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ABSTRACT

The increasing demand for effective and compact thermal solutions for the

next generation of thin and high-power density consumer electronics is challenging

the capability of miniature mechanical systems to meet the required cooling

performance. Due to their attractive and unique advantages with no moving parts,

design flexibility, small-scale structure, low height profile, silent operation, and

effective flow generation, electrohydrodynamic (EHD) air movers are well

positioned to become a key emerging cooling technology as alternative to

conventional rotary fans. In its general objective, this thesis aims to investigate the

benefits and highlight the features of EHD air movers as a thermal management

cooling solution in advanced and small-scale microelectronics, supporting all

previous efforts in this direction.

Due to the strong influence of the geometric parameters of EHD devices on the

corona discharge process and the resulting EHD flow, numerical modelling

represents a powerful tool to design and optimize EHD devices, especially of

complex and small-scale structures, where the capability of experimental

investigations is limited or challenging. This study presents an accurate and validated

numerical method to solve the coupled equations of electrostatics, charge transport

and fluid flow for the two-dimensional (2D) modelling of EHD airflow induced

through a wire-to-plane/grid channel configuration, and is the first to develop a

three-dimensional model (3D) that couples the EHD flows with conjugate heat

transfer modelling.

Based on thermal management requirements and from a design perspective, a

comprehensive investigation and analysis into the influence of geometric parameters

on the efficiency of EHD wire-to-grid blowers is performed and optimal

configurations are proposed for a range of heights from 9 to 15 mm. Results reveal

that using fine emitter wires is more efficient than thicker ones, and the grounded

electrode locations affect significantly the electric field distribution and the blower

efficiency. It is also found that using the grid as a further collector increases the

blower performance, with higher flow production, lower operating voltage and

reduced blower size.



- vi -

Further numerical developments are devoted to optimize the configuration of

miniature wire-to-plane EHD blowers for heights up to 10 mm, which is the most

preferred geometry for integration in the cooling systems of thin electronic

applications. For ranges of fixed operating power and voltage, the efficient optimized

electrode gaps are predicted and defined by simple expressions. The influence of

channel sidewall on the EHD flow rate and velocity profile are investigated and the

results show that the 2D modelling is valid to effectively predict flow rates produced

by wide and short EHD blowers compared to that obtained by 3D simulations.

A combined EHD air blower that enables a reduction in the level of applied

voltage and a control of flow production is developed. Performance comparisons

against commercial rotary blowers demonstrate that the optimized miniature EHD

blowers are more competitive for cooling miniaturized and extended heated surfaces

based on blower size, flow rate with uniform velocity profile, and power

consumption.

A novel design of an EHD system integrated with compact heat sinks is

presented as a thermal management cooling solution for advanced and thin consumer

applications. Results of a parametric study demonstrate that the EHD system offers

flexible structure design with the ability to reduce the height and increase the width

as required, providing a unique feature to be installed in low-profile laptops.

Moreover, compared to traditional cooling systems used in the current standard low

power laptops, the proposed EHD system offers promising cooling performance with

higher thermal design power (TDP), reduced thermal solution volume and lower

height profile.
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CHAPTER 1

Introduction

1.1 Motivation

Efficient dissipation of heat generated from microelectronic components

represents one of the major thermal management challenges for engineers and

designers of modern microelectronic applications. During operation of electronic

devices, high-performance chips can generate significant levels of heat and cause

high temperatures, leading to reduced device performance and being a major factor

of producing thermo-mechanical stresses on printed circuit boards (PCBs) [1].

Effective cooling systems are required to maintain the temperatures of electronic

components within safe operating limits and avoid overheating and subsequent

device failure. Development in cooling technologies has received increasing

attention due to the rapid advancement in the microelectronics industry, which has

been associated with increasing the processing performance of the integrated circuits

in parallel with reducing their size.

Over the last five decades, the semiconductor industry has significantly been

developed following Moore’s law [2], which states that the number of transistors in

an integrated circuit doubles approximately every two years, resulting in a smaller

transistor size and greater power density [3]. Since the transistor feature size became

below 90 nanometres, early estimates of scaling trends indicated that the chip power

density (in W/cm2) may increase more than 13 times as the transistor size decreases

to 15 nanometres, causing an exponential growth in the associated power density on

microelectronic chips [4]. Recent years have shown significant advancements in

semiconductor industry when Samsung Electronics has started mass production of

new system-on-chip with transistor size of 10 nanometres [5], while the IBM

research group is inching the way into a 5 nanometre node chip [6].

Figure 1.1 shows that the number of transistors per chip has doubled about

every two years since the 1970s, and the current transistor density has exceeded 109

transistors per die with an expectation to be around 1011 by 2020, while the heat
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generation associated with chip’s electrons speeds (Clock speeds) have steadily

increased. Indeed, as the transistor size decreases, the movement of electrons

through smaller scales of silicon circuits becomes faster, increasing their ability to

generate higher heat in the chips [7]. However, although the electrons speeds were

limited to generate more heat since around 2004, the current heat generation rates

still represent significant issue as the demand for small-scale and high-power density

devices is increasing, while the capability of conventional thermal solutions is

limited. Traditionally, forced-air cooling induced by rotary fans is the preferred and

popular cooling method for most microelectronic devices due to its low cost,

availability and simplicity. However, the increasing performance of microelectronics

has led not only to a higher heat generation but to smaller and thinner devices, where

the performance of traditional mechanical solutions for effective cooling is reduced

under the miniaturization condition. Based on these considerations, the need for

effective thermal management cooling solutions for the future microelectronics

remains critical and at the centre of attention of academic research communities,

engineering designers and industrial companies.

Figure 1.1 Trends of transistor density (transistor per chip) following Moore’s law, and the
associated electrons’ clock speed for microelectronics over the past five decades including the current

one. Figure adapted from Nature (2016) [7].

The work in this thesis is motivated due to the essential need for efficient and

compact thermal modules for microelectronics that meet the thermal management

requirements in terms of flexibility, reliability, cooling performance and acoustic
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levels. Electrohydrodynamic (EHD) flow is one of the emerging airside cooling

technologies that have great potential to extend the restricted capabilities of

miniaturized traditional mechanical fans, such as reduced performance and

installation size, in modern and ultra-thin microelectronic applications. With the

advantage of no moving parts, EHD air blowers offer silent operation, good

reliability, uniform velocity profile, wide range of flexibility in both scale and

design, and promising cooling performance on small and thin applications [8].

As the development and optimization of the traditional air cooling methods

has reached a high degree of maturity, it is important to open the improvement door

for emerging airside cooling technologies to meet the current and future

requirements of advanced microelectronic applications. The present study explores

and investigates the application of EHD air blowers based on thermal management

considerations in terms of modelling analysis, design development and optimization,

performance and flow characteristics, and integration with heat sinks, for convective

heat transfer in miniaturized consumer microelectronics such as laptop computers or

future high-end Internet of Things devices.

1.2 Electrohydodynamic (EHD) Airflow for Thermal Management

1.2.1 Introduction to EHD air movers

Electrohydrodynamic (EHD) air movers (also known as Electrostatic Fluid

Accelerators) are simple devices that provide a means of generating air motion by a

gas discharge across two electrodes without the need for moving parts. In the EHD

airflow approach, electrical energy is converted into kinetic energy of the moving air

stream by applying a high voltage electric field between a sharp corona electrode

and a grounded collecting surface in the air. When a sufficiently high electric field

gradient is created at the corona electrode, the surrounding air molecules are ionized.

The resultant charged ions are then accelerated under the effect of electrostatic

forces towards the collector electrode, transferring their momentum and energy into

the surrounding air particles and inducing air movement known as an ionic wind

(also referred to as a corona or an electric wind). A simple schematic diagram of an

EHD airflow induced by a positively charged corona wire is shown in Figure 1.2.
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Figure 1.2 Schematic diagram of an EHD airflow induced by a positive corona discharge.

EHD air pumps can be designed using various-scale structures of electrode

configurations, offering a wide range of flexibility that enables installation in small

spaces, where the application of conventional mechanical air movers is limited. With

the absence of moving solid parts, EHD devices have extremely low weight and

operate with no vibration or lubrication requirements, offering stable and silent

operation. The mechanism of EHD driven flow provides the capability to change the

flow magnitude and direction during operation for effective local cooling.

Unlike traditional air movers, ionic wind can be induced through narrow

channels with high speeds and low levels of flow pressure losses and operating

power, offering promising cooling performance and electrical to mechanical

transduction efficiency. EHD devices have been effectively used for forced

convection heat transfer in confined and open space applications, either as air

blowers in the cooling system, or for cooling hot spots regions, where a stable

airflow jet is desired. Moreover, EHD driven airflow provides another feature when

it acts as a secondary flow in the presence of external bulk flow to mix flows and

disrupt the thermal boundary layer for heat transfer enhancements.

Apart from the use in the heat transfer field, significant research into EHD

phenomena has been presented in numerous studies for their application in

electrostatic precipitators (ESPs), where the contaminated particles are collected

from a flowing fluid under the effect of electrostatic charge [9-14]. Corona discharge

has also been examined in different applications such as acoustic transduction [15-

17], dehumidification (electrostatic fog-liquefiers) [18-20], and air sterilization [21,

22].
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In its general and specific features, EHD flow technology is considered an

attractive viable air cooling solution and has great potential to become an alternative

to conventional rotary fans, meeting the thermal management requirements in a class

of microelectronics cooling. The next sections present the main advantages and

disadvantages of EHD based air cooling in comparison with traditional mechanical

air movers.

1.3 EHD Airflow Characteristics

1.3.1 Advantages of EHD air movers

1.3.1.1 Design flexibility

Unlike rotary fans, EHD blowers can be designed and fabricated in various

sizes, shapes and geometries, depending on the application, to generate a steady flow

or create an impinging jet of air for local hot spot cooling whether in free or

confined space flow fields. In addition, corona electrodes can be applied with

tips/needles, wires, and edges of razors, and be arrayed into different configurations

(single or multi-electrodes), while collector electrodes can be set as round or flat

geometries, as well as adopted as a heat exchange surface.

1.3.1.2 Device size

EHD cooling systems can be installed and fitted in a small physical space of

thin profile and small-scale applications, where mechanical fans encounter technical

hurdles. Due to the absence of moving parts, EHD pumps can be designed in very

small thicknesses and fabricated for micro-scale microelectronic applications.

Moreover, using the collector electrode as a thermal exchange surface offers reduced

EHD device size and weight and also leads to effective heat transfer with reduced

boundary layer thickness.

Table 1.1 presents a comparison between a rotary fan and an EHD pump

based on a cooling device size to dissipate an amount of heat at approximately 40 oC

temperature difference. It shows that the EHD pump volume required to remove

about 1.4 W of heat is 38 mm3, compared to 720 mm3 needed for a rotary fan to

dissipate nearly the same amount of heat [8]. This example indicates the
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effectiveness of the EHD technology to dissipate heat in small spaces of applications

with higher transduction efficiency compared to a mechanical fan.

Table 1.1 Comparison between an EHD pump and a rotary fan based on cooling device size required
to dissipate heat at approximately the same temperature difference [8].

Technology (ºC)
Device volume
(mm3)

Heat dissipation
(W)

Efficiency(*)

(CFM/W)

EHD pump [23] 38.3 38 1.57 5.04

Rotary fan 40.0 720 1.29 0.57
(*) Produced flow rate in cubic feet per minute (CFM) per consumed power in watts.

1.3.1.3 Low acoustic level

EHD devices can be considered silent air cooling systems due to the absence

of vibration and acoustic noise during operation caused by rotating or moving parts.

Additionally, based on the operating theory of corona discharge and ionic wind, no

changes in the electric field and the pressure waves occur during the operation,

offering a stable and silent condition for EHD technology [24]. This advantage is

independent of geometry, applied voltage and scaling laws of EHD devices.

1.3.1.4 Velocity profile

In the case of air flow in a channel, EHD driven flow offers an improved

velocity profile compared to that achieved due to rotary fans. Figure 1.3 shows the

idealized velocity profiles of both EHD and fan flows between two parallel plates. In

conventional fans, a classic parabolic air velocity profile is formed due to viscous

effects and pressure differential flow from a fan, resulting in relatively inefficient

heat removal at the solid-fluid boundary. EHD flow offers non-parabolic profile

with higher velocity close to the channel walls because of the local Coulomb forces

that move fluid molecules are installed inside the channel. Therefore, the airflow

induced by EHD blowers can provide better and flatter flow profile, which greatly

can reduce the boundary layer thickness and effectively enhance the heat transfer

[25].
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Figure 1.3 Idealized laminar airflow velocity profile between two parallel plates generated by (a)
pressure differential flow due to fan, and (b) corona-driven air pump [25].

1.3.1.5 Boundary layer modification

In addition to their function of generating primary flows, EHD air movers can

be used to induce secondary flows in the presence of the bulk flow for improved

heat transfer rates. The EHD secondary flow can boost and/or mix airflows, causing

active disturbances and reductions in the fluid and thermal boundary layers and,

thereby, leading to better heat transfer enhancements [26], as shown in Figure 1.4.

Furthermore, when the collector electrode of an EHD device is used as a thermal

exchange surface, additional momentum can be provided to the air particles within

the boundary layer region, reducing its thickness and enhancing heat removal [25].

Figure 1.4 Schematic diagram of the boundary layer modification of external bulk flow on a flat
surface due to the secondary flow of ionic wind induced by EHD pump [27].
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1.3.1.6 Dynamic airflow pattern

A unique feature of EHD air movers is their ability to provide various dynamic

airflow patterns by changing the distribution of applied voltage at the collector

electrode, as shown in Figure 1.5. This feature can be employed to control flow in

local cooling of electronics with the ability to change the trajectory and level of

ionic wind velocity using the same applied voltage [28]. Moreover, applying

different voltages at corona electrodes in multi-stage arrangement also offers flow-

control for localized and hot spot cooling in thermal management applications.

Figure 1.5 Dynamic EHD airflow pattern controlled by varying collector voltage distribution. Arrow
length refers to the velocity magnitude of ionic wind [28].

1.3.2 Disadvantages of EHD air movers

Though EHD technology offers many unique features and attractive

advantages for cooling systems in advanced electronic devices, several associated

drawbacks due to corona discharge phenomenon represent challenges in the

practical implementation. The following points highlight and explain these

disadvantages and describe suggested solutions to tackle them or reduce their effects

on the performance of EHD devices.

