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Abstract

Controlling transport phenomena in liquid and gasemedia through electrostatic forces
has brought new important scientific and industagblications. Although numerous
EHD applications have been explored and extensistlgdied so far, the fast-growing
technologies, mainly in the semiconductor industintroduce new challenges and
demands. These challenges require enhancememtabtriansfer and mass transport in
small scales (sometimes in molecular scales) tamvennighly concentrated heat fluxes
from reduced size devices. Electric field induckeavs, or electrohydrodynamics (EHD),

have shown promise in both macro and micro-scalees.

Several existing problems in EHD heat transfer anbments were investigated in this
thesis. Enhancement of natural convection heasfieathrough corona discharge from an
isothermal horizontal cylindrical tube at low Ragle numbers was studied

experimentally and numerically. Due to the lackknbwledge about local heat transfer
enhancements, Mach-Zehnder Interferometer (MZI) waesl for thermal boundary layer
visualization. For the first time, local Nusselt nmbers were extracted from the
interferograms at different applied voltages by mag the hydrodynamic and thermal
field results from numerical analysis into the thal boundary layer visualizations and

local heat transfer results.

A novel EHD conduction micropump with electrode agions less than 300 um was
fabricated and investigated experimentally. By isgadown the pump, the operating
voltage was reduced one order of magnitude witpaeisto macro-scale pumps. The
pumping mechanism in small-scales was exploredutiiroa numerical analysis. The
measured static pressure generations at differpptied voltages were predicted

numerically.

A new electrostatically-assisted technique for agneg of a dielectric liquid film over a
metallic substrate was proposed. The mechanismeo$preading was explained through
several systematic experiments and a simplifiedrftecal model. The theoretical model

was based on an analogy between the Stefan’s pmohled current problem. The



spreading law was predicted by the theoretical @ggr and compared with the

experimental results.

Since the charge transport mechanism across tinedi#pends on the thickness of the
film, by continuing the corona discharge expostine, liquid film becomes thinner and

thinner and both hydrodynamic and charge trangpexhanisms show a cross-over and
causes different regimes of spreading. Four differeegimes of spreading were

identified. For the first time, an electrostatigadiccelerated molecular film (precursor
film) was reported.

The concept of spreading and interfacial pressuvodyted by a corona discharge was
applied to control an impacting dielectric dropdet non-wetting substrate. For the first
time, the retraction phase of the impact process a@ively suppressed at moderate
corona discharge voltages. At higher corona digghatrengths, not only was the
retraction inhibited but also the spreading phas#icued as if the surface was a wetting

surface.

Keywords

Electrohydrodynamics, Corona Discharge, Heat Teandfatural Convection, EHD Heat
Transfer Enhancement, Mach-Zehender Interferométesselt Number, Critical Heat
Transfer, Droplet Cooling, Jet Impingement, Hydi@auump, Conduction Pumping,
Micropump, Liquid Sheet, Dielectric Liquid Thin Rl Dielectric Droplet, Spreading,

Interfacial Electric Pressure, Leaky Dielectric wid, Retraction Inhibition.
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Chapter 1
Introduction and general literature review

1.1 Introduction

Electrohydrodynamics (EHD) deals with motions imuid or gaseous media induced by
electric fields [1]. Applications of electrohydratgmics (EHD) are diverse and
sometimes striking [2]. One of the most remarkappearances of the EHD in nature
involves the blue haze found above heavily foresteds [3]. B.R Fish, a scientist from
Oak Ridge National Laboratory, provided experimengaidence to support his
hypothesis that the haze derives from waxy substagprayed into the atmosphere from
the tips of pine needles by high fields accompamyire overhead passage of electrified
clouds during thunderstorms. Although Fish propasedmechanism of haze generation
through extensive sets of experiments, severalrotbasons including the thermal
evaporation of the wax is also realized as the Hammation mechanism. As another
remarkable example, EHD forces have been usedmalatie the earth’s gravitational
field during convection experiments carried outinigira space shuttle flight [4]. In this
application, combining a radial electric field with temperature gradient between

concentric spheres produces polarization forcasiaic gravity.

The earliest record of an EHD experiment is in \Afil Gilbert’'s seventeenth century
treatiseDe Magnete which describes the formation of a conical shapen bringing a
charged rod above a sessile drop [5]. Until theO$9fost studies focused on the
behavior of good conductors, (mercury or watempeanfect dielectrics (purified benzene).
No significant theoretical work was done during mtlan three hundred years towards
understanding the poorly conductive materials. Dieigan to change following studies on

poorly conducting liquids—Ileaky dielectrics—by All& Mason in 1962 [6].
1.2 Outline of the chapter

Diverse applications of EHD have introduced différéelds of studies in physics and
engineering. Corona discharge and its applicatiamsl EHD pumping of dielectric
liquids are the main subjects of the EHD studids If2 the following sections, corona



discharge and its application will be reviewed tyieThen, the importance of EHD
pumping is described in both macro-scale and nscale applications. Different
pumping mechanisms are explained and compared. Partecular application, heat
transfer enhancement through EHD effects is revievi&@nce the controlling of liquid
droplets and liquid films on a solid surface is ortant in numerous applications, we
review the liquid droplet/film spreading over sofidrfaces. The new trend of research in

controlling the liquid film through electrostatiortes is highlighted.
1.3 Corona discharge and its applications

An important part of electrohydrodynamics is coneer with corona discharge in
gaseous media [2]. The corona discharge has fowoddbscientific and industrial
applications. In order to establish a corona digghaat least two separate electrodes, a
high voltage sharp emitter and a grounded colledog needed. By applying a high
voltage above the corona discharge threshold teagosneedle, the electric field ionizes
some of the neutral gas molecules in the high fielglon adjacent to the electrode [7].
The generated ions are accelerated towards thendgeducollector. Typically, large and
concentrated electric fields are required to garesach ionic discharges [8]. The high
momentum accelerated ions drag neutral moleculdsagat-like motion of ambient gas

can be developed [9]. The motion is the so-cal@dmra wind or ionic wind [7-9].

As an important application, corona discharge heenbused in mass spectrometers to
determine the elemental composition and chemiaalpoments of a sample by measuring
the mass-to-charge ratio [10]. Corona discharge leen also extensively used to
produce ozone [11,12]. The ozone production tealeiprough corona discharge found
important applications in water treatment indu$t/§]. As an important application in air
pollution control industry, electrostatic precipdes use corona discharge to remove fine
particulate matter, such as dust and smoke fromathestream [14,15]. The corona
discharge has also found application in electrizstadinting [14], separation [16] and

electrospinning of polymers [17].



The corona wind momentum produced by corona digehdnas found several
applications in heat [18-22] and mass transporieobment applications [23-29]. The
corona wind has demonstrated promising applicatioremhancement of convective heat
transfer in internal [30-36] and external flows {8Z], evaporation/drying [23-29], and

flame control [43-46] in both normal and microgitsngonditions.
1.4 Electrohydrodynamic pumping

Electrohydrodynamic pumping deals with the intdmactbetween electric fields and
fluids [47,48]. This interaction, for instance, masult in electrically induced pumping,
fluid mixing [49], or enhancement of heat trangfed-53]. The application of EHD to
heat and mass transport demonstrates promisingogunges in several industrial
applications [53-55], where special requiremenssriets the device operation condition,
but augmented heat transfer and mass transportofammterest. For instance, in
microgravity conditions where the gravitationaldiés absent, a low energy consumption
heat transfer enhancement technique with minimuygsiphal maintenance of the cooling
circuit elements is required. Circulating pumpsidgfly used in the normal condition
consume tens of watts while creating noise and arachl vibration, which may lower
the life of the devices. By eliminating the movipgrts, EHD devices offers static
operation with significantly lower energy consuropti It is worthy to note that a
vibration free cooling system is crucial in severadcise optical device applications with
high power dissipations, for example, high poweefadiodes, optical mirrors, and other
optical components where the positioning is imparta

The electric body forcéin a dielectric liquid, that results from an impdselectric field,

E, can be expressed as [56]:

1y 1], (0
f=p.E-—E“Oe+=0/ E — 1
pE- g+2{ p(apu (1)

wherep.is net volume charge densityis the fluid permittivity,p is the fluid density and

T is the fluid temperature.



The first term on the right hand side of the Eqi§l)he electrophoretic, or Coulombic,
force that results from the net free space chargése fluid. The second term, known as
the dielectrophoretic force, arises from the pemity gradient. The last term, called the
electrostrictive force, is important only for comepsible fluids and two phase flows. Free
space charges in dielectric liquids can be gengrbyethree different mechanisms. 1)
Induction [57-59]: occurs in dielectric liquid withariable electrical conductivity, which
can be caused due to the presence of a thermaégtadr in two or multi phase flows,
II) Conduction [60-63]: through imbalanced dissticia-recombination reactions in the
areas adjacent to the electrodes, Ill) Injectich§@]: by direct charge injection from the
solid/liquid interface. These three distinctive ima&gisms for free space charge
generation can be exploited to create inductiondaotion and injection EHD pumping
[56,60].

1.4.1 Direct ion-injection pumping

One method of generating net free charges in d fiuedium is direct charge injection
from electrode/liquid interface [56]. An electriceld is imposed between a sharp
electrode, called an emitter, and another blunttedde, called the collector. The free
charges are accelerated along the electric fielection dragging the adjacent fluid and
induce shear motion. The EHD pumps based on diwacdnjection charging are known
as ion-drag pumps or direct-ion injection pumpse Tdn injection pumping in dielectric
liquid by the ion injection mechanism has been kmdav long time [56]. Early works by
Stuetzer [64] and Pickard [65,66] revealed theimgeetion pumping through both a
theoretical and experimental approach. In all thigal experimental works, transformer
oils were used as the working fluid. Maximum veles around 10 cm/s were obtained
using mesh-type electrodes. More recently, Bryah S@yed-Yagoobi [68] demonstrated
an ion-drag pump with significantly higher pumpinglocities around 33 cm/s.
Sharbaugh and Walker [67] used their designed pimp@a 167 kVA distribution
transformer to enhance convective cooling of thedformer. However, before 500 h of
operation, its operation declined in pumping effiy due to the fact that the collector
electrode behaved as a filter. The filtering bebavesulted in the accumulation of the

contaminations around the collector electrode. ibhenjection pump showed significant



pressure drops in the cooling circuit caused by tantamination accumulation. As a
main disadvantage, recent studies revealed thae themps may cause degeneration of
the thermophysical and electrical properties of wwking fluid, thus, they are not
reliable for long term operation [69]. For instanthe typical electrode life time in an
ion injection small scale pumps was reported toldéms than an hour [70]. The
electrochemical effects cause irreversible eleetrddmages which affect the desired
sharp profile of the emitter electrode and themetbe static head generation produced by

the device.
1.4.2 Conduction pumping

Unlike the ion-injection pumping, the concept ohdaction pumping in dielectric liquids
has been proposed very recently [71]. This is gobybdue to the fact that the conduction
mechanism of creating space charge is a rather laatggdl phenomenon. When a
relatively small electric field (below 0.1V/um) established between a low potential and
a high potential electrode immersed in a dieledigaid, the ion injection is negligible,
but the liquid impurities adjacent to the electr@deay begin to dissociate. The process
of dissociation of the neutral species and recoatlmn of the created ion pairs can be
schematically written as follows [63]:

A'BT <A +B (2

By increasing the applied voltage, but before rearlsome threshold value of electric
field (approximately 0.1 V/um), the existing ionsiedto the dissociation of neutral
species experience strong enough electrical Couléonte, which concentrates the
positive and negative ions around counter-polarigkdttrodes. The concentrated ions
around each electrode form charge layers around.thEhe ion density distributions in
the dielectric liquid bulk can be determined on thesis of the conservation law of
neutral species. The attraction between the eldesr@nd the charges results in a net
fluid flow from the blunt electrode towards the @lede having smaller radii of
curvature. The conduction mechanism in this regimemainly due to the ionic
dissociation and is referred to as EHD conductiomping and the charge layer around



the electrodes is known as hetero-charge layetsthér increasing of the electric field
(in the order of 10V/um, depending on the liquidamtteristics and impurity
concentration), results in ion injection from thquid/metal interface and produces a
reverse pressure. Beyond this threshold, the imetion pumping mechanism will be

dominant [63] and the pumping direction is reversed

Several theoretical [6,17], numerical [12,15,18,48} experimental works [5,13,21,16]
were carried out to determine the feasibility of EEldumping through the conduction
phenomenon. In all of the previous studies, comrakrefrigerants R-123, R-134a and
N-Hexane were introduced as working fluids to agknor multi-stage pump with the
electrode spacing in the order of millimeters ame tsteady-state static pressure
generation of the pump was determined. Furthernsenegral geometries for high voltage
electrodes were investigated to increase pressmergtion [21]. Typical static pressure
generation for macro-scale conduction pumps ishen drder of 10-1000 Pa at 15 kV

applied voltage with few millimeters gap spacingween electrodes.
1.4.3 Induction pumping

Induction pumping can be achieved by inducing sghegge in a liquid due to a gradient
or discontinuity of the electric conductivity [56\n AC traveling electric wave attracts
or repels these induced charges, leading to fluwtian. The concept of EHD induction
pumping was introduced by Melcher in 1966 [57].dbdive theoretical and experimental
studies were performed by Melcher and Firebaugh [&®ng and Melcher [59], Kervin

et al. [72], and Seyed-Yagoobi et al. [73,74]. Moeeently, Wawzyniak and Seyed-
Yagoobi [75,76] conducted a theoretical and expenital study on EHD induction

pumping of a stratified liquid/vapor medium in @tangular channel configuration. They
extended Melcher’'s work by taking into account iiguction of charges in the bulk of
the liquid (due to Joule heating) along with thaseuced at the interface. This

augmentation is largest for the highest heat fhuk applied voltage.

Brand and Seyed-Yagoobi [77] demonstrated EHD itidng@umping of liquid films and

showed its potential for heat transfer augmentagpiorposes in heat exchangers through



flow control. Utilizing the EHD induction mechanista pump liquid flms makes this

technology attractive for several industrial apgfiions.
1.5 Micro-scale EHD pumping

In recent micro-scale applications, the importaméeEHD-based devices has been
highlighted [78]. It might be attributed to the fabat the EHD forces can be significant
in a small-scale process, even though in largeesdlky might have smaller contribution
[79].

A strong motivation for decreasing the size of EKMD-drag pumps has been known
since their inception: a decrease in the electgae produces better performance and
requires lower operating voltage. However, prodgaiectrode geometries and spacing
in the sub-millimeter range was not possible uthi@i development of micro-fabrication

technologies in the mid-eighties.

Credit for the first micro-scale EHD pump is owedRichter and Sandmaier [80] who
fabricated electrode grids on a silicon substrAtenaximum static pressure of 1200 Pa
with ethanol as the working fluid was achieved wath input voltage of 300 V. Such a
small input voltage was due to the reduced eleetrsgacing. Static pressure was
comparable to the pressure obtained with the lasgale pumps. They proposed using
this pump as a flow meter by recording the timdlight method for injected charges.
Sandia National Laboratory researchers used laggomachining to develop a micro-
EHD pump [81]. They produced two designs. The fase had two silicon substrates
with gold layers stacked on top of each other dund thannels were drilled with a laser.
The second design had silicon grids manufacturetl atached back-to-back, which
reduced the electrode distances to about0A static pressure head of 290 Pa was
obtained with an input voltage of 120 V. To dateés the lowest input voltage used for
an EHD pump and is the power required is withiroeder of magnitude of that provided

by a typical battery. Several different ion dragEhRhicropumps were reported [82-86].



1.6 EHD heat transfer enhancement techniques

The EHD enhancement of heat transfer refers t@dipling of an electric field with the
fluid field in a dielectric fluid medium. In thissthnique, either a DC or an AC high-
voltage low-current electric field is applied iretkdielectric medium between a charged
and a receiving (grounded) electrode. The heasfiearmedium can be gaseous, single-
phase or two-phase flows. The EHD heat transfeamcgment method is particularly
important in microgravity applications, where theawgtational field is absent and
minimization of energy consumption in active coglielements is of great concern.
Typically, significant heat transfer improvementghasmall energy consumption can be
obtained in the presence of electric field. Moregpw@nor maintenance for EHD devices
is required since the mechanical moving parts amel éassociated vibrations are
eliminated. Therefore, EHD enhancement technigaesbe an excellent candidate for
special application including the devices operaimgpace.

1.6.1 Single-phase EHD enhanced heat transfer in gaseous

medium

Convective heat transfer can be enhanced in thsepce of strong electric fields [19-22].
As mentioned earlier, most of the previous workaiimused corona discharge to develop
corona wind over a heat transfer target. The EHRaroement technique can be applied
for both external [37-42] and internal [30-36] tifiows. In both applications, the corona
discharge can be generated by establishing a sfieltgbetween a corona discharge
emitter electrode and an electrically grounded dtaibject. The momentum of the
corona wind resulting from a corona discharge magtudb the thermal and
hydrodynamic boundary layer. Moreover, the coromadwesulting from a highly non-
uniform electric field is accompanied with strongrticities [87-89] and local increase in
coolant velocity. These electrostatic interactions flow field may promote significant

local or average heat transfer enhancements.

The corona discharge was extensively used in rlatcoavection heat transfer

enhancement from an external object such as cidmdsingle tube [42], bunch of



tubes[41, 89, 92-96], vertical [90] and horizoritahted plates [40, 91]. Different types of
electrodes, such as wires, blades and razors,deereused to generate corona discharge.
Typical EHD heat transfer enhancements comparekd matural convection have been
more than 100% for all of those studies with enexgysumption in the order of less than
a watt. Most of the previous studies have beentdinto measuring the average
enhanced heat transfer coefficients. Several asitheed interferometers to visualize the
thermal boundary layer affected by corona dischd4#90]. Even more significant
corona wind enhancements have been reported lopatyaround the corona sharp
electrode [30,42,90]. The natural convection heahsfer heat transfer enhancement

showed promise for microgravity conditions.

1.6.2 Single-phase EHD enhanced heat transfer in dielectric

liquids

As described earlier, EHD pumps can be used astare &lement to control the heat
removal from a heated surface. Since the pumps@eeated with dielectric liquids, the
direct cooling method can be applied, which is ipalarly important in hot spot
management in electronic cooling [84, 85]. Direobling reduces the heat resistance
across the heat sink by eliminating the need ftaesong or bonding of the heat sink to
the hot spot. Therefore, EHD pumps with dielectigmids can be exploited for high

performance direct cooling.

In single-phase flows, the Coulombic force is resole for inducing liquid motion in

the fluid and enhancement of the local or averagat transfer from a surface. The
electrostatic forces may increase the momentunhefliquid around the heated target.
The hydrodynamic and thermal boundary layer thignieads to typically high heat
transfer coefficients. Several electronic coolimplecations have benefited from EHD

pumping [83-85] to enhance heat removal capacity.
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1.6.3 Two-phase flow EHD enhanced heat transfer

The phase change phenomenon occurring during tiiegoand condensation processes
is an important mode of heat transfer. Boiling aodndensation heat transfer
enhancement can be particularly important to desigme efficient evaporators and
condensers. Several passive and active technicues lleen used to improve the heat
removal capacity in the presence of phase charggettamsfer. The study of EHD effects
as an active technique on phase change heat traméfancements began about 40 years
ago [97]. Although several theoretical and expentaeworks have been conducted to
explore the enhancement mechanisms involving thasehchange heat transfer, a
complete theory does not exist to describe the rsdmaent mechanisms in the presence
of an electric field. This is attributed to the tfabat the enhancement mechanisms are
complicated and the understanding depends on thdetEmacroscopic and microscopic
knowledge of heated surface wettability, roughnessroscopic surfaces forces, and so
on. Phase change phenomena during heat transféeaddinectly or indirectly affected by
the electrostatic forces [98]. Some of the aboveapaters such as wettability and
microscopic balance in surface forces can be atkeby electrostatic forces. EHD effects
may improve the heat transfer through enhancenfewetiability over the heat transfer
surface [97-99].

Boiling heat transfer enhancement has been a sulfjerore intensive studies compared
with the condensation heat transfer. This is bezafsthe fact that the condensation
enhancement through electrostatic effects includeany unknown interrelated
microscopic parameters, which might be essentiaiiay complicate the processes. The
more extensive interest in boiling heat transfehagrwement through EHD might be
attributed to the fact that the boiling heat transtnhancement experiments are more
repeatable since they rely on better-defined physparameters. In both cases, the
microscopic surface forces may cause macroscofectef which drastically change the
thin liquid film wetting dynamics and control thedt transfer from the surface. In the
following section, a review on boiling heat transémhancement through EHD effect is

given.
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1.6.4 EHD boiling heat transfer enhancement

Although EHD boiling heat transfer has been subgéanany studies [100-108], only a
few limited works have focused on exploring the EldBhancement of this process
[100]. Most of the previous studies have conceettain heat transfer enhancement at
nucleation boiling [102-106] and critical heat fluggimes (CHF) [101]. Only limited
literature exists on the effect of electric fieldlae beginning of the phase change and last
regimes of boiling (post-CHF) [109-111]. The medkars by which EHD techniques
enhance the boiling process are summarized asvollo

1) movement of vapor bubbles on the heated surfacéodMeaxwell stress,

2) spreading of the vapour bubble base over the heaisfer surface due to
electrostatic forces,

3) increasing the number of bubbles by breaking ugeldrubbles by decreasing the
bubble detachment diameter and creating more temiel

4) elimination of boiling hysteresis, by decreasing ttlegree of the superheat
required to start nucleate boiling,

5) improving the transitional and minimum film boilirgpnditions by destabilizing
the blanketing vapor film,

6) improving the wetting of the heating surface duehe interfacial normal and
shear stresses arising from surface charge acctiomulm the presence of a
strong electric field,

7) introducing the EHD waves and perturbations atsiinéace of a boiling liquid,

causing an increase in re-wetting of the heatefhseirdue to the EHD interfacial

instability of the vapor/liquid interface

In most of previous studies, improvement of thetamlity of the heated surface through
EHD effect was the main enhancement mechanism [1QQ]. The two-phase heat
transfer results as well as many other practicpliegtions may stimulate research on the

EHD-enhanced wetting and spreading of liquid filfkis investigation can be beneficial
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in understanding of the electro-spreading/wettingcinanisms that promotes two-phase

heat transfer enhancements through EHD effects.
1.7 Wetting and spreading of liquid droplets on solid surfaces

The spreading of liquids on solids is of signifitamportance in everyday life, for
instance, while painting, writing with ink on a hef paper and spreading of the oil film
over the pan. Wetting and spreading also play badécin many industrial applications
[113-120], wetting of porous rocks in oil/water eegoirs [121], in agriculture [117,119],
phase-change heat transfer [115, 116] as well ageraus other fields such as coating,

deposition, soldering, and lubrication.

In all the above applications, detailed knowledfée spreading dynamics is needed. In
general, spreading is a complicated problem sinaeynknown or unknown parameters
are involved. This is a common problem in the fiefdsurface science. Even a small
amount of impurity in the liquid phase or solid fage may significantly affect the

macroscopic observed phenomena. The topographpeosolid surface and even its

crystallographic structure may affect the spreadipigamics [122].

Spreading of fluids belongs to the broad field oétimg phenomena. There is a
macroscopic difference between the case wheredligpmpletely spreads over substrate
(oil over stainless steel) and partial wetting @vatver stainless steel) [122]. Complete
wetting corresponds to the situation, where therosmopic contact angle tends to zero
when the time goes to infinity [123]. Partial wegi corresponds to an equilibrium

condition with a non-zero finite contact angle [1L24

The key to the analysis of spreading can be fouanithe experimental studies presented
by Hardy [125], who recognized that an ultra thilmfalways precedes a spreading
droplet. The thickness of the film is normally b&lonicron range. This ultra thin film
has been called the precursor film. At the earbges of precursor film spreading, the
molecular thickness (below 1 nm) develops progvedgiduring the spreading process of
a droplet as a tongue-like structure ahead of themimal contact line of the main

spreading film. From the experimental observatitmsugh detailed optical techniques at
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the Naval Research Laboratory, Bascom realized ttltelong-range forces should be
considered to explain the behavior and dynamidhefultra thin film precursors [126].
He noticed that in the case of non-ionic precufdors, the dynamics of the film is
governed by a dispersive van der Waals forces,enbil the charged films the dynamics
of the thin film is governed by both van der Wdales and charged layer interactions.
This was only the beginning and led to more thaneatury of struggles to better
understand different aspects of this complicatemblem [125-134]. In spite of such
extensive efforts, the mechanisms of the precuiborformation still remained one of
the most challenging issues in the field of condednsnatter. Moreover, some
fundamental paradoxes, most famously, the Huh-8crparadox [135] regarding the no-
slip boundary condition at the solid substrate that precursor film spreads, remained
unanswered. As Huh and Scriven wrote [135]: “Ne#reHercules could sink a solid if
the physical model (no-slip boundary condition) eventirely valid.” This has opened
more than 40 years ongoing effort of physicistsutmlerstand seemingly one of the
easiest fluid mechanics problems, coating flow,eapmg in every undergraduate fluid
mechanics textbooks.

Electrocapillarity, the basis of modern electroweit was first explained in detail in
1875 by an ingenious physicist Gabriel Lippmannpwton the Nobel prize in 1908
[136,137]. Lippmann found that the capillary degres of mercury in contact with
electrolyte solutions could be varied by applyingyatage between the mercury and
electrolyte. The original Lippmann paper has ongem available in French, but the
interested reader may find a translation of hiskwor[136]. The work of Lippmann and
of those who followed him in the subsequent moenta hundred years was devoted to
agueous electrolytes in direct contact with mercsuyfaces or mercury droplets in
contact with insulators. A major obstacle to broadgplications was electrolytic
decomposition of water upon applying voltages beyanfew hundred millivolts. The
recent developments were initiated in the early0s989y Berge [138], who introduced the
idea of using a thin insulating layer to separat ¢onductive liquid from the metallic
electrode in order to eliminate the electrolysieqdmenon at the metallic interface. This

is the concept that has also become known as @esting on dielectric (EWOD).
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Electrowetting on dielectric layer techniques andydimited to the case of controlling a
droplet on a low energy surface. Gently depositegldts over partial wetting substrates
reach an equilibrium thermodynamic state with amléayium contact angle. The method
is difficult or technically impossible to apply fananipulating droplets over a high
energy surface since the droplet will completelyt vilee substrate. Therefore, an
alternative method should be used to control theidi film/droplet on high energy

substrates.

The literature dealing with spreading of dielectiquids over a solid surface is very
sparse. Although several investigations were peréar to investigate the EHD
instabilities induced by corona discharge over eledtric interface, no net spreading
effect has been reported [139,140]. In a recemngit, the alternative technique for
droplet/film spreading over high energy substratsgh as a metallic substrate, was
introduced by a joint research group at Harvard Rndceton [141] who demonstrated a
selective spreading of a silicone oil film on aatelely high energy substrate. In their
technique, the surface charge is accumulated dwerdielectric interface and the
tangential component of electric forces was credtgan inclined planar electrode. A
strong shear stress is developed over the interfeltieh expands the liquid from the low
field region to the high field region. The spreagiwas accompanied by formation of
Taylor cones at the liquid interface with severalipdic jets ensuing during the film

expansion process.
1.8 Objectives

The overall objective of the thesis is to incredlse understanding of the effect of
electrostatic forces to control or enhance flumfland heat transfer in gaseous media,
bulk liquids, dielectric droplets and thin film3he main subject of the Chapters 2-4 is to
investigate single-phase and two-phase coolingtla@gotential application of the EHD
effect for heat transfer enhancement purposes.alt feund that the EHD enhanced
rewetting process plays a pivotal role in boilingahtransfer enhancement. In order to
further understand the EHD wetting enhancement ar@ésins, one may understand the

spreading mechanisms of charged liquid/vapor iate$ and charge transport
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mechanisms across the thin films. Investigatiothefconduction pumping with reduced
gap spacing presented in Chapter 5 provides aitivegtwnderstanding about charge
transport mechanism and the electrostatic presgeneration across dielectric liquid
films.

