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SUMMARY

The combined trends of increasing computing power thigiminiaturization of electronic
devices brought about new challenges in terms of ambient heat rejection. The most simple and
reliable ambient heat rejection method is natural air convection. Howigetechigue is
limited in terms of the cooling power that can be dealt with. This work presents two
technologies that can potentially increase the heat rejection rate to ambient air without using
any moving part, thus ensuring a high reliability.eThst technology considered uses ionic
wind to increase the air flow through cooling passages. lonic wind occurs when a high voltage
potential is applied to an electrode witlaage curvaturei typically a thin wire or a needle.

Due to the strong electrigotential close to the electrodee Corona discharge occurs aaid
molecules are ionized'he resulting ions induce an air flow through collisions with neutral
moleculesln this study, he Corona current is characterized experimentaily anumerical
procedures developedo solve the electrohydrodynamics. A custbmilt test bench is used

to validate the numerical model experimentaltyis shown that ionic wind can increase the
heat removal rate by up to 100% as compared to natural convectio lbalgecond cooling
enhancement technology considered is the addition of a chimney on top of the heat sink to
increase the air flow through the cooling channels. A seralytical model basesh thermal

and fluid equivalent resistanaeetworks is developedThe model is validated using a
commercial CFD package. Finally, a thermemonomic study is performed using genetic
algorithms in order to compare the performance of both technologies versus natural convection
only. A Pareto front combining the three teckogies is constructed, allowing for cest

effective design decisions based on the cooling power requirements.

XX



CHAPTER 1
| NTRODUCTI ON

1.1 Introduction

The overarching goal of this research is to investigate possible techniques to

enhance passive thermal heat rejectioambient air. First, the limits of natural convection
and buoyancy driven flows are to be determined for specific applications and geometries.
Second, the potential of ionic wind as a heat transfer enhancement method to increase the
performance of a héaink is to be studiedn analysis tool describing the cooling power
increase achievable utilizing ionic wind is develogedally, atechnology demonstrator
of a heat sinks constructed to demonstrate the feasibility of the proposed cooling system
combining ionic wind with a fin array

It is common to classify standard cooling technologies according to two different
parameters: natural or forced convection and gaseous or liquid medium, as depicted in
Figure 1.1. The simplest cooling method is to rely on natural air convection. Though
simple, this technology is very limited in terms of the magnitude of heat fluxes that can be
dealt with. Therefore, it is frequent to see forced air convection cooling systema,farith
increasing the flow of ambient air over the heat source. By utilizing liquid mediums such
as water and oils, it is possible to further increase the critical heat fluxes. However, liquid
cooling systems require a closed loop to conserve the fluassial nearly infinite source
T e.g. ariver or a lake is available. Therefore, secondary radiators are necessary to cool
the fluid. The circulation is either buoyancy driviene. through forces caused by changes

in the fluid densityi as in a thermoskmn, or pressure driven using a pump. In addition to



the four classes of technologies presented, systems including a phase change of the medium

T so-called heat pipet have attracted increasing interest in the last dejda@.
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Figurel.1l: Standard classification of common cooling technologies.

Historically, most electronic components have been cooled lj$]aifhe reasons for
this are several. First, ais abundant and readily available at no cost. Also, there is no
hazard involved neither for people nor for the environméntvhen cooling with air.
However, the performance of CPUs followed a tremendous development starting in the
seventies, with the trarstor density nearly doubling every two yedrsa behavior
descri bed bapdshbwoilrigutes.2 (ftom [\8]). Concurrently, there has been
a miniaturization trend in the field of consumer electronics, resulting in a significant
reduction in the size of the devi¢cas shownn Figurel.3. The Apollo 11 space mission
is an impressive illustration of the relentless effort that was put in the development of

computers overhe past haltentury: the computers used ¢ontrol the lunamissiors



filled entire roons i but their aggregatedomputingpower was less than a modern cell

phone can delive#].
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Figurel.3: Representation of the miniaturization trend inrt@bile phonespace by
Motorola(from [5]).

A technical consequence of this evolutiorthat largeramounts of heat have to be

dissipated in smaller volumes. Therefargreasingthe heat removal rates required to



maintain the systa at an acceptable temperaturefact, the lifetime of power electronics
strongly correlates with the operating junction temperature, as it is shéwguime1.4: an
increaseof the operating temperaturef a few degrees Celsius can result in halving the
lifetime of a deviceTherefore, a reliable, efficient cooling system is vital to ensure a

flawless operation of power electronics.
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Figurel.4: Lifetime of IGBTs as a function of the difference between ambient and
junction temperaturérom [6]).

Altogether, @&r-cooling for electronics is now being pushed to its limNew airflow
enhancement techniques have to be develapedder to cope with the increasing heat
load Enhanced buoyanayriven flow through the addition of a chimney to the system and
ionic wind arepotential candidates to increase the range of applications of air cooling
(Figurel.1la) but could also be implemented to reduce the size and the cost of the secondary

radiator inFigurel.1c andFigurel.1d.



1.2 Ambient Heat Rejection

In the past decades, a tremend@searcleffort has been performed on the hot sifle
heat sinks Stateof-the-art micrefeature heat exchangers carpeowith heat fluxes of
100W/nt and beyond7]. However, the research on the cold side of the heatisirgk
Ambient heat rejectiori has ben lagging Ambient heat rejection is the process that
describes the transfer of hdabm a systento the ambient surroundinggenerally to
ambient airThe simplest method of ambient heat rejection is to rely on natural convection
and radiationHowever, this method is limited in terms of the hehoval rates that can
be achievedTherefore, in many instances, large surface areas in the fosetofdary
radiators are required to achieve the desired level of coddiegides being expensive,
secondary radiators also increase the size, weight and complexity of the Systerg.the
improvement of ambient heat rejectionastical. The present work investigates two
potential techniques to enharaebient heat rejection in a passive way: ionindvneat
transfer enhancement and enhancement through the chimney Béftctechniques are
especially attractive for applications requiring high levels of reliability that prevent the use
of any moving parts, for instance power electronics meant to theopthe electricity
distribution grid or systems parts of nuclear power plaatilitionally, both systems

operate silently as compared to pumps or fans.

1.2.1 Heat Transfer Enhancement through the Chimney Effect
The chimney effect describes the air flow indddy changgin density in a medium
due to temperature variations. In simple words, it all bases on the fabbtheit rises
This effect has probably been known ever since mankind discovered fire. From a more

mathematical perspective, the gain in baragy pressure is proportional to the height of



the system. Therefore, adding a chimney on top of a heahsidaseshe flow rate of air
and therefore augmesthe cooling powerThis is the very same reason why high chimneys
are often seen on combustigites: due to the gain in buoyancy pressure, the chimneys

ensure an adequate feeding of air to the combustion chamber.

1.2.2 lonic Wind Heat Transfer Enhancement

lonic wind is a generic term used to describe the bulk flow of air induced by momentum
transfer offree ions to neutral air molecul@he process is best understood by considering
the sequential steps thfe ionizationrandflow enhancemerds depicted ifrigurel1.5.

First, a naturally free electron enters the plasma reégite domain near the Corona
electrode in which ions are generat€le corona electrode has to berghi.e. with a high
curvature, to create a zone witlstaongelectric field around it. Typical shapes used are
needles or wires with very s mDaeltdthestrong met er ¢
electric field, the free electron is accelerated to a high speed.thektee electronollides
with a neutral air mlecule.If it carries enough kinetenergy, it splitthe neutral molecule
into a positiveion and another free electrofhereby, a chain reaction occurs and the
numbes of free electrons and positive ions grow exponenti&lentually, the positive
ions travel towards the collector electrode. Momentum is transferred to the medium
through collision between ions and neutral air molecules, inducing an airTit@ieffect
achieveds similar to the effect of a fan, but for the fact that momentum is &aesf to
the medium through collision of ions insteadla# angular momentum transfer across the
propeller bladeThe setup made of the corona and collector electrodes is sometimes
conveniently referred to asnic wind generatoror ionic pump It is contoversial as

whether ionic wind can be considered a passive cooling methedias energy is added



to the system through the corona electrddewever, the present work considérsaic

wind asa passive cooling method since no moving parts are involved.
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Figurel.5: Principles of ionic wind generation.

1.3 Passive Thermal Management Systems

Several systems require ambient heat rejedimonccurin a passive wayPassive
cooling systems have several advantages as compared to active cooling methods using
pumps and fans. First, passive systems are typically rather simple in their construction and
do not require any control. Second, due to the absence of movingpzass/e systems
generallyexhibit a high reliability. Last, most passive systamsdly operate without
creating any noise.

Because of these characteristics, passive thermal management sysidesgaoke in

many applicationsk-or instance, uclear pever plants require passive cooling systems to



avoid overheating in case of a system failukso, many military applications require
noisefree systems, for which pumps or fans would not be suit&bially, the cooling
system otransformers, power roerts or any other devigeart of the electrical distribution

grid is required to operate passively to ensungh reliability andalong lifetime.

1.3.1 Power Routers for a Smart Grid

Among the wide array of potential applications for ionic wind heat transfer
enhancement, thermal management of-gdale power routers is especially promising due
to the inherent presence of a high voltage source. The elpottier distribution grid is
placed under increasing stress by a rising demand and the growing importance of non
dispatchable energy sources such as safawind. Rather than renewing the grid
infrastructure, a more cosftfective option is to improve the grid controllability by
implementing power routers capable to direct energy fluxes at grid intersd@joAs
intensive effort has been put in the develeptrof such components, 10]. Currently, a
critical issue remains the cooling of the electronic devices. The design of the cooling
system is limited by stringent requirements these devicesuch & long lifetime (>30
years) and high Mean Time Between Failures (MTBihout any maintenanceéAny
active cooling system such as pumps or fans would involve components (bearings, shaft
seals) that do not meet the expected lifetime. Therefore, the hkediasinio operate in a
passive mod¢ll]. Nowadays, possible thermal management systems include heat pipes
or thermosiphong12, 13]. However, these technologiesvolve complex and costly
components such as oil loops and secondadiators. This work investigates the
possibility toreplace the current heat pipes and thermosiphons by an alternative heat sink

design combining ionic wind witafin array. The new heat sin&ould potentially replace



conventional cooling methods atlawer costwithoutcompromising the reliability nor the

performance of the system.

1.3.2 Heat Sink Design

The heat sink considered consists of power electronmsntedat the back of fin
array. The whole system is cooled by ambientflawing through the chnnels.Two
distinct techniques are considered to enhance the flow in the channels and thus increase the
cooling power: the chimney effect and ionic wind.

In the first configuratiori for the case of buoyancy driven flpiae. withoutionic wind
flow enharcementi a chimney is added on top of the fin arréay aluminumsheet is
attached at the back of the fin array to form closed chanReéschimneyincreases the
flow through the channels, as the change in buoyancy pressure is directly proportional to
the difference in heightThis design is shown iRigure1.6. The man advantage of this
heat sink is its simplicityThe drawback, on the other handths increase in size of the

system.

Chimney

Heat Source

Fin Array

Figurel.6: Heat sink design with chimney enhanced flow through a fin array.



The second techniquacorporates an ionic wind generator at the bottom of the fin
array. The ionic wind generator induces an air flow through the channel and therefore
increases the cooling power of the heat sptkentially negating the need for a chimney
The ionic wind gneratoiconsists ofin array of electrodes. Each channel is provided with
a single Corona electrode and two collector electrodése Corona electrode is placed
upstream of theoolingchannellt consists of thin stainless steel wire with a diameter in
the order of 100m subject to an electric potential of several kilovoltee twocollector

electrods areplaced further downstream aatke groundedl'he proposed design is shown

in Figurel.7.
Heat Source OA'ZIr ¢ ,Cold Plate Collector
utie Electrode
__ ------------------------ Corona
Fin Array Air Inlet Electrode

Figurel.7: Heat sink design combining a fin arraydan ionic wind generator.

While the focus of this work lays on the thermal management of power routgraifor
applications, e presented heat sink configurations aret limited to ths unique
implementationin fact, the presented heat sink could be used for any other application as

thenumericalmodek developedareuniversal.

10



Eventually, the performanad both heat sink configuratismpresented is compared to
the case with natural convection only and the increase in cooling power as well as the

economic tradeoffs are reported.
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CHAPTER 2
LI TERATURE REVI EW

2.1 Review of Salient Literature

The review of the salient &tature relevant to the present topic wasductedusing
the engineering databaséempendeandinspec The search was performed for selected
keywords in all text fieldsThe number of papers found depending on the keywords applied
are summarized iffable2.1. Once a lens was found to yield a manageable number of
references, the articles were scantiedugh. The most relevant findings are synthesized
in theforthcomingsection.

Table2.1: Number of articles found for different search lenses

Keywords Number of Articles
lonic Wind 941

lonic WindAND HeatTransfer 74

DC Corona Discharge 1784

DC Corona DischargéND lonic Wind 53
Chimney EffecAND Heat Transfer Enhancement 47

Besides the actual content of the publications is also of interest to observe the
evolution of the number of publications over the yeaspecially in the field of ionic wind
heat transfer enhancememhe number of articlefound through the len®nic Windis
plotted inFigure 2.1 (left). It is shown that the number of papers published increased
rapidly starting in the 2000s. However, this behavior has to be discounted for the general
inflation in the number of scientific publicatiorsleasedach year. To do so, the number
of papers ondnic wind isnormalizedoy thenumber ofpapers found under the much more

general lengdeat Transfer This quantity is plotted ifrigure 2.1 (right) and shows the
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relative importance of ionic wind within the field of heat transfhile less pronounced,

there is still agenerakrend showing a growing interest in the technology.
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Figure2.1: Number of pblications found through the lef@nic Wind(left) and
normalized with the number of papers found using the more generildand ransfer
(right) for the period 1975 2015.

2.1.1 lonic Wind Heat Transfer Enhancement

The literature relevant to ionic wind heat transfer enhancement can be categorized in
two differentsectionswork pertaining to the Corona discharge itself on the one hand, and
thermefluidic studies considering the effect of Corona discharge on thedihmircooling

patterns of a system on the other hand.

Corona Discharge

Lightning sparks and Corona discharges are probably among the first electrical
phenomenon that were ever observed by rreancient times and before the theory of
Corona discharge was é&wn, sailors observed a glowing, bluish light at the tip of the ship
mast during thunderstornid4). They named t hi s phaentbeme non
saint of sailors[15]. This is probably the first time that a Coronacterge was

documentedA contemporarylescription of a Corona discharge was provided by Sigmond
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and Goldman aa gas discharge emitting bluish light and crackling sounds from regions
close to shargpointed or thinwire electrode$16]. They also developed a more phgsic
definition of a Corona as being selfsustained electrical gas discharge where the
Laplacian electric field confines the primary ionization processes to regions close o high
field electrodes or insulatorsCorona discharges are characterized by tightyrbluish
glow around the higivoltage electrode and the smell of ozone familiar from ambient air
before a storm gmore recentlylaser printers. Typically, effort is directed to avoiding
Corona discharges as they are the result of electrical irgufatiure orcan causearasitic
lossesThis is a concern in several applications, such asVoage transmission lings
motors and generatofd?7, 18]. However, Corona discharges have found interesting
applications in the fields of gas analysis, elecibatingor electrostatic separaticgarly

on in the twentieth centufj16]. Neverthelesst is a very complex phenomenon and it is
not until more recently that detailed studies were performed.

Chen and Davidson conducted a thorough study of the Corona discharge in the wire
to-cylinder geometry for both positive and negative electrdd®s 20]. Thar study
included the calculation of the free charge cadansityboth within the plasma and in the
inter-electrode spacing. It is to mention tha&e twireto-cylinder geometry is often
considered in theoretical studies as it allows reducing the modebi@dimensional
geometry However, this geometry is not very practittal heat transfer applications.

Several studies have tackled the problemretlicting the Corona current numerically.
Adamiak and Patten developed a numerical method to predict the Corona current, electric
field distortion and ion density for the poittt-plane geometry21]. For a given, fixed

geometry and ambient conditions, the developed correlation predicts the Qaremd as
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a function of the applied voltag®lore complex models have been developed to include
different effects and electronic reactio@agnoni et al. developed a multiphysics model

of electric discharge in ambient air for the configuration of impetgon a flat surface
electrodg22]. Others have used statistical methods such as Monte Carlo based simulations
to determinethe various electronic reactions occurring and the resulélegtrostatic
dischargg23-26]. While such studies are of interest to devedagetailed understanding

of the physics at the level of chemical reactions, the computational burden and the
complexity of the algorithm make it inappropriate as a design totléomal management

applications

lonic Wind

The fact tlation production in air in conjunction with an electric field induces an air
flow was first observed by ChattofR7], who namd this phenomenoalectric wind The
termsionic windor Corona windare also commonly used to describe the same elffect.
the mddle of the twentieth century, the subjeegainedattention. The basic theory
describing the behavior of ionic wind generation was developed in successive studies by
Harney[28], Stuetze29] and Robinsoh30]. Soon after, the potential of ionic wind for
heat transfer enhancement purposes was recognized inpafiesby Marco and Velkoff
[31]. In their work, they studied the influence of the electric wind to enhance natural
convection over aheated flatplafet ar ound t he same ti me, OO6B
an experimental study on the effect of an electric field on heat transfer framtcalygate
in free convectioi32]. More recently, the Corona discharge was also considered for other
applications such as drag reduction over a flat ga8 The real surge in attention for

ionic wind heat transfer enhancemenéthodcamealong with the emergence of new
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generation electronics for which thermal managemeottir natural convection only no
longer provide enough cooling poweronic wind has been considered as a potential
cooling enhacement method for several applications including the thermal manaigemen
of LED lighting [34, 35] or for electronicscooling[36-38]. The material most relevant to

the application of ionic wind for the enhancement of passive ambient heat rejection is
briefly presentedherefter.

Owsenek and Seyedagoobi presented results from a numerical and experimental
analysis of heat transfer enhancement using atevptane electrode configuration. Local
convective heat transfer coefficients of up to 50WKnwere measured at an applied
voltage of 12.6k\[39, 40].

Kalman and Sher investigated the performance of an electrostatic blower for electronics
cooling experimentally[41]. The proposd configuration combines a Corona wire
electrode confined by two inclined wings that act as a nozzle and help directing the air flow
on to the desired hot spdttwas noticed that a positive Corona electrode induces a higher
air velocity as compared tonggative electrodd he designed ionic wind pump generated
velocities up to 1.5m/s. It was found that the average convective heat transfer coefficient
over a flat plate could be more than doubled utilizing ionic wind as compared to free
convection.

