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A SIMULATION STUDY OF THE IONIC WIND IN
HEAT TRANSFER APPLICATIONS
Abstract
by

KRISTOV SUBERO GEORGE
Ionic wind is a potential future thermal management solution for small-form-factor
devices such as desktop and laptop computers, car electronics, tablets, etc. This phenomenon is
physically very complex and requires much more research through experimentation and
numerical simulation to solve many of the challenges associated with it. These challenges must
be remedied for ionic wind to be considered for widespread implementation as a replacement for
fans in thermal management. This study employed COMSOL Multiphysics® to develop a general
simulation methodology that can quickly test various ionic wind geometries and configurations
with the intent of streamlining the optimization process for ionic wind cooling. The simulation
methodology developed herein was successful in replicating studies using other geometricallydependent simulation schemes and was also applied to unique geometries that could be used for
ionic wind cooling in the future. Experiments are needed to further validate the results, but this
work serves as a good initial step for ionic wind cooling development.
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Chapter 1. INTRODUCTION
1.1. Motivation
Thermal management of electronic devices—such as desktop/laptop computers, tablets,
smart phones, car electronics, etc.—is essential to the preservation of its component devices as
well as the overall health and welfare of the system. Overheating in electronics can lead to
irreversible physical damage to the devices in use or, in the case of devices such as cell phones
and tablets, can result in harm to the user if temperatures reach harmful levels. To address this
challenge, electronic devices have relied on conventional rotary fans, heat pipes, and heat sinks
as their primary means of thermal management. While these cooling methods have been
generally successful, their application to the newer generation of electronic devices faces several
major challenges. Advancements in technology require smaller electronic devices, which has
resulted in more compact electrical components. In fact, as the processes for complementary
metal–oxide–semiconductor (CMOS) manufacturing 1 continue to progress and eventually switch
from 90-nm to 16-nm feature size, and even smaller as time goes on, power density is expected
to increase by more than 13 times [1], which drastically increases the heat fluxes in these
systems. Heat fluxes as high as 1000 W/m2 [2] have already been reached, and the movement
towards more compact technologies has decreased the volume available for thermal management
technologies. Newer, smaller, and equally or more efficient methods for thermal management are
needed to address the future generations of electronic systems.
A potential thermal management solution for future electronic systems, and one that is
currently the topic of research for many in the field of thermal management, is ionic wind. The

1

CMOS is the technology used in the construction of integrated circuit technologies in microprocessors,
microcontrollers, static RAM, and other digital logic circuits.
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ionic wind phenomenon is explained more fully below. Ionic wind is the byproduct of powerful
electric fields ionizing air, which leads to the “dragging” of neutral air molecules to create a
blowing effect. There are significant advantages to the use of ionic wind for thermal
management applications: no moving parts are needed for this effect to take place, only highvoltage sources and materials that are able to sustain the ionic wind; ionic wind generators can fit
into systems of medium to small form factor 2; and as the geometries of electronic systems
become more complex and continue to decrease in size, ionic wind generators have shown the
potential of being employed in ways that current thermal management technologies cannot.
1.2. What is Ionic Wind and How Does It Work?
Before ionic wind can be explained, some key principles must first be introduced. The
first principle is plasma, which is widely regarded as the fourth state of matter and can be
generated by extreme heating or by subjecting a neutral gas to a strong electromagnetic field to
the point that it becomes increasingly electrically conductive, and long-range electromagnetic
fields dominate the behavior of the matter [3]. In essence, plasma is a macroscopically
electrically neutral medium of freely moving positively and negatively charged particles.
However, plasma cannot exist without ionization, which is the next principle that is introduced.
Ionization, or more specifically ionization of the air, occurs when neutral air molecules
are subjected to a powerful electric field brought about by the application of a high voltage.
Electric field strength increases proportionally with voltage, until it reaches a point at which the
neutral air molecules begin to “break down” or separate into positively charged ions and
electrons. This does not mean that the air is macroscopically more positively or negatively

2

Form factor commonly refers to the size, configuration, or physical arrangement of a computing device.
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charged than it was prior to ionization, only that the ions and electrons are farther apart than they
were in their natural molecular state. This newly ionized air is plasma.
Another principle is that of glow discharge plasmas. This type of plasma is formed by the
passage of an electric current through an ionized gas, which occurs when high voltage is applied
between two electrodes. The highly conductive property of plasma allows for the current to flow
readily through it. Once the striking voltage 3 is attained, the plasma takes on a glow whose
color(s) depends on the gas in use. In air it often takes on the colors shown in Figure 1 [4]. Two
special kinds of glow discharge plasmas are
the corona and Townsend discharges.
Corona discharges take place when a fluid—
air in the context of this study—has been
Figure 1: Gas discharge plasma in a charge tube with air as the gas.
[4]

ionized and surrounds an electrically

charged conductor. Once the electric field strength near the conductor reaches a high enough
intensity (but not too intense so as to cause electrical breakdown or arcing 4 to nearby objects),
the glowing plasma region—often seen as bluish in air—of the corona will be seen adjacent to
the conductor. Although the electrical breakdown of an insulating medium such as air is
necessary for the development of regular glow discharge plasmas, this is not desired when using
corona discharges for ionic wind generation. When using corona discharge plasma for this
purpose, is essential to keep the plasma contained to the region immediately adjacent to the
conductor while keeping the fluid in between electrodes neutral. In fact, when corona discharges

3

Also known as the “breakdown voltage”, the striking voltage is the minimum voltage required to cause air, which
is naturally insulating, to become electrically conductive.
4
An electric arc is an electrical breakdown of a gas that causes an ongoing electrical discharge; this is often
damaging to the electrodes and should be avoided.
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occur, most of the gap between the electrodes do not lose insulation performance; the current of
the corona discharge itself remains very small, and the gap maintains insulation properties [5].
Figure 2 [6] depicts the corona discharge glow at the tip of a high-voltage electrode; notice the
plasma only exists in the region near the electrode. Corona discharge glow plasmas are
sometimes confused with Townsend discharges, but
they are fundamentally different. The Townsend
discharge, also known as “electron avalanche”, is the
proliferation of charged particles throughout the
discharge gap. 5 In a Townsend discharge, seed
electrons (initial electrons) that have been
introduced into a discharge tube (similar to the one
in Figure 1) via artificial heating of a cathode in a
charge experiment, high-energy cosmic rays, or
ultraviolet radiation found in nature, cause ionization
and produce more electrons. In a strong electric
Figure 2: Visualization of the corona glow between two
electrodes, one charged and one grounded. The ionic
wind is visualized by brightened smoke. [6]

field, electrons move with more kinetic energy than
the neutral molecules in the discharge gap. The seed

electrons make collision/impact ionizations 6 with the air particles on their way to the anode. The
newly freed electrons from these collision ionization events have collision ionization events of

5

The space between two electrodes.
Collision/Impact ionization occurs when a particle collides with a neutral particle with enough force to jar an
electron free from the molecular structure and produce an ion and a free electron.

6

4

their own as they move rapidly toward the
anode. Suddenly, there is a chain reaction like
an avalanche of collision ionizations between
electrons and neutral air particles en route to
the anode, and positive ions with neutral air
particles en route to the cathode. Eventually
the entire discharge gap becomes ionized and
the Townsend discharge plasma takes on a
glow similar to the one portrayed in Figure 1.

Figure 3: Schematic of the electron avalanche. Starts with seed
electron depicted by a single electron. As the electron accelerates
toward the anode under the influence of a strong electric field,
several subsequent impact ionizations occur, and an “avalanche”
of electrons ensues. [7]

Figure 3 [7] is a schematic of the electron avalanche. With the key principles and concepts
introduced, the ionic wind can now be explained.
The ionic wind phenomenon is generated when a high direct current (DC) voltage is
applied to a sharp electrode with a round or flat grounded collector electrode at some predetermined distance away; the distance determines the magnitude of the applied voltage, size
(typically the size here refers to the radius of curvature) of the active electrode, and the scale of
the system in which it is being implemented. The air molecules near the active/corona electrode
become ionized due to the high-intensity electric field caused by the high voltage—typically in
the 3–10 kV range in small form factor systems—and low surface area of the electrode. The
ionized air surrounding the active electrode then develops into a glowing cold plasma region
known as the corona discharge near the tip of the active electrode shown previously in Figure 2.
Naturally free electrons that exist within the corona glow of the discharge plasma region are
accelerated to a high speed due to the high electric field strength. These free electrons collide
with surrounding neutral air molecules and, provided the electrons have built up a sufficient
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amount of kinetic energy, will split the neutral air
molecules into another free electron and a positive ion.
The newly freed electron will then be accelerated in the
same manner as its predecessor and the positive ion will
then accelerate towards the grounded collector electrode.
This causes a chain reaction of collisions and separations
of electrons from neutral air molecules, leading to an
exponential increase in the number of free electrons and
positive ions. The positive ions accelerating towards the
grounded collector electrode also collide with neutral air
molecules, creating an effective “drag” force that induces
air flow from the corona electrode toward the collector
electrode. Figure 4 [8] is a simplified step-by-step