1.3.2.1 Ozone generation

Ozone generation (O3) is one of the main disadvantages of EHD flow

technology, and is a normal by-product and direct result of corona discharge. At a

given electrode gap and ambient conditions, the ozone production rate in an EHD

device depends on the polarity type (positive or negative), level of applied voltage,

and corona electrode configuration. A large amount of ozone, as an undesirable
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turn can considerably reduce device longevity and lead to unstable voltage operation

over time [25].

However, the proper selection of materials for the emitter electrode, which is

the most prone to degradation, and avoiding all materials that have a high tendency

to erode and decay over time can improve the electrode resistance to degradation.

Previous investigations demonstrated that emitter electrodes made from silicon and

silicon dioxide materials have significantly lower corrosion compared to metals

under the effect of corona discharge [36].

Furthermore, it was experimentally found that coating corona electrodes with

palladium (Pd), which has a high resistance to corrosion and good electrical and

thermal conductivities, can reduce electrode degradation and increase the device

lifetime by 3.5 times longer than that without coating [37]. Moreover, using positive

corona electrodes offers less oxidization and corrosion, improving EHD device

lifetime and providing a stable operation [38, 39].

1.3.2.3 The need for a high voltage source

The need to minimize the high voltage required to initiate corona discharge

(usually on the order of kilovolts) while improving pumping performance remains a

research focus. Typically, ionic wind velocity increases proportionally with

increasing applied voltage and discharge currents (or input power) at a given

electrode gap. Indeed, the need for compact high voltage converters required for

operating EHD cooling systems in microelectronic applications is one of the

integration and practical challenges [25]. However, it was reported that both the

onset and operating voltages of positive polarity can be reduced at a given electrode

gap by using a very fine tip curvature emitter due to the higher electric field created

[40], or decreasing the electrode gap at a given operating current [27]. Moreover,

using multi-stage EHD wind generators can significantly improve the flow

generation at certain low operating voltages [25, 41].
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1.3.2.4 The influence of environmental factors

The environmental factors such as air humidity and dust particles can affect

the operation of corona discharge. For the positive discharge, the increase in air

relative humidity increases the corona onset voltage to certain limits before it tends

to decrease as the relative humidity increases [42]. For a negative corona, the

increase in air humidity decreases the electric field strength, corona current and ion

mobility of air, leading to a lower air breakdown than that proposed by Peek’s

equation [43].

The accumulation of dust particles, which is a shared problem between rotary

fans and EHD pumps, can occur on the EHD device due to the movement of charged

particles towards the surface of opposite polarity under the effect of electric field

and electrostatic forces. The collection of dust particle mainly occurs on the

collector electrode and causes increased electrical resistance and reduced ion

current, resulting in an increased thermal resistance of the heat exchange surface

(heat sink) and drop in the performance and longevity of EHD devices [25, 44].

In their experimental and numerical study, Jewell-Larsen et al. [44] presented

the first concerns regarding the dust accumulation on EHD cooling systems.

Although no advice was given in their conclusions on how to reduce dust

accumulation, the study, however, determined the locations on the collecting surface

where the majority of the dust particles are collected, and offered a simulation model

for investigating and optimizing the longevity of EHD devices. Practically, using a

pre-filter is one of the available options to protect the EHD cooling device from the

accumulation of dust particles during operation.

1.3.2.5 Low pressure head

Typically, the flow rate produced by EHD devices mainly depends on the

amount of kinetic energy and momentum imparted to the air molecules due to

collision with charged ions traveling across the electrodes and not by mechanical

moving solid parts like in rotary fans. Therefore, the pressure head of EHD pumps is

low compared to that created by fan blades, with a reduced ionic acceleration to

overcome pressure restriction caused by converging or long channels [45]. However,
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using cascading designs with multi-stages of EHD pumps can significantly improve

airflow rate production and lead to a higher cooling performance [25, 41].

1.4 Thermal Management Cooling Solutions

1.4.1 Overview

The recent years have shown a dramatic growth in the microelectronics

industry in terms of circuit component density, microfabrication processes,

functional complexity and operating power, including a wide range of modern

applications from mobile devices to powerful server units. According to recent

reports of the Semiconductor Industry Association (SIA) [46], the global

semiconductors market shows that the sale trends are increasingly growing and the

demand for high-performance portable microelectronic devices is accelerating.

On the other hand, however, reports released by the International Technology

Roadmap for Semiconductors (ITRS) [3] have indicated that the current and future

trends of thermal design power of microelectronics are steadily increasing and the

associated high heat fluxes require improved cooling methods for efficient heat

dissipation. Furthermore, the heat generated from the advanced integrated circuits is

non-uniform, causing high local power densities (hot spots) and limiting the thermal

solution system as well as the performance and reliability of devices. Based on these

trends, the design and development of the future consumer microelectronics relies

critically on the availability of innovative and compact thermal solutions beyond the

capabilities of the traditional cooling systems.

The response of thermal industries has led to significant developments in

thermal management cooling technologies for effective heat removal and lower

levels of power consumption, acoustic noise and manufacturing cost. Although

elaborate cooling systems such as on-chip liquid cooling [47], Aquasar (IBM) [48],

dielectric liquid immersion technology [49], and other types of liquid cooling have

been developed and successfully proven for higher thermal dissipation rates than

that are possible by air cooling, cost limitations still prevent their large scale

adoption.
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Due to the higher heat conductivity and capacity of liquid compared to air,

liquid cooling technologies are considered very effective methods to remove

extremely high heat fluxes (above 100 W/cm2). However, the implementation of

these approaches for consumer microelectronics is complex and requires high levels

of manufacturing quality to avoid leakage problems, resulting in costly devices

compared to air cooled methods. Among the wide range of thermal management

applications, the adoption of liquid cooling approaches has been largely confined to

high performance computing systems such as servers and data centers, where the

cost is elastic and the dissipation of enormous generated heat fluxes is required [50,

51].

Passive thermal solutions such as heat transport technologies; including phase-

change heat pipes, liquid and spray coolers, and vapour chambers, are also

efficiently used in high heat flux applications to transport thermal energy from hot

spot regions to heat exchangers, where the heat can be dissipated from the system.

For years, heat pipes have been developed and commonly used with rotary fans and

heat sinks as effective cooling systems for microelectronic devices such as laptops

and computer servers. However, although heat pipes have effective heat transfer

with very low thermal resistance, their implementation becomes critical as the

microelectronic device and the cooling system become smaller and thinner, causing

performance limitations [52], practical fabrication challenges and increases in cost

[53]. Other emerging heat transport technologies such as microchannels [54-56] and

droplet manipulation [57], offer higher heat transfer than traditional heat sinks and

have shown significant performance on localized dissipation of high heat flux and

hot spot cooling applications. However, the manufacturing cost and the relatively

high pumping power required to overcome the increased pressure losses make their

application still limited in consumer microelectronics [8].

Among other cooling technologies, air cooling using fans remains the most

popular thermal management solution, especially in portable microelectronic and

consumer products. This is attributed to their design flexibility and relatively low

cost of manufacturing and implementation as well as the capability to dissipate the

generated heat to the ambient environment, which is ultimately a required feature for

most devices. Classic assemblies of heat sink and rotary fan have been successfully

used for cooling macro-scale electronic applications such as desktop computers and
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servers. However, this option is no longer viable for thin and small-scale

microelectronics, where both the device thickness and the ability to increase the

thermal exchange area are limited.

Typically, the cooling system of most thin microelectronic devices such as

laptops involves using both passive and active cooling technologies to remove high

heat fluxes to the ambient air. As illustrated in Figure 1.6, the heat is transported

using an integrated heat spreader (most often simply a copper plate) from the CPU

silicon die, where a high heat-flux density is generated, to a larger thermal

conductive surface. Thermal interface materials (TIM) such as thermal greases,

phase change materials and gels, act to provide passively efficient thermal exchange

and high thermal conductivity in the interface between solid components. The heat

is then moved via heat transport devices such as phase-change heat pipes to the heat

exchange surface (heat sink), where the heat is actively dissipated out of the device

using air mover devices such as centrifugal rotary blowers.

Figure 1.6 Traditional notebook thermal management cooling system, showing the heat flow
direction from the heat source to the ambient air via the heat exchange surface.
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In fact, the desired low thermal resistance, which is defined as the ability of a

material to resist flow of heat (K/W), of the air-cooled heat sink mainly relies on the

effective conduction heat transfer from the heat source to the heat sink fins, and the

efficient heat dissipation via forced convection from fin surface to the ambient air.

Basically, the efficient exchange of heat at the solid-fluid boundary layer of a

forced-air cooled heat sink enables to achieve higher heat transfer rates and lower

thermal resistance between the heated surfaces and the cooling air.

The total heat dissipated (in W) from the heat sink by the airflow is

(1.1)

where is the convection heat transfer coefficient, is the heat exchange surface

area (m2), and are the average heat sink surface and air temperatures (K),

respectively, is the mass flow rate (kg/s), is the specific heat capacity of air

(kJ/kg.K), and and are the average air temperatures at the exit and inlet of

the heat sink (K), respectively.

The equation shows that the heat dissipation rate due to forced convection can

be enhanced by increasing the heat exchange surface area at a given flow rate or

increasing the mass flow rate at a given heat dissipation area. However, as the heat

exchange area increases at a given heat sink size, a dense arrangement of the fins is

required, leading to higher flow resistance losses and a reduced cooling

performance. Likewise, extending the heat sink size requires further installation

space for the cooling system and an increase in the number of associated fans.

On the other hand, increasing the heat transfer rate can also be achieved by

improving the flow rate produced the rotary blower. However, this option remains

limited under the miniaturization condition. This means that as the microelectronic

device becomes thinner and smaller, increasing the size of the heat exchanger or the

cooling airflow rate is restricted by the thickness and weight of the device, or the

capability of the miniaturized rotary blower to produce sufficient flow rate.

Although today's industries offer miniaturized structures of fans and blowers

with thicknesses in millimetres, further shrinkage in their size, which is practically
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limited by the fan blade height and motor design, leads to less reliability, a reduction

in the flow rate, and an increase in the power consumption and acoustic level due to

the associated high rotational speed. The next section presents the main technical

drawbacks and implementation challenges of mechanical centrifugal blowers under

the condition of fan scaling laws, and discusses the possibilities of current emerging

air cooling technologies such as synthetic jets and piezoelectric fans as alternatives

to the traditional fans in thin and small-scale consumer microelectronics.

1.4.2 Airside cooling technologies

1.4.2.1 Conventional rotary fans

Rotary fans have been used for a long time as a successful cooling method to

produce airflow used to dissipate thermal energy in microelectronic products and

heat transfer applications. As the result of many years of development and

optimization, mechanical fans represent by far the most popular method of active air

production for forced convection cooling due to their efficiency in heat dissipation,

low manufacturing cost and easy installation.

The performance of rotary fans is governed by scaling relationships that

describe the change in the fan characteristics based on its geometric features, and

given by [58],

(1.2)

(1.3)

(1.4)

where is the output flow rate of the fan, is the pressure rise, is the power

consumed by the fan, is the air density, and , , and are the fan rotational

speed, diameter, and height, respectively.

These scaling laws obviously state that the flow rate and power consumption

characteristics scale linearly with fan size while the pressure rise is invariant and

independent of fan height, assuming fan electrical to mechanical transduction
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efficiency is constant regardless of the change in fan dimensions. Indeed, the

conventional scaling laws were determined and effectively proven for large scale

fans operating at very high Reynolds numbers, where the inertia forces are

dominant. However, as the fan becomes thinner and smaller for advanced

microelectronic devices, the loss mechanisms become significant and the validity of

the fan laws breaks down [59].

Based on fan diameter and rotational speed, it was demonstrated that the

traditional fan laws are not effective at flows of low Reynolds numbers to predict the

flow characteristics of miniature axial [60, 61] and centrifugal [62, 63] fans, where

the viscous effects are considered. In addition, it was reported that as the fan

becomes smaller and operates at low rotational speeds, the boundary layers created

on the fan rotors in low flow regimes effectively block flow through the fan,

reducing the produced flow rate, and causing significant losses on the fan

performance and transduction efficiency [64].

A significant experimental study was conducted by Walsh et al. [59] to

examine the validity of the fan scaling laws for profile heights at miniature scales

using different sizes of centrifugal fans. They proved that the magnitudes of flow

rate, pressure rise, and power consumption predicted by the conventional fan scaling

laws does not exactly agree with those of the experiments. Based on this, they stated

that it is not valid to apply fan scaling laws for flow rate and power consumption

based on only blade profile height to determine fan pumping efficiency

independently of fan diameter.

Figure 1.7 shows the fan aspect ratio, which is defined by fan blade height to

fan diameter, as a function of the predicted performance trends relative to the fan

scaling laws (represented by lines) and the measured performance (identified by

dashed lines). Results reveal that the maximum flow coefficient, which is defined as

, lies in a range of aspect ratio between 0.07 and 0.16, but it is

significantly reduced out of this range.

Therefore, as fan aspect ratio decreases (or the fan becomes smaller), both

flow rate and pressure coefficient are significantly reduced at a constant rotational

speed although an associated drop in power consumption can be achieved.

Moreover, decreasing the fan diameter at a given blade profile leads to significant
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losses in fan performance and efficiency because both flow rate and pressure change

with the square of the diameter, as described by the scaling equations (1.2) and (1.3).

A further experimental study was presented by Walsh et al. [65] to investigate

the levels of acoustic emission from miniature centrifugal fans and examine their

agreement with those predicted by scaling laws. They found that the acoustic levels

increase at low Reynolds number with reduced mass flow, and reported that the

product of the Reynolds number, which is based on the maximum velocity and the

rotor outer radius, and the aspect ratio squared [ ] should be greater than 30

to avoid unfavorable acoustic levels. In addition, as the fan becomes thinner and

smaller, the design of miniature fan motors and rotors represents further challenges

due to the manufacturing cost and the reliability against bearing failure [66].

Figure 1.7 Fundamental limits of the miniaturized rotary fan under the scaling laws in terms of flow
coefficient ( ), pressure coefficient ( ), and power coefficient ( ) at a

constant rotational speed [8, 59].

