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Abstract  
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Electrostatic air propulsion is a promising technology with such potential 

applications as energy-efficient ventilation, air sterilization, cooling of electronics, flow 

attachment for avionics, and dehumidification. The challenges of existing designs include 

the need to increase air speed, backpressure, energy efficiency, and heat exchange 

capability, while decreasing operating voltage and ozone generation. This thesis focuses 

on two aspects of electrostatic air pump development.  The first presents the numerical 

simulation and experimental results of electrostatic air pumps conducted for the purpose 

of optimizing device characteristics through the control of the electric field distribution. 

A method to quantify the change in pump performance between different voltage 

distributions was developed.  The second direction presents the results from numerical 

simulations and experiential work focused on the development of a proof-of-concept 

 



 

micro-scale electrostatic air pump.  A novel two-stage micro-pump design is proposed 

and preliminary results discussed.  The optimization study presented in this thesis offers 

new methods and tools for electrostatic air pump device optimization.  As these concepts 

are developed and incorporated into more detailed and complete electrostatic air pumps 

models they evolve into a critical tool for the development of next generation 

electrostatic air pumps devices.  The miniaturization study presented in this thesis offers 

insight into several of the major challenges that must be addressed before successful 

realization of micro-scale electrostatic air propulsion is achieved. 
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Chapter 1. Introduction  

1.1 Background and Motivation 

Electrostatic air pumps, also known as electro hydro dynamic and ionic wind 

pumps, have been examined for use in such applications as air propulsion [1-3], solid-

fluid boundary layer modification [4,5], cooling [6-13], electro-acoustics [14], particulate 

removal [15], and dehumidification [16,17]. Transition from the understanding of 

underlying physical principles to the design of practical devices spans many decades of 

prior research. Numerous potential advantages of electrostatic air propulsion for different 

types of applications are becoming a reality with recent research efforts worldwide. The 

results of this thesis are applicable primarily to the design of air pumps as an alternative 

to traditional rotary fans. The classical rotary structural geometry, although used in 

numerous applications, is limited in both scale and design flexibility, due to the necessity 

of high-speed rotating parts. Turbulent flow, vibration, and gyroscopic forces introduce 

inherent inefficiency and noise to a rotary system. Even in the applications for which 

noise and vibrations do not present a significant problem, rotary fans are difficult to 

optimize for more than a single air flow circulation pattern, due to their nearly static 

cross-sectional air velocity profile. Electrostatic air pumps offer nearly laminar air 

propulsion with dynamic airflow profiles, controllable air velocities, and a possibility to 

decrease the effective boundary layer at the solid-fluid interface [3,5]. In addition, ionic 

propulsion is achieved without moving mechanical parts, thus enabling flexible design 

and possible integration on the MEMS level [10,18]. 

The ongoing trend for further miniaturization and the continued increase in power 

density of electronics requires advanced thermal management systems. Projected heat 

fluxes, even for the high volume market, will reach several hundred watts per square 

centimeter by the end of this decade, according to the latest projections by major chip 

manufacturers. Effective and efficient thermal management is now increasingly critical to 
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the electronics industry to satisfy the escalating market demand for faster, smaller, 

lighter, more reliable, and more cost-efficient products.  

Thermal management technology is moving beyond traditional forced convection 

air fan-heatsink cooling into cooling solutions that are often optimized for a particular 

application and, in some cases, integrated into the electronics at chip package level. 

Increased attention is paid to the miniaturization of thermal management techniques at 

the mini/micro-scale level as a solution to future thermal management needs on a single 

chip, which offers several opportunities: ability to spot-cool high heat flux regions; 

enhancement of macro-level performance by optimizing micro-level heat transfer; and 

enabling of system-level miniaturization and integration. Typical thermal management 

systems consist of external cooling subsystems, heat dissipaters, and thermal interfaces. 

The primary function of the heat exchangers, e.g. heat sinks, is to create the maximum 

effective surface area to which heat is transferred, in order to be carried away by the 

external cooling medium. Forced convection air cooling relies on an efficient exchange 

of heat at the solid-fluid boundary layer to achieve maximum heat transfer rates and, 

ultimately, lower thermal resistance between the hot surface being cooled and ambient 

air. Relatively high thermal resistances plague conventional forced convection cooling 

technologies, largely due to non-ideal convective heat transfer through the solid-fluid 

boundary layer. The micro-scale electrostatic air pump investigated in this study is 

designed to entrain airflow at close proximity to the substrate surface and to decrease the 

thermal resistance by altering the characteristics of the solid-fluid boundary layer.  

Depending on the application requirements, such a micro air pump could be integrated 

directly into the electronic package, with micro-channels placed directly next to the heat 

source, or placed at the surface of traditional heat exchangers. 

1.2 Research objectives 

The present work aims at advancing the field of electrostatic air propulsion from 

relatively simplistic designs used mainly for theoretical development, towards the 

direction of commercially viable devices and applications. The two thrusts explored in 
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this thesis are the optimization and miniaturization of electrostatic air pumps.  The 

specific objectives investigated in this work are presented in the following two 

subsections. 

1.2.1 Optimization of electrostatic air pumps  

• Investigate the feasibility of enhancing pump efficiency through the use of a novel 

pump design and a distributed voltage on the collector electrode surface to control 

the electric field profile. 

• Investigate the use of a figure of merit based on the ratio of directional Coulombic 

forces within an electrostatic pump as a design tool and predictor of relative pump 

efficiency.  

1.2.2 Miniaturization of electrostatic air pumps 

• Investigate the first order scaling properties of electrostatic air pumps at the micro 

level 

• Investigate the concept and potential advantages of a two-stage electrostatic air 

pump. 

• Investigate the feasibility of implementing an electrostatic air pump at the micro 

scale through numerical simulation, fabrication, and experimental testing.  

1.3 Thesis outline 

Chapter 1 provides a general introduction into the central concepts and motivation 

behind the work presented in this thesis. Chapter 2 provides a general introduction behind 

the basic principles of electrostatic air pumps as well as a detailed theoretical background 

into their operation and positive and negative coronas. Chapter 2 also reviews relevant 

literature and describes the state-of-the-art as relevant to this work.  

Chapter 3 is dedicated to an optimization study for electrostatic air pumps. 

Chapter 3 begins by presenting a method of numerically predicting pump efficiency, 

which is followed by numerical simulations showing optimization strategies for two 
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electrostatic air pump designs. The concept and simulation results of a distributed 

collector voltage utilized as an optimization tool are presented for the second pump 

design.  Chapter 3 ends with an experimental study conducted to verify simulation results 

presented earlier in the chapter. 

 Chapter 4 is dedicated to the development of a proof-of-concept micro-scale 

electrostatic air pump.  The chapter begins by looking at the scaling properties of 

electrostatic air pumps as well as the limitations of single-stage pumps and potential 

benefits of a two-stage pump.  A design of a MEMS scale implementation of a two-stage 

electrostatic air pump is discussed next, followed by a method to fabricate and test the 

proposed device.  The chapter concludes with fabrication and testing results as well as 

speculation into causes for device failure and possible solutions. 

The major conclusions are summarized in Chapter 5, followed by a discussion of 

several directions for future work in both the path of electrostatic air pump optimization 

and miniaturization. Figure of Merit, Mathworks Matlab, and Ansoft Maxwell simulation 

code is presented in the appendix.  
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Chapter 2. Background and state of the art 

2.1 Basic operation of electrostatic air pumps 

The mechanism of corona-induced ionic wind propulsion is illustrated in Figure 

2-1. Gas molecules near the corona discharge region become ionized when a high 

intensity electric field is applied between a high tip curvature corona electrode and a low 

tip curvature collector electrode. In the case of a wire or rod electrode, the diameter of the 

electrode is equivalent to the tip curvature of a needle electrode. The ionized gas 

molecules travel towards the collector electrode, colliding with neutral air molecules.  

During these collisions, momentum is transferred from the ionized gas into the neutral air 

molecules, resulting in movement of gas towards the collector electrode. The operating 

voltage range for corona discharge lies between the corona onset and air gap breakdown 

voltage [19].  Corona induced airflow is possible with both a positive and negative 

voltage.  It has been reported that higher stream velocity can be achieved by using 

positive polarity [20]. In general, selection of polarity depends on a large number of 

factors, which include electrode material, device geometry, ozone generation constraints, 

and others. 

 
 

Figure 2-1. Ion stream of a DC electrostatic air pump, where a high voltage is applied 

between the corona and collector electrodes. 
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2.2 Fundamentals of corona discharges in air 

2.2.1 Positive corona discharge 

The ionization process for a direct current (DC) positive corona is well 

understood and described in Figure 2-2 [21-27]. A high positive potential is applied to the 

high tip curvature corona electrode. The low tip curvature collector electrode is grounded 

or set to a lower potential. Free naturally occurring electrons in close proximity to the 

electrodes are accelerated towards the corona electrode by the electric field. In the plasma 

region, several microns from the corona electrode surface, the electric field intensity 

reaches a critical level. In the region where the critical field exists, collisions of electrons 

and neutral gas molecules in the ionization region result in electrons breaking free of the 

neutral air molecules.  This process creates free electrons and positive ions, which in turn 

are accelerated by Coulombic forces and produce more pairs of free electrons and 

positive ions. This process is known as the electron avalanche, which is described 

mathematically in sub-section 2.2.3.  Free electrons and ions are also produced through 

photo-ionization. Photons are emitted from the electrons as they decay into lower energy 

levels in the plasma region. In dry air, O2+ and N2+ are the major charge carriers. The 

ionization region from a positive corona is characterized by a uniform, dim, bluish-purple 

glow along the electrode surface, shown in Figure 2-3, on the left. 

 



   7 
 

 

 

Positive
potential

e-

+

+

+

e-

e-

+

e-

e-

-

-

+

e-

e-

-

+

+

+

+

+

e-

e-

e-

e-

e-

+

+

+

+
+

+ C
ollector electrode

Corona electrode

Corona plasma region Unipolar drift region

Ionization boundary

Photo-ionization

Electron collision
based ionization

Positive
potential

e-

+

+

+

e-

e-

+

e-

e-

-

-

+

e-

e-

-

+

+

+

+

+

e-

e-

e-

e-

e-

+

+

+

+
+

+ C
ollector electrode

Corona electrode

Corona plasma region Unipolar drift region

Ionization boundary

Photo-ionization

Electron collision
based ionization

 

 

Figure 2-2  Model of a  positive corona discharge [27]. 

 

Free electrons may also attach to electronegative gas molecules, such as O2, forming 

negative ions, or they may recombine with positive ions. In other words, the net 

ionization rate is reduced by both electron attachment and recombination. Near the 

corona electrode, electrons have average energies high enough to sustain net ionization, 

however, as the distance from the corona electrode surface increases, the rate of 

ionization decreases and the rate of attachment and recombination increases.  The 

location where the rate of ionization and combined rate of attachment and recombination 

are equal, is the location of the ionization and plasma region boundary. Outside the 

corona plasma region, the field strength is insufficient to produce collision-induced 

electron-ion pairs.  In this area, only ions of the same polarity as the corona electrode 

exist. The unipolar ions (ions of a single polarity) are propelled from the edge of the 
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corona region towards the collector electrode. Any negative ions remaining within the 

corona region will be drawn towards the corona electrode. Due to the lower tip curvature 

of the collector electrode, the electric field is relatively weak and no ionization occurs 

near it.  

 

 

 

Figure 2-3  Visual difference between a positive corona discharge and a negative corona 

discharge [28]. Positive and negative polarity coronas are shown in 1 (left) and 2 (right) 

respectively. 

 

2.2.2 Negative corona discharge 

The ionization process for a DC negative corona is illustrated in Figure 2-4. The 

mechanisms giving rise to a negative corona are similar to those for a positive corona 

[21-23,26,27,29-31].  A high negative potential is applied to the corona electrode and the 

collector electrode is grounded or set at a higher potential. Similarly to a positive corona 

scenario, naturally occurring electrons in the air initiate the electron avalanche process. 

However, unlike the positive corona case, the secondary electrons in a negative corona 

are produced primarily by photo-emission from the corona electrode surface [29,32]. The 

production of electrons by photo-emission from the corona electrode depends partially on 

matching the energy of emitted photons to the work function of the corona electrode 
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material. If the photon has low energy, it will be unable to “knock off” an electron from 

the corona electrode metal surface. Therefore, material selection has an impact on a 

negative corona discharge [33]. In the ionization region, production of free electrons by 

electron collisions with air molecules is greater than recombination and attachment of 

electrons to neutral electronegative gas molecules, like O2.  At some distance from the 

corona electrode surface, the attachment and recombination rate becomes equal to or 

greater than the ionization rate, marking the outer edge of the ionization region.  
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Figure 2-4  Model of a negative corona discharge [27]. 

 

Unlike the positive corona case, electrons are propelled outside the ionization region, 

where they bombard other neutral air molecules.  This bombardment can drive certain 

chemical reactions.  The electron bombardment outside of the ionization region creates a 
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larger volume in which reactions can occur.  This larger volume, in which chemical 

reactions can occur in negative coronas, is responsible for up to an order of magnitude 

increase in ozone generation rates over those generated in positive coronas [27].  The 

negative corona visually takes the form of brush-like bluish-purple discharges that are 

discontinuous along the electrode, as shown in Figure 2-3, on the right. The brush or tuff-

like discharges of a negative corona are characterized by intermittent Trichel pulses, 

which can reach frequencies of  Hz [34]. Unlike positive coronas, negative 

coronas are only found in electronegative gases, such as oxygen, water vapor, and carbon 

dioxide. A negative corona will not occur in pure gases with no or very low affinity for 

electrons, such as nitrogen, hydrogen, helium, and argon [27] 

52 10×

 

2.2.3   Mathematical description of an electron avalanche process 
 

Townsend [35] investigated the ionization process and expressed the electron 

ionization in  differential equation form as:  

 

 dn ndxα=   (2.1) 
 
where  is the incremental increase in the number of electrons produced by electrons 

moving a distance  in the electric field. The coefficient 

dn n

dx α varies with the gas 

properties and density and is a function of the electric field strength. For a uniform 

electric field and corona discharge conditions, α is a constant and (2.1) can be integrated 

to:  

 0
xn n eα=   (2.2) 

 

where n0  is the number of free electrons at x equal to zero.  

In a more general case, where the field varies with x, making α  a function of x:  

 

 0
0

x
dx

n n e
α∫=   (2.3) 
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 In addition to ionizing molecules based on high energy collisions, electrons can 

also attach to many neutral molecules to form negative gas ions. This happens more 

readily for electronegative elements, such as halogens, oxygen, and sulfur, which are 

deficient in electrons in their outer electron shells and therefore have high electron 

affinity. Gases such as Cl2, CCl4, HF, O2, SO2, and SF6 are strongly electronegative and 

act as effective electron traps in gas discharges [31].  Electron attachment can greatly 

reduce electron ionization. Electron attachment can be expressed as:  

 

 0
xn n e η−=   (2.4) 

 

where η  is the coefficient of attachment, which is a function of gas properties and the 

electric field strength. Combining (2.3) and (2.4), yields the value of  for a uniform 

field: 

n

 

 ( )
0

xn n e α η−=   (2.5) 
 
At low electric fields, η  exceeds α , and the number of electrons declines with distance. 