Figure 4: Principles of an ionic wind generator. Step
a) Naturally free electron is accelerated to a high speed
due to the high electric field strength. Step b) Chain
reaction occurs and the number of unbound electrons
and positive ions increase exponentially. Step c) As the
positive ions continue to collide with neutral air
molecules causing impact ionizations en route to
collector electrode, an effective “drag” force allows for
a bulk flow of air to take place known as the ionic
wind. [8]

illustration of this process.
1.3. Literature Review
The phenomenon known as “ionic wind” was first discovered by Francis Hauksbee [9] in
1709 when he experienced the hairs standing up on his arm while standing next to a charge tube.
He put his face closer to the charge tube and confirmed a “blowing” sensation coming from the
charge tube. In the more than 300 years that followed the initial discovery, significant progress
has been made to provide a full explanation of the physics behind ionic wind. Newton [10] added
to the work of Hauksbee and coined the term “electric wind” for what he witnessed (“ionic
wind” is the phrase used presently). In 1799, Wilson [11] was able to move the wheels of a
pinwheel with what he learned from the experiments of Hauksbee and Newton. While many
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researchers were able to replicate experiments of those before them, technological limitations
along with a lack of understanding of electrohydrodynamics (EHD)—the field of physics that
describes the ionic wind—prevented them from being able to sufficiently explain why or how
ionic wind occurred. It was not until 1899 when Chattock [12] was the first to investigate and
explain the physics behind ionic wind in depth, which spurred many researchers to look into
ionic wind over the course of the 20th century. Perhaps the most significant contributions to
ionic wind knowledge in the 20th century can be attributed to Stuetzer [13] and Robinson [14],
whose works helped lay the basic foundation for the study of EHD pumps and thermal
management systems. Discoveries from the research of Stuetzer and Robinson, along with many
other contributions (e.g., [15], [16], [17], [18], [19]), have enabled the accurate determination of
what conditions are needed to generate ionic wind, in terms of applied voltage, electric field
strength necessary for corona generation, electrode spacing, etc.
The concept of ionic wind has been used for many different applications. One such
application is the electrostatic precipitator (ESP). Electrostatic precipitators use the principles of
ionic wind to clean air as it passes through the device; ESP operating principles are illustrated in
Figure 5 [20]. The corona effect described previously charges the dirty particles as they pass
through the ionized region. These charged particles are then attracted toward the collector plates
by means of a transverse electrostatic force. The collector plates are then vibrated periodically to
free them of the dirt
particles and the
process is repeated.
This process for air
filtration has achieved
Figure 5: Operating principles of an ESP. [20]
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high levels of efficiency in industrial-sized applications, having achieved mass-based collection
efficiencies over 90% ( [21], [22]). ESPs have been studied in great detail, inspiring entire fields
dedicated specifically toward research and improvement of the ESP technology ( [23], [24],
[25]).
Another application of ionic wind is in flow control over surfaces, wings of aircraft
specifically. The injection of ionic wind into a flow allows for a modification of the position of
the laminar-toturbulent transition
and the reduction of
wake and drag [26].
Among the many
advantages for using
ionic wind in flow

Figure 6: Flow control over a surface by means of an ionic wind actuator. The left image shows fully
separated flow with the ionic wind actuator turned off, and the right image shows a significant
reduction in flow detachment with the ionic wind actuator turned on. [26]

control are the lack of moving parts and short response time for activation since it is completely
under electric control. Figure 6 [26] illustrates the differences between two flows: one with the
ionic wind off and the other with it on. It is evident that the flow with the ionic wind deactivated
is fully separated, and with the ionic wind activated the flow detachment is significantly reduced.
This application of the ionic wind has been studied extensively, and has proven to be quite
advantageous in terms of drag reduction and payload increase in aircraft ( [27], [28], [29]);
however, there are challenges with its use at speeds at which most practical aircraft travel.
While the physics and flow characteristics of ionic wind have been investigated since its
discovery, and it has been proven useful in other areas as discussed, its applicability to heat
transfer enhancement was not seriously considered until midway through the 20th century due to
8

technological limitations and the fact that it was not needed because the status quo of heat
transfer enhancement was adequate. O’Brien and Shine [30] were among the first to study the
influence of electric fields on heat transfer. Additional early contributions to the field of ionic
wind cooling were made by Marco [31] in his research on utilizing the ionic wind generated by a
sharp wire electrode impinging on a flat collector electrode (this is known as the point–plane
configuration, which is discussed later), and studying the enhanced natural convection that took
place thereafter. Experiments in [32], [33], and [34] also analyzed the point–plane configuration
in heat transfer applications. In the 1990s and early 2000s, ionic wind–aided forced convection
enhancement was studied extensively by experimentalists (i.e., [35], [36], [37], [38]), but the
effectiveness of ionic wind convection at the time of most of these publications paled in
comparison to the forced convection enhancement capabilities of fans. Presently, with fans
nearing their ceiling with regard to heat transfer efficiency, and heat fluxes in current
technologies increasing as the capabilities of the technologies increase, alternative methods of
managing these ever-increasing temperatures in technological systems are absolutely necessary.
Since ionic wind does not require moving parts or a lot of space to be integrated into a system,
and because it has shown potential of producing significant flow velocities, its applicability to
thermal management is an attractive one.
As mentioned in Section 1.1, most systems—electronic systems being the primary topic
of interest in this field of research—rely on fans and heat sinks for thermal management. While
these have been and continue to be successful in this role, advancements in technology have
introduced several new challenges. These advancements are accompanied by an increase in the
component density and heat flux in many consumer electronics, both of which are limiting
factors when engineers consider thermal management solutions. Improvements to thermal
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management methods are vital for future generations of small-to-medium-form-factor
technologies. While fans and heat sinks used in combination work efficiently in thermal
management for large-form-factor systems, there are several disadvantages with fans when
designing for the consumer on smaller scales. Noise generation is an undesired quality of fans
that consumers dislike. Dust accumulation after long periods of utilization on the entire structure
for which the fans are being used is also unfavorable. The degradation of heat transfer efficiency
over time in fans is yet another disadvantage, and when fans are downsized for smaller-formfactor systems, the conventional scaling law does not accurately predict the performance of the
fan in terms of flow rate and power consumption [39]. With a push in industry towards smaller,
more compact electronic systems, this disadvantage appears to be the most glaring, not to
mention the disadvantage that fans degrade physically over time and eventually need to be
repaired or replaced, which can be costly depending on how they are embedded into a system.
Additional challenges to current thermal management methods, primarily fans, are well
documented in [1], [40], and [41].
Now that challenges to the status quo of thermal management methods have been
considered, the next generation of thermal management solutions needs to be addressed. Figure 7
[42] provides a tree diagram outlining some advances that will be required in the next generation
of thermal management systems. The next generation of thermal management needs to meet the
following criteria: high efficiency, large heat removal capability, flexibility to be implemented in
systems of varying form factors, minimal to no noise generation, inexpensive to manufacture and
maintain, high reliability over long periods of time, and simple to develop. Based on these
criteria, one can conclude that an ionic wind cooling system is indeed a viable option for the
future of thermal management. Ionic wind cooling has shown moderate form-factor flexibility
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with applications primarily in small-form-factor systems, whereas its applicability to largerform-factor systems remains to be seen. Significant heat dissipation in small-form-factor systems
via ionic wind generators has been demonstrated on numerous occasions as in [8], [35], [43], and
[44]. With few to no moving parts involved in ionic wind cooling, there is virtually zero noise
generation, especially on smaller scales. While the physics behind ionic wind cooling can be
fairly difficult to understand when it comes to its theoretical calculations, the actual technology
required is relatively simple (mainly the materials for the sharp electrode(s), flat/round collector
electrode(s), and the voltage sources). The highest efficiencies—in terms of power required with
respect to heat dissipation—these systems can accomplish, as well as their long-term reliability
remain to be seen and are among the primary objectives of research into ionic wind cooling. The
potential benefits to ionic wind cooling are well-documented, but there are several complications
that continue to prevent its widespread implementation in thermal management.