In the case of centrifugal fans, which are usually used in thin microelectronic

applications, the fan height is a limiting factor and must be fixed based on the device
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thickness while the fan diameter can be selected to stay within the effective aspect

ratio range, where the fan provides its highest flow rate. This restriction in turn may

cause limitations in the flow rate produced by the fan and hinder its ability to

dissipate the required amount of heat effectively from the heat exchange surface.

One of the ways to overcome this limitation is to increase the number of fans

in the system in order to improve the flow rate and widen its outlet area for extended

heat sinks. However, this requires a larger installation volume in the cooling system,

increases the power consumption and the possibility of rotating mechanical parts to

fail, and can lead to higher acoustic emissions due to frequency interference caused

by multiple fans [67].

Therefore, for a given heat generated by the microelectronic device, further

shrinkage in the fan size leads to reduced flow rates, less reliability, an increase in

the power consumption, and ultimately, a reduction in the fan cooling performance.

For these reasons, there is a critical need for alternative effective cooling solutions

that meet the thermal management requirements for small form factor devices.

1.4.2.2 Synthetic jets

In their simple structure and operating mechanism, synthetic jets are

considered to be one of the most innovative active cooling technologies proposed for

the thermal management of microelectronics. Unlike conventional air jets produced

with net mass flux, synthetic jets are zero-net-mass jets and can produce high

momentum of unsteady turbulent impinging flow with no additional mass required

to the system. A synthetic jet ejector mainly consists of a flexible membrane, an air

cavity, and an orifice nozzle, as shown in Figure 1.8.

Basically, the airflow is produced by the synthetic jet device due to the

movement pulse of a membrane, which induces flow to move back and forth,

causing a periodic ejection and suction of air inside the cavity. Due to this

mechanism, the surrounding air is sucked into the cavity and then forced to leave

through the orifice nozzle, generating unsteady impinging jets with vortex rings

formed near the opening [68].

One of the main applications of synthetic jets as ejectors is the operation in

conjunction with a rotary fan to induce a secondary flow disturbance. Moreover, the
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induced periodic jet can be effectively used in the presence of primary flow to

control the surface temperature of heat sinks and integrated circuit components, or

employed as impinging synthetic jet (primary flow) for hot spot cooling.

In the presence of steady primary flow produced by a fan, the unsteady flow

jet and the formed periodic vortex structures can improve the turbulent flow and

modify boundary layers for enhanced heat transfer rates [69]. This in turn leads to

significant benefits related to the fan with lower rotating speeds, reduced operating

power and acoustic noise, increasing the fan reliability and improving the overall

cooling performance of the system. Synthetic jets can also play a significant role

when they are placed upstream of the heat sink inlet to control and direct the

incoming flow induced by a fan and reduce flow bypass, increasing the heat removal

and enhancing the system efficiency [68].

Figure 1.8 Schematic diagram of the synthetic jet operation mechanism; (a) entrance of air (b)
generation of vortex rings and air jet [70].

Synthetic jet ejectors were investigated and suggested for cooling portable

platforms [71, 72], and optimized based on performance for printed wiring boards

(PWB) [73] and integrated heat sinks [74, 75]. However, although synthetic jets

have many attractive features such as no rotating parts, low operating power and

acoustic noise, high reliability, flexible shape, small size, and promising localized
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cooling performance, their performance decreases as their scale is reduced, making

their application is limited to cool only low-power consumer products [76]. Another

serious disadvantage beyond the implementation of synthetic jets in confined spaces

in the absence of an external net flux, is their re-ingestion of the air that has already

ejected and passed over a heated surface, leading to a reduced cooling performance

[77].

In general, synthetic jets are highly recommended to be used in conjunction

with rotary fans for increased heat transfer rate in high performance applications

such as servers and desktop computers, or for applications in open environments

such as LED (light-emitting diode) cooling, where the long operating life of the

cooling device is required and the large size that passively cooled can be reduced [8,

78, 79].

1.4.2.3 Piezoelectric fans

Piezoelectric fans (also known as piezo fans) are a solid state active air mover

technology that has emerged as a viable cooling solution for the thermal

management of microelectronic devices. It simply consists of a patch of

piezoelectric material (piezo element) attached to a flexible cantilever blade, as

shown in Figure 1.9. The operation mechanism of the piezoelectric fan depends on

the contraction and expansion of the piezo element under alternating applied

voltage, which occur with the same frequency as the input signal, causing

oscillations at the free end of the blade. When the fan structure is driven at

resonance, the oscillations and generated displacement at the blade tip become larger

and cause a considerable airflow movement [80, 81].

With their inherent and attractive features of high reliability, no bearings or

wearing parts, long operating life, small and simple structure, minimal noise

emissions, low operating power, and efficient control of air and heat removal, piezo

fans can meet the special thermal management requirements for microelectronics

cooling [82]. Over recent years, the unique airflow patterns provided by single or

multiple piezo fans have been developed and optimized to be used in integration

with heat sinks for active cooling [83, 84], or for local cooling of microelectronic

components [85, 86] and LED packages [87, 88].
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Among other air cooling methods, piezoelectric fans have the highest energy

conversion efficiency due to their extremely low operating power [8]. However,

although increasing the resonance mode of the piezo fan can lead to higher flow

rates, the associated increase in the power consumption and the acoustic level offsets

this advantage [82]. Moreover, although these devices have recently shown effective

cooling performance in miniature scale when integrated into a heat sink of a height

of 3.5 mm [89], the low flow rate production, which degrades as the blade scale

decreases, limits their practicable application in high-power consumer devices [8]. A

recent review study indicated that the characteristics of piezoelectric fans are gaining

greater acceptance in LED lighting applications, where the reliability, long lifetime

and low power consumption are critical needs [90].

Figure 1.9 Schematic diagram of a piezoelectric fan vibrating under an applied AC voltage [82].

1.5 Chapter Summary

As alternative airside technologies are being developed to replace the rotary

fans or overcome their limitations for modern high-power microelectronics, the

balance between the advantages and disadvantages of each thermal solution dictates

whether they will be adopted based on thermal management considerations. In the

consumer applications, where the cost factor and the user comfort are considered,

the response for efficient compact thermal modules that ensure the device

functionality becomes challenging. Although the inherent advantages of both

synthetic jets and piezoelectric fans make them competitive to rotary fans in terms of

reliability, scale structure, lifetime, power consumption and noise levels, their

modest flow rates produced at small-scales overshadows these considerations.



- 23 -

In their comprehensive review and analysis study, Wang et al. [8] recently

compared the performance of a number of alternative air pumping methods against

rotary fans for microelectronics cooling, including piezoelectric fans, synthetic jets

and EHD air movers. They concluded that although piezoelectric fans and synthetic

jets are potentially useful for cooling of localized hot-spots, they are generally

unsuitable for consumer microelectronics due to their inability to generate sufficient

cooling airflow rates. In contrast, they found that the EHD air movers have great

potential to be used as a thermal management solution for microelectronics cooling,

offering important advantages over rotary fans due to their flexibility, silent

operation, reduced energy consumption, smaller volume requirements, and ability to

generate sufficient flow rates that provide effective heat dissipation on small form

factor microelectronics.

1.6 Objectives and Scope of Thesis

The performance of mechanical rotary fans required to provide efficient

cooling for the next generation of thin and high-power density consumer

microelectronics is expected to be increasingly problematical due to their limitations

in small-scale applications. This has led to increased attention on alternative cooling

solutions, such as the emerging EHD technology, to examine their capability in

small form factor applications based on thermal management requirements.

However, as is true of many other emerging technologies, EHD flow based cooling

systems still require more investigation, development and design optimization in

order to meet the required cooling performance in miniaturized electronics before

they are commercially viable.

This thesis explores the benefits of using EHD flow technology as an

alternative thermal management solution to mechanical cooling systems in practical

small-scale microelectronics, and attempts to move its application a step forward

towards a real-world implementation. The objectives of this thesis are broken into

three main parts:

The first presents a validated numerical EHD flow model that solves the set of

coupled-physics equations of electrostatics, charge transport, and fluid dynamics.

Developed models that couple EHD flow and conjugate heat transfer modules and
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enable heat dissipation predictions are an important part of modelling development

in this thesis. As not all aspects of EHD processes can be observed or examined

through experimental investigations and in order to save time and cost, numerical

modelling represents an important tool to design and optimize EHD devices, provide

accurate predictions of performance and efficiency, and investigate the influence of

geometric parameters, offering wide scope for exploring the future design and

optimization of EHD based thermal systems. In this light, this thesis contributes and

presents the first developed three-dimensional (3D) numerical model to investigate

EHD flow characteristics and the sidewall effects of EHD channels, and applies a

conjugate heat transfer module for integrated EHD flow based cooled heat sinks,

which to the best of the author’s knowledge has not been developed before.

The second contribution presents a numerical investigation and comprehensive

analysis into the development of EHD flow induced by a blower of wire-to-

plane/grid configuration based on airflow rate, pressure generation, power

conversion efficiency and device scaling. The investigation is devoted to study the

influence of the fundamental design parameters of miniature EHD air blowers on

pumping performance. The optimization of EHD blower design requires a delicate

balance between the resultant flow production and the associated engineering

challenges related to EHD process such as the high level of applied voltage. This

thesis strives to provide a design optimization of EHD blowers that predict the

efficient locations of EHD electrodes based on the effective levels of operating

voltage and power. It also includes design considerations of size and power

consumption and demonstrates the capability of applying low height and small-scale

EHD air blowers for cooling thermal management applications such as consumer

electronics.

The third part presents 3D numerical simulations to investigate the benefits of

integrating EHD blower with a plate-fin heat sink and examines the cooling

performance and benefits of integrating EHD systems into modern laptop

computers. This thesis aims to evaluate the scope for integrated EHD air blowers to

replace mechanical fans in low-profile electronic devices.
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Although the undesired side effects of the corona discharge process such as

ozone production and electrode degradation represent major disadvantages and

challenging against EHD technology in the real implementation, they are beyond the

scope of this thesis. However, the most influencing factors that have been reported

towards ozone mitigation are considered in this work such as using a positive

polarity and very fine corona electrode.

1.7 Thesis Outline

The remainder of this thesis is divided into six chapters.

Chapter 2 describes the fundamentals and theory of the corona discharge

process, including the operating mechanism of EHD flow and the characteristics of

positive and negative discharges. The chapter also presents a detailed review that

covers the use of EHD flow in the field of heat transfer applications and thermal

management considerations. A concise review over the modelling of EHD flow

based heat transfer is also included at the end of the chapter.

Chapter 3 presents a detailed explanation of the EHD numerical modelling,

including the governing equations, numerical method, and assumptions used for the

space charge generation and fluid dynamics. Two- and three-dimensional numerical

models are developed using the finite element method and appropriate boundary

conditions for EHD driven flows induced in wire-to-grid/plane channels. The

models are validated carefully against numerical and experimental data for the

electrical and fluid dynamic characteristics.

Chapter 4 presents a comprehensive numerical analysis and developments on

the EHD blowers of wire-to-grid configuration to investigate the influence of

geometrical and design parameters on the EHD blower performance and conversion

efficiency. Optimal design is predicted based on pumping performance and the

effective levels of operating conditions.

Further numerical developments and design optimization are presented in

Chapter 5 for miniature EHD blowers of wire-to-plane configuration based on

thermal management considerations. Simple expressions are presented to predict the

optimal design based on the blower height. The chapter includes 3D modelling of an
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EHD blower to study the flow rate, static pressure, flow pattern, and sidewall effects

on outlet velocity profile and magnitude. An optimized and combined EHD blower

is proposed, and comparisons against commercial miniature rotary blowers based on

pumping efficiency and blower size are presented.

Using the optimal designs predicted in previous chapter, Chapter 6 proposes a

novel design of EHD cooling system and presents developed 3D numerical models

to solve the coupled physics of EHD flow and conjugate heat transfer for EHD air

blowers in integration with a heat exchanger of parallel-plates structure. For a range

of operating conditions, a parametric study is undertaken to evaluate the impact of

design parameters on the thermal performance of EHD system. The predicted

maximum operating temperatures are compared with those allowed in the real

implementation of fan-cooled laptops.

Finally, Chapter 7 summarises the main conclusions from the results presented

in this thesis, and suggests future research directions.
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CHAPTER 2

Fundamentals and State of the Art

2.1 Preface

Electrohydrodynamics (EHD) is a process of interactions between electric

fields and fluids, resulting in a corona discharge and thereby a fluid movement. The

mechanism of this process occurs in the air when a sufficiently high potential

difference is applied across two electrodes. The first electrode has a high tip

curvature of a very small radius such as needle or wire and is called the emitter or

corona electrode, while the second electrode has a low tip curvature and an opposite

polarity to the emitter electrode and is called the collector electrode. The sharp edge

of the corona electrode is necessary to create the electric field gradient, which is

responsible for ionizing air particles in close proximity to the corona electrode

surface, and subsequently causes the corona discharge phenomenon.

Since the intensity of the electric field created at sharp points is greater and

stronger than that created at blunt bodies, the voltage required to cause corona

discharge at the corona electrode is lower compared to that of the collector

electrode. This fact can be explained by the basic formula of the electric field

intensity ( ) of a sphere, given by Gauss’s law:

(2.1)

where is the charge, is the radius of electrode curvature, and is permittivity

of free space (constant). This basic formula shows that the electric field intensity

increases as the radius decreases, and the electrode geometry has a significant effect

on the corona discharge generation.
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It is important to state that the space across the EHD electrodes is occupied by

both positive ions and electrons that exist in the air due to the background radiation,

which is mainly caused by the radioactive elements and cosmic rays. The existence

of these electrons is active to create an initial concentration required for the

ionization process and corona discharge [91].

2.2 Basic EHD Flow Principle

The operation of EHD flow induced by positive corona discharge, where a

high voltage is applied between corona and collector electrodes, and the resultant

ionic wind flow is shown in Figure 2.1. In general, when a sufficiently high voltage

of a certain polarity is applied to a sharp edge of corona electrode, an electrical field

is created and continues to increase until it exceeds the breakdown strength of the

air. At this level, the particles of opposite charge are attracted and connected to the

corona electrode, creating a conductive region around it. Due to the strong electric

field and the increase in the conductive region, the absorbed charges are accelerated

and lead to more liberation and ejection of charges from neutral particles. This

operation is called the ionization phenomenon and occurs in a region called the

ionization zone.