JewellLarsen et al. considered the configuration of a cantilever needle eletttedde
createsa jet impinging on a flat surfadé2-44]. The developed numerical model was
solved inFEMLABusing a finiteelement approach. In a numerical study, local convective

heat transfer coefficients of up to 282W/Kwere reported. This is a relatively high value,
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but can be explained by the fact that it is constrained to a very small surfatly dineer
the impinging jet.

Go et al. performed considerable work both experimentally and numerically on ionic
wind heat transfer enhancement of external convection for atevpkate electrode
configuration with applied voltages up to 5K¥5, 46]. Local heat transfer coefficient
increase of up to 200% were reported for this specific configuration. In further studies, the
implementation of ionic wind generator at the misoale for mobg electronics
applications was studied numericglyr, 48]. The numerical model developed was solved
in Ansys Fluentombined with macro function defined to solve the elebyrdrodynamics.

The advantage of micsmnic wind generator is that, because the electrode gap is small
(<10CGem), only low voltages (<100V) are required to induce a Corona discharge.

Berard et al. compared the induced ionic wind velocity of positive Corona electro
as compared to negative Corona electrpt®. They reportedhat positive electrodes
consistently induce higher wind velocities than negateetrodesAlso, they observed
that the Corona discharge from a positive wire electrode occurs uniformly, steadily along
the wire. The negfive discharge, instead, ocswnsteadily at discrete spots along the wire.

Chen et al. considered ionic wind for the cooling of L34]. The Corona discharge
was induced by a ndke-type electrode, and various collector configurations (single point,
wire, grid of wires) were investigatetihe thermal resistance of the LED chip wasicedl

up to 50% using ionic wind as compared to natural convection.

2.1.2 Heat Transfer Enhancement throwgh the Chimney Effect
The basic phenomenorausingnatural convection air cooling is the temperature

dependence of the medium density: as the temperature of air increases, the density of the
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gas decreases and the hot air rises. The change in buoyancyeiegsoportional to the
temperature gradient between cold and hot air, the gravitational acceleration, the gas
properties and the vertical height of the system. Therefore, increasing the height of the
system will induce higher buoyancy gains and raauérger air velocities. This effect has
been taken advantage of for centuries in order to increase the air supply in combustion
applications. It is commonly referred to as ttt@mney effecor the stack effectThe
applicationof the chimney effect for heat transtrhancement purposisscomparatively
recentHaaland and Sparrowere among the first to consider the chimney effect as a mean
to enhance heat transfer in parallel walled chanfis Straatman et al. conducted a
numerical study usingfinite element method to investigate the heat transfer enhancement
by the chimney effect of a single, isothermal chafb@l. Adiabatic extensions of 0.25 to

0.67 of the channel length were considered. An overall heat transfer increase of up to 1.3
was measured for straight channels. Abrupt extensions, i.e. a chimney wisis aerbon
largerthan the channel, offered a heat transfer increase of up to 2.5 as compared to natural
convection only. Auletta et al. considered the case of an isoflux single channel with an
adiabatic extensiofb2]. In their experimental study, they reported increases in the average
Nusselt number of 280% for extensions with a length between 1 and 2 times the channel
length. Fisher et al. considered an interesting case where the total height b$iakhea
constrained53]. The heat sink includes an array of parallel, isothermal plates combined
with a chimney. An iterative numerical procedure is developed to solve for the air velocity
and themal transport. It is found that a reduction of the heat sink height can be
compensated by the addition of a chimney, which can potentially reduce the cost of the

overall system.
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2.2 Research Gapand Obijectives

The enhancement of heat transfer through Corosehdrge has been considered in
several studiesnentioned aboveHowever, the present work intends to fill a gap and
differentiates itself througbeverahspects. First, this study focuses on the enhanderhen
heat transfer in internéllow channels, wh#é the majority of the work performed thus far
consideredhe enhancement of external convectiongeometries such as anpinging
jet on a flat surface or the wite-plane configuration Second, this work includea
thorough experimental work consisting of characterizing the Corona discharge depending
on the dimensions of the heat exchanger channel. Third, a generic numerical design tool
combining experimental data for the Corona discharge and-sdiastg algorihm for the
differential equatios describing the transport of ions and the Poisson equatons
developedo enable tailoring heat sinks to the specific application needs. Finally, this study
presents a very promising application field for ionic wind hestsfer enhancement, i.e.
in the thermal management of gsdale power routers. lonic wind has not been
widespread yet mainly due to the difficulty of implementing a high voltage source when
the same effect can be achieved by using a fan drivenldwy DC-voltage. From that
perspective, thermal management of gridle power routers is a niche application field:
fans cannot be used because they do not meet the lifetime and reliability requirements, and
a high voltage source is readily available.

Further anumerical tool isdeveloped to determine the cooling power of a heat sink
combining a fin array with an adiabatic chimney. Eventually, a thesoomomic study is

conducted to assess the tradeoffs between the different technologies.
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The following reseah objectives have been identified as vectors for the successful
development of a novel heat sink technology combining corona discharge with fin arrays:
1. Experimentally characterize the Corona disgkamas a function ofthe
geometric dimensions of the ionwind generator for the configuration of
rectangularcooling channels
2. Develop a numerical model that assesses the cooling power enhancement
through corona discharge iectangularair-cooled channels
3. Validate the numerical model by conducting an expenital study measuring
the air velocity at the exit of the channel as well ashiat dissipated in a
cooling channel
4. Demonstrate the feasibility of enhanced passive thermal management-of grid
scale power router utilizing ionic wind combined withfin arrays by

constructing a technology demonstraiba heat sink

2.3 ResearchApproach

The principles of ionic wind heat transfer enhancement can be subdivided into two
steps: In the first step, positive ions and free electrons are produced through a Corona
discharge. Then, positive ions drift towards the grounded electrode and eventually transmit
momentum to neutral air molecules through collisions. The first part is a plasma physics
phenomenon involving numerous complex reactions that is challenging to model
numerically. On the other hand, the physics happening outside the plasma region is well
described by a set of partial differential equations. Therefore, the proposed approach to
describe heat transfer enhancement through ionic wind cosdnmnexperimentadtudy to

describe the Corona discharge and numerical compuwabomodel ion transport, fluid
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flow and heat transfer outside the plasma regasnrepresented Figure2.2. The work
presented in this thesis is constrained to the situation of a positive Corona electrode.
Positive Corona electrodes are preferred for heat transfer enhancement applications
because of the higher air velocity indd@nd the lower ozone productias compared to

negative Corona electrodgz2, 49].
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Figure2.2: Proposed research approach for the investigation of ionic wind heat transfer
enhancement including an experimental study of ther@odischarge and a numerical
model of the ion transport and therfhaidics.

Heat transfer enhancement through the chimney effect has been considered in several
studies. In most cases, the chimney effect has been investigested on the solution of
the governing conservation equatiofi$ie chosen approach, however, uses an equivalent
resistance network to solve the therfhodic problem. The advantage of this method is
the very low computational timeequired, whichallows to evaluate many different

configurations within a short time and is therefore suitable for design optimization.

2.4 Thesis Organization

CHAPTER 1provides a general introduction to the top@HAPTER 2gives an

overview of the relevant salient literature and describes the research objectiies
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research approaclCHAPTER 3coves the characterization of the Corona discharge.
CHAPTER 4focuseson the numerical modeling of the ion transport in the unipolar region
and of the thermdluidic behavior of the systen€CHAPTER 5present the results of the
experimental work on ionic wind heat transfer enhancement as well as the numerical model
validation.CHAPTER 6displays the thermeconomic tradeoffs of natural convection and
enhanced cooling utilizing the chimney effect. FinalBHAPTER 7 provides general

conclusions on the presentex$earctand recommendations fpossiblefuture work.

22



CHAPTER 3
CHARACTERI ZATTHOERN OCGRONA CURRENT

3.1 Introduction

This chapter presents the characterization of the Corona discharge dpptioation
of ionic wind heat transfer enhancement in rectangular channels as preséiedah.7.
The consideredonfiguration of a single wirelectrode to a double cotlor electrodes
shown in detailin Figure 3.1 alongside the important parameteks(vertical electrode

spacing)dz (channel width) andl o (applied voltage).
Collector

}_I-/ electrodes I
1

Corona
electrode

Figure3.1: Electrode configuration for the application of ionic wind heat transfer
enhancement in rectangular channels.

The mechanism of Corona discharge is best testby considering sequential steps.
First, a naturally free electron enters a zone of strong electric field close to the Corona
electrode. Kinetic energy is imparted to the free electron through the force applied by the
electric field. If the electron iacceleratd to a speed high enoughwitll eventually splita

neutralair moleculeupon collision and create a new pair of electron and positivel foa
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newly created electron is in turn accelerated and eventually hits another neutral air
molecule. This process is referred to elsctron avalancheor Townsend generation
mechanism[16]. When electrons recombine with positive ions and form neutral air
molecules, photonare released. These photons emit the bluish glow around the Corona
electrode. At a certain distance from the high voltage electrode, the magnitude of the
electric field is no longer high enough to sustain electron avalanche. The transition
typically occurswhere the electric fieldeachesSAQ® V/m, the breakdown value for air.
This location is the boundary of the plasma region. Outside this region, the medium is
considered unipolar as the concentration of positive ions is typically several orders of
magnitude higher than the concentrations of free electrons and negative ions.

Harney defined the stage of the discharge at which a continuousystined glow is
present as th€ontinuous Corona reginf8]. This is the regime of interest for flewnd
heat transfer enhancement applications. Is the voltage further incréssBdgakdown
Stageis reachedat which a full discharg®ccursacross the electrode spacirigpth the
continuous Corona regime and the breakdestagewere captured in a picture and are

shown inFigure3.2 andFigure3.3, respectively.

Figure3.2: Continuous Corona regime for a @ wire at a voltage of 13.5k\he
glow is caused by photons emitted when electrons recombine with ions to form neutral
molecules.
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Figure3.3: Breakdown stage for a 16@ wire at a voltage of 18kV.

Theprocess of Corondischarge in aiis per sea very complex phenomenon involving
many moreelectronimpact reactionghan merelythe actual ionization reactions of

nitrogen and oxygen metules described by equatidid$ and(2).

e+0,- e+0; +e 1)

et+tN,- e+N, +e )

In fact, dozens of additional electronic or vibrational excitations, dissociation or
attachment reactions need to be considered to accurately model the Corona discharge.
Hence, there is no closed form mathematical solution defining the functional dependence
of the Corona currenbnthe geometric parametes$the ionic wind generator such as the
inter-electrode spacingl; or the channel widthd.. A numerical simulation of this
phenomenon is typically very complex and computationally expendikie. model
developed by Wang et alonsidered 39 different electrémpact reaction$24]. Using a
Monte-Carlo Collision method, they were able to calculate the Corona discharge. However,
the computation required a supercomputer cluster took 48 hours to compleMhile
such studies are of interest to develap indepth understanding of the physical

mechanisms of Corona dischargjee computational burden makes it inappropragea
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design tool.Instead the approach taken in the peas work combines an empirical
characterization of the Corona current with a statistical regression to obtain a mathematical
expression of the current as a functiontleé geometriqgparameterf the ionic wind
generatarThereby, the focus lays on the é&pment of a tool for the design of ionic wind
generator for internal flow and heat transfer enhancement rather than on a detailed
understanding of thendividual reactions occurring at a molecular levehe developed
correlationthen serveas the inputo a numerical model that assesses the flow and heat
transfer enhancement.

A flow chartsummarizing the method pursum this chapter is shown Figure3.4.
First, a preliminaryanalysisand aparametric study arperformed on the geometric
parameters, the applied voltage, the ambient humidity and the wire diameter. This allows
defining the domia of interest for which the Corona characterization is performed. The
collected data is analyzed and a regression is performed to derive a mathematical
expression for the Corona current. Finally, taédity of thederived expression is verified

using raadomly generated test points.

Preliminar .
4 Definition of Experimental Data Analysis L
Study and Validity
e the Range of Corona and
Sensitivity . . Test
. Interest Characterization Regression
Analysis

Figure3.4: Overview of the process leading to the characterization of the Corona current.

3.2 Experimental Test Setup

A custom test bench was designed and built to perform thieedeSoronacurrent
characterizationA simplified schematic of the test setup is showRigure3.5. The main

components are the following:
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1 Single clannel with Corona and collector electrodes
1 High voltage DC source to apply the desired potential to the Corona electrode
1 Picoammeter to measure the magnitude of the Corona discharge

91 Data Acquisition (DAQ) system to record the measurements

Ambient
Temperature &

Collector Electrodes Humidity

/A\ Icorona DAQ

Picoammeter
*
g ETEEE— HVDC
Corona Electrode Source

Figure3.5: Schematic of the test setup for the Characterization of the Corona current.

3.2.1 Test Setup Design

The main challenge of the design phase for the test setopdetermine the range of
interest for the paramats within which the Corona discharge is to be characterexte
parameters include the vertical distance between the electigdége channel widtld,
the applied voltag@é o and the actual Corona currdstrona The difficulty lies in the fact
thatthere is no prior knowledge about the Corona current for this configuratiarfirst
step, a conservatively large range of parametgrsl. and o was considered and a
sensitivity study was performed. Based on those results, a more restricted démain o
interest was defined for which the detailed Corona characterization was performed.

As one of the goal of the presented research is to assess the potential for ionic wind as

a passive cooling technolppr distribution grid assets, voltages of interegead at least
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up to 13.7kV, which is the voltage of the distribution grid in the Utterefore, 13.7kV is
the minimal requirement for the high voltage DC source.

For natural convection problems in vertical, rectangular arrays as discussed presently,
theoptimal channel is the width at which the tradeoffs betwegsmmizing thefrictional
losses and maximizing the available heat transteface area are balanced. It can be
computed following the correlation developed by-Bahen and Rohsenojs4]. For the
presented heat sink design with an array of parallel, rectangular, vertical channels, the
typical optimalchannel width is less than 10mm. It is expectedttieideal channel width
for a heat sinkvith enhanced flow would not be much different. In a coretese way,
however, the range of channel widthsonsidered is extended up to 20mm.

The range for the vertical distance between the Corona and collector elé¢tradeot
be defined byany application driven constraint, as the only impaathofvill be on the
actual Corona dischargéhe closesexisting experimental data was collectedday et al.
for a Corona discharge ia wireto-plane configuratiof45]. The projected distance
betwea the electrodes correspondingdoin the presented setup was maintained below
6mm. However, voltagasp to only 5kV were considered, while the present study intends
to go beyond that threshold. Therefore, the range of parameters of inteichsives set
conservativelyirom 0 to 25mmIin a similarly conservative fashion, thenge of Corona
current expected spafrem 0 to 10@A.

The ranges of interest for the paramethrsd, andV are summarized iffable 3.1.
Based on these specificationlse thigh voltage DC source and the picoammeter can be

selected and the testing channel designed.
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Table3.1: Initial Ranges of Interest

Variable | Description Value
Applied Potential to the Corona 071 13.7kV
\Y
Electrode
d Vertical Distance Between the 07 25mm
1
Electrodes
d Width of the Channel 57 20mm
| corona Corona Current 0i100c¢

Thetest setumeeds to exhibit a variable channel width and vertical electrode spacing
aforementionedas well asa controllable applied voltag&he high voltage DC power
supply selected is &pellman CZE100QR his device allows both adjustable voltage and
current fran 0 to 30kV and 0 to 3@®&\, which conservatively spans the range of parameters
shown inTable3.1. It also has a voltage test point, which outputs avbltage from O
10V corresponding to 0100% of the rated output. Combining this test point wighuke
45 multimeter allows for the accurate setting of the applied voltage within 1% of the target
value.Some key specifications of the high voltage postgply are summarized irable

3.2.

Table3.2: Specifications of the High Voltage Power Supgpellnan CZE 1000R

Specification Value

Input Voltage 115 Vac
Output Voltage 07 30kv DC
Output Current 0Fr300¢ A
Maximum Output Power AN
Operating Temperature 0T 40°C
Operating Humidity 107 85% RH

The picoammeter selected is Keithley Model 480 Digital PicoammeterThis
picoammeter measures currents from 1nA to 1.999mA in seven different rdinges.

Corona electrode is a thin stainless steel wire, as was used by Go et al. in their experimental
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work [45]. Three different wire diamgfer0s 08456
(101.&m) and O .enPBhwe (2dDI3l.2ct or el ectrode consi
aluminum tape. The underlying idea of having a flat, largeectl electrode is to
minimize the curvaturen orderto minimize the electric field concentration near the
collector electrode and therefarereasehe voltage at which a full discharge will occur.

The structure of the ionic wind generatisrdesigned such that the vertical walls are
adjustable in the horizontal direction to set the channel wlidthile the Corona electrode
is mounted on a movable platform that allows setthrg vertical distance between the
electrodesd:. The adjustablevertical walls and the platform for the Corona wire are
mounted to a structure througpringloadeddowel pins and linear bearings. A 3D model
of the test setup is shown kiigure3.6 and a detailed view of the adjusting mechanism is

shown inFigure3.7.

Adjustable

Channel Walls \

Collector
Electrode

Connector to the

Linear Corona Electrode
Bearings
Platform allowing
adjustable Corona
Dowel Pin Electrode Height

Figure3.6: CAD picture ofthe test setup for the characterization of the Corona current.
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Collector
Electrode

Corona
Electrode

Spring-loaded
Setting Screw

Figure3.7: Detailed CAD picture of the adjustable chanmalls mechanisnwith linear
bearings, dowel pins and sprif@pded setting screw.

3.2.2 Test Setup Build

The structural parts of the test setup (channel walls, supporting elements, etc.) were
made of compressedchlorinated Polyvinyl Chlorid¢CPVC). The advantage of CPVC is
that it is an electrical insulator and therefore prevents any sharitor unwanted Corona
discharge. Further, it is easily machinable has a maximum operating temperature of
95°C, which is higher than conventional PVC and fulfills the requirements for the thermal
testingto be performedThe different parts ere first watefjet cut on aMAXIEM 1515
JetMachining Centeshown inFigure 3.8. In a subsequent step, the parts requiring a high
precision were finished oa 3axis CNC millPrototrak DPM SX2as seen irfrigure3.9.
Next, the required dles and threads were machined. To ensure a-freiseeference
electricalpotentia] a 750mm copper grounding rod was machined and stepped into the

earth ground
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Figuré3.9: Milling of the parts for the ionic wind géneratof requiringigher accuracy.