Chapters 6-8 comprise the main part of the thedigerev the main subject of the
investigations was electrostatic-assisted spreading in particular the wetting and
spreading process of charged interfaces. A neweganaf spreading based on the ionic
bombardment of the dielectric liquid interface tingb corona discharge was proposed.
When exposed to a corona discharge, the thicknedkeodielectric liquid becomes
monotonically thinner and liquid films with evennmameter size can be obtained, if the
exposure time is long enough. Since the spreadmgrdics and charge transport across
the thin film are strongly coupled, it is cruciad understand the charge transport
mechanism across the film. This understanding maigid from our studies in the
conduction pumping effect presented in Chapter Here the liquid film was confined
between two electrodes. This new concept of codiseharge—assisted spreading was
also applied to suppress or inhibit the retracpbase of an impacting droplet.

The spreading dynamics of the charged interface bmayencountered in numerous
applications including EHD boiling heat transfehancement. As mentioned earlier, the
charge transport mechanism across the thin film mayern the hydrodynamics of

spreading. Since the spreading of thin films is dimeensional in nature, the study of the
thin film dynamics may give intuitive understandirapout the charge transport
mechanism across the thin film. Since the chamgsport across the thin films occurs in
several recent applications, such as thin filmdistors and other molecular electronic
devices, the study of one dimensional film spregdmay help the understanding of the

charge carrier transport phenomena across this film
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1.9 Outline of thesis

The thesis objective described above has beenntegsan seven chapters followed by a
closing chapter, where the thesis summary and ngplications are discussed. The

material presented in each chapter is outlinedvibelo
Chapter 2

Chapter 2 presents experimental and numerical teegal natural convection heat
transfer enhancement from an iso-thermal horizorylhder in the presence of corona
discharge. A Mach-Zehnder interferometer was usedidualize the thermal boundary
layer around the cylinder in air. Local Nusseltmhers were extracted from the
interferograms. A numerical study was performegredict the measured local Nusselt
numbers around the cylinder at different surfacepieratures and corona discharge

voltages.
Chapter 3

In Chapter 3, two-phase cooling of free-falling roatispersed water droplets impacting
on a smooth upward-facing horizontal heated digk@tCHF regimes was revisited. The
goals of this investigation were to show that (e texisting correlations are not
applicable for very low impacting velocities and @everal complications associated
with the experimental setups and procedure made risults unreliable. The effect of

droplet size and impacting frequency on the boikkngves and CHF was investigated in
the absence of electric field. With more than 15@esimental data, two different

hydrodynamic regimes of impact were characterizedl different correlations for each

regime were proposed to predict the CHF resulthénabsence of electric field. For the
experiments in the presence of electric field isvi@und that the imposed electric field
significantly changed the path of the falling detgl Moreover, sporadic jetting and
random Taylor cone formation re-directed the maitume of the coolant off the heated
surface. Although the droplet cooling in the preseof electric field results were not
encouraging, the authors included this chaptenigthesis. Two new correlations in this
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chapter applicable at very low Weber numbers mighiof interest for further studies.
Moreover, one may find an appropriate techniquediatrol impacting droplets through
electrostatic forces and compare those results thighcurrent study in the absence of
electric field.

Chapter 4

Direct jet impingement boiling heat transfer opiergat low flow rates is of great interest
for the localized moderate heat fluxes found wigtichte mechanical structures, where
the aggressive techniques such as high-speedrgetsoa suitable. Boiling heat transfer
from an upward facing disk targeted by a falling yeas studied experimentally at
different volumetric flow rates and various jetdéims. Using previous CHF correlations
in their original form, valid at very low volumetriflow rates, result in large
disagreements since it was found that variatiorthim jet length changes the boiling
characteristics. Since the conventional correlatitor impinging jets are not valid for
low flow rates, the problem of the impinging jet tine absence of electric field was
revisited. The working fluid chosen was the digiediquid HFE7100.

In the absence of an electric field, the simpleaywo increase the momentum of the
liquid sheet around the rim is by increasing tlmvflrate. However it is shown that an
alternative way to enhance the momentum of theidicaheet around the edge is to
introduce EHD forces. The last part of this chaptefestigates boiling heat transfer

enhancement of falling jet in the presence of eleéeld.
Chapter 5

In Chapter 5, an EHD conduction micropump was aesigfabricated and characterized
for the first time. Comparing with previous mackaie conduction micropumps, the gap
spacing between the electrodes was reduced by oier of magnitude. The static
pressure generation was determined at differenlieppoltages. A numerical solution
was used to predict the static pressure generatidifferent electric field strengths. The
hetero-charge layer interactions, static pressaneiation mechanism in such a confined

structure provide a deeper understanding of thegehtransport mechanism across the
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thin liquid layers. This was the foundation for enstanding of the charge transport

mechanism across the dielectric liquid films endeted in following three chapters.

Chapter 6

Chapter 6 focuses on understanding the enhancemhehe liquid film contact with a
substrate through the use of electrostatic forces an isothermal substrate. Here, a
corona discharge-assisted technique for spreadiggndly deposited dielectric droplet
into a uniform thin film over a dry isothermal camdive substrate is proposed. The
surface charge was built up over the droplet iatefthrough ion bombardment using a
sharp emitter electrode. Interaction of the surfelt@ge density and the intense electric
field generates an interfacial electrical pressame leads to a uniform axisymmetric
spreading of the droplet in the radial directioheTynamics of the film spreading due to

the corona discharge was confirmed through a sfraglanalytical model.
Chapter 7

As it was demonstrated in Chapter 6, a dielecigaid interface exposed to the corona
discharge spreads over the grounded substratendpt€ 7, the spreading of a dielectric
liquid film subjected to a long-term corona disa®@rwas investigated. It has been
demonstrated that the charge transport mechanismssathe film determines the regime
of spreading. Four different regimes of spreadiuage identified and each regime was
discussed in detail. By further increasing the paralischarge exposure time, in the
fourth regime the thickness of the dielectric fihecreases, and an electrostatically-
accelerated precursor film with nanometric thiclenssdeveloped and diffuses ahead of
the apparent contact line. The thickness and sprgatinamics of the precursor film

were measured by an ellipsometer. Deposition afi slamometric thin films through the

corona discharge forced-spreading may create #optafor further fundamental studies

such dielectric phenomena in thin films, hydrodyie@arof the thin films, accelerated
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wetting process, coating and deposition. As a tesaueral industrial applications may

benefit from such investigations.

Chapter 8

Controlling the deposition of impacted droplets annon-wetting solid substrate is
important for numerous industrial and scientifigoigations including droplet impact
cooling. In Chapter 8, a new active method basedhencorona discharge-assisted
spreading concept is proposed to control the deéposf an impacted dielectric droplet.
An electric pressure resulting from the electricfate charge produced by the corona
discharge squeezes the droplet interface towarlgrbunded substrate and generates a
resistance against the droplet retraction. It imaestrated that the electrical pressure
effectively suppresses the droplet retraction dtages above the corona discharge
threshold.

Chapter 9

This chapter summarizes the material presentechapters 2 through 8. It also suggests

possible applications for the proposed conceptsritesl in the thesis.
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Chapter 2

The Effect of Corona Discharge on Free Convection Heat

Transfer from a Horizontal Cylinder

2.1 Introduction

Establishment of corona discharge between a shagirede and a grounded heated
surface usually induces an ionic wind whose monrantan be used for enhancement of
heat transfer from the heated surface. The cor@tharge and ionic wind are caused by
the ionization of air molecules in the intense ®lecfield region around the sharp

electrode that accelerates ions and drags the @ecuoies toward the grounded surface.
Electrostatic cooling devices operate without angvimg parts, which reduces the

mechanical vibration, energy losses and associabéskes. Therefore, the electrostatic

cooling is potentially attractive.

Corona enhancement of heat transfer from varioysctsdbhas been the subject of many
investigations because of a comparatively sigmfidacal enhancement of heat transfer
coefficient with small corona discharge power caonpgtion. For the first time, Marco and
Velkoff [1] reported a 500% enhancement of averagat transfer coefficient and even
higher local enhancements from a vertical heatateph the presence of corona wind.
The momentum integral analysis was carried outuidhér verify the experimental
results. The theoretical results were in good agese with experimental studies.

Yabe et al. [2] investigated the enhancement oft Heensfer from a horizontal

downward-facing plate using 40um wire electroda Plexiglass chamber connected to a
high voltage source. A Langmuir probe was used éasure the space charge density
distribution and to verify the numerical resultiel were able to model the recirculation

flow inside the chamber and achieved a good agreewith their experimental results.

O'Brien and Shine used an interferometer to measrd-lectroHydroDynamic (EHD)

enhancement of local heat transfer from a vertmathermal flat plate for various air
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pressures [3]. They concluded that the boundamyrlesas distorted in the vicinity of the

plate surface and the heat transfer coefficiermemsed with corona current.

Franke and Hogue [4] studied the corona wind eftetta heated horizontal cylinder
using both a multi-emitter electrode and a wirectetele. The average heat transfer
enhancement was quantitatively calculated by a-lb@&aihce method and qualitatively
measured with a Mach-Zehnder interferometer. Endraeat of heat transfer from the
cylinder due to the corona discharge was reporedet as much as six times the free
convection heat transfer. The authors found thatrtulti emitter electrode was more
effective compared with the stretched wire elearddowever, they did not report the

local heat transfer coefficient around the cylinder

The literature review shows that finding the averagat transfer rate for external free
convection flows in the presence of corona disahdrgs been the subject of several
investigations. Various heated test sections, @agHorizontal plate [22, 23], vertical

plate [24] and horizontal tube bank [25,26,27,20kre investigated. Owsenek and
Seyed-Yagoobi [5] experimentally investigated therooma wind heat transfer

enhancement from a horizontal flat plate. Needéetebdes with different heights were
used as the corona electrode. An enhancement o than 25:1 over free convection
was reported. More recently [6], the same authasticued their theoretical and

experimental studies and focused on a comparistmeba single and multiple wire

electrodes. They concluded that for a given applielfage, multiple wire electrodes

yield smaller heat transfer enhancement per wieetelde than that of a single wire
electrode. It was also found that dual recirculatimay be formed between wire

electrodes. Numerical simulations of novel eleatrogeometries revealed that this
inefficiency may be eliminated through the uselafle geometry.

Franke [7] investigated heat transfer from a vattiglate in the presence of corona-
generated vortices. The vortices were generatethédycorona discharge from parallel
Multi-wire electrpodes. He also visualized the thal boundary layer using a Mach-
Zehnder interferometer and measured the resultaag tnansfer through both an energy
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balance and interferograms. A doubling of the ceotive component of total heat

transfer was reported when the applied corona geltgas above the corona onset value.

Although enhancement of free convection heat tean#frough corona discharge has
been widely studied, few experimental studies Haeen performed to find the local heat
transfer rate for external free convection flowstlwe presence of corona discharge.
Moreover, previous studies on ionic wind-enhancedt hransfer show that the corona
discharge has comparatively smaller effect on IRglgnolds force convection [21].

Likewise, investigation of the interaction betwede corona discharge and buoyancy-

driven flow has been investigated.

In most of the previous interferometric studieg BHD enhancements in heat transfer
investigations have been limited to a qualitativeualization of the thermal boundary
layer. In those studies, the average Nusselt numiaar determined using the energy
balance method. The investigation reported herelweg a quantitative interferometric
study of the positive corona discharge on the ldwat transfer enhancement from an
isothermal horizontal cylinder for different Rayli numbers. A circular cylinder was
selected as the test section, because the cirtwib@r is widely used in typical heat
exchangers. Considering the limitations of therietemeter plates, the diameter of the
cylinder and the surface temperature were seleitegbtain an appropriate range of
Rayleigh number1(500 < Ra < 5000) which is frequently encountered in conventional
HVAC systems. In order to generate a uniform dsition of discharge effects along the
laser beam, which is needed for the two dimensiontatferometric studies, a sharp tip
blade was used as a high voltage corona electiddecover, compared with other
electrode geometries, alignment of the blade aldetrcan be achieved more precisely
along the laser beam. In order to find the det#Hilthe flow patterns and to further verify

the experimental results, a numerical simulatios @alao performed.

2.2 Experimental Setup

The apparatus used in this experiment consistethree major components: (i) an
isothermally heated surface, heating facilitiestrinmentation, and control (ii) high
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voltage apparatus and measurement devices (iiipdesture field visualization system.

The schematic view of the experimental setup ampduaus is presented in Fig.1-a.

The test section was an extruded aluminum hollomdgr with a highly polished outer
surface. The details of the test section are showkig.1-b. The length of the cylinder
was chosen as 160 mm (16 times of diameter) whacises the induced flow to be two-
dimensional. In order to minimize the thermal efi@as, two wooden fiber end caps
with k = 0.05W /m?K were installed at both ends of the test sectiomrtler to position
the cylinder in the horizontal direction, two piastds were connected to these end caps
and installed on the XYZ holders. The cylinder hand axial cavity to facilitate
installation of a coiled nickel-chromium wire heatdement at the center of the cavity.
The space between the heater coil and inner wahehollow cylinder was filled with
magnesium oxide powddrour holes with 0.55 mm diameter were drilled itite base
surface of the cylinder at 30, 50, 60 and 80 mmftbe base ends in different peripheral
angles. Four calibrated K type thermocouples weseried and fixed in these holes. All
the temperatures were monitored continuously byE&TIO 177 data logger which was
connected to a PC. The maximum difference in sarfamperature readings at the four
thermocouple junctions were about 0.2 degree beéésits. Furthermor¢he outer surface
temperature of the cylinder was measured at 2@reéifit locations both in the peripheral
and longitudinal directions with a calibrated hahdld digital thermometer. The
difference between the readings did not exceeddeg@ee. The combination of the
relatively thick-walled aluminum cylinder and theigh thermal conductivity of
magnesium oxide powder helped achieve the desineiformity of the surface
temperature both peripherally and longitudinallyeTelectrical power supplied to the
heater was controlled by a variable transformeeyefore, it was possible to achieve

different surface temperatures and different Rgyl@iumbers.
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Figure 1-a: Schematic of experimental setup
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Figure 1-b: Details of the cylinder and the blade lectrode.
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The electrical input power was varied to keep thdase temperature constant in the
presence and the absence of corona discharge. ¢feerging the power level, it took
about one hour to obtain steady state conditioh gifasi-constant surface temperature in
the absence of corona discharge. For the coromaatige experiments it took about 20
minutes to obtain quasi-constant surface temperatét the steady state condition and
before initiating the tests, the maximum differende surface temperature readings of
four thermocouple junctions were about 0.2 degre®.high voltage DC power supply
(0-30kV Spellman supply SL-600) was used to geeetthie positive DC corona
discharge. The blade electrode was fixed 40 mmvb#te cylinder and connected to the
positive terminal of the high voltage DC power slypfhis comparatively large spacing
provided larger voltage range between corona oasedt breakdown allowing larger
number of different voltages to be tested. Paiaiieland adjustments of the blade with

respect to the cylinder were done using opticaitjooers.

A Mach-Zehnder interferometer with 100 mm diametptical plates and 100 mWe—
Ne laser light source was used to visualize theg&rature field around the cylinder. A
schematic of the interferometer is shown in Fig.1ndinite fringe interferograms were
digitized by a Panasonic WV-CP410- 1/3 CCD caméneclvwas connected to a PC. In
this set up, the laser beam splits into two beafmapproximately equal intensity. A
reference beam passes through the thermally undestuiambient air, and the test beam
passes through the thermally disturbed air adjatetite heated cylinder. Because the
refractive index varies with temperature, the taser beams are no longer in the same
phase when they are recombined. This phase sbifiupes an interference pattern in the
optical output of the Mach-Zehnder interferometenjch can be recorded with a CCD
camera. When these two beams are parallel upommimnation, the constructive and
destructive interference fringes correspond diyetdl the isotherms in the flow field.
Further adjustments of the test section and itsllgdism along the laser beam were

examined by the laser beam, CCD camera, and asimplge processing procedure.
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Figure 1-c: Plane view of Mach—Zehnder interferomeer.
2.3 Experimental procedure and data reduction method

The test procedure was initiated by testing the ftenvection heat transfer from the
horizontal cylinder in the absence of corona disghaAfter reaching the steady state
condition, interferograms were taken. The coronsclthrge was generated near the
cylinder by applying the high voltage to the blad&h magnitude in the range between
onset of corona discharge and breakdown voltageeagh voltage, five interferograms
were recorded for assurance of the experiment taepiéty and data reduction. Fig.2
represents examples of the infinite fringe intexfgams for two extreme cases, at lowest
and highest Rayleigh numbers, for different appirettages. The atmospheric pressure
and the relative humidity of the laboratory wereareled during all the experiments. The
infinite temperaturel’,,was monitored at two different vertical locatiorsoat 500 mm
away from the test section and they both indic#ttedsame value. A code was developed
to calculate the local Nusselt number around thénagr using infinite fringe
interferograms. The data reduction procedure wasasi to the work done by Ashjaee et
al. [28].
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The local Nusselt number is defined as follows:

hgD
Nug = (1)
ke

The local heat transfer coefficient can be obtaimsd

B = <dT) 1 @
o I\dr/)vepjzp Ts — Te

The local temperature gradient can be calculatad infinite fringe interferograms as:

dT
dr

de

_ aT
r=D/2,0 dr

r=D/2,0 de

(3)

r=D/2,0

The fringe shift due to the spatial temperaturdéedsince in the interferometer test arm

can be obtained as [8,9]:

dT
de

 6CIP AR, Tres?
r=D/2,0 (3ClPoo - ZARoTrefE)Z

(4)

% y ecan be calculated by the measuring the distancgeeet the fringes from the
r=D/2,

cylinder surface. The temperature of the farttiesge from the cylinder surface was
logged by a K-type thermocouple. The order numibehis fringe is set to zere (= 0)
and is considered as the reference fringe. Theerefe temperature readings,;, near
the heated surface are slightly higher than thiaiteftemperature readings, which were

located sufficiently far from the test section.
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The local Nusselt number can be written as:

D 6CIP AR Tyof?  de
Nug = =g—7— 2 4qr ®)
s 1o (3CIP, — 2AR-Tyepe)” @Tlr=p/24
The average Nusselt number can be calculated as:
/
— 1
Nu = ;f Nugy db (6)
0

The average Nusselt number was obtained by intagrttie local Nusselt number over
the left hand side and right hand side of the d@mfor each interferogram. Comparing
the average Nusselt number calculated for the mides shows maximum 4.5%
discrepancy atRa = 5000 and ¢, = 17.0kV) which is within the uncertainty band. In
some cases, the experimental asymmetry observet imterferograms may be greater
than the thickness of the fringe. However, in orttelget more accurate local Nusselt

number, the middle of the fringes was recordeceabof their edges.
2.4 Uncertainty Analysis

The experimental uncertainty of the local Nusselmber was performed using the
ASME guidelines on reporting the uncertainties kperimental measurements and
results [10]. The propagation equation of Kline &helClintock for local Nusselt number

calculation from Eq.(5) can be written as:

6Nu92 6Nu92 aNugz 6Nu92 aNU_az 6Nu92
o= () e O e (5] e (o) i 5 0+ )
Nug aT., Too T, 7+ 0Tyef Trest P, P t\ 751 c b

6Nu9 2 2
+<6(Ar)) Pir

The precision limit of the experimental values as$ociated uncertainties f&a =
1500 is listed in Table I. The precision limit ofr is related to the digitized
interferogram readings of the radial fringes disarirom the cylinder surface. The

precision limits for universal gas constant, thadstone—Dale constant, the laser wave
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length, and the fringe shifts have been neglecldeé. bias error for the thermocouples,
pressure gage, voltmeter (80K-40 Fluke high voltggebe), microammeter, and
micrometer was negligible because they had beeifbradd. A Mach-Zehnder
interferometer encounters various sources of brewseincluding refraction errors in
thermal boundary layer, misalignment of test sectamd light distortion errors due to the

test section end effects. The systematic erBys, associated with the temperature

gradient measurement using Mach-Zehnder interfetemage summarized in Table II.

Table. I Deviation of each quantity for computing local Nusselt number Eq. (5)
Measurement x; P,. dNuy Py
Parameter(x;) ! ’

dx; N_ug

T, 296.7 K +0.1K 0.89%
T, 318-367.8K +0.1K 0.89
Tref 297.1K +0.1K 0.52%
P, 87200Pa +100 Pa 0.11%
P, 12kV-17kV +100V -

I, 0.5-12 pA +0.5uA -

l 160.1mm +2 % 10™°m 0.01%
D 10mm +2 % 10™°m 0.12%
Ar 0.24mm +6.3x 10™°m 4.8%*

* maximum precision error at 6 = 0" at (p, = 17.0kV

Table. Il Bias Errors of Mach-Zehnder interferometer

Type of Bias Error By (%)
Refraction (Ref.[11]) 0.07*
End eftect [7] 1.67%
Misalignment [12] 0.4

* Maximum errors at Ra = 5000
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The theory of the propagation of uncertainty{ =/ (P¢, + BZ,)) was applied to
evaluate the 95% confidence uncertainty of thelldassselt numbers. The maximum
uncertainty associated with the Rayleigh numberalldNusselt numbers, and average

Nusselt numbers were estimated to be 3.73, 6.2B48%% respectively.
2.5 Numerical Model

The free convection heat transfer in the presefa®mmna discharge is a multiphysics
problem. The combination of buoyancy body force ammtona-driven flow can

potentially induce various flow patterns. Because interferometric study only provides
an interstitial temperature gradient, the numerstatly was performed to find the flow
pattern and further verify the experimental resutsmmercial software COMSOL was

used to solve the governing equations. The eletrity force can be expressed as [13]:
f=p.E 1|E|2v +1v |E|? (a€°> 7
- pC 2 SO 2 p ap T ( )

The first term on the right side of Eq.(7) is tHectrophoretic, or Coulombic, force that
results from the net free charges in gas. The sktamm, known as the dielectrophoretic
force, arises from permittivity gradients. The lgsim is called the electrostrictive force
and is important only for compressible fluids amb tphase flows. The corona wind
arises completely from the electrophoretic foraenteThe bulk flow is laminar and two

dimensional. The buoyancy effect is estimated ugiegBoussinesq approximation. The

governing equations are as follows [14]:

V-(pu) =0 (8)

V- (puu) = —Vp +vV?u + gB(T — Ty,) + p.E 9

pcblE[®

PLp

u-VT = aV2T + (10)
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The second term on the right hand side is Joulgrigeleat source caused by ionic

current.

The electric field around the sharp tip, whichasponsible for the free ion generation, is
distorted by the free charges in the ionized medamchis governed by Poisson’s

eguation as:

V-E=V(-Vop) =X (11)
80
The generated ions are moved from the high vol&deetrode toward the grounded
surface through the electric force. The transpguia¢ion for conservation of ions is

governed by:
V-]=0 (12)
where current density is defined as:
J] = p.bE — D;Vp, (13)

In the present work, the ion mobility and ion ddfon coefficient are assumed as
b=188x10"* m2V-1s~1andD; = 3.50 x 10> m?s~ 1, respectively [14].

2.5.1 Boundary conditions

The 2D fluid flow was simulated using the steadywide-Stokes equation in which the
source terms are electric body force and buoyaomefand the cylinder was modeled as
a no-slip and isothermal surface. A symmetry caodit(zero normal gradient) was
implemented along the vertical line of symmetry @inel equations were solved for half
of the domain. The far field was also modeled agrametry boundary condition and set
at a height ten times the expected boundary layekriess at the domain exit. Two
common boundary conditions exist for the Poissamaggn. A specified potential value

(Dirichlet boundary condition) was used at the guied electrode and the emitter
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electrode. The cylinder electrode was groundedraadeled with a zero value, whereas
the 15mm of the blade electrode, which was expésdtie air, was given the applied
potential. The blade support was assumed to béaiisy (Neumann boundary condition)
due to the dielectric plexiglass used in the expent. Although the real computational
domain for electric field extends to infinity, trceting boundaries were considered in
order to limit the computational domain. Thesefiaiéil boundary conditions were set as

zero normal electric field (Neumann boundary cdodjt

The charge transport equation was also simulatddtwp types of boundary conditions.
Along the symmetry line, dielectric surface andntrating boundaries, normal current
density was assumed to be zero and known spacgectansity for the blade electrode
was assumed to be emitted from the tip of the mldet The diffusive flux of the charge
carrier assumed to be zero over the cylinder searfa®]. The microammeter readings
were used to determine the total current flow aribe cylinder surface for different
applied voltages. The space charge assumption enbldde electrode updated and
numerical total current flow integrated over thdirer surface. The numerical total
current compared with the microammeter readingssahdion procedure continued until

reaching the same numerical value.

Equations (8) to (12) were solved in a two-dimenalodomain using the commercial
finite element-based software COMSOL. The chargasport and Poisson’s equations
were solved using the general form PDE solver. Moenentum and energy equations
were solved with PDE general form solvers as Wik solution procedure was initiated
by solving Poisson’s equation for the electricdi@ind the charge transport equation in
order to determine the electric body force. Neke thomentum equation was solved
considering the electric body force. The solutioocgedure was continued by the solution
of the energy equation. The momentum equation wh®&d by considering the electric
body force and buoyancy body force. An unstructumesh was used with increased
mesh densities in the area of the intense elefiélid around the blade tip and in the
boundary layer region around the cylinder. In ordeensure that the numerical results

are independent of the computational grid, a geitsgivity analysis was performed. The
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details of the grid sensitivity analysis in thererte caseq, = 17.0kV ,I = 10pA and
Ra = 5000) are given in the Table IIl.

Table ITI Grid sensitivity analysis at ¢, = 17.0kV and Ra = 5000

Number of elements Nu Percentage of
change(abs)
4700 59522 24
10900 5.8118 0.02
14500 5.8109 0.0017
17320 5.8108 -

2.6 Results and discussion

In order to test the accuracy of the experimemsiliits and the data reduction procedure,
the local Nusselt numbers were obtained for arhesotal horizontal cylinder in absence
of corona wind aRa = 103. Furthermore, the computational results were myced for
the sameconditions. Fig.3 shows the comparison of the experimental anmerical
local Nusselt numbers for the horizontal isotheroyihder with previous works [15-18]
at Ra = 103, Our experimental and computational results aredadgagreement with
previous studies showing a maximum difference 6P%®.and 5.3%, respectively. The

numerical deviations fall well within the experintehuncertainty bands.
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Figure 3: Experimental and numerical local Nusselhumber for the free convection
heat transfer from the horizontal cylinder comparedwith other works [15,16,17,18]
at Ra=1000.

The numerical solution for the electric potentaald the distribution of charges at
@, = 17.0kV,I = 10uA are shown in Fig. 4. The concentration of ionsuatbthe blade
tip is highest, where the electric field is strosige

Fig.5 represents the experimental results for t#eation of the local Nusselt number
around the cylinder in the absence and presentieeoforona discharge Rt = 1500.
For further verification, the numerical results @leo compared with the experimental
data. The numerical local Nusselt numbers are odgmgreement with experimental data
at various applied voltages and show a maximunemdiffce of 2.1%. By increasing the
blade voltage from 0.0kV to 11.0 kV, no charge wgscted to the air, the electrical
current is negligible and no change in local Nussember occurs.
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Figure 4 (a): Numerical results for ion concentraton (charge concentration
difference between two adjacent lines is 5x10C/m®). and (b) electric potential in
the blade-cylinder geometry atV, = 17.0kV,I = 10u.A.
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Figure 5: Experimental and numerical local Nusselhumber for the horizontal

cylinder for various corona voltages at Ra=1500.

When the blade electrode is supplied with 12.0k\& torona discharge is initiated,
which was confirmed by audible acoustic noise, gn@dmeasured current at this voltage
wasl. = 1uA. At the onset of corona discharge, corona-drivew fs established around
the cylinder and caused the abrupt increment dlIbltisselt number especially around
the lower stagnation point (= 0°). The enhancement of local Nusselt number at the
onset of corona discharge is 23% for the lowerretign point. Because the corona
current is comparatively small at the onset of narothe ionic wind does not have
enough momentum to enhance the local Nusselt numsszemd the upper stagnation
point. As shown in Fig.2-b, it can be found quaiMaly that there is no significant
displacement of fringe toward the cylinder surfat@ = 180. As depicted in Fig.5, the

corona wind has a weak effect on temperature gnadi® > 150°.

By increasing the voltage, the corona current m®es. The increment of corona current

results in stronger ionic wind and higher heatgfanrate; this enhancement can be seen
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in all peripheral positions around the cylinderr Eaample, forRa = 1500 and @, =
17.0kV, the enhancement of local Nusselt numbér at180° is 78% as compared with

the free convection.