Figure 7: Criteria for future thermal management solutions. The more of these criteria that a new thermal
management technology can meet, the more likely it is to be chosen. [42]

A primary factor to consider with ionic wind cooling systems is the form factor/scale of
the system in which it will be used. Whether or not ionic wind will be generated is highly
dependent on the size, geometry, and power constraints of the system under consideration. When
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the shape of a system is considered, the dependence on shape is a clear disadvantage when
compared to fans since the shape of a system does not typically affect the operation of the fan
itself. Currently, the same cannot be said for ionic wind generators. However, when placed in
systems that can accommodate ionic wind, it has proven itself equally or more effective as
compared to typical rotary fans under comparable conditions. Table 1, drawn from [45],
demonstrates this by showing that, in order to transfer 1.4 W of heat at a temperature difference
of approximately 40 ℃, the required device volumes for a rotary fan [46] and the ionic wind
generator from [43] are 720 mm3 and 38 mm3, respectively. This is a significant reduction in size
from the rotary fan to the ionic wind generator, which is accompanied by a higher transduction
efficiency, 7 thus showing potential for ionic wind cooling as a viable thermal management
option, especially in small-form-factor devices. The form factor flexibility of ionic wind
generators is a significant advantage it has over fans.
Table 1: Comparison of the dimensions of an ionic wind generator and rotary fans to generate airflow in order to dissipate heat at
a temperature difference of approximately 40 ℃. [45]
Technology

∆T (℃)

Transduction
Efficiency (CFM/W)

Ionic wind generator [43]

38.3

5.04

Rotary fan [46]

40.0

0.57

Device Dimension (mm)

Heat Dissipation
(W)

Width: 0.25 mm
Height: (5 + 0.49825) mm
Length: 8 mm
12 mm × 12 mm × 5 mm

1.57
1.29

Ideally, further research will work to reduce the geometric dependence of ionic wind
cooling systems so they will be able to operate effectively when employed in systems with
complex geometries. If this is accomplished and they achieve heat transfer coefficients
comparable to those in fan cooling systems while maintaining reasonable power requirements,
ionic wind cooling systems can then be justified as a viable thermal management solution.

7

Transduction efficiency is the volume of air moved per watt consumed.
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Table 2 compares heat transfer coefficients and device dimensions for thermal management
devices that use ionic wind technology as well as devices that do not (i.e., fans, microjets, etc.).
While these devices were not all used in the same manner, relative performance comparisons can
be still be made. They would all have to be tested individually under the same conditions for
direct comparisons to be made, but for now this should suffice to see the potential of ionic wind
cooling. The air microjets from [47] and [48] did show much higher coefficients than ionic wind
technologies because they reach higher velocities over smaller surface areas; however, there are
significant concerns for the widespread implementation of microjets as it pertains to their cost,
integration, weight, reliability, sustainability, and fluid source requirements.
Table 2: Comparison of ionic wind cooling devices to other devices used in thermal management applications.

Ionic Wind
Generator [49]

Cooler fan/sink
combination [50]

Air
Microjet
[47]

Air Microjet [48]

Ionic Wind
Generator [51]

Heat Transfer
Coefficient
(W/m2·K)

63.7 (maximum)

411.2

15,000

900

3214 (maximum)

Dimensions

25.4 × 25.4 mm2

50.8 × 50.8 mm2

1 × 1 mm2

8.5 × 100 mm2
(impingement area)

2.5 × 1.2 mm2

Although ionic wind cooling has many advantages, there are challenges to its
implementation and commercialization that must be addressed before it can be used in nextgeneration thermal management. Ionic wind is essentially the byproduct of gas discharges and
these discharges can have some unfavorable effects on the environments in which they operate.
The corona discharge (introduced in Section 1.2) is extremely effective at charging the particles
that pass through it, which is why ESPs have achieved such high levels of mass-based collection
efficiencies. While this ability to charge and collect dirt particles is good for ESPs, it is quite the
opposite for ionic wind generators. The collection of dirty particles in an ionic wind cooling
system may lead to impurities and non-uniformity along the electrodes, which may lead to higher
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required voltages, sputtering of the plasma/corona glow, or reduced flow velocity. This presents
a need for an initial filtration process before the air reaches the ionic wind generators. This
filtration would preferably be an inherent feature of the system with little to no maintenance or
cleaning required. Early research has shown that positively-charged coronas, as investigated in
this study, have shown a lower mass-based collection efficiency than negative coronas [52],
which is a step in the right direction to alleviating this issue. More solutions to unwanted dirt
particle collection are currently the being studied by those in the EHD field (e.g., [53], [54]).
An additional challenge to consider with ionic wind cooling is the deterioration of the
active electrodes. Corrosion on surfaces of the corona electrodes has been shown after a
relatively short period of time on most of the materials used for active electrodes in ionic wind
experiments. This corrosion occurs in both positively and negatively charged coronas, but
negatively charged coronas have proven to be orders of magnitudes more harmful to the
electrode surface in terms of emissions of particles of the electrode material [55]. The corrosion
leads to deformities and non-uniformities of the electrode tip, which in turn impacts the electric
field direction and intensity. The development of corona-resistant electrodes [56] are a clear
solution to this challenge, but the key is not only to make these electrodes corona-resistant but
also cost-effective; otherwise, widespread commercialization and implementation of ionic wind
cooling is unlikely. Other challenges to practicality of ionic wind generation include ozone
production and day-to-day changes in humidity. All of these challenges are currently the primary
focus for proponents of ionic wind technologies and there is optimism that significant advances
will be made towards implementation.
Ionic wind has emerged as a potential solution for thermal management in the not-sodistant future. However, there are several issues that need to be addressed before it is known
14

whether or not it is even possible for ionic wind to be a widespread solution. There are many
different geometries and configurations (to be discussed later) to consider when it comes to ionic
wind cooling, and this makes it very time-consuming in the experimentation phase, and most
numerical simulations used for the ionic wind are very geometrically-dependent and cannot be
applied if changes in geometry are made. The objective of this study is to develop a general
simulation methodology that is geometrically-independent, meaning that changes in geometry
will not detrimentally alter the results of the simulation. This will allow for several different
ionic wind cooling geometries and configurations to be simulated before experimentation, which
saves much of the time and resources needed to experiment with several ionic wind setups. Once
an ionic wind system is decided upon via the general simulation methodology, specific boundary
conditions can then be added to the simulation to more accurately define the model. This study
aims to generalize the initial steps in this process. In Chapter 2, the governing equations and
simulation overview are introduced. COMSOL Multiphysics® version 5.2 is used for the
numerical simulation because of its user-friendly interface, as well as its ability to couple several
different types of physics, self-contained meshing of the computational domain, and in-house
model-building capability. Chapter 3 discusses the setup of the numerical simulation, the many
configurations used in ionic wind cooling, and the validity of the general simulation
methodology with comparisons to successful experiments. Chapter 4 presents some results of the
general simulation methodology with unique geometries, and Chapter 5 provides a conclusion
and suggestions for future work.
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Chapter 2. GOVERNING EQUATIONS AND SIMULATION OVERVIEW
The complexity involved in the generation of ionic wind—specifically with
configurations and geometries that are covered in Chapter 3—is a significant hurdle throughout
the testing phase. Several different variables have to be optimized such as voltage, electrode size,
electrode spacing, orientation of the electrodes, etc. in order to produce and sustain the ionic
wind effect. While there are calculations that can be conducted beforehand to find these optimal
values—many of which have been published from successful experiments ( [43], [45], [57], [51])
—the slightest change in geometry or electrode spacing/orientation will require a new set of
calculations. In fact, altering any one of the variables listed previously could dramatically change
the process of finding these optimal values from calculations to one of trial and error. It is this
complexity that makes experimentation both expensive and time consuming. The difficulties of
experimentation have highlighted
the need for a quick and accurate
numerical simulation methodology
of this phenomenon so it can be
known with a reasonable amount of
confidence which unique
configurations and geometries are
viable before wasting valuable time
and resources on experiments that
Figure 8: Variables and the various couplings that need to be considered
during simulation of ionic wind. [58]

are unlikely to be successful. Figure
8 [58] is a flow chart detailing the

many variables and couplings that must be considered for any numerical simulation of ionic
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wind. The complex network of couplings seen in the figure relate all of the relevant physics
needed for the ionic wind phenomenon: electrostatics, fluid flow, particle transport, and heat
transfer. It should be mentioned the “cake layer” term in the diagram refers to the corona glow
surrounding the active electrode. This highly coupled nature of an ionic wind simulation is why
many previous simulation studies have been very geometrically-dependent (e.g., [59], [43], [60],
[61], [62]). This study aims to develop a numerical simulation that can be easily modified and
applied to several different geometries, as stated previously.
The study herein utilizes COMSOL Multiphysics (version 5.2) finite element modeling
(FEM) software to develop a simplified, less geometrically-sensitive, and more user-friendly
simulation methodology for ionic wind. COMSOL Multiphysics uses a multifrontal massively
parallel sparse direct solver (MUMPS) as the default solver for steady-state simulations. This
study focuses on geometries of scales in the millimeter (mm) to centimeter (cm) range, with total
success defined as the ability to match flow characteristics of actual experimental results in terms
of flow path, velocity, and total heat transfer values; however, accurately predicting flow paths
with same order-of-magnitude velocities as well as accurate heat transfer coefficients will be
considered successful since the methodology will have applicability and scalability to many
different geometries. Although COMSOL Multiphysics is capable of very sophisticated
numerical simulations in any dimension (see Figure 9 [63], for example), all simulations in this
study are two-dimensional (2-D) and steady-state/stationary due to time constraints.
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Figure 9: Screen capture of the COMSOL interface. Illustrates its model-building, meshing, and data
analysis capabilities. [63]