Eventually, all parts were assembleldey dimensions of the Corona discharge test
setup are summarized Fgure3.10 and a picture of th&ull system is shown ifigure
3.11 The uncertainty of the tesetup apparatus is reported in

Table3.3.
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Width of Collector

Electrode 12.7 . Adjustable Channel

Width 0 - 20

—l 1
H L Adjustable Vertical
1 E Electrode Spacing 0- 25

Figure3.10: Key dimensions of the Corona discharge tesifs

J——

Height of the lonic
Wind Generator 50

L
'-'_
Wzt
—

| —

Kglthley 480 Fluke 45
Picoammeter .
Multimeter
Grounding
Pad
Spellman
CZE1000R High
Voltage DC Supply
lonic Wind
Generator

Figure3.11: Test setup for the Corona characterization.
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Table3.3: Test equipment and uncertainty of the measurement apparatus for the Corona
characterization setup.

Device Model Uncertainty
Picoammeter Keithley 480 0.5%+3 counts
High Voltage Power | - o 1an cZE1000R 1%
Supply
Multimeter Fluke 45 0.025% + 2 counts

The approximate costs of the test setup are summariZeabia3.4. Bulk of the cost
was induced by the high voltage power supply. Items not listed were availdinesa
and did not have to be purchasedtéfi@ls for a total of $4465 was purchased to build the
test bench for the characterization of the Corona current.

Table3.4: Cost of the test setup for the Corona characterization

ltem Total Cost
High Voltage Power Supply Spellman CZE 080 $3812
Picoammeter Keithley 480 $272
Linear Bearings (6 parts) $105
Stainless Steel Corona Electrode (3 different wir $173
Small Hardware (Springs, Screws, Dowel Pins,

etc.) $103
Total Costs $4465

3.3 Experimental Results

In the first phase, the influence of the individual parameters was investigated by
performing aparametricstudy.There are five main parameters that influence the Corona
discharge in ambient air: the applied voltaggthe verticalmterelectrode spacind., the
channel widthd,, the ambient relative humidity and the diameter of the Corona wire
electrode. The independent parameters are further classified into design variables and

blocking factors. Design variables are parametersctirabe chosen freely within certain
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bounds when developing a new system. Hence, these parameters can be used to optimize
the performance of the system. In the present situation, the verticatlietenode spacing
d: and the channel widitb are design &riables. Blocking factors, on the other hand, are
determined by external constraints and cannot be changed to optimize the system. In our
case, the applied voltage, the ambient humidity and the wire diameter are considered as
blocking factors. The applialtage is set to 13.5kV due to the primary application target,
i.e. the thermal management of power routers for the electrical distribution grid. The
ambient humidity clearly, cannobe controlled and therefore has to be considered as a
blocking factor. The diameter of the wire electrode could potentially be varied, however
only in discrete steps and to a limited extent. Therefore, it is not suited as a design variable
and is treateds a blocking factor as well.

In the second phase, data was colleciesr the range adesign variables (i.al; and

d>) that have been identified akinterest.

3.3.1 Parametric Study

The goal of theparametric studys twofold. First, it aims at restraining the range of
parameters of interest presentediable3.1 to a more limited set of values relevant for
theapplication of ionic wind heat transfer enhancement. Typically, parameters that exhibit
too low of a Corona current are not of interest since no noticeable flow improvement is
achieved. On the other end, design points at which a full discharge occurd beoul
avoided as it does not yield the wanted transfer of momentum from the ions to the air
moleculesThe second objective of the sensitivity study is to gain ingigtthe functional

dependency of the Corona current on the different variables.
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The fird study considers the variation of the Corona current as adaraftthe applied
voltage. Stuetzer investigated the behavior of the Corona discharge felettteode
configuration of parallel planes, wie-cylinder and poinrspherg29]. In this study, the
authorshowed analyticallythat the magnitude of the Corona discharge followsrered
shown in equatioi§3), i.e. the square root of the Corona current varies linearly with the
applied voltage differential between the electrod€kis dependency was verified

experimentally by Go et al. for the configuration of a woelane dischargp5).

- 105
I:Collector ICorone (3)

F

Corona_

A sweep across a wide range of voltages was perforored fixed geomeey (di =
20mm andd; = 15mm).Figure3.12 showsthat the linear dependency between the square
root of the Corona current and the applied voltage also holds for the presented electrode
configuration.

Voltage-Current Curve
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Figure3.12: Functional dependence of the square root of the Corona current on the
applied voltage.
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The next study considered the influence of the vertical distagteesen the electrodes
d: on the Corona discharg&€he magnitude of th€orona current as a function of the
distanced; is shown inFigure 3.13 for three different values of the channel width. It is
observed that an increase in the vertical distance between the electrodes results in a
decrease of the Corona curreithis can be explaed by analyzing the process of
ionization: the production of ions occurs when sufficiently energetic electrons collide with
neutral air molecules, resulting in the split of the neutral air molecule into a positive ion
and another free electron. The aecation of electrons is proportional to the strength of
the electric field, which is in turn related to the gradient of the potential applied to the
Corona electrodeTherefore, reducing the intefectrode spacing increaste electric
field, resulting n a higher number of ions produced and, therefore, a larger Corona current.

Sensitivity on d1
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Figure3.13: Functional dependence of the Corona current on the vertical distance
between the electrodés.

Further, the effectfdhe channel widtlal, on the Corona current was investegilhe

first observation fronfrigure3.14is that the Corona current increases as the @havidth
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is increased. Another observation that was made during the experiments is that a full
discharge occurred at a lowerltage for small channel width$he fact that the Corona
current increases as the channel width is increased is somewhat-cowitige and goes
against the explanation given for the dependence of the Corona current on the inter
electrode distance;. A possible explanation is thdte air flow through narrow channels

is low due to the higher fluid resistance. Under certaioumstances, the flow can be
choked and thus prevénthe feeding of fresh air. Thuthe number of air molecules
available forionization islimited in a narrowe channel. As the channel width increases,
theair flow is no longer obstructed and thember of neutral air molecules candidater
ionization becomes largerh&reforethe Corona current increasesgh increasing channel
width.

Sensitivity on d2
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Figure3.14: Functional dependence of the Corona current ochibhanel widttd,.

The amient humidityis the next parameter of interest parametric study on the

humidity is conducted for an applied voltage of 13.5kV, an {akectrode spacing; of
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15mm and a channel widtth of 15mm. The humidity was controlled in the laboratory
room using éDandy Premiedehumidifier and a water kettl€he ambient humidity was
measured at two different locations in the room using a Taylor humidity meter with an
accuracy ot:5%. This setup Bowed to control the room humidity between 43% and 73%
(humidity ratio of 7.54.0°3 to 12.9407). The dependence of the Corona current on the
ambient humidity is shown iRigure3.15. It is shownthat the Corona current increases
with increasing humidity.This trend is explained by the enhancement of electrical
conductivity at higher ambient humidity that was investigate@dmjon[55]. These results

arein agreement with thevork presented by Nouri et ako which the reades referred

for more details on the dependence of the Corona discharge on hysility

Influence of the Ambient Humidity
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Figure3.15: Influence of the relativeumidity onthe Corona current.

The last parameter of interestthe diameter of the Corona wire electrobiee electric

field at the surface of the wire electrode is expected to depend on the wire diameter. Peek
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developed an empirical correlation for tekectric field at the surface of a wire in air at
standard conditionf&7]. This correlation is shown in equatif), whereke is the electric
field at the wire surfacdso is the breakdown electric strength of @othin V/m) andRe

is theradius of thecorona electrode iam.

& 2 Q
E.=EZ+—=—2 4
(;; _—

Three different wire diameters were testede Q) 10&m and 206m. The resulting
voltagecurrent curves arpresented ifrigure3.16 for a fixed geometry. It ishown that,
for a given geometric configuration and applied voltage, the Corona discharge increases as
the wirediameter is reduced. This is explaineddoysideringequation(4): as the radius
of the Corona electrode tecreased, the electric field at the wingrface increases due to
the higher curvature. Thus, ionization occurs at a faster pace and the total current discharge
increasesor a smaller electrode radius.

From a practical @spective, however, dealing with wire electrodeshas as 5@m
presenteda challenge. Wire elongation and breakage made it difficuthamtain the
electrode under tensioBesides the loss of strength due to the smaller cross sectional area,
another cause of wire elongation and breakage at smaller diaretelbe wire heaiq,
especially at higher voltages and Corona currents. The steady state wire temperature is
calculated according to equati@h), where the convectivleat transfer coefficient is
computed following the empirical correlation shown in equaf@mleveloped by Hilpert
[58]. Thereby, adiation heat transfer is neglected, as the convective heat transfer

coefficient is in the order of 5001000W/nt-K.
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Ah(Twire- o ): |C0ronf 0

Nu, = hTD = CRe"Pr?
with C=0989 m=0.330

(5)

(6)

At an applied voltage of 16.5kV and a Corona current afA4Qhe steady state

temperature of a B0n diameter wire is found to HD2°C. While this is well below the

specifiedmaximal operating temperature of 285°C, it is enough to soften the steel and

facilitate elongation. As a comparison, a 4@0thin wire subject to the same conditions

reaches a temperature 68°C only. Therefore,all subsequenimeasurements were

performed using an electrode wire of $60diameter.
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=

Figure3.16: Corona current for three different wire diameters.
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3.3.2 Data Collection

Based on the sensitivity studgnd prelminary testing the following range of
parameters was identified as relevant for the objective of the present work, i.e. ionic wind
heat transfer enhaament in rectangular channels.

Table3.5: Refined Domairof Interest Based on the Sensitivity Study

Voltage Domain of Interest
75¢ d, ¢ 20mm
U0=10.5kV d;, - d, ¢ 5mm
3d, - d, 2 35mm
) 125¢d, ¢ 25mm
00=135kV 10mm¢ d, ¢ 20mm
) 16¢ d, ¢ 25mm
00=16.5kV 7.5¢ d, ¢ 20mm

A total of 597 data points were collectedt ambient conditions. The ambient
temperature was constant at-21C and the ambient humidity was measured aP%é A
scatter plot of the Corona current is shown tfree different voltages iRigure 3.17 -
Figure 3.19. A few things can be noticed from these raw data. First, the general trend
observed from the sensitivity study showing that the Corona current increases as the
projected distance between the electralelecreases is confirmed. Further, it is seen that
no significantCorona discharge occuigr channels width below 7.5mmLast, it is noted
that the range df; considerecchanges depending on the applied voltage. The reason for
this comes from the fact that, as the voltage is increased, theslieterode distance at
which a full discharge occurs decreases. For instavioen applying a voltage of 16.5kV
with a channel width of 20mm, a full discharge would occudii at15m. When the voltage

is set to 10.5kV, howeved;, can be reduced ®mm withoutelectricalbreakdown
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Figure3.17: Measured Corona current as a function of the channel width and electrode
spacing at a voltage of 10.5kV.
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Figure3.18: Measured Corona current as a function of the channéhaitt electrode
spacing at a voltage of 13.5kV.
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Figure3.19: Measured Corona current as a function of the channel width and electrode
spacing at a voltage of 16.5kV.

3.4 Data Analysis

The eventual goal of thstudyis to develop a parametric tool defining the magnitude
of the Corona discharge as a function of the geometry of the ionic \eimerajor A
mathematical expression of the form showmrduation(7) is developed for a voltage of
13.5kV, as this is the relevastectrical potential for the target application of thermal
management of gridcale power routers. A similar expsam is developed for voltages of
10.5kV and 16.5kV, allowing for linear interpolation at intermediate voltage lafvels
required Data poins exhibiting a Corona current lower thaaA are discarded, as it was
observed that such a low current will not sawany noticeable flow enhancement and is

thereby irrelevant for thermal management applications.

| Corona/=135 = f(dlldz) (7)
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A multivariate regression analysis following Chapter 12 in Barnes is perfdi®8gd
Thereby, the code developedby hn DO Er r i c o a Nalabél#exahdngeb | e f r
sourceis used with some modificatioi60]. The number of possible models explaining
the dataapidly growsas additional termareconsideredin the present study, the potential
candidates to fit the data are constrained to a polialash order up to 3Any further
increase in the order rapidly becomes impractical from a user perspesctive number of
terms becomes too large. Therefore, a full model will contain the ten terms shown in

equation(8). Any combination of those ten terms is also a valid candidate.

| coronar=1as = 8go + A0d; +35,d;, + a2odl2 +ay,,d,d,
+ay,d] +a,d; +a,,d’d, +a,,d, df +a,d;

(8)
Despite constraining the polynomial order to thréeere are still 511 possible
combinationsThe goodnessf each individual fiis assessed by comparitige coefficient
of determination(R? and the Root Mean Square Error (RMSE) computed as shown in
equation(9) through(13), respectivelyThereby,y represerga data pointR its estimag
by the regression model afids the mean of all data poinfBhe number of parameters in
the model is denoted hgyand the number of data pointsnsA good model will have a
high R and a low RMSE. Eventually, however, the choice of the final moddéddsbased
on a judgement call, as the accuracy of the model has to be balanced with the complexity

in terms of the numbers of coefficients requiréde R and RMSE values are plotted in

Figure3.20to Figure3.22 for the three different voltage levels.

ssT=4 (v, - ¥f ©

i=1

ssr=4 (- yf (10)

i=1
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SSE= SST- SSF (11)

SSE
RMSE=-—— (12
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Figure3.20: Goodness of the fit at a voltage of 10.5kV.
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Figure3.21: Goodness of the fit at a voltage of 13.5kV.
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Figure3.22: Goodness of the fit at a voltage of 16.5kV.
As expected, a higher number of terms allows for a higleand a lower RMSE.

Further, it is observed that the models with the highésil$ have the lowest RMSE,

facilitating the identification of the best candidate. The only question that remains to be
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answered concerns the balance between the number of terms to consider and the achieved
accuray. To address that question, the achiegd®lis plotted as a function of the number

of terms considered, as shown Figure 3.23 and Table 3.6. From these values, it is
concluded that any terms past six will only lead to a marginal increase in accuracy.
Therefore, the modgtonsisting of the six terms yielding the highedwRlue are cbsen

for the three different voltage levels.
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Figure3.23: Maximal achievable Ras the function of the number of terms considered.

Table3.6: Maximal Achievable R as a function of the number of terms considered

N”Trgfri;‘)f R2( §=10.5kV) | R2( @=13.5KkV) | R?( ©=16.5kV)
2 0.6925 0.8020 0.6839
3 0.8911 0.9188 0.9285
4 0.9545 0.9779 0.9672
5 0.9800 0.9867 0.9901
6 0.9910 0.9932 0.9930
7 0.9937 0.9947 0.9955
8 0.9974 0.9963 0.9984
9 0.9981 0.9965 0.99%
10 0.9982 0.9965 0.998%
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The three expressions for the Corona current at different voltages are listed in equations
(14) to (16). It is noticed that the optimal expression for each of the casesaakgistly
differentform. Far instance, there is the presemdea squarederm ind; at a voltage of
10.5kV while this term is missing at higher voltag@&ke ranges of validity for the
developed expressions are also indicated. The upper bouhdsiypicaly constrained
by the minimalCorona current requirement. The lower boundiins constrained by the
distance at which a full discharge occurs. The distdpebound to 20mm by the size of
the experimental setup, while the lower bound is limited by either a full discharge at low
values ofd: or by the minimal Corona current requiremehhis effect § represented

graphically inFigure3.24 for equation(14).

| coronav—ias =17997- 3101d, +4.55d, +1.47d/ - 0.129d7 - 0.02334;]
within
7.5¢ d, ¢ 20mm
d, - d, ¢5mm (14
3d, - d, 2 35mm
T=22°1"C RH=54°5%

| coronav=1as = 30506- 41.09d, +2.184d, +1.76:-b|12 - 0.0254113 - 0.002211d22
within
125¢ d, ¢ 25mm

10¢ d, ¢ 20mm
T=22°1°C RH=54° 5%

(19
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| coronav=165 = 444.08- 57.06d, +3.694d, +2.3631I12 - 0.0331|13 - 0.0040(.’dld22
within
16¢ d, ¢ 25mm (16)

75¢d, ¢ 20mm
T=22°1"C RH=54°5%

20+ 1
Range of
Validity for
151t B, = 10.5kV
E
E
'ON ICorona < 1'{LA
10 +
Full
Discharge
5 H
0 5 10 15 20 25 30

Figure3.24: Range of parameters fdr andd. for which the Corona current is superior
to 1eA butno full discharge occurs.

Finally, the original data points are plotted along the model predictibigure 3.25
to Figure3.27, showing a good qualitative agreemédinis noted that all the Corona current
values presented were measuréith & wire length of 80mnSince the voltage drop along
thewire is negligible, the Corona discharge is homogeneous along the wire electrode, as
can also be seen kigure3.2. Thereforethe value of the Coroneurrent for a wire of a
different length can be linearly extrapolated from the presented data, i.e. the magnitude of

the Corona current with a wire twice as long will be doubled.
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@n = 10.5kV

n:;l2 [mm]

Figure3.25: Surface othe mlynomial fit and original data for the Corona current at a
voltage of 10.5kV.

‘I’n =13.5kV

d2 [mm]

Figure3.26: Surface of thgpolynomial fit and original data for the Corona current at a
voltage of 13.5kV.
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@u = 16.5kV

d2 [mm]

Figure3.27: Surface of the glynomial fit and original data for the Corona current at a
voltage of 16.5kV.

3.5 Uncertainty Analysis

The uncertainty of the Corona current correlations was determined folldvariihe
and McClintock method.The general form of the uncertainty for the Corona current
correlations is shown in equati¢t7). The error in the distance measurentkrdandd; is
estimatedased on the fact that the pitch of the M5 bolts used to set the channel width and
electrode spacing is 0.8mm per rotationvdis observethat it is possible to adjust the nut
to lessthan 16 revolution or 0.1mm. Since two walls have to be adjusted to set the channel
width, the uncertainty id. is the aggregate error and amounts to 0.14Mra.uncertainty

calculation for the three different voltages is shown in equafi®)go (20).

1/2
a

% orona 62 a | orona 62‘
51, = G s, § + Fremems, QU a7
g Hh + ¢ M9, T H

o
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2
s = (-3101+2.94d -0.069@ )s } +{ 455 02581, )s } }}/ 18
lcoronal05 [{ 1 1/7d;, ( 2) dy ( )
2 2|2
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s = (-4109+3.5261 -0.076212- 00022 )s }+{ 2184 00044i,d, )s }]}/ 19
Icorona3s [{ 1 1 2 dg, ( 1 2) d, ( )
s = [{(.57.0&4.72&11- 0.10d12-0.0040622)sd }2+{(3.694 0.00812d, )54 }Z]y2 (20

Coronal 65 ! 2

The averagpercentage modeincertaintyin the value of the current was calculated to
4.2%6, 3.44%and2.826 at a voltage of 10.5, 13.5 and 16.5, respectivEhe maximal

and minimal uncertainties for each casereported inTable3.7.