In the high electric field region, the space chacgacentration can generate intense
electric body force. However, at voltages aroynd 15.5kV andl = 7uA, a small local
decrease in local Nusselt number occurs ar@usd30°, near the lower stagnation point.
By increasing the voltage tp, = 17.0kV and current td = 12uA, this reduction in
local cooling becomes greater. The numerical requieédict the same local decrease in
local Nusselt number aroudid= 30°. In order to understand this local reduction @& th
Nusselt number around the lower stagnation poistaittd information of the flow

pattern is useful.

Fig.6 shows the numerical results for the streaenpatterns and isotherms around the
cylinder for Ra = 1500 at @, = 12.0kV and 17.0kV. As seen in this figure, ap, =
12.0kV andI = 1pA the flow pattern around the cylinder remains stnege. However,
for voltages above the, = 15.5kV andl = 6pA, the electric body force becomes strong
enough to produce high velocity gradients nearbilagle. This strong velocity gradient
results in a recirculation zone establishing belbw cylinder. The recirculation zone
causes an insufficient entrainment of the coollfrais into the thermal boundary layer at
0° < 8 < 80° and results a decrease in local Nusselt numbahetsame location.
Stronger recirculation is produced by higher coronaent. Therefore, a greater local
decrease in Nusselt number near the lower stagnpbont is expected at higher corona
currents. As shown in Fig.2-c, the visual effectefirculation zone and its impact on the

last fringe can be qualitatively recognized goe= 15.5kV and 17.0kV atRa = 1500.

In order to investigate the corona wind effectshegher Ra numbers, the results of
experimental and numerical investigations fox = 5000 are presented in Fig. 7. A
similar trend in the variation of local Nusselt noens can be seen as in Fig.6. For
Ra = 5000, the enhancement of heat transfer at lower stagnpbint forgp, = 17.0kV,

I = 10uA is only 10% less than the enhancement of heasfearat Ra = 1500. In
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contrast, the local Nusselt number at the uppegnstzon point atRa = 5000 and
@, = 17.0kV shows the enhancement 200% less than that ef 1500.

Figure 6: Numerical results for isotherms and stremlines for Ra=1500 atV, =
12.0kV and 17.0kV.

The comparatively small enhancement of the locaddeli number aRa = 5000 with
respect to theRa = 1500 is mainly due to the dominancy of buoyancy-drivilaw

regime around the cylinder over the corona wingairiflow at higheRanumbers.
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Fig. 8 shows the variation of average Nusselt numbersusRa for different corona
discharge voltages. It should be noted that fohéig¢a numbers, the EHD effect on the
average Nusselt number decreases at the same amiteige and spacing. At highRa
numbers, buoyancy-driven flow becomes stronger @atp to corona-driven flow.
Therefore, the trend of average Nusselt number rer@maent versu®a for a specific
applied voltage is a decreasing function. The marimenhancement of the average
Nusselt number around the cylinder occurs at tiesdRa number Ra = 1500) and
17kV applied voltage. As expected, at a specifitage the average Nusselt number is a
decreasing function of thRa By increasing the applied voltage, the slope \adrage
Nusselt function becomes steeper because theielbotty force decreases for highat

numbers. The observations showed that the elebwoity force is affected by the
temperature field around the heated cylinder. Mié¢ characteristics forRa = 0,
Ra = 1500, andRa = 5000 are shown in Fig.9.
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Figure 9: V-1 characteristic diagram for blade-cylinder geometrywith 40 mm

spacing at differentRa numbers.
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The thermal effect causes the change in the tréntedv-1 characteristics at different
Rayleigh numbers. For example,rat = 5000 and¢, = 15.5kV, the discharge current
is 15% less than that aRa = 1500. This may be attributed to the ion mobility
temperature dependence. lon mobility and currensitie decrease with increasing the
surface temperature of the ground electrode [18).other words, the thermal effect
reduces the current density, the corona power copsan, the electric body force, and

local Nusselt number enhancements for a specificn@ovoltage.

The effect of Joule heating is numerically investegl through considering the source
term in the energy equation. The numerical resslitav that the effect of Joule heating
does not cause temperature increments of air texiyeraround the intense electric field
zone. It is mainly because of the relatively lowekeof current density, which is unable to
produce significant thermal effects in surroundang At higherRa numbers, the effect
of Joule heating inside the thermal boundary ldgmomes even less important because
the electrical conductivity of air is inversely partional to the temperature.

According to the results presented in this paer.enhancement of heat transfer through
the corona discharge is stronger for lower numbers and a decreasing functionRaf
number. At a specific voltage with a fixed spaclmgfween electrodes, a recirculation
zone, which is created by the electric body forcaises the local decrease in heat
transfer from the cylinder. By increasing the c@omltage, the stronger recirculation
zone is generated and causes a larger local dedrebsat transfer rate. Systematic study
is needed to find the optimum electrode spacing taedapplied voltage in the various
ranges of Ra numbers for single or array of cylinder. This kiedge can be

implemented for high performance ionic heat excleanigsign.



Nomenclature

b lon mobility m2v-1s~1)

C Gladstone—Dale coefficientn( 3Kg~ 1)
Cp Specific heaf] Kg~ 1K~ 1)

D Diameter of cylinderrf)

D; lon diffusion coefficientif>s~ 1)

E Electric field Yy m™ 1)

f Electric body force m™ 32)

g Gravitational acceleratiom(s ™ 2)

h Heat transfer coefficien®{m~ 2K~ 1)
I, Corona current)

J Current densityA m™ 2)

ke Thermal conductivityWy m~ 1K~ 1)

l Length of cylinder (m)

Nu Nusselt Number

P PressureRa)

r Radial distance from the cylinder surfang (

R, Gas constanf Kg~ 'K~ 1)
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Ra Conventional Rayleigh number based on temperat(&, — T.,)D3/va
T TemperaturekK)

u Velocity field vector n s~ 1)

Greek symbols

a Thermal diffusivity (m?s~1)

B Volumetric thermal expansion coefficied ()

€ Shift fringe

N Vacuum permittivity= air permittivity A s V- 1m™1)
1, Electric potential {)

OR Voltage applied to corona electrodd (

A Laser wave lengthn)

p Air density Kg m™ 3)

Pc Charge density¢ m™3)

o Electrical conductivity@™ 'm™1)
v Kinematic viscosityra?s~ 1)
Subscripts

S Referred to surface

0 Referred to periphery angle

00 Referred to infinite medium
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Chapter 3

Two-phase cooling characteristics of mono-dispersed

droplets impacted on an upward-facing heated disk

3.1 Introduction

Dramatic shrinking in the dimensions of electromevices results in high speed
operation but is accompanied by higher density geaeration. Thermal management of
these devices is an important limiting design fadtw further size reduction. High
density heat generation at relatively low tempeesgu(for silicon carbidedevices
typically 150W/cnf at reliable operation temperature of about 16Pcan be dissipated
by applyinghigh performance phase-change based techniquesnfRecspray cooling
and mono-dispersed droplet cooling have been préwdoe efficient methods for high
heat dissipation at low surface temperature supéshesing only a few hundrext/min

of the coolant. As an important advantage, usisgnall volume of the coolant reduces
considerably the size of cooling circuit elemergach as the circulation pump and

condenser.

Two-phase droplet cooling uses latent heat to phks$si extremely high heat fluxes at
relatively low temperature differences. Since ttapor is not trapped by the pool of
liquid and can be easily released, the amount att t@nsferred by the stream of
atomized or mono-dispersed droplets (MDSD) impacieda heated surface is higher
than the pool boiling. The droplets are evaporaiad replaced by fresh droplets, so that
the heated surface remains at relatively uniform soiperheat temperatures. Heat fluxes
as much as 1000/cnf and 300W/cnf at low superheats (typical superheat at CHF for
water is about 30° C) can be removed by atomizempleits (sprays) and MDSD,
respectively. Spray cooling techniques dissipatgnén heat transfer rates, but typically

operate at higher pressures (1.2a#m) and higher mass flow rates (1@@/min.
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Eliminating the need for bulky pumps makes the MDSitable for a number of
applications with moderate thermal loads betweerptiol boiling and spray cooling heat
removal range. However, MDSD cooling introduces itoitl complexities such as
droplet generation reproducibility, complex droplapact dynamics, and stabilization of

liquid film over the heated surface.

Due to the high heat flux removal at relativelyform low superheats droplet cooling
has been a subject of many investigations and das fobund suitable for a number of
applications [1-10]. However, comparing the MDSblaag and spray cooling method
through the literature, spray cooling has been istlanore extensively [20-24]. A
comprehensive review of the spray cooling techniqan be found in several
publications [5, 25]. In the MDSD cooling techniqaefree falling stream of droplets can
be produced by forcing the coolant through a capiltube. The droplets are generated
by gravity-surface tension interaction or othereemél actuators, such as ultrasonic
devices, and deposited on the heated surface. xilenraomentum of the falling droplets
converts to the radial momentum due to the inkiaktic energy; the droplets spread
over the heated surface and create a film of cooksina low range of impact Weber
numbers (We < 20), the deformation of impacted ktspresults in a continuum film of
liquid, while at higher range of Weber numbers itnpacted droplets break up to tiny
fragments [14,15]. The thin film of coolant heagsquickly during the early stages of the
spreading process, dominantly due to the conductienshanism, and the heat transfer
rapidly enters to nucleation boiling. High amounfsheat flux are removed due to the
phase change process. The rate of heat transféetesmined by the film spreading
characteristics, which depend on several parametei#ed to the droplet/target
interactions such as: impact velocity [31], initséte of the droplet, frequency of impact,
surface temperature, surface wettability [30] amaghness [15], heated surface material

properties and the operating pressure.

High speed photographic analysis of impact dropb#ling provides better understanding
of the relationship between the spreading dynanpicase change phenomenon and dry-
out initiation at CHF Regime. A good historical i@wv for high speed photographic

studies of pool boiling, flow boiling, and dropietpact boiling can be found in the work
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of Kandlikar and Steinke [26]. Early photographievestigations by Chandra and
Avedisian [27, 28] reveal that droplet dynamic @mttangle determines the initiation of
critical heat flux regime. When the surface tempemincreases, the dynamic contact
angle increases significantly during the spreaghrogess due to the rapid evaporation of
the liquid around the solid-liquid and vapor intex around the droplet edge. The study
of the dynamic contact angle variation during theeading process and its effect on the
maximum spreading ratio and critical heat fluxiatibn was continued by Kandlikar and
Steinke [29]. It was found that the curl back phaeaon, which was reported previously
by Chandra and Avedisian [27, 28], profoundly affebe maximum spreading ratio and
it is responsible for critical heat flux initiatioBernardin et al. [14] used high speed
photographic techniques to investigate the paseowing the impact behavior of water
droplets on a hot aluminum plate with surface tenafpee ranging from 100 to 28C.
Droplet impact velocity and surface temperatureewfeund to be important parameters
governing both impact behavior and the heat transfecess. These authors identified
four different boiling regimes: film boiling, trait®n boiling, nucleate boiling, and film
evaporation through matching the sequential phafdgs corresponding to the heat
transfer measurements. As an important result,téhgperature corresponding to the
critical heat flux and Leidenfrost point showedlditsensitivity to both droplet impact

velocity and frequency in the range of their expemtal parameter.

Several early experimental investigations weregyeréd to characterize the maximum
heat flux dissipated by the MDSD technique as atfon of relevant parameters and
various non-dimensional numbers. Watchters and &desj [9] suggested that the
Weber number, a measure to compare the strengtiheoinertia force and surface
tension, has significant importance in charactegzthe droplet impact heat transfer
process. McGinnis and Holman [8] developed a catiat for normalized CHF based on
the modified Weber number. They introduced theorafiliquid and vapor density in the
standard Weber number definition at the film terapae. Their correlation could predict
normalized CHF based on the modified Weber numBawyer et al. [3, 10] reviewed

the experimental study on liquid jets conducted Mpnde and Inoue [4] and

hypothesized that, due to the analogy between igepnent jet and droplet cooling, the
CHF can be determined by referring to the standfthition of Weber number and
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Strouhal number. In order to examine their hypathes complex fluid delivery system
was developed and the dripping parameters suchragdet size, impact velocity and
frequency were varied independently. After manys s#t experiments, they concluded
that although the Weber number is the primary patamwhich affects CHF, the droplet

impact frequency might be taken into account aga@rsdary relevant parameter. The

Strouhal numbetjd, V), along with a standard form of Weber numbgggy2d, /o),

were found to be essential parameters for detenguitiie CHF. The experimental CHFs
for various cases were modified based on the tat&a initially wetted. The
Kurabayashi—Yang correlation [32] was used to mtetiie maximum spreading ratio of
the impacted dropleff. A correlation for the modified CHF was proposed the range
of Weber number (175 < We < 730) and Strouhal nunfibel0® < St < 3x1F). They
also continued the study and proposed an empicmaklation of adjusted CHF (based
on the K-Y spreading ratio correlation) [1] for MDScooling using the same
dimensionless numbers as in Halvorson’'s experinhed#ta [6, 7]. The range of
experimental Weber and Strouhal numbers in [6,3]<3Ve < 109 and 1.9xF0< St <
3.7x10%) was well below the range of Sawyer's correlatiapplicability. They
concluded that the Sawyer’s correlation is not i@pple for low Weber number droplet
cooling. Ignoring the uncertainty of K-Y correlatian modified CHF calculation at low
Weber numbers, the difference between two cormalativas reported due to the different
spreading mechanism (droplet fragmentation) atdrigimpact velocity and high Weber
number regime. It should be highlighted here thatK-Y correlation provides the best
agreement among several other similar analyticatessions, which were derived from
energy balance equation [11], however, it overesi@® the maximum spreading ratio,
especially at lower Weber numbers [2] (for instance70% at We=10 and ~+40% at
We=58). Since the wetted area is proportionapiothe p-calculation using the K-Y
correlation leads to significant errors (by thetdacof ~1.5-2) in the modified CHF

calculation.

Although several empirical CHF correlations haverbgroposed in the literature for
mono-dispersed droplet cooling, they are not apple for low Weber numbers (< 50)
[3,7,10]. The various authors frequently used cacaptd external sources to control the
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droplet parameters, which make their result repedulity difficult or even impossible.
Moreover, two complications regarding the previaperimental setup design [6],
which will be discussed in results and discussextisn, motivated the authors to revise
the previous experimental setup and revisit the avainpersed droplet cooling problem
experimentally. This paper aims to investigate twe-phase characteristics of free-
falling MDSD impact on smooth upward-facing horit@irheated surface at the range of
low Weber numbers 3 < We < 100 and Strouhal numb&$x10-3 < St < 3.86x10-2.
The droplets were generated by a natural formdir@akup mechanism due to the
gravity and surface tension interaction. The impabocity of the droplets, their size and
frequency were varied by changing the capillarg sthe spacing between the capillary
and heated surface, and varying the volumetric, ftespectively. Deionised water was
chosen as the working fluid and the experimentewenducted at atmospheric pressure.
The time-averaged boiling curves were obtained aughe CHF-regime for various
droplet parameters. In order to predict the expenital results for average CHF, two

separate correlations based on the relevant dimaess numbers were developed.
3.2 Experimental setup and procedure

The experimental setup was designed to investigpdheat transfer from a horizontal,
upward-facing, heated surface impacted by a st@famono-dispersed water droplets of
different sizes, impact velocities and impact fregies. The experimental apparatus
consisted of three major components, (I) heat sarfdll) measurement system and
instrumentation (lll) for fluid delivery system. &hschematic diagram of the
experimental circuit is presented in Fig.1-a. €heular heat transfer surface is a tapered
base of nickel-plated heated cylinder. The heatdidder was made of copper, coated
with a protective layer of 30 micron nickel. Theahé&ransfer surface was fully polished
and coated with an additional layer of 25 microokel. Surface measurement after the
coating process showed its arithmetic average moeggwas less than 200n Four
identical cavities were drilled in the cylinder aridur identical 300 W-cartridge
WATLOW heaters were inserted axially into the ciagtf connected in parallel and
supplied with a programmable power supply (QuadTMdddlel: 42000). The upper end

of the heated cylinder was tapered to a smallanéiar (8mn) to increase surface heat
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flux and instrumented with 12 calibrated K-typerthecouples with a 0.2%nm bead

(Omega K-type thermocouples 0.25 mm- 5SRTC serigstd®). The thermocouples

were embedded in the neck of the heat transfeaseirand fixed using a mixture of

ultrafine copper powder and high thermal conducadbesive epoxy (OMEGABOND

200°). The thermal conductivity of copper at saturatiemperature was used in the

present work (393NM/m.K). A linear function for variation of thermal contdivity of

copper was used to estimate the thermal conductfitopper at higher temperatures.

The decrease in thermal conductivity is WAN.Kat T=130°C. The heated cylinder was

inserted into a Teflon block to minimize the headdes. Extra slag wool with thermal

conductivity ~ 0.04N/m.Kwas used in the neck region to reduce the raéial thansfer.
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Figure 1-b: Details of heater bar and thermocoupléocations (dimensions in

mm)

The heated surface was fitted to a truncated Tefilog to seal the neck of the heat

transfer surface and to direct the excess liquidhto drain. The rim of the impacted

surface was insulated using a conical ceramic adioreand sealed with a thin strip of a

high temperature resistant silicone rubber. Arustdple holder was used to precisely

align the heated surface xy-z direction. The details of heater bar and thermpt®u

location are presented in Fig.1-b.
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In order to examine the uniformity of temperatukerothe heated surface at different
levels and to allow accurate heat flux calculatitme 12 calibrated thermocouples
(Omega K-type thermocouples 0.25 mm- 5SRTC sermstdq®) were placed at three
different levels and in four different radial deptAnd peripheral angles using a 16-
channel data acquisition system NI-DAQ 9213. A LABW code was developed to
calculate the heat flux and surface temperaturesutements from the thermocouple
readings. The local heat flux was calculated frorD $teady state Fourier's law of
conduction for the cylinder neck at four differgueeripheral angles at different radial
distances. The detailed locations of thermocouptetjons are presented in Fig.1-b. The
local heat flux variations measured at four differéocations never exceeded 2% of
measured value. The surface temperature was olthyneeal time linear extrapolation
of thermocouple readings. The surface temperatamation calculated at different
peripheral angles showed typically less than 0.%#ation. At high superheats and
pre-CHF, the boiling curve fluctuates due to ttensient boiling regime and it depends
on the mass flow rate and the impact velocity. Rotyial curves were fitted to this
portion to interpolate the maximum heat transfed @&a corresponding superheat. The
liquid volumetric flux was measured using calibcatetameters. The frequency and size
of droplets were obtained using high-speed videording along with time-dependent

frame-shot capturing software.

Figure 2 shows the variation of the generated @togé a function of capillary size at
different volumetric flow rates. Decreasing cagpyl diameters at a given volumetric
flow rate resulted in decreasing droplet diamet&sduced initial droplet diameter,
impacting a heated surface at a given velocityatesea thinner liquid film with reduced
maximum spreading ratios. Since the area of theseiwetted by the stream of droplets
can be controlled by volumetric flow rate, initgike of the droplets and capillary size,
the range of these experimental parameters wasghosmaximize the wetted area for
all test cases. Selecting the range between 1 @hacimin and choosing capillaries
ranged between 17 and 21g, the smallest measuriddwarea for stream of droplets
generated by a 17g needle was 96% of the heatddceuarea. For the narrowest
capillaries (21g) and at the lowest impact velesiti0.28 m/s, the dry area of the disk

was measured to be less than 17% at the lowesimettic flow rate 1cc/min It was
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observed that the average surface temperaturetigarigor all thermocouple readings
adjacent to the surface was below 1%. Therefdre,average heat flux is presented

based on the entire heated surface area.
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Figure 2: Droplet size variation using different hypodermic needle gauges at

different volumetric flow rates.

The fluid delivery system consisted of a recyclairguit with the following components:
hydrostatic pressurized acrylic reservoir, acryliessel, nozzle cartridge, standard
hypodermic needles ranged from 17g to 22g andthnead needle valves. The liquid
was forced by pressurizing the reservoir and déadb the nozzle cartridge, and the
hypodermic needle was positioned above the heatdace. The needles were insulated
with a 10mm in diameter Teflon cylinder to minimize the heeansfer due to the
condensation of the hot vapor generated in thestagton. A thermocouple was inserted
into the Teflon block and fixed at the needle vzathmaway from its tip to measure the
inlet coolant temperature. The nozzle cartridge a@sipped with a universal fitting to
readily mount various capillaries centered aboeehtbat transfer surface. Various droplet

sizes were obtained through variation of volumetiux using different capillaries. In
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order to obtain various impact velocities rangetivken ~0.28 to 1.8n/s the spacing
between the heated surface and capillaries wasd/éetween ~3 and 9@mthrough a
vertical adjustment mechanism. Two OMEGA needlgasa(NV1 and NV2) were used
to precisely control the flow rate passing throutje capillary. Applying different
hypodermic needles along with varying the gap betwie capillary and heated surface
provides a reasonably wide range of droplet siagarct velocity and frequency. The
nozzle cartridge, needle, and heated surface wacegin an acrylic vessel with a small
vent on its top. The free convection heat tranfan the acrylic box walls is enough to
condense the saturated vapor. The excess coolantheanvapor were recycled and
directed to a tank through a drain connection at llbttom of the acrylic vessel. A

removable view port was mounted for imaging purgose

Before starting the heat transfer experimentsflthe delivery system was tested to
examine the reproducibility of the droplets. Theemoir was filled out with DI water,
pressurized to maximum 3@®Paand the stream of droplets was generated by fptbia
coolant to the various capillaries. The impact ealoof droplets was estimated by taking
into account the effect of drag and buoyancy far@be details of the impact velocity

calculation can be found in [13].
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Figure 3: Comparison between the measured impact laity of the generated

droplet and the predicted impact velocity using Eq2)
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Assuming that the terminal velocity has not beeched and the droplet initial velocity
is zero [13] (i.e, the droplets are still accelegiwith the gravitational acceleration), the

momentum balance equation in the vertical directjimes the net force
ZF:FQ+Fb+Fd:ma:m?j—\t/ (1)

whereFgy, Fp, andFq refer to the gravitational, buoyancy, and drag éon@spectively.

They are given by, =mg,F, =mp,/p g (p,is the mass density of the air), aRgd=bv
where b is a drag coefficient defined by=6md,/2; mis mass of the droplet. The

solution of the above differential equation giviee impact velocity as

V= % [1—2-?][1— e ] 2)

In the above derivation, the internal circulationtiee fluid in the droplet, the effect of

interfacial condensation and the variation of masssity of air due to the presence of
vapor are assumed to be small. The calculatioveticity based on this method and
measurement of instantaneous velocity of the ingohdtoplet are consistent (See Fig.3).

The size and frequency of generated droplets watagreed using a digital camera and an
image processing MATLAB code for each individuapitlary at different volumetric
fluxes. The measured diameter sizes were consistght volume-weight conversion
calculation. The standard deviation of the size fapguency of the droplets generated by

the hypodermic needle 17g fdr, =3.71mmat f =5.5Hzwas below +1%. The size and

frequency of the generated droplet were found todsestant in all the experiment since
the variation of pressure in pressurized resersfoiwed variations of 30kPa+0.5 kPa

It should be noted that the size of the generateglets and the temperature of the
droplet might be affected by the generated vapouctlin the experimental test section
due to the condensation of the vapor on the drapldace during its flight. In the present
study, we measured the size of droplets at roonpeéeature. Monitoring the falling
droplets during its impact to the heated surfaceveld that the droplet diameter change
due to the condensation is small and it is beloe tertainty of the droplet size
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measurements. The frequency of the droplet geoerati a specific mass flow rate does

not show measurable change in the heat transferiexgnts.

The heating power was set to @0 while the thermocouple readings were recorded in 1
to 3-second intervals. The desired stream of dtepl@s generated and directed to the
heated surface and the time-space averaged theupiecteadings were monitored to
determine the steady-state condition. It was asdutime the steady-state was reached at
the heated surface, when the calculated time-spasedaged surface temperature
changed by < 0°1C over a 30 s period. It took generally less th&rs per 1W input
power increment to reach the steady-state conditidfter reaching steady-state
condition, the space-time averaged heat flux amfhsel temperature were recorded for a
30-second period. The data acquisition process wmégted when the surface
temperature reached the steady-state saturatigmetatare. By increasing the electrical
power, surface temperature rises and heat trarséfews sharp increase due to the
evaporation and boiling process. By further inciregshe input power, the heat transfer
approaches to maximum value and is followed byeastlecrease and rapid temperature
rises. This maximum value of the heat flux is defirms CHF. After reaching the post-
CHF boiling regime, the electrical power was swatthoff and the heated surface and
insulation were allowed to cool down. The procedues repeated for the next run. The
coolant flow rate and impact frequency were moeitioperiodically during the test. All
of the experiments were repeated three times téy\wae reproducibility of results.

3.3 Experimental uncertainty and error analysis

Three sources of error contribute to the heat ftalculation: errors in thermocouple
readings, uncertainty in thermal conductivity opper, and uncertainty in thermocouple
locations. The propagation equation of Kline Mc@lck for heat flux calculation can be
expressed as:

N

(P e R I T
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The precision errors, , associated with the various measured quantitieswere

summarized in Tab. 1. The bias error for the theonples, pressure gauge, and
rotameter was negligible, because they had beeibrai@ld. The theory of the
propagation of uncertainty was applied to evaltla¢e95% confidence uncertainty of the
average heat fluxes. The maximum uncertaintiescegsd with the heat flux were
obtained to be 6% at 40/cnf and 4% at 100W/cnf. The maximum uncertainties of
Weber and Strouhal number calculations were estih& be less that 3% and 5%,
respectively. Both numbers are calculated basedutwooled water temperature. Heat
flux calculation based on one-dimensional heat ootidn assumption was generally 5%
lower than the net power supplied to the heatdridges. It is consistent with expected

losses due to the free convection from the heatddce.

Table 1. The precision error associated with meakparameters

Measurement Parameter(x;) Xi U‘\.f

Tes 2985 K +0.1K
o 101 KPa 1 KPa

f 0.5-5.5 Hz +0.15Hz
Dy, 7.874mm +2x10"°m
s 4-85mm +0.7 mm
dp 2.39 —3.71mm +0.1mm
1% 1-4.8cc/min +0.1 cc/min
Vv 0.28 —1.3m/s +0.01m/s

3.4 Results and Discussion

In order to check the accuracy of the experimeptatedure and the data reduction
method, the boiling curves of droplet cooling faptdlary 17g with impact velocity of
~1.3m/swere obtained at different mass fluxes and ave€agEs were compared with
the unadjusted CHF data reported by Halvorsonlf8hould be noted that Halvorson [6]
used tissue around the experimental test sectioorder to suck up excess water by
capillary action. These previous experiments wepeaduced by applying various tissues
around the experimental test section to mimic thgsgal conditions of Halvorson’'s

experiments and the new CHFs were obtained. Althdhg repeatability of the previous
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experiments [6] depends on the physical propertésthe applied tissue and its
dimensions, the CHF can be reproduced by applyngesdense cotton tissue. However,
after eliminating the cotton tissue a significargcdepancy can be observed between the
measured CHF and those reported by Halvorson [BE previous experiments [6]
overestimated the average CHFs by a factor of ~@. #ishows the average CHFs
obtained by Halvorson [6] versus the current expental results with and without cotton
tissue. The cotton tissue presumably introducestiaddl physical complications. It acts
as a physical block, particularly when it becomagsiisted by excess water, and this may
enhance the droplet resident time over the heatethce, which would result in
artificially higher CHF measurements. It is con@ddthat the cotton tissue interferes
with the data collection and makes the result lyigltpendent on the cotton tissue

condition including size, material, porosity, arite tamount of water absorbed by the
tissue.
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There is one more complication regarding to theipres experimental setup, which may
lead to the mentioned discrepancy. In Halvorsoatss [6], the bare capillary was fixed
above the heated surface and it was in direct contéth the hot saturated vapor
produced by boiling process. This resulted in cosd&on heat transfer occurrence at the
capillary surface and significant increments iretnlvater temperature. Accordingly, the
inlet temperature varies depending on the coolamsnilux and the condensation rate.
Although they reported the vigorous condensatiorthat capillary wall, they did not
report any measure to reduce this undesired heafar at the wall.