At the threshold value TE , η α= , and remains constant. For n TE E> , α exceeds η , 

and the number of electrons increases with distance [31]. 

 

2.2.4 Qualitative current-voltage relationship 

The high electric field intensity required for electrostatic air pumps is generally 

created by applying an electric potential between two electrodes.  The corona onset 

voltage is defined as the magnitude of the voltage that causes the highest field intensity in 

the system to exceed the critical field where corona onset takes place.  Below this 

voltage, no discharge occurs and no current between the two electrodes can be detected. 

After the potential exceeds the onset voltage, current is present in the air, as illustrated in 

Figure 2-5. A further increase in voltage leads to an exponentially increasing current, 
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followed by a spark-over, which marks the electrical breakdown across the electrode 

separation gap.  

 

 

 

 
 

 
Figure 2-5.  Corona current-voltage relationship. 

 
 

2.2.5 Theoretical current-voltage relationship 

The current-voltage relationship of a corona discharge is a function of several 

variables which include: gas composition, gas temperature and pressure, electrode 

geometry, corona electrode voltage polarity, electrode surface roughness, and particles 

suspended within the gas [31]. Equations can be analytically expressed for a concentric 

cylinder electrode geometry, but for most other cases, the relationship can only be 

approximated numerically or determined experimentally.  

 

Poisson’s equation, which governs all electrostatic phenomena is [36]: 

  

 2 4V πρ∇ = −   (2.6) 
 

where ρ  is the space charge density and V  is the electric potential.  
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In cylindrical coordinates, assuming axial symmetry, the voltage is constant in θ  andϕ , 

therefore, equation (2.6) reduces to: 

 
 

 
2

2

1 4d V dV
dr r dr

πρ 0+ ⋅ + =   (2.7) 

 
 
 
where ρ  is the space charge density, given by: 

 

 
2

i
rKE

ρ
π

=   (2.8) 

 

where i  is the corona current,  is a constant, and:  K

 

 dVE
dr

= −   (2.9) 

 

Combining the three previous equations, results in: 

 

 2 2 0dE irE E
dr K

+ − =   (2.10) 

 

This equation can be integrated to:  

 

 ( ) ( )2 22 / /dVE i K C r
dr

= − = − +   (2.11) 

 

where C  is the constant of integration.  
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Integrating (2.11) gives:  

 

 
( )
( )

2 2

2 2

2 /
log

2 /

C ia K C
V C

C ib K C

⎛ ⎞+ +⎜=
⎜⎜ ⎟+ +⎝ ⎠

⎟
⎟   (2.12) 

 

The constant of integration C may be calculated from (2.11) by using the boundary 

condition at the outer radius of the plasma region near the wire. The electric field 

magnitude at this point is  and the corresponding radius is . Knowing  and , C 

can be expressed as: 

0E 0r 0E 0r

 

 2
0 0 (2 / )C r E i K= −   (2.13) 

 

Using the value of C  from (2.13), the current-voltage relationship can be expressed as: 

  

 

 ( ) ( )
2 22

2 2 0 02
0 0 0 0

1 1 (2 / ) ( / )
log 1 1 2 / / log

2
i K b E raV r E i K b E r

b

⎧ ⎫+ + ⋅⎪ ⎪= + − + ⋅ +⎨ ⎬
⎪ ⎪⎩ ⎭

  (2.14) 

 
 

where  is the diameter of the corona wire,  is the diameter of the pipe shaped 

collector electrode,  is the outer radius of the plasma region around the wire, and  is 

the corona initiation field strength at this point. 

a b

0r 0E

 

According to Peek’s law,  can be estimated by: 0E

 

 0 30 (1 0.30 / )E f δ δ= + a   (2.15) 
where  

 0

0

T P
T P

δ = ⋅   (2.16) 
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In equation (2.16),  is the absolute room temperature (0T 293K ),  is the normal 

atmospheric pressure (760 mmHg), and  and  are the actual temperature and pressure 

of the air. In (2.15), 

0P

T P

f is a roughness factor of the wire, which decreases when the wire is 

rough, marred, or specked with dust. The parameter f  is usually between 0.5 and 0.7 for 

dirty, scratched wire. Corona initiation field strength  is also a function of gas density 

[31].  

0E

Corona initiation field strength is determined solely by the geometry of the corona 

electrode. Corona onset voltage, on the other hand, is set by the design of both corona 

and collector electrodes. It can be calculated through (2.14) for a pair of concentric 

cylindrical electrodes by setting 0i =  and 0r a= : 

 

  0 0 log 30 (1 0.30 / ) logb bV aE fa a
a a

δ δ= = +   (2.17) 

 
 

2.2.6   Electrical conduction in different states of matter 
 

Electrical conduction in gas differs fundamentally from conduction in a solid or 

liquid.  In solid and liquid conductors, electrons move in a lattice structure or between 

atoms loosely bound to each other.   When an electric field is applied to a solid or liquid 

conductor, it is relatively simple for electrons or holes to move through the medium, 

compared to the same matter in a gas phase. For example, in metal solids like copper and 

silver, electrons in the conductance band act as free charge carriers moving through the 

material with little resistance.   In other materials such as carbon nanotubes, which have 

virtually no free charge carriers, extremely low resistance ballistic conduction is possible 

because of their extremely stable and near perfect lattice structure. Matter in a gaseous 

phase, on the other hand, is composed of neutral molecules separated from each other in 

space without free electrons and ions under normal conditions. Gas density is on the 

order of 1019 neutral molecules per at one atmosphere, which is significantly lower 

than matter in a solid or liquid phase.  The large distance between gas molecules and the 

3cm
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lack of abundant charge carriers cause gases to be good electrical insulators.  In the case 

of a cold plasma, such as a corona discharge, conduction occurs through the ionization of 

individual gas molecules and then transportation of those ions through space to the 

collecting electrode.  As the corona discharge current increases, the density of free 

charges within the gas increases, and the conductivity increases.  If the charge density 

becomes too great, a conductive path is formed between the corona and collecting 

electrodes, resulting in arcing between the electrodes.  Interestingly, unlike a liquid or 

solid conductor, the anode and cathode current in a corona discharge may not be equal in 

magnitude.  In other words, it is possible for charges injected at the corona electrode to 

escape the system without being collected at the collector electrode, which is inherently 

different from conduction in a solid.  A corona glow discharge is only one form of 

electrical conduction in gases; others include sparks, arcs, streamers, and other plasmas 

[31]. 

  

2.3 History and state of the art 

2.3.1 History 

The first experimental observations of corona wind were reported in the 1700’s 

[37]. Many pioneers of electricity, including Newton, Faraday, and Maxwell, studied this 

phenomenon [38-40]. Rigorous fundamental studies were conducted by Stuetzer [41], 

who investigated ion conduction in both liquids and gases, and Robinson [42], who  

investigated corona wind pressure, electric parameters, and efficiency under varying 

pressure conditions.  The more recent studies of corona propulsion focused on low noise 

operation, heat transfer [6-12,43], boundary layer modification [4,5], air sterilization [44], 

and dehumidification [45].  

2.3.2 Optimization of electrostatic air pumps 

Although the basic principles of operation have been long understood, there are 

relatively few examples of successful designs of practical devices. An overwhelming 
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majority of the existing electrostatic air propulsion devices have simple electrode 

geometry, convenient for theoretical modeling, but are sub-optimal in terms of air speed, 

backpressure, efficiency, and longevity [3,46-49]. Significant room for corona 

technology evolution exists on the path towards practical devices and applications. 

Previous efforts to optimize electrostatic air pumps concentrated on geometric 

modifications of the device design, investigating the effect of collector electrode 

orientation with respect to the corona electrode and its influence on the field line 

geometry and air flow efficiency [50]. The influence of geometry and distributed voltage 

on pump performance was investigated in [12]. Although that study demonstrated 

enhanced pump performance, the study did not explore the optimal electric field 

distribution. Further advancements in pump performance require taking into 

consideration the effects of space charge and collector surface voltage distributions in 

order to find optimum device parameters. Numerical modeling is also necessary for 

improvement of electrostatic dehumidification devices [51]. 

2.3.3 Progress in miniaturization of electrostatic air pumps 

The application of electrostatic air pump technology to micro-scale devices is a 

relatively new direction in this field, with some of the first discussions on the topic 

appearing less than five years ago [10,12,18,52]. Recently there have been several 

attempts to develop proof-of-concept devices, aimed in the direction of thermal 

management of micro electronics, at both Purdue University and the University of 

Washington.  The recent move to the micro-scale has driven the field to complete a 

deeper analysis of the scaling effects of corona discharge, field emission, and air 

breakdown for small electrode gaps and high electrode tip curvatures [53-56]. Although 

micro-scale implementation of electrostatic air pumps has been only recently explored, 

the development of electro hydro dynamic (EHD) micro liquid pumps dates back at least 

fifteen years [57-59].  EHD liquid pumps function similarly to electrostatic air pumps by 

using a high local electric field intensity on an emitter electrode to inject charges into a 

liquid and then propel the charges towards a collecting electrode inducing bulk liquid 

flow. Due to the similarities of the EHD and electrostatic air pumps, lessons learned in 
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the development of EHD micro-pumps may aid in the evolution of electrostatic air micro-

pumps.  
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Chapter 3. Design and optimization of electrostatic air pumps 

3.1 Technical Background 

The optimization of electrostatic pumps may have multiple goals, often 

conflicting, depending on the desired application. In this study, the primary goal is 

velocity of air movement. Other possible optimization goals include energy efficiency, 

efficiency of heat removal, or longevity of the device. For the designs of the type 

discussed in this paper, the efficiency of conversion of electric energy into net air 

movement conflicts with the efficiency of heat transfer, as discussed next. 

An ideal forced convection heat transfer near a parallel plate of area A is 

described by the relationship 

 ( w bQ h T T= Α −  (3.1) 

 

where Q is the thermal energy transfer, h is the convection heat transfer coefficient, 

which is proportional to the square root of the air velocity through the channel, Tw is the 

temperature of the wall, and Tb is the average fluid temperature [60]. The proportionality 

between Q and h becomes important when comparing corona flows and pressure driven 

flows. Figure 3-1 displays (a) an airflow profile from a pressure differential flow along a 

duct wall and (b) an idealized airflow profile along a duct wall from a corona-driven 

ionized flow.  The corona-driven flow can ensure a greater speed close to the wall than a 

pressure differential flow, due to the Coulombic force being applied to fluid throughout 

the volume of the duct.   The higher fluid velocity at the wall decreases the effects of the 

boundary layer at the solid-fluid interface, allowing for more effective cooling.  Strictly 

speaking, both profiles are more complex than shown in Figure 3-1 and are not 

completely laminar, however, the analysis of secondary effects is beyond the scope of 

this discussion.   
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Figure 3-1. Idealized airflow profiles from: (a) a pressure differential and (b) a corona-

driven electrostatic air pump. 

 

 To achieve the maximum speed of air movement in a corona-driven flow, an 

electrode configuration that creates an electric field nearly parallel to the channel walls is 

required to minimize losses from ionized and neutral air molecule collisions into the 

sidewalls.  To attain maximum heat transfer, the boundary layer near the channel walls 

needs to be perturbed.  To achieve the necessary perturbation, the airflow requires 

velocity components both parallel and orthogonal to the channel wall, which are 

concurrently sub-optimal for air velocity.  The simulations in this chapter focus on 

maximizing the air velocity. 

 

3.2 Numerical simulations 

The selection of governing equations for the numerical simulation of electrostatic air 

pumps depends on the desired degree of accuracy and the relative importance of physical 

processes that take place during the device operation. This study focuses on a first-order 

approximation. The electrostatic air pump is modeled in the electroquasistatic regime. 

The simulator solves Poisson’s equation, 2
0/φ ρ ε∇ = −  where φ  is the electric potential, 

ρ  is the charge density, and 0ε is the dielectric permittivity of free space. The space 

charge distribution is also postulated in a quasistatic regime, based on generally accepted 

charge distributions in corona devices [3]. The air dynamics, charge dynamics, and the 
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charge generation in the corona region are considered secondary effects and are not 

included in the model. 

The purpose of the following numerical simulations is to compare the figures of 

merit for a classic and optimized geometry. This analysis develops a better understanding 

of the effects of different design approaches on overall device performance. 

 

3.2.1 Figure-of-merit concept 

The figure-of-merit (FoM) calculations act as a metric to quantitatively compare the 

efficiency of different pump designs and different voltage distributions for a given 

design. Corona pumps utilize Coulombic forces on ions induced by electric fields to 

generate airflow.  For a two-dimensional model, the force vector applied to an ion within 

the pump can be broken down into two components, one component in the direction of 

intended airflow, x, and the other orthogonal to intended airflow, y. The greater the ratio 

of the x to y direction components, the greater the expected efficiency is of the system.   

Electric field Ex and Ey component magnitudes are multiplied by a unit charge ρ 

converting them to Coulombic force values, fx and fy.  The fx and fy values are integrated 

separately along specified discrete horizontal lines within the pump channel. A ratio is 

taken of the Fx and Fy scalars giving the figure-of-merit value fm shown below (3.2). 

 xx A
m

yy
A

E dxdyFf
F E dxdy

ρ

ρ

⋅
= =

⋅
∫∫
∫∫

 (3.2) 

The double integral in (3.2) is taken over the area enclosed by the collector electrodes in 

the cross-section of the simulation space. 
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3.2.2 Classic Geometry 

3.2.2.1 Wire-to-rod design 

The canonical wire-to-rod geometry used in this study is shown in Figure 3-2. The 

wire to rod regime has been commonly used in previous studies due to its simple 

geometry, which lends itself to simple fabrication and relatively simple experimental and 

theoretical analysis.  This geometry was chosen as a starting point for this optimization 

study. 

 

 
 

Figure 3-2.  Cross-sectional view of the wire to rod conical structure within a channel. 

3.2.2.2 Simulation Specifications 

Simulations for the classic wire-to-rod geometry were conducted with Ansoft 

Maxwell EM 2-D electrostatic field solver.  The simulation space was broken down into 

four regions as follows: the surrounding air environment, two insulating Teflon (ε=2.1)  

walls in parallel to form an air channel, a conductive collector electrode at one end of the 

air channel, and finally, a conductive corona electrode at the other end of the air channel. 
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A positive potential of 10 kV was applied to the corona electrode and ground to the 

collector electrode. 

The electric field distribution was calculated in the simulation space.  The pump 

air channel is then divided into 45 horizontal segments in a vertical direction. Each of the 

segments can be seen as the individual horizontal lines within the force vector plots in 

Figure 3-3 through Figure 3-5.  Along each segment, a horizontal line is drawn 

orthogonal to the direction of airflow.  Along each line, the x and y electric field vector 

magnitude is extracted to be used in FoM pump efficiency comparison calculations. 