Table3.7: Minimal, maximal and mean error of the correlation for the Corona current

¥ 0
Vﬁ&?jge ﬁl,min[ e A ljl,max[ e A l?ll,mean[ e A Ul,mean[/o]
10.5 0.054 0.978 0.501 4.29%
13.5 0.112 0.869 0.335 3.44%
16.5 0.241 0.808 0.418 2.82%

3.6 Model Validation

In order to validate the modéQindependent data poin{$0 pointsper voltage level)
are collected and compared to the developed corretaifibiese data points are generated
randomlyusing theMatlab functionrand. The test points are generated in such a way that
they do not coincide with the measurement points already collected. Rather, the distance
d: is chosen such that it falls between the points used for the development of the
correlations.The test pointsthe predicted values for éhCorona currenas well as the

model uncertaintyare shown imable3.8.
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Table3.8: Test points and predicted values for the Corona current.

Voltage | Point # | di[mm] | d2 [mm] lcorona[ € A Uncelr\f;i?\te;[ e A
1 121 | 162 18.87 057
2 153 | 194 6.36 0.25
3 129 | 138 13.00 0.49
4 161 | 154 4.42 0.20
5 161 | 170 5.03 0.18
10.5kV % 120 | 14.6 13.81 0.48
7 8.1 138 51.27 1.19
8 137 9.0 1.02 0.50
9 9.7 106 30.15 0.94
10 113 | 12.2 20.21 0.70
1 177 | 114 9.09 0.34
2 193 | 138 8.13 0.23
3 185 | 106 6.06 0.29
4 161 | 114 14.78 0.48
5 169 | 130 13.64 0.40
13.5kV —¢ 201 | 138 6.83 0.20
7 185 | 138 9.80 0.28
8 185 | 194 14.30 0.29
9 161 | 17.0 21.26 0.49
10 153 | 194 27.62 0.59
1 177 9.0 18.71 0.61
2 233 8.2 3.50 0.34
3 201 | 138 19.07 0.38
4 201 | 106 13.61 0.40
5 185 | 194 31.51 055
16.5kV —¢ 233 | 106 8.10 0.29
7 177 | 114 24.06 0.60
8 201 | 114 1513 0.39
9 185 | 194 3151 0.55
10 169 | 13.0 31.69 0.70

The result of the validation measurements are shovwaingure 3.28 to Figure3.30. It
shows good agreemertimostall data points falling within the esr bas of the model
predictions and the measurement erftiere are several possible causes for the difference
between the measurements and the model prediction, such as the approximation of the

polynomial fit or experimental uncertainty. However, the model validation performed
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shows that the derived correlatgoorrectly capture the trends and therefore are useful as

design tools for the development of heat sinks with ionic wind cooling enhancement.
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Figure3.28: Validation of the correlation for the Corona cuntrat an applied voltage of
10.5kV.
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Figure3.29: Validation of the correlation for the Corona current at an applied voltage of
13.5kV.Only thetest poins number 7and 10slightly deviate from the model @diction.
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Figure3.30: Validation of the correlation for the Corona current at an applied voltage of
16.5kV.

3.7 Discussion

The proportionality between the square root of the Corona current and the applied
voltage was verified. The dependence of the Corona current on the electrode wire diameter
is also well understood, the current increasing for smaller wire diameters due to the higher
curvature and hence higher electric field around the electradther, thefact that the
Corona current increases as the vertical distance between the elediiediexreased can
be explained by the increase in thagnitude of thelectric field. The dependence of the
Corona current on the chanmlis somewhat counterintive. One possible explanation
is that the number of neutral air molecules that can be potentially ionized is constrained in
narrow channelslue to the higher flow resistandus limiting the Coronalischarge.

Lastly, it is shown that an increaseniamidity results in an increase of the Corona current

due to enhanced electrical conductivity of the ambientTaie. collected datavere fitted
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for three different voltage levels using polynomial fithe three correlations have aR R
higherthan 0.99 ad are therefore efficient tools to easily predict the Corona current for

the proposeelectrodeconfiguration.
3.8 Summary

A custom test bench was developed and built to determine the Corona current
experimentally over the range of parameters of interests s&hsitivity of the Corona
current on the geometric dimensions of the ionic wind geneta®applied voltagethe
diameter of the wire electrodend the humidityis presented. The linear dependence
between the voltage and the square root of the Conamant presented in literature is
confirmed. Typically, the Corona current increases with decreasing vertical electrode
spacingd:. On the other hand, the Corona current is highdafgervalues of the channel
width do. It is also observed that a thimneire electrode produces a higher Corona
discharge. This is due to the increased electric field concentration at larger cur¥aures.
three different voltages (10.5, 13.5 and 16.5kV), the data of the Corona current is fitted by
a twodimensional polynomal expression with six terms. The resulting polynomials fits
achieve an Rvalue of over 0.99. The presented expressiares validated using
independent test points ahdve an averagencertaintyof less than 4.3%The derived
correlationsare thereforeuseful asa tool for the design anaptimizationof ionic wind

generatas.

57



CHAPTER 4
MULTI PHYSI CS MSMODELI QNI C WI ND HEAT
TRANSFER ENHANCEMENT

4.1 Introduction

lonic wind heat transfer enhancement is a complex, multiphysics problem involving
electrostatis, thermodynamics and fluid dynamics laws described in the research
approach sion, the numedal model is constrained to the domain outside of the glasm
region. The magnitude of thenization enters the model in the form of a boundary
condition fa the Corona currentedived experimentally ilCHAPTER 3 The present
model is inherently multiphysics as it captures combined ektatioand themofluidic
phenomenarhe solution method follows a twsiep process. First, a numerical procedure
based orfrinite Difference Approximatiofi-DA) is developedo solve for the electric field
and the ion concentratiosecond, the thermofluidic part of theoblem is solved using

the commercially available softwafasys 15.0 Fluent

4.2  Multiphysics Model

A set of five governingartial differential equationgPDESs)describing the effect of
ionic wind is presented following existing literati4®, 61]. The dectric field is desgbed
by the Poisson equati¢®l). The charge densijyis the sum of the free electrons, positive
and negative ions concent@timultiplied by the elementary charge, as showagumation
(22). In the case of a positive Corona discharge considered in this work, the number of
negative ions and free electrons outside the plasma region is several orders of magnitude

smaller than theumber of positive ionsas shown by Chen and David4ads]. Therefore,
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the domain outside of the plasma region is considered unipolar and the concentration of
free electrons and negative ionggsumedo be zero. The permittivity of air takes a value

of U= 8.859-10'2 F/m.

PE=- BF="c 21)
e
re:(n+ - N - ne)Q (22

The next PDE imposes conservation of charges. Free charges are transported by four

mechanisms: conduction, driidvectionand mass diffusion.
5(@5E+b§re +Gre): D,.D?r, (23

As suggested in the literature, the dominant transport mechanism is drift due to the
electric field[29, 40, 45]. Therefore, transport by conduction, advection and diffusion is
neglected. This assumption is discussed in more detasgedtion4.8.1 based on th
obtained numerical results.

The therméfluidic part of the problem is described by thieady stateonservation
eqguations for mag24) momentum(25) and energy26). The influence of ions on the fluid
flow enters the conservation of momentum equation in the form of an electrostatic force

proportional to the iodensity and the electric field, thest term in equatio(25).

) Cﬁr G) =0 (24)

B rﬂﬁ):-5p+nD2G+r§+reE (25)
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ud(rc,T)= kDT +br 2 - udr ) (26)

To fully describe the conservation of energy, the heat generated by the electrical current
in the medium should be taken into accoutlj. This isdone by adding a Joule heating
termi thesecond tdast term in equatio(26). The last term in equatiq@6) subtracts the
kinetic energy that ions transfer the fluid, as part of the ion energy is not converted to
heat. However, both termgan be neglectevhen comparedo the amount of heat
transported by advection in the range of parameters considered. A quantitative discussion
of this simplification is presented gectior4.8.1

The presented assumptieryield a simplified numerical model of five partial
differentialequationsummarized in equatiori&7) - (31). The advantage of the simplified
model is that the system of PBEan be partially decoupled, sirthecharge conservation
equation is independent on the air velodityHence, the free charge densityand the
electric fieldi can be solved directly from equati¢@7) and(28). In a subsequent step,
the resulting body force acting on the air is fed into equ&B0nand the velocity, pressure

and temperature distributisarecalculated

PE=- BF :?e 27)
pdpEr,)=0 28)
Bdru)=0 (29)

Ddruu)=-pp+md2u+rg+r.E (30)

u®(re,T)=kD?T (31)
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4.3 Computational Domain

A cross section ofhie geometry under studyombining a Corona electrode with a
double collector electrods presented ifrigure4.1. Two distinct computatica domains

are afined: one for the electrosikasolution the otheifor the thermofluidic solution

I
— ! -
. 1
Q — ! = Heated Wall
—~ : -
Collector_ 7 TT I I Nl
electrode ’
1| ; ||
[}
]
Control i
Volume \i
[} Electrically insulated
: extension
AT
1
Coronal
electrodé
1

MAMATTEFFTT

Figure4.1: Computational domain for the eledtatics(in blue) and for the
thermofluidic part of the model (in orange).

A few assumptioghave been made in order to simplify the numerical procedures. First
of all, it is taken advantagof the fact that the channel is symmetric so that only half of the
channel is considered. Second, it is assumed that the depth of the channel (i.e. the
dimension in the plane perpendicularRigure4.1) is large as compared to the channel
width and that, therefore, a twtbmensional model accurately represents the phyBigs.

assumption isverified by a parametric CFD studgn the aspect ratio o vertical,
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rectangular channeh rectangular channelf length 200mnsubject to forced convection
at an inlet velocity of 1.20m/s and a wall temperature of 100&S consideredThe
average wall heat flux is reported as a function of the aspect raisoshiown that, for
aspect ratio over, the error is less tha%o. Typically, fin arrays used for passive cooling
applications have an aspect ratwat ranges from 8 to beyond B&2]. Therefore, 2D

appioximation is reasonabfer the present purposes

Error [%]
(o]
o

Aspect Ratio

Figure4.2: Average error in the heat flux when comparing a 2D result with the 3D
calculation for a 100mm channel subject to forced convection by air at a velocity of
1.2m/s.

Third, it is assumed that the phaa region is small enougiothat it can be neglected.
In reality, the plasma region is nearly circular around the Corona wire, and a small portion
of the computational domain should be cut out. However, this would greatly complicate
the implementation dioundary conditions in #t particulaarea. Fuitier, the thickness of
the plasma region is typically of the order of 1 to 2 times the radius of the Corona wire

[63]. In our case, thisepresents less than 200, as compared to a channel width and
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length in the orderof 10mm and 50mm, respectively. Thus, this simplification is

acceptable.

—————— Collector F_————— Collector
]/ electrode -I/ electrode

Control

Volume \ql
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Figure4.3: Actual situation including the plasmegion (left) and model simplification
neglecting the plasma region (right).

Lastly, the computational domain for thkectric field and ion concentrati@confined
between the electdes. Thereby, it is assumed that all the ions produced by the Corona
electrode move directly to the collector electrodes and no cheages the control volume
through the toppoundary A more detailed analysis of this region is discussed in section

4.4.3

4.4 Numerical Procedurefor the Electric Field and lon Concentration

Aissou et al. mentioned that a complete solution of the Poisson equation and current
continuity equation is not straightforwaf@4]. Indeed, even though several assumptions
have been made to simplify the numerical model of the addietid and ion concentration
there is no readily available solution method. Therefore, a numerical procedure is

developed to calculate the ion dilstition and the electric field in the unipolar region.
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4.4.1 Non-Dimensionalization

The simplified modeldescribing the electrostaticse. equationg27) and (29), is
solved using a finite difference approach on a homogemabys grid in Matlab R2013a
Because the quantitiese and U are expected to be large, the equations are non
dimensionalized to avoid truncation errofhe normalizedvariablesare defined in
equationg32) - (37) anddenoted by a star. The normalizing constargsdanoted by the

subscript zero and summarizedTiable4.1.

* F
Fr=—o
= (32)
—  EL
E =—2
3 (33)
o =
L (39
P =Lb (35)
/‘* _ I
T (36)
* \J
J - Corona
Corona Fohon’ore,o (37)

Table4.1: Normalization Constants

Constant Description Unit
Uo Applied Potentiato the Corona Electrode \
Lo Total height of the computational domain m

Expected maximal ion concentration basg¢ C/mi
on preliminary calculations

Bion,0 lon mobility coefficient in air m2/V-s

leo
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The normalized equations are showrguation(38) and(39).

P L2r
DE =- BF =2%2/;
Fe'* (39)
5 der:)=0 39

4.4.2 Finite Difference Approximation

Due to the strong coupling of both equations, a direct solution would require solving
2-m:n nonlinear equations simultaneously. This approach proved to be unsuccessful
because of computational powénitations. Instead, an iterative computational scheme
was usedThe overall numerical procedure is summarizedrigure 4.4. First, the ion
concentréon is assumed tbeuniformly zero and the homogeneous Poisson equation for
the electric field is solved. Based on the calculated electric field, the conservation of

charges equation is solved for the ion density. The process is iterated until corwésgenc

reached.
e ™
Solve Poisson
Equation
Define Generate Solve Homogeneous Solve Conservation
Parameters Grid Poisson Equation of Charges
Domain Geometry,
Corona Current and No
Applied Volf
pplied Voltage AS <
Yes
Solution for
E, p.
\. y,

Figure4.4: Overview of the numerical procedure for the solution of the Poisson equation
and the conservation of charges equation.
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Both equations were discretized on a staggeredgsidown inFigure4.5. A staggered
grid allows for a convenient computation of the first order derivative quahntilyotice
that the grid is extendgmhst the border of the actual domain by half a cell. This facilitates
the implementation dNeumanrboundary conditionsn the electric potential he finite
difference approximation of the normalized Poisson equation is shoaguation(40).
The conservation of charges is solved for each cell s¢igllg, starting from the cell
adjacent to the Corona electrode. An ion balance iopeed on each inddual cell
according to equatiofl). Thereby, it is assumed that the ion stream leaving the cell (i)
has the concentration of the cell (i,)).

2F () - F(+L)-F(-2j) 2F (L J)-F (. j+)-F(.j-1)_ Lo e .
(DX* )2 (Dy )2 Fo e e

(40)
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Figure4.5: Staggered grid used for the implementation of the finite difference method.
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4.4.3 Boundary Conditions

The applied boundary conditionsa the electric potentiare summarized iRigure4.6.
As the collector electrode is grounded, its poténsisset to zero. The potential at the
Corona electrode is also subject to a fixed potential, namely the value of the applied voltage
U o. Additionally, the electric field adjacent to the Corona electindbe radial direction
is set to AC° V/m, the valie of the breakdown of aihe treatment of the boundary
conditions in the Corona region is summarized in detafFigure 4.7. The remaining
sectionsof the computational domain are subject to homogeneous Neumann conditions,
following the approach by Go et al. for a similar situatj@éd]. The only boundary
condition applied to the conservatioihcharges equatios a fixedhumber of ions entering
the control volume athe Corona electrode. Theimber of charges entering the control
volume is directly proportional to the Coronaurcent measured experimentally. The
homogeneous Neumann boundary conditions on the electrictipba facto implies a
zero ion flux at all boundaries, except at the electrodes. This postulates that no free charge
leaves the control volume butrough the collector electrodérhile in reality some free
charges might be transported by diffusion oveaion and leave the control volume
through the top boundary, it is shown in sectb8.1that this transport mechanism is
negligible as comparei the drift due to the electric field, which is directed towards the
collector electrode. This was further verified experimentally: the Corona current was
accurately measured at the collector electrode. In addition, the current leaving the high
voltage OC supply can be monitored from the front panel of the device. It was observed

that the value of the current measured at the two locations was the same within reading
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accuray. Therefore, apping a Neumann boundary condition immediately above the

collectorelectrode is a reasonable assumption.

Collector
Electrode

Corona
Electrode

oD

— =0
an

Figure4.6: Boundary conditions applied on the potential.
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Figure4.7: Implementation of the boundary condition in tberona region.
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4.4.4 Mesh Convergence Study

A mesh convergence study svperformed to ensure grid independence of the results.
The final solution of the body force on the air is considered, i.e. the product of the free
charge densitye and the electric field. This is the relevant quantity for two reasons: first,
it is the variable of interest as it will be used to compute the thétnalic results. Second,
it can be assumed that, if the product of the electric field and the freenaentration has
reache convergence with respect to the grid size, the individual varigbkesd i will
have reached convergence as well. betour of thebody force in vertical direction is
plotted for two different grid sizes of 200 and 400 elements in the vertical idineit
Figure4.8. Both grids yield the same solution. Additionally, the vertical body foaitEng
the vertical centreline of the computational domaiplottedin Figure4.9 and allows a
more quantitative assessment of the mesh convergEoncehis study, aepresentative
case with an applied valge of 13.5kV, a channel width of 15mm anekdicalelectrode
spacing of 20mnwas consideredBased on thee result, the mesh with 200 nodes in the
vertical direction corresponding to a cell size ofdidQvas choseas the minimal sizéor

all calculations as it yields an optimal accuracy at a low computational cost.
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Figure4.8: Non-dimensionalized body force in vertical direction for a grid of @efl)
and 40Q(right) elements in the vertical direction, respectively.

04— | | |
it A N =100
P i i N B B N = 200
7 N L N = 400
0.3} Fi \ _
i \
&
* n
02} \‘
L .I.]; “
kY
]
0.1}§ \ _
H
¥

0 L I L I L s I " " I
0 01 02 03 04 05 06 07 08 09 1
y#

Figure4.9: Normalized body force imerticaldirection along the centerline of the
computational domain.
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4.4.5 Convergence of the Solution

The average changetime solutiomyBis computed according to equati@?) in which
N is the total number of poistandk is the K iteration In order to investigatevhether
some regions of the control volumes have large errors, the average chdregoiation
is computed for values pfequal to 1, 2, 4 and 8. The higher valueg afmplify the weight
of points with large errors. Therefore, if a region of the caadmnal domain does not

converge, the value ofswill capture that effect.

o N ~

%. |re(i’k+1)_ re(i’kxpg}/p

Ds=$=1 N 8 (42
e a. re(i’k+1)p o}
C i=1 -

For the same representative case with= 13.5kV,d: = 20mm andd> = 15mm, the
average change tihe solution is plotted ikigure4.10. As expected, the average change
in gBincreases with increasing exponpniNevertheless, it always follows an exponential
decay until itfinally converges.Therefore, it isshowedthat the numerical procedure

converges to a solution for all regions of the computational domain.
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Convergence of the Solution
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Figure4.10: Average change in thelsition at each iteration for the representative case
with 0o = 13.5kV,d: = 20mm andl> = 15mm.