In the current experimental setup, the condenséigan transfer was reduced by adding a
10-mm diameter Teflon block insulation around the capidls. The inlet water
temperature was monitored by a thermocouple juncinstalled just upstream of the
capillary outlet and controlled to b&cC +2°C during the experiment. The experimental

runs were performed at least 20 minutes apart #aah other to ensure proper insulation

cooling.
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In order to investigate the droplet cooling at veayw Weber numbers, the CHFs were
found at low impact velocities, where the spreadingcess is theoretically more stable.
The capillary was fixed at the distance in the orde the initial droplet diameter,
approximately 3-4nm The acquired velocity of the droplet was estirdate be ~ 0.28
m/s Based on the impact velocity and droplet size,Weber number varies in the range
between 3 and 4 for volumetric flow rates in thegaof 1-2.5cc/min Since the trend of
boiling curves for various capillary gauges is $amithe boiling curves for only smallest
and largest capillaries used in these experimestprasented.
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Figure 7: Boiling curves for 22g and17g capillariest different volumetric flow rates

Figures 5, 6 and 7 depict boiling characteristitdroplets with impingement velocity ~
0.28m/sat four different flow rates for 17g and 22g chgiks, respectively. As it can be
seen, the magnitude of the measured heat dissipatidhe two-phase regime using
different capillaries, ranged between 17g-22g,nisttie order of tens ofv/cnf. For
instance, average heat fluxes as much a@/g&tf and 138W/cnf with 16°C and 19C
superheat can be removed through the impacted edsogkenerated by a 22g capillary
with initial diameter size of ~2.3thm at 1 cc/minand 2.5cc/min respectively. This
significant heat removal improvement is mainly ibtited to the boiling heat transfer
enhancement, due to the stagnation point flow-ké&ern of the coolant after droplet

impact and the resulting thin film establishmentinly the spreading process.

Departing from the single-phase regime, a relagistarp transition to the two-phase
regime is observed for both capillaries in FigsZ &t around the saturated temperature.
At lower volumetric fluxes (~ 1 cc/min), the tranait to the nucleation regime is slightly
sharper due to the smaller rate of droplet forrmaéind resulting thinner liquid film over
the heated surface. Comparing the two-phase cleaistcdts for fine and coarse

capillaries, the boiling curves approximately fail a universal graph in the nucleation



80

boiling regime regardless of the mass flux. The €ldbtained at a given mass flow rate
for low impacted velocities using various capikariis almost identical. This suggests
that at low impact velocities the CHF is only irdhced by flow rate of the coolant rather
than the initial droplet size variation or frequgnés expected, by increasing the flow
rate the CHF increases and dry out occurs at higleface superheats for both

capillaries. The dry-out occurs between ~114 *CH@l°C for 1 cc/min and 2.5 cc/min.

Figure 8 depicts the boiling curves of droplet aaglat various impact velocities for the
229 needle. The boiling curves for different impeelocities ranging between 0.28 and
1.3 m/s show a similar trend. The prominent featfréhe boiling curves is their steep
departure from single-phase regime and sharp tramgb two-phase regime. The sharp
transition around the saturation temperature is\g@rily due to the thin film evaporation
and onset of nucleate boiling in the thin liquiltnfi The trend of the boiling curves in the
nucleation boiling regime is identical regardle$sngpact velocity. The mono-dispersed
droplet impingement featured for single-phase regafso results in higher amount of
heat dissipation, which can be as high as ~ 19 Wanound the saturated temperature.
By increasing the flow rate from 1 cc/min to 1.6nom, single-phase heat transfer
augmentation ~ 60% is obtained due to the mean Iradlacity increment over the
heated surface. However, changing volumetric flaes between 1.6 cc/min and 2.5
cc/min through the 22g needle, the single-phaset heansfer enhancement
asymptotically reaches to maximum 19 Wfcmat slightly below the saturated
temperature. This asymptotic behavior for singlagghconvective heat transfer at high
flow rates is believed to be due to the increased bf the supplied coolant flooding off

the heated surface in the spreading process.
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Figure 8: Boiling curves of droplet cooling of 22gapillary at various impact
velocities

As shown in Fig. 8, by increasing the spacing betwihe capillary and heated surface,
the impact velocity increases, the CHF reducesifsigntly (~240%) and occurs at
higher superheats (~12€). For an individual capillary, increasing the detpimpact
velocity unexpectedly resulted in lower heat transfnd CHF. It should be noted that,
theoretically, thinner liquid film provides higheonvective single-phase and two-phase
heat transfer rates. Although this contradicts tteoretical expectation for the heat
transfer trend, the results are consistent wittséhpresented previously [3,10,14]. A
higher impact velocity results in a higher Webemiber, corresponding to a less stable
spreading process. Both the film thickness andsthble droplet spreading dynamics
have a significant influence on the droplet coolimgcess. For example, at lower impact
velocity (V < 0.6m/9 corresponding to We <20, comparatively thick ammm liquid
film is preserved and the residential time increa3ée fingerprint for the film continuity
can be explored comparing Figs. 5-7 with Fig. 8 Tat transfer curves for V~0.88s

(We~5) show small fluctuations approximately at @lperheats including the critical
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temperature. At low Weber numbers, the fresh didplas on the heated surface, when
the previous droplet volume is still engaged in lbloding process. The fresh sub-cooled
droplet is mixed vigorously with the liquid film dnthe temperature rises up to the
saturation point and the boiling process resuméskiyu Therefore, the heat transfer for
the stream of droplets impacted on the heated caudflower impact velocities is more
stable, likely due to the continuity of liquid filnFFor very low impacted velocities
(We<10), slightly increased impact velocity enhan@HF due to higher kinetic energy
of the impact. Moreover, for very low Weber numb@ryslow 10), the resulting film is
comparatively thick and hydrodynamically stableystht is less likely to develop semi-
dry spots at low superheats and CHF postponedjteehivalues. However, by increasing
the impact velocity (V>0.7mn/s), corresponding to We >20, the impacted dropletksea
up to tiny droplets. The film continuity is not gerved during the spreading process and
characteristic curves show appreciable fluctuatiéios high impact velocities (We >20),
thinner film formation decreases residential tifhberefore, the fresh droplet lands on
the heated surface, when the most volume of the@qure droplet was evaporated. Thus,
the heated surface more likely becomes locally sted in a time period between two
landings. The local lack of coolant on the surfdoe to the disintegration of the liquid

film and reduced residual time may cause earlyadry-

Figure 9 shows the variation of CHF with respecthe volumetric flow rate ranged
between Icc/minand 4.67cc/minat low Weber numbers We<20. This CHF variation is
nearly universal and independent of capillary gasige at low volumetric flow rates, but
it shows deviation from the universal trend at leigfiow rates. This indicates that at low
Weber numbers, We< 20, the CHF is a dominant fanatf mass flow rate rather than
the initial droplet size or frequency. Although thariation of the CHF is approximately
universal at low flow rates, asymptotic behaviangsl9-22g needles at higher flow rates
can be observed in Fig. 9. The asymptotic trend haae been due to the flooding of the
high frequency sub-cooled droplets, which do netehenough time to contribute the heat
transfer process.
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Figure 9: Variation of average CHF for various capilaries at different volumetric
flow rates

Figure 10 shows the variation of average CHF wapect to the volumetric flow rate for
droplet impact velocity of ~1.8/susing different capillaries. As it can be cleasben,
the CHF variation strongly depends on the sizeapillary. Comparing the coarse (179)
and fine capillaries (229), the rate of increaseesulting CHF is significantly steeper for
fine capillaries. The CHFs obtained for coarse l@es (17g and 19g) show nearly
linear trend for ~1.@c/min but at moderate and high flow rates (above €t/fin an
asymptotic trend in CHF is observed. The CHF gdlyeemhances nearly linearly with
respect to the volumetric flow rate for fine caguies (22g and 219).
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Figure 10: Variation of average CHF at different vdumetric flow rates

Qualitative observations confirmed that supplyimglant with higher flow rates causes
the liquid film to be swept away by fresh dropletsl prevents temperature rise over the
heated surface at moderate superheats, and reswdtgppression in bubble generation
mechanism and nucleate boiling regime. Similar gsgtc behavior of two-phase
characteristic curves was reported for spray cgdinhigh mass flow rates [11, 12].
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Figure 11: Comparison between the experimental anthe predicted CHF evaluated
by Sawyer et al.’s correlation [3].
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Through this extensive set of experiments it wasfiomed that the CHF can be
correlated to initial droplet size, impact velociiyd frequency by considering two
dimensionless groups, Weber and Strouhal numbesseker, comparing the current
result for the range of low Weber number, 10 < VI8G; shows that the Sawyer et al.’s
correlation [3] shows some deviations (see Fig.fli9;current deviation with Sawyer et
al.’s correlation is significantly lower than th@tHalvorson’s experimental data [1]. This
evidence is consistent with the earlier discussanvalidity of the CHF reported by

Halvorson [6]. The appearance of the current catiah,CHF/ p h,v = mwé 5P, is similar

to the previous correlation given by Sawyer ef{3]. The correlation and the range of
applicability for Weber numbers between 10 and 28d Strouhal numbers between

181x102and 386x10?based on 150 data points are given as:

CHF
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Figure 12: Comparison between the all experimentand the predicted CHF
evaluated by Eq.(4) and Eq.(5).
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As seen in Fig. 12, the proposed correlation ptedite current experimental CHF with
an absolute error of less than £25% for any contlminaf the droplet size, frequency
and velocity of impacts. Dashed lines represent 86Bidence interval for the
correlation given in Eq (4).

It should be noted that the data points collected/fe < 10 are not presented in Fig. 12.
Fig. 13 compares the measured CHF data for We<dQhanproposed correlation given
in Eq (4). The blue dash lines correspond to therenargins of +25%. The average CHF
shows considerable deviations at the range of l@nWeber number (We < 10). This
suggests that the droplet spreading dynamics aaghase characteristics behavior have

distinctive differences at very low Weber numbéf&e(< 10).

250 |-
200 |-
e B
L i
5 i
L i . ¢
T 150 [~ °
o I
° B e -
[¢] - .
s | o e e
100 |- - ' %
[¢D) . b
& | " e
L 24
N YAV
50e &/
.r‘ | I | | I | | I | | I | | I |
50 100 150 200 250

Experimental CHF (W/cm ¥

Figure 13: Comparison between the experimental CHEnd the predicted values

using Eq.(4) for low Weber numbers (We<10)

As it was shown in Fig. 9, at very low Weber nunsheghe CHF varies linearly with
respect to the mass flow rate and it is an incnggiinction of both Weber and Strouhal
numbers. It should be noted that by increasingntiass flow rate, both the droplet size

and frequency increase and result in higher WehéiStrouhal numbers. Since the mass
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flow rate is proportional to impact frequency are tvolume of the single droplet is
proportional tof Bblz, the appearance of the correlation is expected bt
CHF/p hyV =nWest’, Where,a=2, b=10r a=1, b=2. ASsumingi=2, b=1preserves

the dependency of CHF to the impacted velocity prodides more accurate correlation
(see Fig. 14). The CHF correlation and the rangésadpplicability for Weber numbers

between 3 and 10 and Strouhal numbers betwesax107°3nq 388x102based on 42

data points is given as:
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Figure 14: Comparison between the experimental andredicted CHF data obtained

by the dimensionless groups presented in Eq.(5) faWe<10.

Fig. 14 shows the ability of Eq.(5) to predict GelF data at very low Weber numbers.
The determination factor is 0.957, indicating t8&26 of the measured CHF can be
predicted by the correlation given by Eq.(5) witkcaracy of 20%. The direct

comparison of the proposed correlation is depicideg. 14.



88

3.5 Conclusions

The cooling characteristics of mono-dispersed wdteplet impacting a circular heated
disk were investigated. The boiling curves wereawmitsgd for various impact velocities
volumetric fluxes and capillary sizes, ranged betw®.28m/sand 1.3m/s,1 and 4.8
cc/min and 17 and 22g, respectively. The size and freguef droplets were varied
through the volumetric flux variation. The prominéeature of the boiling curves is their
steep departure from the single-phase regime aadp stnansition to the two-phase
regime. The nucleation boiling regime of the baliourves is approximately identical
regardless of impact velocity and droplet paransetBne CHFs obtained at a given mass
flow rate for low impacted velocities using variogspillaries is almost identical.
Through collecting 150 data points it was also oargd that the average CHF of mono-
dispersed droplet cooling can be fitted using aetation based on Weber numbers

ranged between 10 and 100 and Strouhal numbersebetn81x107°5nq 386x107,

respectively. Since the droplet dynamics and heansfer characteristics show
significant changes at very low Weber number, assgp CHF correlation based on the
42 data points was developed for We<10. It shoudd noted that the proposed
correlations are only valid for water and one mag different working fluids to adapt
more general correlations applicable for the broaalege of thermo-physical properties.

Nomenclature

CHF Average critical heat flufweni?)
d, Initial diameter of droplefm)
f Impact frequencys™)

hrg Latent heat of vaporizatiqukg™?)



PL

- vazdp

Thermal conductivitvm™ )

Heat flux (wem?)

Reynolds number

Strouhal number

Volumetric flux ccmin®)

Impact velocity(ms*)

Weber number

Density kgni?)
Surface tensiofNni?)

Viscositjnni?s)
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Chapter 4

Two-phase cooling characteristics of a saturated free falling
circular jet of HFE7100 on a heated disk in the presence and

absence of electric field

4.1 Introduction

The two-phase jet-impingement method is typicallgdito dissipate moderate and high
concentrated heat loads in the order of 100-1000mA/at relatively low superheats [1,
2]. Such heat fluxes are encountered in severalaped applications such as cooling of
high-energy x-ray devices, high power laser diodays, Si-C based photonic devices
and the recent solid-state photonic componentd) ascoptical scaling power elements
[3]. The jet impingement technique has also fouxtgrmsive applications in the transient
guenching of alloys to accurately control the matephase-microstructure curves in
metal industries. In several recent applications3][1the heated targets are delicate
structures where their performance is sensitivinéomechanical stresses. Although high
momentum jets are remarkably effective for the icpobf such localized heated targets,
this aggressive technique may yield unwanted dedtions or mechanical failure. This
suggests the operation of the jets at low flowsgtarticularly for moderate heat fluxes.
This decrease in operating flow rate may also keaceduction in the size of auxiliary

elements such as pump and condenser in the cantmgt.

Jets can be produced from either a rectangular @rcalar orifice. Jet impingement
cooling might be used in three different forms: fiige jet (jets in vapor/gas), (i)
submerged jet (jet flow in the ambient liquid) &g confined jet (jet axis is positioned
in parallel with the heated wall) [13-17]. The et study is focused only on free
circular jets. Here, the circular jet strikes tleated target and forms a radial liquid sheet.
As a general principal, a high momentum jet mayrowp the contact between the

coolant and the heated target around the impingemmme. Typically, for the low or
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moderate heat flux ranges, the momentum of thediglieet is high enough to sweep the
generated vapor bubbles away from the target; theiscontact between the liquid and
vapor is mostly preserved for a large range of dhgas. By increasing the heat flux, the
generated vapor next to the heated surface may thimugh the liquid sheet rupturing it
and creating several holes in it. This eventuadbds to the formation of semi-dry spots
around the rim of the heater. With a further inseea the heat flux, several dry regions
may propagate inwards towards the impingement zme the liquid sheet can be
splashed away in the form of micro-droplets. Unitheise conditions, the liquid sheet is
divided into two identifiable portions. One portigg a spray of micro droplets, which
acquires significant surface energy and fly upwiaodh the sheet at a some angle with
respect to the heated wall plane. The other pototie original sheet which remains
mostly attached to the target and moves horizgnialk radial direction [18]. At a high
enough heat flux, but slightly below the burnoundition, the contact of the original
liquid sheet is preserved, the droplets becomer famal their upward departure angle
slightly increases. At burnout, the liquid sheesigldenly interrupted since the kinetic
energy of the bulk liquid is not enough to suppty adequate liquid to preserve its
balance with the rate of evaporation and upwardrovicoplet formation. Thus, the
sprayed droplets become coarser and the liquid siselenger maintains its contact with
the heated target. This picture of the burnout ¢hecal heat flux (CHF) regime) has
been verified both theoretically and experimentaltycomparatively high flow rates
[7,8,9].

Several studies have been performed to investigfage influence of the free jet
parameters on CHF [4,5,18] at comparatively higiwflrates. Based on these studies,
various authors have correlated the saturatedcaritheat flux with the relevant

dimensionless groups:

Qoue_ _ ([ Po P1U’d oo - oy Jd Hy piUd )
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Further modifications were carried out by Haramaral Katto [6] to adopt Eq.(1) to
consider the effect of liquid subcooling. Their posed model, based on the burnout
picture described earlier, has shown remarkableesgcin correlating the data of high
velocity impingement jets (0.B/sto 12m/9. In the course of generalizing the CHF
correlation, Monde and Okuma [8] recognized twdines regimes (i) V-regime: high
impingement velocity with small target and (ii) egime: jets with low impingement

velocity and comparatively large heated targets.

The theoretical model based on the Mechanical En&wbility Criterion (MESC)
proposed by Lienhard and Eichhorn [18] predicteat the CHF for the V-regime varies
with the cube root of the velocity, while for therégime the CHF is linearly proportional
to the impingement velocity. The theoretical models verified for both ranges by
slightly perturbing the exponents to 0.343 and 68.3or the V-regime which were
originally 1/3 and -1/3 in the theoretical modehe¥ also found boundaries for the two
different correlations between the L- and V-regim8haran and Lienhard [9] also
proposed a more complicated unified correlationbioth L and V-regimes based on the
MESC. The unified correlation provides the sameuescy ~ +20% for both L- and V-

regimes.

In the case of free falling jets with a small imgement velocity the boiling
characteristic is rather complicated. The thickreess the stability of the liquid sheet are
the two most important factors that play a pivatdé, particularly at the CHF regime.
Although the heat transfer coefficient is inversplpportional to the thickness of the
film, the thinner film is more likely to be ruptwtein multi locations due to the
hydrodynamic instabilities. Several semi-dry spa@n be created at even small
superheats due to such instabilities, which mayelothe magnitude of the CHF. These
gualitative observations suggest that both filnckhess and the layer stability determine

the boiling curve characteristics.

A complication for low speed jets is that the cresstional area of the free falling jet is
influenced by gravity/surface tension interacti@islow flow rates. As the jet length

increases, the liquid volume is accelerated bygttawitational force and since the flow
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rate is constant, the cross sectional area redutes. expected that the jet length
determines the boiling curves since both veloacity get diameter change. In the previous
studies, authors did not consider such an effextesthe jets were typically operated at
high flow rates, so that the cross section andoigi®mf the jet were not affected by
gravity/surface tension interaction. For high motaen jets, gravity /surface interaction

is dominated by the jet inertia.

The reduction of the cross section and increaselwrcity of a free falling circular jet can
be analytically obtained by applying Bernoulli'setdrem between the exit point and a
desired axial positiom. Considering a circular jet with radiug:and exit velocity oVex

of a liquid with mass density @f and surface tensias) one may find an expression for

velocity increase in thedirection as:

1/2
V() _[,,200(2), 220 (Pﬁj @
Vext Vext rO p\/exrext r

By rearranging the above equation and considefirey Rroude and Weber numbers,

s 2T : : : S
Fr=—>t andWe_, :M, the following expression for velocity variatiom axial
grext o

direction can be obtained:

1/2
M[li[_JL(l_B )
Vext Fr rext qux r

At a given jet length$ it is useful to define the reduction coefficiastl =r(S)/rex. Since
the mass flow rate is continuous in the free fglljet, the cross section of the jet due to

the gravitational acceleration can be expressed as:

1/2 -1/4
r :@:( Vex j :(1+ i(i] +—2 (1—MJJ (4-a)
rext V (Z) Fr rext qux r
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In this derivation, the jets were assumed to bedgyghamically stable andis smaller
than the critical length, where the jet becomestabis, z.i. The normalized critical

length of the jet can be obtained by dimensionalyais:

7 ,0 r 1/2
L"=vex{ j (4-b)
ext 0-

For the present volumetric flow rates, the minimantical length for the falling jets is
calculated to be 70 mm, which is larger than tihgdst jet length of this study.

For high-speed jets, both the Froude and Weber etsriiend to infinity. According to
Eq. (4-a), the falling jet shows no significant oba in its diameter since the inertia force
is dominant. In contrast, for low speed jets, thess sectional area may be decreased
since both Froude and Weber numbers take modeahtes:

The effect of jet length might be more understate#bone considers an extreme case,
where the jet length is large enough so that th@llasy-driven instability (Plateau-
Rayleigh instability) of the falling jet forms morthspersed droplets from the continuous
jet. Boiling curves obtained for a mono-disperstedasn of droplets impacted on a heated
target differ from that of a continuous jet andestdimensionless groups might be used
to predict the measured CHF. However, one maydacdral commonalities between the
jet impingement and the mono-dispersed dropleticgdiechnique [19, 20]. In mono-
dispersed cooling, both the film thickness after ithpact and the hydrodynamic stability
of the film contribute in determining the CHF. Rostance, for increased impact velocity
one may expect CHF enhancement due to the conuweetnthancement. However,
significantly reduced CHF has been reported dubedydrodynamic instabilities of the
resulting liquid film at higher impact velocity [19
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Figure 1 (a): Radial spreading of an impingement jestriking on an upward facing
disk at (low) volumetric flow rates 20 cc/min and i§)(high) flow rates 60 cc/min. (c)

Figurative description of the effect of the jet legth at different flow rates.
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Figure 2: Falling jets of HFE7100 at different jetlengths. Hydraulic jump position
varies by varying the jet length. Jet lengths are(a) 5 mm, (b) 10 mm (c) 20 mm at

20 cc/min volumetric flow rate using 15g needle aszzle.
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For low speed jets, an additional complexity arides to the development of the circular
hydraulic jump over the heated target (see Figed 2) [10,11,12]. As qualitatively

shown, the circular hydraulic jump position in Hifey jet varies for different jet lengths.

It has been proven that applying the standardryheiothe hydraulic jump to the uniform
supercritical flow model may lead to large disagreats in predicting the

hydrodynamics of the circular hydraulic jumps [1Pnlike the classical theory of the
hydraulic jump in open channels, which can be foumfluid mechanics textbooks, one
cannot find a complete analytical model for circuteydraulic jump resulting from

impingement jets. The complete mathematical moteuk include several physical
effects describing both the upstream and downstré@m evolution including velocity

of the jet, jet diameter, local and overall Froudanbers, jump position, possible flow
separations and parameters describing the stabilitthe jump surface and the jump
types [12].

In general, for high-speed jets striking on smaitets, the circular hydraulic jump does
not occur within the heater area. For moderatehagh-speed jets, the thickness of the
liquid sheet is approximately uniform since the tagdic jump occurs typically at radial
distances larger than the target size. The hydrqwtp formation within the heater size
may suddenly increase the liquid layer thickne$® domplexities in flow patterns in the
hydraulic jump region may significantly change thaling characteristics. For example,
the recirculation that occurs within a hydraulienju may decrease the heat transfer.
Since the jet length may determine the locatiothefhydraulic jump, the boiling curves

may be considerably influenced due to the chandisigince between the jet and target.

The literature review suggests that the two-phaseacteristics of free falling jets at very
low flow rates has not been extensively studiedis ® mainly because the previous
studies have been more interested in maximizinghtka transfer by increasing the jet
velocity. However, as mentioned earlier, increasthg momentum of the jet can
introduce several drawbacks including aggressivehamaical stress. In this case, it
makes more sense to consider a less aggressivagooéthod in which the dielectric

coolant is directly used to cool down the heat sesir The direct method is advantageous
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since the heat sink and its bonding thicknessitsieated and thus the thermal resistance
and the temperature increase across their thickeasde reduced significantly. This is
especially important for high power solid-state ides in which high densities of
generated heat should be dissipated at low opgremperatures.

To the best of the knowledge of the authors, thecebf jet length at low flow rates has
not been yet considered. This paper is intendedetoonstrate the importance of jet
length in determining the CHF at low volumetricvilaates. The boiling curves of the
free falling circular jets of HFE7100 striking on apward facing disk were obtained at
different volumetric flow rates and jet lengths.eTranges of jet length and flow rates
were chosen so that the jet remains continuous.mdm@o-dispersed droplet generation
mode was avoided for all of the boiling curves preed in this paper. The dielectric
fluid HFE7100 was selected as the working fluidcsint possesses relatively good
thermophysical properties and its low electricahauctivity makes it a reasonable
candidate for direct electronic cooling applicagonin order to understand the
experimental results, some flow visualization oé flets is also presented. In order to
include the effect of the length of the fallinggedt low flow rates, the previous CHF
correlation [9] was adjusted for the variable crasstional area obtained by the

analytical model. The current CHF results were jgted with the revised correlation.

4.2 Experimental setup and procedure

The experimental setup was designed to determiaéhélat transfer from a horizontal,
upward-facing, heated disk impacted by the jete @&kperimental apparatus consisted of
three major components: (I) heat surface, (II) meawent system and instrumentation
() fluid delivery system. The schematic diagraai the experimental circuit is
presented in Fig.3-a. The heat transfer surfaceavaular and consisted of nickel-plated
copper base joined to a heated cylinder. The heatigtter was made of copper, coated

with a protective layer of 30 micron nickel. Theahé&ransfer surface was fully polished
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and coated with an additional layer of 25 um nicl&lrface measurement after the

coating process showed its arithmetic average moegghwas less than 26
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Figure 3: Schematic view of experimental setup
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Four identical cavities were drilled in the cylimdend four identical 300 W-cartridge
WATLOW heaters were inserted axially into the ciagt connected in parallel and
supplied with a programmable power supply (QuadTdolel:42000). The upper end of
the heated cylinder was tapered to a smaller diem{8mm) to increase the surface heat
flux and this formed the heat transfer surfacee &fiective heat transfer area was a disk
with a diameter of 8 mm. It was instrumented withchlibrated K-type thermocouples
with a 0.25mmbead (Omega K-type thermocouples 0.25 mm- 5SRTi€ssKapton®).
The calibrations estimated the fixed and bias srobreach thermocouple. The calibration
was performed in a constant-temperature water ath50-100 °C. During the
calibration, the constant temperature bath was taaed at the calibration temperature
to within £0.05 °C using PT100 thermocouples. Tahthllemperature was measured by a
thermistor diode. The thermocouples to be calilbratere immersed simultaneously in
the water bath and were kept close to the probetldemperature measured by each
thermocouple was recorded by a Data Acquisitiorteédydor 30 min maintaining a span
of 10 s between two successive readings. The gnideess was repeated one more time,
and the average of the two readings was taken.diffexence between the actual water
bath temperature and the average of the measunmedetatures gave the bias error.
Precision error was estimated as twice the standandation of the thermocouple
readings. The average values of precision and dytass for all thermocouples used in
the experiments weres20.06 and 0.1 °C, respectively, wheres the standard deviation.
The thermocouples were embedded in the neck ohda¢ transfer surface and fixed
using a mixture of ultrafine copper powder and hiigrmal conductive adhesive epoxy
(OMEGABOND 20¢). The heated cylinder was inserted into a Tefldack to
minimize the heat losses. Extra slag wool with riredrconductivity ~ 0.04V/m.Kwas

used in the neck region to reduce the radial maeaster.

The heated surface was fitted to a truncated Tefiog to seal the neck of the heat
transfer surface and to direct the excess liquidhto drain. The rim of the impacted

surface was insulated using a conical ceramic adioreand sealed with a thin strip of a
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high temperature resistant silicone rubber. An stdjole holder was used to precisely

align the heated surface xry-zdirection.

Table. | Thermophysical properties of HFE7100 at 61°C and 0.1 MPa [21].

plkg/m?) pg(kg/m®) v(cSt) o(mN /m) hyq(kg/k))
1370 9.8 0.27 10.1 11.60

Table.ll Uncertainty of the measured parameters

Measured Parameters (x;) X; Uy,

T, 297.3K +0.1K
P 101 KPa +1 KPa

s 5-50 mm +0.5 mm
Dy, 7.98 mm +5 um
Teoxt 0.686-0.301 mm +1 um

v 20-60 cc/min +0.05 ce/min
1. 334-369 K +0.1K

In order to examine the uniformity of temperatureemthe heated surface at different
levels and to allow accurate heat flux calculatithe 12 calibrated thermocouples were
placed at three different levels and in four défetr radial depths and peripheral angles,
and connected to a 16-channel data acquisitioresy$I-DAQ 9213. A LABVIEW
code was developed to calculate the heat flux amdace temperature from the
thermocouple readings. The average heat flux wésuleted from 1-D steady state
Fourier's law of conduction for the cylinder nedkie reported heat transfer and surface
temperature were obtained by averaging the cakuilaeat fluxes and thermocouple
readings. The surface temperature was obtained ibgarl extrapolation. The
thermophysical properties of saturated HFE7100 aresented in Table. I. The
volumetric flow rate of the jet was measured ugimg-calibrated rotameters. A CCD
camera was used for the visualization and measunteofi¢he jet cross section variation

along the axial direction.

