
ABSTRACT 

RASIPURAM, SRINIVASAN CHANDRASEKARAN. Filtration Properties of Plasma 

Textile. (Under the direction of Dr. Andrey Kuznetsov and Dr. Warren Jasper). 

A new class of active filters, called plasma textiles, were tested for enhanced 

nanoparticle filtration. Plasma textiles are novel fabrics incorporating the advantages of cold 

plasma and low-cost nonwoven or woven textile fabrics. In their construction, high voltage 

electrodes were embedded into non-woven and woven fabrics to produce in situ room 

temperature plasmas. Applying high voltages around 10 kV produces a plasma discharge 

within and on the surface of the fabric, which simultaneously charges and captures particles. 

When the plasma textile is activated, submicrometre particles approaching the textile are 

charged by the deposition of ions and electrons produced by the corona, and then collected 

by the textile material. A stable plasma discharge was experimentally verified on the surface 

of the textile that was locally smooth but not rigid. Both the woven and the non-woven 

plasma textiles provide filtration efficiencies close to 100% for ultra-fine particles, indicating 

that electrostatic forces dominate at higher voltages. The maximum efficiency obtained with 

the woven plasma textile is approximately 99.995% (better than HEPA filters) and that for 

the non-woven plasma textile is 99.9995% (better than ULPA filters). The mean surface 

power density for both the woven and non-woven plasma textiles is within 40 mW/cm
2
. 

Unlike traditional filters, both the non-woven and the woven plasma textiles did not exhibit a 

most penetrating particle size (MPPS) in the range of 30-300 nm and provided uniform 

filtration in the size range tested. This is due to the electrical mobility and hence the filtration 

efficiency being independent of particle diameter for Coulombic capture.  



 

 

 

 

 

 

 

 

 

 

© Copyright 2015 Srinivasan Rasipuram 

All Rights Reserved



Filtration Properties of Plasma Textile 

 

 

 

by 

Srinivasan Chandrasekaran Rasipuram 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Mechanical Engineering 

 

 

Raleigh, North Carolina 

 

2015 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 

Dr. Andrey Kuznetsov    Dr. Warren Jasper 

Committee Co-Chair     Committee Co-Chair 

 

 

 

________________________________  ________________________________ 

Dr. Alexei Saveliev     Dr. Tarek Echekki



ii 

BIOGRAPHY 

I was born and raised in Salem, Tamil Nadu, India, where I did most of my schooling. 

I pursued my undergraduate studies in Mechanical Engineering at PSG College of 

Technology, Coimbatore, India. I then worked with Thermax Limited in India, an energy and 

environment major in the sales and technical support of vapor absorption chilling plants after 

initial training in different departments. After 4 years at Thermax Limited, I came over to the 

USA to pursue my Masters in Mechanical Engineering at Kettering University, Flint, MI 

under the guidance of Dr. Karim Nasr. During my Masters, I performed computational 

studies to predict flow patterns and heat transfer off a vehicle windshield subject to 

impinging airflow. After my Masters, I worked at the same place for 6 months performing 

computational studies on air curtains of open refrigerated display cases and cooling of 

bearing races. I then moved back to India to work with the Operability and field support 

group of GE Steam turbines at Bangalore. After 5 years with GE, I started my Doctoral 

studies at North Carolina State University, Raleigh, NC under the guidance of Drs. Andrey 

Kuznetsov and Warren Jasper, performing nanoparticle filtration experiments to study 

particle filtration using monolith filters and plasma textiles. 

 

 



iii 

ACKNOWLEDGMENTS 

I would like to thank everyone who has helped me grow as an individual. Special 

thanks go to Drs. Andrey Kuznetsov, Warren Jasper and Alexei Saveliev for mentoring me 

and guiding me with my dissertation. I would also like to thank my committee members for 

agreeing to be part of my committee. I would like to thank Steve Cameron of MAE machine 

shop at North Carolina State University for fabricating all parts on time, Judy Elson of 

Textiles for helping with microscopy and letting me use many of her equipment and Maynard 

Havlicek of TSI, Inc. for helping me understand the data and equipment at various stages. I 

would like to thank all the medical staff who brought me to the current state from the 

immobile state I was in 2 years ago. 



iv 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................... vi 

LIST OF FIGURES ................................................................................................................ vii 

Chapter 1: Introduction ............................................................................................................. 1 

References ............................................................................................................................. 7 

Chapter 2: Theory ................................................................................................................... 13 

2.1. Particle Capture Mechanisms ...................................................................................... 13 

2.2. Single Fiber Efficiency ................................................................................................ 18 

2.3. Particle Adhesion ......................................................................................................... 24 

References ........................................................................................................................... 26 

Chapter 3: Experimental Setup and Data Collection .............................................................. 27 

3.1. Experimental Setup ...................................................................................................... 27 

3.2. Data Collection ............................................................................................................ 40 

3.3. Error Analysis .............................................................................................................. 50 

References ........................................................................................................................... 52 

Chapter 4: Results and Discussion .......................................................................................... 53 

References ........................................................................................................................... 79 

Chapter 5: Conclusion and future work .................................................................................. 81 



v 

5.1 Conclusions ................................................................................................................... 81 

5.2 Future Work .................................................................................................................. 83 

 



vi 

LIST OF TABLES 

Table 3.1. 1. List of Experimental Equipment. ....................................................................... 29 

Table 3.1. 2. Experimental Parameters. .................................................................................. 34 



vii 

LIST OF FIGURES 

Figure 2.1. 1. Single fiber collection by diffusion. ................................................................. 14 

Figure 2.1. 2. Single fiber collection by interception. ............................................................ 15 

Figure 2.1. 3. Single fiber collection by inertial impaction. ................................................... 16 

Figure 2.1. 4. Particle capture by a charged filter material. .................................................... 17 

Figure 2.1. 5. Filter efficiency for individual single-fiber mechanisms (mechanical) and total 

efficiency................................................................................................................................. 18 

Figure 2.3. 1. Van der Waals adhesive force. ......................................................................... 25 

Figure 3.1. 1. Photograph of the experimental setup. ............................................................. 27 

Figure 3.1. 2. Schematic of the experimental system. ............................................................ 28 

Figure 3.1. 3. Holder with corona/textile in the test chamber................................................. 31 

Figure 3.1. 4. Woven fabric used. ........................................................................................... 32 

Figure 3.1. 5. Non-woven fabric used. .................................................................................... 33 

Figure 3.1. 6. Optical microscopic image of a new thick wire. .............................................. 36 

Figure 3.1. 7. Optical microscopic image of a used thick wire. ............................................. 37 

Figure 3.1. 8. Optical microscopic image of a new thin wire. ................................................ 38 



viii 

Figure 3.1. 9. Optical microscopic image of a used thin wire. ............................................... 39 

Figure 3.2. 1. Concentration for different particle diameters over time – HEPA filter before 

the plenum – for leak testing. .................................................................................................. 41 

Figure 3.2. 2. Concentration for different particle diameters for 3 hours (60 samples) – 

Baseline trials before experiments with woven fabric. ........................................................... 43 

Figure 3.2. 3. Concentration for different particle diameters over 3 hours – Baseline trials 

before experiments with woven fabric – Trials #40, #50 and #60. ......................................... 44 

Figure 3.2. 4. Concentration for different particle diameters for 1 hour (20 samples) – Trials 

with woven fabric. .................................................................................................................. 45 

Figure 3.2. 5. Concentration for different particle diameters for 1 hour – Trials with woven 

fabric – Trials #5, #10, #15 and #20. ...................................................................................... 46 

Figure 3.2. 6. Concentration for different particle diameters for 1 hour (20 samples) – 

Baseline trials after experiments with woven fabric. .............................................................. 47 

Figure 3.2. 7. Comparison of particle concentration for different particle diameters – Baseline 

trials before and after experiments with woven fabric, woven fabric trials. ........................... 48 

Figure 3.2. 8. Filtration efficiency comparison with woven fabric and baseline before and 

after experiments with woven fabric....................................................................................... 49 

Figure 4. 1. Glow in plasma textile. ........................................................................................ 54 

Figure 4. 2. Glow in plasma textile (different angle). ............................................................. 54 