In orde to determine whether the calculatedlution is unique, the numerical
procedure is repeated with a disturbed starting guess: instead of starting theatomp
by solving the homogeneous Poisson equation, the solution obtained previously is modified
by a random disturbance of 10% magnituded fed as a starting guesthe new
convergence plot is shown iRigure 4.11. It is observed that the numerical scheme
converges to the sanselution Therefore, it can be assumed that the solution is unique.
Further, the convergence plot fo= 2is shown inFigure4.12 for the situations with two
different starting guesses. It is noticewht the convergence curve for the case with the
homogeneous zero coentration as the starting guess has a larger error at the start of the
algorithm. This is expected as themogeneous zerstarting guess isufthe from the
actualsolution Nevertheless, the slope at which the solution converges is the same in both

situations,as it is expected since it converges to the same solution.
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Convergence of the Solution
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Figure4.11: Average change in the solution at each iteration for the representative case

with 0 o = 13.5kV,d: = 20mm andl> = 15mm with the starting guess being the solution
previously obtained disturbed by 10%.
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density as the starting gues$u@ and for the case in which the obtained solution is
modified with a 10% disturlmee and fed as a starting guesspfer?2.
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4.5 Numerical Results for the Electic Field and lon Concentration

The nondimensionalized rests for the electric field and the iotoncentration are
presengédin Figure4.13andFigure4.14 for the case withi o = 13.5kV,d: = 20mm andi,
= 15mm.As expected, the electric field is directed away from the Corona electrode in the
bottom left corner and towards the collector electrddcated on the upper right side of
the domainThe free ion density exhibits a maximum at the base of the comitohe,
close to the ion source. Bulk of the ions are located within theetgetrode space, with

theconcentration approaching zero &nas the top of the comfrvolume.
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Figure4.13: Electric field for the caseith o= 13.5kV,d1 = 20mm anadl> = 15mm.
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Figure4.14: Nonrdimensionalizedree ion concentration for the case with= 13.5kV,
di = 20mm andl2 = 15mm.

The nondimensionalized force in horizontal and vertical directions are shokigtme
4.15 andFigure4.16, respectively. Because the electric field is directexdtly vertically,
as can be seen ¥igure4.13, the horizontal body force is close to zero throughout the
control volume but close to the electrodes, where the electric field does have a significant
horizontal component. The vertical component of the body force is more homogeneously
spread across the intetectrode space, even though it still shows a maximum close to the
Corona and collector electroddtsis noticedthatin orderto obtain the actual input data to

fluent, the nordimensionalized values presented need to be multifdiedhe factor
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0"}e/d". The magnitude of the body force typically rasfrem 0 to 150 N/mdepending

on theapplied voltage and geometric dimensions.
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Figure4.15: Non-dimensionalizedhorizontal body force acting on the fluid for the case
with 0o = 13.5kV,d1 = 20mm andk = 15mm.
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Figure4.16. Non-dimensionalized vertical body force acting on the fluid for the case with
Uo=13.5kV,d1 = 20mm andl> = 15mm.

4.6 Numerical Procedurefor the Thermo-fluidics

Unlike the equatios describing the electric field and the ion concentratithre
equationg(24) to (26) describing the behaviour of the thenihaidic system have been
widely studi@l and several commercially available software exist to solve this set of
equationsThe present work was performed ushggsys Fluent v15.0hesimulation was
carried out using the workbench. TBB geometry was built in thBesignModeletool.
Since thegeorretry of the present model &mple, the standardnsys Meshingpol was
used to generate the mesh. A homogeneous mesh of square elements was generated. The

steadystate, pressurkased solver was selected. The viscous laminar model coupled with
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the erergy equation was chosen. The assumption of laminar flow is verified in section
4.8.1 The material properties of air were evaluated atatheragefilm temperature. To
capture the effect of buoyancy forces due to density changes, the density was modelled
using the Boussinesq approximation and the gravitational acceleration was specified to
9.81m/4. The body force induced by the igollisions was mplemented by specifying
momentum sources in the cell zone conditions. Thereby, the text files generated from the
Matlab calculations and containing thvalues of the local body force veeuploaded as

profiles.

4.6.1 Boundary Conditions

The undary conditionspecified in the model are summarizedrigure4.17. The
inlet of the channel is set as an inlet vent at atmospheric conditions. The ionic wind
generabr is treated as an adiabatic wall. The wall of the cooling channel is set to a fixed
temperature. This temperature can be either constant across the wall or an arbitrary
temperaturgrofile defined using text files uploaded as profiles. The outlet aflihanel
is set as a pressure outlet at ambient pressure. Finally, tHeteftside of the control

volume is specified as a symmetry axis.
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Figure4.17: Boundary conditions specified Fluentof the thermefluidic simulation.

4.6.2 Solution Method

Two kind of solvers are offered Fluent segregated and coupled solvers. Segregated
solvers such as th®impleor the Simplecalgorithm solve the equations for the solution
variables sequentially. Coupled solvers, on the other hand, solve the momentum and
continuity equations simultaneously. While there is no clear rule on which solver to use
based on the problem setup, it isntiened that theFluent Coupledsolver typically
converges faster than segregated solvers, but requires more nj@shdihile the present
simulation converggfor both types of solvers, ti@oupledsolution scheme proved to be
more timeefficient than theSimpleor Simplecalgorithms and was therefore the preferred

solver.
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Thedouble precisiomption was selected. This option is recommended for cases where
natural convection is important. In additiche double precision option did not resul&in
significant increase of the computational timeecompared to the single precision routine
in the present simulationStringent residuals of 10 were required for the mass
conservation, the-xelocity, tre y-velocity and the energy equat®toensure convergence

to a unique solution

4.6.3 Mesh Convergence Analysis

A mesh convergence study was performed by reducing the size of the elements and
reporting the velocity profile at the exit of the chanaglell agzhe average heat flux on
the heated wallThe case considered was a channel of 15mm width and 100mm length.
The parameters of the ionic wind were set to a voltage of 13.5kV and aweletepde
distance of 15mm. The simulation was run with acellsfZ0066 500, 2®&0 and
The velocity profile at the exit of the heat exchanger channel is pfogime4.18 and the
average surface heat flux is reported @able4.6. It is shown that grid independence of the
results is reached at a cell size26em, which was choseas the minimum cell sizier

subsequent calculations.

Table4.2: Average wall heat flux for different grid sizes.

Cel | Si 7 ¢ Average Wall Heat Increasein
Flux [W/m?] Heat Flux [%]
1000 684.87 N/A
500 673.63 1.65%
250 670.20 0.51%
125 669.17 0.15%
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Mesh Convergence Study

Figure4.18. Mesh convergence analysis for the theffla@ic simulation inFluent

The simulations were performed on an AMD 8 core wsidktion with 32GB of

memory. A typicakaserequiredless than 20@erations and minutes to converge.

4.7 Numerical Results for the Thermaefluidics

The numerical model developed is used to gain insight in the behaviour of the ionic
wind generator and the fmtial cooling enhancement achievable through ionic wind in

vertical, aircooled channels.

4.7.1 Comparison with Nusselt Number Correlation

At first, the thermal model is run without the body force due to ion collisions. This case
serves as benchmark and is gamed to the Nusselt correlatishown in equatiofd3) for
flow between isothermal, parallel plates developed by@#ren and Rohsenoib4].
Thereby,C: andC; take a value of 576 and 2.81, respectivEhe simulation is performed

for two channel lengths (100mm and 200mm) and thiféerent surface temperaturdhe
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ambient temperature is set to 295Kie width of the channel is kept constant at 15mm.
The comjarison between thEluentthermal model and the empirical Nusselt correlation
is shown inFigure 4.19. A good agreement is shown between both methedhs, an
average error of 4.9%. Thisweell within the expected accuracy commonly accepoed
empirical Nusselt number correlatiomisdeed, the level of accuracy of empirically derived

Nusselt number correlations is typically around Z6%).
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Figure4.19: Comparison of th&luentthermal model with the Nusselt correlation for
flow between parallel, isothermal plates.

4.7.2 Velocity Profile of the lonic Wind Generator
In order to investigate the velocity profile induced by the ionic wind generatet,ad

simulation is performed without a cooling channghe influence of the ionic wind
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generator geometric parametelisand d2 on the velocity profile is investigated in a
sensitivity study. The voltage is kept constant at 13.5kV. In the first set of results, the
channel widttdz is kept constant at 15mm and the vertical heflectrode spacing is varied
from 15 to 25mm imm increments. The predicted velocity prdfik the exit of the

ionic wind generatoareshown inFigure4.20.
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Figure4.20: Sensitivity analysis of the velocity at the exit of the generator on the vertical
inter-electrode spacing;.
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It is observed that the velocity is very sensitive on the-eliesctrode spacind:. The
first thing noticed is that the magnitude of the vélodecreases ak is increased. This is
expected as the Corona discharge is less for laiges shown ifFigure3.13. Also, it is
observed that #hshape of the velocity profile is changing as the vertical-eiemtrode
spacing is varied. This is due to the varying body force induced by ion collision. For the
six different cases, the normalized body force in vertical direction is shokigure4.21
andFigure4.22. For the case witd; = 15mm, a large body force is induced close to the
Corona electrode, resulting in a maximal velocity in the centre of the channel. At the other
extreme, ford; = 25mm,the body force is more homogeneously distributed, with bulk of
the momentum transfer carring in the inteielectrode space. This results in a flatter

velocity profile.
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Figure4.21: Normalized body force in vertical direction for= 15mm (left),d: = 17mm
(center) andly = 19mm (right) fora channel width of 15mm and an applied voltage of
13.5kV.
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Figure4.22: Normalized body force in vertical direction fdr = 21mm (left),di = 23mm
(center) andd; = 25mm (right) for a channel width of 15mm and an applied voltage of
13.5kV.

A similar parametric study was performed to investigate the dependence of the velocity
profile on the channel widtt,. This time, the vertical integlectrode distance was kept
constant at 15mm. The voltage remained set to 13.5kV. The channetlywdik increased
from 10mm to 20mm irZmm increments. The velocity profile at the exit of the ionic wind

generator is shown iRigure4.23 for thesix different cases.
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Figure4.23: Sensitivity analysis of the velocity at the exit of the ionic wind generator on
the channel widtlal,.

It is observedhat the magnitude of the velocity is not as sensitive to a change in
channel widthdz as it is to a change in the electrode spadindhis trend is also expected
as the Corona discharge is less sensitive to the channel width than it is to the vertical
electrode spacing. It is noticed, however, that the shape of the profile changes significantly
as the channel width is variddoking atFigure4.23, it is seerthat the velocity profile at

a channel width of 20mm exhibits a maximal velocity close to the wall. As the channel
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width is increased to 12mm, this maximum flattens and the gheqpmmes similar to a

plug flow. Is the channel width further increased to 16mm, the velocity maximum is located
at the centre of the channégain, thisbehaviouris best explained by looking at the
distribution of the vertical body force induced by @erona dischargen the medium
shown inFigure 4.24 and Figure 4.25. At a channel width of 10mm, the body force is
mostly concentrated close to the wall. This behaviour is explained by the fact that the ratio
of the distancel; to dz is large as compared to the other cases. Therefore, an important
fraction of the ions generated reach the wall before they attain the collector electrode, and
subsequentlgrift along the wall towards the collector electrode. This results in a higher
ion concentration close to the wall, which in turn leads to a higher fooce. Therefore,

the velocity profile is distorted and a maximum occurs somewhere between taeotent

the channel and the wall. This effect is less important in the other cases as the body force
is more homogeneously distributed across the -gieetode domaindue to the larger
distance between the Corona electrode and the Wadl. other effect influencing the
velocity profile is certainly the magnitude of the Corona current: as the channel width is
increased, the Corona current typically increa3é®refore, the ion concentration and
thereby the body force is higher close to the Corona electrode. This induces the maximum
in thevelocity profile observed at the centre of the channel for cases with channel widths
greater than 14mnT.he velocityvector fieldscontour plotdor the casel, = 10mm andl>

= 20mm are shown ifrigure 4.26 and Figure 4.27. It is challenging to deduce a clear
correlation between the body force and the velocity profile as both quantities are linked
though the conservation equatiaf2g) and(25). However, some general trends can be

recognized, such as a high velocity in the region close to the corona elécivbdee the
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body force is the highesturther, it is noticed that the w&lity in horizontal direction is
zero throughout the control volume but for the region close to the channel enfraace.
magnitude of the horizontal velocity is much smaller thenvertical velocity component,

resulting in very little deviation from theertical flow. This flow pattern is shown in the

velocity vector field.
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Figure4.24: Normalized body force in vertical direction fdy= 10mm (left),d> = 12mm
(center) andl> = 14mm (right) ford: = 15mm and an applied voltage of 13.5kV.
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Figure4.25: Normalized body force in vertical direction fidy= 16mm (left),d> = 18mm
(center) andl> = 20mm (right) ford; = 15mm and an applied voltage of 13.5kV.

88



[m/s] [m/s]

4.06e-02 164e+00
34602 156e+00
285602 1.48e+00
2.256-02 1.40e+00

1 B4e-02 1.316+00

1.04e-02 1.22e+00

4.326-03 1.15e+00

-1736-03 1.07e+00

_7.79e-03 9.85e-01

4 -1.38¢-02 9.03-01
-1 99e-02 8.21e-01

259802 7 39e-01

-3.200-02 6 568-01

-3.808-02 5 T4e-01

441002 4 02e-01

-5.016-02 4.106-01

-5.62e-02 il 3.28e-01

-6.226-02 il 2.468-01

-6 830-02 it ! 1 646-01

7.436-02 54 1 821002

. -8.046-02 f 0.00e+00

x-velocity y-velocity Velocity magnitude Velocity vectors

Figure4.26: Velocity magnitude and vector field fob = 10mm at a vertical electrode
spacing ofd; = 15mm.
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Figure4.27: Velocity magnitude and vector field fob = 20mm at a vertical electrode
spacing ofd; = 15mm.

4.7.3 Thermal Performance of the lonic Wind Generator
In the next step, a set of thermal simulatianscarried out includinghe ioric wind
flow enhancement considering an electrode spatiiog 15mm and an applied voltage of

13.5kV.The channel widtll, is set to 15mmThree different wall temperaturé323, 343
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and 363K) as well asvo channel length§100mm and 200mmare consideredThe
ambient temperature is set to 295khe local heat flux and convective heat transfer
coefficients are extracted froFluentand plotted inFigure4.28 and Figure 4.29 for the

six cases along with the corresponding situation without ionic wind heat transfer
enhancementhe average heat flux for the cases with and without ionic wind is reported

in Table4.3.
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Figure4.28: Local heat flux (left) and convective heat transfer coefficient (right) for the
100mm cooling channel.
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Figure4.29: Local heat flux (left) and convective heat transfer coefficient (right) for the
200mm ooling channel.

Based on these results, a few trends are obsefgedxpected, the convective heat
transfer coefficient and hence the heat flux is highest at the channel inlet. This is due to the

fact that the therad boundary layer thicknessdgvelopingat the entrance of the channel

92



lonic wind induced an increase of the heat flux of 1999.2%for the 100mm channel

and 50.9 66.0% for the 200mm channel as compared to natural convectio belyatio

of the Grashof number to the squaréhaf Reynolds number is computed the case with

ionic windaccording to equatiof@4), whereSis the channel width. For all cases, this ratio

is gnaller than 0.023. Therefore, forced convection is dominant as compared to natural

convectiornfor ionic wind enhanced flow.

Table4.3: lonic Wind Heat Transfer Enhancement

Channel Wall Average Heat Flux | Average Heat Heat Flux
Length | Temperature | Natural Convection | Flux w/ lonic | Enhancement
[mm] [K] [W/m?] Wind [W/m ?] [%0]
363 541.9 972.8 +79.5
100 343 362.8 678.9 +87.1
323 196.4 391.2 +99.2
363 460.0 694.2 +50.9
200 343 307.8 482.8 +56.9
323 166.5 276.4 +66.0
gb(Ts - T, )83
Grs — n?
Re{  ausg 49
&0
¢n =

Next, the effect bvarying ambient humiditypn the heat transfes studied. Keeping
the same configuratiord{ = 15mm,d> = 15mm,t ¢ = 13.5kV), the simulation is carried
out fora varyingambient humidi resultirg in different Corona current§hereby, the wall
temperature is set to 363Khe average heat flux as a function of the ambient humidity is

shownin Figure4.30for a channel length of 2100mm and 200mm.
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Figure4.30: Average heat flux in the channel as a function of the ambient humidity.

As expected, the average heat flux increases with incgelagmidity due to the higher
Corona discharge. The variation with respect to the reference relative humidity (54%)
amounts t65.4% to +12.2% for the 200mm channel a&d % to +12.1% for the 200mm
channelin the range of humidity from 43% to 73%ypically, a decrease in the ambient
humidity will be of concern as the cooling power is less under such condifinissffect
has to be considereddhen designing cooling systentisat will operate in open air.
However, it is noticed that the variation in the anmbtemperature will have a much larger
effect on the cooling power than the variation in the ambient humBltyanalyzing data
for the humidity in 100 U.S. cities frof®7], it was noticed that the seasonal variation in
the humidity was moderate for most regions. Nevertheless, certain cities with a specific
climate do have significant seasonal variaditivat would have aon-negligibleinfluence
on the thermal performance of an ionic wind generator. A case study for the cities of

Phoenix (AZ) and Salt Lake City (UT) compared the cooling power for summer and winter
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conditions is presented ifable4.3. The simulation is carried out for a 200mm channel
and a wall temperature of 363Rirst, the ambient temperature is kept constant at 295K to
study the inflence of the varying humidity only. Then, the average ambient temperature
is set according to data frdi®7] in order to assess the combined effect of ambient humidity

and temperature on the cooling power of the system.