The rest of the charged particles are then attracted to the collector electrode,

which has the opposite polarity of the corona electrode. During their motion, the

charged ions collide with neutral air molecules and transfer a part of their

momentum and energy to them, resulting in a bulk air movement towards the

collector electrode called the ionic wind. When the ionized molecules reach the

collector electrode, they return to be neutralized again. The space where the air

molecules are propelled from the ionization layer into the collector electrode is

called the drifting zone.

Both positive and negative corona can be generated depending on the voltage

polarity applied at the corona electrode. Thus, positive corona can be generated by

applying a high positive DC voltage at the high curvature emitting electrode, while

the collector is grounded. Similarly, but conversely, when a corona electrode is

subjected to a high negative DC voltage while the anode electrode is adopted as a
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collector, a negative corona discharge is operated. Corona discharge can also be

created by an AC sinusoidal or pulsed potential.

Figure 2.1 Schematic of positive corona discharge and the ionic wind induced by the movement of
positive ions towards the collector electrode [8].

2.3 The Corona Discharge Process

2.3.1 Positive corona discharge

The positive corona discharge phenomenon and the related ionization process

have been well understood and described in the literature [39, 92-96], and is

illustrated in Figure 2.2. The process of positive corona discharge occurs when a

high positive electric potential is applied to the corona electrode, while the collecting

electrode is grounded, creating a gradient electric field across them. When this

voltage increases and exceeds a certain value called corona inception (or onset)

voltage (CIV), which is the high enough voltage required to create the electric field

needed to ionize the air molecules, the corona discharge phenomenon begins to take

effect. Below the CIV value, no discharge occurs and no current can be detected

between the two electrodes.
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Figure 2.2 The process of positive corona discharge [96].

The created electric field must exceed the dielectric strength or the breakdown

strength of the air in order to initiate a corona discharge. The dielectric strength of a

material (expressed in V/m), is the level of electric field that the material can

withstand before becoming electrically conductive. Thus, when the applied potential

increases and exceeds the CIV, the electric field strength necessary for producing

corona discharge is created. At this level, a space charge is formed due to the

positive ions, and a low discharge current is created and flows across the drifting

zone of the electrode space. The ion current then increases proportionally and

exponentially with the electric field (or the applied voltage), following Ohm’s law

regime, as shown in Figure 2.3.

Thus, when the electric field intensity increases beyond this level, the free

electrons that naturally exist in the air in the close vicinity are accelerated towards

the corona electrode, and the bound electrons in the atomic orbitals of air molecules

are liberated. These electrons and the resulting positive ions are then accelerated by

Coulomb forces with enough kinetic energy to release more electrons from neutral

air molecules during collisions. Due to a further increase in voltage, the velocity of

charged molecules (positive ions) increases through their free path, leading to more

collisions with the neutral molecules and greater production of new ions. As a result,
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the ion current suddenly and rapidly increases with a high current density, reaching

the breakdown voltage region across the electrode separation gap, where the

electrical arcing and a spark-over occur.

Figure 2.3 Corona current-voltage relationship.

The newly released electrons, in turn, lead to further breakdown, forming an

electrically conductive region in a process called avalanche breakdown or the

electron avalanche. This zone, where the conductive region is created and the

electron avalanche occurs, is called the ionization (corona plasma) region. In

addition, positive ions and free electrons are also produced due to the photo-

ionization process when the photons eject electrons from air molecules.

It is important to mention that the ionization region ideally contains free

electrons and positive ions, and is surrounded by a distinct layer called the ionization

boundary (or surface), which is a complex interface where there is a delicate balance

of repulsion and attraction processes caused by the Coulomb forces. In order to

simplify the analysis in the ionization layer, Kaptsov’s assumption [97] can be

applied, which assumes that the electric field strength at the boundary between the

ionization and drifting zones is constant, as will be explained in detail in Chapter 3.

Free electrons may recombine with positive ions, or form negative ions when

they attach to electronegative air molecules, such as O2. Both recombination and
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electron attachment cause a reduction in the net ionization rate. However, due to the

high energy of electrons that are close to the corona electrode, the net ionization is

sustained there, but the processes of attachment and recombination dominate as the

distance from the corona electrode surface increases, leading to a decrease in the net

ionization rate. At the boundary of the ionization and plasma regions, both processes

of attachment and recombination, and the rate of ionization become equal and in a

balanced act.

During the process, free electrons and the produced negative ions are attracted

towards the corona electrode, creating a secondary plasma (corona ionization), and

leading to production of more positive ions. These positive ions are then repelled by

the positive high voltage of the corona electrode and flow towards the negative

collector electrode under the effect of Coulomb forces. During their path through the

drifting region, which ideally consists of only positive ions and neutral air

molecules, the unipolar ions transfer and exchange their momentum into neutral air

molecules due to collisions between them, transforming the electric energy to the

kinetic energy, and creating a bulk air flow (ionic wind). The ionization process

cannot occur at the negative collector electrode due to its large tip curvature and the

inefficient electric field intensity near it.

2.3.2 Negative corona discharge

As for positive corona, the ionization process for a DC negative corona has

been well described [93, 96, 98-101] and can be shown in Figure 2.4. Generally,

when a high negative potential is applied to the corona electrode and exceeds the

corona onset, a high electric field is created and leads to a negative corona

discharge. As in the positive corona case, the electron avalanche process is initiated

due to the naturally occurring electrons in the air. However, unlike the positive

corona process, photo-emission from the corona electrode surface has the primary

responsibility to produce the secondary electrons in negative corona [101], and this

production depends on the negative electrode material, indicating that the effect of

material selection on negative corona discharge is higher compared to that for

positive coronas [102]. The positive ions are then attracted towards the highly

negative corona, creating a positive sheath of ions surrounding the corona electrode,

where the ionization process occurs.
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Figure 2.4 The process of negative corona discharge [96].

In the ionization region, the process of recombination and attachment of free

electrons is lower than the production rate of free electrons due to electron collisions

with air molecules. However, the rate of recombination and attachment of free

electrons increases with increasing distance from the corona electrode, and be equal

or greater than the ionization rate, forming the ionization layer. Due to the ionization

process, free electrons are then repelled away from the negative corona by the

repulsive force effect, and leave the ionization zone towards the positive collector.

Unlike positive corona, the free electrons bombard the neutral air molecules at

the ionization region layer, creating certain chemical reactions and extending the

plasma boundary outside the ionization region layer, where the chemical reactions

occur. Due to this larger ionization region, the tendency of negative corona to

produce ozone is higher than the positive one [96]. Ultimately, when the electrons

are accelerated and moved towards the grounded collector, they collide with the

neutral air molecules and transfer momentum, creating the ionic wind.
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2.4 Characteristics of Positive and Negative Discharges

The main difference between positive and negative coronas is that the

electrons travel in opposite directions. However, the mechanism of each type

includes significant differences in their characteristics. Indeed, the selection of the

suitable polarity for inducing corona wind mainly depends on the design and

application of EHD devices. The main characteristics of both polarities can be

summarized as follows:

2.4.1 Power consumption

In general, it was reported that ionic wind induced by positive polarity

consumes less power at a given applied voltage and electrode gap, and has higher

energy conversion efficiency than the negative corona wind [103-105].

2.4.2 Joule heating effects

Generally, negative corona generates less Joule heating than the positive

polarity [103]. However, at higher applied voltages, Joule heating effects are

significantly prone to occur in applications of negative corona compared to a

positive one [38, 39]. Moreover, positive corona offers better cooling performance

due to its low plasma temperature, and relatively low temperatures of ions and

neutral molecules, compared to a negative one [106].

2.4.3 Corona inception voltage (CIV)

Compared to a positive corona, negative corona discharge requires lower

voltage to be initiated due to the higher mobility of attracted positive ions that move

towards the negative corona electrode, resulting in higher electric fields, greater

emission current and lower onset voltages [107]. In addition, negative corona has a

higher air gap breakdown voltage than a positive one at a given electrode gap [108].
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2.4.4 Conversion efficiency and flow velocity

Under the same operating conditions, positive corona has better energy

conversion efficiency [104, 105] and can generate a higher ionic wind velocity (or

higher stream velocity) than the negative corona [109, 110]. This characteristic is

attributed to the generated streamers of high energy ions as well as the nature of the

positive discharge process, which includes large positive ions drifted by charge

carriers with higher delivered energy [39], leading to a greater number of neutral

molecules pushed towards the collector electrode.

2.4.5 Ozone production

Both coronas are efficient at producing ozone in air. However, experiments

indicated that ozone production caused by negative coronas is higher than that by

positive coronas under the same discharge conditions [32, 34, 111, 112]. This is due

to the greater number of electrons in negative coronas, and also because of the low-

energy of the reactions that produce ozone in positive coronas.

2.4.6 The external influences

In the case of negative corona, both the gas medium and the corona electrode

material are important. In order to avoid a spark (like lightning), which may occurs

instead of corona discharge, a medium that contains gases with high affinity for

electrons such as oxygen, water vapour and carbon dioxide, is needed. Therefore, in

pure gases of very low affinity for electrons such as nitrogen, hydrogen, and helium,

no negative corona can occur [96]. In addition, electrode material also can affect

creating negative corona discharge due to the nature of electron production from the

surface of a negative corona electrode [102]. Moreover, the mobility of ions in a

negative corona can be more affected by temperature, which causes a significant

decrease in the ion current compared to a positive corona [113].
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2.5 State of the Art

The ionic (corona) wind is not a new phenomenon and it was first noticed in

the early 1700s by Francis Hauksbee [114] and Sir Isaac Newton [115], who (the

latter) first named the phenomenon with electric wind. In the 1800s, other scientists

such as Michael Faraday [116] and Maxwell [117] made and reported significant

progress about the electric wind phenomenon and its effects.

In the mid twentieth century, the basic theory of EHD pumps was developed,

and the mechanism of gas movement under the effect of corona discharge was

investigated by Stuetzer (1959) [118], who studied ion conduction in both liquids

and gases, and Robinson (1961) [119]. The latter showed experimentally that the

average velocity of corona wind changes almost linearly with the applied voltage

and is proportional to the square root of the ion current.

Two decades later, Yabe et al. [120] presented a significant advancement in

their experimental and theoretical investigation and analysis of corona discharge

flow induced in an enclosed dried nitrogen chamber by a 40µm-diameter corona

wire anode placed under a collecting horizontal plate. Their experimental results

clarified that the positive ions predominate over electrons in the space between

electrodes except in the vicinity of the wire electrode. The electric potential

distribution in the space and the distributions of current density and pressure on the

grounded plate were numerically calculated and revealed good agreement with the

measured experimental data. The authors were able to model the stream function and

found that the fluid field has a circulating flow inside the chamber.

The first investigation on the use of ionic wind for convective heat transfer

was presented in 1963 by Marco and Velkoff [121]. The use of electric field and

ionic wind as a secondary flow to disrupt the thermal boundary layer and enhance

heat transfer has been widely studied after the first investigation conducted by

Velkoff in the early 1960’s [122]. However, it is only in the last decade or so that

the EHD pumps have received an increasing attention as a potential alternative to

mechanical cooling systems in microelectronics and thermal management

applications.
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Regarding the influence of environmental factors, a number of studies have

investigated the effect of the ambient conditions on the characteristics of discharge

processes such as air humidity and pressure [42, 123-125], whereas others focused

on studying ozone generation as a normal by-product of corona discharge [31-33,

126].

A literature review reveals that the EHD technique has been widely examined

in the heat transfer field either as a primary flow (purely) or in the presence of

external flow for boundary layer modification, using different configurations such as

point-to-plane or wire-to-plane electrodes. In this direction, a number of review

studies were presented for the use of EHD flow based on heat transfer enhancement

[127-130] and thermal management considerations [8] or for general applications

[131]. The present review of the thesis focuses on the experimental and numerical

studies reported for the investigation of EHD driven airflow in convective heat

transfer, including those conducted to maximise and develop corona wind

generation and conversion efficiency, or established for thermal management

applications. A concise review over the modelling of corona discharge and EHD

flow is presented later in this chapter.

2.5.1 EHD pumps based flow generation

One of the first studies to examine the possibility of employing electrostatic

blowers for practical use were reported in the early 1960’s by Stuetzer [132] and

Robinson [119]. Both researchers used a needle-to-ring electrode configuration to

generate electric wind in a tube and presented similar conclusions. Using air as a

fluid medium and under negative potential, Robinson experimentally and

theoretically investigated the main characteristics of electric wind, including the

relationships between wind velocity and both voltage and current, the energy

conversion efficiency, the effects of discharge polarity and fluid density, and the

resulting ozone generation. The author concluded that despite the low conversion

efficiency (less than 1%) achieved in his geometric design, he explicitly mentioned

that electrostatic blowers have attractive advantages over conventional mechanical

fans with silent operation, no vibrations, no gyroscopic or rotational effects, no

lubrication requirements, and easy installation or replacement of parts. He also
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recommended that more research on improving conversion efficiency of EHD

pumps is required.

Although there were several attempts to develop corona wind generators, most

investigations have been conducted only in the early 2000s. Rickard et al. [45]

experimentally studied the outlet velocity profile of ionic wind induced in a tube by

a needle-to-ring electrode configuration for a range of negative corona voltage (up to

–11 kV), as shown in Figure 2.5. Both the grounded ring diameter and electrode gap

were fixed at 9.27 and 9.5 mm, respectively. A converging nozzle was placed

downstream of the EHD pump to control the exit-to-inlet area ratios and investigate

its effect on wind velocity. Measured results of velocity profiles using Particle

Image Velocimetry (PIV) revealed a velocity deficit at the centre of the generated

flow for higher voltages due to the radial component of the charged ions, which

enhances the axial flow at stronger electric field intensity. Results also demonstrated

that the produced velocity was limited to around 2.4 m/s, regardless of the exit-to-

inlet area ratio, and the nozzle had a slight influence on accelerating the induced

flow and the ionic wind was unable to overcome pressure restrictions caused by

converging channels.

Figure 2.5 Cross-section sketch of a single-stage ionic wind generator of a needle-to-ring
configuration inside a converging exit circular tube [45].