Figure 4. 3. Filtration efficiency as a function of particle diameter for the woven and non-

woven fabrics, woven and non-woven corona/textiles, free corona and revised theoretical 

curve. ....................................................................................................................................... 57 



ix 

Figure 4. 4. Filtration efficiency as a function of applied voltage for the corona, woven 

corona/textile, non-woven corona/textile, revised DEP curve and post corona discharge 

initiation (revised DEP + Coulombic attraction) curve for a particle diameter of ∼150 nm.. 59 

Figure 4. 5. Penetration as a function of particle diameter for different experimental 

configurations. ........................................................................................................................ 60 

Figure 4. 6. Penetration as a function of particle diameter for different voltages for the woven 

corona/textile configuration. ................................................................................................... 62 

Figure 4. 7. Penetration as a function of the particle diameter for different voltages for the 

non-woven corona/textile configuration. ................................................................................ 63 

Figure 4. 8. Filtration efficiency as a function of applied voltage for different particle 

diameters for the woven corona/textile configuration. ........................................................... 65 

Figure 4. 9. Filtration efficiency as a function of applied voltage for different particle 

diameters for the non-woven corona/textile configuration. .................................................... 66 

Figure 4. 10. Current as a function of applied voltage for different experimental 

configurations. ........................................................................................................................ 68 

Figure 4. 11. Effect of the applied voltage on the filtration efficiency and discharge current in 

the free corona configuration. The filtration efficiency is measured for a particle diameter of 

~150 nm. ................................................................................................................................. 71 

Figure 4. 12. Effect of the applied voltage on the filtration efficiency and discharge current in 

the woven plasma textile configuration. The filtration efficiency is measured for a particle 

diameter of ~150 nm. .............................................................................................................. 72 

Figure 4. 13. Effect of the applied voltage on the filtration efficiency and discharge current in 

the non-woven plasma textile configuration. The filtration efficiency is measured for a 

particle diameter of ~150 nm. ................................................................................................. 73 



x 

Figure 4. 14. Effect of surface power density on the penetration of particles with a diameter 

of ~150 nm for the free corona, woven plasma textile and non-woven plasma textile 

configurations. ........................................................................................................................ 77 

 



 

1 

Chapter 1: Introduction 

Filtration is one of the most widely used methods to sample aerosol particles and to 

clean air. Typically filtration involves removal of solid impurities from a fluid. Fibrous filters 

are cheaper means used in lower dust concentration to sample aerosols and to rid air of 

aerosols. Aerosol filtration by fibrous filters is used in respiratory protection, clean rooms, 

among others. 

Aerosol filtration using fibrous filters has been well documented 
[12, 21, 22, 24, 45, 46, 48, 49]

 

whereby particle capture occurs by mechanical means such as Brownian diffusion, 

interception or impaction. In addition, several researchers have coupled electrical with 

mechanical particle capture mechanisms 
[6, 8, 30, 32, 38, 43, 44]

, to achieve higher filtration 

efficiencies by charging the particles or the filter or both.  

All existing fibrous filters have a particle size range in which their filtration 

efficiency is a minimum, called the most penetrating particle size (MPPS). The existence of a 

MPPS, typically between 0.05 and 0.5 µm for a fibrous filter has also been widely reported 

[22, 33, 35, 38, 40, 48, 49]
, which depends on particle diameter, electrostatic charge density, fiber 

diameter, flow velocity, and fiber density. Utilizing a capture mechanism which is either 

independent or weakly dependent of particle diameter will eliminate MPPS. 
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In general, filtration efficiency would be enhanced even for neutral particles when 

external electric field is applied, because an aerosol particle experiences a polarization force 

and the phenomenon is called dielectrophoresis 
[2]

. Charged particles are attracted to a neutral 

fiber by an image force whereas a charged particle is attracted to a charged fiber by a 

Coulomb force. More often, particles are charged to use electrostatic forces to a larger extent, 

given that a charged particle experiences image force, and Coulomb force when external 

electric field is applied. The Coulombic force occurs after the initiation the initiation of 

corona discharge, whereas the polarization force can occur both before and after the initiation 

of corona discharge. Therefore, most studies on electrically-enhanced filtration investigated a 

charged particle being captured by a charged filter. 

The ability to sustain and control non-thermal plasmas in discharge gaps ranging from 

1 mm down to 1 µm has been studied extensively during the last decade for potential 

application in plasma displays, sensors, surgical tools and light sources 
[7, 14, 25, 37]

. Recent 

developments facilitate initiating and sustaining microplasmas with low voltages in array-like 

devices at atmospheric pressure. Various discharge types and flexible electrode geometries 

have been investigated to adapt non-thermal plasmas to the geometry of other objects in 

biomedical and industrial applications. Conceptually, plasma textiles incorporate the 

advantages of microplasma sources with flexible low-cost fabrics manufactured using 

modern textile technologies. A number of plasma textile configurations have been proposed 

and include nanosecond pulsed coronas, dc and ac coronas, dielectric barrier discharges, and 

RF discharges. Each of these discharges has specific advantages and relevant applications 
[7, 
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14, 25, 37]
. Placement of a discharge wire on the surface of a textile or its integration into a 

woven or non-woven fabric creates a textile that can be used to create non-thermal 

microplasma generated by dc or pulsed streamer corona discharges 
[18, 19]

. 

Atmospheric dc corona discharge represents an efficient source of unipolar ions for 

charging particles and surfaces. The charging and electrostatic collection of dust and aerosols 

using atmospheric coronas form the basis of electrostatic precipitation that has been 

extensively studied for more than a century 
[3]

. Recent research efforts in this area, reviewed 

by Mizuno 
[26]

 and Jaworek et al. 
[16]

 focused on increasing the overall collection efficiency in 

the submicrometre particle range. The plasma-chemical applications of corona discharges 

have also been studied during the last two decades for the destruction of gaseous pollutants 

[10, 36]
, simultaneous removal of gaseous contaminants and particulate matter 

[4]
, plasma 

catalysis 
[27, 39]

, and, very recently, bacterial removal and deactivation 
[5]

. 

It is well recognized that with the assistance of electrostatic forces, some traditional 

filtration systems can achieve higher filtration efficiencies 
[4, 9, 11, 16, 41]

. Due to their compact 

structure and their flexibility for industrial use, electrostatically assisted fabric filters have 

been extensively studied, both theoretically and experimentally 
[13, 17, 28, 34, 42]

. A 

submicrometre particle is capable of acquiring electric charges naturally by a triboelectric 

charging process. However, to add more charge on the particles, a corona discharge, which 

charges particles through ‘field charging’ and ‘thermal diffusion’ 
[26]

, is frequently used 
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among others. By subjecting the particles to a corona discharge, they can be pre-charged 

before the filtration process. 

Yoa et al. 
[47]

 studied the characteristics of an electrostatic cyclone/bag filter with 

particle pre-charging in a cylindrical corona system. Two-stage plasma air filtration systems 

have also been developed 
[20]

. Particles were charged during the first stage in a positive 

corona pre-charger, and filtered during the second stage in an electrified fibrous filter. The 

two-stage filtration systems were similar to electrostatic precipitators. Efforts were also made 

to combine the charging and filtration processes into a single-stage process. Plaks 
[29]

 studied 

a model where a corona discharge wire was axially located within a fabric bag, while the gas 

flow was tangential to the discharge wire. With this configuration, particles were charged and 

collected inside the filter bag. Other efforts have focused on generating a corona discharge by 

activating high-voltage needle-shaped electrodes that used a stainless steel filter as a ground. 

Alonso and Alguacil 
[1]

 studied a similar configuration with wire screens.  

A corona-based plasma textile 
[18, 19]

 that combines charging and electrostatic capture 

on an extended fibrous surface in a single flexible material provides an alternative to achieve 

enhanced filtration. Kuznetsov et al. 
[18, 19]

 and Rasipuram et al. 
[32]

 developed a novel class of 

compact fabric materials for aerosol filtration, called plasma textiles, in which the discharge 

wire is integrated with the material, or placed on the surface of the fabric filter. Corona-based 

textiles could potentially generate microplasmas with excellent filtration properties. When 

aerosol particles approach the activated plasma textile, electrons and ions deposit on the 
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particles, thus charging them. As a result, the aerosol particles are captured by the 

conventional filtration of the fabric material as well as electrostatic mechanisms. This makes 

plasma textiles promising filtration materials with potential applications as filters, sensors, 

antimicrobial and chemical barriers or as components of medical devices.  