Table4.4: CaseStudy of the Cooling Power Dependimgn AmbientConditions

Summer Winter
Location 0 Tambient | Cchannel 0 Tambient | Jchannel (e 0)0| [
RADA | kg | wim | RAPO g | wim?y

Salt Lake 36 295.0 | 658.7 74 295.0 | 779.2 +18.3
City (UT) 36 296.2 | 647.9 74 249.8 | 1307.2| +101.7
Phoenix 36 295.0 | 658.7 54 295.0 | 694.8 +5.5

(AZ) 36 313.7 | 488.5 54 285.3 | 820.9 +68.0

The results presented rable 4.3 show that the variation dhe ambient humidity
induces a change in the cooling power of 18.3% in the most extreme case. This is to be
compared to a change of up to 101.7% when considering the combined aféazisonal
humidity and temperature variatioriBherefore, it is to carlude that the variation in
ambient humidity affects the thermal performance of the system only moderately as
compared to variations of the ambient temperature. Therefore, the recommended approach
is to design the cooling system based on the worst casarsxfer the specific application.

Last, the influence of the positimigy of the ionic wind generator upstream (push) or
downstream of the channel (pul)investigatedThe local heat flux for both configurations
is shown inFigure4.31for a channel length of 100 and 200nitns observed that there is

no significant difference fim a heat transfer perspective.
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Push/Pull Comparison
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Figure4.31: Comparison of the Push vs. Pull configuration for the ionic wind generator
for a channel length of 200mm (left) and 200mm (right)

A combinaton of both configurations, i.e. implementing an ionic wind generator both
at the inlet andt the outlet of the channel could potentially further increaseabkng
power.The average heat flux is computed for the case of a cooling channel provided with
two identical ionic wind generators with parametérss 15mm,d> = 15mm andlo =

13.5kV, one each at the inlet and the ouflée results are reported Trable4.5.

Table4.5: Comparison of the configuration with a single ionic wind generator at the inlet
(Push)and two devices, one each at the inlet and at the ¢Btist:Pull).

Channel Wall Average Heat Flux Average Heat Heat Flux
Length | Temperatur Push [W/m] Flux Push-Pull Increase [%]
[mm] e [K] [W/m?]
100 363 972.8 1079.5 +11.0%
200 363 694.2 810.7 16.8%

It is shown that combining two ionic wind generatorsreases the average heat flux
by 11.0and16.8% for a channel length of L00mm and 200mm, respectivédig moderate
increase in the heat rate is due to the fact that the flow remains laminar even with two ionic
wind pumps. A possible way to further enhance the heat transfer rate could be to

deliberately disturb the flow to make it turbulent, at which paim increase in velocity

96



through additional ionic wind generators could be more beneficial faothermal

perspective.

4.8 Discussion

Theiterativeproceduredevelopedo solve the partial differential equations describing
the electric field and the ion comndeation typically converges within less thai®
iterations. The computed body forces acting on the fluid in horizontal and vertical direction
are fed to the thermfluidic model. It is observed that the force in horizontal direction is
mostly concentratedear the electrodes, as the electric field in horizontal direction is weak
in the interelectrode space. The vertical force, on the other hand, is more homogeneously
distributed, even though there is also a maximum near the electrodes. Thefthetiao
solution scheme ifrluenttypically converges in less than 200 iterations and less than 5
minutes. The comparison between the thefimidic simulation for the case without ionic
wind and the value yielded using a Nusselt correlation shows good agreeiiersn
average error of less than 5%, which is usual for empiricatledions. The simulation is
carried out for several cases with and without ionic wind to compare the heat transfer
increase obtained when using ionic wind flow enhancement. The increase in the heat rate
amounts to 79.% 99.2% for the 100mm channel at@l50.97 66.0% for the 200mm
channel. The cooling power enhancement provided by ionic wind is mostly pronounced
for short channels. T& can be explained by the fact that natural convection is entirely
driven by changes in density and consecutive buoyancy pressure gains. The change in
buoyancy pressure is directly proportional to the height of the system. Therefore, short
channedtypically do not experience much draft and ionic wind is therefore most impactful

in such casedonic wind also offers new possibilities for the design eathsinks as
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compared to natural convection only as it does not necessarily require vertical channels.
For instance, a flat power electronic assembly could be cooled by horizontal channels
passing through the bottom of the assem¥dtgn using ionic wind

Another observation that was made is thatratio of the Grashof number versus the
square of the Reynolds number is much less thanwdren ionic wind is turned on
Therefore, forced convection is the dominant heat transfer modargsed to natural
convection. Finally, the effect of changing the positioning of the ionic wind generator from
the inlet to the outlet of the channel is investigated.dbservedhatthe main purpose of
the ionic wind generator is to provide a pressure differential thaces a flow through
the channellt is reminded that the momentum transfer occurs through collisions between
neutral air molecules and ions instead of angular momentum transfer as in a conventional
fan, in which case the bladechannel arrangement hasiarpact on the performance of
the fan.Therefore, the location of the ionic wind generatoes not affedhe heat transfer
ratein the cooling channealignificantly. Thus, the choice of configuration is mainly driven
by applications. Typically, positiong the ionic wind generator at the bottom of the

channel will make it less exposed to damages and might be preferred.

4.8.1 Model Assumptions

Several simplificationand assumptionisave been made in order to reduce the
complexity of the numerical scheme. These simplifications are verified in this section
based on the obtained results.

The first important simplification that was taken concerns the transperhanisms
for ionsin air. Indeed,it is commonly accepted in the literatutetion drift due to the

electric field is dominantas compared to the other transport mode$, 40, 45].
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Nevertheless, this assumptionvierified quantitatively The three terms on the left hand
side of the conservation of charges equati8), i.e. conduction, drift and advection can
be compared directly to each other by computing an avéragsport velocity defined in
equationg45) i (47). Therebythe ion mobility coefficienb andthe electrical conductivity

of air (i take value®f 340*m?/V-sand 1.68023q *m?, respectively61, 68].

_ s I
uconduction_ r qE

eavg

Uonarit — qu

u

avg (45)

(46)

avg

uadvection_

(47)

avg
The average diffusion fludifusioni S comput ed using Fickds fi

(48). Thereby, the value of the concentration gradient was averaged over the whole control

volume in both directionsChe diffusion coefficienDion takes a value of 0° m%/s[61].

The characteristic diffusive velocity is then calculated by dividing the diffusion flux by the

averageaon concentration, as shown in equat{df).

_ W
‘]diffusion_ B Dion |JXie (48
J iffusion
udiffusion: d,f,f (49)

The transport velocities are calculated for a representative case with an applied voltage
of Uo =13.5kV,d; = 15mm andl, = 20mm and summarized ifable4.6. Thereby, the
average magtude of the electric field and the average free charge density2na0°

V/m and1.1640*C/n?, respectivelyThe characteristic fluid velocity defined in equation
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(47) was computed as the averagglocity magnitude acss the entirecomputational

domain.

Table4.6: Characteristic velocities of the different transport modes

Transport Mechanism | Symbol | Average Velocity [m/s]
Conduction Uconduction 2.7TA0
lon Drift Uion drift 603
Advection Uadvection 1.27
Diffusion Udiffusion 7.34@.0’4

From the values presentedTiable4.6, it is clear that ion driftlue to the electric field
outweigts othertransport mechanismsy several orders of magnitud€herefore,it is
confirmed thaheglecting thesthreeterms is a rasonable assumption.

The neglecting of the advection term was further investigated by iteratively solving the
conservation of charges equation including the bulk flow velocity. This was done
iteratively starting with a homogeneous zero velocity, and tigtementing the velocity
distribution calculated fronfrluentin the FDA calculations. It was calculated that the
average error in the ion concentration was less than 0.6%. Most of the error originated from
the homogeneous Neumann boundary condition spdditi the top of the control volume
that prevents any charge to leave through that side. The average error in the velocity was
calculated to less than 0.07%. Therefore, neglecting the advection term is a sound
assumption as it allows decoupling the elatyraamics from the thermftuidic problem.

The second assumption that needs to be verified pertains to the general energy
conservation law shown in equati(#6). It was postulated that the kinetic energy imparted
to the fluid and the Joule heating due to the Corona discharge were negligible.

magnitude of the different terms are computed for the same representative case with an
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applied voltage ofi o = 13.5kV,d; = 15mm andl> = 20mm.A cooling channel of 200mm
length at a temperature of 90°C is considered. This case is conservative in terms of the
Joule heating, as it exhibits a large value for the Corona cuffleatvalues for the heat
transfer tahe fluid, the kinetic energy imparted to the air and the Joule heating due to the
Corona discharge are shownTiable4.7. Both the joule heating arnthe kinetic energy

term account for less thdn6% of the total energy considered in the system. Therefore, it

is reasonable to neglecede terms

Table4.7: Representative values for the different termtheenergy conservation

equation
Terms Value [W]
Heat Transfer 2. 26A10
Kinetic Energy 1. 46A10
Joule Heating 3.81%A10

Last but not least, the assumption of laminar flow has to be verified. The Reynolds

number is computed according to equaiied), whereDn is the hydraulic diameter.

ubD
Re,, = Th (50)

For the most critical case, i.e. a channel width of 20saivject to a high voltage of
16.5kV and a verticaihterelectrode spacing maximizing the Corona current, the maximal
Reynolds number does not exceed 208aich isbelow the critical Reynolds number of
2300 for internal flow. It is to mention that, for nia$ the configuration of interest in the
present work i.e. an applied voltage of 13.5kV and a channel width arourtbhfmi
the Reynolds number is even lower than 1500. Therefore, it semable to assume

laminar flow.
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4.8.2 Efficiency of lonic Wind Heat Transfer Enhancement

The efficiency of ionic wind heat transfer enhancement is of interest. A coefficient of
performance (COP) is defined as shown in equdbanfollowing the work byOng[69].
Thereby,Qw describes the heat transfer rate with ionic wind enhance@gis the heat

transfer rate by natural convection only &hdis the electrical energy input.

COP= QIW - QNC (51)

El
The COP is calculated for the cases showikrigure 4.28 and Figure 4.29 and is
reported m Table4.8. It ranges fron®.3to 22.3 This is higher than the value ab8ound
in [70], but less than the value of @%eported iN69]. It is impatant to mention that #h
high valueof 47.0 was obtained bgpecifically optimizing the design to maximize the
CORP. It is certainly possible to increase the COP of the presented heat sink concept by
performing a design optimization targeted at increatiiegCOP. However, mamyther
parameters havéo be considered when designing a hgak, such as themaximal
allowable temperature geometric constraintg.or instance, the results presentedable
4.8 imply that the proposed heat sink concept exhibits a larger COP at higher wall
temperatures; however, some application might constrain the maximal allowable cold plate
temperature below thealue that would maximize the COP.
June et al. conducted a study specifically targeted at comparing theneffiof ionic
wind devices for cooling purposes as compared to CPU[#EsIn their study, they
considered a needte-ring configuration andshowed hat ionic wind pumpscan
outperform axial fans. The presented ionic wind pump delivered an airflow of 482cm
for an electrical power input of O/%V. As a comparison, a conventional CPU axial fan

would require 0.40W to deliver the same air flow rdteeionic wind generatotonsidered
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in the present work generates a flow rat@s80cm®/s at an applied voltage of 13.5kMth

an interelectrode spacind. = 15mm and a channel width = 15mm. Thecorresponding
electrical power input i6.34V. An axial fan equivalent to the one considered in reference
[71] would requirel.3AN to provide the samar flow rate. Therefore, besides being silent
and operating without moving parts, ionic wind pumps could potentially also decrease the

power consumption ohe cooling system.

Table4.8: COP of the presented ionic wind generator for a representative case with a
channel width of 15mm, an intetectrode spacing of 15mm and an applied voltage of

13.5kV.

Channel Wall Average Heat Flux | Average Heat
Length | Temperatur Natural Flux w/ lonic COoP

[mm] e [K] Convection [W/m?] | Wind [W/m?]
363 541.9 972.8 20.5
100 343 362.8 678.9 15.0
323 196.4 391.2 9.3
363 460.0 694.2 22.3
200 343 307.8 482.8 16.7
323 166.5 276.4 10.5

4.9 Summary

A multiphysics model describing the flewnd heat transfer enhancement in internal,
rectangular channel utilizing ionic wind is presented. The model consists of five partial
differential equations. A solution method based on finitiedince approximation (FDA)
is developed for the Poisson equation and the conservation of charges. The conservation
equations for mass, momentum and energy are solved using the commercially available
softwareAnsys Fluentl he numerical model predicts an increase in the cooling power from

50% to 100% as compared to natural convect\den ionic wind is used, forced
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convection is dominant, as the ratio of the Grashof number to the square of the Reynolds
number is typicallyless than 0.02 It is calculated that the positioning of the ionic wind

generator upstream or downstream of the channel does not significantly impact the
performance of the cooling channel. Finally, the assumptions taken in the course of the

model develoment are verified with the obtained results.
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CHAPTER 5
EXPERI MENTAL D©ESTIONGC WI ND
HEAT TRANSFEREBMRERBNANC

5.1 Introduction

The main objectives of this chapter are twofdlhe on handexperimental data is
collected in order to validate the developed numerical m@itethe other hana technology
demonstrator is built talemonstratehe potentialand the applicabilityof the presented
technology.The validation is performed at two levels: first, the velpat the exit of the ionic
wind generator is measured and compared to the model prediction. Second, atdwtrinal
conduc¢ed on a single cooling channel ahd predicted heat rate is compared to the measured
value for the cooling power.

The technologydemonstratois conceivedto cope with the need of an existiRgpwer
Converter Augmented Transformer (PCAT) generating a total of 240W at a heat flux of
1.27W/cnt. The numerical model developed in the previous chapter is used to design the
heat sink consting of a fin array and an ionic wind generator. Finally, the novel thermal
management system is tested with and without ionic wind heat transfer enhancement and

the cold plate temperature is compared for both cases.

5.2 Experimental TestSetupDesign

The ionic wind test setup is an extension of the sysiesigned for the Corona
characterization presented in secth@.1 The test stup should allow for modularity so
that both air velocity measurements and thermal data can be collected.

The ar velocity isto be measured directlat the exit of the ionic wind generator.

However, tliis measurementpresentstwo challenges: first, the xpected velocity
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magnitudes are relatively lo{in the order of 2m/9. Second, the width of the channel is
20mm or lss. Therefore, a small velocity sensor is required in order to measure the velocity
profile across the channel widthhere existseveratechniques to measure air velocity:
Pitot tubes, vane anemometerBarticle Image Velocimetry (PIV)and hotwire
anemometeyare among the most common onegot tubes with a diameter smaller than
1mm have been manufactured for velocity measuremenbnmbgstion turbine$72).
However, this technology is not suitable for the present setup as velocities in the order of
1-2m/s wold result in pressure diffentials of only less than 2.5Pa, which are hard to
measure accuratelyane anemometers are not an option either since they are typically
larger than the width of the channel consideRa¥. is attractive as it gives a full imagf

the flow field. However, this measurement method is complex and costly as it requires
laser,a high speed cameaad transparent wallMoreover it requires seeding particles to
trace the flow motion. Seeding particles can sometimes influend®thgattern and, in

the present case, the elécfreld and the ion concentrationherefore, PIV is not adequate

for the present applicationHot wire anemometers potentially have the necessary
measurement resolutiaver the range of ietest, but theize of the measurement head is
usually in the order of X@5mm. However, novel mini air velocity semsdave been
developed recently: the micqofile airflow sensor UAS2000 developed by
DegreeControlas a size of less than 1mm and allows for veloogasurements in the
range of 0.5aL.0m/s. Therefore, this device proved to be the iteall for the present
application. It 8 shown inFigure5.1 alongside a penny as reference sikbe velocity
sensor is mounted at the exit of the ionic wind generator on a moveable stand in order to

record the velocity qfile across the with of thechannel, as presentedkigure5.2.
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Figure5.1: Air velocity sensor UAS2000 next to a penny as reference size.

Moveable
Support

Velocity
Sensor

Figure5.2: Moveable stand for the air velocity sensor allowing to collect dataspoint
across the channel.

A sketch of he setupfor the thermatest is shown ifrigure5.3. The equipment used
in the thermal test setup as well as the uncertainty of the measurement apparatus is

summarized iMable5.1.
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Figure5.3: Sketch of the thermal test setup.

Table5.1: Test equipment andhaertainty of the measurement apparatus.

Device Model Uncertainty
Airflow Sensor DegreeControls UAS u>1lm/s: £10%
2000 u <im/s: +20%
Digital Ammeter Fluke 179 1.5%+ 3 counts
Digital Ohmmeter Fluke 179 0.9% + 2 counts
Surface Thermocoupl Omega Ffype +1°C
Variac Staco 3PN2110B N/A
16 Ch.Thermocouple
DAQ NI 9213 N/A
. Omega KH304/2,
Film Heaters Omega KH308/2 N/A
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5.3 TestSetupFabrication

The structure of the cooling channel is made of CPM@. parts are first watget cut
and then finished on a&kis CNC mill(Prototrak DPM SX2 The heat load is provided
by two film heatersthat are individually controlled by variable transformé¢gaco
3PN2110B)Four T-type surface thermocouples are positioned along the channel at equal
intervals to monitor the wall temperatufide data is reorded using aNational Instrument
DAQ NI9213linked to a customized.abview program.The flm heaters and surface
thermocouples are inserted between the CPVC aBdmam thick copper platan a
sandwich configuratianThis ensures a good contact between the thermoaiptethe
film heatersA thermal compound is applied between the copper plate and the heaters to
minimize the contact resistance. The outside walls of the cooling channel are thermally
insulated with 2nch thick polystyrene foam insulatiof.picture of the thermal test setup

is shown inFigure5.4.

Figure5.4: Experimental setup for the thermal tests.
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5.4 Air Velocity Measurements

The multiphysicamodel is validated by measuring the air velocity at the exit of the

ionic wind geneator. The air velocity sensaos positionedlmm above the channel outlet

and 15mm from the edge of the channel, as showRigure5.5. The airflow sensor is

moved across the channel opening amhsarement points are taken every 1.6mm. The

test measurement is performed foree different configurations covering the range of

interest for the voltage, the channel width and the Helisctrode spacing. The parameters

for the three cases are reported able5.2.

Table5.2: Parameters for the three cases of air velocity measurement at the exit of the

Top View

Velocity
Sensor

channel.
Test # Applied Voltage Electrode Channel Width
0o [kV] Spacingd: [mm] d2 [mm]

1 10.5 10 10

2 135 15 20

3 16.5 20 15
Velocity
Sensor

Side View

1mm

Figure5.5: Position of the velocity sensor at the exit of the ionic wind generator.
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Due to the high sensitivity of the airflow sensor, the value of the velocity measured

tends toslightly vary over time. Therefore, each data pemFEigure5.7 to Figure5.9 is

averaged over a minimum of 10 sampbesd a characteristic plot shownin Figure5.6.