This study was extended and developed later by the same authors [41] using

their previous EHD electrode configuration in a cascading design of up to seven

stages placed in a tube of a converging exit nozzle, as illustrated in Figure 2.6. They

showed that the exit nozzle provided considerable improvement in the generated

wind velocity over that without a nozzle due to the improved driving pressure using



- 39 -

the staging design. Although both pressure and flow rate significantly increased with

the number of operated stages with up to 38 Pa and 85 l/min, respectively, using the

EHD pump with a nozzle, the conversion efficiency was extremely low (just 0.1%)

due to the high power consumption.

Figure 2.6 Cross-section sketch of a multi-stage EHD flow generator of a needle-to-ring
configuration inside a converging exit circular tube [41].

Qiu et al. [133] presented an experimental and theoretical study of the velocity

characteristics of corona wind generated in a tube by multi-stages cascading EHD

pump. The effect of the collector geometry on corona wind induced by five stages of

either needle array-to-ring or needle array-to-mesh electrodes (shown in Figure 2.7)

was examined for ranges of electrode gaps and negative applied voltages. Results

showed that the mesh collector geometry was more efficient and can induce higher

wind velocity than a ring, resulting in a maximum average flow velocity up to 7.39

m/s and a volumetric flow rate of 140 l/min, with a conversion efficiency of 0.8%.

Figure 2.7 Schematic diagram of a multi-stage EHD flow pump of a needle-to-mesh/ring electrode
configuration inside a circular pipe used in [133].
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In another work, Moon et al. [105] examined the effect of using a wet porous

point as a corona electrode on ionic wind velocity and the efficiency of flow

generation induced by DC (positive and negative polarities) and AC corona

discharges in a ducted needle-to-mesh EHD pump. Significant improvement in ionic

wind generation was achieved using a wet porous corona electrode for all types of

corona discharges compared to those of metal electrode. The maximum average

wind velocity and the corresponding efficiency of flow generation were enhanced by

1.95 (1.23), 1.31 (1.24), and 1.30 (1.15) times for the positive, negative, and AC

corona discharges, respectively, compared to those obtained using the same EHD

pump design and polarity with non-porous electrode. Results revealed that positive

corona discharge was the most efficient among other polarities in both cases, and the

considerable enhancement with 95% in the wind velocity using wet porous electrode

was due to its finest water particles induced with positive discharge compared to

others.

Moreau and Touchard [104] presented a comprehensive experimental study to

enhance the mechanical efficiency of corona wind induced by a needle emitter

through a tube, as shown in Figure 2.9. The investigation considered the effect of

voltage polarity, collecting electrode geometry (grid or ring configurations),

grounded grid density as well as electrode gap ( 5 – 20 mm) and tube diameter

( 10 – 30 mm). It was found generally that a positive corona generates higher

ionic wind velocity due to the presence of streamers in front of the needle compared

to the negative one. Results of design optimization showed that the efficient

electrode gap mainly depends on the tube diameter, and the best flow velocities were

achieved within the ratio range of 0.5 0.75. Results of the influence of

collector geometry demonstrated that the grid was more efficient than the ring, and

the grid density has an important influence on ionic wind generation. The optimal

configuration was able to generate a maximum wind velocity and a flow rate up to 8

m/s and 0.4 l/s, respectively, with a conversion efficiency of 1.72%.
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Figure 2.9 Schematic diagram of the needle-to-mesh/ring EHD air pump used in [104].

An experimental investigation was presented by June et al. [136] to determine

the actual efficiency of EHD air movers and make fair comparisons against

mechanical blowers. The ionic wind was generated between five emitter needles in

coaxial arrangement and a cylindrical collector electrode, considering the effect of

potential polarity (positive or negative), electrode gap and collector length.

According to the literature, the authors noted that the efficiency of EHD devices,

which is typically defined as the percentage between mechanical and electrical

powers, has always revealed extremely low values (mostly less than 1 percent),

compared to that of rotary blowers. They suggested that the efficiency of EHD

devices has to be calculated based on static pressure instead of the dynamic pressure

(related to the mechanical power term), following the same calculation method used

for rotary blowers. Therefore, the method that has been used and presented in the

literature to determine the efficiency of EHD devices is valid only for open space

flow, where flow is unrestricted. Based on this method, results showed that the EHD

static efficiency was highly sensitive to the considered parameters, and the peak

values were recorded using positive polarity with 14 mm collector length and

electrode gap, where r is cylindrical collector radius. It was found that, at a given

electrode gap and collector length, static efficiency achieved using positive corona

was significantly higher (with 14%) than that of the negative ones (only 2%).
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electrode configurations, the new proposed design was able to enhance the

maximum flow velocity and the thrust force per unit length over the wire-plates

EHD pump by 25% (from 8 to 10 m/s) and 46% (from 0.24 to 0.35 N/m),

respectively, with an increase in the power consumption by 20%. Significant

improvements were achieved using the wire-cylinder-plate configuration with up to

three times in the ionic wind velocity and an order of magnitude in the thrust over

those obtained by a simple wire-to-wire corona configuration.

Figure 2.11 Cross-section of the wire-cylinder-plane EHD pump configuration used in [138].

A summary of the studies reviewed in this section for purely EHD flow

generation is listed in Table 2.1 below.
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2.5.2 Research on EHD Flow based Heat Transfer

2.5.2.1 EHD flow for forced convection heat transfer

This section reviews the experimental studies that investigated corona wind

for forced convection heat transfer without an external bulk flow, using different

macro-scale electrode configurations in open or confined flow spaces.

In their seminal study conducted in 1963, Marco and Velkoff [121] were the

pioneer to present the first investigation of using the corona wind in heat transfer

enhancement. They used a wire electrode to generate impinging corona wind and

cool a grounded and heated horizontal plate under the free convection. Results

showed that the enhancement in the average heat transfer coefficient due to corona

wind was six times higher than due to natural convection. Furthermore, they showed

that heat transfer was proportional to the ¼ power of current.

Yabe et al. [139] included, in their extended study, a theoretical and

experimental investigation on heat transfer augmentation by the corona wind

mechanism using a wire corona anode and a downward-facing plate cathode heated

under a constant temperature. The experiments were carried out using different

arrangements of multi-wire electrodes to confirm theoretical predictions of heat

transfer improvement. They verified their findings and found that the numerical and

experimental results, based on local heat transfer coefficients, were consistent in the

stagnation region of corona wind jet.

Franke et al. [40] presented an experimental study to investigate the effect of

corona wind on heat transfer enhancement from a heated and grounded horizontal

cylinder. The experiments were conducted to examine the efficiency of two types of

positively charged emitters: single wire of diameter (either 0.1 or 0.32 mm) and

multipoint (needles of 0.1 mm diameter) electrodes, on the heat transfer rates

compared to free convection conditions. Each emitter type was separately placed

under the grounded cylinder at electrode gaps between 6.4 and 31.8 mm, such that

the air jet induced by corona wind was directed towards the lower surface of the

cylinder, as shown in Figure 2.12. Results showed that the heat transfer rates were

increased by a factor of six over free convection due to corona wind. At a given

current or power level, results revealed that the increase in heat transfer rate using a

multipoint emitter arrangement was higher than that achieved with a single corona
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wire. It was noticed that the onset voltage required for the ion current to flow

between electrodes decreases when the electrode gap and/or the wire diameter are

reduced. Additionally, the results demonstrated that the heat transfer rate varied with

the ion current, and the corona wind velocity increases with the square root of

emitter current, showing agreement with previous reported results. At a given

velocity, the heat transfer rates due to corona wind showed approximately similar

results to those achieved due to a jet of air generated from a wedged-shaped plenum,

indicating that the corona wind cooling is similar to that of an impinging air jet.

Figure 2.12 Electrode arrangements of the wire-to-cylinder EHD pump adopted in [40].

An experimental study was conducted by Owsenek et al. [103] to investigate

heat transfer enhancement over free convection using corona wind generated by a

needle-to-plate electrode configuration. The effect of electrode gap and corona

polarity on the heat transfer coefficient was investigated for a range of applied

potential. Results revealed that the local heat transfer coefficients were up to 65

W/m2K, showing an enhancement of more than 25 times over natural convection.

Results also showed that although negative corona consumes higher power but has

less Joule heating generation compared to positive corona, the difference in heat

transfer coefficient due to their ionic winds is small, revealing that positive corona

wind was more efficient.



- 48 -

Two years later, Owsenek and Seyed-Yagoobi [140] experimentally and

numerically examined the heat transfer enhancement from a grounded and heated

horizontal surface using a jet impingement EHD airflow generated by single or

multiple wire electrodes suspended above the heat exchange surface. An infrared

camera system was used to obtain an accurate distribution of local heat transfer

coefficients on the heated and impingement surface. Based on a given applied power

per wire electrode, results revealed that each wire electrode in the multiple wires

array led to smaller heat transfer enhancements over free convection compared to

that achieved by a single wire configuration. This was due to the recirculation zones

created between corona wires in the multiple wires arrangement, which led to

increased temperatures and reduced heat transfer. Compared to results presented in

previous work with a needle electrode, the authors stated that the relative lower heat

transfer enhancements achieved using a wire electrode were due to the upward force

created above the wire surface.

An experimental study was presented by Yue et al. [108] to investigate the

effect of ionic wind induced by a needle electrode using different types of corona

discharge (DC positive, DC negative, and AC) on heat transfer enhancement from a

grounded and heated vertical plate over free convection conditions. Wide ranges of

applied potential were used for AC (0 to 50 kV) and DC (0 to 80 kV) corona

discharges, while the electrode gap was varied from 10 to 40 mm. At a given

electrode gap, results showed that the highest heat transfer enhancements over free

convection achieved by AC, positive, and negative discharges, before breakdown

happens, were 6.74 (at 13 kV), 8.08 (at 18 kV), and 12.40 (at 35 kV), respectively.

The highest enhancement obtained with negative corona discharge was due to its

higher air gap breakdown voltage. It was found that the discharge intensity, which is

mainly improved by electrode gap and discharge voltage, has a significant impact on

heat transfer rates, and the heat transfer coefficients significantly increased with

decreasing the diameter of the tip curvature electrode (examined only for a

negatively charged needle). A small effect on heat transfer rates was observed using

the different discharge types under the same operating conditions. The study

concluded that the ionic wind induced by negative corona DC voltage is more

effective in increasing the heat transfer rates at a given electrode gap when the high

level of operating voltage is not a constraint.
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2.5.2.2 EHD flow for boundary layer modification

The use of EHD pumps as secondary flow generators in the presence of a

primary bulk flow represents the majority of studies reported for heat transfer

enhancements, where the ionic wind plays a significant role in mixing airflows and

disrupting the thermal boundary layer. One of the earliest investigations into heat

transfer enhancement using EHD driven flow for boundary layer modification was

conducted by Velkoff in 1962 [122]. Over three decades later, significant research

into employing EHD flow for heat transfer enhancement was carried out, showing

considerable enhancements in the heat transfer coefficients in a range of 250 – 320%

[141-145]. Moreover, EHD discharge was shown to modify the velocity profile

significantly within the viscous boundary layer of the external bulk flow on a flat

plate for different velocities up to 25 m/s [146-148]. Among numerous experimental

studies into thermal boundary layer modification, a brief review of the recent

research is presented below.

An experimental and numerical study was performed by Shooshtari et al.

[149] to investigate the effect of corona wind on heat transfer enhancement in a

small laminar airflow duct. A square channel with a hydraulic diameter and length

of 9.85 and 450 mm, respectively, was designed and heated under a uniform heat

flux condition, as shown in Figure 2.13. A positively charged thin wire electrode of

0.065 mm-diameter was placed very close to the bottom side along the channel

while the upper internal surface of the channel was grounded as a collector

electrode. With an EHD power of 1.13 W, heat transfer enhancements of more than

200% were achieved, showing a considerable impact of corona discharge as a

secondary flow generator on heat transfer enhancement. The study concluded that

EHD flow is a promising technique to be adopted in compact heat exchangers or for

improved cooling of high powered small-scale applications.
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Figure 2.13 Position of emitter wire and collector surface inside a square channel EHD pump used in
[149]. Dimensions in millimetres.

Ohadi et al. [150] experimentally investigated the effect of corona discharge

induced by a wire electrode on forced convection heat transfer in a grounded and

heated tube (inner diameter of 3.2 cm), as shown in Figure 2.14. The study

considered three parameters; airflow regime (from laminar to fully turbulent

conditions), applied potential, and the number of corona electrode; a single co-axial

wire or two wires symmetrically positioned at 4 mm from the tube centre axis (each

with a diameter of 0.25 mm). It was found that higher enhancements were generally

achieved using the configuration of two wires at a constant operating power except

for the case of fully laminar flow at high applied potentials, where the single

electrode showed greater enhancements. For fully turbulent flows, the effect of

corona wind on heat transfer enhancement increased with increasing applied

potentials at given Reynolds numbers. However, it was observed that the levels of

enhancements decrease with increasing Reynolds numbers at a given potential,

leading to no effect of corona discharge with further increase in flow velocity, where

the turbulent flow regime dominates. The maximum heat transfer enhancements

recorded using the single and double-wire electrodes over those without ionic wind

were at Reynolds numbers close to the transitional values (= 2000 and 3000) with

215% and 260%, respectively.
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Figure 2.14 Schematic representation of the two electrode configurations and tube systems used in
[150]. Dimensions in millimetres.

Ionic wind was experimentally and numerically employed as a method of local

hot spot cooling in the presence of bulk airflow by Go et al. [26]. Positive corona

discharge was generated between an emitter wire electrode of 50 µm-diameter and a

collecting copper-tape placed on a heated plate imposed to a low-velocity laminar

flow in open space, as shown in Figure 2.15. The corona wire was strung and

elevated above the flat plate with a fixed height of 3.15 mm and placed 3.8 mm

upstream of the collecting surface, so that the corona wind was perpendicular to the

bulk flow direction. Multiphysics numerical simulations showed the ability of ionic

wind to distort a bulk flow boundary layer over the heated surface, confirming the

cooling trends of experimental results. Experimental results demonstrated that the

local heat transfer coefficient was more than doubled due to ionic wind.