2.1. The Unipolar Approximation
Numerical simulations of ionic wind are known to have problems with convergence due
primarily to the mutual coupling of the many phenomena shown above in Figure 8. It is often
difficult to diagnose the causes of divergence because of the many variables that influence the
simulation. This presents the need for simplifications to be made in order to solve the strongly
coupled equations involved in these simulations in a reasonable amount of time. One such
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simplification, and by far the most common for ionic wind numerical simulations, is the unipolar
approximation (e.g., [64], [65], [66], [61]).
In the process of creating ionic wind, the electric corona discharge’s main contribution is
to provide the unipolar ions—in this case only positive ions exist once electrons are separated
through impact ionizations—in a non-uniformly distributed strong electric field. Therefore, a
simplified steady-state unipolar corona model can be used with the assumption that the
ionization occurs in a very thin layer with negligible thickness close to the corona electrode, and
charged ions of a single polarity exist in the gap between electrodes [67]. The volume part of the
corona glow can then be replaced with a boundary condition at the tip of the active electrode that
describes the ionization processes in the DC corona discharge region [65]. Modeling the
ionization layer has proven to be time-consuming, however, with discrepancies existing between
the simulated and measured results (primarily in the magnitude of the current density). For this
reason, in the vast majority ionic wind simulations this ionization layer is neglected and steadystate flow of only one polarity of ionic species is considered (hence the term “unipolar”) [58].
This simplification allows for a significant increase in the speed of the numerical solution with
reasonably accurate approximations of the ionization layer near the tip of the active electrode,
the ionized electric field, and the induced velocity.
2.2. Electrostatics
The “Electrostatics” model located within the “AC/DC” module of COMSOL
Multiphysics is used to set the DC voltage values of the active electrode(s) as well as the ground
electrodes. This module solves for the electric field and direction. The electrostatics model
utilizes Poisson’s equation and the charge conservation equation,
−𝜀𝜀0 ∇2 𝜑𝜑 = 𝑞𝑞
19

(1)

∇ ∙ 𝑱𝑱 = 0

(2)

respectively, where 𝜑𝜑 is the electric potential (in V), 𝜀𝜀0 is the gas permittivity of free space in air
(in F/m), 𝑞𝑞 is the space charge density (in C/m3) and 𝑱𝑱 is the current density. Poisson’s equation
governs the region in between the active and grounded electrodes by determining the electric

field strength and defining the applied voltage. The space charge must satisfy the conservation
equation, which allows for a description of the space charge generation by the corona discharge
on the surface of the active electrode.
The current density from the drift, convection, and diffusion currents is given by
𝑱𝑱 = 𝑞𝑞(𝜇𝜇𝐸𝐸 𝑬𝑬 + 𝒖𝒖) − 𝐷𝐷∇𝑞𝑞

(3)

where 𝑬𝑬 (in V/m) is the electric field vector, 𝒖𝒖 (in m/s) is the fluid velocity vector, 𝐷𝐷 is the

diffusion coefficient (typically in m2/s), and 𝜇𝜇𝐸𝐸 (in m2/V·s) is the mobility of ions in air, which

changes very little with variations in the electric field as long as the air remains at atmospheric
pressure [69]. A range of values for this are provided below in Section 3.2. The third term in
Equation (3), the diffusion current can be neglected because it is very small compared to the

other two terms [70], since the current induced by differences in concentration (diffusion current)
are far less impactful than the contributions from the electric field and fluid flow. At the end of
the current and remaining sections within this chapter are flow charts that summarizes the user
inputs and outputs in COMSOL Multiphysics.
Electrostatics
User Input: Applied voltage to active
electrodes, surfaces of grounded electrodes
Output: Electric field strength/direction,
current density
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2.3. Fluid Flow
The fluid flow portion is evaluated in the “Laminar Flow” model within the “Fluid Flow”
module of COMSOL Multiphysics. The governing equations for fluid flow are the weakly
compressible Navier–Stokes equations and the continuity equation,
2

𝜌𝜌(𝒖𝒖 ∙ ∇)𝒖𝒖 = ∇ ∙ �−𝑝𝑝𝑰𝑰 + 𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑇𝑇 ) − 𝜇𝜇(∇ ∙ 𝒖𝒖)𝑰𝑰� + 𝑭𝑭
3

∇ ∙ (𝜌𝜌𝒖𝒖) = 0

(4)
(5)

where 𝜌𝜌 is the density of the fluid, 𝒖𝒖 is the flow velocity vector of the fluid, 𝑝𝑝 is the pressure
exerted on the fluid, 𝜇𝜇 is the dynamic viscosity of air, 𝑰𝑰 is the identity matrix, and 𝑭𝑭 is the

Coulomb force—also known as the volume force—exerted on the air due to electrical field
strength. The weakly compressible forms of these equations are used to account for the density
variations that will take place when heated objects are placed into the models. The “weakly
compressible flow” option provided in COMSOL Multiphysics is used in this study to ignore
pressure-based density effects and only allow for buoyancy effects to be considered. The
Coulomb force, 𝑭𝑭 = 𝑞𝑞𝑬𝑬, is the linkage between the electrostatics and fluid flow modules and

acts as the body force for ionic wind development.
Electrostatics

Fluid Flow

User Input: Applied voltage to active
electrodes, surfaces of grounded electrodes

User Input: Volume Force

Output: Electric field strength/direction,
current density

Output: Flow path and velocity
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2.4. Charged Particle Transport
To model the ionization species and collisions between electrons, ions, and neutral air
molecules in COMSOL Multiphysics, the “Transport of Diluted Species” (TDS) model of the
“Chemical Species Transport” model is selected. The governing equation for this model is the
charge transport equation
∇ ∙ (−𝐷𝐷∇𝑞𝑞 − 𝜇𝜇𝐸𝐸 ∇𝜑𝜑𝜑𝜑) + 𝒖𝒖 ∙ ∇𝑞𝑞 = 0

(6)

where 𝐷𝐷 is the diffusion coefficient of charged particles, 𝜇𝜇𝐸𝐸 is the mobility of the ions in air, and

𝜑𝜑 is the voltage between the active and collector electrodes. The methodology for defining the
charged particle transport differs depending on the approach. For instance, in [43] the authors

describe the particle transport by means of the definition of the current density. The logic behind
this is that the electric current in the space between the active and collector electrodes is a
combination of three effects: conduction (motion of ions under electric field relative to entire
airflow), convection (transport of charges with airflow), and diffusion. This leads to an alternate
definition of current density as
𝑱𝑱 = 𝜇𝜇𝐸𝐸 𝑬𝑬𝜌𝜌 + 𝒖𝒖𝜌𝜌 − 𝐷𝐷∇𝜌𝜌

(7)

Commonalities between Equations (6) and (7) can be clearly seen. Equation (7) describes the
charge transport mechanism in this study. Inherent to the physics of the simulation is the ensuing
ion–neutral “drag” that results in the bulk fluid flow, which is the main connection between the
Charged Particle Transport and Fluid Flow modules of COMSOL Multiphysics.
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Fluid Flow
User Input: Volume Force
Output: Flow path and velocity

Electrostatics
User Input: Applied voltage to active
electrodes, surfaces of grounded electrodes

Ion–neutral
drag

Output: Electric field strength/direction,
current density

Charged Particle Transport
User Input: Concentration of ions
Output: Steady state
concentration, space charge density

2.5. Heat Transfer
Within the “Heat Transfer” module, the “Heat Transfer in Fluids” model is used to assess
the thermal management capabilities of an ionic wind system. Under the “Heat Transfer in
Fluids” model, “Heat Transfer in Solids” can also be selected to discern the solid parts of the
model from the fluids. Heat transfer can then be described by thermal conduction through the
solids and convection by fluid flow with the following governing equations for the energy
conservation and the heat transfer rate used in COMSOL Multiphysics
𝜌𝜌𝑐𝑐𝑝𝑝 𝒖𝒖 ∙ ∇𝑇𝑇 + ∇ ∙ 𝒒𝒒 = 𝑄𝑄 + 𝑞𝑞0 + 𝑄𝑄𝑝𝑝 + 𝑄𝑄𝑣𝑣𝑣𝑣
𝒒𝒒 = −𝑘𝑘∇𝑇𝑇

(8)
(9)

where 𝒒𝒒 is the heat flux by means of conduction, 𝑘𝑘 is the thermal conductivity of the

heated/cooled material, 𝑇𝑇 is the absolute temperature, and 𝑐𝑐𝑝𝑝 is the specific heat capacity of air,

𝑄𝑄 contains heat sources other than viscous dissipation, 𝑞𝑞0 is a user-defined heat flux value (for a

heated chip for example), 𝑄𝑄𝑝𝑝 is work done due to pressure changes, and 𝑄𝑄𝑣𝑣𝑣𝑣 is work done due

viscous dissipation. All of the governing equations for the ionic wind have now been introduced;
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a summary of necessary the user inputs with the corresponding COMSOL Multiphysics outputs
are provided in the flow chart below for clarity. Specific boundary conditions are detailed in the
next chapter for the modeling procedure in COMSOL Multiphysics.