The fluid delivery system consisted of a recyclaguit with the following components:
hydrostatic pressurized reservoir with a closedpld®ating circuit, pressure vessel,

universal nozzle holder, standard hypodermic neealed fine thread needle valves. The
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coolant in the reservoir was preheated to aroututason temperature by an immersed
helical heat exchanger. The reservoir was thermatiiated with a layer of slag wool.
The temperature of the liquid in the reservoir wasnitored at three different levels. In
order to avoid cavitation at the nozzle, the coblaas heated to 58+1 (~2C below the
saturation). The saturated liquid was directedhi® nozzle holder by pressurizing the
reservoir. The jets were formed by directing therkimay fluid through two different
hypodermic needles 15g and 20g having inner diaseié 1.37 mm and 0.41 mm,
respectively. A thermocouple was inserted into Teélon block and fixed at the needle
wall 2-mmaway from its tip to measure the inlet coolantpenature. The nozzle holder
was equipped with a universal fitting to easily mbthe various needles and center them
above the heat transfer surface. An axial guidedessgned to vary the distance between
the tip of the nozzle and heated target.

Before starting heat transfer experiments, theetangas aligned and leveled, and the jet
was applied. The radial symmetry of the flow fieler the target was visually examined.
The experiments were started by applying a lowihggiower of about 20V, while the
thermocouple readings were recorded in 1 secoretvals. The heating power was
gradually increased. It was assumed that the ststadly was reached at the heated
surface when the calculated time-spaced averagéatsuemperature changed by <°0.1
C over a 30s period. It took generally less thansSer 1W input power increment to
reach the steady-state condition. After reachirgadgt-state condition, the space-time
averaged heat flux and surface temperature weded for a 30-second period. The
data acquisition process was initiated when théasartemperature reached around the
steady-state saturation temperature. By increasig electrical power, the surface
temperature increased and heat transfer showethtwed/ sharp increase due to the
initiation of the boiling process. By further inaseng the input power, the heat transfer
increases in the nucleation boiling regime, thet lilex approaches a maximum value
and is followed by a steep decrease and rapid tenye rise. After reaching the post-
CHF boiling regime, the electrical power was swadhoff and the heated surface and
insulation was allowed to cool down. The procedues repeated for the next run. The

coolant flow rate and the quality of the jet werenitored periodically during the test.
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All of the experiments were repeated three timewdnfy the reproducibility of the

results.
4.3 Experimental uncertainty and error analysis

Three sources of error contribute to the heat ftalculation: errors in thermocouple
readings, uncertainty in thermal conductivity opper, and uncertainty in thermocouple
locations. The propagation equation of Kline-Mc@®@ick for heat flux calculation can be

expressed as:

I ECOIC

The precision errors, , associated with the various measured quantities,are

summarized in Table Il. The bias errors for therniwcouples, pressure gauge, and
rotameter were assumed to be negligible, becawsehtad been calibrated. The theory
of the propagation of uncertainty was applied taleate the 95% confidence uncertainty
of the average heat fluxes. The maximum uncertsrassociated with the heat flux were
obtained to be 4% at 80/cnf and 3% at 100V/cnf. Heat flux calculation based on one-
dimensional heat conduction assumption was geyet8 lower than the net power

supplied to the heater cartridges. It is consisteitlh expected losses due to the free

convection from the heated surface.

4.4 Results and discussion

4.4.1 In the absence of electric field

Flow visualization may reveal the difference betwéee liquid sheets at small and large
jet lengths. Fig. 4 shows photographs of the jetiBE7100 striking the upward facing
heated disk at different surface temperatureshitdase the saturated jet is issued from a

159 needle at 20c/minvolumetric flow rate. The jet length is small (prf8 mm) The
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calculated exit velocity is about 0.28/s and the measured diameter decreases to 91%.
This corresponds to an increase in the axial veladiless than 10%. For such a small
jet length, the thin liquid sheet is developed iindted area around the stagnation point.
This small region around the stagnation zone witla thin sheet is followed by a
suddenly thick layer region generated by the cacuilydraulic jump formation. The
position of the hydraulic jump moves towards thatee of the target as the surface
temperature increases. The generated vapor bubblée nucleation boiling process
around the rim of the disk serve as a physicaliéaand boost the hydraulic jump with a
larger increase in thickness. By increasing théasertemperature, as more nucleation
sites are activated, the number of bubbles inceseasd this physical barrier extends to
the center of the heater. Thus, the hydraulic juogurs at smaller radial distances. At
the CHF regime, the coolant layer around the rimasparatively thick and the liquid

sheet momentum is not large enough to push thelé&sibff the target.

T=63°C T=73°C T=80°C

T35 T=8919C T=23 °C

Figure 4: Photographs of saturated jet of HFE7100issued from 15g needle striking
a heated disk at different surface temperatures. Té volumetric flow rate is 20
cc/min and the jet length is 5 mm. The heat transfearea is 8 mm.
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T=63 °C T=73 °C T=83 °C T=86 °C T=90 °C

Fig.ure 5: Photographs of saturated jet of HFE710@ssued from 159 needle striking
a heated disk at different surface temperatures. Té volumetric flow rate is 20

cc/min and the separation between the jet and heatalisk is 50 mm.

Fig.5 shows photographs of a saturated jet of HBEALriking the disk with ten times
larger jet length (50mm) at different surface temperatures. All the expental
conditions were identical except the distance betwthe jet and heated target. The
measured effective diameter of the falling jet othex target shows a 53% decrease with
respect to the exit jet diameter at a volumetievfrate of 20cc/min This corresponds to
increase in impingement velocity of more than 400%ese measured reductions in the
cross sections were consistent with the theoregéixpéctations presented in Eg. (4-a). In
general, a clear difference between the appeamintte liquid sheet presented in Fig.4
and Fig.5 is noticeable. For the large jet lengths, effective diameter of the jet is
considerably reduced and the effective velocityhef striking jet becomes higher. This
may result in thin sheets with high momentum. Sitte® momentum in the sheet is
comparatively large, the circular hydraulic jumgocs at radial distances larger than the
heater diameter for a wide range of surface tentperand has virtually no effect on the
boiling characteristic curves. Thin sheets resgltirom the jets with large lengths are
hydrodynamically unstable. The thin films are mbkely to be ruptured, particularly
around the rim of the target. This leads to thelldormation of several semi-dry spots
and early burnout at low superheats. As anothelitgtige difference, for jets with large
lengths, their associated liquid sheet escapethefheated target and creates a spray of
tiny droplets, while for the small lengths the esséiquid smoothly flows off the heated

surface.

Fig.6 presents the boiling characteristics of figllijet of HFE7100 issued from a 15¢g

needle for various jet lengths ranging between 5@onmat 20cc/minvolumetric flow
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rate. Variation of the jet length from fam to 50 mm shows only a slight change in
boiling curves at low superheats. However, theibgiturves in both the nucleation and
CHF regimes varies for different jet lengths. Frample, the CHF as high as B@/cnf

at 90°C can be achieved atrBmjet length. By increasing the jet length to s@n the
CHF decreases to 2@//cnf and occurs at 88C. For instance, comparing the CHF
measured for snm—length jet with the CHF of 50 mm-length jet shotvat the CHF
enhances 78% for reduced length at2@ninflow rate.

In order to study the effect of jet length on buglicharacteristics, the volumetric flow
rate was slightly increased to 86/min Fig.7 shows the boiling curves for HFE7100 jets

produced by a 15¢g needle with different jet leragthigher volumetric flow rate.
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Figure 6: HFE7100 Boiling curves obtained by 15g relle for different jet lengths at
20 cc/min.
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Figure 7: HFE7100 Boiling curves of falling jets isued by 15g needles for different
jet lengths at 30 cc/min.

Decreasing the jet length leads to CHF enhancenoérdabout 40% for identical length
reductions (from 5dnmto 5 mm) at 30cc/min By increasing the flow rate the CHF
enhancement due to the effect of reduced jet ledgtiteases. In order to explain this
decrease in CHF enhancement for increased flowg,ratee should note that the effect of
cross section reduction due to the gravitationakkration becomes smaller. Moreover,
since the heated target area is typically smak, tiydraulic jump occurs at radial
distances larger than the heater diameter foetlengths. Therefore, the thickness of the
liquid sheet shows only small changes for varioested range of jet lengths.
Consequently, the CHF enhancement due to thengtHevariation is smaller at higher
flow rates. According to this explanation, it ispexted that the boiling curves show no

appreciable change by variation of jet length ghlenough flow rates.
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Figure 8: HFE7100 Boiling curves of jets issued b¥5g needle for different jet

lengths at 60 cc/min.

In order to test the above hypothesis, the experisnevere repeated at 6&c/min
volumetric flow rate and the boiling curves obtalrege given in Fig. 8. For such high
volumetric flow rate, the boiling curves fall apghmately on a universal graph for
different jet lengths thus the CHF regime is cheaidt sensitive to the jet length. Visual
observations of the liquid sheet at these high fiates show that the liquid sheet
uniformity is qualitatively not a function of jeghgth. This is expected since the inertia of
the high momentum jet is dominant and the crostieof the falling jet shows no
measurable change. Accordingly, the boiling cutvesome approximately identical for
all different jet lengths. The burnout mechanisiaberated in [18] is consistent with our

current observations at @@/min

Fig. 9 presents the boiling curves of the HFE71€0igsued from a smaller needle
diameter (209) for various jet lengths at@®%min The boiling curves for all jet lengths
ranging fromS=5mmto 50 mmfall on a universal graph. The cross section ef jet

produced by a 20g needle is not affected by gresuitjace tension interactions and it
cannot be considered as a “ free-falling jet”, thtbe boiling curves corresponding to the
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jet are not influenced by variation of jet lengiierefore, we use the term “impingement

jet” instead of “falling jet” for such circular higspeed jets.
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Figure 9: HFE7100 Boiling curves of jets issued b80g needle for different jet

lengths at 20 cc/min.
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using 15g needle.
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Fig.10 summarizes the measured CHFs for differentgngths at different volumetric
flow rates. As expected, the slope of the variadbfower flow rates is steeper than that
of higher flow rates. The impinging jet behaviod@w flow rates is similar to the falling
jets and its velocity and cross section are aftebie gravity/surface tension interaction.
In contrast, for higher flow rates, the inertiatbe jet becomes significant so that the

effect of gravity/surface tension interaction beesmegligible for the tested jet heights.

In order to compare the current results with trevjmus studies, the Sharan and Lienhard
correlation (S-L) [9] was selected. The correlatwas able to predict extensive sets of

previous measured CHF within £20% of accuracy.

In order to consider the effect of jet length irL Sorrelation, the cross sectional jet

radius reduction coefficienfley, IS used instead of the exit jet radius, as:

1/3 A
1000,
_CHF_(0p1s 0.0017pf/pg{ rrext] Py /P
P g h ngext heater W%heme, ( 6)

A= 0486+ 0.06052nr - 0.037¢Inr )’ + 0.00364Inr )*

wherer=ps Ipq. For HF7100 working fluid the value &f was calculated to be 0.299. It
should be noted that the increase in velocity ntageiis not included in the correlation
given by Eq. (6). If one includes the velocity iease factor of *2, the CHF becomes
proportional toI"®® With this analysis, the CHF is expected to inseehy increasing
the jet length. However, the experimental obseovatirevealed that the CHF decreases
by increasing the jet length. In order to resolVes tinconsistency with the S-L
correlation, it was postulated that the effectiatior of the jet diameter to the heater
diameter is of first order importance and the vi&yois second order parameter for very
small flow rates. This postulation comes from thespnted earlier observation and
measurements. For instance, for jets with larggtlenthe increase in the impact velocity
due to the cross sectional reduction was repoddxsttmore than 400%. According to the
Lienhard and Eichhorn model [18] one may expect GHRancement in the order of
400%, while measured CHF for large lengths showederthan 70% suppression. This
highlights the effect of cross sectional area réduacfor large lengths and its impact on
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liquid sheet stability. Based on this discussidm, teduction coefficient is only applied

for M. For this case, the CHF is proportional &, wherel < 1, and the correlation

I’heater

is consistent with the observations.

The earlier postulation of the effect of hydraujionp intervention in affecting the
boiling characteristics can be further confirmeddoynparing the current results and the
adjusted S-L correlation. Referring to Fig. 3, ¥mtumetric flow rates of 2@c/min the
hydraulic jump occurs within the diameter of thekdfor jet length smaller than 20m.
For jet lengths of 2énmand longer, the hydraulic jump position is loca¢dhe rim. For
all the flow rates, by increasing the jet lengththe values larger than 25 mm, the
hydraulic jump occurs virtually beyond of the tasiction, thus it has no effect on the
boiling characteristics. As shown in Fig. 11, theasured CHF of jets with lengths
smaller than 25 mm can be predicted by the adjustectlation within 20% of accuracy
with more than 97% confidence. However, for jetgldas larger than 25 mm and flow
rates smaller than 4@c/min the CHF predictions show larger disagreement. The
measured values of CHF in the presence of hydrgulep are also found to be

systematically lower than that of predicted by $ik correlations.

This may support the earlier postulation that theraulic jump increases the liquid sheet
thickness around the impingement zone and this le&y to heat transfer suppression.
Moreover, the liquid sheet instability rather thaxial velocity plays the primary role in

determining the CHF magnitude for low flow ratesjetith large lengths. Thus, the S-L
correlation must be further revised for large pndths at low flow rates with a more
complicated model including the upstream stabiifythe film and the hydraulic jump

effect. The hydraulic jump issue may cause sigaificsuppression in CHF for larger
heater diameters at moderate or even high flowsrateerefore, similarly to Sharan and
Lienhard’s semi-empirical approach, one may develomore complicated model and
consider the effect of upstream liquid sheet inBtgkand hydraulic jump effect in the

energy balance equation to determine the kinergynof the liquid sheet upstream and

downstream of the sheet over the heated target.
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Figure 11: Comparison between all measured CHFs ithe present work and the

adjusted correlation Eq. (6).
4.4.2 Effect of electric field on CHF for jet impingements

According to the our experimental observationsfétimg jets, as burnout is approached,
the horizontal sheet of liquid around the rim afcalar disk remains intact and spray
above the liquid sheet is fine. The horizontal fleuddenly stops and spray above the
sheet becomes coarse, and the angle between theapththe spray increases. The liquid
sheet ceases to absorb kinetic energy and to ptbeteated surface, which is insulated

by the vapor around its periphery.

Supplying kinetic energy to the edges of the cacuiquid sheet around the rim of the
disk is essential to enhance the critical heat.fldg shown above, a simple way to
increase the momentum of liquid sheet around teigito increase the volumetric flow
rate. Increasing the flow rate may cause criticedthflux deferral, however, the main
drawback of the mass flow rate increment is ingrepghe size and dimensions of the
cooling circuit elements such as pumps and condearsg wasting a large volume of
coolant since significant part of the coolant jpsbvide larger momentum to the liquid

sheet and does to contribute in heat transfer e@ma@nt. An alternative way to enhance
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the momentum of the liquid sheet around the edg® isitroduce EHD forces. A
visualization of the boiling heat transfer in theegence of electric field is presented in
Fig. 12. Here EHD flow helps to enhance the mommanttansportation to the rim of
heated target and improve the rewetting processt ¢en be observed in Fig. 12, in the
pre-CHF regime (at surface temperatures arounéCR2he electrostatic forces tend to
keep the coolant over the heated surface by eshainj a cone-shape structure over the
heated disk. Compared with the case that the &datd is absent, the hydraulic jump
effect does not appear and the coolant layer iermaiform. Fig. 13 compares typical
boiling curves in the presence and absence ofradigld for the jet lengths of 4 mm at
6 cc/min volumetric flow rate. In the presenceetdctric field, CHF shows more than
100% enhancements at applied voltage about 11 lafeder, the CHF occurs at higher
superheats of about 92C. Comparing Fig. 13 with Figs. 6 and 7 shows that
approximately the same CHF enhancements (achieyegying electric field) can be
obtained by supplying two to three times largeuwattric flow rates of the coolant. Itis
worthy to note that although higher heat transfenamcements may be expected for
thinner liquid films over the surface, these resglow that the more hydrodynamically
stable liquid films, which are typically thicker,awese significant heat transfer
enhancements for the CHF regime. Vigorous rewetbhghe heated surface in the
presence of electric field is believed to be thennmechanism for electric field-assisted
CHF enhancements. The present results are cortsigtarthe previous results for mono-
dispersed droplet cooling. Rewetting of the surfacth thick layer of coolant is of
primary importance in CHF heat transfer enhancematfter than developing thinner
films over the heated target.

Fig. 14 shows the effect of electrostatic forcesheat transfer enhancement at CHF
regime. By increasing the volumetric flow rate, #féect of electrostatic forces in heat
transfer enhancement is reduced. This is attribtaede fact that the main flow resulting
from the jet is dominant at high flow rates and tiectrostatic forces cannot further
intervene in hydrodynamics of the jet. Therefohes CHF heat transfer enhancement in
the presence of electrostatic forces is only prorgi$or relatively small or intermediate

range of volumetric flow rates.
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T.=61°C, ATsqe = 0 Ti64°C ATg =3 1575 G AT =13

T,292 °C, Aleqy = 31 T,295°C, AT,qr = 34 T,=100°C, ATeqe = 41 17103 °C, Agqr = 44
Figure 12: Experimental visualization of boiling hat transfer enhancement of HFE-
7100 in the presence of strong electric field. Theeedle was 15g hypodermic needle.
The volumetric flow rate was 6 cc/min. Applied volage is 9 kV DC and separation

between electrode was measured to be 4 mm.
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Figure 13: Boiling curves of HFE-7100 at differentapplied voltages. Jets were issued
using 15g hypodermic needle. The separation betwe#me target and jet was 4 mm

and volumetric flow rate kept constant at 6 cc/min.
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Figure 14: Variation of CHF with applied voltage atdifferent volumetric flow rates.
Jets were issued using 15g hypodermic needle. Theparation between the target

and jet was 4 mm.
4.5 Conclusions

The effect of jet length on two phase free falloigcular jet of HFE7100 striking on an
upward-facing heated disk was experimentally ingestd. It was demonstrated that for
low speed jets, the jet length is a key paramatedetermining the boiling curve,
particularly at the CHF regime. By increasing taelength at low flow rates, the cross
section of the jet reduces due to surface tengiawity interactions while the effective
velocity increases and this may result in thinnguitl sheets. The thinner sheet can be
ruptured more easily and this may lead in a pradnea€CHF. For high-speed jets, the jet
cross section and axial velocity do not show medsarchange for various jet lengths. In
this case/~1 and the original S-L correlation and the revised&ation are identical.
Comparing the present measured values of CHF wwihptevious correlation revealed
that good agreement can be achieved by considehagcross sectional reduction
coefficient in the correlation; however, for thaSelF results where the hydraulic jump
occurs within the heater diameter, the S-L conatatsystematically predicts higher
CHFs. This suggests that the S-L correlation muestrévised based a new model

including the hydraulic jump suppression effect.eTklectrostatic effect showed
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significant effect on the hydrodynamics of theifajljet and the amount of heat removal
at relatively low flow rates. More than 100% CHFhancement was achieved with 10.8
kV applied voltage at 6 cc/min volumetric flow rateThe electric field heat transfer
enhancement effect reduces by increasing the flmw. rThis suggests that the EHD

enhancement through electric field for falling jetsnore effective at low flow rates.

References

[1] K.A. Estes and I. Mudawar, Comparison of twapé electronic cooling using free
jets and sprays, J. of Electronic Packaging 118%1823-332.

[2] I. Mudawar, Assessment of high-heat-flux thermanagement schemes, Component
and Packaging Technologies, 24(2) (2001) 122-141.

[3] A. Giesen, H. Hugel, A. Voss, K. Wittig, U. Breh and H. Opower, Scalable concept
for diode-pumped high-power solid-state lasers, lidpPhysics B: Lasers and Optics ,
58(5) (1994) 365-372.

[4] Y. Katto and S. Yokoya, Critical heat flux ondésk heater cooled by circular jet of
saturated liquid impinging at the center, Int. JHeat and Mass Transfer, 31(2) (1988)
219-227.

[5] M. Monde and Y. Katto, Burnout in a high hehabd boiling system with an
impingement jet, Int. J. of Heat and Mass Transt&r(1978) 295-305.

[6] Y. Haramura and Y. Katto, A new hydrodynamiaael of critical heat flux,
applicable widely to both pool and forced convettlmiling on submerged bodies in
saturated liquids, Int. J. of Heat and Mass Trangfe (1983) 389-399.

[7] I. Mudawar and D. E. Maddox, Critical heat fluR subcooled flow boiling of
fluorocarbon liquid on a simulated electronic clm vertical rectangular channel, Int. J.
of Heat and Mass Transfer ,32 (1989) 379-394.



120

[8] M. Monde and Y. Okuma, Critical heat flux intgeated forced convective boiling on
a heated disk with an impinging jet—-CHF in L-regjrird. J. of Heat and Mass Transfer,
28(8) (1985) 547-552

[9] A.Sharan and J.H. Lienhard, On predicting buina the jet-disk configuration, J. of
Heat Transfer, 107(2) (1985) 398-401.

[10] J.W.M Bush, J.M. Aristoff and A.E. Hosol, Axgerimental investigation of the
stability of the circular hydraulic jump, J. of KduMech., 558 (2006) 33-52.

[11] E.J. Watson, The radial spread of a liquidgeer a horizontal plane, J. of Fluid
Mech., 20 (1964) 481-499.

[12] X. Liu and J.H. Lienhard, The hydraulic jump circular jet impingement and in
other thin liquid films, Exp. in Fluids, 15 (199308-116.

[13] M. Masanori and O. Yoshiaki, Critical heat Xlun saturated forced convective
boiling on a heated disk with an impinging jet—CHFL-regime, Int. J. of Heat and
Mass Transfer, 28(3) (1985) 547-552.

[14] M.Monde and T. Inoue, Critical heat flux intseated forced convective boiling on a
heated disk with multiple impinging jets, J. of H&aansfer, 113(3) (1991) 722-727.

[15]Y. Qiu and Z. Liu, Critical heat flux in satueal and subcooled boiling for R-113 jet
impingement on the stagnation zone, App. Thermal E25(14-15) (2005) 2367-2378.

[16] D.E. Hall, F.P. Incropera and R. Viskanta, id@pingement boiling from a circular
free-surface jet during quenching: part 2-two-phasel. of Heat Transfer, 123(5) (2001)
911-917.

[17]S.G. Kandlikar and A.V. Bapat, Evaluation oft jgmpingement, spray and
microchannel chip cooling options for high heakflemoval, Heat Transfer Eng., 28(11)
(2007) 911-923.



121

[18] J.H. Lienhard and R.Eichhorn, On predictinglibg burnout for heaters cooled by
liquid jets, Int. J. of Heat and Mass Transfer(1976) 1135-1142.

[19] M.L. Sawyer, S.M. Jeter and S.I. Abdel-Khalk,critical heat flux correlation for
droplet impact cooling, Int. J. of Heat and Masari&fer, 40(9), 1997, pp.2123-2131.

[20] M.L. Sawyer, High intensity heat transfer tosaeam of monodispersed water
droplets, PhD thesis, Georgia Inst. of Technoldgignta, GA, 1996.

[21] M.S. EI-Genk and H. Bostanci, Saturation bwliof HFE-7100 from a copper
surface, simulating a microelectronic chip, Intof Heat and Mass Transfer, 46, 2003,
pp.1841-1854.



122

Chapter 5
Study of Electrohydrodynamic Micropumping Through

Conduction Phenomenon

5.1 Introduction

The operation of electrohydrodynamic (EHD) micromsms based on the interaction
between electric fields and electric charges imegedtric fluid. The electric body forcﬁ

in a dielectric liquid that results from an impossédctric fieldE can be expressed as [1]:

f=pE-LE2ne+1p B2 %€
f=p.E 2E Dg+2 {E p(@pjj (2)

whereg;. is volume charge densityjs the fluid permittivity ang is the fluid densityT

is the fluid temperature.

The first term on the right hand side of the Eqiél)he electrophoretic, or Coulombic,
force that results from the net free space chargé®e fluid. The second term, known as
the dielectrophoretic force, arises from the peiwity gradient. The last term, called the
electrostrictive force, is important only for comepsible fluids and two phase flows. Free
space charges in dielectric liquids can be gengrhyethree different mechanisms. I)
Induction: occurs in dielectric liquid with variabklectrical conductivity, which can be
caused due to the presence of a thermal gradienty two or multi phase flows, 1)

Conduction: through dissociation-recombination teas in the areas adjacent to the
electrodes, Ill) Injection: by direct charge inject from the solid/liquid interface. These
three distinctive mechanisms for free space chgegeration can be exploited to create

induction, conduction and injection EHD pumpingeett [4].

For an isothermal single phase dielectric liquite tast two terms of Eq.(1) vanish and
EHD pumping operation requires the existence ofspace charge in the presence of an
electric field to produce a Coulombic force. Be@as induction EHD pump requires a

fluid non-homogeneity for its operation, it cantet utilized for isothermal single phase
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liquid pumping purposes. Therefore, there are tmty possibilities to produce free space
charge: ion injection and dissociation mechanisiois.drag pumps are based on direct
ion injection from a charged electrode surfaceh® liquid. As a main disadvantage,
these pumps cause degeneration of the working #adl its electrical properties, thus,
they are not reliable for long term operation [Z[he typical electrode life time in ion
injection pump was reported to be less than one [8juThe chemical reactions cause
serious electrode damages, which affect the stagd generation produced by the
micropump. In contrast, conduction pumping is basednteraction between the electric
field and charge carriers, which result from thesdciation-recombination reactions
around the electrodes submerged in a low condtctilielectric liquid. A similar effect
in liquids with high electrical conductivity, su@s electrolytes, is called electroosmosis.
The feasibility of conduction pumps has been prdeemon-isothermal liquids and two
phase flow applications [4]. Elimination of thealit ion injection and their operation in
both isothermal and non-isothermal dielectric lagumakes them potentially attractive in

many applications.

The conduction mechanism in weakly conductive diele liquids is a complicated
phenomenon. When a relatively small electric fi¢hetlow 0.1V/um) is established
between a low potential and a high potential etetgrimmersed in a dielectric liquid, the
ion injection is negligible, but the liquid impugs adjacent to the electrodes may begin
to dissociate. The process of dissociation of #gtnal species and recombination of the
created ion pairs can be schematically writterodewvis [5]:

I

A*B" A" +B” (2)

By increasing the applied voltage, but before rearisome threshold value of electric
field (approximately 0.1 V/um), the existing ionsiedto the dissociation of neutral
species experience strong enough electrical Couléonte, which concentrates the
positive and negative ions around counter-polarielettrodes. The concentrated ions
around each electrode form charge layers around.thEhe ion density distributions in
the dielectric liquid bulk can be determined on thesis of the conservation law of

neutral speciesThe attraction between the electrodes and the ebamgsults in a net



124

fluid flow from the blunt electrode towards the @lede having smaller radii of
curvature. The conduction mechanism in this regimemainly due to the ionic
dissociation and is referred to as EHD conductiamping. Further increasing of the
electric field (in the order of 10V/um, depending the liquid characteristics and
impurity concentration), results in ion injectionom the liquid/metal interface and
produces a reverse pressure. Beyond this thredheldpn-injection pumping mechanism

will be dominant [6] and the pumping direction éversed.

The concept of the charge generation through tksodiation phenomenon has been
known for long time [1], but the idea of using tipkenomenon for pumping dielectric
liquids is comparatively new [20]. Several thearati[6,17], numerical [12,15,18,19] and
experimental works [5,13,21,16] were carried oudetermine the feasibility of EHD
pumping through the conduction phenomenon. Infalhe previous studies, commercial
refrigerants R-123, R-134a and N-Hexane were inited as working fluids to a single
or multi-stage pump with the electrode spacinghm arder of millimeter and the steady-
state static pressure generation of the pump wasrndmed. Furthermore, several
geometries for high voltage electrodes were ingagtd to increase pressure generation
[21]. The initiation of a typical macro-scale cormtlan pumping for R-123 was observed

for voltages in the order of 5 kV DC.