Figure 2.15 Configuration of a flat plate exposed to a bulk flow and corona wind perpendicular to the
flow [26]. Dimensions in millimetres.
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This work was extended later by Go et al. [27] by considering the impact of

the horizontal electrode gap between corona wire and the edge of collecting surface

on heat transfer enhancement. Results showed that the corona current was inversely

proportional to the electrode gap at a given applied voltage. A linear relationship

between the applied voltage and the square root of the corona current was obtained,

confirming previous findings. Infrared images showed significant heat transfer

enhancements due to corona wind both upstream and downstream of the electrode

regions, reaching peak values under the position of corona wire. Compared to values

obtained due to only the bulk flow, local heat transfer coefficient was enhanced due

to the corona wind by more than 200%, for an operating power, gap spacing, bulk

flow velocity, and heater power of 67.6 mW, 2 mm, 0.28 m/s and 4 W, respectively.

Table 2.2 summarises all reviewed studies of using EHD flow as a primary

flow or in the presence of bulk flow for heat transfer applications.

Table 2.2 Summary of the reviewed research on EHD flow based heat transfer.

Author(s),
year

Electrode
configuration
& polarity

Flow field Flow
pattern

EHD flow
type

Remarks

Marco and
Velkoff
[121], 1963

Wire-to-plane,
(Positive)

Free space Impinging
airflow on a
horizontal
heated plate

Primary
EHD flow

The enhancement in the average heat
transfer coefficient was six times higher
than due to natural convection. The heat
transfer was proportional to the ¼ power
of current.

Yabe et al.
[139], 1978

Multi-wire-to-
plane, (Positive)

Open space
in (inside a
nitrogen
chamber)

Impinging
flow on a
horizontal
heated plate

Primary
EHD flow

An accurate verification was obtained
between the numerical and experimental
results of local heat transfer coefficients
in the stagnation region on the heated
plate.

Franke et
al. [40],
1991

Wire/
multipoint-to-
cylinder,
(Positive)

Free space Impinging
airflow on a
horizontal
heated
cylinder

Primary
EHD flow

The heat transfer rates were increased by
a factor of six over free convection due to
corona wind and the multipoint emitter
electrode was more effective than a single
corona wire. The heat transfer rates due to
EHD flow showed similar results to those
achieved due to a jet of air.

Owsenek et
al. [103],
1995

Needle-to-
plane,
(Positive and
negative)

Free space Impinging
airflow on a
horizontal
heated plate

Primary
EHD flow

The local heat transfer coefficients
achieved were up to 65 W/m2K, with an
enhancement of more than 25 times over
natural convection. Heat transfer due to a
positive corona wind was more efficient
than a negative one.

Owsenek
and Seyed-
Yagoobi
[140], 1997

single / multiple
wire-to-plane,
(Positive)

Free space Impinging
airflow on a
horizontal
heated plate

Primary
EHD flow

Using a single wire electrode led to higher
heat transfer than a multiple wires array
due to the recirculation zones created
between the wires. The upward force
created above the wire surface led to a
relative lower heat transfer enhancements
compared to that previously achieved
using a needle corona electrode.
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Author(s),
year

Electrode
configuration
& polarity

Flow field Flow
pattern

EHD flow
type Remarks

Yue et al.
[108], 2006

Needle-to-
plane,
(Positive,
negative & AC)

Free space Impinging
airflow on a
vertical
heated plate

Primary
EHD flow

The highest heat transfer enhancements
over free convection achieved by AC,
positive, and negative discharges were
6.74 (at 13 kV), 8.08 (at 18 kV), and
12.40 (at 35 kV), respectively, and
negative corona discharge was the most
efficient due to its higher air gap
breakdown voltage.

Shooshtari
et al. [149],
2003

Wire-to-plane
(corona wire
placed along a
duct), (Positive)

Confined
space

Airflow
inside a
square
channel

Mixed
flows

More than 200% heat transfer
enhancement was achieved due to the
secondary EHD flow.

Ohadi et al.
[150], 1991

Co-axial
electrode in
pipe, and two
wires in pipe,
(Positive)

Confined
space

Airflow
inside a
grounded
heated pipe

Mixed
flows (ionic
wind with
bulk flow)

The heat transfer enhancements decrease
with increasing Reynolds numbers, where
the turbulent flow regime due to the bulk
flow dominates. Up to 215% and 260%
heat transfer enhancements were achieved
using the single and double-wire
electrodes, respectively, due to the ionic
wind as a secondary flow compared to
case of using only a bulk flow.

Go et al.
[26], 2007
& [27],
2008

Wire-to-plane
(tape),
(Positive)

Free space Airflow on
a horizontal
heated plate

Mixed
flows

Compared to using only the bulk flow,
local heat transfer coefficient was
enhanced due to the secondary EHD flow
by more than 200%.

2.5.3 EHD pumps for thermal management applications

Due to the rapid technological advances and the associated limitations in

conventional cooling systems, research attention on the EHD technology has

increased, aiming to explore the possibilities of applying EHD air movers as

alternative cooling solution to mechanical fans in thermal management applications.

Over the last two decades, EHD pumps have been investigated widely based on

airflow production, cooling performance and physical size. One of the first studies to

explore the possibility of developing microfabricated EHD pumps was presented in

1990 by Bart et al. [151], who investigated the issues of applying EHD pumps in

micro-scale systems. Similar attempts in the same year were made by Richter and

Sandmaier [152] using a micro EHD pump with two opposed grid electrodes, each

with 30 µm thickness and 3×3 mm active area, and it was able to produce a

maximum flow rate of 14 ml/min at 800 V operating voltage, representing almost

three decades higher than that obtained with piezoelectric pumps available at that

time.

With the aim of investigating the cooling performance in portable platforms, a

free-standing EHD device was developed and experimentally examined with and
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Figure 2.16 Diagram of the EHD air pump developed in [23], showing the AFM-cantilever corona
electrode and a heated flat collecting electrode.

A recent study was conducted by Chen et al. [154] to employ the EHD driven

flow as a cooling system for a chip of light-emitting diodes (LED). Ionic wind was

generated using a needle electrode and different collector configurations: a point

(needle), a line (wire), and a grid electrode, under a range of applied potentials up to

–11 kV. Several parameters were considered, including the aligned angle of the

emitter electrode, voltage polarity, vertical and horizontal electrode gap, as well as

the collector geometry, to investigate their effect on the thermal resistance of an

LED die attached on a substrate downstream of the grounded electrode. Results

showed that the heat transfer performance obtained with negative polarity was

higher and resulted in lower thermal resistance with up to 50% reduction compared

to that of the positive one at the same operating voltage, due to the higher

breakdown voltage and the longer operation range of the negative polarity. Among

all tested collector configurations, the mesh electrode of coarse density offered the

best heat transfer performance based on thermal resistance.

Kalman and Sher [109] were the first to investigate experimentally the

optimization of an electrostatic blower and explore its potential use as a cooling

system for electronic components. The EHD device consisted of a wire electrode of

0.5 mm-diameter stretched between two collecting inclined wings located over a

heated horizontal plate, forming a longitudinal nozzle shape for the air stream, as

illustrated in Figure 2.17. The design parameters of the EHD device, including the

discharge polarity, the wing gap, the vertical electrode gap and the wing inclination
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angle, were optimized in the first stage of the experiments based on the highest

airflow production, while the second stage included the heat transfer experiments

using the optimized configuration. Confirming previous observations [140], it was

found that a positive corona discharge was more effective at converting electrical

power into mechanical energy than a negative one. Results showed that the

optimized EHD blower could enhance the heat transfer coefficient by more than a

factor of two compared to free convection.

Figure 2.17 Schematic layout of the EHD air blower used in [109].

This study was extended later by Rashkovan et al. [155] by reducing the

emitter wire diameter to 0.2 mm in order to enhance the electric field strength,

aiming to develop the EHD air blower and improve its performance. Based on the

highest heat transfer coefficient achieved, the optimum configuration was obtained

by using a corona wire located between two parallel collecting wings, where the

wire is collinear with the adjacent ends of the collecting plate wings, creating an

angle of 55.5o with their far ends. The new optimized design was able to produce

heat transfer coefficients up to 3 times higher than with free convection, resulting in

a 50% increase in heat transfer over that obtained by the EHD blower presented in
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the previous study. However, no information regarding the conversion efficiency

values or the EHD operating power was included in both studies.

Chang et al. [156, 157] experimentally investigated the EHD driven flow

through narrow channels using a wire-to-plate EHD pump proposed as a cooling

system for advanced thermal management of microelectronics. The ionic wind was

induced inside a converging tube with a 5 mm exit diameter using a corona wire

placed between two non-parallel and grounded plates. The effect of using partially

covered corona wire on the flow characteristics was examined for a range of positive

applied voltages. Results showed that using a wire with an insulating cover was

more efficient and had a significant influence on the flow characteristics with higher

flow production and lower operating power compared to the case without insulation

at a given operating voltage. For example, at 8 kV applied potential, the average

outlet velocity was improved by 175% and the power was reduced by 65%,

compared to the case without a covered wire. The maximum mean velocity of the

corona wind achieved at the tube outlet was 1.7 m/s using an operating power and

voltage of 0.8 W and 8.4 kV, respectively, representing approximately a threefold

improvement in the maximum flow rate over the case without a covered wire.

Indeed, using an insulating cover on the half of corona wire opposite to the upstream

region forces the electric field lines and charged ions to concentrate on collecting

surfaces downstream of the corona wire, enhancing the induced airflow towards the

outlet direction. However, the maximum flow rate was only 2 l/min, indicating that

the outlet average wind velocity of the EHD pump may considerably degrade over

larger exit diameters.

Tsubone et al. [158] presented an experimental study to explore the benefits of

design optimization of EHD air pumps for electronics cooling. Using a positive

potential polarity, a design based on a partially covered wire to parallel plates

channel was developed, as shown in Figure 2.18, to investigate the effect of channel

width, the number of emitter wire electrodes and the distance between the emitter

wires on both the ionic wind velocity and corona current. Results demonstrated

ample scope for design optimization; with a maximum average air velocity and a

corresponding flow rate of 3.2 m/s and 7.4 l/min, respectively. It was found that
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increasing the number of corona wires led to higher wind velocities and better

conversion efficiency.

Figure 2.18 Ducted EHD blower of multi-wires-to-plane electrode configuration used in [158].

With the aim of developing a cooling system for fan-free high power

generation applications, Huang et al. [107] presented an experimental study to

enhance natural convection heat transfer using an EHD pump integrated within a

heat sink. A framework of needle-arrayed electrodes was constructed over a heated

and grounded plate-fin heat sink, such that the vertical electrode gap can be changed

in a range of 10 – 55 mm. Four arrays of corona needles were utilized with 4, 6, 18,

and 60 needle electrodes (0.7 mm in diameter), and operated using positive and

negative DC voltages in a range of 0 – 18 kV. Results revealed that the heat transfer

rate increased by 3 – 5 times compared to free convection, and the array of 6 needle

electrodes offered the best cooling performance. Low levels of enhancement were

also observed for small electrode gaps, which were attributed to the passive effect of

Joule heating and inefficient entrainment of air, causing re-circulating of heated air

through fin channels.

An operable integrated EHD pump with a thickness less than 2.0 mm shown in

Figure 2.19 was proposed by Schlitz and Singhal [159] for cooling heat sinks of low

power chips. Using positive corona voltage, multi-stages of parallel emitter wires

were stretched and placed over semi-cylindrical grooves made at the top of
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grounded heat sink plate-fins, so that the wires and the fins were in a cross

arrangement. They studied four electrode arrangements based on the number of

corona wires and fin density with an electrode gap up to 1.5 mm. Results

demonstrated that the optimal EHD cooling system was able to induce ionic wind

with a maximum inlet velocity of 1.6 m/s and a pressure head up to 23 Pa using less

than 3 kV operating voltage, showing promising airflow performance for cooling a

20 W chip. No more information was provided relating to the thermal performance

except an estimated comparison based on experimental results against a rotary-fan

system, which revealed that, at a pressure drop of 7.3 Pa and a constant temperature

difference of 40 K between the heat sink and the ambient, the EHD system was

compatible with a laptop cooling system based on size, power consumption and

weight, with approximately 40% reduction in each characteristic.

Figure 2.19 Prototype design of the integrated EHD air blower with micro-scale heat sink presented
in [159].

Very recently, an integrated corona wind generator with heat sink shown in

Figure 2.20 was experimentally and numerically developed by Shin et al. [160] as a

cooling system for LED applications. First, an experimental test was conducted to

verify the numerical simulation method using a wire of 0.2mm-diameter stretched

between two grounded parallel plates (each with 10 × 20 mm active area and

separated by 20 mm air gap) and located over a heated horizontal surface. Based on

accurate validation results, the location of the corona wire electrode was optimized
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at a given applied voltage and found to be collinear with the adjacent ends of the

plate electrodes. The experimental tests were developed for the prototype using a

heat sink (with 30 × 30 mm base area and 30 mm height), of 10 plate fins; four of

them were extended in height by 20 mm and acted as the collector electrodes. An

array of three parallel corona wires was placed at the optimal locations between the

grounded plate-fins, so that the emitter wires were parallel to the fin channels. The

optimized prototype demonstrated that with a generated wind velocity up to 1.5 m/s,

a cooling performance enhancement of 150% was achieved over the natural

convection, using the same geometry.

Figure 2.20 Prototype geometry of EHD air blower integrated with plate-fin heat sink used in [160] .

The first practical and successful integration of an EHD air pump into a real-

world microelectronic application was performed by Jewell-Larsen et al. in 2009

[25], by replacing a conventional fan of a high performance laptop by a retrofitted

EHD cooling system. Although the authors included a coupled physics EHD

simulation model for the electrode configuration shown in Figure 2.21, no

information regarding the geometric dimensions or detailed results was disclosed in

their paper, which was followed by a number of related patents [161-163]. In the

first generation of the work, two stock rotary centrifugal fans (65 mm diameter) of a

consumer laptop of 60 W TDP (Thermal Design Power) were replaced with two
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EHD blowers, each with a positively charged wire electrode and two parallel plates

with a rounded leading edge acting as the collectors and electronic chip heat sink.