3.2.2.3 Classic Geometry Simulation Results 

A control simulation, shown in Figure 3-3, is used as the baseline design, with a 20 

mm separation distance between the corona and collector electrodes and a ratio of corona 

and collector electrode radii of 1:10.  Figure 3-4 and Figure 3-5 show how the change of 

one design parameter from the baseline case shown in Figure 3-3 affects the field 

distribution and, consequently, the FoM. Specifically, Figure 3-4 shows a design with a 

15 mm separation distance between the corona and collector electrodes and Figure 3-5 

shows a design with a ratio of corona and collector electrode radii of 1:20. These two 

variations on the baseline design illustrate several important design features. The FoM 

increases slightly as the separation increases for the designs shown in Figure 3-4 and 

Figure 3-3. This is an expected result because the channel contains fewer of the outer 

electric field lines as the channel width decreases relative to the electrode separation 

distance. In a wire-to-rod regime, the farther the field line is from the center line between 

the two electrodes the greater its curvature and thus its orthogonal component.  It should 

also be noted that the proposed FoM described in this paper is not dependent on the 

feature size, but only on the relative proportions of the design elements. The figure of 

merit would remain approximately the same for a microfabricated device built to the 

proportions of the macro-scale prototype. The FoM for the design shown in Figure 3-5 is 

dramatically larger than that for Figure 3-3, due to a strong contribution of field 

components in the region immediately below the collector electrode. Figure 3-6 shows a 

nearly linear increase of the FoM with the corona-collector electrode radii ratio. In the 
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extreme, the FoM approaches infinity for a pair of guarded parallel-plate electrodes 

(assuming the existence of corona discharge in the region). A more accurate estimate of 

device performance should take into account fluid dynamics.  A first order approximation 

is used in this investigation to account for air resistance due to the collector electrode.  

The air resistance compensation is calculated by defining a region directly upstream of 

the collector electrode and then removing all y-directed force vector components within 

that region before calculating the FoM. Although only an approximation, the author feels 

that the compensation method should be adequate to observe basic trends. Figure 3-7 

illustrates the relative importance of fluid dynamics. The “Compensated” curve shows a 

linear decrease in the FoM as the corona and collector electrode separation increases. The 

electric field near the collector electrode is higher than the average electric field within 

the channel.  Since the air resistance compensation removes the y-directed electric field 

components near the collector electrode, the impact of the compensation increases when 

the electrode separation distance grows relative to the channel width. However, if no 

compensation is applied, the FoM slowly increases with increased separation.  The above 

analysis of canonical electrode shapes aids in the development of intuition for 

interpreting the results of numerical simulations of optimized geometry, presented next. 
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Figure 3-3.  Numerical simulation of the classic wire-to-rod geometry with: a) 

equipotential lines and electric field shown as arrows scaled logarithmically with the 

field magnitude; (b) calculated Coulombic force vectors within pump channel used to 

compute the FoM value. The distance between corona and collector electrode is 20 mm, 

the ratio of electrode radii is 1:10, and the FoM is 18.16. 
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Figure 3-4.  Numerical simulation of the classic wire-to-rod geometry with: a) 

equipotential lines and electric field shown as arrows scaled logarithmically with the 

field magnitude; (b) calculated Coulombic force vectors within pump channel used to 

compute the FoM value. The separation distance between the corona and collector 

electrode is 15 mm, the ratio of electrode radii is 1:10, and the FoM is 18.13. 
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Figure 3-5.  Numerical simulation of the classic wire-to-rod geometry with: a) 

equipotential lines and electric field shown as arrows scaled logarithmically with the 

field magnitude; (b) calculated Coulombic force vectors within pump channel used to 

compute the FoM value. The separation distance between corona and collector 

electrodes is 20 mm, the ratio of electrode radii is 1:20, and the FoM is 32.8. 
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Figure 3-6.  Relationship between the figure-of-merit (FoM) and ratio of corona-

collector electrode radii has a positive near linear relationship for increasing electrode 

radii from numerical simulations with 20 mm electrode separation. 

 

 

 

 
 

Figure 3-7.  Relationship between the figure-of-merit (FoM) and separation distance 

between electrodes, with and without air resistance compensation. 
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3.2.3 Optimized Geometry 

3.2.3.1 Sharp-edge-to-parallel-plane design 

Figure 3-8 shows the sharp-edge-to-parallel-plane geometry chosen for this study.  

The sharp-edge-to-parallel-plane configuration has several advantages over the classic 

point-to-plane and wire-to-rod geometries. This geometry enables the use of a thin 

collector electrode and substantially decreases air resistance.   The sharp-edge-to-parallel-

plane assembly utilizes a razor-like corona electrode, allowing for electrode wear without 

significant tip curvature degradation or structural fatigue. Corona electrode surface 

degradation from a wire-to-rod configuration is shown in Figure 3-9. Corona electrode 

degradation, which may include erosion and deposits on the electrode surface, may lead 

to non-uniform corona discharge and, thus to eventual device failure.  The use of a sharp-

edge corona electrode minimizes the impact of erosion, extending device life. The sharp-

edge-to-parallel-plane regime decreases pump air resistance by moving the collector 

electrode from the main airflow path, as found in a wire-to-rod regime, to the sides of the 

main airflow path and the corona electrode. With the collector electrodes positioned at 

the sides of the airflow, it is possible to control the electric field as a function of distance 

along the collector electrode by applying a distributed voltage along the collector surface.  

Control over the electric field geometry makes it possible to control the distribution of the 

Coulombic forces acting on the ions within the pump, ultimately making possible the 

control of airflow profiles.  
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                                                                   (a)                                           (b) 

 

Figure 3-8.  (a) side view of the shape-edge-to-parallel-plane corona pump structure; (b) 

a distributed voltage (DV) with a continuous voltage gradient generated along the 

collector electrode surface. 
 

 

 

 

Figure 3-9.  SEM picture of corona electrode surface degradation in a wire-to-rod 

assembly.  SEM picture of new wire electrode on right, and used wire electrode on left. 
 

3.2.3.2 Simulation Specifications 

Simulations for a sharp-edge-to-parallel-plane geometry were conducted with 

Ansoft Maxwell EM 2-D electrostatic field solver.  The simulation space was broken 
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down into five regions as follows: the surrounding air environment, an insulating support 

structure, a conductive collector electrode on the inner wall of the insulating support 

structure, the region falling between the two collector electrodes where a space charge 

was defined for this simulation, and finally, a conductive corona electrode.  

A positive potential of 10 kV was applied to the corona tip. The potential applied 

to the curved collector electrode was modeled as a linear function from 0 volts at the top 

to a higher potential from (0.5 kV to 5 kV) at the bottom, nearest to the corona electrode. 

Space charge was included in the simulation to account for the electric field generated 

from the ion stream passing between corona and collector electrodes. When simulating 

with a space charge, a charge density of 10-4 C/m3 was placed at the corona tip decreasing 

linearly by 10-5 C/m3 per cm in the direction of airflow within the collector channel. The 

space charge value used was adapted from corona pump space charge calculations 

conducted by Clover et al. [3].  This space charge magnitude and distribution 

approximate the actual values.  A coupled-filed simulation taking into account fluid 

dynamics and space charge would have been more accurate, but is viewed by the author 

as unnecessarily complex for the purpose of this study. 

The electric field distribution was calculated in the simulation space.  The pump 

air channel is then divided into 45 horizontal segments in the vertical direction. Each of 

the segments can be seen as the individual horizontal lines within the force vector plots in 

Figure 3-11 through Figure 3-14.  Along each segment, a horizontal line orthogonal to the 

direction of airflow is drawn.  Along each line, the x and y electric field vector magnitude 

is extracted to be used in FoM pump efficiency comparison calculations. 

3.2.3.3 Optimized Geometry Simulation Results 

Corona pump optimization using a distributed voltage along the collector 

electrode was found to be feasible. A positive correlation between the calculated FoM 

and the magnitude of the voltage distributed along the length of the collector electrode is 

shown in Figure 3-10. As the voltage distributed over the collector increases from 0 V 

(Figure 3-11 and Figure 3-13) to 5 kV (Figure 3-12 and Figure 3-14), the equipotential 

voltage lines within the corona air pump channel become more horizontal, and the 
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electric field, shown as arrows, becomes better aligned with the pump flow. All 

equipotential lines are separated by 416 V, which is calculated by dividing the total 

voltage drop between the corona and collector electrodes by 24, the number of 

equipotential lines for each plot. A collector distributed voltage increase from 0 V to 5 

kV resulted in a FoM increase of 74.3%.  

The effect of space charge on the electric field can be seen best by comparing 

equipotential lines within the pump channel in Figure 3-12 and Figure 3-14. The 

equipotential field lines within the pump channel are nearly parallel to each other and 

orthogonal to pump flow in Figure 3-12, where no space charge is present. As space 

charge is introduced, Figure 3-14, it changes the electric field distribution, resulting in 

more curved equipotential lines within the pump channel. The space charge is composed 

of the ions within the pump. Since all the floating charges outside the corona discharge 

region are of the same polarity as the corona electrode, they reduce the electric field 

magnitude in the areas around the corona electrode and in the region of ion flow. 
 

 
 

Figure 3-10. Relationship between the figure-of-merit (FoM) and total voltage drop of 

distributed collector voltage, with and without space charge. 
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The reduction of the electric field in these regions results in a smoothing or 

decreasing of the electric field around the corona tip and along the center of the channel. 

The resulting decrease in FoM caused by including space charge in the simulations is 

displayed in Figure 3-10, ranging from 17% to 28% for the lowest and highest distributed 

voltage, respectively. 

 

 

  

  
 

  

  

 
(a)                                                      (b)  

Figure 3-11. Simulation plots for a grounded collector electrode without an applied 

space charge:  (a) equipotential lines and electric field shown as arrows scaled 

logarithmically with the field magnitude; (b) calculated Coulombic force vectors within 

pump channel used to compute the FoM value, 15.58 for this simulation.  
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       (a)         (b) 

 

Figure 3-12. Simulation plots for a collector electrode distributed voltage of 5 kV without 

an applied space charge:  (a) equipotential lines and electric field shown as arrows 

scaled logarithmically with the field magnitude; (b) calculated Coulombic force vectors 

within pump channel used to compute the FoM value, 27.12 for this simulation.  
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    (a)                                                                                 (b) 

Figure 3-13. Simulation plots for a grounded collector electrode with an applied space 

charge:  (a) equipotential lines and electric field shown as arrows scaled logarithmically 

with the field magnitude; (b) calculated Coulombic force vectors within pump channel 

used to compute the FoM value, 12.82 for this simulation.  
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    (a)                                                                                    (b) 

 

Figure 3-14. Simulation plots for a collector electrode distributed voltage of 5 kV with an 

applied space charge: (a) equipotential lines and electric field shown as arrows scaled 

logarithmically with the field magnitude; (b) calculated Coulombic force vectors within 

pump channel used to compute the FoM value, 19.30 for this simulation.  
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3.3 Experimental Results 

The experiments presented here illustrate the performance of canonical and 

optimized geometries. Both designs use a single corona electrode. The canonical design 

has wire-to-rod geometry, and the optimized design has a sharp-edge-to-parallel-plane 

geometry that employs curved electrodes, shown in the optimization studies in the 

previous section.   

3.3.1 Experimental Setup for the Canonical Wire-to-Rod Design 

Figure 3-15 shows the photograph of the experimental setup for the canonical 

wire-to-rod geometry, which corresponds to the computer simulations in Figure 3-3, 

Figure 3-4, and Figure 3-5. The corona electrode was constructed from a steel wire with a 

diameter of 0.24 mm on a single axis translation table with 1 µm resolution. The collector 

electrode was built from a copper pipe with an outer diameter of 4.87 mm and a uniform 

thickness of .95 mm on a second identical single axis translation stage for micro-

precision placement. The corona electrode and collector electrode were placed parallel to 

each other with a total coronation length of 36.6 mm. 

 

 
(a)             (b) 

Figure 3-15. Front view (a) and side view (b) of the canonical wire-to-rod geometry 

experimental setup. 
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3.3.2 Experimental Setup for the Optimized Design 

Figure 3-16 shows photographs of the experimental setup for the optimized 

geometry. The corona electrode was constructed from a high carbon steel razor, which 

provides a consistent tip diameter along its length. Teflon support bars insulated the 

collector electrodes from the device stand and provided a mechanical connection to the 

xyz-translation table for micro-precision placement. The electrodes were built using 

semi-conductive carbon-doped polyimide KaptonTM to form a constant voltage gradient 

along the collector, displayed in Figure 3-8. The voltage distribution along the electrode 

is not only a function of surface conductivity, but also a function of space charge 

dynamics and hence of the ionic current distribution in the volume of the device. The 

design includes two collector electrode sheets symmetrical with respect to the razor-like 

corona electrode and tapering towards the vertical axis.  

 

 
(a)                                  (b) 

 
Figure 3-16: Front view (a) and side view (b) of the experimental setup using a sharp-

edge-to-parallel-plane assembly with semi-conductive KaptonTM as the collector 

electrode. 
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3.3.3 Experimental Results with Canonical Design 

Figure 3-17 shows the measured air speed for a range of corona electrode 

potentials Vc from 6 kV to 12 kV. The air velocity va increased linearly with Vc at a slope 

of 0.6 m/(kV*s). The onset voltage for corona discharge for this geometry is about 50 % 

of the breakdown voltage, which means that a wide envelope is available for device 

operation. The air velocity profile in Figure 3-18 was measured in the y-direction across 

the collector electrode outlet of the geometry in Figure 3-3 with a corona-collector 

electrode separation of 5 mm. Two peaks were detected in the proximity of the sides of 

the collector electrode, due to airflow obstruction by the collector electrode. 
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Figure 3-17. Measured corona  electrode voltage Vc versus air speed va at the outlet. 
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Figure 3-18. Air speed profile along the sidewall of the outlet. Collector electrode is 

position between the two “electrode corners” in the graph. 

 

3.3.4 Experimental Results with Optimized Design 

All data presented in this section was produced with the experimental setup 

displayed in Figure 3-16, which uses a semi-conductive 20 µm thick KaptonTM film for 

the collector electrode. 

Figure 3-19 shows the measured I-V characteristic of the corona air pump. 

Beyond corona onset voltage, occurring at 5.2 kV, a collector current Ic from the corona 

electrode to the collector electrode was measured.  In accordance with classical theory 

[42], Ic increases exponentially with the corona voltage Vc, corresponding to a 

logarithmic decrease in air resistance [42].  Figure 3-20 shows a detected measurable 

airflow beyond corona voltage Vc of 6 kV and that air velocity va increased linearly with 

Vc at a slope of 1.5 m/(kV*s) up to the 9 kV potential and decreased to a slope of 0.5 

m/(kV*s) above 9 kV.  Stable peak air velocity was limited at a Vc of 11 kV due to 

dielectric breakdown at higher potential differences.  The va vs. Vc relationship shown in 
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Figure 3-20, Figure 3-21, and Figure 3-22 was achieved using semi-conductive KaptonTM 

collectors, which generate a non-optimized linear voltage gradient due to the inherent 

fixed film resistance, leading to a continuous voltage drop across the film.  With further 

optimization efforts, the optimized surface conductivity distribution will result in higher 

air velocities. 