Fluid Flow
User Input: Volume Force
Electrostatics
Output: Flow path and velocity
User Input: Applied voltage to active
electrodes, surfaces of grounded electrodes
Output: Electric field strength/direction,
current density

Ion–neutral
drag

Charged Particle Transport
User Input: Concentration of ions
Output: Steady state
concentration, space charge density

Heat Transfer
User Input: Heat flux of material in
channel
Output: Temperature distribution, heat
transfer coefficient
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Chapter 3. COMSOL MODEL SETUP AND PROCEDURE
3.1. Configurations and Geometries
This section seeks to clarify and discuss the most common configurations developed and
employed in ionic wind cooling. Figure 10 [71] presents some of the basic configurations and
geometries upon which most ionic wind cooling systems are developed. Just about every ionic
wind cooling system is made from one or more of the geometries portrayed in Figure 10. The
“needles” depicted in Figures 10a–c are representative of any sharp electrode with a very small
radius of curvature at its tip to achieve a high space charge density, which in turn allows for a
high electric field intensity, resulting in a stronger ionic wind. Figure 10d is almost a different
concept entirely and will not be covered in
this study. The configurations in Figure 10a–
c are the most used configurations in the field
of ionic wind cooling.
The figures that follow demonstrate
how experiments incorporate the
configurations from Figure 10 into their
experiments. A summary of results from
these recent experiments and others like them
can be seen in Table 3 [71]. Several

Figure 10: Basic configurations used in ionic wind cooling. A)
Needle-to-grid/mesh where the needle is the active electrode and
the grid is grounded. B) Needle-to-ring with a grounded ring. C)
Needle-to-plate/ring with a grounded plate/ring, plate becomes a
ring in axisymmetric models. D) Ducted surface dielectric barrier
discharges (DBDs). [71]

experiments have seen success by using ionic wind generators in combination with heat sinks
(like fins) much like fans have been utilized. Figure 11a [59] provides an example of several
needle-to-plate ionic wind generators being used in combination with fins for heat transfer
enhancement. Ionic wind generators for thermal management have proven to be more effective
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when used in combination with other well-tested thermal management methods. Another way the
ionic wind is applied in combination with other thermal management methods is by enhancing
the cooling capabilities of a larger bulk flow. The body force generated by an ionic wind actuator
(seen in Figure 6) accelerates the bulk flow to increase heat advection in a system. Ionic wind
actuators in bulk flow enhancement cooling applications are typically placed near the hottest
parts of a system for increase of surface velocity at those areas. The performance of devices like
these are also reported in Table 3. The model in Figure 11b [68] utilizes the needle-to-plate
configuration in the design of an EHD pump. Realistically, several EHD pumps would be placed
throughout a thermal management system for effective cooling to take place. In the final model
shown in Figure 11c [42], Ong utilizes the needle-to-grid configuration for his ionic wind
cooling device. In practice, many of these would be incorporated into a cooling system similar to
how they are in Figure 11a, as a way to improve the thermal management of a system rather than
being used as the primary means of cooling, unless the system is of a form factor small enough
to allow ionic wind generators to be effective on their own. Ionic wind generators have proven to
be effective on their own, however, as shown above in Tables 1 and 2, and also in Table 3. It
should be mentioned that while these designs appear relatively simplistic, the calculations that
are conducted before the actual fabrication can be difficult; logical results from theoretical
calculations do not necessarily correlate with a successfully generated ionic wind due to the
complexity of the physics involved.
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b.

a.

c.

Figure 11. Examples of the utilization of different ionic wind configurations. A) Ionic wind cooling system designed by
Gallandat. Uses several needle-to-plate configurations attached to fins as a means of thermal management [59]. B) Ionic wind
pump designed by Fawole, utilizing the needle-to-plate configuration where gold rectangles are the ground plates [68]. C) Ionic
wind generator by Ong utilizing the needle-to-grid configuration [42].
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Table 3: Data from recent studies on ionic wind thermal management devices. [71]

Author

Year

Geometry

Application

Ong [51]

2014

Needle-togrid

Electronics
Cooling

Shin [72]

2016

Needle-toplate

Heat Sink
Cooling

Johnson [73]

2016

Piezoelectric

Impingement
Cooling

Shakouri [74]

2011

Alamghoulilou
[75]

2012

Chen [76]

2014

Sheu [77]

2013

Multiple
needle-tocylinder
Multiple
needle-toribs
Needle-togrid
Needle-togrid

Bulk Flow
Enhancement
Bulk Flow
Enhancement
Impingement
Cooling
Impingement
Cooling

Applied
Voltage
(kV)

Power
Consumption
8 (W)

Maximum
Heat
Transfer
Coefficient
(W/m2∙K)

Enhancement
Ratio 9

1.9

0.038

3214

N/A

6–9

0.25

23

220%

7–22

0.25

50

N/A

15–30

10–15.9

N/A

200%

N/A

18

N/A

N/A

400%

N/A

4–11

2

N/A

~200%

N/A

Oscillatory
4–9.5

N/A

N/A

N/A

Size
(mm)
5.4 ×
3.6
50 ×
30 ×
30
54 ×
60
400 ×
30 ×
40

3.2. Model Setup
The objective of this study is to use knowledge of ionic wind and elements of successful
numerical simulations to develop a general simulation that can be applied to a wide range of
geometries and configurations (i.e., to reduce the geometric dependence). If this is achieved, the
model would only need minor modifications, primarily in the applied voltages and/or electrode
spacing, for a myriad of ionic wind systems. Table 4 presents the parameters used to describe
generic modeling domain with air as the working fluid. Parameters such as density, thermal
conductivity, heat capacity, etc. are standard values for air provided by COMSOL Multiphysics
and are included in this table for completeness. Viscosity will vary with changes in temperature
and is calculated by COMSOL Multiphysics, which is why that value is not included. Other
parameters such as electrode spacing and electrode radius have been determined based on a wide

8

Power Consumption is in terms of total consumed electrical power.
Enhancement Ratio is defined as the increase in heat transfer due to the ionic wind generator relative to natural
convection or bulk flow forced convection, depending on the nature of the study.

9
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range of experiments, many of which have been cited throughout this thesis, and will change
depending on the scale of the system. For instance, if a system is modeled on a centimeter scale,
a 100-μm active electrode would probably be used, and the electrode spacing would vary based
on the applied voltage; lower voltages require smaller spacings and vice versa. Charge number is
set to ‘1’ to ensure only positive ions are included in the ionization processes. Figure 12 is an
example of a domain that may be modeled, with some items from Tables 4 and 5 indicated.

Active electrodes

Inlet

Outlet

Ground electrodes

Figure 12: Example of an ionic wind simulation domain with active/grounded electrodes indicated as well as the inlet and outlet of the
domain. Air is the working fluid throughout the domain.
Table 4: Parameters for general ionic wind model herein with air as the working fluid.

Parameter

Value

Diffusion coefficient [43]

5.3 × 10-5 m2/s

Relative Permittivity of Air

1

Coefficient of Ion Mobility

1.8–2.2 × 10−4 m2/V·s

Charge Number (COMSOL parameter in TDS module)

1

Density of air

1.2 kg/m3

Heat capacity of air

1.005 kJ/kg·K

Thermal conductivity of air

25 × 10−3 W/m·K

Electrode spacing (gap between active and grounded electrodes)

≤ 10 mm

Radius of active electrode

40–100 μm

Table 5 presents the general boundary conditions used in these simulations. These
boundary conditions apply to any geometry (this applies at the mm-to-cm scale, the electrode
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spacing and radius would change for larger scales), hence the generality. Ranges of values, rather
than specific values, for voltage and concentration are presented since these values are adjusted
accordingly with changes in size and geometry of the model in order to achieve convergence.
The required voltage to start the ionic wind effect tends to increase with increases in size of the
model and vice versa. The range of voltage values were selected because they yielded consistent
results in many of the general simulation runs. These values allowed the applied voltage to be in
the lower kV range, which provides versatility with the kind of high voltage source that can be
used. Higher voltages require larger, more expensive voltage sources. In an effort to further
simplify the model, Joule heating effects are neglected, and the active electrodes are set at room
temperature (293.15 K). The inlet and outlets are set as outlets in the model. This allows for the
actual physics of the phenomenon to determine the flow direction rather than forcing the flow to
travel in a specific direction. Tables 4 and 5 serve as the base upon which all other simulations
are run. Refer to Figure 12 for a basic understanding of where and how boundary conditions are
applied.
Table 5: Boundary conditions for model used in COMSOL Multiphysics.
Variable

Active Electrode(s)

Grounded
Electrode(s)

Inlet

Outlet(s)