Unlike the previous studies, where the corona discharge region is located between the 

discharge electrodes and the filter, the plasma textile generates the corona discharge either 

inside the fabric filter or on its surface when the electric field is strong enough to cause 

excitation, depending on the fabrication configuration. The plasma textile combines the 

charging and filtration processes in one stage. When aerosol particles approach the activated 

plasma textile, ions in the excitation region deposit on the particles, thus charging them. This 

makes it possible to collect particles by combining filtration through a layer of fabric and 

electrostatic effects. The compact fabric structure and electrostatic properties make the 

plasma textile a flexible and promising filtration material.  

Because there is a need for active, tunable filters for ultra-fine particles 
[15]

 with no 

MPPS, experimental studies were performed on woven and non-woven plasma textiles, to 

characterize the effects of plasma discharges on filtration efficiencies and to investigate if 

this new class of filters is able to eliminate a MPPS. Filtration properties of the plasma 

textile, such as the dependency of its filtration efficiency on the particle size and applied 

voltage, were investigated. A prototype of plasma textile was experimentally investigated, 

where dc discharge wires were placed on the surface of woven and non-woven fabrics. 

Filtration properties of the plasma textile, such as the dependence of its filtration efficiency 
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on the particle size and applied voltage, were investigated. Plasma textiles filtered over 

99.995% of sodium chloride particles between 30 and 300 nm. The woven and non-woven 

plasma textiles did not exhibit a MPPS (most penetrating particle size) when the plasma was 

activated in the fabric. 

The objectives of this research are to 

• study if the woven and non-woven fabrics can be implemented as plasma textiles 

• study the filtration properties of plasma textile, which integrates both mechanical 

and electrostatic particle capture mechanisms in a corona environment 

• investigate the dependence of its filtration efficiency on the particle size and 

applied voltage 

• investigate if this new class of filters is able to eliminate a MPPS for ultra-fine 

particles 
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Chapter 2: Theory 

2.1. Particle Capture Mechanisms 

Typical aerosol particle capture mechanisms are diffusion, interception, inertial 

impaction, gravitational settling and electrostatic attraction. Except electrostatic attraction, 

the other mechanisms are mechanical capture mechanisms.  These mechanisms typically 

coexist and one mechanism may dominate the others based on the particle size, flow 

properties, filter properties, to name a few. 

Brownian motion of small particles is a special case of diffusion to the fiber surface 

and causes the particle to be captured as it moves away from the streamline, coming in 

contact with the fiber. Figure 2.1.1 shows single fiber collection by diffusion 
[3]

.
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Figure 2.1. 1. Single fiber collection by diffusion.
[3] 

 

Capture by interception occurs when the streamline of the particle is within one 

particle diameter of the fiber. Interception is the only collection mechanism that is 

independent of the flow velocity. Particle capture by interception is illustrated in figure 2.1.2. 

 



 

15 

 
 

Figure 2.1. 2. Single fiber collection by interception.
[3] 

 

Particle capture by inertial impaction occurs when the particle is too big and hence 

has larger inertia, and does not have enough time to follow the changing streamlines near the 

fiber surface, hence ending up coming in contact with the fiber and getting captured. Capture 

by impaction typically occurs for larger particles outside the 30-300 nm range used in this 

study and hence ignored in this study. Particle capture by impaction is illustrated in figure 

2.1.3. 
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Figure 2.1. 3. Single fiber collection by inertial impaction.
[3] 

 

Capture by gravitation settling typically occurs for larger particles when the flow 

velocity is small and is very less for horizontal flow 
[3]

. It is hence neglected in this study. 

Particle capture by electrostatic deposition is very significant and depends on the 

charge on the particle and the fiber. Particle capture is by dielectrophoresis when the neutral 

particle is captured by the charged fiber. The neutral particles undergo polarization, thus 

creating a dipole, due to the applied non-uniform electric field, thus aiding in particle 

capture. This is the phenomenon typically observed in electret filters.  Particle capture is by 

image forces when the particles are charged and the fibers are neutral. These two 

mechanisms occur due to the applied electric field before the initiation of a corona discharge. 

After the initiation of a corona discharge, particles undergo diffusion or field charging due to 
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the ions generated by the unipolar corona discharge, in addition to polarization. Filed 

charging typically occurs for larger particles and is hence neglected in this study. The 

incoming aerosol particles undergo diffusion charging and are then attracted to the oppositely 

charged electrode by Coulombic attraction. Coulombic attraction is much larger for particles 

with significant charge and forms a significant part in the enhanced particle capture produced 

by the plasma textile. Particle capture by electrostatic forces is illustrated in figure 2.1.4. 

 

 
 

Figure 2.1. 4. Particle capture by a charged filter material.
[1] 

 

Figure 2.1.5 illustrates the filter efficiency or individual single-fiber mechanisms 

(mechanical) and total efficiency for a 1 mm thick filter with porosity of 0.05, fiber diameter 

of 2 µm and face velocity of 0.1 m/sec. As observed, diffusion is the predominant capture 

mechanism for smaller particles. Impaction and gravitational settling occur for larger 

particles. Interception follows as particle size increases beyond the smallest size. Considering 

the total efficiency, diffusion is the predominant capture mechanism for small particles 
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followed by interception and impaction. However, there is an area when there is transition 

from diffusion to interception, when the overall capture efficiency is a minimum. This is 

called the most penetrating particle size (MPPS) where multiple capture mechanisms can 

coexist. All known fibrous filters exhibit a MPPS. 

 

 
 

Figure 2.1. 5. Filter efficiency for individual single-fiber mechanisms (mechanical) and total 

efficiency.
[3] 

 

 

2.2. Single Fiber Efficiency 

Single fiber efficiency is the most common theory used for predicting the filtration 

efficiency of a fibrous filter. Single fiber efficiency explains the capture of particles by 
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different mechanisms by a single fiber placed normal to air flow in the middle of the filter. 

Particles are assumed to be captured when they come in contact with the fiber. Typically, 

filters remove aerosol particles from a fluid stream by different mechanisms like diffusion, 

interception, inertial impaction, gravitational settling and electrostatic attraction. Though 

these mechanisms typically co-exist, the single fiber efficiency (SFE) E, assuming that all 

individual mechanisms act individually is given by 
[5]

: 

E = 1 – (1-ED) (1-ER) (1-EI) (1-EDR) (1-EG) (1-EQ)            (2.2.1) 

where ED, ER, EI, EDR, EG and EQ are the single fiber efficiencies due to diffusional, direct 

interception, inertial impaction, combined interception and diffusion, gravitational settling 

and electrostatic mechanisms respectively. EI and EG do not play a part in the current study as 

the particles involved are too small. Though equation 2.2.1 is the mostly widely used form to 

represent single fiber efficiency, it should be modified to represent only the most dominant 

capture mechanisms and will predict the efficiency incorrectly, if multiple mechanisms act 

simultaneously. 

SFE for diffusion is 
[4]
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where  is the volume fraction of fibers, Kuwabara number 
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with  being the mean free path. 

SFE due to the interception of diffusing particles or combined interception and 

diffusion is given by 
[3]
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where R is the dimensionless interception parameter given by 
f

p

d
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R  . 

SFE for interception is 
[3]
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Equation 2.2.2 for SFE due to diffusion is revised in the current study as it over-

estimates the diffusion of small particles. Equation 2.2.2 is revised by multiplying a constant 

0.37 to weaken SFE due to diffusion. The revised equation 2.2.2 is 





















 



3

1

3
2 1

6.237.0
Ku

PeED


              (2.2.5) 

Similarly, equation 2.2.3 for SFE due to the interception of diffusing particles is 

revised as it under-estimates particle capture in by combined interception and diffusion. The 

revised equation 2.2.3 is 
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The revision in the above equations is justified by the fact that SFE assumes fibers to be 

normal to the flow, whereas fibers are in different orientations in a typical fibrous filter. In 

addition, the flow velocity in the current study is too low and is close to the lower limit for 

the validity of the above equations. The variations in diameters of different fibers and particle 

concentration caused by fluctuating air pressure and deterioration in desiccant quality also 

need to be accounted. The inherent charge on the fibers also results in enhanced particle 

capture than predicted by the equations 2.2.2 and 2.2.3. 
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SFE due to electrostatic mechanisms is made up of dielectrophoresis (DEP) and 

Coulombic capture, which are mutually exclusive. 