5 Air Velocity Measurement Error

1.25+ ° .
w
E 1
-3
0.75F
—e—Measured
Average
— — —Error Interval
0.5

0 2 4 6 8 10 12 14
Time [s]

Figure5.6: Measurement sensitivity of the airflow sendeaich data poinsiaveragd
over a minimum of 10 samples.

Case 1
1.75 T : . | :
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051rd, = Tomm
025t d2 = 10mm
V =10.5kV
D | L L

0 05 1 156 2 25 3 35 4
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45 5

Figure5.7: Comparison of the velocity measurement at the exit of the ionic wind
generator with the model prediction for case #1.
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Case 2
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Figure5.8: Comparison of the velocity measurement at the exit of the ionic wind
generator with the model prediction for case #2.
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Figure5.9: Comparison of the velocity measurement atetkie of the ionic wind
generator with ta model prediction for case #3.
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The velocity measurement shows very good agreement with the model predhotion.
all data points, the model prediction coincide with the velocity measurement within the
uncertainty bunds. Therefore, it is shown that the multiphysics model accurately captures
the effect of ionic wind flow enhancement in the present configuration of flow between

parallel plates.

5.5 Thermal Testing

In order to validate the thermal model, six differentdest conducted. Thereby, the
parameters of the ionic wind generator are kept constantdéctrode spacing channel
width andavoltage ofd: = 15mm,d> = 15mm andi o = 13.5kV, respectivelylwo different
coolingchannels olength100mm and 200mrmare considered. Each of the channel is tested
at three different heat loadresulting in six separate tes®ie load conditions of the
different thermal tests performed are summarizetaible5.3. Thereby, the subscripts
and2 arbitrarilydenote one side and the other of the chaiinelnoticed that the electrical
resistance of the film heaters is temperature depentegriefore, lhe values reprted were
measured once the system had reached thermal steadyThet®al steady state was

defined as the siation when the wall temperatucbange did not exceedlOC over 10

minutes.
Table5.3: Load canditions of the different thermal tests performed.
Channel Ri[ ¢ Rz[ @ [1[mA] I2 [mA]
Test# Length [mm]

1 100 482.#4.6 | 486.G604.6 | 141.32.4 | 140.%2.4
2 100 483.4:4.6 | 486.84.6 | 164.#2.8 | 163.Gt2.7
3 100 487.#4.6 | 489.34.6 | 183.83.1 | 182.#3.1
4 200 246.3:2.4 | 228.61£2.3| 222.8+3.6| 228.1+3.7
5 200 252.3+2.5| 235.0+£2.3| 265.0+4.3 | 275.0+4.4
6 200 257.842.5| 240.1+2.4| 309.6+4.9| 321.845.1
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The power dissipation in the film heaters is calculated according to eq(&2)otit is
noticed that the value ofs theRoot Mean Squard’MS) value of the alternating current.

The uncertainty of the power dissipated is calculated as shown in eq&ion

PDissipated = I ’ R (52)
. B . 2 1/2
s, - %E_u DiSSipatEd.S" § + %‘Mjs R § g (53)
Dissipated I _ IJR = .
& M - ¢ '

Table5.4: Power dissipated during the different tests with the corresponding uncertainty.

Test # P1[W] p1 [W] P2 [W] Gp2 [W] Prot [W] | Cptot [W]
1 9.64 0.34 9.65 0.34 19.29 0.48
2 13.11 0.46 12.93 0.45 26.05 0.64
3 16.48 0.57 16.33 0.56 32.81 0.80
4 12.23 0.42 11.89 0.41 24.12 0.58
5 17.85 0.60 17.90 0.60 3549 0.85
6 24.71 0.83 24.86 0.83 49.57 1.17

The transient wall temperatures as well as the temperature change over time are plotted
in Figure 5.10 and Figure 5.11 for the six different testdDepending on the heat load
thermal steady state was reached within 150 to 200 mirittesvall temperature is close
to being uniform, with a maximal temperature difference of 4°C and 7°C for the 100mm
and 200mm channel, respectively. Typically, the entry region of the chancaber as
fresh air is entering the channel. It is noticed that, for the 100mm channel, the highest
temperature was measured at the location 3. This might be due to unequal spreading of the
thermal interfaceleading to slightly different thermal resistaacdetween the

thermocouple and the copper platdo cooling of the channel through the upper exdge
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Figure5.10: Transient wall temperatures (left) and temperature change over 10 minutes
(right) for thethermal testing of the 200mm cooling channel.
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Figure5.11: Transient wall temperatures (left) and temperature change over 10 minutes
(right) for the thermal testing of the 200mm cooling channel.
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5.5.1 Correction for Heat Leakages

One of the challengeof testing heat sinks withmoderate convective heat transfer
coefficientss that heat losses that csafelybe neglectedt higherconvective heat transfer
coefficientsi for instance when dealing with liquid cawd 1 haveto be accounted fom
the present setup, not all of the power dissip&egis transferred to the fluid flowing
through the cooling channélhe different losses are considered separately and subtracted
from the total power dissipatéttotin order to calculate the actual heat flux in the cooling
channel.

A nonnegligible fraction of the heat generated in the film heaters is transferred to the
surroundings through the outer surface ofd@nnel, despite the presence pol/styrene
foam insulation layer of 50.4mm thicknesslhe loss through the channel walls and
insulation layer are computed using #guivalent thermal resistance netwghown in
Figure5.12. The multtdimensionaheatconduction effectin the polystyrene insulation
layer are considered using conduction shape factors following the method presented in
[73]. The individual resistances are computed following equat{®4} to (57). The
convective heat transfer coefficients for the three different surfaces (bottom, sides and top
of the setup) are computed using known Nusselt number correlg@ign3he emissivity
of the polystyene insulation foam takes a value of OCBe losses through the walse
finally computed according to equati¢B) andare summarized for the sikfferent cases
in Table5.4. Thereby, the uncertainty of the thermal resistances is assumed to be small and
only the uncertainty of the temperatureasurements is considerddhis is reasonable as
the geometric dimensions of the different components and the thermal properties of the

materials are known with a high level of accuracy. Further, the convective resistance is



small as compared to the contlue resistances. Therefore, the uncertainty in the

convective heat transfer calculations has a minimal impathenalculations and cdre

neglectedThereby, he wall temperature was averaged over the four measurement points.
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Figure5.12: Equivalent resistance network to compute the loss through the channel walls
and insulation layers. Therelfgzs stands for the thermal resistance of the polystyrene
foam insulation.
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Another source of heat losgbat has to be considered comes from theedghe heat
exchanger channel, as can be sedfignre5.13. This component is computed according
to equation(64). The convective heat transfer coefficient is computed using the correlation
for horizontal surfaces cooled from the top shown in equ#&éi&n The uncertainty of the

losses through the edge of the channel is computed assarhidfp uncertaintyin the

convective heat transfer coefficient and a negligéoterin the surface area measurement.

QLossEdge = AhTop(TEdge' TAmb) (64)



QLoss' Edge

Edge of the Heat

Polystyrene Foam Exchanger Channel

Insulation

QLoss Walls

Figure5.13: A nonnegligible fraction of the heagenerated by the film heaters is
transferred to the ambient through the walls and insulation layers as well as from the edge
of the cooling channel.

Finally, the radiation heat transfer rate from the channel to the surroundings is
computedaccording to eqation(65). The emissivity of nofpolished copper is taken to be
0.6. The view factor from the channel walls to the apertures at the top abdttben of
the channefF takes a value d¥.145and0.074for a channel length of 100mm and 200mm,

respectively.

QLossRad = F'Abhannee ;{TVC - T:mb) (65)

Finally, the net heat rate transferred to the fluid inside the cooling channel is computed

according to equatiof66) and summarized imable5.5.

QNet = P'I'ot - QLossWaII - QLossEdge- QLossRad (66)
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Table5.5: Net heat transfer rate to the fluid insthe channel.

Test# | Quafw] | il | Qusine | Qfod | Que (W] | tigner [W]
1 19.28 2.2 1.75 1.28 1404 0.62
2 26.04 2.9 2.40 1.84 18.87 0.76
3 32.81 3.86 2.86 2.52 2356 0.9
4 24.12 512 145 1.10 16.44 0.93
5 3549 591 2.2 1.75 2561 1.12
6 49.57 8.30 3.02 2.67 35.58 1.39

5.5.2 Heat Flux Calculation

Once the net heat rate transferred to the fluid is calculated, the heat flux can be
calcuated according to equati¢fi7). The total heat transfer surface afgais composed
of three components: the copper heat spreAgerthe enedwalls of the channels made of
CPVCAewand the CPVC channel of the ionic wind generAterThe effect of conduction
within the CPVC is accounted for by using the fin efficienosthod The fin efficiency is
calculated according to equatid@69) and (70) considering a average value of the

convective heat transfer coefficientz@nstam base temperature and an adiabatic tip.

Ar = Acu  Aullan + Aghgy (68)
_tanHmL)
hf _T (69)

N (70
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Figure5.14: The heat transfer occurring at the emalls of the channehew is accounted
for by considering the area of the emdlls and discounting it by theorrespondingin

efficiency.
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Figure5.15: The heat transfer occurring within tbleannel of théonic wind generators
accounted for by considering the area of the CPVC chawnahd discounting it by the
correspondingin efficiency.
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Tableb5.6: Total Heat Transfer Surface Area.

Test#| Acu[m? | Aew[m? | Aic[m? | dew dic Aot [M?]
1-3 0.016 0.003 0.0095 | 0.89 0.24 0.021
4-6 0.032 0.006 0.0095 | 0.92 0.27 0.040

Table5.7: Net heat flux in the cooling channel.
Test#| Onet[W] | Aut[m?] | q" [W/m?] | g [W/m?Z]
1 14.04 0.021 669.7 29.4
2 18.87 0.021 900.3 36.1
3 23.56 0.021 1124.1 43.2
4 16.44 0.040 410.2 23.1
5 25.61 0.040 639.0 27.8
6 35.58 0.040 887.6 34.7

5.5.3 Thermal Model Validation

The thermal model is run for each of the measurement cases presented in the previous
section. The walls are set to a known temperature profile along the channel corresponding
to the temperature measured during tests. Thereby, a piecewise constant temperature
profile is assumed between the measurement points. This assumption is reasonable as it
was observed that the maximal temperatiifierencebetween two measurement points
did not exceed 5°An order to acount for the uncertainty of the experimental inputs to
the model, the simulation is performed three times for each test point. There are two sources
of uncertainty: the uncertainty of the Corona current calculated as presented in equation
(72), and the uncertainty of the temperature measurement whigi°S. The first
simulation is carried out with the nominal values for the temperature and the Corona
current. The second and third simulation are performed considering a lower and upper
bound for the averadeeat flux.The average heat flux through the channel w@thputed

by the modeis reported and conaped to the experimental valuesTiable5.8.
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Table5.8: Comparison of the thermal model with the experimental results.

Test# |  Oodel [W/M?] | q @xperimental [W/M?] | Error [%]
1 659.9 669.7 -1.46%
2 878.2 900.3 -2.45%
3 1090.8 11241 -2.96%
4 399.6 410.2 -2.59%
5 615.6 639.0 -3.66%
6 868.5 887.6 -2.16%

Thermal Model Validation
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Figure5.16. Comparison of the model prediction to the experimental data for two cooling
channels of length 200mm and 200mm.

Thethermalmodel shows serygood agrement with the experimentaieasurements
It is observed that the model consistently slightly underestintiaeheat flux measured
during the experiments. This effect is probably due to minor heat leakages thatldaee har
guantify and therefore neglected, such as the conduction through the structure of the test
setup.Another potential root of the underestimation might be in the measurement of the

Corona current. The current is measured at the receiving electrodevétpwenight be
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that a small number of charges leave the channel through electrostatic deposition to the
walls or advectio through the channel exit, resulting in an underestimation of the actual
Corona currentWhile this effect igoroved to be minor, itould explaina fraction ofthe

error between the model prediction and the experimental data. On the other hand, the 2D
model approximation would tend to slightly overestimate the predicted heat flux. All the
aforementioned effects are possible causegherdiscrepancy between the numerical
model and the experimental daievertheless, the present results allow to confiren th
validity of the thermal model as all measurement points fall within the experimental

uncertaintybounds

5.6 Technology Demonstrator

The main objective of building a technology demonstrator of the heat sink design
presented ifrigurel.7 is to prosethe applicability of ionic wind @mbined with a fin array
to the cooling of power electronicBhe heat sink is designed for the thermal management
of a 50kVA Power Converter Augmented Transformer (PCAT). The three converter
modules generate up to 80W each, for a total heat loss of 2%0eVIatest thermal
management system was composed of a-ldoal thermosiphon using the-diectric
medium of the transformer as cooling flfikf]. A novel heat sink design combining a fin
array with ionic wind could potentially replace the current system at a lower cost. This
application field is especially attractive for ionic wind as a higltege source is inherently

present in the system.

5.6.1 Heat Sink Design
The total power to be dissipated amount240W. The footprint area of each of the

converter is 63cfhand therefore the nominal heat flux amoutudsl.27W/cn?. The
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variables defining thelesign of the heat sink are summarizedrable 5.9. In total, 8
variablesdescribing the parameters of the ionic wind generator and the finhevato be
set.

Table5.9: Design variables for the heat sink combining ionic wind with a fin array.

Variable Description
t Fin Thickness
d Height of the Fins
S Spacing between the fins
L1 Lengthof the Cold Plate
L2 Width of the Cold Plate
di Vertical Interelectrode spacing
d> Channel Width
Oo Applied Voltage

While this design problem seems to be complex at first glance, the number of variables
can be drastically reduced. Finstthe presented heat sink desitie channel width of the
ionic wind generatord> is equal to the spacing between the fmsSecond only
commercially available fin arrays are considered. In the present case, an extruded fin array
of the type 65525 frm the manufactureAavid Thermalloywas selectedThis fin array
was chosen as it is wide enough to mount all three heat source horizontdicande it
has the highest available fin spacing to fin height ratio for an extrudethimefore, the
fin thicknesg, the height of the find, the spacing between the fisand the width of the
cold plateL> are set to 2.54mm, 54.0mm, 10.4mm and 263mm, respectiuater,the
voltageu o is constrained to 13.5kV based on the application, i.e. the thermal management
of power routers for the electrical distribution grieince the applied voltage and the
channel widths are set, the vertical irédectrode spacing selected asmall as pssible

such that the maximal Corona current is induced while maintaining a distance high enough

12¢



so that no full discharge occufBo ensure a safe operation and to account for possible
manufacturing uncertainties, the distadges set to 16mm based orethesults presented

in Figure3.18. Therefore, the last design variable that can be used to size the heat sink is
the total length of the cold plata. The required length of the cold plate is determined by

the total heat load and the specific heat flux achievable under the given condisens:

iterative process combining equatidi@®) to (75) with the numerical model presented in

the previous chapter was used to determine the requireti lefrthe heat sinki. Thereby,

the cold plate was assumed to be isothermal at 80°C. The calculated heat flux amounts to
479.9N/m?. The fin efficiency of the selected arrayabout 0.95Finally, the required

length of the fin array is computed t87mm according to equatiqf@3) and was rounded

up to 200mm.
QTot = q“ A—IT (72)
A—IT = ASP + A:inshFins = L1L2 + I'1|:)/7Fins (73)
_ tanHmL)
U — (74

| kA

The heat sink was fabricated in hou$be extruled fin array was cut to length on a

5.6.2 Fabrication

band sawA 6mm thick aluminum plate was watet cut and attached at the back of the
fin array to form clos@ rectangular channel$he ionic wind generator was made out of
two layers of plastic material, each layer being 13mm thick. The profile of the channel

array was watefet cut. Both layers werassembled and gld together. Holes were drilled



for the thin wire electrode to be mounted. A single wire electrode was passed through all
channels. As the fin array is made of aluminum, it was directly groundecherefare

used as the receiving electrodée three copper heater blocks simulating the heat load of
the convertersverebolted to the cold plat&.hermal paste was applied at the interface to
minimize the contact resistancehe heat sink was mounted on an aluminum frame. The
high voltage power supply was the same as used for the characterization of the Corona
current, i.e. &pellman CZE100QRIso, the power of the heaters was controlled using the
Stacovariacused previouy. The temperature of the individual hedilocks was recorded

using T-type surface thermocoupleAdditionally, aFLIR A20thermal camera was used

to obtain a qualitative image of the temperature distributidheoback othe heatersThe

technology @émonstrator along with the test equipment are showgimre5.17.

Figure5.17: Technology demonstrator of ionicwd heat transfer enhancement in
conjunction with a fin array.
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5.6.3 Results

The transient temperature profile under each of theehbhlick is shown inFigure
5.18. At t=0, the system is in equilibrium at ambient temperature. At t=2min, the heaters
are turned on to full power, i.e. three times 80W. In the first phase of the test, the system
is only subgct to natural convection, without any ionic wind heat transfer enhancement.
The current flowing through the heaters was measured to 2.27A and the electrical
resistance at thermal steady state is@6:BEherefore, the total power dissipated amounts
to 2417+8.5W. It is noticed that the temperature between each of the heaters differ by up
to 6°C. The reason for this behavior is that the heater blaeks not controlled
individually but connected in parallel and supplied with the same voltage. The individual
heater blocks might have slightly different electrical resistgmeich would result in an
inhomogeneous hegeneration betweethe heatersThe system reached thermal steady
state after about 60 minutes. With natural convection only, the maximalptatiel
temperature was 99.5°C. At t=78min, the ionic wind generator was turned on, resulting in
an immediate decrease of the cold plate temperature. Thermal steady state for the case with
ionic wind heat transfer enhancement was reached after an addbmahutes. In this
state, the maximal cold plate temperature was decreased by 18.3°C to §hi2°S.a
substantial improvement: as can be inferred ffogure1.4, a reduction of the operating
temperature of 20°C can result in more than doubling the lifetime of the power electronic
componentsThe cooling enhancement using ionic wind is also represented qualitatively
using a thermal camera focuseadtbe top of the heater blocks. A comparison for the case
with natural convection only and with ionic wind cooling is showrrigure5.19. The

avera@ temperature of each of the heaters was calculated based on the IR images. It ranged



from 58.9 to 63.7°C for the case with ionic wind cooling as compared to 72.6 t€7dr5

the case with natural convection only.
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Figure5.18: Transient temperature profile of the cold plate below each of the heaters. At

t=2min, the heaters were turned on. At t=78min, the ionic wind generator was turned on,
resulting in an immediate decrease of the cold plate terye.