Electric
Potential, φ

3–6 kV for positive
electrodes
(−4)–(−6) kV for
negative electrodes

0

0

0

Concentration,
c

0.04–0.08 mol/m3

0

0

0

Outlet condition

N/A

N/A

Temperature, T

293.15 K

293.15 K

Set as outlet with “Pressure”
condition, P0 = 0 for atmospheric
pressure, normal flow
293.15 K

“Pressure” condition, P0 = 0
for atmospheric pressure,
normal flow
293.15 K

3.3. Validation Studies
Published studies and simulations were replicated to test the validity of the general
simulation methodology with the values and parameters detailed in the previous section. A
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significant limitation to these validation studies is not having the actual data from the original
simulations. This inhibits the ability of making quantitative comparisons to only those values that
have been reported. Comparisons are primarily qualitative in terms of flow path, and maximum
velocity is the primary comparison in terms of quantitative analysis. Specific boundary
conditions and/or equations from published studies are also unknown, which affects specific
results of the general simulation since it does not have all of the information from the study that
is being replicated. The first replicated study is from reference [43]. Figure 13 provides the
modeling domain along with the prescribed boundary conditions. Figure 14 compares the flow
paths and surface velocity magnitudes from both simulations. Figure 14a is the surface plot from
[43], and Figure 14b is the plot from the general simulation developed in this study. Notice in
both models that flow travels from the inlet at the top, which is set to zero velocity to ensure the
only flow source is the ionic wind generator, toward the grounded electrode at the bottom. The
rightmost boundary is set as the outlet with air as the working fluid. Flow closest to the ionic
wind generator travels towards the grounded plate and eventually turns toward the outlet in both
models. A qualitative flow comparison reveals the general simulation successfully approximates
published study without knowledge of any specific modeling conditions, which is precisely what
this study aims to accomplish. The maximum velocity for the general model matches well with
the model from [43] with a relative error of only 4% error between the two.
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Inlet
Outlet
Active Electrode
Ground electrode

Figure 14: Modeling domain from [43]. The active electrode is a small, sharp needle highlighted in blue. The entire bottom
boundary is the grounded electrode. The outlet is the rightmost boundary. Air is the fluid within the domain.

Figure 13: Validation study of ionic wind generator from [43]. On the left is the plot of surface velocity from the simulation
of [43]. To the right is a plot of the surface velocity developed through the general simulation methodology of the study
herein. The active electrode is situated at the leftmost boundary of the domain, the grounded electrode at the bottom, and
the outlet as the right boundary. Notice the flow closest to the active electrode travels from the active electrode toward the
grounded electrode.

The variation in geometries and configurations is the primary purpose of the general
model, so in order to ensure its validity it must be able to handle these variations. The model
from [68] is replicated to test the versatility of the general simulation. As in the previous
example, the modeling domain is presented in Figure 15 with a comparison of the surface
velocity results provided in Figure 16. In this configuration, virtually identical results can be seen
from both simulations in terms of both surface velocity flow path and magnitude. The maximum
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velocities for Fawole’s model and the general simulation were reported as 6.1 and 6.07 m/s,
respectively. In this case the general model proved to be very successful.
outlet

Grounded
electrodes

Active
electrode

Figure 16: Modeling domain for the EHD pump from [68]. Active/grounded
electrodes, as well as the outlet are all indicated in the figure. Air is the working fluid.

Figure 15: Comparison of results from Fawole [68] on the left, and the general simulation result on the right. Near identical surface
velocity plots and maximum velocities are observed.

At this point, the general simulation methodology can almost certainly be considered
acceptable based on its performances with the two considerably different geometries seen
previously. However, to further ensure its validity, the general simulation is used again to
replicate a different simulation and geometry that applies a specific boundary condition at the tip
of the active electrode to describe the ionization processes and ion flow rate induced by the
corona discharge. If the general simulation is able to replicate the flow path of a simulation with
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a specific boundary condition applied—it is not expected to match the magnitude simply because
it does not have the same amount of specificity as the detailed model—and have a velocity of
similar magnitude, logic will then allow it to be assumed that this general simulation
methodology can be valid in the study of most ionic wind systems. This simulation is from
references [65] and [60]. After correspondence with one of the primary authors, Andreys
Samusenko, the MATLAB® code for the original simulation was received with the intent to
replicate the results using COMSOL Multiphysics and the general methodology. Figure 17
depicts the simulation domain with the general boundary conditions indicated. Figure 18 is a
surface plot of the flow path and velocity results from the Samusenko code, which was
reproduced in COMSOL Multiphysics via the LivelinkTM for MATLAB® feature. The general
simulation methodology was then used for the final validation study and the results for the
surface velocity this can be found in Figure 19. A line plot in Figure 20 compares the velocities
in both simulations at the same point (cut line location is also indicated in the figure) in the

Inlet

domain.

Symmetry

Outlet
Active Electrode
Ground
Plate

Figure 17: Modeling domain for the Samusenko model from [60] and [65] with general simulation
boundary conditions indicated. Air is only located in the region confined by the inlet and outlet.
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Figure 19: Surface plot of velocity magnitude generated by the general simulation model. A similar flow pattern was
predicted with a maximum velocity of 2.76 m/s as opposed to the 3.87 m/s produced by the original model. The velocities
near the ground plate and surrounding the model do differ between the two, but does appear to be slightly represented in
this figure by slightly lighter shades of blue than the shade for 0 m/s.

Figure 18: Velocity measurements are taken along the cut line shown on the left and compared
between both simulations. Despite not having as much specificity as the Samusenko model, the
general simulation is able to approximate the flow path.

The general simulation was unable to exactly replicate the Samusenko code in terms of
flow characteristics and maximum velocity magnitude (approximately 1 m/s less than the
Samusenko simulation). The general simulation took 3 minutes to converge in COMSOL
Multiphysics, whereas the Samusenko model using Livelink with MATLAB took 10 minutes.
The general simulation did not contain the specific constraints and equations that were included
in the Samusenko model, which is why much of the velocity characteristics near the bottom
ground plate and around the top of the active electrode were largely uncalculated. The general
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simulation accurately approximated the most important feature of the flow path—the thin jet
from the active electrode toward the ground plate produced by the Samusenko code. With
additional work to incorporate specific boundary conditions for ionization processes within the
corona, it can be assumed that this code would be able to more accurately reproduce the results
of Samusenko. However, the goal of this solution methodology is to be able to quickly test
several different ionic wind geometries and configurations without adding too much specificity
to maintain the versatility and speed of the code. If additional conditions are desired, that can be
done once it is determined that the geometry can indeed support the ionic wind effect.
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Chapter 4. APPLICATIONS TO UNIQUE GEOMETRIES
4.1. Initial Geometries
The validation studies have confirmed the applicability of the methodology used
throughout this study. It is now applied to new geometries with the intent of finding an optimal
geometry to implement within a cooling system. Spacing of the active and grounded electrodes
as well as radius of curvature of the active electrode are very important as previously mentioned.
In order to ensure ionic wind generation, an alternating strategy of active–ground–active–ground
electrodes is chosen in order to “guide” wind over longer distances in the direction of the desired
configuration. This alternating strategy utilizes multiple needle-to-plate configurations shown in
Figure 10. Outlet boundary conditions are enforced at both the inlet and outlet of the channel in
order to allow the electric field to dictate the flow direction rather than forcing the flow direction
(this was done in the validation studies as well). This will help ensure that it is indeed the ionic
wind effect driving the flow, rather

Outlet BC

Outlet BC

than manipulating the flow path by
Wall;
no-slip

means of a boundary condition. The
simulation domain for the first trial

Figure 20: Modeling domain for first iteration of alternating strategy of
needle-to-plate configurations. 40-μm wire used for active electrodes (the
half-circles) in a domain on the millimeter scale.

of this scheme can be seen in Figure

21. Copper is used as the material for both the active and grounded electrodes. The active
electrodes are 40-μm in radius, with an applied voltage of a positive 3.2 kV. The model was
solved first on the millimeter scale using parameters and boundary conditions previously
presented in Tables 4 and 5. The surface velocity results for the first simulation can be seen in
Figure 22. A maximum velocity of 5.77 m/s is achieved, but this velocity is found in a vortex so
its usefulness to a thermal management application would be minimal since hot air would
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continue to circulate and never
leave the channel. The vortices
in between electrodes are
similar to those seen in the
validation study from Figure
16. It is important to recall that
Figure 21: Surface velocity plot in m/s of first alternating configuration strategy.
Vortices are seen in between electrode configurations because of the opposing electric
field directions. Direction of velocity is indicated by arrows in the figure.