SFE due to DEP is given by 
[1]
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,  

Q is the charge per unit length of the fiber, o is the permittivity of vacuum and DP is the 

dielectric constant of the material of the particle. 

Equation 2.2.7 for SFE due to DEP is revised in the current study due to the under-

estimation of particle polarization for all particles when comparing with experimental results. 

Equation 2.2.7 is revised by multiplying a constant 10 to strengthen SFE due to DEP. The 

revised equation 2.2.7 is  
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The revision of the above equation is justified by the presence of two thick wires and one 

thin wire and the interaction effect caused by the two thick wires and one thin wire on 

particle polarization. The electric charge on the fiber may also not be uniform as assumed in 

the equations.  

SFE due to Coulombic capture is given by 
[1]
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the charge on the particle q is given by etnq )( and 
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. 

Here, e is the charge of an electron, KE is the electrostatic constant of proportionality (in SI 

units), Ni is the concentration of ions, t is the charging time and c is the mean thermal speed 

of ions. 
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After the initiation of corona discharge, particle capture is by both DEP and 

Coulombic attraction, which is given by 

QqQCouDEP EEE  0               (2.2.10) 

For typical fibrous filters, overall efficiency of a filter, Efilter, can be computed using 

the single fiber efficiency E using 
[3]
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where t is the thickness of the filter. 

 

2.3. Particle Adhesion 

The ability of aerosol particles to attach to anything there are in contact with makes 

filtering them easier. Van der Waals force, illustrated in figure 2.3.1, is the primary adhesive 

force, which is long range is nature. Dipoles are created in a material due to the random 

movement of electrons. This, in turn, creates complementary dipoles in the material they are 

close to, creating attraction between the aerosol particles and the material they are closer to. 

These forces reduce with increase in the separation distance between the particle and the 

material, as shown by equation 2.3.1. 
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Figure 2.3. 1. Van der Waals adhesive force. 

 

The net van der Waals force between a particle and a planar surface is 
[3]

 

212x

Ad
Fadh                   (2.3.1) 

where A is the Hamaker constant which is material dependent, d is the particle diameter and x 

is the separation distance between the particle and the material. 

The other adhesion force for solid particle is the electrostatic force, which is 

predominant in larger particles in the size range of 0.1 µm or larger 
[3]

. Electrostatic attraction 

force is an applied force, whereas the van der Waals force exists because of the random 

movement of electrons. 
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Chapter 3: Experimental Setup and Data Collection 

The experimental setup is introduced in this chapter, in addition to details on each of 

the variables used. Details on data collection and the experiments performed to make sure 

data collected is at steady state are also presented in this chapter. This chapter also explains 

the modifications done to data collection due to the unavailability of all the requisite 

equipment. 

3.1. Experimental Setup 

The experimental setup (Figures 3.1.1 and 3.1.2) consisted of an aerosol generator 

(TSI Model 3076) which used compressed air at 20 psig and a 0.1g/cc NaCl solution to 

generate salt aerosol particles with sizes ranging from 10 to 300 nm at a flow rate of 1 SLM.  

 

 

 
 

Figure 3.1. 1. Photograph of the experimental setup. 
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A diffusion dryer (Model 3062, TSI Inc.) containing a desiccant was used to remove 

moisture from the generated moist particle stream. Before entering the test chamber, the 

generated aerosol particles passed through a plenum that stabilized the stream. The dry 

stabilized stream of particles then enters the test chamber which contains the fabric. The test 

chamber is comprised of an external polycarbonate housing which contains an acrylic holder 

onto which the fabrics and the electrodes are mounted. The unfiltered particles exited the 

acrylic holder and then the test chamber and were then directed to the electrostatic classifier 

(TSI Model 3080) and the condensation particle counter (TSI Model 3785). The electrostatic 

classifier allows particles ranging in size between 30 and 300 nm to be counted by the 

condensation particle counter (CPC). The computer used for data acquisition, is not shown in 

figure. The list of equipment used is provided in Table 3.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. 2. Schematic of the experimental system. 
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Table 3.1. 1. List of Experimental Equipment. 

 

 

 

Number Name Function Product Model (if applicable) 

1 Constant Output Atomizer Atomize solution TSI model 3076 

2 Diffusion Dryer Obtain dry particles TSI model 3062 

3 Plenum Equalize pressure  

4 Electrostatic Classifier (ESC) Classify the particles TSI model 3080 

5 Condensation Particle Counter (CPC) Count the particles TSI model 3785 

6 Test Chamber 
Generate cold plasma and hold the 

fabric 
 

7 Computer Control and data acquisition  

 

To achieve a stable corona discharge, electrodes of two dissimilar diameters are used 

to build the plasma textiles. We used only positive corona as it was more uniform and stable 

than negative corona 
[3]

. Both the woven and non-woven fabrics are made of polypropylene 

fibers and the electrodes are placed on the fabric surfaces. A planar system of wire electrodes 

was placed on the surface of the fabric. The electrodes were comprised of a centrally located 

thin stainless steel corona wire (Bekaert Corporation, USA) with a diameter of 0.05mm and 

two 1.6mm diameter parallel thick wires made of stainless steel that were positioned on both 

sides of the thin wire at a distance of 20 mm. The chamber contained air-tight high voltage 

and ground connectors. The positive corona discharge was generated by applying a negative 

potential to the thick wires and grounding the central thin wire. A high-voltage power supply 

(Model PS/FC30R, Glassman HighVoltage Inc.) was used as a power source. The voltage 
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was measured by a digital voltmeter incorporated in the power supply. Current measurements 

were performed using milliampere meter (Model 87 III, Fluke Inc.). In addition the current 

waveform was monitored using a high-voltage probe (Model P6015A, Tektronix Inc.). The 

applied voltage was varied from 0 to 18 kV. A transition to spark discharge imposed the limit 

on the maximum applied voltage at ∼19 kV. 

The holder with a woven corona/textile in the test chamber is shown in Figure 3.1.3. The 

filtration properties of the plasma textile were tested in a 100mm diameter polycarbonate 

tube or test chamber. An acrylic holder with a rectangular opening of 43mm by 93mm was 

used to support the fabric during the filtration experiments. 
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Figure 3.1. 3. Holder with corona/textile in the test chamber. 

 

The woven support fabric (Figure 3.1.4) was fabricated from 2 ply 300 denier 

polypropylene yarns. The fabric construction consisted of 48 epi (ends per inch) in the warp 

direction and 25 ppi (picks per inch) in the filling direction. The non-woven support fabric 

(Figure 3.1.5) was 0.073 in. (1.83 mm) thick and the woven fabric was 0.0315 in. (0.8 mm) 

thick. 
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Figure 3.1. 4. Woven fabric used. 
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Figure 3.1. 5. Non-woven fabric used. 
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Table 3.1. 2. Experimental Parameters. 

 

 

 

Length of the wires [mm] 93  

Diameter of the thin wire [mm] 0.05  

Diameter of the thick wires [mm] 1.5875 

Flow velocity [mm/s] 2.54  

Flow rate [liter per minute] 0.98  

Flow area [mm
2
] 93×42.45 

Applied voltage [kV] 0-18 

Particle size [nm] 30 - 300 

Sodium chloride solution [g/ml] 0.1 

 

Initial testing was carried out on woven and non-woven fabrics (no applied voltages). 

Alternative configurations were tested to quantify and comparatively analyze the 

submicrometre particle capture mechanisms. Filtration experiments were then carried out 

only with electrodes but without the fabric. Corona discharge was then activated on the 

woven and non-woven fabric surfaces by the electrodes. These configurations are referred to 

as “woven fabric”, “non-woven fabric”, “corona”, “woven corona/textile” and “non-woven 

corona/textile”. 
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The polypropylene textile with embedded electrodes or electrodes placed on its 

surface demonstrated exceptionally high stability. The samples inspected visually and by 

light microscopy showed no significant etching, discoloration or other modifications of the 

polypropylene yarns and corona wires (figures 3.1.6 to 3.1.9). A single filtration test typically 

required a few hours. No essential variations in filtration properties were recorded during a 

single test. Furthermore, the same penetration data were collected from the same material 

sample tested on different days. 

