velocity 

distribution at specific X-locations downstream of the pleated Filter A. In Figure 4-8(a), a 

distinct difference in velocity distribution was observed between each curve. Also, 

average velocity values were dissimilar between each of X-location, the difference 

decreases with the increase in the distance from the filter. Table 4-2 shows the time 

averaged velocity and standard deviation of streamwise velocity u at each location. The 

average velocity values approached the average velocity of the bulk flow when the 

distance from the filter was greater than 5cm for Plane 1. As the distance increased, the 

fluctuation also decreased, as shown in Figure 4-8(a) and Table 4-2. On the other hand, 

the average velocity values were similar at all X-locations at Plane2 as shown in Figure 

4-8(b) and Table 4-2. However, the trend of fluctuation is similar to the one at Plane 1, 

i.e. fluctuation decreases as the distance from the filter increases. This is further evidence 

to show the importance of selecting a suitable location for positioning a flow sensor for 

use in determining the flow field downstream of a pleated filter. 
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Figure 4-8. Streamwise velocity u distribution measured at (a) plane 1 and (b) plane 2 at 

1, 3, 5, 7, and 9 cm away from the Filter A. 

 

Table 4-2. Average and standard deviation of streamwise velocity u at specific X 

locations. 

Distance from the filter (cm) Plane (-) Average (m/s) Std (m/s)

1 1 -0.29 0.44

2 1 0.84 0.41

3 1 1.63 0.28

7 1 1.92 0.27

9 1 2.02 0.23

1 2 1.53 0.56

2 2 2.09 0.7

3 2 1.87 0.36

7 2 1.93 0.14

9 2 2.10 0.08  

 

4.3.3 Pinhole Detection 

 

In Figure 4-9, time-averaged streamwise velocity contour plots are shown with 

and without pinholes on the pleat lock surface. Figure 4-9(a) was measured without the 

pinhole and Figure 4-9(b) was measured with pinhole on the pleat lock. The trend 
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between two plots are very similar, except for the region where the Y location is between 

20 and 25 mm directly downstream of the pleated filter. This region is circled in the 

figures and represents the location of the pinhole. The increase of streamwise velocity 

due to the pinhole is evidently shown in Figure 4-9(b). The velocity vectors, near the red-

circled region in Figure 4-9, are plotted for the selected range of X and Y, as shown in 

Figure 4-10. A strong acceleration of the air flow was observed where the pinhole was 

located, verifying the capability of the PIV technique to detect certain filter defects. 

 

Figure 4-9. Time-averaged streamwise velocity (u) contour maps measured at Plane 1 (a) 

without and (b) with pinhole. 
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Figure 4-10. Velocity vector plots (a) without and (b) with the pinhole. 

 

4.4 Conclusion 

 

A particle image velocimetry system was used to characterize the airflow patterns 

downstream of pleated filters. A custom-built rectangular filter was prepared to validate 

the CFD and PIV measurements. Overall, the trend of flow patterns between PIV and 

CFD data were similar. However, the region where flow was accelerated after the pleated 

filter was shifted because folded parts of the pleated filter became more resistant to the 

flow due to the compression.  

Commercial filters were prepared to investigate the effects of pleat locks on the air 

flow. The acceleration of flow along the pleated filter was observed due to the pleat 

shapes, although this pattern was somewhat irregular because the pleat spaces were 

locally nonuniform. The formation of flow recirculation directly downstream of pleat 
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locks was observed for all pleated media regardless of operating conditions and pleat 

geometry. In any locations downstream of pleated filters, flow became nonuniform after 

passing through the pleated filters. The amount of flow fluctuation typically reduced with 

the increase in distance from the pleated filter. With a pinhole on the pleat lock surface, a 

noticeable increase in streamwise velocity was observed, which is the evidence of 

pinhole existence in the flow field. 
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Chapter 5: Conclusion and Recommendations 
 

5.1 Summary and Conclusions 

 

Three major topics have studied in this thesis. First, a numerical model of fibrous 

filter media has been developed to estimate particle collection efficiency. Second, the 

performance of ISO injectors has been evaluated by employing a noninvasive PDIA 

technique. Finally, the air flow patterns through pleated filters have been characterized 

using a PIV system. 

In Chapter 2, a 2-D numerical model that considers fiber polydispersity has been 

proposed to estimate the filtration performance of fibrous filter media with a specific 

fiber size distribution and media solidity. The model filter media used in our numerical 

modeling were constructed according to the measured fiber size distribution, thickness, 

and solidity of commercially available fibrous filter media, i.e., HF-0012 and HF-0493. 