the ionic wind flows in the

direction of the electric field. The vortices occur because the grounded electrodes are in between
active electrodes that are both of positive polarity, and electric field lines go from high to low
voltage. An example of this can be seen in the plot of electric field strength and direction shown
in Figure 23. Although the active–ground electrode pair on the left has the desired electric field
direction, it is the interaction between the first ground electrode and the second active electrode
that causes the second, and most significant, vortex. The first vortex is caused because the
second stronger vortex forces the flow from the first active–ground electrode pair upward toward
the no slip wall, where the flow then impinges and circulates. The third vortex reveals a problem
with the design of the model that is best seen in Figure 23. The electric field direction appears to
circle back towards the
ground electrode as it
approaches the second outlet
of the domain. These vortices
are problematic because the
goal is to get flow straight the
Figure 22: Electric potential and electric field strength for first iteration of alternating
strategy. Opposing electric field lines can be seen in between active-ground electrode
pairs which causes the vortices seen in the previous figure.
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channel; as seen in Figure 22,

vortices cause stagnation points in the flow, which will prevent heat from escaping when heated
objects are introduced to the simulation.
In an attempt to remedy the vortex problem, grounded electrodes are placed on the
opposite side of the channel and kept at the same horizontal distance away from the active
electrodes, as shown in Figure 24. Copper planar electrodes with “sawtooth” edges, also seen in
Figure 24, are used as opposed to
wire electrodes to investigate their
functionality for another active
electrode option. Three 40-μm
Figure 23: Alternating strategy with ground electrodes opposite the active
electrodes in attempt to reduce vortex production. Planar electrode with sawtooth
edges are used. Semi circles of 40-μm radius are used to approximate sharp edges
for increased electric field strength.

semi-circles were placed on the
edge of the planar electrode to

approximate a sharp edge since numerical simulations tend to diverge when actual sharp corners
are introduced. It should be mentioned that, while the distance between the active and ground
electrodes are within the range prescribed by Table 4, the specific distance within that range is
determined by trial and error depending on the value of the applied voltage, which in this case
was 3.2 kV. Figures 25 and 26 are plots of the surface velocity and electric field for the next
iteration of the alternating electrode scheme. An impressive maximum velocity of 6.22 m/s is
achieved, but is of no use since it occurs in a vortex. Circulation continues to take place in
between electrodes for the same reason it did in the previous scheme, i.e., the electric field
direction in between configurations oppose each other. Even though it seems from Figure 25 that
there is more velocity focused in the positive x-direction than in the previous scheme (Figure 22)
as it was intended, surface averages of the x-direction velocities for the first and second schemes
were calculated by COMSOL Multiphysics to be 0.31 m/s and 0.39 m/s, respectively. No
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significant increase in net positive x-direction velocity was gained from placing the grounded
electrodes opposite of the active electrodes. From these initial geometries it is now known that,
in order to control flow direction in such a way that it is beneficial to thermal management, the
electric field must be manipulated to be more uni-directional, and the areas of opposing electric
field directions must be minimized.

Figure 24: Surface velocity and flow direction for second iteration of alternating configuration scheme. Vortices remain due to
opposing electric field directions, but general flow direction appears to be more focused in the positive x-direction. Applied voltage
of 3.2 kV.

Figure 25: Plot of electric field direction for second iteration of alternation configuration scheme. The size of arrows is proportional
to the electric field strength at that point of the domain. Shorter, smaller arrows are representative of a weaker electric field strength
with respect to the strongest areas of the electric field.
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As the incremental process towards a favorable ionic wind cooling geometry continues to
progress, it was determined that the planar sawtooth electrodes were too computationally
expensive to solve—nearly 10 minutes longer than any wire electrode simulation—and had no
impact, positive or negative, on the velocity of the ionic wind itself. Additionally, the way the
planar electrodes were simulated was by placing three small diameter semicircles on the surface
of the electrodes (reference Figure 24). This is no different from simulating a wire electrode.
This led to the decision of using wire electrodes only as the active electrodes for the remainder of
the study. Wire electrodes have been proven to work in many ionic wind experiments and are
relatively cheap to manufacture, further justifying the decision to select wire electrodes for all
subsequent simulations. In order to address the problem of vortex production between electrodes,
it is suggested that implementing a combination of positive polarity active electrodes, grounded
electrodes, and negative polarity active electrodes could create a more uni-directional electric
field, which would in turn allow for a straighter flow path. Some results of this proposed solution
are covered in the next section.
4.2. Viable Geometries for Ionic Wind System Integration
The results of the initial geometries paved the way for more plausible geometries that
could be implemented with relative ease into a cooling system to be considered. The idea behind
the geometries discussed in this section is to test the effectiveness of the geometry itself, with the
intent of using an array of the same geometry—all interconnected and/or adjacent to one another
in some form or fashion—to form an entire ionic wind cooling system made up of several of the
geometries deemed successful via simulation. Rather than discuss every geometry that was
tested, only two unique geometries will be presented here to further demonstrate the versatility of
the general solution methodology.
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The specific geometries in

Inlet

this section were chosen because
the surface velocities they were
able to produce show significant
promise in terms of overall heat
transfer; this benefit paired with
the prospective ease of
Outlet

Outlet

manufacturing that would
Figure 26: Funnel geometry. Active wire electrodes are located within the circles
of the figure. The inlet and outlets are all prescribed as “outlets” in COMSOL.
Applied voltage for the upper 6 electrodes is +3.8 kV, the bottom two electrodes are
set at −6 kV.

accompany these relatively
simplistic designs would suggest

that they are ready to advance to the experimentation phase. The first of the two geometries is the
“funnel” geometry seen in Figure 27. Albeit rudimentary at best in its appearance, it is rather
difficult to obtain solutions for this geometry, as it requires several adjustments to voltage and
electrode spacing to avoid divergence of the simulation; even after achieving convergence, the
slightest modification to any variable or condition can cause the simulation to diverge. It was
found that the applied voltage values that yielded the most consistent simulation results were:
+3.8 kV for the upper six electrodes indicated in Figure 27 and −6 kV for the bottom two
electrodes. The resulting electric field for these applied voltages are presented in Figure 28. From
this figure it can be seen that adding the negative-polarity electrodes at the bottom of the funnel
has added more uni-directionality to the electric field than the geometries simulated in the last
section. There are areas in the funnel where electric field directions oppose each other, but the
smaller sizes of those opposing arrows—with respect to the larger arrows in the desired
direction—suggest that the opposing forces of these arrows are not as disruptive as they were
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previously. This is made evident by the surface velocity plot in Figure 29. Vortices are still
present in this flow because, in some areas, the opposing electric field directions are equal in
strength to areas with the electric field in the desired direction, but the vortices in the funnel are
significantly less disruptive than the vortices in geometries from Section 4.1. To prove that
obstructions to the flow path were reduced, average y-velocities (the desired direction of flow)
were calculated along the three lines indicated in Figure 30 and found to be: −0.8672 m/s,
−0.5085 m/s, and −0.8299 m/s going from leftmost line to the rightmost in the figure (up is
considered the positive y-direction in this study, so these values are favorable). This is a marked
improvement over the average velocities determined in the initial geometries. Once the flow
enters the side channels of smaller area, the flow accelerates because of the continuity condition
(Equation (5)) and the x-velocity takes on the profile in Figure 31. Higher x-velocities (as high as
4 m/s in the side channels) near the bottom plate are promising for the placement of a heated
object with regards to its potential for high convection heat transfer. Unfortunately, after several
attempts, the funnel geometry—which was already inconsistent in terms of simulation
repeatability—was unable to converge once a heated object was introduced. This revealed a
limitation in the simulation that would be better solved through experimentation to determine the
funnel geometry’s true heat transfer capabilities. However, if appropriate boundary conditions
are developed that cater specifically to the funnel are added to the general coding outline, the
divergence issues could be solved and more would be known before advancing to
experimentation. There was insufficient time to develop geometrically-specific boundary
conditions for the many geometries that were attempted throughout this study.
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Figure 27: Electric field of the funnel geometry with the voltage values listed in Figure 27.
Arrow lengths and sizes are proportional to the electric field strength at that location. Notice
that with the inclusion of negative-polarity electrodes the strongest areas of the electric field
are in the desired direction, down the funnel and toward both outlets on the side channels.

Figure 28: Surface velocity of funnel geometry. While vortices are still produced by opposing electric field
lines, negative-polarity active electrodes at the bottom of funnel have contributed to the reduction of vortices,
resulting in velocities as high as 4 m/s in the side channels of smaller area, suggesting higher levels of
convection heat transfer in these areas.
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Figure 29: Lines along which average y-velocities were calculated. Values were
−0.8672 m/s, −0.5085 m/s, and −0.8299 m/s from left-to-right in the figure. Up is
considered the positive y-direction, so negative values are favored here.