 



 

36 

 

Figure 3.1. 6. Optical microscopic image of a new thick wire. 
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Figure 3.1. 7. Optical microscopic image of a used thick wire. 
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Figure 3.1. 8. Optical microscopic image of a new thin wire. 
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Figure 3.1. 9. Optical microscopic image of a used thin wire. 

 

The durability of the corona textile was further verified by the experiments conducted 

with a nanosecond pulsed corona discharge 
[1, 2]

. No alternation of the material was observed 

when experiments were conducted with the mean surface power densities that were an order 

of magnitude higher (up to 1 Wcm
−2

).  

The experimental procedure involved stabilization of the particle generation and 

measurement system for three hours using an empty test chamber. The inlet particle 
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concentration was measured at the end of the stabilization period. After that, the test chamber 

was modified to one of the three experimental arrangements. The ratio of the outlet (No) to 

inlet (Ni) concentrations provided the penetration, P. The filtration efficiency was obtained 

from the penetration using the relation F = 1 – P. Filtration efficiency and penetration for 

various tests were compared to quantify the capture mechanisms and the filtration impact of 

the plasma textile.  

3.2. Data Collection 

Two CPCs are typically required to measure particle concentration, one at the inlet 

and the other at the outlet of the filter. But, as only one CPC was available, additional 

experiments were performed to make sure data collected was at steady state and hence 

repeatable. The details of data collection are explained in this section. 

Each set of experiments had trials, with three minutes being the duration of each trial. 

This three minute duration was split between 120 seconds of scan time and 60 seconds of 

retrace time. The trials yielded concentrations in interval particle size distributions (dN 

#/cm
3
). To ensure stability of the inlet particle concentration, 60 trials were performed before 

(3 hours of data collection) and 20 trials (1 hour) after the filtration tests. 20 trials were 

performed during the filtration tests with each experimental configuration. 

The first test performed was to make sure the system was leak proof. For this set of  
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experiments, the HEPA filter was placed before the plenum and rest of the downstream 

equipment remained the same as described in Figure 3.1.1. The equipment before the plenum 

were not used. Ten repetitive experiments each for a duration of three minutes over the entire 

size range of 7 nm to 300 nm were performed. The HEPA filter made sure there was very 

little air or particles entering the system. Particle concentration measured was plotted against 

particle diameter (Figure 3.2.1). As noted in Figure 3.2.1, the system was almost emptied 

after 30 minutes of operation, indicating that there was no significant leak in the system, 

which will skew the results. 

 

 

 
 

Figure 3.2. 1. Concentration for different particle diameters over time – HEPA filter before 

the plenum – for leak testing. 
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The experimental procedure involved stabilization of the particle generation and 

measurement system for three hours using an empty test chamber.  The inlet particle 

concentration (the baseline) was measured at the end of the stabilization period.  Baseline 

measurements were performed both before and after filtration experiments to account for the 

change in particle concentration over time and to make sure the baseline measured before 

filtration experiments is not significantly different compared to the baseline measured after 

the filtration experiments. Figure 3.2.2 shows particle concentration over three hours with an 

empty chamber before filtration experiments. The particle concentration was observed to be 

low at the beginning of experiments, which then stabilized over three hours. 
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Figure 3.2. 2. Concentration for different particle diameters for 3 hours (60 samples) – 

Baseline trials before experiments with woven fabric. 

 

Figure 3.2.3 shows only trials #40, #50 and #60 for easier visualization. As observed, 

concentration measurements reached steady state after two hours and forty five minutes for 

baseline measurements performed before filtration experiments. 
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Figure 3.2. 3. Concentration for different particle diameters over 3 hours – Baseline trials 

before experiments with woven fabric – Trials #40, #50 and #60. 

 

Figure 3.2.4 shows concentration values measured for trials with woven fabric over 

one hour. Particle concentration reached steady state after around forty five minutes. 
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Figure 3.2. 4. Concentration for different particle diameters for 1 hour (20 samples) – Trials 

with woven fabric. 

 

Figure 3.2.5 shows the particle concentration for trials #10, #15 and #20 for filtration 

experiments performed with the woven fabric. It is clear from Figure 3.2.5 that particle 

concentration reaches steady state after trial #15. The average of the last five trials (15 

minutes) provided the outlet particle concentration, No. 
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Figure 3.2. 5. Concentration for different particle diameters for 1 hour – Trials with woven 

fabric – Trials #5, #10, #15 and #20. 

 

Figure 3.2.6 shows particle concentration as a function of particle diameter for 

baseline experiments performed after filtration experiments. These experiments were 

performed after removing the woven fabric after filtration experiments. It is clear that particle 

concentration reached steady state after forty five minutes of operation. 
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Figure 3.2. 6. Concentration for different particle diameters for 1 hour (20 samples) – 

Baseline trials after experiments with woven fabric. 

 

Baseline data was obtained by averaging last five trials of baseline-before data (15 

minutes) and last five trials of baseline-after data (15 minutes), which in turn gives the inlet 

concentration of aerosol, Ni, entering the chamber. After that, the test chamber was modified 

to one of the three experimental configurations. Figure 3.2.7 shows a comparison between 

trial #60 of the baseline data collected before filtration tests and trial #20 of the baseline data 

collected after the filtration tests, in addition to trial #20 of the woven fabric tests. It is 

evident that the change is not significant, which is also confirmed by the standard deviations 

calculated. 
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Figure 3.2. 7. Comparison of particle concentration for different particle diameters – Baseline 

trials before and after experiments with woven fabric, woven fabric trials. 

 

Figure 3.2.8 shows a comparison between filtration efficiency curves calculated using 

trial #60 of baseline-before and trial #20 of baseline-after with trial #20 of the woven fabric 

experiments. The maximum difference between the two curves is around 5%. 
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Figure 3.2. 8. Filtration efficiency comparison with woven fabric and baseline before and 

after experiments with woven fabric. 
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3.3. Error Analysis 

Error bars indicate the variation in experiments over time and illustrate the expected 

maximum and minimum bounds for a variable if the experiment were repeated. Error bars 

are calculated based on data calculated over a period of time. The relative error used to 

compute error bars for filtration efficiency were calculated using Equation 3.3.1. 
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where No is the average outlet particle concentration, Ni is the average inlet particle 

concentration, SDo is the standard deviation of outlet particle concentration and SDi is the 

standard deviation of inlet particle concentration. 

Error bars include both the average and standard deviation and hence indicate the 

certainty of obtaining a measurement around the mean if it were repeated. Smaller error bars 

indicate higher confidence in the values obtained and that results will be closer to the mean 

every time the experiment is performed. Error bars indicate how far the points are from the 

mean or the spread in the data. In other terms, error bars illustrate the 

measurement/experiment uncertainty, due to variation in input parameters, measurement 

precision, etc. Hence, multiple measurements are made and the report is compiled as error 

bars to indicate the certainty of obtaining the measurement when repeated. Error bars also 
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help in understanding why measurements at a specific condition have less variation than 

others, if any. Two values do not differ significantly if their error bars overlap. Confidence 

can be increased by increasing the number of measurements, thus making the error bar 

smaller. Larger and overlapping error bars may mean that there may not be a significant 

difference in the measured values or that the equipment may be sensitive to note the 

differences. 
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Chapter 4: Results and Discussion 

Figures 4.1 and 4.2 show the glow in the woven corona/textile. When a dc voltage is 

applied across parallel negative and positive wires of the same diameter interwoven in a 

dielectric support fabric, two types of corona, positive and negative, are produced. The 

corona type is defined by the polarity of the high curvature electrode 
[7]

. The corona 

manifests itself as a faint glow surrounding the conductor. The mechanisms for the formation 

of positive and negative coronas are dissimilar. The positive corona usually generates a 

stable, uniform glow. The negative corona appears like multiple glowing plasma beads 

distributed along the conductor. The negative corona is intrinsically unstable and under 

certain conditions generates (as opposed to filters) large numbers of nanoparticles 
[4, 5]

. To 

avoid this unstable corona, the plasma textile was constructed with dissimilar wire diameters, 

which resulted in the formation of only positively charged coronas. 

Typically current in a corona discharge consists of pulses superimposed on a small 

steady current when observed under a fast oscilloscope. Larger pulses are observed in a 

positive corona, which are also irregular compared to those in a negative corona. In negative 

corona, regular pulses with a rise time of the order of 1 ns are observed. In a negative corona, 

the instabilities are observed as dots in figures 4.1 and 4.2. 
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Figure 4. 1. Glow in plasma textile. 