100.0°C 100.0°C

40.0°C

Figure5.19: Thetemperature distribution at the surface of the heater blocks is recorded
using a thermal camera for the case with natural convection only (left) and with ionic
wind heat transfer enhancement (right).
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5.7 Discussion

Measuring low air velocities in tiny spacisschallenging, as the change in dynamic
pressure is hardly measurable and pitot tubes therefore not usable. The micro hot wire
anemometer used proved to be a viable alternative. Due to slight oscillations of the velocity
measured, each data point was aget over at least 10 samples to minimize the
measurment error. The obtained measurements show a good agreement with the model
prediction. It is interesting to notice thatthe first case, with a channel width of 10mm
only, the experimental measuremesitslightly higher than the model prediction. One
possible explanation is that, despite the small size of the velocity sensor, the channel
obstruction due to the anemometer slightly increases the air velocity at the measurement
point, thus explaining thelightly higher value measured as compared to the velocities
calculated using the moddlhis effect is less pronounced for wider channels.

The thermal testing also brought about challenges. Even though the single channel used
for the thermal test was inséd with 2 inch thick polystyrene foam, thermal losses
through the walls and by radiationvedo be accounted fomdeed, because the convective
heat transfercoefficientsexpected in the channel are moderaten the order of 10
20W/n?-K 7, theheat Iesssacross the insulation atlrough radiation have a significant
impact on the measuremerftsirther, because the heat dissipat®relatively low, steady
state was not reached before several hobiesvertheless, the multiphysics model
developed in th previous chapter could be validated, all the model predictions falling
within the measurement uncertainty of the experimental data points. This also confirms the

soundness of the assumptions taken in the course of the numerical model development.
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Lastly, the applicability of the proposed concept combining a fin array with an ionic
wind generator was demonstrated by buildingr@totypeof a heat sink for an existing
PCAT. The effect of ionic wind is clearly noticeable, as the cold plate temperature is
reduced by over 18°C as compared to the case with natural convectiorrorther, and
as already mentioned, relying on ionic wind rather than pure natural convection offer more
freedom in the design of the heat sink, as there is no requiremehe forinimal height

difference or channel orientation to maintain an air flow through the channel.
5.8 Summary

The numerical model developed in the previous chapter is validated experimentally.
The validation is conducted at two different levels. First, the velocitiieaexit of the
channel is measured and compared to the model prediction. Second, a thermal test is
conducted for a single channel and the measured cooling power is compared to the
numerical computation. Thereby, the parasitic heat losses of the systemichée
accounted for as they represent a-negligible fraction of the total heat dissipated. The
model and the experimental data agree very well with each other, all data points falling
within the measurement uncertainty bounémally, a technology daonstrator of the
proposed novel heat sink design combining ionic wind with a fin array is built and tested.
The developed heat sink has a baseplate size of 263 by 200mm and is able to dissipate
240W. It is shown that ionic wind can reduce the baseplatedasture by over 18°C from

99.5t0 81.2°C as compared to the case with natural convection only.
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CHAPTER 6
THERMBCONOMI C LI MI ODATIPASSI VE AI R
COOLED AMBI ENTI RNJBESTEMS

6.1 Introduction

In most engineering applications, economic parameters play a ken eécision making.
In this section, the therrreconomic tradeoffs between three different heat sink designs are
compared: a fin array subject to natural convection @fin array combined with a chimney
and, finally,a fin array combined with an ianwind generator. The three designs are shown
in Figure6.1 andFigure6.2. The first design, i.e. a fin array subject to natural convection only
asshown inFigure6.1 (left) serves as a benchmark and allows comparing the enhancement

provided by a chimney or an ionic wind generator.

Heat Source )
Chimney

Heat Source

Fin Array

Fin Array

Figure6.1: Heat sink design comprising a fin array subject to natural convection only
(left) and a fin array combined with a chimney (right).
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Figure6.2: Heat sink design combining a fin array and an ionic wind generator.

The thermal performance of the heat sink subject to natural convectigniso
computed usin@stablishedorrelations. A semanalytical model is developed to assess
the thermal performance of the heat sink with a chimney. The cooling power of the hybrid
heat sink combining a fin array with ionic wind is computed using theeefrdeveloped in
CHAPTER 4

For all heat sink configuratienthe baseplate dimensions are taken to be 263mm wide
by 200mm high and the ambient abpaseplate temperature are assumed to be 25°C and
100°C, respectively. These values correspond to the technology demonstrator presented in
section5.6.

6.2 Thermo-fluidic Model

The thermefluidic model presented in this section is applicable to both heat sink
designs shown iRigure6.1. In the consideretieat sink, heat transfer by convection is the
dominant modeThe present thermfluidic model is based on an eqalent thermal
resistance networki he overall thermal resistance is modelled as a circuit of two parallel

resistancesRrins and Raaseplaterepresenting the two paths heat can be transferred to the
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ambient atmosphere as showrFigure6.3: either directly from the unfinned area of the
basephte to the ambient air or through the fins via conduction and then to the ambient air.
There are two main processes to manufacture fin arrays. First, the fin array can be extruded,
therefore built out of one single piece of aluminum. Second, single fnsecattached to

the baseplaté so called bonded fins. Extruded fins do not have any contact resistance
between fins and baseplate, but the design is limited by a maximal fin height and height
to-spacing ratio. Bonded fins, on the other hand, can be @emuéd with a higher fin

heighti however at a lower fin efficiency and higher costs.

d
I'_QContact RFlns
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Yyvyy vy
*— NN -|-
T AAAA Ambient
¢ t Baseplate YYVVY
RBa\se

QBasepIate QFin

Figure6.3: Geometric parameters characterizing the fin array (left) gontvalent
thermal resistance netwodescribing heat dissipation from the cold plate to the ambient
air (right).
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Each of the resistances is inversely proportional to the convection heat transfer
coefficient and the available heat transfezaarin the case of bonded fins, an additional
resistancdRcontactis added to model imperfect contact between the baseplate and the fins.
The value of the contact resistance is estimated to 0.04 K/W per fin according to the

manufacturer. The availabsirfacearea of the fins is discounted by the fin efficiency to
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account for the conduction losses within the fin. Assuming an adiabatic tip, the fin
efficiency is given in equatiofv9). Finally, the total cooling power of the heat sink can be

computed according to equati(80).

_ 1
RBasepIate_ AJnﬁnned(--h (77)
1
Ri.z—f1—+
Fins hFins mFinS n RContaCI (78)
tanhinQL
hFins = % (79)
_ DT 80
Rrot

The challenge resides in the computation of the convective heat transfer coefficient.
The value of the convective heat transfer coefficient has to be computeel tiwothpecific
cases considered, i.e. free convection heat transfgror buoyancy driven flow through

the chimney effect.

6.2.1 Natural Convection Heat Transfer Coefficient

Free convection heat transfer from parallel heated plates has been widely &iedibdas
was the first to develop a Nusselt correlation for symmelyiba&ated isothermal plates in his
1942 seminal papg5]. Bar-Cohen and Rohsenow developeslv correlatios with various
boundary conditions, such as isoflux walls or asymmetric hegijg Their Nusselt number
correlation for parallelisothermal plates is shown in equat{@3). Thereby,Sis the spacing
between the channels ahdepresents the length of the channel. The constaraadC; take

a value of 576 and 2.87, respectivdlize Rayleigh numbdRasis defined as shown in equation
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(82). Hence, the average convective heat transfer coefficient across the channel can be easily

computed as shown in equati(88).

-1/2

— e C C [}
Nus = & 2 )
U = SRas/L) | (Ras/L74 8D
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Ras = (82

Nus = — (83

6.2.2 Thermo-Fluidic Model for Chimney Enhanced Heat Transfer

There is no readto-use correlation for buoyancy driven flow in the configuratiba
fin array combined with a chimneyherefore, a flow analysis is necessary to deduce the
air flow and, thereby, the heat transfer rate. The sum of all minor and losges must
eqgual the change in buoyancy pressagshown in equatigi@4). The change in buoyancy

pressure is calculated using the Boussinesq appatikinshown in equatiofgs).
IJDBuoyancy: a I:]:)Minor + a I:]:)Major (84)

DRsuoyancy™ @L(TAir,Out' Tairin ) (85)
The majorosses fothefin array and the chimney are calculasedshown in equation
(86) following well known methodand assuming laminar flojw6, 77]. Therebys andd
are the width and length of the channel cross section, respectively. The minor losses are
computed using equatidi@7) from [76]. Values for the Iss coefficientK, are taken as
proposed by Kaypgr8]. Imposing energy conservation on the system yigldadditional

eguation(88).



_120md &F

Major — dase (86)

1 2
DI::’Minor = KL E ru (87)
6: r#}bp (TAir,Out - TAir,In) (88)

The hydrodynamic entry length is defined as the location at which the boundary layer
thickness of an external flow over a flat plate equaldh#ikthickness of the channel, as
shown inequation(89). This value proves to be very small (less than 1% of the channel
length) and therefore theofiv is assumed to be hydrodynamically fully developed. The
Reynolds number over the range of parameters considered is well below 2300 so that the
flow is considered laminar. Also, the ratio thie Grashof number to the square of the
Reynolds numbemn the ®oling channels is smaller thar0B.in all configuration, and
therefore forced convection is considered dominant as compared to natural convéetion.
thermal entrance length computed using equatiq®0) from [79]. The average Nusgel
number in the entrance region isatdated accating to equatioif91) developed by Hwang
and Fan[80]. In the developed regiorheé Nusselt number for laminar, internal flow is
constant. Given the geometry considered, the aspecfiratemgth of channel spacirig
large andthe Nusselt numbeiakes a value of 7.5¢eported in[66]. The temperature
difference between the plate and the fluid is calculated using th@dag temperature

difference as shown in equati(®8).

_udt/2g
%ha = 865_—09 (89
X =0.064D, Re;, Pr (90)
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hD, 0.024x;

Nu, = =755+
D k 1+ 0.0358:)r0.17 Xt-h0.64 (91)
N, = h—l[:h ~7.54 ©2)
Tair out - Tair in
DT = LMTD = 2" in_
|naTS - Tair,in 8 (93)
& T, O

(; S air,out +—
Equations(80), (84), (88), (92) and(93) now form a system of five equations that is

solved for the unknown®, &, h, LMTD andTair,out.

6.2.3 Model Validation

The thermaofluidic model for the heat sink with chimneig validated usingAnsys
Fluent v15.0The simulation is set up in a similar fashion as described in secéonhe
geometry considered has a channel width of Gameha fin thickness o2mm. TheCFD
simulation is run for various height and the reported heat flux is compared to the values
obtained using the developed design tdble comparisobetweerthedevelopedhermo
fluidic modeland the CFDsimulation is presented iRigure 6.4 and showsrery good
agreement. Therror between the seranalytical design tool and the CFD simulation is
bound within 2.86. Several assumptions have been made in the development of the semi
analytical tool that are possible roots for the difference between both calculation methods,
such as the assumption of constant fluid properties or in the approximation of minor loss
coefficients. Therefore, it is to mention that the CFD calculaoexpected td®e more
accurate than the design tool as it solves for the conservation equations at each point of the
domain.Nevertheless, the analytical taslvery valuable to evaluate dozeoispotential

design candidates in a fraction of a second with reasonable accuracy, for instance to
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perform a multiobjective design optimization. Then, only the final design needs to be

validated using a CFD package.
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Figure6.4: Validation of the thermdluidic model for the heat sink combining a fin array
with a chimney.

6.2.4 Effect of Radiation Heat Transfer

The radiative heat exchange consists of the solar irradiation impinging on the heat sink
and the emitté radiation from the heat sink to the surroundings. The emitted radiative heat
transfer is defined according to equat{4). It is assumed that tharface of the heat sink
is coated with a magnesium oxide paint that is gray with a surface emissivity of 0.9 and an
absorptivity of 0.1. The fraction of insolation absorbed by the heat sink is calculated
following equation(95). The insolatiorssvaries depending on the surrounding conditions.
On a clear day, the irradiance at the surface of the earth amounts to up to 1000Va/m
horizontal surface. Measurements by Muneer et al. suggest that vertical surfaces see up to

50% of the insolation impinging on horizontal surfaf@y. Therefore, the insolation on
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the vertical walls of the chimney is assumed to be 500%Fhe surface temperature of
thechimneywalls is computed by performing an energy balance on the walls, as shown in
equation(96). Thereby, the outside convective heat transfer coeffikiemns computed
using the Nusselt number correlationfi@e convection omertical surfaceshown in(97)

and developed by Churchill and C[&P]. The inside convecte heat transfer coefficient

for the chimney is computed according to the correlation shown in eq@@tjoithe total
absorbed solar radiation, eted radiative power and net radiative heat excharge
shown inFigure 6.5. Thereby, the depth of the fin array is assumed to be 140mm, the

ambient temperature 25°@dthe baseplate temperature 100°C.

6Rad|atlon_ Ae :{T4 T4) (94)
@nsolation: AaSGS (95)
h(T, - Ts)=h,(Ts- T,)+ AaG; - e 4T - T) (96)
A2
6
Nu. —Fo 825+ O 387Rd. /27P 97)
[1+ 0492/Pr)9/16J 7
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Impact of Radiation Heat Transfer
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Figure6.5: Impact of radiative heat transfer on the heat sink.

The net radiative heat transfer from the heat sink to the ambient surroundings amounts
to less than 40W as compared to convective heat tramdéer of the order of 2000W in
the fin arraylt is further noticed that in the case of 40W radiative heat exchange between
the heat sink and the surroundings, the change in buoyancy pressure is less than 3% of the
total buoyancy gains and thus does nghi§icantly impact the flow pattern inside the fin
array. Therefore, radiative heat transfean be decoupled from the thenihaidic
equivalent resistance networkhe somewhat counterintuitive fact that radiation heat
transfer is nbsignificant is explaed by the unconventional design of the heat sink, with
most of the heat transfer surface confined within the heat sink ardottgeshielded from

radiation.

6.3 Results

A parametric study on the geometric dimensions of the heat sink is performed for all

three configuratioa(natural convection only, chimney effect daadic wind enhanced heat
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sink). The parameters of interest are the ones showigure6.3, namely thdin thickness

t, the depth of the fin arrayandthe spacing between the fias

6.3.1 Thermal Limits of Natural Convection

The range of parameters to be considered for the case with natural convection only is
determined by manufacturing constraints and preliminary calculations. The following
range of parameters is considered: 1.2&<40 mm, 50 <d < 140mm and 4 €< 20mm.

The first thing to notice is the discontinuous shape of certain curves. This is explained
by the fact that the number of fins is discrete, resulting in a jump when an additional fin is
taken into consideratiorDue to competing tradeoffs between flow resig€e and total
available heat transfer area, there exists an optimal fin spacing for whiziothrg power
is maximizedasshown inFigure6.6 andreported by BaCohen and Rohseno@4]. An
increase in fin length yields an increase in the cooling poageshown irfFigure6.7. The
slightly norrlinear behavior of this trend is due to the diificiency that becomes smaller
as the fin length increases. Generally, a smaller fin thicknessnaitbase the cooling
powerdue to higher available surface area, as seBigure6.8. This dimension is mainly
constrained by manufacturing and stiffness issues.

Considering a maximal fin length oil@mm, themaximal cooling power witmatural
convection only i$10.5Wfor a fin thickness ol.27mm and a channel width @flmm.

The heat flux calculatedasedon the area of the baseplate amounts.1@W/cm?, which
is in accordance with literature values for natural airvestion cooling in the order of

1W/cn? reporedby Ebadiarin [83].
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Figure6.8: Dependence of the cooling power on the fin thickiess

6.3.2 Thermal Limits of the Heat Sink with Chimney

The range of parameters consideredtifie parametric study on the chimney effect is
the same as for natural convectidine chimney length considered ranges frorhto.
0.8m, or2 to 4 times the height of the actual heat skikst, the influence of thehimney
height on the channel Reynddnumber, the pressure terms and the cooling power is
investigated. The results are shownFigure 6.9 i Figure6.11. As expecteda higher
chimney increases the flow rate through the channel and, thus, the coolingipower
increasedThe channel Reynolds number across all configuration consideless iban
905, which is well below the critical Reynolds number of 2300. Therefore, the assumption
of laminar flow is justified The different pressure loss terms are showFRigure6.11. It

is noticed that bulk of theressure drop occurs across the fin array.
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Chimney Effect
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Figure6.9: Dependence of the cooling power on the chimney height.
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Figure6.10: Dependence of the channel Reynolds number on the chimney height.
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Chimney Effect
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Figure6.11: Dependence of the different pressure losses and buoyancy pressure gains as
a function of the chimney height.

A parametric study on the channel width, the fin thickness and the fin length is
performed in a similar fashion as for the case with natural convectionTdrdyesults are
shown inFigure6.12 7 Figure6.14. The general trends are similar as for the case with
natural convection only. By comparifiggure6.6 with Figure6.12, it is observed thahe
optimal channel width is smaller for the case with a chimney than for the case with natural
convection only. Also, for the sarbaseplatgeometry, adding a chimney of 800mmore
than doubles the maximal cooling power fro810.8N for natural convectin only to
12940W at a fin thickness of 1.27mm, a channel widttddmm and a fin length of
140mm.This corresponds to a heat flux of 2.49W#aralculatedon the baseplate surface
area. The length and the thickness of the fins remain constrained by atamimg

considerations.



Chimney Effect
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Figure6.12: Functional dependence of the cooling power on the channel width.
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Chimney Effect
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Figure6.14: Functional dependence of the cooling power on the fin thickness.

6.3.3 Thermal Limits of lonic Wind Cooling Enhancement

The range of parameters considered for the parans&idy on the heat sink combining
a fin array with ionic wind is slightly different, as the minimal required channel width is
10mm, below which there ®0 significant flow enhancemerithe vertical inteelectrode
distance is set to the determined minimafri2.5mm. The cooling power is calculated
using the multiphysics model presente €CHHAPTER 4 Thereby, the simulation is run for
channel widths ranging from 10mm to 20mm in 1mm interval. Linear interpolation is
performed for data points falling inetween and the total heat transfer surface area is
discounted by the corresponding fin efficienégain, the functional dependence of the
cooling power on the geometric parameters is investigated and presehigareat.15 7

Figure6.17.
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Figure6.15: Functional dependence of the cooling power on the channel width for the
case with ionic wind heat transfer enhancement.

Figure 6.16: Functional dependence of the cooling power on the fin thickness for the case
with ionic wind heat transfer enhancement.
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