The air velocity profile shown Figure 3-21 was measured in the y-direction across 

the collector electrode outlet, shown in Figure 3-16.  Two peaks are detected along the 

outlet directly above the corners of the corona electrode. These peaks are due to increased 

ion generation at the two ends of the blade electrode, caused by an increase in electric 

field intensity at the sharp corners.   

Figure 3-22 illustrates an air velocity profile across the electrode separation gap.  

At the center of the outlet separation, the airflow reached a maximum velocity of about 4 

m/s, or 800 linear feet per minute (lfm). Airflow measurements were taken at the top of 

the channel, 4.5 centimeters upstream from the point of ion recombination, resulting in an 

airflow profile measurement showing significant air resistance at the sides and 

corresponding lower air velocities. Ongoing efforts are focused on decreasing the channel 

length in order to improve the airflow profile further. An investigation is also being 

conducted to enable dynamic collector voltages. The dynamic voltage control can be used 

to realize optimized voltage distributions, determined by Ansoft Maxwell software 

simulations.  Optimized voltage distributions will increase the ion acceleration period and 

inter-channel airflow control, resulting in a more uniform, or application specific airflow 

profile across the channel. 
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Figure 3-19. Measured corona voltage Vc versus collector electrode current Ic exhibits 

an exponential dependence of approximately . 
-5 23 10 e Vc×
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Figure 3-20. Measured corona voltage Vc versus air speed νa at the outlet. 
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Figure 3-21.  Air speed profile along the sidewall from the outlet. 
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Figure 3-22. Air speed profile across the 8 mm separation of the collector and electrode 

outlet. 
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3.3.5 Performance Comparison 

The pump efficiency can be determined by dividing the airflow rating in cubic 

feet per minute (CFM) by the power consumption in watts. Following this definition, 

Figure 3-23 relates the corona voltage (Vc) to the pump efficiency. Airflow ratings were 

calculated from the peak air velocity multiplied by the cross-sectional area of the 

aperture.  

Efficiency reached a maximum of 8 CFM/W at low air velocities and decreased 

exponentially with Vc approaching a limit of 0.3 CFM/W at 11 kV. Future advancements 

to the prototype that raise the breakdown threshold may allow for increased air velocities 

with minimal loss of pump efficiency.  
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Figure 3-23.  Pump efficiency as a function of input voltage (Vc). 

 

Traditional computer cooling fan efficiency ranges from three to eight CFM/W at 

various air velocities [61], as shown in Table 1. The corona air pump fabricated in this 

investigation lies within the range of efficiency for conventional fans while offering 

higher air velocities. The corona-generated airflow also has less turbulence, which leads 

to a quieter operation.  
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Table 1. CPU rotary fan airflows and efficiencies. 
 

Pentium CPU fan 
Fan Diameter  

(mm) 
Airflow  

(lfm / m/s) 
Efficiency 
(CFM/W) 

K1 for PII 40 370  /  1.9 3.79 

M1 for PII & PIII 50 568  /  2.9 6.67 

Cool 1U for PIII 50 663  /  3.4 7.78 

Cool 1U-478 for P4 60 559  /  2.8 4.89 

 

3.3.6 Experimental test equipment 

Power was supplied for all experimentation in this section by a Hipotronics model 

R30B HV DC Power Supply. Voltages were confirmed with a Tektronix P6015 high 

voltage probe connected to an HP 54501A oscilloscope, Figure 3-24. Air velocity was 

measured using a hot wire anemometer based VELOCICALC PLUS 8386 airflow sensor 

with an accuracy of ±1.5% at the range of airspeeds measured, Figure 3-25. Data 

acquisition was completed by a program written in LabView to record measurements 

taken from the VELOCICALC PLUS 8386 at the rate of approximately one reading per 

second, Figure 3-26.  
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Figure 3-24.  High voltage DC power supply and high voltage probe. 

 

 

Figure 3-25.  Velocicalc™ 8386 airflow sensor. 
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Figure 3-26.  Screen shot of LabView based data acquisition software written and used 

to control and acquire data from the Velocicalc™ 8386 airflow sensor. 

 

3.4   Summary 

The numerical optimization study of ionic wind electrostatic air pumps conducted 

here used the concept of figure of merit based on the distribution of the electric field in 

the cross-section of the device. Device optimization through the application of a 

distributed collector voltage was shown to be possible.  The effect of space charge on 

device performance was investigated. 

In the experimental verification study, channel device geometry with a razor corona 

electrode was found to be a promising design for heat removal and for air propulsion. A 

prototype air pump of this kind has been built at the macro-scale for analysis of electrical 

and airflow properties. Experiments evidenced a near linear relationship between corona 

voltage and air velocity. At the center of the aperture separation, the airflow reached a 

maximum of 4 m/s at 11 kV, beyond which the dielectric breakdown occurred. The 

prototype electrostatic air pump efficiency was comparable to that of conventional rotary 

CPU cooling fans.  At lower air velocities, the device efficiency was about 8 CFM/W.  



   48 
 

 

Chapter 4. Micro-scale electrostatic air pump 

 The miniaturization of electrostatic air pumps to the micro-level offers several 

significant advantages over macro-scale designs.  At the micro-scale, it may be possible 

to generate a corona discharge at several tens of volts rather than the tens of kilovolts, 

which is required at the macro-scale. The onset voltage reduction is made possible 

through small electrode separation gaps and high corona electrode tip curvature.  

Implementation at the micro-scale may allow for low cost integration into electronics, 

micro electrical mechanical systems (MEMS), and other chip level devices for enhanced 

thermal dissipation.   

In this section, a proof-of-concept MEMS electrostatic air pump is investigated.  

Although this study was ultimately unsuccessful in creating a working prototype at the 

time of this writing, the findings made during this preliminary investigation are presented 

in this thesis as a step towards the development of MEMS level electrostatic air pumps. 

 

4.1  Design 

4.1.1 Scaling properties of electrostatic air pumps 

4.1.1.1 Scaling of corona onset voltage 

The corona onset voltage is a function of the corona electrode curvature and 

roughness, the separation distance of the corona and collector electrodes, properties of the 

gas, ambient temperature, and air pressure. Peek’s law, (2.15), empirically derived for a 

concentric electrode configuration, can be used to roughly estimate the onset field 

intensity and corona onset voltage for a given system. As the tip curvature of the corona 

electrode decreases, the corona discharge critical onset field intensity increases and onset 

voltage decreases, as shown in Figure 4-1 and Figure 4-2 respectively. In the case of a 

concentric electrode arrangement. the corona onset voltage decreases logarithmically 

with the decreasing electrode separation distance, evidenced by Figure 4-3. For a corona-
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collector electrode gap on the order of tens of microns with a corona tip curvature on the 

order of tens of nanometers, Peek’s law predicts that a corona onset voltage in the tens of 

volts will occur. All calculations in this section assumed a smooth corona electrode and 

air at standard temperature and pressure. 

 

 
 

Figure 4-1.  Peek’s estimation of corona onset electric field intensity vs. tip curvature  
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Figure 4-2.  Peek’s estimation of corona onset voltage vs. tip curvature for a corona-

collector electrode separation distance of 50 µm. 

 

 
 

Figure 4-3.  Peek’s estimation of corona onset voltage vs. corona-collector electrode 

separation distance, for a corona tip curvature of 30 nm. 
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4.1.1.2 Scaling of maximum pressure rise 

To illustrate the scaling effects of the electrostatically induced pressure rise within 

an electrostatic air pump, a simplified pump geometry is used, where the electric field is 

assumed to be parallel between the corona and collector electrodes. This situation would 

be approximately true if many wire-to-rod pairs were aligned in parallel with each other.  

The electric field would be non-uniform near the corona and collector electrodes, but 

nearly uniform towards the center of the electrode separation, as depicted in Figure 4-4.  

For simplicity, the remainder of this derivation will assume that the electric field is 

parallel between the corona and collector electrode array, as shown in Figure 4-5 [62]. 

 

 

Quasi-parallel field lines

Collector electrode array

Corona electrode array

Quasi-parallel field lines

Collector electrode array

Corona electrode array  
 
 

Figure 4-4.  Wire-to-rod array displaying quasi-parallel fields in the inter-electrode 

region. 



   52 
 

 

 

d

Eo

Es qs

vs

qo

vo

S
urface A w

ith area A
x

d

Eo

Es qs

vs

qo

vo

S
urface A w

ith area A
x

 
 
 

Figure 4-5.  Simplified model of a parallel array wire-to-rod electrostatic air pump. 

 

For the model shown in Figure 4-5, d is the corona-collector electrode separation distance 

and A is the area of the collecting electrode surface A.  E0, v0, and q0 are the electric field 

strength, ion velocity, and charge density, respectively, at the corona electrode array.  Es, 

vs, and qs are the electric field strength, ion velocity, and charge, density, respectively, at 

the collector electrode array. 

 

The current passing through surface A is given by: 

 

 I qAv=  (4.3) 

 

where I is the current passing through A; q is the charge density; A is the area of surface 

A, and; v is the velocity of the ions, where v is equal to: 

 

 v kE=  (4.4) 



   53 
 

 

 

where k is the mobility coefficient of the ions (space charge) and E is the electric field 

strength. Gauss’s law gives:  

 
0

dE q
dx ε

=  (4.5) 

 

Substituting (4.5) into (4.3) and solving for E results in: 

 

 
0

IEdE dx
Akε

=  (4.6) 

 

where 0ε  is the electrical permittivity of free space.   

Integrating (4.6) gives: 

 

 2
0

0

2IxE E
Akε

= +  (4.7) 

 

Solving for current in (4.7) to obtain current in terms of the electric field strength and 

setting x equal to the corona-collector electrode separation distance d: 

 

 ( )2 2
0

2
0Ak E E

I
d

ε −
=  (4.8) 

 

To find the maximum current, E is set to its maximum value just short of dielectric 

breakdown Ec, and E0 is set to zero, giving: 
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2

0
max 2

cAk EI
d

ε
=  (4.9) 

The maximum pressure is found by the following: 

 

 dF qEdV=  (4.10) 

 

where dF is the force exerted on the volume dV.  dV can be broken into: 

 

 dV Adx=  (4.11) 

 

The pressure can be defined as: 

 

 FP
A

=  (4.12) 

 

Substituting (4.11) and (4.12) into (4.15) gives: 

 

 dp qE
dx

=  (4.13) 

 

Solving Gauss’s law (4.5) for q and substituting gives:  

 

 0
dP dEE
dx dx

ε=  (4.14) 

and after integrating to obtain ∆P: 
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 ( )2 2
0

2
0E E

P
ε −

∆ =  (4.15) 

 

∆P can be also arrived at by solving (4.3) for q, substituting and integrating: 

 

 IdP
kA

∆ =  (4.16) 

 

The maximum pressure will occur when E is equal to Ec and E0 is zero for (4.15) or I is 

equal to Imax (4.9) for (4.16), both giving: 

 

 
2

0
max 2

cEP ε
∆ =  (4.17) 

 

The maximum force can be obtained by multiplying (4.17) by the collecting area: 

 

 
2

0
max 2

cAEF ε
=  (4.18) 

 

It is important to note that the maximum pressure is not a function of the separation gap 

of the corona and collector electrodes, rather it is a function of the intrinsic properties of 

the dielectric fluid, which define Ec.  The maximum force exerted by the electric field on 

an ion within the pump is independent of size because it is a function of Ec.  These 

preliminary findings suggest that the maximum pressure rise and air velocity of 

electrostatic air pumps may scale favorably with decreasing size. 
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4.1.1.3 Array of pumps in series 

A high density array of electrostatic air pumps, placed in series, may allow for 

increased air velocity significantly greater than that from a single pump. However,  

several potential issues remain with a high density series pump array.  During operation, 

air molecules being entrained over the array of pumps are continually being ionized, then 

deionized, as they pass from one pump to the next.  At the ionization region of each 

pump, energy efficiency is lost in the form of joule heating, plasma induced chemical 

reactions, and photon emission.  Although losses are minimal for each individual pump, 

losses may become significant when compounded.  In addition to losses in efficiency, the 

increase in joule heating and plasma induced chemical reactions are unfavorable because  

they increase heat and ozone generation. 

4.1.2 Two-stage design 

4.1.2.1 Limitations of single-stage electrostatic air pumps 

A significant limitation to single-stage electrostatic air pumps is that ionization 

rates and ion acceleration can not be controlled independently of each other. For 

example, to increase the force applied to the ions, the electric potential difference 

between the corona and collector electrodes must be increased. At the same time, both 

ion generation and the effective field intensity at the tip of the corona electrode increases. 

(In reality, the field intensity at the tip is held nearly constant to the onset field intensity 

by the increase in space charge, due to augmented ionization.) Initially, this positive 

relationship between ion generation and ion acceleration is useful because it increases 

flow by creating a higher charge density and stronger electric fields to accelerate the ions.  

However, the ion generation level increases, eventually reaching a point where the 

secondary effects of corona discharge become significant, including: joule heating of the 

corona electrode, creation of product gases, such as ozone from electron-impact induced 

chemical reactions, and rates of electrode tip erosion and degradation.  When the 
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threshold of any of these parameters is reached, which may be application-dependent, 

pump performance to that operating point will ultimately be limited. 

 

4.1.2.2 Two-stage electrostatic air pump 

The operation of a two-stage electrostatic air pump is shown in Figure 4-6.  A 

two-stage pump utilizes a triode geometry consisting of a corona, enhancement, and 

collector electrode. The enhancement electrode is located between the corona and 

collector electrodes, but closer in proximity to the corona electrode than the collector 

electrode.  The main objective of adding the enhancement electrode to the system is to 

enable independent control of {1} the field intensity between the corona and 

enhancement electrode, described here as the ionization stage, and {2} the field intensity 

between the enhancement and collector electrode, described here as the acceleration 

stage. The triode electrode configuration allows for the corona and enhancement 

electrodes to be placed close enough to each other to allow for low corona onset voltages, 

while simultaneously allowing the collector electrode to be placed at a distance from the 

corona electrode. The large collector separation enables the electric field to accelerate the 

ions over a longer period of time in comparison to a single-stage pump.   
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Figure 4-6.  Two-stage electrostatic air pump. 

 

For the two-stage configuration to be successful, ions generated at the corona electrode 

must pass beyond the enhancement electrode without becoming deionized, and then 

travel into the acceleration stage in order to be driven towards the collector electrode.  