The main motivation in miniaturization of the EHimps is to shrink the separation
between the electrodes in order to generate ansatelectric field over a small volume
of the working fluid even with reduced applied aglé for lab-on-a-chip applications. In
this article, an EHD micropump is referred to aidewvith an electrode spacing, d, in the
order ofd < 10~*m. Typically, scaling down an EHD pump electrode cépg from
macro- to micro-scale reduces the level of applieliage required for the operation as
much as one or even two orders of magnitude. TigrsEficant change in the operating
voltage eliminates the need for a high voltage paugply. Moreover, EHD pumping of
the dielectric liquids used for heat transfer, swh high Prandtl number liquids
(transformer oils), fluorinert dielectric liquid&@] with low boiling temperature and high

latent heat of vaporization, cryogenic liquids [3)d other commercial refrigerants,
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shows promising performance in recent advancedrgpglystems. Accordingly, scaling

of the EHD pumps to smaller sizes can be potewtatractive in microfluidic devices.

A survey of the literature for micro-scale EHD pwsrghows that the miniaturization of
ion drag pumps has been the subject of many imga&ins [28,33]. Bart et al. [7] and
Richter et al. [8] proposed preliminary designs darion injection micropump. Ahn [9]
studied an ion drag micropump with 30-mm channegtle and a planar electrode pair on
a glass substrate. Two different designs with emtbllector spacing of 100 and 200um
were fabricated. The device was operated in thgerah applied voltages between 20 and
130 V DC. Static pressure heads up to 200 Pa aVldfplied voltage was achieved with
100um gap spacing using ethylene glycol. Darakbi.dtL0] developed an ion drag pump
consisting of 50-90 pumping stages with 100 umtedele gaps fabricated on an alumina
substrate. They used HFE-7100 (3M Co.) as a dratesbrking fluid and obtained static
pressure heads up to 700 Pa at 300 V applied wlRgcently, several attempts were
carried out to find a suitable high resistivity erdl to protect the electrodes and
working fluid against oxidation and aging due t@ tlon injection at the solid-liquid
interface. Yang et al. [3] fabricated an ion dragnopump with indium-tin oxide (ITO)
as a material resistant against corrosion for teetrdes instead of using conventional
electrode materials, such as evaporated Cr/Au [MXre stable operation of the
micropump without visible damages of the ITO eledas was initially observed and
looked promising. However, in subsequent testslitadime of the electrodes at 15 V
DC applied voltage was only 6 minutes. This shdd-time of the electrodes and
deterioration of the thermophysical propertiesha working fluid due to the significant
electrochemical effects during the operation [ #re main disadvantages of the ion
drag micropumps and recently fewer investigatioasehbeen carried out to improve

such designs.

Although there have been these several attempgsaie@ down the ion injection pumps
and decrease the operating voltage level, there n@similar attempts to miniaturize the
conduction pumps mainly because they have beerogeapjust recently. Also, to the
best of the authors’ knowledge, few investigatitlase been carried out to match the

experimental results and the numerical simulatifoxsthe conduction pumping [14].
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Moreover, in all of the numerical and experimergaldies, the effect of conduction
pumping has been reported with only three dielediguids, R-123, R-134a and N-
Hexane [15, 17-21,16]. In the present work, anamisetric single-stage micro-scale
conduction pump in the vertical configuration wasigned, fabricated and tested using
three different working fluids: 10-GBN Nynas ande8tDiala AX transformer oils, and
N-hexane. At steady-state operation and in the redesef the fluid flow, the static
generated pressure and electric current of thecdevere measured at different applied
voltages. In order to find an estimate for the geagensity distribution and the electric
field variation in the micropump, and further vgrthe experimental results, a numerical
study based on the double-species bipolar conduatimdel was performed. The pressure
generation was predicted numerically and compairiédexperimental results at different

applied voltages.
5.2 Electrode design for a conduction micropump

In order to exploit charge carriers generated lgydbnduction mechanism for pumping
purposes, the electrode geometry should be designegerly to form an effective
hetero-charge layer. For conduction pumping, higttage electrodes are needed to
provide a large projected area perpendicular toflthe direction or pressure gradient
[21]. Moreover, in order to mitigate the ion injiest effect at the metal/liquid interface,
sharp edges should be avoided. If an imposedreldatld is applied to a pair of
parallel-plates, a hetero-charge layer is formegacat to both electrodes. The
Coulombic forces exerted on the heterocharge layeas both electrodes are balanced.
Therefore, net flow cannot be produced in this getoyn[6]. However, by implementing
some small changes in the configuration of theteddes, one may increase the projected
area and achieve a conduction pumping effect. kamele, the high voltage electrode
may have the form of a series of concentric anriked parallel to the planar grounded
electrode, which is immersed in a dielectric liquadsection of which is shown in Fig. 1.
Heterocharge layers, adjacent to each electrogefoamed and the non-uniform field
distribution near the high voltage electrode creadm attraction toward the upper
electrode. In this particular configuration, thelied component of the electric force

exerted on the hetero-charge layer is balancedtladxial component of the electric



127

force generates a pressure gradient, eventuallsircga@a net flow in the axial direction.

Since the electric field is more intense near tthges of the annuli, the thickness of the
corresponding heterocharge layer will be larger dredstatic pressure across it will be
high. Therefore, the flow direction in the micropoirs from the grounded electrode

towards high-voltage electrode.

O  Positive charge of
natural impurity

Negative charge of
natural impurity

Edge of hetero-charge
layer

‘ Electric field vector

I Pressure gradient vector

Figure 1: Qualitative description of electrode degn

In this study, the proposed conduction micropumps@is of four components: high
voltage electrode, grounded electrode, insulatacap and inlet/outlet ports. The printed
circuit board technology (PCB) was adapted to pattke electrode geometries for the
micropump. The PCB technology was recently implet@eno fabricate several devices
such as a magnetic fluxgate sensor [23], RF swi&&h and microfluidic devices [22,

34]. The schematic configuration of the high vo#tagectrode and grounded electrode of
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the micropump patterned on the two substrates aresepted in Fig. 2.

High Voltage
conhnection

Interconnection

Out port

[

/

Ground

Connection

"~ LCP substrate

-\-\-‘-‘"'\-\.
LCP substrate

Figure 2: Top view of (a) high voltage annulus elémdes and (b) grounded

electrode patterned on two separate substrates. (Nscaled)
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The high voltage electrode, shown in Fig. 2a, iesbf a series of concentric annulus
rings patterned on a commercial Liquid Crystal Bay (LCP) substrate coated with

copper cladding using standard lithographic tealesq

A total of 75 concentric annuli each 25um wide apdced 75um apart, were electrically
connected together. Considering the 75 ring strastwith a thickness of 30um as a high
voltage electrode provides the projected area pelipelar to the axial direction in the
order of 1cr. Furthermore, this radial symmetric electrode glesielps to minimize the
number of sharp points and edges, which are usaealtpuntered in a rectangular planar
electrode design, thus minimizing any undesiredinaction. A disc-shaped grounded
electrode was patterned on another piece of LCBtatb with the cladding using the
same technique. A 230um thick annulus LCP spacer wtiéized to position the two
substrates parallel to each other. In order to $eamicropump, a layer of resin epoxy
was used on both sides of the spacer. The finairspdetween the two electrodes and
the total volume of the fluid in the micropump wasasured to be d=286 pm and QL3
respectively. Comparing the electrode separatiorthed device ¢ < 0.3 mm) with
previous macro-scale design (d~2 mm), the currenice is expected to operate at one
order of magnitude smaller applied voltage. Tweniital holes on both substrates, 2-
mm in diameter, serve as inlet/outlet ports. Thtais of the geometry and dimensions
are shown in Fig. 3. The performance of EHD micraps is temperature dependent.
Temperature rise in the pumping volume can be ieduxy Joule heating of the working
fluid particularly at higher applied voltages. Téfre, one should be cautious about the
thermal effects which may significantly affect tperformance of EHD pump. For the
presented packaged device, since the total sudes® of the pump is comparatively
large (~60 crf) with respect to the total volume of the micropyrtife temperature rise
in working fluid is expected to be small. Therefarethe present work, the variation of
ion mobility, permittivity, and electrical conduetty of the working fluid due to thermal
effects was assumed to be negligible.
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r 1.0x107
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Figure 3: Details of packaged conduction micropump
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5.3 Experimental apparatus and procedure

The packaged micropump was investigated using tthifésrent working fluids. The two
transformer oils mentioned earlier were selecteel tdutheir low electrical conductivity.
Commercial grade Normal Hexane (N-hexane) was @gol and it was chosen because
it showed no significant pumping effect in the poexs macro-scale studies. Thel
characteristics and the magnitude of generatedsyresfor this micropump were
obtained for each of the different working fluidBhe electrical and thermophysical
properties of the fluids are tabulated in Table I.

Table.I Electrical and thermophysical properties of the working fluids used in this study at 296.7 K.

Dielectric liquid Density Viscosity Electric Permittivity Surface

p(kg/m®) v(cSt) Conductivity e(pF/m) Tension

Ooq % 10M2(S/m) (mN/m)
Shell Diala AX [27] 842.5 20.7 0.47 19.48 27
10-GBN Nynas [26] 860.6 11.44 0.5 19.46 31
N-Hexane [27] 659 0.4 63.9 16.82 18

The charge relaxation time of the dielectric ligugsed in this study is typically long.
Therefore, the mobility of ions [11], charge dewdlistribution, electric field variation
and resultant pressure of the device may be affdoyeeven a weak streaming of the
fluid. The vertical positioning of the micropumpadrled us to minimize the impact of
disturbance and to measure the static pressurgagemein the absence of fluid flow.
The grounded side of the micropump was positiortdgtieabottom of a bath of working
fluid and the HV side of the pump with the pattemeg structures was positioned at the
top.

The micropump was completely submerged in the hafthworking fluid and a
hypodermic syringe was used to fill it. A variatfle 3600 V DC power supply with a
resolution of 10 V was connected to the upper edeetto provide the necessary voltage
for the operation of the micropump. A microammet@s connected between the lower

electrode and ground to measure the electric curhenhe present work, only the static
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operation of the micropump at steady-state conulitias been investigated; therefore, no
mass flow rate measurement was carried out. Inrdaleneasure the generated static
pressure at different values of applied voltag&aasparent tube 2mm in diameter and
20mm long was perpendicularly connected to the pauatfet. After reaching the steady-
state condition, the column of working fluid isaaposition where the electric body force
is balanced with the weight of the column. Both todumn rise due to the capillary
action and conduction pumping were measured fdergiht working fluids at different
applied voltages with a CCD camera. Before startthg image processing, the
measurement system was calibrated using an extajedt with known sizes. Its size in
pixels, both in vertical and horizontal directiomgs obtained at a specific focal length.
In order to minimize the optical aberration, thguid column is adjusted to be at the
center of the image. A MATLAB code was used to arthe number of pixels directly
to the liquid height and static pressure. In oftdefind the net liquid column rise due to
EHD conduction pumping, the experimental colume dsie to the capillary action was
subtracted from the generated head fdaerateda —he). The total static pressure
generation was calculated from the equaRon pgH.The measured column rise due to
the capillary action was approximately 2mm, 3mngd arbmm for N-hexane, Shell Diala
AX and 10 GBN Nynas, respectively. In order to fyethe experimental observation of
liquid column rise due to the capillary forces, theight of liquid was calculated for a

narrow tube from the relation = 2y/ ogr , wherey is the surface tension aridis radius

of the tube. The comparison showed consistencydmtvexperimental observation and

the formula with+0.5 mm difference.

The experimental uncertainty of the calculated gues generation was mainly due to the
column level measurement. Although the conductieesgure generation relies on the
electrical and thermophysical properties of the kway fluid, which may vary
significantly with small changes in concentratidncontaminants, in the present study,
the numerical values of these properties were pbthfrom the literature (Table 1).The
uncertainties associated with the measured parasnate summarized in Table Il. The
electrical permittivity of other materials usedtims study is presented in Table IIl. Each
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experiment was repeated three times to ensuresffeatability of experiments and error

bars are affixed to all the data in the graphsepresl.

Table. II Uncertainty of each quantity which was measured in the present work

Measurement x; U,.
Parameter(x,) '
T 296.7 K +0.1K
A" 286-1500V +10V
I 0.5-15 pA +0.5 pA
d 2.86X 10™*m +2x10"°m
H 1-33 mm +0.7 mm

Table. IIT Electrical permittivity of materials

medium Permittivity
g(pF/m) [30]
Air 8.85
Liquid Crystal Polymer 24.78
(LCP) 31.86
Resin epoxy

5.4 Numerical analysis

In this study, the system of governing equation$orsnulated based on the previous

assumptions [12]. The electric fieIE,*, around the electrodes, which is responsible for

the charge generation, is distorted by the net ¢hmrges,pcu, in the dielectric liquid

and is governed by Poisson’s equation:

O7E =Cop,” ®3)
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where:

(4)

p.” = p?-n" and E” = -0%"
p* andn” are positive and negative charge densities, réspbc

The charge transport equations of positive andthegeharge carriers for the simplest

conduction model [5] are:
DDEé pE'E’: —aDDij = 2C0(1— thE') (5)

-0 EénDE + aDEhDj = 2(:0(1— thD) (6)

G in Egs.(5) and (6) is a non-dimensional conductmarameter which can be
interpreted as ratio of charge relaxation time=¢/0, to charge transit time=d/bE,

Co :—T=(neqdz)/(sv):(aeqdz)/(Zbe\/)%. The subscript eq indicates thermal equilibrium

condition. The momentum balance equation can beeegpd as:

~0"P"+Cyp, E" +p"g" =0 (7)
wherep* and P* are dimensionless mass density and the generadssiupe, respectively.

The definition of the dimensionless parameters appg in the above equations are

(8)

N
1
Q.|N
o|<|m
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The diffusion coefficient in (5) and (6) is equal tebDv :gzﬁ.

The order of magnitude analysis shows that the ribation of the hydrodynamic
convection and diffusion terms are negligible coredawith that of the electric body
force at steady state condition and static operatibthe device. This assumption is
consistent with the previous numerical model prepoby Atten and Yagoobi [5], and
Jeong et al. [12]. Therefore, the charge convedgoms in (5) and (6) can be neglected.

The applied boundary conditions are summarizedaiold |V.

Table. IV Summary of boundary conditions

HV electrodes ground electrode | truncating boundaries | liquid/solid interface axis of symmetry
e =1 P =0 p =0 e Vops —gni- Vo, =0 3(,0”_0
are
p =0 n =0 n"=0,p"=0 A-Vp*=#-Vn" =0
ap” an"
n-Vn =0 a-Up =0 Continuous potential: FIEa 0, ar 0
P =

An unstructured triangular mesh with increased nubshsity in the area of the intense
electric field around the high voltage electrodes @ the hetero-charge layer region
around the grounded electrodes was used. In aoderdure that the numerical results are
independent of the computational grid, a grid destsi analysis was performed for
different working fluids at different applied voffes. The criterion for the grid
independency analysis was that the total pressanergtion calculations were to be

constant to the second decimal.
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5.5 Results and discussion

Fig. 4 shows a photograph of the micropump subntergea bath of 10-GBN Nynas
transformer oil during its operation. By increasititge applied voltage and before
reaching the steady-state conditions, the electricent passing through the micropump
increases and a liquid column rise is generatedervertical direction. In all experiments
before reaching steady-state conditions, the dmecof the net flow was from the
grounded (blunt) electrode towards the high voltateetrode, which confirms that the
current micropump predominantly operates basedomdwction phenomenon. It takes a
few seconds, depending on the magnitude of appidihge, to reach the steady-state
conditions. At the steady state conditions, thetelecurrent of the micropump shows no
measurable fluctuation and the liquid column risethe capillary tube remains static.
Both the electric current and static pressure ggiogr measurements presented in this

paper were performed at the steady-state conditions

The presented device was tested at 1500VDC for lzol4 continuous operation and the
static generated pressure and electric current werdtored frequently. No appreciable
change was observed in the pressure and electrientwduring the time. This suggests
that the chemical reaction in the electrode/ligotérface due to the direct ion injection is
not appreciable and the electrodes remain relgtiveichanged during this period.
Comparing the direct ion injection micropump andnawaction pumping, one can

conclude that the conduction micropumps are rentdykieliable and suitable for long

term operations.

By increasing the applied voltage, the current ugto the conduction micropump
increases. Fig. 5 shows&| characteristics for the micropump with 10-GBN Nyrend
Shell Diala AX transformer oils. At the fixed gapaging between the electrodes of
286um, the level of applied voltage for initiatiohthe conduction pumping is reduced to
a few hundred volts. Changing the working fluidulés in only small variations in the

V-l characteristics, because the electrical propesfitisese two fluids are very similar.
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Figure 4: Demonstration of the column rise for a coduction micropump in a bath
of 10-GBN Nynas transformer oil at V=0 (a) and V=180 VDC applied voltages (b).
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Figure 5: V-I characteristics for conduction micropump measured for two different

working fluids.

The numerically calculated equipotential lines tloe conduction micropump submerged
in the bath of 10 GBN Nynas transformer oil areidiegl in Fig. 6. Potential difference

between two adjacent lines is 50V. The equipotetiti@s are distorted by the charge
distribution near to the electrodes and they amsesl to each other adjacent to the high

voltage and grounded electrodes.
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Figure 6: Distribution of equipotential lines of micro-scale conduction pumping
calculated for 10-GBN Nynas at 1500 VDC applied vtdge. Potential difference

between two adjacent lines is 50V.

The solution of the charge transport equationsdgighe spatial variation of charge
carriers. Fig. 7 shows the numerical results ferabncentration of positive and negative
charges at 300 and1500 VDC applied voltage witlGBN Nynas transformer oil as the
working fluid. Because the thermophysical properté the two the transformer oils are
very similar, the distribution of charges for ShBilala AX is not presented. It can be
seen that the hetero-charge layers extend intoeethie gap spacing at both lowest and

highest applied voltages.

Figure 8 shows the electric field distribution beem the electrodes for 10 GBN and N-
hexane. The integration of electric field alongiwen path between the two electrodes
should be equal to the electric potential diffeesM; because the applied voltage is
constant. Therefore, the model predicts electeltfenhancement in the whole space
over the electrode gap especially adjacent toldaredes due to the existence of charge

excluding a depression in a narrow band in theliguim region.
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Figure 7: Calculated positive and negative chargeanhsities in micro-scale

conduction pump with 10GBN-Nynas oil transformer.
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Figure 8: Axial electric field in micro-scale condwtion pump calculated for different
working fluids.
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A much smaller enhancement of the electric fieldrr®oth electrodes can be observed

for N-hexane due to its lower concentration of glear
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Figure 9: Comparison of calculated and experimentastatic pressures for

conduction micropump using 10GBN-Nynas oil transfomer.

The comparison between the numerical results apdrarental pressure generation for
10-GBN Nynas as the working fluid is presented ig. ®. The conduction pumping
effect was started at the average field strengttVdfim and a maximum 101 Pa pressure
was achieved at the average field strength of Y2AV The comparison between
numerical prediction and experimental results foespure generation shows a good
agreement with an average 8% deviation. The nuadergsults fall in the band of
experimental uncertainty except at highest appligtage. It is of interest to note that at
1500 VDC the pressure generation of the devicevesestimated. This corresponds to
the average field strength of 5.24 V/um, a conditidhere the ion injection phenomenon
may produce a back pressure, reducing the presgemerated by the conduction
micropump. This interpretation is confirmed whenidtrealized that the local field
strength around the high voltage electrode is apprately twice as that of the average
value of field strength and is in the order of theoretical threshold, 10 V/um, where ion

injection can occur.
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Figure 10: Comparison of calculated and experimentastatic pressures for

conduction micropump using Shell Diala AX oil trangormer.

Figure 10 shows the comparison between the expetahand numerical results for the
pressure generation of the micro-pump using ShaleDAX indicating a good agreement
with an average deviation of 12%. Similarly to t@GBN Nynas, the numerical model
overestimates the pressure generation. Compdrmgumerical results of the pressure
generation in micro-scale for 10-GBN Nynas and Sbé&la AX shows that there is a
small difference between the experimental and nigaleresults. The main reason for
this difference is believed to be the uncertaingsogiated with the ion mobility
calculation. In this study, the ion mobilities oegative and positive charges were
assumed to be identical and calculated based omléial rule, which relates the ion
mobility to dynamic viscosity. Referring to the thephysical and electrical properties
of these two working fluids shows that the eleetriproperties of the fluids are very
similar, whereas there is appreciable differendevéen their dynamic viscosities and ion
mobilities. It should be noted that the dynamiccemty of both transformer oils are
exponential function of temperature and small cleang temperature may significantly
change their viscosity and ion mobility [24,26].should be noted that in the present

numerical analysis, the field enhancement coefiicieas assumed to be negligible. This
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assumption is particularly valid at low-field reg@s(E<4 V/um). However, it was shown
that neglecting the field enhancement coefficiemtdven moderate electric fields (4-6
V/um) still provides good agreements between expamial and numerical pressure
generation [6].

By submerging the micropump in the bath of N-Hexane applying the voltage, an
electric current was measured, but no appreciatdsspre generation was produced. A
similar effect has been reported in the literaforea macro-scale conduction pump with
N-Hexane as working fluid using various configunas of the electrodes [5]. Because of
its shorter relaxation time, thicker hetero-chdeyer and the associated enhancement of
the electric field in the gap, one should expeghbr numerical pressure generation for
N-Hexane based on the thermophysical propertieglatdsl in Table. I. However, N-
Hexane is proven to be particularly sensitive te #ifect of contaminations and the
electrical conductivity of values on the order &flto 10" (nine orders of magnitude
difference) can be found throughout the literaffi#;,@5,31]. Implementing the tabulated
value of conductivityp=63.9x10"* S/m, agreement between experimental and numerical
pressure generation cannot be achieved. In ¢od&tain agreement, a numerical value
of 6=1x10" S/m for electrical conductivity of N-Hexane musé fassumed. The
dimensionless positive and negative charge dessidied the electric field were
calculated and shown in Fig. 11. The charge distioln is very similar to that of 10-
GBN Nynas, but the N-hexane charge distributiorfileras more diffusive due to its two
order of magnitude higher ion mobility. Assuming thumerical value for electrical
conductivity 6=1x10'? S/m, the thermal equilibrium charge density forhé&kane,
Neq=4.17x10° C/n?, becomes two order of magnitude lower thagh91x10'C/m’ for
10-GBN Nynas. With this assumed value of electrimahductivity for N-Hexane the
numerical solution predicts pressure generatiormiiab.1Pa at applied voltages up to
1500 kV, which is consistent with the experimerdbbervations of negligible column

rise.
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Figure 11: Distribution of positive and negative clrge densities in micro-scale
conduction pump calculated for N-Hexane.

A typical distribution of charge density over thacro-scale gap for a given dielectric
fluid spacing slightly differs from that of macreae spacing. By increasing the applied
voltage, the weakly conductive liquid around thect&lodes experiences the bipolar
ionization and heterocharge layers develop. Byhtirtincreasing the electric field
strength, the heterocharge layers extend overrtie@ap spacing. Generally, at macro-
scale the gap is larger than the thickness of @ierbcharge layer. The conduction
parameterC,, determines the regime of charge concentratiomilolision. The different
regimes of heterocharge layer distribution are destrated in Fig. 12.

In order to show the impact &, on the charge distribution patterns, the growthhef
heterocharge layer is qualitatively demonstratediféérent scales o€, for macro-scale
gap spacing (Figs. 12a and 12b) and for micro-sgafe spacing (Figs. 12c and 12d).
The conduction parameter is a function of the dledield strength, thermophysical
properties of dielectric fluid and the square afotlode spacing. By decreasing the gap

space from order of centimeters to micro@gpecomes very small. Thus, depending on
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the dielectric fluid properties, the heterocharggets around the opposite polarity
electrodes extend to the gap spacing and no deéngquilibrium region can be
identified. For the operating voltage of 300-1500,\the C, varies between 10<
Co<10° for transformer oils and 1x¥0< C,<5x10° for N-hexane. Therefore, the
operation of the device falls in the regime depldte Fig. 12d. Moreover, by shrinking
the distance between the electrodes, the requinkdge to initiation of the conduction
pumping effect decreases. Because the diffusiofficeat is inversely proportional to
the applied voltage, it becomes one or two ordenafnitude higher for the micro-scale

device.

It should be noted that the theoretical static wes generation obtained for a macro-
scale conduction pump overestimates the resultatic spressure generation of the
micropump. The quadratic relation between the presgeneration and the electric
field, P = 0.85eV2/d?, was derived by Feng and Yagoobi[6] for a conauctpump
with macro-space separation between the electrodesei<<d. This cannot be applied
for the device tested here with micro-scale gamisga wherej is in the order of ~d.
This equation can be applied only for the condunctiacro pump, where the thickness of
the heterocharge layer near the electrode is sm(allanuch smaller) than the electrode
spacing (see Fig. 12 -a). In the present conduaticropump with an electrode gap
spacing in the order of few hundred microns, thedoeharge layers, formed around two
opposite charged electrodes, extend to the erdjpesgacing (compare Fig. 12 -a and 12-
d). Therefore, the theoretical analysis based a@n dimplifications due to the small
heterocharge layer thickness is not applicablehéopresent study. Furthermore, in the
previous theoretical model, it has been assumet itma diffusion has a negligible
contribution in the carrier transport process. Adatg to the discussion given by Atten
and Yagoobi [5], the ion diffusion term should b&en in to account far < 2500 VDC.
Therefore,P = 0.85¢V2/d? cannot describe the static pressure generatioricab-scale

gap spacing with heterocharge layers extendecettetigth of electrode separation.
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Figure 12: Space charge density and electric fielth macro- and micro-gaps and (b)-
impact of space averaged conduction parameter on rimation of hetero-charge
layers in parallel plate geometry filled with a lowconductive dielectric liquid, (c)
Extension of hetero-charge to the length of gap spang for micro-scale gap spacing
in parallel plate geometry filled with low conductve electrodes at comparatively
lower applied voltages, (d) hetero-charge extensiolor micro-scale gap spacing in
parallel plate geometry filled with low conductive electrodes at comparatively

higher applied voltages.
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5.6 Conclusions

In the present work, an axisymmetric EHD conductioitropump with 286um gap

spacing between electrodes was proposed. The micnopvas tested in the vertical
configuration with three different working fluidswo transformer oils and N-Hexane.
The static pressure generation due to the conduptionping was measured at different
applied voltages. As an important result, the atibn of conduction pumping was

reduced to 300 VDC applied voltage, which is orgeonof magnitude lower than that of
the typical macro-scale conduction pumps. In otdererify the experimental results, the
2D axisymmetric model of the micropump was devetbpased on a double species
conduction model. The static pressure generati@rs walculated and compared with the
experimental results in steady-state static opmra#it different applied voltages. The
numerical static pressure generations of the dearfeegenerally in a good agreement
with the experimental data except for an overegtonaat 10 V/um local field strength

(1500 VDC). This overestimation is believed to leated to the reversed pressure
generation due to the initiation of the direct imjection at the corresponding field

strength threshold predicted by the theory.
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Chapter 6
Spreading of a dielectric droplet through

an interfacial electric pressure

6.1 Introduction

Spreading of a liquid droplet over a solid surfagamportant for a wide variety of
applications, such as coating and deposition pease$l-3], spray cooling of heated
surfaces [4,5] and thin film evaporation [6]. Thetiee control of the droplet deposition
process is still challenging and the current teghes highly depend on the fluid
properties and surface condition. The conventiava} to increase the spreading ratio of
a droplet is to increase the impact velocity. Hogre\nigh speed impact causes some
drawbacks, such as non-uniformity of the resulfing thickness, micro-satellite droplet
formation due to violent breakup, and recoilingtrebding phenomenon. In most of the
listed above applications, the droplet spreadinacgss needs to be uniform since the
non-uniform film thickness leads to other complicas [7,8]. Moreover, preserving the
contact between the resulting liquid film and thaids surface during the spreading
process leads to efficient deposition with reduneaterial wastage and environmental
pollution. Therefore, new methods are demandedntamce the deposition efficiency

and mitigate the drawbacks of high speed dropleairh

The corona discharge process has been found tal@ntageous for several scientific
and industrial applications. It creates a partiadlyized gaseous medium with free space
charge carriers drifting towards a grounded elelg@rd hese free charge carriers can be
deposited as surface charge on the targets. Althahig corona discharge has been
extensively applied to create net motion in gaseoedia, little effort has been expended
to obtain a net flow in dielectric liquids. Recentperpendicular corona discharge was
applied to liquid/vapor interface to investigate m@ew type of interfacial
electrohydrodynamic instability, which is so-callemse-window instability [9, 10]. The
dielectric liquid was placed in a container andrgkacarriers injected through the

gaseous phase towards the dielectric interfaceguairhigh voltage corona needle



152

electrode fixed at some height above the liquidfase. The surface charge density
accumulates on the interface and creates stromtyiedd pressure, so that the thickness
of dielectric layer locally reduces. Subsequertthg electric field in the thin film region
increases and the surface charge easily migratethégoground electrode due to
conduction phenomenon. The charge migration mégaéhe electrical pressure and the
local thickness of the liquid film increases. Theogess is resumed by charge
accumulation over the interface and rose-windowtalniity patterns are generated.
Although several experimental and theoretical tsidiave focused on understanding the
interaction of corona discharge with dielectric uid) interface and the induced
instabilities [11, 12], no effort can be found iitetature to generate a net pressure

gradient through interfacial corona discharge expas

In the present work, a new technique for forceckaging of a dielectric droplet over a
conductive substrate is proposed. In order to geeex strong enough electrical pressure,
the droplet interface was exposed to a corona digeh The interfacial electrical
pressure resulting from the ion deposition on tig@id/vapor interface was used to
actively control the liquid film spreading process.order to understand the physics of
spreading in the presence of corona dischargenpliied mathematical model based on
theoretical postulations is proposed. In this motled dynamic expansion of the droplet
is correlated to the corona discharge parametdrgsiqal/electrical properties of the
dielectric liquid and gaseous medium, in which thecharge occurs. The theoretical
postulations of the mathematical model were vatiftarough further demonstrative
experiments. A comparison between theoretical ptietis and measured spreading

dynamics is provided.