Within a space of approximately 26 cm2 by 1 cm tall cavity, a three-stage EHD

device was installed to maximize airflow within the system and minimize the

operating power. Comparisons against a stock mechanical fan in terms of CPU,

GPU and skin temperatures were presented and showed promising cooling

performance of the EHD system. To achieve the required cooling capacity from the

EHD blowers of the retrofitted laptop, the second generation of the test system was

installed by removing the existing fan footprint, spreader, heat sink, and heat pipe

from the laptop. The results illustrated that, at the same airflow rate and temperature

drop, the airflow generated by the modified EHD blower was able to remove up to

38% more heat than a conventional rotary fan. Results demonstrated that the

coefficient of performance (COP) gained by the improved EHD cooling system was

higher with a factor of 47 compared to a factor of 25 by the rotary fan, at the same

cooling power of 33 W. Furthermore, the overall volume of the EHD cooling system

was reduced by approximately 50% less than that of the stock fan with a thickness

of less than 6 mm. The authors stated that the un-optimized design of the EHD

blower exhibited a promising cooling performance with lower installation size and

acoustic levels, compared to the traditional fan, and further modification and

development are required.

Figure 2.21 Electrode configuration of a wire-to-plane EHD cooling system developed to cool a
laptop in [25]. Dimensions are not available.
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As part of their work performed to develop and optimize EHD blowers for

practical implementation, significant research over the airflow performance scaling

laws for EHD air movers was first presented by Jewell-Larsen et al. [164].

Experimental and numerical investigations were conducted using a wire-to-plane

electrode configuration operated with a positive voltage in thin ducts of thicknesses

in a range from 2 to 6 mm. It was successfully proved that EHD air blower can be

considered as an ideal pressure source with negligible flow resistance within the

duct. The authors were the pioneers to present EHD scaling laws to predict both

flow rate and static pressure generated by a wire-to-plane EHD blower based on

channel width, thickness, and operating power.

Table 2.3 summarises the reviewed studies that employed EHD flow in micro-

or meso-scale geometries for convective heat transfer in thermal management

applications.

Table 2.3 Summary of the reviewed research on EHD flow for thermal management applications.

Author(s),
year

Electrode
geometry Polarity Device design Remarks

Richter and
Sandmaier
[152],
1990

Grid-to-
grid

Positive
(up to
800 V)

Microfabricated EHD pump of two
opposed grids, each with 30 µm
thickness and 3 × 3 mm active area.

The micro EHD pump was able to
produce a maximum flow rate of 14
ml/ at 800 V operating voltage.

Go et al.
[153],
2008

Wire-to-
plane

Positive,
(up to
2.05 kV)

Microfabricated EHD pump of 25µm-
diameter wire and a collecting tape
(125 µm wide) attached to a quartz
substrate with an electrode gap of 700
µm.

Using only ionic wind (no bulk
airflow), the heat transfer
enhancements were up to 68% at 16.3
mW power and 2043 V applied
voltage.

Hsu et al.
[23], 2009

Point-to-
plane

Positive,
(up to 7
kV)

Microfabricated EHD pump of a
cantilever corona electrode with a tip-
curvature radius of 500 nm placed over
a heated and grounded horizontal plate
at an electrode gaps (2 – 5 mm).

The maximum heat transfer
enhancement achieved was 6.37 over
free convection.

Chen et al.
[154],
2013

Needle-to-
needle/wire
/grid

Positive
and
negative
(up to 8.5
and –11
kV),
resp.

The emitter needle was placed at a
fixed vertical gap (5 mm) and varied
horizontal gaps (3-5 mm) from each
grounded structure (needle, wire and
grid).

Heat transfer performance obtained
with negative coronas was higher and
resulted in lower thermal resistance
with up to 50% reduction compared
to that with positive ones. The coarse
density of collecting mesh offered the
best heat transfer rate among other
collector configurations.

Kalman
and Sher
[109],
2001

Wire-to-
plane

Positive
and
negative
(up to 30
and –40
kV),
resp.

A wire electrode of 0.5 mm-diameter
stretched between two collecting
inclined wings located over a heated
horizontal plate, forming a longitudinal
nozzle shape.

Positive corona discharge was more
effective with higher conversion
efficiency than a negative one. Heat
transfer coefficient was enhanced by
more than two times compared to
free convection.
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Author(s),
year

Electrode
geometry Polarity Device design Remarks

Rashkovan
et al. [155],
2002

Wire-to-
plane

Positive,
(up to 23
kV)

A corona wire of 0.2mm-diameter
stretched and centred between two
collecting plates (42 mm apart, and
located over a heated horizontal plate.

An optimal geometry design was
proposed as the wire is collinear with
the adjacent ends of the collecting
plate wings, creating an angle of
55.5o with their far ends. Heat
transfer coefficient was increased by
up to 3 times higher than free
convection.

Chang et
al. [156,
157], 2008
& [159],
2010

Wire-to-
plane

Positive,
(up to 12
kV)

A partially covered corona wire placed
between two inclined and grounded
plates and located inside converging
tube with a 5 mm exit diameter.

Average outlet velocity was
improved by 175% and the power
was reduced by 65%, compared to
the case without a covered wire. The
maximum outlet velocity was 1.7 m/s
using a power and voltage of 0.8 W
and 8.4 kV, respectively, which was a
threefold improvement of flow rate
over the case without a covered wire.

Tsubone et
al. [158],
2012

Muti-wires-
to-plane

Positive,
(up to 8
kV)

A set of partially covered wires (0.25
mm in dia.) was placed between
parallel plates that form a flow
channel.

The optimal design was able to
produce a max average velocity and
flow rate of 3.2 m/s and 7.4 l/min,
respectively. Results showed that
increasing the number of corona
wires led to higher wind velocities
and better conversion efficiency.

Huang et
al. [107],
2009

Muti-
needles to-
plane

Positive
and
negative
(up to18
kV)

A framework of needle-arrayed
electrodes was constructed over a
heated and grounded plate-fin heat
sink, such that the vertical electrode
gap can be changed in a range of 10 –
55 mm.

The heat transfer rate increased by 3
– 5 times compared to free
convection, and the array of 6 needle
electrodes offered the best cooling
performance.

Schlitz and
Singhal
[159],
2008

Muti-wires-
to-plane

Positive,
(up to 3.5
kV)

Multi-stages of parallel wires were
placed over semi-cylindrical grooves
made at the top of grounded heat sink
plate-fins, with an electrode gap up to
1.5 mm.

The optimal EHD cooling system
was able to induce a max inlet
velocity up to 1.6 m/s and a pressure
head up to 23 Pa using less than 3 kV
operating voltage. The EHD system
was compatible with a laptop cooling
system based on size, power
consumption and weight, with
approximately 40% reduction in each
characteristic.

Shin et al.
[160],
2016

Muti-wires-
to-plane

Positive
(9 kV)

A set of wires of 0.2mm-diameter
stretched in parallel over grounded
plate-fin heat sink of 30 × 30 mm base
area and 30 mm height.

The optimal prototype was capable of
generating a wind velocity up to 1.5
m/s, and enhanced the cooling
performance by 150% over the
natural convection.

Jewell-
Larsen et
al. [25],
2009

Wire-to-
plane

Positive
(up to 3
kV)

A retrofitted EHD cooling system was
developed and integrated to replace a
rotary fan in a laptop of 60 W TDP. A
very fine corona wire was placed at an
optimal distance in parallel to a flow
duct entrance formed by two parallel
collecting plates of rounded leading
edges facing the emitter. The
geometric dimensions or were not
disclosed.

The EHD blower was able to remove
up to 38% more heat than a rotary
fan. The coefficient of performance
gained by the improved EHD cooling
system was higher with a factor of 47
compared to a factor of 25 by the
rotary fan, at the same cooling power.
the overall volume of the EHD
cooling system was reduced by
approximately 50% less than that of
the stock fan with a thickness of less
than 6 mm.

Jewell-
Larsen et
al. [164],
2011

Wire-to-
plane

Positive
(up to 10
kV)

An EHD flow was purely induced
inside a thin channel of height, length
and width of (2-6 mm), 70 and 100
mm, respectively,

EHD scaling laws were presented to
predict the flow rate and static
pressure generated by a wire-to-plane
channel based on blower width,
thickness, and operating power.
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2.5.4 Numerical modelling of EHD driven airflow

The modelling of EHD flow is essentially performed based on a coupling of

electrostatic forces and a fluid, causing a drifting of the ionic charges and fluid

particles across the electrodes under the effect of electric field, and resulting in fluid

motion. This approach can be established by applying Coulomb forces as a body

force term in the air momentum transport represented by the Navier-Stokes

equations.

Typically, applying a high potential at a corona electrode such as a thin wire

or sharp point creates a strong electric field around the corona electrode, which in

turn ionizes the fluid particles in the ionization zone. In the drifting zone, where ions

of single polarity are accelerated by the Coulomb force and move towards the

collector electrode, a space charge is formed and a unipolar discharge current is

created across the electrodes. In fact, the electric potential distribution, which is

governed by Poisson’s equation (3.3), is a linear equation with a given charge

density distribution. However, for unipolar discharge currents, the charge density

distribution mainly depends on the electric potential or field distributions and it is

not easily deduced. Therefore, the mathematical relationship that describes the

distribution of unipolar charge currents with coupled electric potential and charge

density is inherently nonlinear [165]. Based on this fact, mathematical solutions

using analytical means can be developed for simple problems, where a symmetry

condition can be applied and a mathematical system is reduced to a nonlinear

ordinary differential equation such as in a concentric wire-cylinder electrodes

configuration [166].

One of the first mathematical solutions of the corona discharge phenomenon

was presented by Townsend [167] in 1914 to analytically solve a concentric

cylindrical electrodes problem. However, with the advancement in the computing

techniques, numerical solutions of coupled electric field and charge density using

complex nonlinear partial-differential equations have developed and become

increasingly popular. McDonald et al. [168] presented the earliest attempt in 1977 at

numerical solution using the finite difference method for a corona discharge problem

in a simple rectangular domain generated with a uniform grid system.

While some later numerical approximations used the finite-difference method

to solve the coupling of charge transport and electric field [169, 170], modelling
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approaches using a finite element method have been widely applied for solving

Poisson’s equation and charge distribution in complex configurations and sharp

corona electrodes, where a non-uniform mesh is adopted [171, 172]. However,

although the finite-element method has been successfully used with considering the

charge diffusion effects into account [165, 173], the method of characteristics

(MOC) has been commonly used to determine space charge density with neglecting

the diffusion term, and simplify the charge transport equation in the form a

hyperbolic partial differential equation [174, 175].

As the processing power of computers increased further, especially since the

middle of the last decade, numerical simulations of complex electric fields in space

based on nonlinear partial differential equations have been developed extensively.

However, the finite element method has remained the most popular numerical

method to develop models of EHD driven flow and EHD based heat transfer via

commercial computational fluid dynamics (CFD) software [176-180], while a few

other studies used finite volume method-based software packages [26, 181],

showing successful validations against experimental data.

In general, literature of the modelling of EHD flow based heat transfer reveals

that the majority of numerical studies were performed in the presence of external

airflow, using the EHD phenomenon for enhanced convection heat transfer [26, 182-

186]. However, only a few models have been developed in recent years which apply

EHD pumps as a primary airflow generator using complicated and micro-fabricated

electrode configurations for cooling of microelectronics and thermal management

applications (e.g., [23, 187-189]). Due to the wide range of geometrical parameters

that strongly affect the discharge process and the performance of EHD airflow

devices, numerical modelling offers great potential to explore the effect of various

design and modelling parameters. Based on thermal management requirements and

in order to save cost and time, most recent studies used a numerical approach to

develop and optimize EHD devices and predict their characteristics in terms of flow

generation, power consumption, cooling performance and pumping efficiency.
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2.6 Chapter Summary

Air movement due to corona discharge has been widely investigated over three

centuries since the first reported discovery of corona wind in the early 1700s. Since

that time, corona discharge and its effects have been examined for a wide range of

uses with little attention has been focused on EHD driven airflow, while the

fundamentals and the underlying physics of corona discharge have been well

understood, developed, and extensively documented.

Unlike the early efforts performed for developing EHD airflow, which have

been modest and mostly academic curiosities, it is only over the last three decades

that the research efforts have focused on employing EHD driven flow in the area of

forced convection heat transfer. However, while the majority of the documented

investigations have focused on the use of EHD flow in the presence of a primary

bulk flow in the heat transfer applications, only few studies that used purely EHD

flow and related to thermal management microelectronics cooling have occurred in

the last decade with real intention to apply EHD technology commercially.

Over the last century, numerical solutions that solve the coupled equations of

corona discharge and EHD flow based on nonlinear partial differential equations

have been extensively developed in parallel with the advancement in the computing

techniques. Numerical modelling of EHD driven flow have been shown successful

validation against experiments with acceptable accuracy and been provided a

significant tool for design optimization and performance development of EHD

devices, offering great potential to explore various design parameters and save cost

and time.

The literature review presented in this chapter revealed that the most recent

efforts made for employing EHD flow technology for forced convection cooling of

microelectronics still require further research based on thermal management

considerations, while the available public data that related to the application of EHD

cooling systems in small-scale microelectronics are relatively limited.
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CHAPTER 3

Numerical Modelling of EHD Airflows

Numerical modelling methods for simulating EHD airflow, induced through

wire-to-plane/grid channel configurations under the effect of positive corona

discharge and electrostatic forces, are presented in this chapter. The numerical

approach involves governing coupled equations that describe the interaction between

the electric field and the movement of air particles across the electrode gap. For the

charge transport process, a partial differential equation (PDE) with appropriate

coefficients must be used to couple the electrostatics and fluid dynamics within the

EHD flow simulation. A detailed explanation of the EHD governing equations,

boundary conditions, assumptions used for the space charge generation, and

validation of the numerical method are detailed in the following sections.

3.1 EHD Flow Governing Equations

3.1.1 Electrostatic and charge equations

Due to the high voltage applied to the corona electrode, a space charge is

formed and an electric current is created and flows across the electrodes, where a

high electric field gradient is generated. In order to simplify the numerical modelling

and make an approximate analysis of the corona discharge, several assumptions

were used in the literature as summarised in [190], which are adopted in the present

study as follows:

o The space charge affects only the magnitude but not the direction of the electric

field.

o The charge density is constant along the electric field lines.

o The ionic charges are unipolar (ions of a single polarity) from the corona surface

towards the collector electrode through the drifting zone.

o The corona discharge can be achieved at stationary conditions.

o The ion mobility in air is constant and independent of the electric field strength.
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o The thickness of the ionization zone is ignored.

o Corona discharge is created due to positive applied voltage and it is uniform

across the electrodes.