Figure 30: X-direction velocity profile in side channel of funnel at area located in the figure. Highest velocity recorded closer to
the bottom plate where heated object would be located. Negative velocities indicate circulation of flow.
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The losses in velocity due to vortex production along with inconsistent simulation results
for the funnel concept highlighted the need to simplify the geometry in order to allow for
simulation repeatability, scalability of the model, further reduction of vortices, decreased CPU
time during solving, and convergence when heat transfer is added to the model. The rectangular
channel geometry seen in Figure 31 is the second model of the two discussed in this section. The
wire electrodes are circled and the boundary conditions indicated. The best results are produced

Inlet

when the upper six electrodes are set
to an applied voltage of +4 kV, and
the lower two electrodes are held at
−5 kV. Two additional rectangles are

Heat flux of
1000 W/m2

added to this geometry on the bottom
of the channel as representations of
heated computer chips to be cooled
when heat transfer is introduced. The

Outlet

heat flux for the two representative
Outlet
computer chips on either side of the

Figure 31: Rectangular channel geometry with active wire electrodes circled.
As it was with the funnel, the upper six electrodes are of positive polarity, and
the bottom two are of negative polarity. Only the center plate on the bottom
is considered ground, the other two plates on the bottom will have a heat flux
of 1000 W/m2 applied when heat transfer is introduced. Other boundary
conditions are indicated in the figure. Upper six electrodes are held at +4 kV,
lower two held at −5 kV.

grounded collector electrode are set
to 1000 W/m2 based on the highest
heat fluxes of current technologies

discussed in Section 1.1. The physics required for ionic wind generation (fluid flow,
electrostatics, and charged particle transport) are verified before heat transfer is introduced as it
was with the funnel geometry previously. This is done because, if the ionic wind can be
generated in the geometry but heat transfer does not work in the simulation, this portion can then
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be tested through
experimentation. The electric
field behavior within the
rectangular channel is shown in
Figure 33. There appears to be
more improvement over the
funnel geometry (see Figure
28) in terms of orienting the
Figure 32: Electric field within rectangular channel. Arrow lengths and sizes are
proportional to electric field strength at any location in the channel. Areas of opposing
electric field direction are further minimized from the funnel geometry. Areas where
electric field directions do oppose each other are much weaker in strength than in the
desired direction.

electric field in the desired
direction of fluid flow. Arrows
in Figure 33 pointing in the

desired direction are larger and more abundant than the opposing arrows. This suggests that the
net force of the electric field is pointed in the desired direction of fluid flow. Since velocity
travels in the direction of the electric field, the conclusion drawn from the electric field plot in
Figure 33 can be verified by the surface velocity plot in Figure 34. The improvement in electric
field direction, in turn, has resulted in a seemingly uniform flow path with virtually no
disturbances or vortices as seen in many of the geometries studied previously. Average yvelocities along the three lines indicated in Figure 35 are calculated to compare with the values
of the funnel geometry. Negative values of velocity are once again desired as they indicate a
downward flow in the channel. From the leftmost line in Figure 35 to the rightmost, the average
velocities are calculated to be: −8.84 m/s, −9.03 m/s, and −9.02 m/s. This is a dramatic
improvement over the average y-velocities of the funnel geometry. Even more improved is the
increase in flow velocity caused by the decrease in cross-sectional area (continuity condition) of
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the side channels. As it was done in Figure 31, a line plot is produced in Figure 36 for the
rectangular channel in the same location as the funnel geometry to illustrate the x-velocity profile
in the side channels of the rectangular geometry. Velocities as high as 20 m/s were recorded near
the bottom plate of the side channels which is the reason for the location of the heated chips in
the model which will be studied once heat transfer is introduced.

Figure 33: Surface velocity for rectangular geometry. Flow path is virtually
uniform in the -y direction as desired. Velocities as high as 10 m/s were recorded
in the main channel, with x-velocities as high as 20 m/s in the side channels caused
by the decrease in area.

Figure 34: Lines along which average y-velocities
are calculated. From left-to-right the average values
are: −8.84 m/s, −9.03 m/s, and −9.02 m/s.
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Figure 35: X-Velocity profile for the side channel of the rectangular geometry at the area indicated in the figure. Velocities as high
as 20 m/s were recorded near the bottom of the channel. This dictated the placement of the heated chips in channel.

The success of the fluid flow portion for the rectangular channel allowed for the addition
of the heat transfer module to measure the heat transfer capabilities of the rectangular channel.
As previously mentioned in Section 2.3, the “weakly compressible flow” option in COMSOL
Multiphysics for the flow type is selected to account for the density variations in air that
accompany changes in temperature. Figure 37a shows the steady-state temperature distribution
throughout the channel with the ionic wind off and heat transfer occurring within the channel by
means of natural convection. The inlet and outlets of the geometry were held at 20 ℃ to
approximate room temperature. Temperatures in the hottest parts of the channel reached as high
as 136 ℃, which reinforces the need for some form of thermal management. Figure 37b shows
the steady-state temperature with the ionic wind on. The majority of the channel remains at room
temperature, while the temperature in the channel only increases by approximately 2 ℃.
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a.

b.

Figure 36: Steady-state temperature distribution (in ℃) of rectangular channel with two chips prescribed with a heat flux of 1000 W/m2.
A) Temperature distribution with natural convection and ionic wind off. Temperatures as high as 136℃ are predicted. B) Temperature
distribution with ionic wind on. Most of channel remains at room temperature while chips only experience an approximate 2℃ increase

The apparent success of the rectangular channel model presented the opportunity for a
grid refinement/voltage manipulation study to see the effect the two have on flow velocity,
overall convective heat transfer, and the time to convergence of the simulation. While there are
ways to manually set mesh size and spacing in COMSOL Multiphysics, the physics-controlled
meshes provided by the software do quite well and are classified by terms such as: coarse,
normal, fine, finer, extra fine, etc. All simulations in this report were completed with a fine mesh,
an example of which is portrayed in Figure 38
with 21,926 elements. Table 6 presents the
rectangular channel results for various mesh types
and applied voltages to illustrate their effect on the
outcomes of the simulation. Two important
conclusions can be drawn based on the contents in
Table 6: the first is that, with an increase in
applied voltage for any grid resolution, the surface
velocity also increases, which allows for a larger
average convective heat transfer coefficient; the
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Figure 37: Example of the “fine” mesh for the rectangular
channel model. The mesh has 21,962 triangular and
quadrilateral elements. Notice very fine meshes near all
electrodes as determined by the physics-controlled mesh
development in COMSOL Multiphysics.

second conclusion is that, as the mesh is resolved further, the velocity decreases to what is most
likely a more reasonable value than the simulations that are run with a lower grid resolution. For
the simulations discussed herein, mesh types of extra fine or better should be chosen considering
the time to convergence is on the same scale as a fine mesh, and the results are most likely more
accurate.
Table 6: Data for rectangular channel geometry with varying parameters.

21,962
21,962
21,962
21,962
32,225
32,225
32,225
32,225

Applied voltages (kV) for
upper and bottom
electrodes
3 & −4
3.5 & −4.5
4 & −5
4.5 & −5.5
3 & −4
3.5 & −4.5
4 & −5
4.5 & −5.5

Average Convective Heat
Transfer Coefficient
(W/m2∙K)
3322
3611
3884
4145
3095
3376
3643
3897

Time to
convergence
(mm:ss)
1:43
1:47
1:49
1:52
3:25
3:24
3:48
3:48

Avg. fluid velocity
in entire channel
(m/s)
8.27
8.99
9.67
10.32
7.76
8.47
9.13
9.77

61,141

3 & −4

2541

5:09

6.42

61,141

3.5 & −4.5

2790

5:24

7.06

61,141

4 & −5

3027

5:17

7.67

Mesh
type

No. of
Elements

Fine
Fine
Fine
Fine
Finer
Finer
Finer
Finer
Extra
Fine
Extra
Fine
Extra
Fine
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Chapter 5. CONCLUSIONS AND FUTURE WORK
Ionic wind has emerged as a potential thermal management method for future-small
form-factor systems. Ionic wind cooling systems boast small device volume requirements,
motionless operation, minimal resource utilization, and moderate form factor flexibility, all of
which are essential for the next generation of heat transfer enhancement. This study uses the
COMSOL Multiphysics software to develop a simple, general procedure for simulating the ionic
wind phenomenon. In the process of the developing this methodology, the geometric dependence
contained in most ionic wind simulations has been reduced to allow for more versatility in the
design of ionic wind models. The general simulation methodology established in this study
allows for a simplified analysis of ionic wind–aided cooling capability, which provides useful
information to avoid expensive numerical/experiments that may or may not be successful in
obtaining the desired effect.
Although this study was mostly successful in meeting the objectives made at the outset,
there is much work to be done before it can stand as a premiere simulation method for ionic wind
cooling. Experiments need to be conducted to validate the results of the simulation for unique
geometries. More geometries should be modeled to prove the geometric independence of the
model. In combination with modeling unique geometries, actual fabrication/manufacturing
techniques for these geometries need to be considered for the eventual widespread
implementation of ionic wind cooling. To address one of the pitfalls associated with this
phenomenon, parameters could be added to the simulation to capture the corrosion effects that
occur on electrode surfaces to better predict the lifespan of the materials used. Stabilization terms
can also be added to simulation to deal with complex flows and geometries encountered in
models like the funnel geometry seen previously (Figure 27). Finally, working to extend the
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methodology to three-dimensional models in order to better predict performance of ionic wind
cooling systems in real-world applications.
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