 

 

 
 

Figure 4. 2. Glow in plasma textile (different angle). 
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The non-woven fabric filtered around 75% of 30 nm particles, whereas the woven 

fabric filtered around 62% (figure 4.3) and the filtration efficiency then steadily decreased to 

less than 30% for the woven fabric, as the particle size increased to 300 nm. As expected, the 

filtration efficiency with the non-woven fabric was higher than that with the woven fabric for 

all particle sizes, because of its structure. The particles take a tortuous path around the fibers 

in the non-woven fabric. Previous studies showed that when both the particles and the fibers 

were electrically neutral, the dominant filtration mechanisms were impaction, interception 

and gravitational settling for particles larger than 1 μm in diameter, and thermal diffusion for 

particles smaller than 0.1 μm. For particles with a diameter ranging from 0.1 μm to 1 μm, 

both thermal diffusion and inertial deposition were fairly weak, which resulted in the most 

penetrating particle size being in the 0.1–1 µm range 
[9]

. Filtration efficiency dropped as 

particle size increased, since the filtration mechanism changed from diffusion for smaller 

particles to interception for larger particles. SFE for diffusion (equation 2.2.2) is inversely 

proportional to particle diameter and hence, filtration efficiency for both woven and non-

woven fabrics was high for smaller particles and reduced as particle size increased. After the 

diffusion region, filtration efficiency reached a minimum (MPPS), when transition from 

diffusion to interception took place and hence both mechanisms co-existed. Equation 2.2.3 

indicates an increase in capture efficiency with an increase in particle diameter, in this 

region. Particle filtration is predominantly by interception after this transition region, when 

particle capture increases with increase in particle diameter, as given by equation 2.2.4. This 

change in proportionality from negative to positive (from diffusion to interception) resulted 

in a minimum, which is the MPPS. The revised theoretical curve for non-woven fabric using 
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equations 2.2.4, 2.2.5 and 2.2.6 matches the non-woven curve closely. The corona, woven 

and non-woven corona/textiles filtered close to 100% uniformly, which is discussed in detail 

in Figures 4.8 and 4.9. 

A sharp increase in the filtration efficiency was observed with the ‘corona’ and both 

‘corona/textile’ configurations at voltages after corona is initiated. The measured filtration 

efficiencies were close to 100% for all particle sizes tested. Electrostatic forces are widely 

used to assist in the capture of particles in the most penetrating size range by inducing an 

electric charge on the particles, the filter, or both. Electrostatic forces depend on the charge 

distribution on the filter and the charge carried by the particle, as well as the particle size 
[9]

. 

For this reason, electrostatic forces are effective in increasing the particle collection 

efficiency in a wide range of particle sizes 
[2]

. Electrostatic precipitators, which are 

characterized by a high filtration efficiency and low-pressure drop, take advantage of 

electrostatic forces 
[5]

 to filter particles in the 0.1–1 μm range. 
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Figure 4. 3. Filtration efficiency as a function of particle diameter for the woven and non-

woven fabrics, woven and non-woven corona/textiles, free corona and revised theoretical 

curve. 

 

Filtration efficiency of the woven and non-woven corona/textile configurations was 

much higher (figure 4.4) than that of the corona arrangement for all voltages. Corona 

discharge was initiated around 7 kV for the corona configuration, and around 9 kV for the 

woven and non-woven corona/textiles.  Particle filtration was only due to electrostatic means 

in the corona configuration, whereas it was due to both electrostatic and mechanical means in 

the plasma textiles, though electrostatic capture was dominant.  Particle filtration before the 
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initiation of corona discharge was caused by dielectrophoresis, when there is polarization of 

the neutral inlet particles by the charged electrodes. As explained by the SFE for DEP 

(equation 2.2.7), an increase in the applied voltage increases the filtration efficiency. The 

revised theoretical curve for DEP using equation 2.2.8 matches the Corona curve closely till 

corona discharge is initiated. Once corona discharge was initiated, particle capture was by 

both DEP and Coulombic attraction. The neutral incoming particles undergo unipolar 

charging and these charged particles were captured by the charged electrodes. The theoretical 

curve for post corona discharge initiation using equation 2.2.10 under-predicted particle 

capture once corona discharge was initiated. Particle capture occurred only on the surface of 

the wires. The particle charge levels may be higher than assumed, which increased their 

capture. In addition, particles typically carried a high charge exiting the aerosol generator 
[1]

, 

instead of being neutral. The equations are for fibrous filters with a charge, rather than for the 

corona setup with metallic wires. In addition, the amount of polarization force is not clearly 

known. The ion concentration may be different from the value of 10
13

 s/m
3
 assumed for Ni*t 

in equation 2.2.9. Equation 2.2.9 also does not account for simultaneous charging and 

particle capture. Once the corona discharge was activated, all three configurations 

investigated reached filtration efficiencies close to 100%. This difference was very obvious 

when the particle penetrations were compared using a logarithmic scale (figure 4.5). 
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Figure 4. 4. Filtration efficiency as a function of applied voltage for the corona, woven 

corona/textile, non-woven corona/textile, revised DEP curve and post corona discharge 

initiation (revised DEP + Coulombic attraction) curve for a particle diameter of ∼150 nm. 

 

Figure 4.5 illustrates particle penetration for all the configurations studied. As 

explained earlier, the penetration for the non-woven fabric was less than that for the woven 

fabric. The penetration decreased by two orders of magnitude when a voltage was applied in 

the free corona configuration. The corona arrangement with only an applied voltage was next 

with penetration of the order of 0.01. The best filtration for woven corona/textile occurred at 

16 kV and that for a non-woven corona/textile occurred at 12 kV. There was at least a 4-log 
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improvement in penetration by the use of a woven or non-woven corona textile, compared to 

just using the fabrics by themselves. The combined effect of voltage and fabric reflects the 

benefit of simultaneously utilizing the extended surface and electrostatic capture mechanisms 

for particle filtration. 

 

 

 
 

Figure 4. 5. Penetration as a function of particle diameter for different experimental 

configurations. 
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Figure 4.6 shows the relationship between penetration and the applied voltage for 

different particle sizes for the woven fabric and woven corona/textile. The woven 

corona/textile configuration yielded enhanced filtration for all particle sizes. The corona 

discharge on the fabric surface provided continuous particle charging and capturing, in 

addition to also continuously charging and polarizing the woven and non-woven fabrics. A 

positive dc corona, formed around the small diameter wire, has an ionization zone confined 

to the region encompassed by a few diameters of the wire. This zone is characterized by the 

presence of free electrons and ions of opposite polarity. Outside of the ionization zone, 

positive ions drift towards the opposite electrode transferring the discharge current. At 

atmospheric pressure, 


4O , 


2N and 


2O represent the major ionic species in the drift zone. 

Particle penetration decreased with an increase in applied voltage from around 4×10
-1

 for the 

woven fabric for particles with a diameter of 30 nm to around 8×10
-5

 for the woven 

corona/textile at 16 kV, which is a 4 log improvement. The penetration dropped significantly 

after around 9 kV when the corona discharge was initiated. Although the corona discharge 

was initiated only at approximately 9 kV, a reduction in penetration was noted at 1, 6 and 7 

kV. This can be attributed to the electric field induced polarization of the aerosol particles 

and the woven fabric leading to enhanced particle capture though electrostatic interactions. 

After the initiation of the corona discharge, the particle penetration decreased with an 

increase of the applied voltage, due to an increase in the charging efficiency and electric field 

strength. Corona discharge was not stable after 16 kV (further increase in voltage lead to 

sparking).  
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Figure 4. 6. Penetration as a function of particle diameter for different voltages for the woven 

corona/textile configuration. 

 

Figure 4.7 illustrates the relationship between penetration and particle diameter for 

different applied voltages for the non-woven fabric and the non-woven corona/textile 

configurations. As noted for the woven corona/textile, the penetration for the non-woven 

corona textile too dropped with increase in applied voltage. The penetration for the non-

woven fabric for particles with a diameter of 30 nm was around 2×10
-1

. Corona discharge 

was initiated at around 9 kV, after which the penetration dropped significantly. There was a 

5-log improvement in penetration to around 3×10
-6

 at an applied voltage of 12 kV. Filtration 
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efficiency decreased with increase in applied voltage beyond 12 kV as the fabric did not 

produce a sustainable plasma. The non-woven plasma textile, like the woven textile did not 

exhibit a MPPS. 