Prevention of ion recombination at the enhancement electrode may be achieved using 

several methods: insulating the enhancement electrode to inhibit ion recombination at its 

surface; actively controlling the enhancement electrode potential to avoid total ion 

recombination [10]; or a combination of both, where a dielectric layer insulates the 

enhancement electrode and the potential is varied over time to prevent charge buildup on 

its surface.  

In operation, the potential difference applied across the ionization stage can be 

optimized for ideal ion generation rates and the potential difference applied across the 

acceleration stage can be varied to control air speeds without significantly impacting ion 

generation rates.  Independent control of ionization and acceleration could enable higher 

air speeds and longer device life, due to minimized corona tip degradation.   
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A two-stage electrostatic air pump implemented at the MEMS scale could enable 

higher air speeds than a single-stage pump due to the long acceleration stage, and at 

greater efficiency than an array of pumps in series, by eliminating all but a single 

ionization region.  The two-stage pump would generate less heat and product gases as a 

result of minimizing the number of separate pumps. 

 

4.1.2.3 Electrostatic micro-pump design for electronic cooling 

through solid-fluid boundary layer disruption 

Forced convection air cooling relies on an efficient exchange of heat at the solid-

fluid boundary layer to achieve maximum heat transfer rates and, ultimately, lower 

thermal resistance between the hot surface being cooled and the ambient air. Relatively 

high thermal resistances plague conventional forced convection cooling technologies, 

largely due to non-ideal convective heat transfer through the solid-fluid boundary layer. 

The micro-scale electrostatic air pump investigated in this study is designed to entrain 

airflow at close proximity to the substrate surface and to decrease the thermal resistance 

by altering the characteristics of the solid-fluid boundary layer. Depending on the 

application requirements, a micro air pump of this type could be integrated directly into 

the electronic package, with micro-channels placed directly next to the heat source or at 

the surface of traditional heat exchangers. 

 

4.1.3 Challenges of micro scale implementation 

A key advantage of creating an electrostatic air pump at the MEMS level is the 

ability to attain the high field intensities required for corona onset at voltages.  This is 

achieved through the use of a micron-level separation gap between the corona and 

collector electrode, as well as a high tip curvature for the corona electrode.  Therefore, 

the challenges include: the implementation of a robust high tip curvature corona tip and 

ionization stage; accurate fabrication techniques for integration of features sizes on the 

order of nanometers, microns, and potentially millimeters into the same device; a design 
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that optimizes the application based figure-of-merit for the pump; identifying optimal 

materials to resist electrode degradation and maximize device life as well as minimize 

ozone production, and finally; designing and packaging a system, containing potentially 

many pumps, that can produce a useful pressure head and airflow.  

 

4.1.4 Micro scale design 

A two-stage design, similar to that in Figure 4-6, using planar electrodes with an 

insulated and actively driven enhancement electrode, was chosen for this investigation. A 

cross section view of the design is shown in Figure 4-7 and a top view in Figure 4-8.  The 

feature sizes described in this section were chosen to enable an operating potential under 

100 volts. 
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Figure 4-7.  Cross section view of a MEMS scale implementation of a two-stage 

electrostatic air pump (figure not drawn to scale). 
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Figure 4-8.  Top view of a MEMS scale implementation of a two-stage electrostatic air 

pump (figure not drawn to scale). 

 

4.1.4.1 Use of planar electrode geometry 

A planar electrode geometry was selected in order to take advantage of several 

key advantages. These advantages included: easily achievable high tip curvatures, simple 

fabrication, and robustness. Through use of thermal or e-beam evaporation and basic 

photolithography techniques, a very thin metal layer can be deposited and patterned with 

precise control over layer thickness and position. A metal layer of thickness on the range 

of tens of nanometers is simple to fabricate and can be controlled with angstrom 

resolution. In general, the most vulnerable component in a micro scale electrostatic air 

pump is the corona electrode tip itself. This vulnerability stems from the fact that the 

pump relies on tip diameters on the order of tens to hundreds of nanometers and 

therefore, the robustness of the tip is critical. The planar electrode design offers two 

major benefits leading to a more robust corona electrode tip.  First, the tip lays parallel to 

the surface of the device and has a good mechanical connection to the substrate rather 

than protruding out of the substrate, where it would be mechanically weak and prone to 
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catastrophic mechanical failure. Second, the thickness of the corona electrode can be 

made uniform in the planar design, thus, as the tip wears over time, the tip curvature of 

the corona electrode is maintained and device performance will only slowly degrade. In 

contrast, the wear of a pyramid-like electrode differs significantly. As a point or pyramid-

shaped electrode wears, the tip curvature will decrease, forcing higher operation voltages 

to offset an increase in separation distance and decreased tip curvature. A corona 

electrode tip diameter of 30 nanometers was used for this study. 

The corona electrode is slightly elevated by an added insulator to assist with 

charge injection into the air stream, sharp field generation at the tip, and improved 

electrical insulation from the substrate. The thickness of the collector and enhancement 

electrode was made significantly greater than that of the corona electrode in order to 

maintain a lower tip curvature and thus, lower the electric field intensity near their 

surface.  

A collector electrode tip diameter of 150 nanometers was used for this study. All 

electrodes are terminated by a curved ending, bending away from the nearest electrode 

surface, as shown in Figure 4-8. The curved termination method was used to minimize 

sharp edges seen by neighboring electrodes, in order to eliminate sharp field effects that 

could result in non-uniform corona discharge levels or potential premature air breakdown 

and sparking at the sharp edges. 

 

4.1.4.2 Enhancement and collector electrode design 

The enhancement electrode was positioned within 20 to 100 µm from the corona 

tip to minimize the corona discharge onset voltage.  Twenty µm was selected as the 

minimum separation distance, due to the available mask and lithography fabrication 

limits. A dielectric material was used to encapsulate the enhancement electrode and 

prevent ion recombination at its surface. In operation, the voltage driving the 

enhancement electrode will effectively have a duty cycle, where the voltage on the 

enhancement electrode is periodically increased to match the voltage on the corona 

electrode. The periodic increase in enhancement electrode voltage causes any 



   64 
 

 

accumulated charge  on its surface to be driven off and accelerated towards the collector 

electrode. Such intermittent discharges are needed, otherwise over time, charge would 

build up on the dielectric surface. Uncontrolled charge build up would result in either a 

breakdown of the dielectric surface or an artificial decrease in the potential between the 

corona and enhancement electrode until the corona discharge was extinguished. A 

dielectric layer of approximately 300 nm was used to encapsulate the enhancement 

electrode. 

 The collector-corona electrode separation distance was set significantly wider 

than the enhancement-corona electrode separation distance.  A collector-corona electrode 

separation distance of 0.5 mm to 1 mm was chosen to allow additional time for the 

electric field to accelerate the ions and thus increase the airspeed. 

 

4.1.4.3 Material selection 

A three inch, single side polished, silicon P-doped wafer, with a resistivity of ten 

ohms square, and a 400nm layer of thermal oxide was used as the substrate. Other 

substrate materials could have been used and may have been preferential to silicon, as 

will be discussed in following sections. Au was used for all electrodes.  Au was selected 

for its high conductivity, low chemical reactivity, and ease of fabrication.  A material like 

tungsten, which is commonly used in field emitter tips, may be preferable to gold, but due 

it its extremely high melting point, it is difficult to deposit and therefore was not used in 

this proof-of-concept study.  A SiO2-based spin-on glass was used to encapsulate the 

enhancement electrode and elevate the corona electrode. A listing of specific micro-pump 

design properties is shown in Table 2. 
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Table 2. Micro-pump design properties 

 
Element Thickness 

( nm) 
Width 
(µm) 

Length (L) 
(µm) 

Variable aspect Material  

Corona 
electrode 

30 50 2000 Elevated by ~300 
nm SiO2 layer vs. 
no elevation 

Au/Cr 

Collector 
electrode 

150 75 2000 Collector to 
corona electrode 
distance varied 
from 0.5 – 1 mm 

Au/Cr 

Enhancement 
electrode 

150 30 2000 Corona to 
enhancement 
electrode distance 
varied from 20 – 
100 µm 

Au/Cr 
Insulated 

by ~300 nm 
SiO2

 
 

4.2 Modeling 

4.2.1 Defining range of electrode curvature and separation 

 
A range of corona tip curvatures and electrode separation distances that would 

enable pump operation at less than 100 volts was estimated using Peek’s law (2.15) and 

(2.17). Curves resulting from (2.15) and (2.17) are shown in Figure 4-1, Figure 4-2, and 

Figure 4-3. From this, a corona tip diameter of 30 nm and a corona-enhancement 

electrode spacing of 20 to 100 µm was selected. From (2.15), the critical field required 

for corona onset for a 30 nm corona electrode tip was estimated at approximately 52x106
 

V/m for air at standard temperature and pressure. 

 

4.2.2 Numerical simulation 

The selection of governing equations for the numerical simulation of electrostatic air 

pumps depends on the desired degree of accuracy and the relative importance of physical 
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processes that take place during the device operation. This study focuses on a first-order 

approximation. The electrostatic air pump is modeled in the electroquasistatic regime. 

The simulator solves Poisson’s equation, 2
0/φ ρ ε∇ = − , where φ  is the electric potential, 

ρ  is the charge density, and 0ε is the dielectric permittivity of free space. The air fluid 

dynamics, charge dynamics, and the charge generation in the corona region are 

considered secondary effects and are not included in the model. 

The purpose of the following numerical simulations is to determine the approximate 

electrical potential required to reach the critical corona onset field intensity for the 

specific geometry proposed in Figure 4-7.  

 

4.2.2.1 Simulation Specifications 

Simulations for a two-stage MEMS scale electrostatic air pump using planar 

electrodes with an insulated enhancement electrode, Figure 4-7, were conducted with 

Ansoft Maxwell EM 2-D electrostatic field solver. The simulation space was broken 

down into seven regions, as follows: the surrounding air environment, an insulating un-

doped silicon substrate, a conductive gold corona electrode, an insulating SiO2 support 

under the corona electrode, a conductive gold enhancement electrode, an insulating SiO2 

layer encapsulating the enhancement electrode, and finally a conductive gold collector 

electrode. 

A positive potential of 100 V was applied to the collector electrode. The corona 

electrode was grounded and the potential on the enhancement electrode was positive and 

varied between simulations to achieve the critical corona onset electric field intensity 

within approximately 30 nm and 1 nm of the electrode surface.  
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4.2.2.2 Simulation Results 

The simulations suggested that a micro-scale two-stage pump design could 

achieve corona onset field intensities at a relatively low voltage, and showed that the 

proposed geometry for this study generated a suitable electric field distribution for a 

corona discharge and thus an electrostatic air pump. The simulation derived lines of 

constant electric field magnitude within the ionization stage and around the corona 

electrode tip, for a 30 µm corona-enhancement electrode separation and 30 nm corona 

electrode thickness, as shown in Figure 4-9 and Figure 4-10, respectively. The 

simulations showed that the highest field intensity, by several orders of magnitude, 

generated in the system is at tip of the corona electrode, which is necessary in order to 

achieve a corona discharge and minimize the potential of a back corona.  Back corona is 

caused when elements of the corona and collector electrode have similar tip curvatures.  

In the case of back corona, both positive and negative coronas are generated, which is 

undesirable since partial and potentially total ion cancellation can occur. 
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Figure 4-9.  Simulated lines of constant electric field magnitude around the corona and 

enhancement electrode with a separation gap of 30 µm. Elevated corona electrode shown 

on left and enhancement electrode with dielectric layer shown on right. 
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Figure 4-10.  Blow up of corona electrode tip lines of constant electric field magnitude 

for electrode separation of 30 µm. 

 
Figure 4-11 shows the relationship between the corona-enhancement electrode 

separation distance and the predicted corona onset voltage. As expected, the corona onset 

voltage increases with the increasing electrode separation distance.  Peek’s law requires 

that the electric field intensity, defined by (2.15), be reached at the surface of the corona 

electrode for corona onset to occur. However, it should be noted that Peek’s law was 

empirically derived from macro-scale devices where the corona electrode was on a size 

scale much greater than that of the mean free path of the air molecules.  On the micro-

scale, Peek’s law may need adjusting to account for the effects of a corona electrode tip 

on a similar scale to that of the mean separation between air molecules. To initiate and 

sustain an electron avalanche near a nanometer scale corona electrode, discussed in sub-

section 2.2.3, it is possible that the critical corona onset field intensity needs to be 

reached at some radius from the surface instead of at the electrode surface.  The potential 

implications of a micro-scale corona electrode tip can be realized by comparing the 

voltage required to generate the critical corona onset electric field intensity at two 

different radii from the corona tip, shown in Figure 4-11. The critical onset field intensity 

is achieved at roughly 10 to 20 volts, at approximately one nanometer from the surface of 

the corona electrode.  However, it takes a significantly larger voltage of 80 to 130 volts to 
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reach the critical onset field intensity at 30 nm from the corona electrode surface.  

Therefore, if the critical field intensity must be reached at some radius off of the corona 

electrode tip, rather than at the surface, to sustain a corona avalanche, the corona onset 

voltage may be considerably higher than that estimated by Peek’s Law.  It may also 

indicate that there is a maximum useful corona electrode tip curvature, such that a further 

reduction in tip radius would not decrease the minimum voltage required for operation. 

 
 

 
 

Figure 4-11.  Simulated voltage required to achieve critical corona onset electric field 

intensity at 1 nm and 30 nm from the corona electrode tip surface vs. corona-

enhancement electrode separation distance.  Values calculated with less than 0.01% 

mesh error. 
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4.3  Fabrication 

Fabrication of a MEMS level electrostatic air pump was done using standard 

photolithography methods and a three mask process.  

4.3.1 Fabrication procedure 

Masks were printed on photo transparencies using a six thousand dot per inch 

(DPI) solid toner LaserJet printer, Figure 4-13.  Figure 4-12 illustrates the fabrication 

stack up used in this study, and a detailed description follows.   

 

 
 

Figure 4-12.  Microfabrication photolithography stack up for micro electrostatic air 

pump.  

 
400 nm of wet thermal oxide was grown on a three inch P-doped silicon wafer. Next, a 

1.2 µm negative photoresist, AZ1512, was spun on and patterned.  A 106 Ǻ / 1502 Ǻ 

Cr/Au layer was then thermally evaporated onto the substrate and patterned using an 

acetone and ultrasonic bath lift-off technique to enhance collector electrodes in addition 
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to all electrical contact pads. Lift-off of the Cr/Au layer was chosen over etching to 

minimize defects along the electrode edges. 300 nm of spin-on glass was deposited on the 

wafer and was patterned using AZ1512 and a buffered oxide etch (BOE), to form the 

insulating dielectric layer over the enhancement electrode and an elevated insulating 

layer to later deposit the corona electrode. Lift-off was again used to pattern a thermally 

evaporated 60 Ǻ / 302 Ǻ Cr/Au metal layer for the corona electrode. The wafer was then 

thoroughly cleaned in an ultrasonic bath to remove any residual metal particles left over 

from the lift-off process. The wafer was then diced to separate the 89 individual 

electrostatic micro air pump chips.  Dicing was done with five passes of a 266 nm laser, 

Figure 4-14, and separation of the diced wafer was done by hand, Figure 4-15. An 

ultrasonic bath in DI water was used to remove residual particles created during the 

dicing process, completing the fabrication. A completed two-stage micro electrostatic air 

pump is shown in Figure 4-16. 