The experiment was conducted using the same media and the proposed model was 

validated by comparing the numerical particle collection efficiency with the measured 

data at two face velocities. The excellent agreement between the numerical and 

experimental data for particles in the size range from 3 to 500 nm was observed. Using 

the validated modeling, we investigated the variation of particle collection efficiency for 

a filter medium according to the variation in the degrees of fiber polydispersity (for 

domains with unimodal and bimodal fiber distribution). Under the fixed mean fiber size, 

solidity and filter thickness, the particle collection efficiency was affected by the fiber 

polydispersity, especially for particles in the sizes from 10 nm to 100 nm. It is noted that 

the particle collection efficiencies of a filter media vary with the degree of fiber size 
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polydispersity. The particle collection efficiency of fibrous filters with bimodal fiber size 

distributions (i.e., fine and coarse fiber modes) was also investigated. It was observed that 

the particle collection efficiency of bimodal filter media was influenced by the peak fiber 

size, volume fraction and fiber polydispersity in both fine and coarse modes. 

In Chapter 3, the noninvasive shadowgraph and image analysis techniques (PDIA) 

were applied for measuring the size distribution of re-suspended dust generated from the 

ISO injectors. A CCD camera equipped with a high magnification lens was used to capture 

the images of airborne particles using a Nd:YAG laser. In-house script was developed to 

automatically detect and classify individual particles. Monodisperse PSL particles with 

diameters of 5, 17, and 26 μm were generated to demonstrate and validate the sizing 

accuracy of the system. Strong agreements were observed for all three PSL particles. From 

the ISO A2 fine dust size measurements generated from ISO injectors, it was found that 

both injectors produced incompletely deagglomerated dust under all tested conditions with 

various dust feed rate and inlet pressure. As a result, the mean diameter of re-suspended 

A2 dust particles increased with the dust feed rates for both injectors. From this study, it is 

shown that the PDIA system can be a good method to measure airborne particle size 

distribution. This technique can not only measure dust particles without altering their size 

distribution due to the transportation losses, but also provide shape parameters of dust 

particles which can be used for detailed analysis of dust particles. 

Chapter 4 described the airflow characterization through pleated filter media using 

a PIV system. In this study, the flow system was configured to characterize the flow 

through pleated filters, custom-built and commercial filters. The rectangular custom-built 

pleated filter was prepared to compare the flow distribution between PIV and CFD 
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simulation, and commercial filters were prepared to investigate the effects of pleat locks 

on the air flow. While similar flow patterns were observed in the comparison of PIV and 

CFD data, the region where flow was accelerated after pleated filter was shifted since the 

permeability of the pleated filter on its corners changes when filter is folded, i.e. it becomes 

less permeable. For the measurement of air flow downstream of commercial pleated filters, 

flow became nonuniform after passing through the media. The amount of flow fluctuation 

typically reduced with the increase in distance from the pleated filter. We measured flow 

distribution next to pleat locks, and the formation of flow recirculation was observed for 

all pleated media regardless of operating conditions and pleat geometry. We further 

investigated the possibility of detecting defects in the pleated filter, i.e. finding the pinholes 

on the pleated filter surface. With the pinhole on the pleat lock surface, the noticeable 

acceleration of streamwise velocity u was observed, resulting in a distinct difference in the 

flow distribution near the pinhole, which demonstrate that the pinhole exists on the filter. 

The PIV system applied in this study can provide detailed information about the flow field 

through pleated filters. PIV can be used to characterize flow distribution with different 

pleated filter properties, pleat geometries, and flow conditions. Also, PIV is a useful 

technique for validating numerical models. 

 

5.2 Future Recommendations 

 

As has been shown in Chapter 2, adopting the model to include fiber 

polydispersity can improve prediction accuracy of real commercial filter media 

efficiency. Therefore, this model can be applied to develop numerical models for 
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additional applications such as filter loading, liquid filtration, and electret filtration 

simulation. 

For the shadowgraph technique and image analysis applied in Chapter 3, 

additional experiments with different dust dispersers can be performed to further 

investigate how other deagglomeration techniques affect the degrees of dust 

deagglomeration because several commercially available dust injectors adopt additional 

features to deagglomerate particles more effectively. 

With the PIV technique introduced in Chapter 4, additional work would be useful 

to analyze in detail the flow characterization of various pleat geometry (density and 

height), filter media, and pleat shape in order to study the effects of these parameters on 

the flow downstream of pleated filters. 
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