6.2 Experimental setup and procedure

A schematic view of the experimental setup is shawhig. 1. In order to develop the
perpendicular corona discharge, a universal fittintdh a precise adjustable mechanism

was constructed. This fitting was electrically ilsdad and connected to a XYZ holder.
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The position of the substrate with respect to tigh lvoltage electrodes was adjusted

using a laser pointer and the XYZ holder.

Before applying corona voltage After applying coronavoltage

v-0 ——@

Hypodermic needle Extended light 4
source :

Optical diffuser

Substrate Oil droplet

Expanded film

Thin film interferogram

Figure 1. Schematic view of the experimental setupnd a sample of Fizeau fringes

observed after 6min (a) and 60min (b) corona dischige exposure.

In order to confirm the pivotal role of the ioneéation process due to corona discharge in
the film spreading phenomenon, two sets of experimevere performed with two
different electrode configurations (i) parallel tglageometry and (ii) needle-plate
geometry. For parallel plate electrode experimeatsyirror finished stainless steel disk
was chosen and all the sharp edges, includingitheof electrode, were rounded and
fully finished to minimize the back corona dischargor needle-plate experiments, two
standard hypodermic needles, 15g and 229, weretsdlas emitter electrodes. The inner
and outer diameters for 15g were 1.37 mm and 1.83 mespectively. For 22g, the inner
diameter was measured to be 0.41 mm and the owateeter was 0.72 mm. The length
of both needles was identical and chosen to be #0 Tie tips of needles were cut off
perpendicularly to their axis with a laser cuttdn particular irregularity in the needle

cross section was found after the preparation ggoce
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The needles were connected to a positive polafitg dc high voltage power supply
(Spellman Model: SL-600) and the substrate was rgted. The unipolar ion injection
strength was controlled through variation of th@legal voltage using these two emitter
electrodes. Since oxidation due to the ozone g@omranay affect the sharpness of
electrodes, th&-1 characteristics for both needles was monitore@ ddrona discharge

characteristics for these emitter electrodes wasddo be stable during the experiments.

The substrate was a mirror-finished stainless stieé. In the present study, silicone oll
was chosen to be the main dielectric working fluithe dielectric droplet was gently
deposited on the grounded substrate using a michoge. A few additional qualitative
experiments were performed using glycerin, deiahi@@ter and solution of silicone oil

with different concentrations of di-2-ethylhexyldom sulfosuccinate (AOT).

The initial size of the deposited droplet,, was evaluated by converting the droplet

weight to its equivalent spherical size. Dropleithvdifferent sizes were obtained using
the two different hypodermic needles and with vasionjected volumes. It should be
noted that immediately after the droplet deposjt®wmme spontaneous spreading occurs
due to its own weight and capillary effects. Thidgconds after deposition, the high
voltage power supply was switched on and the dtaplelution was recorded using a
digital camera (SONY DCR-SX43) at 30 fps. A typicat of photographic sequential
frames for a silicone oil droplet shown in Fig. 2{@ere used to plot the dynamic
evolution of the film diamete(t) (Fig. 2(b)). The measurement system converts the
number of pixels directly to the dimensions of #pgeading film. In order to check the
uniformity of expansion, the film diameters wereasared at different peripheral angles.
D(t)

(o]

The non-uniformity of the measured droplet spregdiatio, g = , hever exceeded

1%. In order to diagnose the onset of any intealas&formation due to the ion injection,
an additional optical system including a laser beard photodiode detector was used.
For a fixed incident angle, any changes in the aniangle simply produce a detectable
electric signal. All the experiments were repeatdtilee times to ensure the

reproducibility of the experimental data.
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Figure 2: Typical photographic sequence of a siliee oil spreading process on a
mirror finished stainless steel grounded substratein the presence of corona
discharge (a). Typical evolution diagram obtained rom the above photographic
sequential frames (b). The corona discharge emitteglectrode was 15g hypodermic
needle separated 40 mm from the grounded substrat&he initial diameter of the oll
droplet was 3.78 mm. (c) Figurative explanation ofhe dielectric liquid spreading
phenomenon in the presence of corona discharge.
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6.3 Results and discussion

In order to prove that interfacial charging is m@sgible for the spreading phenomenon,
we studied the spreading behavior of a siliconedodplet in a uniform and strong
electric field in the absence of ion injection. T\warallel disks with smooth rounded
edges enabled us to achieve high electric fieldecltm the air breakdown limit with
negligible ion injections. For this extreme caségve the principal radii of curvature of
the high voltage electrodes tend to infinity, moriitg the oil droplet shape using laser
diode and photodiode detectors showed no noticedialrge in its surface or the contact
line. The range of applied voltage was 0 to 40 lcvadd no measurable electric current
was recorded during these experiments. This shioatghe Laplacian electric field in the
absence of corona discharge yields no changesr eithgroplet shape or contact line
position. Therefore, the electrical pressure gdmeralue to the permittivity and static
field difference across an air/dielectric liquidarface does not influence the deposited
droplet shape. However, by introducing a seriesnafi-grooves on the high voltage
electrode and repeating the experiment, a weakneadscharge was established between
the parallel plates and a noticeable electric curirethe order of ~0.uA was measured
at the highest possible applied voltage, which @lase to the breakdown limit. At these
conditions, a minor depression on the droplet fater was detected. These observations
suggest that the spreading mechanism is governetbrbydeposition on the droplet
surface. In order to obtain significant film spreey] one should locally enhance the
strength of ion injection to create localized saef@harge density and electric field on the
droplet interface. The needle-plate configuratiaswadopted to provide more significant
spreading.

The typical evolution of a silicone oil droplet edged to the corona discharge (applied
voltageV=15 kV and total corona current bf15 pA) is shown in Fig. 2(b). It can be

observed that the droplet is squeezed to a parstalqge and spreads axisymmetrically in
the radial direction. The expansion process isaumfand the spreading ratio increases

monotonically with the discharge exposure time.
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It is noticeable that the evolution process inveli@o distinct regimes: short and long
time. In the short term evolution (for t<10 s), whiie ratio of the film diameter to the
film thickness is moderate, the spreading proceenty rapidly, but its rate decreases
quickly with time. For the long term exposure (frl0 s), as the diameter of the
squeezed droplet increases and the liquid filmktiess dramatically decreases, the

spreading rate becomes significantly slower.

The mechanism of droplet spreading in the presehaipolar ion injection is rather
complicated. A figurative explanation of the spriegdmechanism is shown in Fig. 2(c).
The electric charge carriers are generated dubedotcally intense electric field. The
charge cloud drifts towards the liquid layer anduyrded electrode. The surface charge

density, p, , accumulates over the liquid interface untilsymptotically saturates. Under

the quasi-steady state conditions, the suppliednaigtlated charges reach equilibrium.
The normal component of the electric field produees interfacial electrophoretic

pressure,p.E, acting towards the substrate. This electric pnessresulting from the

surface charge/electric field interaction, creatamiform pressure gradient in the radial
direction. The net visible effect of this phenomen® the axisymmetric radial spreading
of the droplet. This hypothetical explanation of tepreading mechanism will be

discussed through various experiments in this paper

In order to investigate the effect of ion injectistiength on the spreading process, two
different hypodermic needles were used to credferdnt corona currents at the same
gap spacing. Fig. 3 shows a comparison betweeWheharacteristics obtained for the
modified 15g and 22g hypodermic needles v8t#25 mm electrode gap spacing. Since
the sum of the two principal radii of the coronaattode curvature affects the strength of
ion injection and corona current, thél characteristics of both needles at a given
electrode separation are different. It should beohat the/-1 characteristics does not
show measurable changes in the presence and alifent@n dielectric film. Therefore,
Fig. 3 represents universdtl characteristics for all experimental data presgmethis

paper.
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Figure 3: V-l characteristics of needle-plate geomegy using 15g and 22g

hypodermic emitter electrode with S=25 mm gap spaeg.

Figure 4 shows the dynamic evolution of a large ardlium silicone oil droplet in the
presence of corona discharge for both the 15g a@gchgpodermic needles. According to
Fig. 4, a significant expansion can be achieved5akV applied voltage using both
needles. Comparing the corona characteristics Hese needles at the same applied
voltage and electrode gap spacing, one can ndtatetie corona current becomes almost
double when the 22g electrode is used. Therefaiagua fine needle at a fixed applied
voltage leads to a higher electric field, increagedinjection strength and thus a larger
corona current, which corresponds to a larger aataterfacial charge accumulation and
droplet spreading ratio. As it was shown before, shreading process for both needles
has two distinct regions, (i) rapid expansion &t lleginning of discharge exposure and
(i) long term evolution, which is remarkably slowelhe experimental observations
revealed that the fine emitter needle, 229, gigesdef expansion rate in both regions,

while the coarser needle, 15¢, results in a lowtr of expansion.
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Figure 4: Dynamic evolution of medium (@=2.6 mm) and large (B=3.8 mm)
silicone oil droplets in the presence of corona dibarge atV=15 kV. The electrode
separation in both cases wag=62 mm. The corona currents for 15g and 22g are 7.5

MA and 13 pA, respectively.

6.31 Effect of electric field strength

The effect of electric field strength on dropletesaling dynamics is shown in Fig. 5. The
electrode voltage was kept constavit15 kV) during the experiment and the electrode
spacing was varied between 25 mm to 62 mm. Asnitbeaseen in Fig. 5, decreasing the
electrode separation results in faster spreadinggss. Here the enhanced electric field
increases the current, elevates the rate of ii@tfaharging, produces higher electrical
pressure and increases spreading rate. Howevee &n the reduced gap spacing, the
effective region of discharge (corona cone) becomasower, the electric field and

surface charge deposition is more concentratechdrtwe center region (Warburg'’s law

[13, 14]), and weaker at the rim of the film [13herefore, it may be expected that the
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corona discharge at reduced gap spacing leads l@ssa uniform expanded films.
Qualitative observation of Fizeau interferogramsifcmed that for the larger gap
spacing, the fringe patterns become more reguldmamore uniform film spreading was
obtained. Furthermore, for the smaller electrodeassions $25 mm), the random
irregularities of the high voltage emitter eleceoand its associated non-uniformities in
electric field presumably become of increasing ingrace and the resulting film is more

likely to be non-uniform.

D (mm)

¢ —<&—— S=25mm,|=36 HA
30 I: — @& — S=40mm ,|=23 HA
) ----@---- S=62mm ,I=13 HA

L L L L I L L L L I L L L L I L
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Figure 5: Dynamic evolution of large silicone oil doplet (D,=3.8 mm) in the
presence of corona discharge for various gap spags. The emitter electrode was

22g needle and its voltage was kept constant at &'G.

6.3.2 Effect of droplet size and electrical conductivity on the
spreading process
Figures 6 and 7 depict the dynamic evolution ofptets with different sizes at different

electric field strengths. Since the capillary léngt. =./o/pg , is approximately 1.5 mm,

droplets with initial sizeb,>3 mm can be classified as large droplets. In order to
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investigate the effect of droplet dimension, smatledium and large droplets were

generated and expanded. The spreading ratio @frdift size droplets falls approximately

on a universal curve for both electric field strérsy This means that the spreading rate in

the presence of corona discharge is not sensibivibe droplet volume. Later, we will

revisit this experimental observation analytically.
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Figure 6: Dynamic spreading ratio of silicone oil doplets with different initial sizes
in the presence of corona discharge/E15 kV, =13 pA ,S=62 mm).

In order to investigate the importance of the ptaisproperties of the dielectric liquid,

such as electrical conductivity and viscosity s@dditional demonstrative experiments

were performed. To increase the electrical condlitgtdf silicone oil from 5.5x18 S/m

to ~5x10° S/m, a solution of silicone oil and 1@nol di-2-ethylhexyl sodium

sulfosuccinate (AOT) was prepared. When using 22cfr@de atv=15 kV, 1=23 HA,

S=40 mm, only a minor depression over the dropletrface was observed, but the

droplet contact line remained unchanged and nadprg was recorded.
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Figure 7: Dynamic spreading ratio of silicone oil doplets with different initial sizes

in the presence of corona discharge/E15 kV, =23 pA ,S=40 mm).

The minor depression of interface at the centeioregan be an indication of a slight
electrical pressure, which weakly affects the seomeuctive liquid interface. Repeating
the above experiment using silicone oil solutiothwlio> mol AOT (~1x10° S/m), one
can obtain very slow film spreading. As shown ig.R, the spreading rate in both short
term and long term regimes is significantly slowlean that of pure oil with the same
corona discharge parameters. These observatiofisncdhe effect of elevated electrical
conductivity on scaling down the electrical pressgeneration and reduced rate of
spreading explained earlier. The same experimestrepeated with a glycerin droplet,
which has a viscosity one order of magnitude higi@n that of silicone oil and its
electrical conductivity is near the conductivity 88> mol AOT solution. The corona
discharge at 15 kV showed no change of glycerirplétointerface. However, after
increasing the applied voltage to 18 kV, a simiamor interfacial depression was
detected and contact line position was slightlyngesl. For an extreme case, where the
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liquid is electrically conductive (water droplegyen the strongest corona discharge

showed no measurable interfacial distortion.
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Figure 8. Dynamic spreading ratio of silicone oil cbplet and drop of silicone oil with
surfactant in the presence of corona discharge/€15 kV, =23 pA ,S=40 mm). Open
circle-symbols represent the dynamic evolution ofilkcone oil solution with 0.01 mol
surfactant (electrical conductivity 6~1x10° S/m) and squares are for silicone oil
(6~5.5%x10° S/m).

As observed with the glycerin droplet, both eleakiconductivity and viscosity of the
liquid play important roles in determining the spifang rate of a film exposed to the
corona discharge. All of these evidences confirra #ffect of elevated electrical
conductivity on scaling down the electrical pressgeneration and reducing rate of

spreading as postulated earlier.
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6.3.4 Mathematical model

In order to understand the spreading mechanism,htltgodynamics of the droplet

distortion in the presence of corona discharge smaplified to the classical Stefan’s

squeezing flow of a fluid between two parallel digkrough an external force [16]. An

analogy between the current problem and classigakeze flow can be made by
replacing the external mechanical pressure withelleetric pressure (see Fig. 9). One
minor difference is the boundary condition imposedthe droplet interface. For the
classical Stefan problem, no-slip conditions arpliad over both plates, whereas in the
current problem the boundary conditions at therfate can be primarily assumed to be
free boundary conditions (stress free boundarye Ruthe symmetry of the squeezing
flow between parallel disks, all other aspects othbproblems can be considered

identical. The simplifying assumptions are as foko
1 — the film thicknesg(t) is uniform in the radial direction,

2 - according to the approximation normally assumnedbrication theory, the spreading

process is quasi-steady [17],

3 - the electric pressureg,E, is uniformly distributed over the liquid surfae®ad is

treated as an external pressure exerted on thd hi¢a interface.

4 - all the edge effects, including the effect offace charge migration from the contact

line to the ground, are neglected,
5 - convection terms are assumed to be negligible,
6 - the inertia effect is important for large dregsl only in short time evolution,

7 - in the first approximation, the effect of swdatension and droplet interfacial

curvature are assumed to be negligible,

8 - the electrohydrodynamic instabilities due te srface charge are neglected,
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9- the film thickness was assumed to be very swidli respect to the gap length during
the evolution process. However, the corona disehakgr the interface was assumed to
be strong enough, so that the current density chalog to the film thickness variation
becomes negligible. Applying both conditions, theplicit current density expression
presented in [18] is reduced to well-known Mottteasly-state space-charge-limited

conduction [19],

10- the electric pressure has two components.l€ptiec pressure due to the surface
charge (electrophoretic component) and (ii) elegbriessure due to the interfacial jump
in 12s£2  (dielectrophoretic component). According to thieservations, since the

electrostatic field in the absence of ion injectidoes not influence the interface, the

dielectrophoretic component was neglected,

11- the main voltage drop is assumed to occurrigap. Since the liquid layer is thin, the
voltage drop across the dielectric film is assuntede small with respect to that of

electrode spacing.

E —

WL

SN N

F
Figure 9: The similarity of the investigated probkem to the squeeze flow between

two parallel disks (Stefan’s classical problem).

The Stephan’s equation for squeezing flow assunaingpnstant forcd=, Newtonian
liquid of viscosity u and a constant volurxig and partially filled between two parallel

disks with separatioh is as follows [20]:

3w h
P2t M
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The differential Eq.(1) has been obtained fromdineplified lubrication theory for quasi-
steady state neglecting the inertia effects [2dsuAning that the net electric pressure,
o<E,, resulting from the surface charge dengity,and the normal electric field;,, are
uniform, and considering the hydrodynamic analogtween the mechanical and

electrical pressures:

3V, h
PNz @

Since the droplet volumey, , is constant during the evolution, the dynamiceading

diameter,D(t), can be obtained as:

D(t) = 2D, e/p;—i”t +D, (3)

Knowing the electric pressure exerted on the iat®fand maximum spontaneous

spreading of the droplet deposited over the sallassate,D,, the dynamic behavior of
the droplet having an initial diameter af, can be predicted from Eq.(3). However,

estimation of the electric pressure is difficulbc@ a portion of the deposited surface
charge density migrates towards the grounded stbstthrough the conduction
mechanism as the liquid was assumed to be an ofileadky”) dielectric. Moreover, the
current density, surface charge and electric fielde a non-uniform distribution over the
interface. An additional difficulty is the fact théhe thickness of dielectric layer may
affect this distribution. As a first approximatioine surface charge density distribution
can be assumed to be uniform over the interface fggpendix A). For moderate or
strong ion injections, the interfacial charge anatrent density rapidly reach the
saturation level and become constant. This regisnsoicalled space charge limited
current regime (SCLC [18]). Since the voltage dnoginly occurs across the air gap, the
voltage drop in the thin film is assumed to be magtaller than that across the air gap.
Therefore, the effect of film thickness on the eatrdensity and electric pressure can be
neglected. This assumption is particularly valid fiein dielectric liquid films K<<S),

which are exposed to stronger corona dischargarged electrode separations [19] (See
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Appendix B). Current density, surface charge dgresiid electric field in the presence of

uniform electric field are saturated and they carekpressed as [18, 19]:

9aK ¢, (V?
T(S_J ®)

9aK &2 (V?
° o, | S ©)
_ 9aKqea (V2 (6)

" 8o,& | S

whereV is the voltage applied to the corona electr@les, electrode gap spacingk ,
and ¢,are ion mobility of the positive ions and electtigeermittivity of the air,
respectively, andu; is electrical conductivity of the dielectric ligliThe electric field
enhancement coefficient,equals to 1 for strong uniform ion injection iniafinite film
layer (Mott's steady-state space-charge-limiteddootion [18,19]). Substituting the

surface charge density and the electric field esgpoms into EqQ.(4), the dynamic

behavior of the film diameter can be expressed as:

D(t) =T t¥® + D (7)

30K .2 (Vv?
|—3: aa [ ]DOS

o Jue; | S
The spreading ratio can be calculated as:

L) =T "t*6+ B, (8)




168

According to Eq.(8), the dynamic spreading ratioas function of the droplet initial size.
This conclusion is consistent with the universakaging ratio for different droplet sizes

presented earlier in Figs. 6 and 7.
6.3.5 Analytical results versus experimental measurements

A typical comparison between the analytical andeexpental behavior of the film
diameter,D(t), is presented in Fig. 10. The predicted trendhef dynamic evolution of
the film diameter is very similar to the experima@mnesults. The comparison between the
analytical and experimental diameters for the ltergn regime shows a maximum 4%
difference, while for the short term the deviatianless than 16%. The analytical
overestimation of the film diameter in the shorrierange is believed to be due to the
fact that Eq.(7) is sensitive to the model simpéfions at the very beginning of evolution
process. These assumptions are for instance, tieglex the surface tension force and
dynamic contact angle effects, temporal/convecingstia, spatial variation of surface
charge density and electric field and the effediefectric film thickness (which is larger
in the early stage of spreading). It should be atemtioned that the electric pressure is
slightly overestimated due to neglecting the vatdgop across the film. This leads to an
overestimation of current density, and consequeethctric pressure and dynamic
spreading, particularly when the dielectric layer ¢omparatively thicker. Better
agreement could be found by applying the Vega’'s Réickz’'s approach [19] for current
density and interfacial charge estimation at they u@eginning of evolution (t<5 s).
Considering so many idealizations of the model, #walytical expression shows
relatively good agreement with the experimentaliltessand supports the above spreading

mechanism hypothesis.
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Figure 10: Evolution of the diameter of a siliconeoil droplet exposed to corona
discharge. The circles represent the measured expsion of film diameter. The
dashed line represents the theoretical predictionsf droplet evolution given by Eq.
(7). The electrical conductivity of the oil was mesured to be6~5.5x10° S/m. The
kinematic viscosity of the silicone oil was 50 cStThe calculated field enhancement
parameter was calculated to bea = 225. The experimental error bars are smaller

than the symbol size.
6.4 Conclusions

A corona discharge-assisted technique for unifopmeading of a dielectric droplet is
reported. The mechanism of the spreading process imestigated through several
gualitative and quantitative experiments. It wasinfd that the spreading process is
governed by the interfacial charge accumulatiorultiegy from the imposed corona
discharge. We also demonstrated that the curresiilgm is analogous to the classical
Stefan’s lubrication theory for squeezing liquidvil between parallel disks. Using this
analogy, dynamic spreading ratio was correlatedh® electrical pressure and the

electrical/thermophysical properties of the fluid$he analytical model showed good
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agreement with the experimental results especfaitylong term film expansion and

supports the postulated spreading mechanism.

Appendix A

Mathematical model for spreading of a dielectric droplet

through an interfacial electric pressure

The dynamic spreading of a droplet in the presefi@®rona discharge can be predicted
through understanding the analogy between the iiga#sd problem and the classical
squeezing liquid flow between two parallel disksef@n’s problem [16]). Figs. A-1 (a)

and (b) depict the schematic of a realistic andoifred model of the spreading process

in the presence of corona discharge, respectively.

s

T

+ 4+ + + + + + + + + +

@ (b)

Figure Al: Schematics of the dielectric liquidesaling in the presence of corona discharge. (d)sReanodel before

simplifications (b) Simplified model for currentagsis.

The simplifying assumptions are as follows:
1 - film thicknessh(t) is uniform in the radial direction,

2 - according to lubrication approximation theahg spreading process is assumed to be

guasi-steady,
Appendix A was published in Proc. R Soc. A 201174@p.3257-3271 as a supplementary document.
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3 - electric pressurggE, is uniformly distributed over the liquid surfade will be
treated as an external pressure exerted on thal lfidon interface. This consequently
creates a pressure gradient in the radial directitnich is responsible for a flow field in
the liquid volume. Moreover, the volume charge dgris assumed to be negligible; this
is particularly valid when the film thickness isryesmall,

4 - all the edge effects, including the effect offace charge migration from the contact

line to the ground, are neglected,

5 - convection terms are assumed to be negligiiolé gnalysis of this assumption is
given in chapter 6),

6 - the inertia effect is important for large filnmsshort time evolution; the validity of the

assumption will be discussed,

7 - in the first approximation, the effect of swdatension and droplet interfacial
curvature are assumed to be negligible (This islwahen the interface curvature tends to
infinity. This assumption is not true for the shtetm evolution, where the curvature is
finite around the rim. It can be relevant for lalegm hydrodynamically stable spreading

process),
8 - the electrohydrodynamic instabilities due te srface charge are neglected,

9- the film thickness is assumed to be very smah vespect to the gap length during the
evolution process. However, the corona discharge the interface was assumed to be
strong enough, so that the current density changetd the film thickness variation
becomes negligible. Applying both conditions, tieplicit current density expression
presented in [19] is reduced to well-known Mottteasly-state space-charge-limited

conduction [18],

10- the electric pressure has two components.l€gtiec pressure due to the surface
charge (electrophoretic component) and (ii) elegbriessure due to the interfacial jump

in 0.5¢E? (dielectrophoretic component). According to theseavations, since the
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electrostatic field in the absence of ion injectidmes not influence the interface, the

dielectrophoretic component was neglected,

11- The main voltage drop is assumed to occur éndin gap. Since the liquid layer is
thin, the voltage drop across the dielectric fisrassumed to be small with respect to that

of electrode spacing.

The spreading phenomenon through interfacial etegiressure is analogous to the
classical problem of squeezing flow between pdrdikks, the so-called Stefan problem
[16]. Fig. 2 presents a figurative explanationto$ tanalogy. The solutions of the velocity
and pressure fields for the Stefan problem have beeved by several authors [20, 21].
This has been the interest of rheologists to oliteenresponse of a given liquid between
two parallel disks for either Newtonian or non-Newmitan fluids under a constant force or
constant velocity disk movement. The details of adel for the squeezing of a

Newtonian liquid between parallel disks with constiorce can be found in [21]. Fig. 3

demonstrates the geometry of the simplified modebun this study.

E
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4

Figure A-2: The similarity of the investigated pleinm to the squeeze flow between two parallel di{Sksfan’s
classical problem).
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Fig. A-3 Idealized model in the cylindrical coandies assumed in the present analytical approach
Starting with the conservation of mass equatiocyimdrical coordinates:

10 du,

;a (rur) + E =0 (1)

The problem depends on two spatial dimensionand z. The r-dependence can be

eliminated by applying von Karman similarity tramshation:

¥ (r,z,t) = r?G(zt), and u,

0G(z,t)
=r—- (2)
Substituting (2) in the continuity Eqg.(1), we have:
) 0G(z,t) N du, 0 3
0z 0z 3)
u, = —2G(z,t) (4)

Assuming the temporal inertia is negligible, themomentum balance equation can be

written as:

ou du, | u 10dp
ura—rr+uZa—Zr=—(V2ur r)——— (5—a)
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By performing order of magnitude analysis and obesng the liquid film thickness is
very small, the convective terms are found to beraall asO(%), while the viscous
force is in the order 00(%). Neglecting the convection terms, thenomentum balance
equation can be expressed as:

w(0%u,\ 10dp
p(f”ZZ)_par G=b

Using the von Karman similarity transformationse thalance equation indirection

reduces to the following ordinary linear differetequation:
1
uGIII(Z' t) = ;— (5 — C)

The boundary conditions can be expressed as:
- at z=0 (the film surfacel;"'(z,t) = 0
- atz = h(t) (substrate)G'(z,t) = G(z,t) = 0.