 

 
 
 

Figure 4-13.  Three mask set shown in positive and negative polarity.  Masks are printed 

on photo transparency with a six thousand DPI solid toner LaserJet.  
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Figure 4-14.  Photo of wafer with 89 completed electrostatic air pumps with 39 designs 

after laser dicing just prior to separation. 

 

 
 

Figure 4-15.  Manual separation of the laser diced wafer. 
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1 mm 
 

150 µm 

 

Figure 4-16.  Top view photo of single electrostatic air pump, left, and magnified view of 

corona, enhancement, and collector electrodes, right. Dark grey color (Purple in color 

version) designates location of insulating SiO2 layer over enhancement electrode. 

 

4.3.2 Variations on pump design 

In order to test a range of parameters in pump design and have several pumps to 

test of the same design, 89 individual pumps were fabricated with 39 designs and are 

described in Table 3. Design variations were made to the following parameters: corona-

enhancement electrode separation, corona-collector electrode separation, deposition of 

insulating platform under corona electrode, pumps fabricated as individual pumps or in 

arrays of two pumps in series, and with (two-stage) and without (single-stage) an 

enhancement electrode. 
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Table 3.  Individual micro-pump design specifications. 

 
Pump ID# 1 or 2 

stage 
 

Pumps 
per 

Chip 

Corona 
SiO2
(Y/N) 

Distance between 
Corona and 

Enhancement 
Electrode (µm) 

Distance 
between Corona 

and Collector 
Electrode (µm)  

1,2 2 1 N 20 1000 
3,4 2 1 N 30 1000 
5,6 2 1 N 40 1000 
7,8 2 1 N 50 1000 

9,10 2 1 N 75 1000 
11,12 2 1 N 100 1000 

13,14,15 2 1 Y 20 1000 
16,17,18 2 1 Y 25 1000 
19,20,21 2 1 Y 30 1000 
22,23,24 2 1 Y 35 1000 
25,26,27 2 1 Y 40 1000 
28,29,30 2 1 Y 45 1000 
31,32,33 2 1 Y 50 1000 
34,35,36 2 1 Y 75 1000 
37,38,39 2 1 Y 100 1000 
40,41,42 1 1 Y N/A 500 
43,44,45 1 1 Y N/A 1000 

86,87,88,89 1 1 Y N/A 1500 
46,47 2 1 Y 20 500 
48,49 2 1 Y 30 500 
50,51 2 1 Y 40 500 
52,53 2 1 Y 50 500 
54,55 2 1 Y 75 500 
56,57 2 1 Y 100 500 
74,75 2 1 Y 20 1500 
76,77 2 1 Y 30 1500 
78,79 2 1 Y 40 1500 
80,81 2 1 Y 50 1500 
82,83 2 1 Y 75 1500 
84,85 2 1 Y 100 1500 
58,68 2 2 Y 20 1000 
59,69 2 2 Y 25 1000 
60,70 2 2 Y 30 1000 
61,71 2 2 Y 35 1000 
62,72 2 2 Y 40 1000 
63,73 2 2 V 45 1000 

64 2 2 Y 50 1000 
65 2 2 Y 75 1000 

66,67 2 2 Y 100 1000 
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4.4  Testing 

Micro electrostatic air pump performance was assessed by measuring currents 

through all three electrodes, corona, enhancement and collector, as well as measuring air 

speed at the output of the pump. 

4.4.1 Experimental test setup 

The experimental test setup schematic is shown in Figure 4-17 and a picture of the 

setup is shown in Figure 4-18.   
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Figure 4-17.  Block level schematic of experimental test setup. 

 

The device under test was powered using a positive and negative polarity high voltage 

power supply (HVPS). A positive HVPS was connected to the corona electrode through a 

digital multimeter (DMM) that was used to measure the current being sourced to the 

corona electrode (assuming a positive polarity corona). A negative polarity HVPS was 

similarly connected to the collector electrode through a DMM to measure current.  The 

enhancement electrode was powered using a function generator to create the periodic 

discharge state on the enhancement electrode in order to avoid charge build up. Once it 
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was determined that a corona onset was not occurring at potentials within the range of the 

function generator, the function generator was removed and the enhancement electrode 

was set to ground. A DMM was also used in series with the enhancement electrode to 

measure current. For single-stage pumps, only a single HVPS was used to power the 

corona electrode and the collector electrode was set to ground.  An oscilloscope was used 

to measure the voltage on all micro-pump electrodes. A simple environmental chamber 

was created around the test setup in order to eliminate exterior air flows near the micro-

pump. 

 

 
 

Figure 4-18.  Experimental test setup for micro air pump analysis. 

 

The device under test was mounted to TeflonTM substrate to insulate it from the 

surrounding test structure and was electrically connected using two small outline 

integrated circuit (SOIC) clips, as shown in Figure 4-19. The SOIC clips were mounted to 

a micro positioning stage with a one µm resolution, used to accurately position the micro-

pump in front of the airflow sensor, Figure 4-20 and Figure 4-21.  Air velocity was 



   78 
 

 

measured using a hot wire anemometer based VELOCICALC PLUS 8386 airflow sensor 

with the minimum air speed detectable at 0.01 m/s, Figure 3-25. Data acquisition was 

completed by a program written in LabView, Figure 3-26, which records measurements 

taken from the VELOCICALC PLUS 8386 at the rate of approximately one reading per 

second. 

 
 

1 mm 

 

Figure 4-19.  Micro electrostatic air pump is aligned, mounted, and electrically 

connected to the experimental test setup through two SOIC clips.  The SOIC clip 

electrodes settle on the micro-pump contact pads. 

 
 

 
 

 

1 cm 

Figure 4-20.  Top view of micro-pump test station, including electrical contacts for 

device operation and measurement of electrode currents, and an X-Y-Z micro positioning 

stage. 
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1 cm 

 

Figure 4-21.  Front view of micro-pump test station, including electrical contacts for 

device operation and measurement of electrode currents, an airflow sensor, and  an X-Y-

Z micro positioning stage. 

 

4.4.2 Test procedure 

Each micro-pump chip was imaged using a microscope C-mounted video camera 

at 10X and 20X magnification in order to record a pre-test image of the device. Once 

imaged, the micro-pump was aligned and mounted to the experimental test setup shown 

in Figure 4-19 and Figure 4-20. The experimental chamber was sealed and all 

measurement devices were activated. The potential on the collector electrode was set at 

negative 100 volts and a positive potential was applied to the corona electrode, while the 

enhancement electrode was held at ground with a periodic pulse up to the corona 

electrode voltage by the function generator.  The potential on the corona electrode was 

slowly raised by one volt increments until a corona onset or dielectric breakdown was 

achieved. Current, voltage, and air speed measurements were taken with each incremental 

voltage increase. This procedure was used to test for a positive polarity corona; however 
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tests were conducted for both positive and negative polarity coronas. A negative polarity 

test can be realized by reversing the polarities described above.  

 

4.5  Experimental results and discussion 

As already mentioned, this investigation was ultimately unsuccessful in creating a 

working proof-of-concept electrostatic micro air pump. Therefore, this section will 

describe the different modes of failure and then speculate as to their causes. For both 

single and two-stage designs, corona onset was not achieved at potential differences 

lower than a hundred volts. Therefore, a large range of voltages, up to a total of 450 volts, 

was applied to the micro-pumps under test.  The higher voltages greatly exceeded the 

design limits and in some cases caused spectacular device failure. 

4.5.1 Modes of failure 

The modes of failure varied slightly between the single-stage and two-stage 

pumps and are presented in the two following sections.   

4.5.1.1 Two-stage 

Two major modes of failure were seen in the two-stage design.  The first mode of 

failure was a breakdown of the air gap between the corona and collector electrode at 

potentials over 100 V.  Figure 4-22 shows the results of dielectric breakdown of both the 

air gap between the corona and enhancement electrode as well as the insulative SiO2 

coating along the enhancement electrode. The breakdown did not occur at the minimum 

separation distance between the electrodes, as might have been expected due to a thick 

layer of SiO2 between the electrodes.  The SiO2 is shown in Figure 4-22 and can be seen 

as the light grey (or purple in color version) region between the electrodes.  Instead, the 

air gap breakdown occurred directly above the point where the SiO2 bridging the two 

electrodes ended.  Above that point, the SiO2 only covered the enhancement electrode 

and not the gap between the two electrodes.  
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50 µm 

 

Figure 4-22.  Dielectric breakdown of the air gap and insulative SiO2 enhancement 

electrode coating in pump design 16, Table 3, at 122 V between corona and enhancement 

electrode and -100 V applied to the collector electrode. 

 
The second and most common failure mode was dielectric breakdown of the SiO2 layer 

between the corona electrode and silicon substrate, and collector or enhancement 

electrode and silicon substrate.  At the time of fabrication, the silicon wafer was believed 

to be un-doped and thus having a very high resistance, however it was determined 

afterwards that the silicon wafer was doped and had a relatively low resistance of 10 Ω- .  

The high conductivity of the silicon wafer allowed for a conductive path between 

electrodes once the oxide was breached.  However, within the original design constraints 

for voltages less than 100 volts, the oxide provided good electrical insulation between the 

electrodes. Figure 4-23, Figure 4-24, and Figure 4-25 show the results of dielectric 

breakdown at the corona and enhancement, corona, and collector electrode respectively. 
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50 µm 

Figure 4-23.  View of corona electrode, left, and enhancement electrode, right, after 

dielectric breakdown of the Sio2 in pump design 6, Table 3, at 110 V between corona and 

enhancement electrode and -150 V on the collector electrode. 

 

 
25 µm 

 

 

Figure 4-24.  Magnified view of damage on corona electrode caused by dielectric 

breakdown of the SiO2 in pump design 6, Table 3, at 110 V between corona and 

enhancement electrode and -150 V on the collector electrode. 
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25 µm 

 

Figure 4-25.  Magnified view of damage on the collector electrode caused by dielectric 

breakdown of the SiO2 in pump design 6, Table 3, at 110 V between corona and 

enhancement electrode and -150 V on the collector electrode. 

 

4.5.1.2 Single-stage 

Dielectric breakdown of the SiO2 between the corona and collector electrode and 

the substrate, was the only mode of failure found in the single-stage pumps shown in 

Figure 4-26 and Figure 4-27. Current passing through the thin corona electrode vaporized 

areas of the electrode, as shown in Figure 4-26 and Figure 4-27.  Dielectric breakdown of 

the air gap was not found for the single-stage pumps due to the large relative separation 

distance between the corona and collector electrodes.  Had the substrate been insulative, 

air gap breakdown would have likely occurred at higher potentials. 
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m

Figure 4-26.  View of corona electrode, left, and collector electrode,

dielectric breakdown of the SiO2 in pump design 43, Table 3, at a potent

between the corona the collector electrode. 
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 right, after 

ial of 280 V 
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50 µm 

 

Figure 4-27.  Magnified view of corona electrode damage after dielectric breakdown of 

the SiO2 in pump design 43, Table 3, at a potential of 280 V between the corona the 

collector electrode. 

 

4.5.2 Hypotheses for causes of device failure 

Multiple causes have been identified that may have acted exclusively or in concert 

to inhibit a sustained measurable corona discharge on the corona electrode.  Several 

possible causes include: polarization of the material directly under the corona electrode, a 

low resistively substrate, high resistance of thin corona electrode, and poorly designed 

electrical contact pads. 

When an electric field is applied to a material, the material deforms at the molecular 

level to reduce the electric field, resulting in polarization of the material. It is possible 

that the high intensity electric field at the tip of the corona electrode polarized the 

material below it, causing the electric field near the tip to be reduced. Such an occurrence 

would effectively smooth the electric field around the corona electrode tip and inhibit the 

electric field intensities needed to generate a corona discharge. The spin-on glass that was 

deposited under the corona tip had a relatively weak bond structure, and may have been 

polarized near the corona tip.  It may be necessary to replace the substrate with a material 
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that is difficult to polarize, such as quartz or sapphire.  The use of a conducting electrode 

may have also caused a smoothing effect on the electric fields near the corona electrode 

tip and inhibited a corona discharge.   

When metal layers are reduced to very thin layers on the order of tens of nm, the 

bulk resistance of the material increases, due to grain boundary and surface scattering 

[63].  The combination of increase in electrode bulk resistance and a very thin electrode 

may have resulted in an electrode resistively high enough to create a significant voltage 

drop over the corona electrode and inhibit sustained corona onset. This is, however, 

unlikely, since even a ten fold increase in electrode bulk resistance would still create a 

corona electrode resistance significantly smaller than the air gap resistance. In future 

designs, it may be necessary to utilize a tapered or multi-level corona electrode to 

increase current carrying capacity and decrease resistance.  The corona electrode could be 

constructed in two sections, where the section farthest from the collector electrode is 

made thicker to source larger currents, and the second section is made thinner to achieve 

a high tip curvature.  

 The electrode pads in the presented work were designed too small and too close 

to the active region of the pump, making effective electrical contact difficult and the use 

of conductive epoxies or pastes impossible. Larger electrode contact pads spaced at a 

greater distance from the active region of the device would ensure improved electrical 

contact and simplify testing.  However, poor electrical contact is not the likely cause of 

device failure because relatively low resistance between electrodes was reached after 

dielectric breakdown of the oxide layers occurred. 

 

4.6  Summary  

A preliminary discussion of scaling properties of electrostatic air pumps was 

presented.  The limitations of a single-stage electrostatic pump concerning the dependent 

relation between ion generation rates and ion acceleration were discussed, and a novel 

two-stage pump concept addressing the limitations in single-stage designs was proposed.  

The potential inefficiencies of a high density single-stage electrostatic air pump array due 
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to repeated ionization and recombination was also discussed. A design for micro-scale 

implementation of a two-stage electrostatic air pump, using an actively controlled 

insulated enhancement electrode with planar geometry, was proposed. Numerical 

simulations were conducted and presented to confirm electric field distribution and 

operating voltages of the proposed design. Microfabrication and experimental testing of a 

proof-of-concept electrostatic micro air pump was conducted and presented.  Hypotheses 

discussing potential causes of device failure, such as substrate polarization and high 

substrate conductivity were proposed and discussed.  
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Chapter 5. Conclusions and future work 

Potential advantages of electrostatic air pumps over traditional rotary fans  

include the elimination of moving parts, minimal noise, dynamic airflow profiles, 

versatile shapes and sizes, compatibility with chip and chip-level structures, and 

improved energy efficiency. This thesis explores the possibility of building an 

electrostatic air pump for enhanced heat withdrawal from macro/micro-electronic devices 

and micro electrical mechanical systems. The analysis is also applicable to other air 

management tasks such as ventilation, filtration, and dehumidification techniques based 

on electrostatic corona discharge. 