The EHD flow induced by corona discharge is governed by the following set

of equations:

The electric field intensity ( ) created between the electrodes can be described by

Gauss’s law,

(3.1)

where is the space charge density (C/m3), is the relative permittivity of air (= 1),

and is permittivity of free space (= 8.854×10-12 C/V.m). This can be defined in

terms of the electric potential, , by

(3.2)

The electric potential in the air is governed by Poisson’s equation, which can be

obtained by substituting (3.2) into (3.1), yielding:

(3.3)

The charge transport equation that couples the electrostatic and Navier-Stokes

equations for the airflow is derived by combining the following three equations:

i. The current density equation (Ohm’s law): the ionic charges are accelerated and

moved towards the grounded electrode under the effect of the Coulomb force,

creating an electric current density, ,
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Combining equations (3.4) and (3.6) and using the continuity equation (3.7) gives

the charge transport equation that couples the electrostatic and Navier-Stokes

equations for the airflow,

(3.8)

The drift velocity of ions ( ) in the charge conduction represents the

dominant term in (3.8) over ion movement due to diffusion and charge convection

(the second and third terms) in the system of EHD driven airflow, and they are often

neglected in numerical simulations in the literature [27, 194].

Unlike corona discharges in liquids, where charge mobility of ions is very low,

charge convection ( ) due to fluid flow (air and other gases) has a drift velocity

much less than that created due to charge mobility ( ) under the effect of an

electric field. This assumption considerably simplifies equation (3.8) by allowing the

electrostatic and charge transport equations to be decoupled from the hydrodynamic

solution [140]. In the present numerical modelling of EHD flow, the charge

diffusion coefficient is included with a constant value of 5.3×10-5 m2/s [177], even

though its effect on the numerical accuracy is relatively negligible [165, 194]. Thus,

the charge transport equation can be rewritten as,

(3.9)

3.1.2 Fluid dynamic equations

When the ionization phenomenon occurs due to positive corona discharge, the

produced positive ions are attracted to the negative electrode under the effect of

Coulomb force. In their traveling path through the drifting region, they collide with

neutral air molecules and transfer energy and momentum, causing an air movement.

The hydrodynamic part of the EHD driven flow model is described by the Navier-

Stokes equations that solve the steady state incompressible airflow in the drifting

zone under the effect of the electrostatic force.
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The EHD airflow model is simplified under the following assumptions:

o The fluid medium is air and assumed to be at room temperature and atmospheric

pressure.

o The flow is laminar and incompressible with a constant density and viscosity.

o The flow is steady.

o No slip boundaries are applied for all solid surfaces.

o The ionic wind is induced through flow channels as a primary flow due to the

effect of the electric field and electrostatic force.

The full form of the Navier-Stokes equations (or the conservation of momentum

equation) is

(3.10)

where is the air density (kg/m3), is the air pressure (Pa), is the air dynamic

viscosity (Ns/m2), is the velocity vector of airflow, and is the body or Coulomb

force (N/m3). The left-hand side of equation (3.10) is the rate of change of

momentum per volume, and the right-hand side represents the resultant stress. The

body force equation is defined as [195],

(3.11)

(1) (2) (3)

This equation includes a combination of three terms of forces:

(1) The first term, ( ), represents the Coulomb force, which is the force per unit

volume on a medium containing free electrical charge. This force is the

strongest EHD force in the presence of the DC electric fields. Hence, it is the

dominant term in the body forces for ion drag in air.
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(2) The second term, ( ), represents the dielectric force due to the force

exerted on a non-homogeneous dielectric liquid by an electric field. This force

usually dominates in an AC electric field, and it is weak compared to the

Coulomb force.

(3) The third term, ( ), is called the electrostrictive term, the gradient

of a scalar, and is required for compressible flows.

The second and the third terms are significant in phase change processes at liquid-

vapour interface (two-phase interface), where a high variation in permittivity occurs

[128]. For air, the permittivity variation is negligible. Hence, the Coulomb force

term is the only body force affecting the system and dominates in (3.11). Therefore,

the Navier-Stokes equations for steady flow can be rewritten as,

(3.12)

3.2 Space Charge Generation

The gap between the corona and collector electrodes can be divided into

ionization and drifting regions. When the conductive region around the wire corona

electrode increases due to an increase of the electric field, ionization of air

molecules begins and a uniform sheath of positive or negative ions (depending on

the polarity of applied voltage) is created over the ionization region. Indeed, this

sheath of charged ions is formed when the radius of the corona electrode is much

smaller than the gap between the electrodes.

Figure 3.1 shows the difference between the actual radius of a wire electrode

and the effective radius of an ionization region. As described in the previous chapter,

the conductive ions extend the effective area of the ionization region and the

ionization layer increases the effective radius of the corona electrode. Due to this

further extension of corona electrode that results a larger curvature of the corona

radius, the electric field strength becomes insufficient to generate a corona and

ionize air molecules [93].
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The values of and in Peek’s equation are uncertain constants that depend

on the corona electrode configuration and can be approximated based on the

experimental measurements. However, for a positively charged corona wire in air,

the values of 32.3×105 V/m and 0.846×105 V/m1/2 for and , respectively, were

suggested and used in Peek’s formula for the modelling of corona discharge to

estimate the electric field created at the surface of corona wire [165, 198, 199].

The value of constant in (3.13) represents the electric field necessary for

creating corona discharge, , which is the breakdown electric strength of air (=

3.23×106 V/m). Thus, the equation of electric field strength, (V/m), created on a

smooth surface of a positively charged wire electrode at standard air conditions can

be rewritten as,

(3.15)

The CIV can be approximated using Peek’s empirical formula suggested for a

pair of concentric cylindrical electrodes [197] by setting the outer radius of the

plasma region around the corona wire and the diameter of the hollow cylindrical

shaped collector electrode to be the actual wire radius and the electrode gap for a

wire-to-plane configuration in air, respectively, [165, 200] as follows,

(3.16)

where is the electric field strength at corona electrode surface (V/m), is the

actual radius of corona wire electrode (m), and is the distance between the

electrodes (m).

The electric potential and electric field intensity inside the ionization zone can

be expressed by assuming that the tip radius of the corona electrode is much smaller

than the distance between two electrodes [201], thus



- 75 -

(3.17)

(3.18)

where is the voltage at a radius within the ionization region (V), is the voltage

at the corona electrode surface (V), and is the radius from the centre of the corona

wire within the ionization region, (m). A graphical explanation of the notation is

shown in Figure 3.2, which illustrates the position of the given variables.

The electric field strength at the layer between the ionization and drifting

zones is equal to the breakdown electric field strength of air ( ), and the external

radius of the ionization layer, (m), can be approximated to increase

proportionally to the inverse of the electric field strength,

(3.19)

Thus, using the equations (3.17), Peek’s equation (3.15) can be rewritten to estimate

the external radius of the ionization zone as,

(3.20)

By integrating the electric field strength from to using equation (3.17), the

voltage on the external boundary of the ionization zone, (V), is given by:

(3.21)

The space charge density in the ionization zone can be neglected as it contains

a mix of electrons and positive ions of similar magnitudes, compared to the drift

zone, which contains ions of a single polarity and neutral air molecules [165, 194,

201]. In the present numerical simulation, it is assumed that the ionization zone is
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small enough to be ignored, following the tradition in corona discharge modelling in

the literature [165, 177, 202].

Figure 3.2 Graphical explanation of the ionization and drifting zones. Not in scale.

The boundary conditions for the space charge density can be obtained by

applying the commonly accepted Kaptsov’s assumption, which suggests that the

electric field increases proportionally to the applied voltage below the corona onset

level, but will preserve its value constant on the wire electrode surface after the

corona is initiated even if the electric potential increases [97]. Under this

assumption, the unipolar charge current can be considered in the drifting region

between the corona wire surface and the collector electrodes. Thus, the space charge

resulting from corona discharge can be estimated by assuming that the electric field

strength created at the surface of the corona wire ( ) due to the applied voltage ( )

is equal to that obtained from Peek’s equation ( ) [177].

3.3 Numerical Solution Procedure

The governing equations of EHD driven airflow are modelled in two-

dimensional (2D) and three-dimensional (3D) simulations using the commercial

package, COMSOL Multiphysics (V5.1) software, a partial differential equations

solver based on the finite element method [203]. COMSOL Multiphysics is a

simulator, modelling tool, and post processing software platform that has the ability

to solve complex multi-physics problems. This package has a large library of

material properties and predefined physics equations, and can provide flexibility and
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simplicity in the workflow. Since the charge transport equation is not available as a

predefined module in COMSOL, a partial differential equation (PDE) in a

coefficient form can be created to represent this mode into the simulation model.

The simulation is developed using an iterative approach [165, 199, 204, 205] to

specify the value of space charge density, starting with a guessed value. Then, the

electric field strength at the wire surface ( ) is examined and compared to that

calculated from Peek’s equation (3.15), . Once , the value of space charge

density is fixed and adopted for the given applied voltage and electrode gap. Based

on the solution of coupled electrostatic and charge transport equations solved with

consistent charge density and electric field strength that satisfy Kaptsov’s condition,

the fluid dynamic equations can be run under the effect of Coulomb force. A

summary of the solution procedure used for solving the modelling equations of EHD

airflow is shown in Figure 3.3.

Figure 3.3 Numerical solution procedure used in the present modelling of EHD flow.

3.4 Validation of the Numerical Method

In order to verify the acuracy of the adopted numerical method, including the

procudure and boundary conditions required for the EHD modelling approach using

Comsol Multiphysics, benchmark comparisons against previous published data are
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3.4.1 Wire-to-grid/plane EHD channel configuration

3.4.1.1 Solution domain and boundary conditions

A numerical validation model is established based on experimental data and

the numerical results of a wire-to-grid EHD channel presented in [177]. The EHD

channel geometry consists of a wire emitter electrode, a collecting grid of parallel

wires, and collecting channel walls, as shown in Figure 3.4. A conductive wire of a

diameter of 100 µm is used as a corona electrode and located mid-way between two

conductive plates that represent both the collecting electrodes and channel walls. A

symmetry boundary condition is applied at the horizontal plane centered between the

channel walls to minimize the solution computation time. The coupled equations of

the electric field (3.3), the charge transport (3.9), and the airflow (3.7 and 3.12),

were solved in the half domain using the commercial package, COMSOL

Multiphysics (V5.1), with the modelling parameters displayed in Table 3.1.

The boundary conditions were applied to the half of the numerical domain as

follows. The electrostatic mode is modeled by applying a positive potential to the

emitter wire surface, while the channel walls and surfaces of all collecting grid wires

are grounded with zero volts. For charge transport, a zero diffusive flux condition

(Neumann condition) is imposed on all boundaries excluding the surface of the

corona wire, where a space charge surface density under Dirichlet condition is

applied. This assumption is based on the fact that the diffusion term is very small

compared to the conduction term in equation (3.9), so that its effect on charge

density can be neglected [165, 202].

For the flow equations, a standard hydrodynamic boundary condition of no-

slip is applied to all solid surfaces of corona electrode, collecting grid wires and

channel walls. A zero pressure is applied at the channel outlet, while a normal flow

with pressure prescribed from Bernoulli’s equation ( , where is the

velocity component of ionic wind in the flow direction), is used at the channel inlet

[164, 177, 194]. This assumption is established on the fact that the neutral air

particles are accelerated and driven to a certain velocity under the influence of

electrostatic pressure, which is generated in the electric field due to the electrostatic

force. Due to the kinetic energy of the gas flow, a stagnation (or dynamic) pressure

( is created, which is equal to the electrostatic pressure that causes the gas
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movement [207]. Based on this fact, it has been shown experimentally and

numerically that the EHD air blower (duct) can be considered to be an ideal pressure

source with negligible flow resistance through the duct. This is because the cross

section of the emitter wire is very small compared to the duct height [164].

Figure 3.4 Numerical simulation domain of the EHD wire-to-grid channel geometry considered in
[177]. Dimensions in millimetres.

Table 3.1 Numerical modelling and geometric parameters used in the model of [177] and in the
present validation.

Parameter Value

Applied potential, 5 – 8 kV
Charge diffusion coefficient, 5.3×10-5 m2/s
Ion mobility coefficient, 1.8×10-4 m2/V.s

Density of air, 1.23 kg/m3

Dynamic viscosity of air, 1.8×10-5 N.s/m2

Corona wire to collecting grid distance, 9 mm
Corona wire radius, 0.05 mm
Collecting grid wire radius 0.05 mm
Number of collecting grid wires, 14
Spacing between grid wires, 1 mm
Channel height 15 mm
Channel length 34 mm
Channel width and corona wire length 277 mm
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3.4.1.2 Mesh independence study

The modelling approach of EHD flow involves solving two sets of coupled

equations. The first set includes the electrostatic and charge transport equations and

is solved first to predict the current-voltage curve. When the predictions are verified

against measured data, the second coupled physics of Coulomb force and fluid

dynamic are then enabled to predict the EHD flow characteristics. Regarding the

meshing procedure of EHD flow simulation, the most important and influential part

of meshing process is the refinements at the corona wire and collector electrodes,

which highly affect the accuracy of the predicted current-voltage results, whereas a

sufficiently fine mesh density is mostly generated at this stage for the computational

domain. Once good agreement is obtained for the current-voltage predictions, the

mesh refinement level at the electrodes is fixed and the fluid dynamic mode is

enabled to solve the flow equations and compute the air velocity.

At this stage, the mesh independence study is usually performed to test the

effect of mesh density of the computational domain on the results, which is highly

related to the gap between the emitter and collector electrodes, where the ions are

moving through. Indeed, the mesh refinement at the wire electrode of a very fine

diameter requires creating circular surfaces around it in order to ensure an accurate

solution of the corona discharge and the created electric field gradient as well as

enabling a suitable connection of mesh elements with those of the domain without

any meshing error.

Unlike the traditional modelling of fluid flow or/and forced convection heat

transfer inside channels, where the approach of mesh independence test is performed

by increasing the mesh density for improved accuracy, the excessive refinement at

the corona wire surface may lead to increased error in the current-voltage results.

Moreover, meshing with a trial and error method (similar to that performed for the

space charge density) is applied to obtain an appropriate mesh refinement at the

corona wire. Based on these reasons and according to the author’s experience, the

inclusion of mesh refinement at the corona wire as part of the mesh independence

study is not applicable compared to that for the computational domain, where the

mesh is always refined to increase the solution accuracy.