 

 

 
 

Figure 4. 7. Penetration as a function of the particle diameter for different voltages for the 

non-woven corona/textile configuration. 

 

Figures 4.8 and 4.9 present filtration efficiency as a function of applied voltage for 

different particle diameters for both the woven and non-woven corona/textiles. The total 
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single fiber filtration efficiency is given by equation 2.2.1 and different mechanisms will 

dominate based on the particle sizes and applied voltages. The filtration efficiency was 

different for various particle sizes when there was no applied voltage for both the woven and 

non-woven fabrics.  When there was no applied voltage, filtration was dominated by 

diffusion for smaller particles and hence filtration efficiency decreased as particle size 

increased, as given by equation 2.2.2.  Before initiation of corona discharge (< 9 kV), the 

predominantly neutral particles entering the test chamber were captured by   

dielectrophoresis 
[3, 10]

, when neutral particles were polarized by the voltage applied across 

the electrodes. As noted in equation 2.2.7, filtration efficiency due to DEP increased both 

with the increase in applied voltage and particle diameter. Dielectrophoretic capture is the 

dominant particle capture mechanism in typical electret filters. After initiation of corona 

discharge (> 9 kV), neutral particles underwent unipolar charging and the dominant force 

was Coulombic attraction between the charged particle and the charged electrode. SFE due to 

Coulombic attraction is given by equation 2.2.9, from which filtration efficiency is 

approximately independent of the particle diameter, resulting in uniform filtration across all 

particle sizes. 
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Figure 4. 8. Filtration efficiency as a function of applied voltage for different particle 

diameters for the woven corona/textile configuration. 
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Figure 4. 9. Filtration efficiency as a function of applied voltage for different particle 

diameters for the non-woven corona/textile configuration. 

 

Both the woven and non-woven plasma textiles utilize Coulombic capture after the 

initiation of corona discharge and thus produced uniform filtration across all particle sizes 

without exhibiting a MPPS unlike all known fibrous filters. Yang et al. 
[10]

 reported noticing 

MPPS in an electret filter with a characteristic electric field of ~10
4
 V/m, which caused only 

particle polarization. The current work on plasma textiles produced an electric field of up to 

10
5
 V/m at 16 kV, which was around 10 times the electric field strength used by                

Yang et al. 
[10]

. Simultaneous unipolar charging and capture of particles in the plasma textile 
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under the influence of a stronger electric field resulted in uniform particle capture across all 

particle sizes and eliminated MPPS. 

Figure 4.10 describes the relationship between the measured current and the applied 

voltage for the corona, woven corona/textile and non-woven corona/textile configurations. 

Corona discharge was initiated around 6 kV for the corona configuration and around 9 kV for 

both the woven and non-woven corona/textile configurations. The current in the corona 

configuration was larger than that in the other two configurations. This, along with the 

delayed initiation of corona discharge, is attributed to the presence of the polypropylene 

dielectric and the re-combination losses resulting in reducing the current. In the corona 

configuration, all the ions and electrons easily moved from one electrode to the other 

resulting in a current of ~ 90 µA at 18 kV. The current at 16 kV in the woven and non-woven 

corona/textile configurations were measured to be around 20 µA.  
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Figure 4. 10. Current as a function of applied voltage for different experimental 

configurations. 

 

As both woven and non-woven fabrics were made out of polypropylene and utilized 

all the same components, their response to an applied voltage was very similar. Although the 

fibers extending from the fabric surface created instability (sparking) beyond 12 kV in the 

non-woven corona/textile, the fibers resulted in further dissipation of ions and electrons, as 

noted by the marginally smaller current measured for the non-woven corona/textile compared 

to that of the woven corona/textile. 
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The effect of voltage on the filtration efficiency in the corona and corona/textile 

configurations was analyzed for particles with a diameter close to 150 nm (figures 4.11, 4.12 

and 4.13). For the corona configuration (figure 4.11), filtration efficiency increased steeply 

from 30% to 70% for 150 nm particles as the corona discharge was initiated. Increase in 

filtration efficiency before 6 kV was due to electrostatic precipitation. The initial increase in 

filtration efficiencies at pre-breakdown voltages from 0 to 6 kV was due to polarization and 

electrostatic capture of sodium chloride particles. As the applied voltage was increased 

beyond 6 kV, filtration efficiency increased with increases in applied voltage and reached to 

around 100% at 16 kV. A critical breakdown voltage was necessary to initiate a corona 

discharge and to generate a discharge current. For the corona configuration, the breakdown 

occurred slightly above 6 kV. After the ignition, the current exhibited a parabolic increase 

reaching approximately 90 µA at 18 kV.  

Two factors usually limit voltage increase in electrostatic filtration systems: the 

discharge stability and the stability of the captured particles on the electrode surface. The 

first factor was dominant in the experiments with corona and corona/textile discharges. We 

observed corona instability at voltages above 18 kV. Frequent sparking occurred above 19 

kV. A sparking event typically resulted in etching of electrode material and the formation of 

a large number of submicrometre particles in the inter electrode space. 

With the addition of the polypropylene fabric, the effect is even more dramatic 

(figures 4.12 and 4.13). The onset of the plasma is delayed, and occurs at 9 kV, as opposed to 
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6 kV without the fabric. The woven and non-woven textiles provided an extended surface for 

diffusion losses of ions and free electrons. Consequently, the voltage required for the ignition 

of the discharge was higher and the current at a given voltage was smaller when compared 

with the corona configuration. As a result, the maximum current achieved in both the 

corona/textile configurations is close to 23 μA as compared to around 90 μA in the corona 

configuration. The plasma is also more stable at higher voltages with the presence of the 

fabric. In the corona configuration, a sharp increase in the filtration efficiency was observed 

only after corona initiation at 6 kV (figure 4.11). For the woven and non-woven 

corona/textile configurations (figures 4.12 and 4.13), filtration efficiency for a 150 nm 

particle for the woven and non-fabrics were 35% and 50%, respectively. A steeper increase 

in the filtration efficiency was observed with the corona/textiles starting from 1 kV. The 

filtration efficiency was doubled at 2 kV, well before the onset of the plasma discharge. 

However, plasma ignition was required to achieve high filtration efficiencies. At just under 9 

kV, the filtration efficiency was over 99%. The plasma initiated on the textile surface 

charged both the particles and the fabric to achieve higher filtration efficiencies at lower 

power inputs than the corona configuration. Filtration efficiency increased steadily with an 

increase in applied voltage and reached 100% at 16 kV. As mentioned earlier, steep increase 

in filtration efficiency before the initiation of corona discharge (9 kV) is attributed to particle 

polarization and electrostatic precipitation. The current measured at 16 kV for the woven 

corona/textile and the non-woven corona/textile was around 23 µA and 17 µA, respectively.



 

71 

 
 

Figure 4. 11. Effect of the applied voltage on the filtration efficiency and discharge current in 

the free corona configuration. The filtration efficiency is measured for a particle diameter of 

~150 nm. 
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Figure 4. 12. Effect of the applied voltage on the filtration efficiency and discharge current in 

the woven plasma textile configuration. The filtration efficiency is measured for a particle 

diameter of ~150 nm. 
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Figure 4. 13. Effect of the applied voltage on the filtration efficiency and discharge current in 

the non-woven plasma textile configuration. The filtration efficiency is measured for a 

particle diameter of ~150 nm. 

 

Another way to evaluate the effectiveness of an active filtration medium is to plot the 

filtration efficiency as a function of the mean surface power density. The mean surface power 

density is given by 

A

IV
MSPD

 
                      (4.1) 
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where V is the applied voltage, I is measured current and A is the area of the filter. 