The main challenges in the realization of practical electrostatic pumps include a 

comprehensive understanding of relative importance of design features, energy 

efficiency, sufficient airflow rates, miniaturization of electrode structures, and 

minimization of operational voltage. Future research directions include numerical 

modeling of the electrodynamics of moving media and space charge on a micro-scale; 

optimization of device geometry and improving driving electronics; system integration; 

and micro-scale fabrication.  

Future work will also investigate optimization strategies with more complex and 

dynamic distribution of voltage in order to improve performance of electrostatic air 

pumps, dehumidifiers, and other corona based devices.  Figure of merit efficiency 

calculations should be expanded to other corona based devices and coupled with 

simulations that take into account actual space charge distributions and fluid dynamics.  

 

5.1  Optimization of electrostatic air pumps 

A numerical optimization study of ionic wind electrostatic pumps was conducted 

using the concept of figure of merit. The figure of merit used was based on the 

distribution of the electric field in the cross-section of the device. The feasibility of 

device optimization, by applying a distributed collector voltage, was established. The 

effect of space charge on the device performance was also investigated. 
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In the experimental verification study, channel device geometry with a razor corona 

electrode was found to be a promising design for heat removal and for air propulsion. A 

prototype air pump of this kind was built at the macro-scale to analyze electrical and 

airflow properties. Experiments evidenced a nearly linear relationship between corona 

voltage and air velocity.  At the center of the aperture separation, the airflow reached a 

maximum of 5.5 m/s at 12 kV, beyond which the dielectric breakdown occurred. The 

prototype electrostatic air pump efficiency was comparable to that of conventional rotary 

CPU cooling fans.  At lower air velocities, the device efficiency was about 8 CFM/W.  

 

5.2  Miniaturization of electrostatic air pumps 

A preliminary discussion on the scaling properties of electrostatic air pumps was 

presented. The limitations of single-stage electrostatic pumps, arising from the 

interdependent relationship between ion generation rates and ion acceleration, were 

discussed, and a novel two-stage pump concept addressing the limitations of single-stage 

designs was proposed. The potential inefficiencies of a high density single-stage 

electrostatic air pump array, due to repeated ionization and recombination, was also 

discussed. A design for micro scale implementation of a two-stage electrostatic air pump, 

using an actively controlled insulated enhancement electrode with planar geometry, was 

proposed. Numerical simulations were conducted and presented to confirm electric field 

distribution and operational voltages of the proposed design. A proof-of-concept 

electrostatic micro air pump was microfabricated and tested. Fabrication was successful, 

however, the investigation ultimately failed to produce a working proof-of-concept 

micro-pump. Hypotheses discussing potential causes of device failure, such as substrate 

polarization and conductivity were also discussed.  

 Future progress in the miniaturization of electrostatic air pumps will be dependent 

on the development of a more thorough understanding of the scaling properties and 

fundamental limits imposed on this technology.  Specifically, a deeper analysis needs to 

be conducted to determine the minimum voltages required to ionize air at micrometer and 

nanometer size scales, whether through a classic electron avalanche, field emission, or 
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potentially other means. A parallel effort needs to address the pump geometries and 

materials required to enable low voltage operation. Numerical modeling taking into 

account true space charge generation and distribution, charge transport, and fluid 

dynamics will be required to create models that can more accurately predict pump 

performance. Carbon nanotubes and other nanostructures should be investigated for use 

as corona or field emission electrodes. 

 Heat transfer models need to be developed in order to determine the minimum 

airflows and air velocities required for electrostatic micro air pumps to be a viable next 

generation thermal management technology. In the same vein, required bounds on pump 

efficiency, size, power usage, and heat and ozone generation need to be defined and then 

utilized as input variables in the development of micro- and macro-scale electrostatic air 

pumps. 
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Chapter 6. Appendix.  Figure of Merit Simulation Code 
 
Manual Ansoft Maxwell force vector calculation 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Following are instructions are for use with Ansoft Maxwell EM 2.0.26 to calculate force vectors 
Manual instructions are followed by sample Macro code 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Manual instructions to execute Macros 
Go to File>Trans>Execute 
Enter title of Macro file 
Use mouse to click on ‘Continue’ 
 
Note: Macro must be of file type *.trn 
 
Note: All lines in the Macro code starting with ‘%’ are comments, and should be removed before running 
the program 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%All Macros should begin with the following code 
 
%Initializes Global variables 
c "/Global" "Defaults" 
%step size 
p "gk1" 0 4.0000000000000000e+001 "" 
p "quit" 0 0 " Execute" 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
-Define Lines 
 
Note: lines must be defined for obtaining force vectors at regular rectangular intervals. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Manually instructions in the Post Processor to define lines 
Go to Post>Line>Define 
Title line 

Title line in ‘line segment name’ field 
Use mouse to click on ‘Execute’ button at the bottom of the window 
 
Note: lines are sorted ascending by alphabetical order.  Automated Maxwell functions access lines 

sorted index, not line name. 
 
Enter line 

Use mouse to click on ‘Yes’ button next to desired line 
Use mouse to click on ‘Enter Line’ 
Use mouse to draw line on Maxwell schematic 

Select last point twice to end line 
Use mouse to click on ‘Execute’ button at the bottom of the window 

Edit line 
Use mouse to click on ‘Yes’ button next to desired line 
Edit X and Y coordinate fields 
Use mouse to click on ‘Execute’ button at the bottom of the window 

%%%%%%%%%%%%%%%%%%%%%%% 
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%Macro code to define lines 
c "/Post" "Plot" 
p "evec"      1    0 "" 
p "quit"      0    0 "  Execute  " 
 
c "/Post/Line" "Define" 
 
%Define a single line with start point and end point 
%end point is repeated to finish line 
p "enterline" 0    0 " Enter Line" 
% x -y 
m    -20   3 0  1 
m     20    3 0  1 
m     20    3 0  1 
%    name of line 
p "name" 0  0 "A-FIRST" 
p "quit"  0    0 " Execute " 
%. 
%.  Repeat code for all desired lines 
%. 
m "enterline" 0    0 " Enter Line" 
m    -20 -2 0  1 
m     20    -2  0  1 
m    20    -2  0  1 
m "name"  0 0 "Z-LAST" 
m "quit" 0    0 " Execute " 
 
p "cancel"      0    0 "Return" 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
-Activate each line 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Manually instructions in the Post Processor to activate each line 
Go to Post>Line>Entry 
Use mouse to click on ‘Yes’ button next to desired line 

Use mouse to click on ‘Execute’ button at the bottom of the window 
Repeat for all lines 
 
To visually check lines that have been activated Go to Post>Line>Display 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Macro code to activate each line 
c "/Post/Line" "Entry" 
%“10yNUM” is the reference to line index 
p "l0y0"       1    0 "" 
p "quit"       0    0 "Execute" 
%. 
%.  Repeat code for number of lines 
%. 
c "/Post/Line" "Entry" 
p "l0y100"      1    0 "" 
p "quit"       0    0 "Execute" 
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p "quit" 0 0 "Return" 
 
%Display activated lines 
c "/Post/Line" "Display" 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
-Calculate Force Vectors  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Macro code to calculate force vectors 
c "/Post/Line" "Entry" 
p "l0y0"      1    0 "" 
p "quit"      0    0 "Execute" 
 
%Set number of point per line at which to take Force Vectors 
c "/Post/Line" "Value" 
p "np"     100    0 "" 
p "quit"      0    0 "Return" 
 
%Repeat calculation of Force Vectors for all other activated lines 
c "/Post/Line" "Entry" 
p "l0y1"      1    0 "" 
p "quit"      0    0 "Execute" 
c "/Post/Line" "Value" 
. 
. 
. 
c "/Post/Line" "Entry" 
p "l0y100"      1    0 "" 
p "quit"      0    0 "Execute" 
c "/Post/Line" "Value" 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
-Save Force Vectors to *.dat file 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Go to Post>Line>Plot 
Use mouse to click on ‘Options’ button next to desired plot 
Save file 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Program:   Maxwell Macro Generator 
 
Language:   Visual Basic 6.0 
 
Purpose:  To create an array of parallel lines on which Ansoft Maxwell V. 

2.0.62 will calculate force vectors. 
 
Functionalities:  The user can specify a range of lines in the Y-coordinate with 

equidistant spacing, depending on the number of steps provided. 
The user should note the number of lines created is one greater 
than the number of steps input into the program. This is due to the 
fact the first line is created at the starting point and loops up to the 
ending point. 

 
Requirements: Maxwell Macro Generator was developed in Visual Basic for rapid 

prototyping and ease of coding due to the automation of inputs and 
outputs. The inputs are not explicitly stated in the text part of the 
program, but rather built by a GUI interface. For the following 
codes to work, these TextBoxes are need: 
 
start = TextStart.Text ‘Starting Y-coord 
stopp = TextEnd.Text ‘Ending Y-coord 
step1 = TextStep.Text ‘Number of steps 
TextConst.Text  ‘Length of line 
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Ansoft Maxwell EM macro generator 
 

Private Sub CmdTest_Click() 
 
'Hard Coded in the begning of Macro, observed in example maros 
'm "enterline"   0    0 " Enter Line" 
 
Dim num As String, start As Double, stopp As Double, step As Double, c As Integer  'stop is a keyword 
start = TextStart.Text 
stopp = TextEnd.Text 
step1 = TextStep.Text 
step = (stopp - start) / step1 
c = TextConst.Text 
 
'Open a textfile for adding stuff on 
Open "c:\Temp.trn" For Output As 1 
 
Print #1, "c " & Chr(34) & "/Post" & Chr(34) & Chr(9) & Chr(34) & "Plot" & Chr(34) 
Print #1, "p " & Chr(34) & "evec" & Chr(34) & Chr(9) & "1" & Chr(9) & "0" & Chr(9) & Chr(34) & 
Chr(34) 
Print #1, "p" & Chr(34) & "quit" & Chr(34) & Chr(9) & "0" & Chr(9) & "0" & Chr(9) & Chr(34) & 
"Execute" & Chr(34) 
Print #1, "" 
Print #1, "c " & Chr(34) & "/Post/Line" & Chr(34) & Chr(9) & Chr(34) & "Define" & Chr(34) 
 
j = 1 
For i = start To (stopp + step / 2) Step step 
'm "enterline"   0    0 " Enter Line" 
Print #1, "m " & Chr(34) & "enterline" & Chr(34) & Chr(9) & "0" & Chr(9) & "0 " & Chr(34) & " Enter 
Line" & Chr(34) 
'm   -3.5   0    0 1 
Print #1, "m " & Chr(9) & -c & Chr(9) & Format(-i, "#####0.0000") & Chr(9) & "0 " & Chr(9) & "1" 
'm    3.5   0    0 1 
Print #1, "m " & Chr(9) & c & Chr(9) & Format(-i, "#####0.0000") & Chr(9) & "0 " & Chr(9) & "1" 
'm    3.5   0    0 1 
Print #1, "m " & Chr(9) & c & Chr(9) & Format(-i, "#####0.0000") & Chr(9) & "0 " & Chr(9) & "1" 
'm "name" 0  0   "a00" 
Print #1, "m " & Chr(34) & "name" & Chr(34) & Chr(9) & "0" & Chr(9) & "0" & Chr(9) & Chr(34) & 
Format(j, "00000") & Chr(34) 
'm "quit"    0    0 " Execute " 
Print #1, "m " & Chr(34) & "quit" & Chr(34) & Chr(9) & Chr(9) & "0" & Chr(9) & "0" & Chr(9) & 
Chr(34) & "Execute" & Chr(34) 
j = j + 1 
Print #1, "" 
Next i 
 
'At the end show 
'p "cancel"      0    0 "Return" 
Print #1, "" 
Print #1, "p " & Chr(34) & "cancel" & Chr(34) & "      0" & "    0 " & Chr(34) & "Return" & Chr(34) 
Print #1, "" 
 
'Put this in Loop 
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'c "/Post/Line" "Entry" 
j = 0 
For i = start To (stopp + step / 2) Step step 
Print #1, "c " & Chr(34) & "/Post/Line" & Chr(34) & " " & Chr(34) & "Entry" & Chr(34) 
'p "l0y0"        1    0 "" 
Print #1, "p " & Chr(34) & "l0y" & j & Chr(34) & "      " & Chr(9) & "1    " & "0 " & Chr(34) & Chr(34) 
'p "quit"        0    0 "Execute" 
Print #1, "p " & Chr(34) & "quit" & Chr(34) & "      " & Chr(9) & "0" & "    0 " & Chr(34) & "Execute" & 
Chr(34) 
j = j + 1 
Print #1, "" 
Next i 
 
'p "quit" 0 0 "Return" 
'c "/Post/Line" "Display" 
Print #1, "p " & Chr(34) & "quit" & Chr(34) & " 0" & " 0 " & Chr(34) & "Return" & Chr(34) 
Print #1, 
Print #1, "c " & Chr(34) & "/Post/Line" & Chr(34) & Chr(9) & Chr(34) & "Display" & Chr(34) 
 
'Enters the lines, 200 represents 201 points on a single line 
j = 0 
For i = start To (stopp + step / 2) Step step 
'c "/Post/Line" "Entry" 
Print #1, 
Print #1, "c " & Chr(34) & "/Post/Line" & Chr(34) & Chr(9) & Chr(34) & "Entry" & Chr(34) 
'p "l0y0"      1    0 "" 
Print #1, "p " & Chr(34) & "l0y" & j & Chr(34) & Chr(9) & "1" & Chr(9) & "0" & Chr(9) & Chr(34) & 
Chr(34) 
'p "quit"      0    0 "Execute" 
Print #1, "p " & Chr(34) & "quit" & Chr(34) & Chr(9) & "0" & Chr(9) & "0 " & Chr(34) & "Execute" & 
Chr(34) 
Print #1, 
'c "/Post/Line" "Value" 
Print #1, "c " & Chr(34) & "/Post/Line" & Chr(34) & Chr(9) & Chr(34) & "Value" & Chr(34) 
'p "np"     100/represents the number of points on a line    0 "" 
Print #1, "p " & Chr(34) & "np" & Chr(34) & Chr(9) & "200" & Chr(9) & "0" & Chr(9) & Chr(34) & 
Chr(34) 
'p "quit"      0    0 "Return" 
Print #1, "p " & Chr(34) & "quit" & Chr(34) & Chr(9) & "0" & Chr(9) & "0" & Chr(9) & Chr(34) & 
"Return" & Chr(34) 
j = j + 1 
Next i 
 
Close 1 //Releases the macro so it can be deleted or moved 
 
End Sub 
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Program/Function:  uncompensated_forceVecb.m 
Language:   Matlab 
Purpose:  Calculate Figure-of-Merit and create vector plots from data 

exported by Maxwell. This function does not alter the data in 
anyway. 