The mean surface power density reflects 2D scalability of a discharge system and 

could be used to evaluate the power required for a system with a large area of filtration. The 

mean power density in the conducted experiments was calculated as a ratio of the discharge 

power to the filter area of 40 cm
2

 assuming that the setup represents a unit cell of the scalable 

system and neglecting boundary effects for the sufficiently long discharge section. Figure 

4.14 shows the relationship between particle penetration and the mean surface power density 

(power required per unit area) for the different options tested. The mean surface power 

density provides a common metric to compare the performance of different filter media. For 

the corona configuration, a sharp decrease in the penetration was observed in trials with a 

particle diameter of ∼150 nm when the mean surface power density was increased above 1 

mWcm
−2

. This point corresponds to the ignition of the corona discharge. In the woven 

corona/textile configuration the penetration gradually decreased from 0.7 to 0.1 due to the 

increased electrostatic field strength. However, since there was no corona discharge, the 

effective power was zero. After plasma onset, the mean surface power density was 

approximately ∼0.5 mWcm
−2

, and the penetration approached 0.001. The penetration 

continued to decrease as the mean surface power density increased. Thus, changing the mean 

surface power density facilitated control of the filtration efficiency. 
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An increase in the applied voltage typically resulted in an increase in ion 

concentrations, charging efficiencies, and drift velocities of the charged particles. In the 

corona/textile configurations, the applied voltage also affected polarization of the fabric, 

which increased proportionally to the electric field. It was difficult to observe the effect of 

the voltage as the filtration efficiency approached 100% (figure 4.11). However, figure 4.14 

provides a better representation of the penetration and mean surface power density. As shown 

in figure 4.14, the particle penetration continuously dropped as the mean surface power 

density increased. However, only minor improvement in penetration was observed for the 

corona configuration. A nine-fold increase of the mean surface power density from 4 to 36 

mWcm
−2

 resulted in approximately a two-fold drop in particle penetration. A much stronger 

effect was observed with the corona/textile configurations. A seven-fold increase of the mean 

surface power density from ∼1.3 to ∼9 mWcm
−2

 resulted in a drop of the penetration by more 

than a factor of 18. The steep drop in penetration with voltage can be attributed to the 

increased polarization of the polypropylene fibers and the high surface area of the material. 

The minimum penetration achieved for the corona configuration was around 1×10
-2

, 

whereas the woven and non-woven corona/textiles achieved penetration on the order of  

1×10
-5

 at 150 nm. The non-woven corona/textile produced this reduced penetration of 1×10
-5

 

at a surface power density of 30 mW/cm
2
, whereas the woven corona/textile produced the 

same penetration at around 40 mW/cm
2
. This means that the non-woven corona/textile 

needed lower power to produce the same or lower penetration, making it a better filtration 

medium of the configurations considered. Comparatively, the corona configuration produced 
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a penetration on the order of 1×10
-2

 at 40 mW/cm
2
. After the onset of corona discharge, the 

penetration decreased with increase in surface power density. The maximum surface power 

density depended on the stability of the corona discharge, which resulted in arcing. Mean 

surface power density of zero corresponds to the voltages when the corona discharge was not 

initiated, as the current was zero. Further increase of the discharge voltage from 7 to 18 kV, 

resulted in a seven-fold increase of the discharge current and a continuous improvement of 

the penetration for the corona configuration. 
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Figure 4. 14. Effect of surface power density on the penetration of particles with a diameter 

of ~150 nm for the free corona, woven plasma textile and non-woven plasma textile 

configurations. 

 

The eventual goal was to increase the mean surface power density to 100 mW/cm
2
 

which will aid the deactivation of microbial species 
[8]

. Plasma textiles have been proven to 

function as very good particulate filters, in addition to having the potential for deactivation of 

microbial species, which most current filters are not capable of. Particle filtration can be 

achieved at lower voltages, whereas deactivation can be achieved at higher voltages. 
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Selection of a suitable fabric to imbed the metallic wires can help decrease penetration at 

lower surface power densities and produce a stable corona discharge.  

A synergetic reduction in particle penetration was observed with the corona/textile, 

which was two times the reduction observed with just the woven textile and four times the 

reduction observed with just the corona. This shows that corona/textile materials 

characterized by high flexibility, low flow resistance, and low cost can be used as a high-

efficiency particulate air (HEPA) filter. Commercial HEPA filters remove more than 99.97% 

of particles in the submicrometre range and have a variety of applications in medicine, 

biology, and other technologies requiring management of dust and aerosols. The unique 

filtration properties of plasma-based textile filters could be further combined with 

decontamination and/or deactivation cycles implemented by modulation of the mean surface 

power density. As shown by the conducted tests, the mean surface power density of plasma 

textiles activated by a dc corona discharge is limited to ∼10 mWcm
−2

. The mean surface 

power densities can be further increased up to 1 Wcm−2
 with application of pulsed streamer 

corona discharge. These power levels can be utilized for deactivation and decontamination of 

plasma-based textile filters. Plasma textiles thus could be potentially used for the destruction 

of microbial species and oxidation of toxic compounds accumulated on filter surfaces. These 

potential applications of plasma generating textiles merit further studies. 
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Chapter 5: Conclusion and future work 

5.1 Conclusions 

Two types of plasma textile fabrics, a woven and non-woven were tested. 

Experimental studies were performed to measure the efficacy of a combined plasma textile 

system, which was fabricated with conducting corona wires along with woven and non-

woven fabrics. Five different experimental configurations were investigated, namely (i) 

woven fabric only, (ii) non-woven fabric only, (iii) corona, (iv) woven corona/textile, and (v) 

non-woven corona/textile. Filtration efficiencies were measured for each of these 

configurations. Both woven and non-woven fabrics can be implemented as plasma textiles 

and provide uniform filtration across all particle sizes tested, close to 100% without 

exhibiting a MPPS. The highest filtration efficiency provided by the non-woven plasma 

textile is better than that of ULPA filters and that provided by the woven plasma textile is 

better than that of HEPA filters. The combined effect of the non-woven corona/textile system 

decreases penetration by at least five orders of magnitude as compared to the woven textile 

and by four orders of magnitude as compared to the woven corona/textile. Studies performed 

on 150 nm particles indicated that the filtration efficiency of corona/textile increased with an 

increase in applied voltage. An increase in filtration efficiencies at low voltages was 

attributed to particle polarization and electrostatic precipitation. At high applied voltages 

(above ∼9 kV) the corona discharge initiated on the surface of the textile material effectively 
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charged the incoming particle stream, increased particle capture by electrostatic forces, and 

improved the filtration efficiency of submicrometre particles by the plasma textile to up to 

99.9995%. The plasma textile can be used for capturing sub-micron particles, as particle 

charging can be accomplished on the surface of the compact fabric by unipolar corona 

charging. As the current study has been performed for particles ranging in size from 30 to 

300 nm, which is the typical size for viruses or ultra-fine particles, the plasma textile also has 

the potential to be anti-microbial. This will enable capture of neutral microbial species, as 

they can be simultaneously charged and captured by the plasma textile. In addition, the 

plasma textile is very compact compared to the other filters to accomplish similar or better 

results. As a potential is applied during the entire duration of filtration, the plasma textile is 

an active filter without charge degradation, and is tunable based on filtration needs. There is 

no change in pressure drop across the plasma textile due to the presence of the wires. 
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5.2 Future Work 

The work performed for this dissertation can be further extended to gain better 

understanding of nano particle filtration using plasma textile, in addition to obtaining better 

filtration and other benefits, which are mentioned below. As a first step, current 

measurements can be performed in the nano-ampere scale to identify the exact initiation of 

corona discharge. This will help characterize the plasma textile better. As a next step, 

experiments can be performed using pulsed DC voltage. Pulsed DC voltage enables the 

generation of stable plasma at higher voltages. This will result in enhanced filtration, in 

addition to de-activation of anti-microbial species. In addition, trials with microbial species 

can be performed to see if they are de-activated by the higher mean surface power densities 

provided by pulsed DC voltage. In addition, experiments can also be performed with a 

knitted plasma textile. 

In addition to all these experimental studies, a computational model of nanoparticle 

motion in a corona environment can be created. This can then be extended to aerosol 

filtration using plasma textile. Computational modeling of multi-physics is complicated, as it 

involves nanoparticle motion in a corona environment, and will enable better understanding 

of the involved physics. Particle capture is based on the electrical mobility of the charged 

nanoparticles. Numerical modeling can comprise of both charged particles and 

charged/uncharged textile fabric. Once validation of the model with experimental data is 

complete, the computational model can be extended to study different applications. Future 
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challenges will also involve exploring methods to reduce the ozone generated during this 

process. 