Notes:  The data file must be in the same folder as this function 
 
Program/Function:  uncomp_thin.m 
Language:   Matlab 
Purpose:  Creates vector plots from data exported by Maxwell. Only the 

display is sampled due to aesthetic reasons, the calculations are 
exactly as uncompensated_forceVecb.m 

Notes:  The data file must be in the same folder as this function 
 
Program/Function:  forceVecb.m 
Language:   Matlab 
Purpose:  Calculate Figure-of-Merit and create vector plots from data 

exported by Maxwell with compensation to air resistance. The 
amount of compensation is dependent on the diameter of the 
collector electrode. 

Notes:  The data file must be in the same folder as this function 
 
Program/Function:  forceVecb_thin.m 
Language:   Matlab 
Purpose:  Creates vector plots from data exported by Maxwell with 

compensation to air resistance. The amount of compensation is 
dependent on the diameter of the collector electrode. This function 
only differs forceVecb.m in the display. The vector plots of this 
function are “thinned out” 

Notes:  The data file must be in the same folder as this function 
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Code for uncompensated_forceVecb.m 
 
%MatLab Code to plot and trim Force Vectors 
clc 
clear all 
 
%lables the figure with specific voltage distribution 
V_distribution = 10000; 
 
%Maxwell defined number of points per line 
line_points = 101; 
 
%Propotional to seperation distance between lines of vector 
y_line_seperation = .01; 
 
%X and Y vector scaling factor 
x_scale = 1; 
y_scale = 1; 
 
%Loads data from edited Maxwell text output file using Trim.bat 
Xdat=load('ex.dat'); 
 
datalength =length(Xdat); 
 
for i = 1:datalength  
    Ex(i) = -Xdat(i,2)*x_scale; 
end 
 
Ydat=load('ey.dat'); 
for i = 1:datalength 
    Ey(i) = Ydat(i,2)*y_scale; 
end 
 
x = -Xdat(:,1); 
for i = 0:line_points:datalength-line_points  
    for k = 1:1:line_points 
        y(i+k)=(-i)*y_line_seperation; 
    end 
end 
 
% Data cropper to select vectors within corona air pump 
% Data is cropped in three seperate sections:  above, within, below 
 
for k = 1:line_points:datalength-line_points  
    %Data above corona pump outlet 
    if k < 7*line_points 
        for i = 0:1:line_points-1 
            if (i > ((line_points - 1)*.46)) & (i < ((line_points - 1)*.54)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end 
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        end 
    end 
     
    %Data within the airgap of the corona pump 
    if k > 6*line_points & k < 25*line_points 
        for i = 0:1:line_points-1 
            if (i < (((line_points-1)/2)*(3-((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) & (i > (((line_points-

1)/2)*(3+((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end  
        end 
    end 
     
%     %Data under corona electrode  
%     if k > 44*line_points 
%         for i = 0:1:line_points - 1 
%            if (i > (line_points - 1)*.2) & (i < (line_points - 1)*.8) 
%                 Exfom(i+k) = Ex(i+k); 
%                 Eyfom(i+k) = Ey(i+k); 
%                 xfom(i+k)  = x(i+k); 
%                 yfom(i+k)  = y(i+k); 
%             end 
%         end 
%     end 
     
end 
   
Lenth_of_cropped_data = length(Exfom) 
Xsum = 0; 
for i = 1:Lenth_of_cropped_data 
    Xsum = Xsum + abs(Exfom(i)); 
end 
 
Ysum = 0; 
for i = 1:Lenth_of_cropped_data 
    Ysum = Ysum + abs(Eyfom(i)); 
end 
 
FoM = Ysum/Xsum 
 
% figure(3) 
% quiver(xfom,yfom,Exfom,Eyfom,10,'.'); 
% title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X ' ]) 
 
figure(4) 
quiver(x,y,Ex,Ey,20,'.'); 
title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X Total 

= ', num2str(Ysum)]) 
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Code for uncomp_thin.m 
 
%MatLab Code to plot and trim Force Vectors 
 
clc 
clear all 
 
%lables the figure with specific voltage distribution 
V_distribution = 10000; 
 
%Maxwell defined number of points per line 
line_points = 101; 
 
%Propotional to seperation distance between lines of vector 
y_line_seperation = .01; 
 
%X and Y vector scaling factor 
x_scale = 1; 
y_scale = 1; 
 
%Loads data from edited Maxwell text output file using Trim.bat 
Xdat=load('ex.dat'); 
 
datalength =length(Xdat); 
 
for i = 1:datalength  
    Ex(i) = -Xdat(i,2)*x_scale; 
end 
 
Ydat=load('ey.dat'); 
for i = 1:datalength 
    Ey(i) = Ydat(i,2)*y_scale; 
end 
 
x = -Xdat(:,1); 
 
 
for i = 0:line_points:datalength-line_points  
    for k = 1:1:line_points 
        y(i+k)=(-i)*y_line_seperation; 
    end 
end 
 
 
    
 
% Data cropper to select vectors within corona air pump 
% Data is cropped in three seperate sections:  above, within, below 
 
 
for k = 1:line_points:datalength-line_points  
    %Data above corona pump outlet 
    if k < 7*line_points 
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        for i = 0:1:line_points-1 
            if (i > ((line_points - 1)*.46)) & (i < ((line_points - 1)*.54)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end 
        end 
    end 
     
    %Data within the airgap of the corona pump 
    if k > 6*line_points & k < 25*line_points 
        for i = 0:1:line_points-1 
            if (i < (((line_points-1)/2)*(3-((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) & (i > (((line_points-

1)/2)*(3+((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end  
        end 
    end 
  
end 
   
Lenth_of_cropped_data = length(Exfom) 
Xsum = 0; 
for i = 1:Lenth_of_cropped_data 
    Xsum = Xsum + abs(Exfom(i)); 
end 
 
Ysum = 0; 
for i = 1:Lenth_of_cropped_data 
    Ysum = Ysum + abs(Eyfom(i)); 
end 
 
FoM = Ysum/Xsum 
 
% figure(3) 
% quiver(xfom,yfom,Exfom,Eyfom,10,'.'); 
% title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X ' ]) 
j = 1; 
for i =  1:datalength 
    if mod(i,101) ~=0 
        Ex1(j) = Ex(i); 
        Ey1(j) = Ey(i); 
        y1(j)  = y(i); 
        x1(j)  = x(i); 
        j = j+1; 
    end 
end 
 
datalength2 = length(Ex1); 
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j = 1; 
 
for i = 1:5:datalength2 
        Ext(j) = Ex1(i); 
        Eyt(j) = Ey1(i); 
        yt(j)  = y1(i); 
        xt(j)  = x1(i); 
        j = j+1; 
end 
 
 
figure(4) 
quiver(xt,yt,Ext,Eyt,20,'.'); 
title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X Total 

= ', num2str(Ysum)]) 
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Code for forceVecb.m 
 
%MatLab Code to plot and trim Force Vectors 
 
clc 
clear all 
%close all 
 
%lables the figure with specific voltage distribution 
V_distribution = 10000; 
 
%Maxwell defined number of points per line 
line_points = 101; 
 
%Propotional to seperation distance between lines of vector 
y_line_seperation = .01; 
 
%X and Y vector scaling factor 
x_scale = 1; 
y_scale = 1; 
 
%Loads data from edited Maxwell text output file using Trim.bat 
Xdat=load('ex.dat'); 
 
datalength =length(Xdat); 
 
for i = 1:datalength  
    Ex(i) = -Xdat(i,2)*x_scale; 
end 
 
Ydat=load('ey.dat'); 
for i = 1:datalength 
    Ey(i) = Ydat(i,2)*y_scale; 
end 
Bex = Ex; 
Bey = Ey; 
%///////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
%Start of air resistance compensation 
%Compensation for air resistance in the x direction 
%X direction starts out 0 in the middle and increases to 1 at the end of the electrode, or 3.2 mm 
Radius = 1; %This is the only dynamic thing, the triangle is still R by R/2 
Lines = length(Ey)/101; 
Lines_to_kill_y = ceil((Radius/2)*(45/20))+2; %Y direction 
Mid = 51; 
for i =0:Lines_to_kill_y 
    Lines_to_kill_x = floor(Radius*(101/10)); 
    for j =0:Lines_to_kill_x 
%         Ex((i*101)+Mid+j) =0; 
%         Ex(i*101+Mid-j) =0; 
        Ey((i*101)+Mid+j) =0; 
        Ey(i*101+Mid-j) =0; 
    end 
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    Radius = Radius - 4/9; 
end 
 
%End of air resistance compensation 
%/////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
 
x = -Xdat(:,1); 
 
for i = 0:line_points:datalength-line_points  
    for k = 1:1:line_points 
        y(i+k)=(-i)*y_line_seperation; 
    end 
end 
 
% Data cropper to select vectors within corona air pump 
% Data is cropped in three separate sections:  above, within, below 
 
for k = 1:line_points:datalength-line_points  
    %Data above corona pump outlet 
    if k < 7*line_points 
        for i = 0:1:line_points-1 
            if (i > ((line_points - 1)*.46)) & (i < ((line_points - 1)*.54)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end 
        end 
    end 
     
    %Data within the airgap of the corona pump 
    if k > 6*line_points & k < 25*line_points 
        for i = 0:1:line_points-1 
            if (i < (((line_points-1)/2)*(3-((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) & (i > (((line_points-
1)/2)*(3+((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end  
        end 
    end 
     
%     %Data under corona electrode  
%     if k > 44*line_points 
%         for i = 0:1:line_points - 1 
%            if (i > (line_points - 1)*.2) & (i < (line_points - 1)*.8) 
%                 Exfom(i+k) = Ex(i+k); 
%                 Eyfom(i+k) = Ey(i+k); 
%                 xfom(i+k)  = x(i+k); 
%                 yfom(i+k)  = y(i+k); 
%             end 
%         end 
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%     end 
     
end 
   
Lenth_of_cropped_data = length(Exfom) 
Xsum = 0; 
for i = 1:Lenth_of_cropped_data 
    Xsum = Xsum + abs(Exfom(i)); 
end 
 
Ysum = 0; 
for i = 1:Lenth_of_cropped_data 
    Ysum = Ysum + abs(Eyfom(i)); 
end 
 
FoM = Ysum/Xsum 
 
% figure(1) 
% quiver(xfom,yfom,Exfom,Eyfom,10,'.'); 
% title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X  ]) 
 
figure(3) 
quiver(x,y,Ex,Ey,20,'.'); 
title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X Total 
= ', num2str(Ysum)]) 
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Code for forceVecb_thin.m 
 
%MatLab Code to plot and trim Force Vectors 
 
clc 
clear all 
%close all 
 
%lables the figure with specific voltage distribution 
V_distribution = 10000; 
 
%Maxwell defined number of points per line 
line_points = 101; 
 
%Propotional to seperation distance between lines of vector 
y_line_seperation = .01; 
 
%X and Y vector scaling factor 
x_scale = 1; 
y_scale = 1; 
 
%Loads data from edited Maxwell text output file using Trim.bat 
Xdat=load('ex.dat'); 
 
datalength =length(Xdat); 
 
for i = 1:datalength  
    Ex(i) = -Xdat(i,2)*x_scale; 
end 
 
Ydat=load('ey.dat'); 
for i = 1:datalength 
    Ey(i) = Ydat(i,2)*y_scale; 
end 
Bex = Ex; 
Bey = Ey; 
%///////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
%Start of air resistance compensation 
%Compensation for air resistance in the x direction 
%X direction starts out 0 in the middle and increases to 1 at the end of the electrode, or 3.2 mm 
Radius = 1; %This is the only dynamic thing, the triangle is still R by R/2 
Lines = length(Ey)/101; 
Lines_to_kill_y = ceil((Radius/2)*(45/20))+2; %Y direction 
Mid = 51; 
for i =0:Lines_to_kill_y 
    Lines_to_kill_x = floor(Radius*(101/10)); 
    for j =0:Lines_to_kill_x 
%         Ex((i*101)+Mid+j) =0; 
%         Ex(i*101+Mid-j) =0; 
        Ey((i*101)+Mid+j) =0; 
        Ey(i*101+Mid-j) =0; 
    end 
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    Radius = Radius - 4/9; 
end 
 
%End of air resistance compensation 
%/////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 
 
x = -Xdat(:,1); 
 
 
for i = 0:line_points:datalength-line_points  
    for k = 1:1:line_points 
        y(i+k)=(-i)*y_line_seperation; 
    end 
end 
 
% Data cropper to select vectors within corona air pump 
% Data is cropped in three seperate sections:  above, within, below 
 
for k = 1:line_points:datalength-line_points  
    %Data above corona pump outlet 
    if k < 7*line_points 
        for i = 0:1:line_points-1 
            if (i > ((line_points - 1)*.46)) & (i < ((line_points - 1)*.54)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end 
        end 
    end 
     
    %Data within the airgap of the corona pump 
    if k > 6*line_points & k < 25*line_points 
        for i = 0:1:line_points-1 
            if (i < (((line_points-1)/2)*(3-((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) & (i > (((line_points-
1)/2)*(3+((log(2*(-1*k/line_points+60)+1))/2-2.55))/3)) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end  
        end 
    end 
     
    %Data under corona electrode  
    if k > 44*line_points 
        for i = 0:1:line_points - 1 
           if (i > (line_points - 1)*.2) & (i < (line_points - 1)*.8) 
                Exfom(i+k) = Ex(i+k); 
                Eyfom(i+k) = Ey(i+k); 
                xfom(i+k)  = x(i+k); 
                yfom(i+k)  = y(i+k); 
            end 
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        end 
    end 
     
end 
   
Lenth_of_cropped_data = length(Exfom); 
Xsum = 0; 
for i = 1:Lenth_of_cropped_data 
    Xsum = Xsum + abs(Exfom(i)); 
end 
 
Ysum = 0; 
for i = 1:Lenth_of_cropped_data 
    Ysum = Ysum + abs(Eyfom(i)); 
end 
 
FoM = Ysum/Xsum 
 
% Since all the data is calculated, every 101th data point must be trimmed. 
j = 1; 
for i =  1:datalength 
    if mod(i,101) ~=0 
        Ex1(j) = Ex(i); 
        Ey1(j) = Ey(i); 
        y1(j)  = y(i); 
        x1(j)  = x(i); 
        j = j+1; 
    end 
end 
 
datalength2 = length(Ex1); 
 
j = 1; 
 
for i = 1:5:datalength2 
        Ext(j) = Ex1(i); 
        Eyt(j) = Ey1(i); 
        yt(j)  = y1(i); 
        xt(j)  = x1(i); 
        j = j+1; 
end 
     
% figure(1) 
% quiver(xfom,yfom,Exfom,Eyfom,10,'.'); 
% title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X  ]) 
 
figure(2) 
quiver(xt,yt,Ext,Eyt,20,'.'); 
title(['Voltage distribution = ',num2str(V_distribution), 'V    Figure of Merit = ',num2str(FoM), ' Y/X Total 
= ', num2str(Ysum)]) 
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