The general solution of Eq.(5-c) can be obtained as

1 dp\ z3
G(zt) = (EE)_ + Cyz% + Cyz + Cq (6 —a)

6

Using three boundary conditions, the unknown coigffits G, C; and G can be

calculated as:

C,=0 (6 — D)
_ (1 9p\h(v)?
=~ (o) 2 ©=9
1 dp\ h(t)?
G = (aa) 3 ©-d

The radial velocity is equal to:
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w=r(2)(® ) 69

In order to find the pressure field in the liquikinf, we used the integral form of the mass

continuity:

h 2T T
f u.dz = j j u, r drd@ (7)
0 o Jo

The velocity in thez-direction, u, = —2G(z,t), is not a function of. Since the film
thickness was assumed to be uniform (assumptiomnt) substitutingu, = h, the

integration of the continuity equation gives:

2T rh .
f J- u, rdédz = mr2h (8)
0 0
fmf h* ap 1) dodz = 2k (9
2Ll ar rdédz = mir 9
2 (ap> = rh 10
3u \dr - (10
ap 3urh
(E) ~ 2h? D
3ur2h
p= e + P, (12)

P, can be found by applying the contact line conditi@ir = R(t), P = P,y

B 3uR%h
Patm - W + Po (13)

P(r,t) =

3uR%h /12
4h3 <(§) _1)+Patm (14)



176

2m 3|J-R2
jpSE dA = j(P Pim)dA = J- f A ﬁ 1) rdrd6 (15)

If we assume that the electric pressyrgk, is uniformly distributed over the droplet

surface, then the above differential equation mtesithe evolution of film thickness:

3uR*h

psEmMR? = —27 T

(16)

Equation (16) is exactly the same as the Stefamqmton for squeezing flow exerting

constant force to the parallel disks.

_psEdt_dh
WR3 ~ h?*
t h
- f st h~*dh
t=0+ HR hg
psEt 1
s __— 17
uR3  3h3 an

where h is the film thickness of droplet, spontaneouslpanded on the substrate at

t = 0%. The constan€ can be determined by applying the initial condision

1
h(t) = — (18)
313psEt | 1
/ WR3 By

The evolution oR(t) can be obtained assuming the volume of the drapletpt constant

during the evolution procesk?h = 2R3
3

+ Rg (19)
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6 |psEt
R() = 2Ro |25 + R,
I
s [psEt
D(t) = 2D, ot D, (20)
HV
+ ®
S
i i : Current density distribution
i | : (Warburg Law)
A
L
i [ i
i | i
i Liquid film

Figure A-4: Distribution of current density in theint-plane corona discharge. For thin film liguick< S, deposited
on the substrate, the current density distribuiogimilar to the Warburg law. The current denstyiations in the

radial direction can be assumed to be negligiblediatively small droplet spreading ratios.

Equation (20) describes the dynamic evolution aleposited droplet on a grounded
substrate in the presence of corona discharge.natytacal expression for the interfacial
electric pressureyE, can be obtained by considering several simptibce. The initial
condition,t = 0%, is defined as an arbitrary instant of time, whiee film thickness is
measured after a spontaneous spreading process theeinertia effect. Therefore, initial

conditions forhg andDg can be obtained experimentally.
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Since the electrical pressure calculation is diffidue to the complicated physics and
non-uniform distribution of surface charge dens@yd electric field, additional

idealizations based on experimental observation raeeessary. The experimental
observation revealed that at quasi steady-statditomms the corona current density and
measured total corona current remain approximaialshanged in the presence of the

film regardless of its dimensions.

Ifilm,exp = Icorona,exp (21)

This observation is consistent with conservation cbfarge density and saturation
condition derived in [19]. Also, it can be proveawrh Warburg's law that for S>4R(t),

the current density distribution on the surfaceswbstrate and liquid film varies slightly
(15% variations) [13-15] and it can be assumed temi®ver the dielectric interface (see
Fig. 4). Assuming a strong ion injection, the maximcharge density at= 0 and its

neighborhood can be approximated as [14,18]:

, 9aK, e, [V?
Jmax = 3 5_3 (22)

wherea is a function of electrode shape. For parallelepteeometry equals to 1, which

corresponds to the well-known Mott's steady-stgbacs-charge-limited conduction
[18,19]. For a specific emitter electrode, the &ioeEint a in Eq.(22) can be determined
by integrating the current density over the grouhdadectrode. Therefore, the field
enhancement coefficient is correlated to the expemtal value of the total corona current

|exp:

, . 9aK, e, [V? .
f]max cos”0dA =f 3 g €0 0dA = oy
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According to [19], the current density saturategidly and remains constant at quasi-
steady state condition. For ohmic dielectric liquttie accumulated surface charge

density and resulting electric field can be obtdias:

9aK,e,% (V?

ps = 8o, \S? (23)
9aK s, (V?

En - 80'f€f (? (24)

Substituting the surface charge density and thereddield, the dynamic behavior of the
film diameter can be expressed as:

3aK,e,2% (V?
D) =Tt/e+D, I3 =""-2¢ <—>D3 (25)

B O'fﬂlﬂgf S3

According to Eq.(25), the dynamic evolution of tireplet depends on the strength of the
ion injection, the medium in which the unipolar imjection occurs, the strength of the

electric field, permittivity, electrical conducttyiand viscosity of the dielectric fluid.
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Appendix-B
Validity of the hydrodynamic model

The essence of droplet spreading in the presem@ana discharge introduces two
different length scales, the film thicknebsand spreading diametéy, These two length

scales are used to normalize the governing equasidallows:

(13- {%r% z}

The velocity field can be normalized by the radilocity as following:

{E,U_Z}: u, Uzh

(g

The normalized pressure and time can be expressed a

n=_2P 5 ﬁ Re f—q‘t
puT D
f:t— t,,Is the time of evolution to rea X h,. The Reynolds number is defined as
1/n
Re= U_h
U

The mass and momentum continuity equation can litewas:

. Ré'=—Re=

O_
¢ D uD

h¢ h_ _hy°
v
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5566% + Rem[ﬁr

ou, - du,|_ dp . 0%u.
— + Uy = - +
or 0z

The left-hand side in the last equation is in theleo ofO(h?). As an initial

approximation, the LHS (temporal inertia and conivec inertia) can be assumed
negligible and viscous force is balanced only villke pressure gradient in the radial
direction. However, the effect of inertia becomegportant, particularly for the short

term evolution studies. Temporal inertia becomepartant and the convective inertia

2
might be ignored, wherRe’ = Oand & =1. This condition correspondsgezt
U

1/n

(very beginning of the slow evolution process). B limiting caseé” - 0Oandre”>1,

the convective term should be considered and temhponvection can be neglected. This

corresponds to the long term behavior investigatiba relatively rapid evolution. For

: 2 o : uD :
short term behavion,,, < h— where the evolution is rapitl) ~ > PR both convective
7

inertia and temporal inertia effects should be wered. Therefore, the previous model
more accurately describes the long term evolutimabior.
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Chapter 7

Different regimes of corona discharge spreading of dielectric
liquid films

1.2 Introduction

Dielectric liquid films are encountered in numerandustrial and scientific applications,
such as coating, deposition, wetting and adhesianp-lubrication of ultra-fast rotary
systems [1], recent thin film electronic devicesrinlecular electronics [2,3], and several
biological processes [4]. Fundamental study inctheracterization of the thermophysical
and electrical properties of these thin films megd to better understanding of both the
energy and charge carrier transport processessatiesfiims in the listed applications
[5,6]. An important first step for such studies Wbbe the study of the deposition of such
as dielectric thin films on a substrate. Since nbenber of techniques for spreading of
dielectric liquids is limited, new techniques fayuid film deposition and control over the

substrate could be of great interest.

It has been demonstrated that the electrostaticesocan be used for spreading of
dielectric layers [7,8]. Recently, several studiese performed to show the spreading of
the liquid layers using an external electric field.was found that both interfacial
components of the electrostatic forces, normal tamgential, can be used to produce
liquid films over a substrate. A selective spregdof a dielectric liquid due to the
tangential component of electric forces was denmatest which accompanies with
formation of a Taylor cone and periodic jetting mectng during the process [7]. Very
recently, it was demonstrated that a dielectrigptitoexposed to a perpendicular corona
discharge expands uniformly over the grounded satestiue to the normal component of
the electric pressure. The corona discharge mdwesohic cloud towards the substrate
and develops a surface charge over the dropletfasee The normal component of
electric field produces a squeezing electric pnesswer the dielectric interface and the
droplet expands uniformly over the substrate inrtitdal direction. It was found that the
dynamics of the liquid film formation for intermedé corona discharge exposure time

obeysD(t) ~ t° law, whereD(t) is the diameter of the film artds the corona discharge
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exposure time. In this case, the ohmic conductiamdeh was assumed to be a valid
charge transport mechanism across the film whaskrtess was comparatively thick (in
the order of 19-10° m).

(a) Regime I (b) Regime II (c) Regime III
Regime IV
@1) (d-2) (d-3)

Figure 1: Silicone oil film spreading over a condutive substrate through corona
discharge exposure. Different regimes of spreadingre depicted using different size
of droplets. (a) Regime | (transient corona chargig): 2ms after corona discharge
exposure (b) Regime Il (quasi-steady state coronéarging): after 300 sec corona
discharge exposure. (c) Regime Il (hetero-chargenieraction): after 1000 sec
exposure. (d) Regime IV (corona accelerated precurs film): (d-1) silicone oil film

after 2400 sec, (d-2) after 7200 sec (d-3) after7¥1C seconds of corona discharge
exposure. The electrode was a modified needle anfiet separation between the
corona needle and substrate for all cases was 25 mithe corona voltage and total

current was measured to be 17 kV and 40 pA, respeetly.
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Figure 2: (a-d) Figurative description of charge caier transport and (e) qualitative
demonstration of dielectric film spreading ratio vaiation, pB(t), versus corona

discharge exposure time. Four different regimes ddpreading are identified.
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In the present work, we demonstrate that the codiseharge spreading technique can be
effectively used to produce uniform ultra thin fdmFour different regimes in the film
spreading due to the long term corona exposure haea identified and characterized
(see Figs. 1 and 2). Since the charge transporhamézm across the film determines the
dynamics of expansion, different regimes of char@eier transport have been postulated
and implemented into the analytical expansion mobleése postulated charge transport
mechanisms were confirmed experimentally and thmeaty. For each regime, a
theoretical hydrodynamic model along with a deswipof the charge carrier transport
mechanism have been proposed to predict the olusdgremics of spreading. Fig. 2 (a-
d) shows a figurative description of the differamgimes and the charge transport
mechanism across the liquid thin films. The regined liquid film spreading are
summarized in Fig. 2-e. The measured spreadingndigsafor these different regimes
was verified by these mathematical models. At iy beginning of the corona exposure
(Regime 1), the dielectric film expansion is gowenby the transient surface charge
accumulation. After the interfacial charging of tthelectric layer reaches a quasi-steady
state, the spreading enters the second regimehwias discussed in detail in [8]. In this
regime, the film expands monotonically wib(t) ~ t/° and the thickness of the film
decreases. When the thickness of the film reacbew specific value, a transition to
Regime 11l is observed and the spreading is acatddr The acceleration is found to be
related to the electrostatic component of the @hs)g pressure due to the hetero-charge
layer attraction force. The transition to the fbuand most interesting regime appears
when the corona discharge exposure time is extefutéiter and the thickness of the
liquid film reaches sub-micrometer levels. In thegime, a new type of “precursor film”
with thicknesses in the order of nanometer occhesad of the main film. This precursor
film is diffused and rapidly expands from the m&im over the substrate due to the
electrostatic component of the disjoining pressumél it reaches the area, where the
corona discharge is no longer effective (beyondcthrena cone region). This is the first
time that we report formation of a precursor filmedto the electrostatic forces, as all
previously reported precursor films were createe tlu the dispersion component of
disjoining pressure due to van der Waals forces18]6 The expansion rate of the new

precursor film is much faster than the previous and it can cover much larger area
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depending on the size of the corona cone. Depasitiosuch nanometer thin films
through the corona discharge forced-spreading nr@ate a platform for further
fundamental studies, such as dielectric phenomenhin films, hydrodynamics of the
thin films, accelerated wetting process, and cgaand deposition. Several industrial

applications may benefit from such investigations.
7.2 Experimental setup and procedure

The schematic diagram of the experimental setuplapicted in Fig. 3. All the
experiments start with the deposition of a singieme oil droplet over a dry and clean
mirror-finished stainless steel substrate. In otdegenerate a corona discharge over the
droplet interface, a modified hypodermic needle wasd as a high voltage electrode.
The end of this needle was cut flush and connectéde positive polarity 0-50 kV DC
power supply and the stainless steel substrate twéhdeposited droplet was grounded.
The hypodermic needle was centered with respdtietaeposited droplet using a precise
XYZ holder. The corona discharge voltage and theetit were measured using a pre-
calibrated voltmeter (80K-40 Fluke high voltage led and electrometer
(Keithley electrometer Model 602). In order to retthe liquid film spreading dynamics
at the early stages of corona discharge exposunghaspeed CCD camera was used. An
additional camera was used to record the liqurd 8preading for intermediate and long
term corona discharge exposures. An image-progesside was developed for post-
processing of the collected frame-shots. In ordegstimate the thickness of the dielectric
thin films smaller than 5um, a monochromatic ireesfneter with an extended sodium
light source was employed. For film thicknesse®Wwe2 um, a white light interferometer
was pre-calibrated using the monochromatic interfeater. In order to measure the
thicknesses below Jum and to further verify the accuracy of the film dkmess
measurements with interferometers, an automatediabar Angle Spectroscopic
Ellipsometer (VASE) M2000V was employed.
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Figure 3: Schematic view of the experimental setup

Since the different regimes of the film spreadingynbe linked to the charge carrier
transport across the thin film, an additional expental setup was prepared (see Fig. 4)
to determine the relationship between the surfaatential and local current density
across the film. For this additional setup, anothéror-finished stainless steel substrate
with a hole at its center was fabricated. A staslsteel wire with 0.9 mm diameter was
inserted into the hole and it was electrically lased from the substrate. The wire, which
serves as a probe for local current measuremestcamnected to the electrometer. The
dielectric droplet was deposited at the centetefwire and the corona discharge high
voltage needle was mounted perpendicular aboverbget interface and the center of
the wire. The corona discharge was applied andthhrefilm was expanded over the
substrate. When the film reached a desired thickrtee corona current across the film
was measured. For thin liquid films with thickness$ess than 1Qim, the corona current
measurements showed only minor changes with respebe case when the substrate is
clean. In order to confirm the local current densiteasurement procedure, the radial

distribution of the current density was obtained aompared with Warburg’s law.
7.3 Experimental procedure

To fully characterize the charge transport charettes across the thin film, the surface
potential of the dielectric film subjected to ther@na discharge should also be
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determined. It is rather difficult to measure theface electric potential in the presence
of corona discharge. In order to estimate this mitaé a probe was constructed by micro-
welding a zinc particle with diameter equal to theekness of the film to the top of the
stainless steel wire. This was electrically insedatusing a solution of 95% plastic paint -
5% n-Heptane. A small droplet of this solution vegplied to the wire and particle and
the corona discharge was applied to cover thear@dayer uniformly over the probe. A
sharp needle was used to scratch the coating effp#rticle tip which is needed for
surface potential measurements. Choosing a smaliclpais advantageous since it
minimizes the physical size of the measurement gorabd reduces the level of the
interference in the surface potential measuremet laydrodynamics of the film.
(Schematic details are shown in Fig 4.) In ordemteasure the interfacial electric
potential, a variable 0-100 V DC power supply (QUech Model: 42000) was used to
apply a bias voltage to the probe. An electrometes used to measure the small currents
in the circuit. The bias voltage was applied ® pinobe and increased until the measured
current in the circuit reached approximately zehb.this condition, the bias voltage
applied to the probe was assumed to equal thecgugdatential of the liquid film. In
practice, for the surface potential measurementsli@ne oil droplet was placed over
the center of the probe and the perpendicular @discharge was applied. The dielectric
film of silicone oil was established over the praed substrate due to the electrostatic
forces. At the beginning, the tip of the probe asally immersed in the oil and the
measured voltages were very small. When the thgkreé the thin film reached the
probe height, a jump in the potential measuremexst detected. The jump corresponds to
the enhancement of the electric field due to presesi the interface and the deposited
interfacial charge over the surface through thewrardischarge. Moreover, in order to
further confirm that the film thickness reached tleght of the zinc particle probe, a
simple setup with a laser diode and detector waglayred. When the tip of the zinc
particle was immersed in the oil film, no specsignal can be detected. When the film
thickness reached to the height of the zinc partittie reflected light is scattered and a
signal could be detected. This signal correspormdghé jump in bias voltage and
confirmed that the film thickness equals to theghebf the probe. Immediately after the

jump was detected, the bias voltage applied tgptbbe was adjusted so that the current
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through the probe tends to zero. This bias voltage assumed to be equal to the air-oll
film interfacial electric potential. The thickness the film was also monitored through
the interferometer. All the experiments were repeéatt least twice to ensure the
repeatability of the experiments. The room tempeeatabsolute pressure and the relative
humidity were monitored frequently during the tests 1 m distance from the
experimental test section. The uncertainty of thiéected experimental data was smaller

than the symbols shown in all graphs.

Figure 4: Schematics of additional experimental sap for measurement of the
surface potential of the oil interface subjected tocorona discharge. (a) The
schematics of the experimental setup. (b) The laserradiation is compeletly

reflected from the liquid surface while the liquid film thickness is larger than the
height of the probe. (c) The reflected laser irradation from the surface reduces due
to the beam scattering when the thickness of theqgiid becomes smaller than the

height of the probe.
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7.4 Results and discussion

7.4.1 Regime | and Regime II: Ohmic conduction across the

liquid film

High speed imaging of the silicone oil droplet slieg with different initial sizes
enabled us to detect the earliest stage of theneadscharge-assisted spreading process.
Immediately after corona discharge exposure, theldt expansion is much more rapid.
Fig. 5 depicts the spreading dynamics of two défersize silicone oil droplets subjected

to the corona discharge for an intermediate exgosurtime.

24
20

16

12

8
B (1)

Regime! | R e g i m e 1l

L L \iHHI L L \\HHI L \\\HHI L \\\HHI L \\\HHI
10° 10 10" ~10° 10" 10°
Exposure time (Sec)

Figure 5: Spreading dynamics of two different silione oil droplets subjected to the
corona discharge. The initial size of the dropletsD,=1.44 mm (green) andD,=2.64
mm (red). The applied voltage is 17 kV and total aona current 40 pA. The gap

spacing was kept constant a5=25 mm.
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At the beginning of the corona discharge exposRegime I), the expansion is fast and it
is governed by @(t)~t"? law. However, after about 4 milliseconds of expestthe
spreading ratio shows a cross-over to Regime lirevliee rate of spreading becomes
much slower. The dynamic spreading ratio of Reglimie governed byD(t)~t*®, and
was studied in detail in our previous paper [8]e Thnossover time relaxation was found
to be equal to the charge relaxation time of Sileoil g = Z—i~ 4 m9 (see Fig. 5). Since
the crossover time is comparable with the chartgxation time, we postulated that the
Regime | occurs due to the transient interfaciargimg. Based on this postulation, the
previous model [8] is no longer valid since the rgeatransport across the film was
assumed to be steady state. This assumption iswvatily for longer corona discharge
exposure (Regime Il), but it might be questioneddarliest stages exposure times, for
example, milliseconds after exposure (Regime loriher to understand the early stages
of the expansion and confirm this hypothesis, goéfirad mathematical model based on
an energy balance approach was developed. In tvdetlidate the new energy balance
approach, the energy balance approach was firdedppr steady state charge transport
across the film (Regime Il). The spreading law kstiwith the new approach was shown
to be identical to the previous spreading law presi in [8]. After the validation, the
proposed energy balance approach is applied toR#gme | where the interfacial
charging of the silicone olil film is transient atiee dynamic spreading ratio is calculated
immediately after the corona discharge exposuree8&n the analysis, it was found that

the spreading law for the Regime | ob&@)~t"?

. The mathematical model predicts the
spreading rates of the droplet expansion in Regimand further confirms the

hypothetical explanation of transient charginghaf troplet interface at the earliest stage
of the spreading. In the next section, the energharite approach is presented and

discussed.
7.4.2 Energy balance approach: Verification

Using energy balance is an alternative analyteethhique to investigate the dynamic
spreading of a droplet subjected to corona diseéhakgsuming the liquid film after
expansion is uniform and the evaporation is nelglegi
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s 1
ZD(t)Zh(t) = gﬂDo3 = Cte (droplet volume) (1)

2
2 3

(2)

where the diameter of the filmd,(t), and its thicknessi(t), are both functions of time. It

is also assumed the dielectric liquid is not védadind the droplet preserves a thin

cylindrical shape during evolution.

The derivative of the eq. (1) provides the ratexgfansion (contact line velocity) and the

rate of thickness variation.

2DDh+D?*h=0  (3)

D_—Dh
~ 2h

(4)

The negative sign in Eqg.(4) is due to the factt Wiaen D increases, h must decrease

(D > 0 andh < 0).
The contact line velocity is:

D_—Dh

2 4h

b _-ph (DA h
YE2 T T\ 2a) w3

(5)

(6)

Since the droplet is deposited over the substitageinitial kinetic energy of the droplet is

zero,KE1 = 0. The potential energy of the droplet in state 1 is

PE1 =nD,%o

The potential energy of the droplet in state 2 is:
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T
PE2 = ZD(t)2 (1 — cos 0)
The electrical energy can be expressed as:
1 1
WE = Eef(En)Z <gnDo3)

According to the [8], the electric field can beatdated from the formula

p _ 9aK,e,* (V2 ;
no 80'f€f S3 ( )

During the expansion process, a portion of enesdgst due to the viscous dissipation.

The viscous dissipation functiog, can be expressed as [9]:

2

b~u(7) ®)

whereL andu are length scale and characteristic velocity,eespely. The dimension of
the function is [W/m. If we assume that the resulting film is thinwibuld be relevant to
assume characteristic velocity and length scalesaaslh, respectively. Energy loss due

to the viscous dissipation can be estimated as:

EL = ¢ (%np(;”) t~it (%)2 (%np(;”) t ©)

The energy balance equation can be expressed as:

PE1+WE = PE2 + EL

1
—TI.'D03>t

7D,20 +l€f <E>2 (l”Do3) - ED(t)Z o(1—Cos0)+u (E)Z <6

2 h 6 4 h

By conducting an order of magnitude analysis, tiréase tension energy can be

neglected.
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nD,%0 + %ef (%)2 (%an) = %D(t)2 o(1—Cos0)+u (%)2 (%an) t

O(h_z) O(h—Z)

The second terms in LHS and RHS have the same ofaeagnitude and it can be
assumed these terms are balanced particularlyriexqeriments, where the surface
tension is small and the substrate is a completéngesurface. By substituting the

velocity and convertind (t) to h(t) using the mass continuity we have:

2
1 9aKgeq? (V2 1 3) _ . (D> (1 3
o (e (5)) (B0, = () (oo (1)
The equation above is an ordinary differential ¢igua In simplified form we have:
2 .
9aK,e,2 (V2 D,*\ h?
— 2 =] = —t 11
Ef( 8a;¢; <53 M\12 ) an

The solution of the above ordinary-first order eiffntial is as follows

1
o\ 1/3
24£f M(E) t1/3 +i
uD, 2\ orer \S3 h

Substituting Eqgn. (1) to the above formula, theaiyic spreading of the droplet can be

h(t) =

(12)

obtained as:

2 2
D(t)=Ft1/6+D5 where T3 =3aK—a£a V—3 Dg (13)
O'f ,Lle S

This analysis of the dynamics of the spreadinggisin energy balance method gives a
similar result as presented in [8].

7.4.3 Energy balance approach: Regime |
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In order of obtain the dynamics of spreading ofigedtric film subjected to corona
discharge for the Regime II, it was assumed thfasarcharge is immediately developed
over the dielectric liquid interface. Experimentabservations revealed that the film
expansion at the very beginning of the expansimwshdeviation from the'f law (Fig.
5). One reason for such deviation may be due tontiee assumption of “immediate
constant surface charge”. It would be interestmgvestigate the effect of the “transient
charging” of the dielectric interface instead ofw@awing the surface charge density as a
step function. The Taylor expansion of the surfeltarge density arourteO yields:

dps  d’ps , d’ps

= t t t 14
pS pSO+ dt + dtz + dt3 + ( )

For a dielectric layer without corona dischargeasyse, the initial surface charge

density at the oil-air interfacey,, is negligible and can be assumed to be zero.:Then
ps = Ct+ Cit? + Ct3 + - (15)
As a first-order approximation, the surface chatgesity can be estimated as:
ps=C't (16)

Assuming the film thickness is small enough, thestantC can be calculated as:

0
c | fo j.dA (17)

fPaa

The electric field jump across the dielectric fiban be related to the accumulation of

surface charge density:
goEq — & Ef = ps (18)

Immediately after the corona discharge is exposéhd film, the electric field on the oil
side of interface can be assumed to be smallerttieaxternal electric field due to the

corona discharge. Therefore:

€aEq = ps (19)
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The electric field on the air side of interface t@nestimated as:

Fo=2 (20)
a
1 g
= |—. i.dA|t 21
— fol ] 1)

In order to obtain the approximation for total (Elml’foej. dA, the current density profile

can be considered to have Warburg's law distrilsutio
J = Jmax COSS(H) — Of Ef (22)
Jmax €N be obtained experimentally as [19]:

V(V - Vonset)

53 (23)

Jmax = $Kaeq

whereé is a scaling factor and it varies for differenhéigurations of electrodes. For a
uniform corona discharge generated by mesh-liketreldeé approximately equals to 1.

For sharp needles typically> 1. Current density can be expressed as:

V(V - Vonset)

<3 cos®(0) — o7 E; (24)

Jj=¢Kaeq

Therefore, the electrical pressure can be obtaased

psE = Lafo;ed/l : j;)e [(fKaeaWcoss(H))

Accordingly, the electric pressure over the integfat the beginning is quadratic function

of time:
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o E =€ t? (26)

Assuming the surface charge density migration éogifound fort «< 1 is small, the

second term tends to zero:

4
. 1 0 vy -V,
C = [ 5 ) f (fKasa%coss(H)).dA (27)
[, dA Jo
From the energy balance equation:
1 1 1 1
ESfC tz (ETI.'DO3) = Epuz (gT[DO3) (28)
D 3
/(efé t)dt = |u ( 1"2 ) h~5/2dh (29)
p 1/3
h=-D = t™1+h 30
(z) : (30)
From Egn. (1), the dynamic size of the film cardie&ermined as:
L1
16&:C\°
D(t)=DO( 35 ) VT + D (31)
. : D(t) . .
and the spreading ratif(t) = - ls
.1
16¢:C\°
B(®) = ( o ) VE+ B (32)

Eqgn. (32) describes the dynamic spreading of tlopldt at the early stages of corona
discharge exposure for an insulating liquid withvexy small electrical conductivity,
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The present energy balance approach based oratigeint surface charge accumulation
may predict the law ob(t)~t"2 for earlier stages of corona discharge exposuegi(Re

I) which is in agreement with experimental obsaora (Fig. 5). Moreover, similarly to
Regime II, the spreading ratio in Regime | showwensal behavior for all droplet sizes,
which is consistent with the experimental resufteeviously, it was found that the law
t1/¢ overestimates the dynamics of spreading immegiatfter exposure. This can be
attributed to the assumption in the derivation tf&t the surface charging immediately
reaches to the steady state condition, which is reatistic immediately after the
discharge exposure. In the current model, the sarfeharging was assumed to be
transient and first order analysis predicts sloVaer of t'/? att <« 1. Compared with
experimental results, the theoretical predictiomisgreement with for exposure times

smaller than the dielectric liquid relaxation time& g = §~4 ms. This is believed to
f

confirm that the first regime of corona dischargeeading occurs due to the transient
charging of the interface. It is worthy to notattthe conduction mechanism across the
liquid film in the first two regimes is mainly dde ohmic conduction. In these cases, the
liquid layer thickness is comparatively thick andcg the voltage drop in the dielectric
film is smaller than that of electrode separatipar{icularly in Regime 1), the charge
transport mechanism across the thin film remainsiolconduction. In order to support
this postulation, it is useful to calculate the doction parameter [20, 21], which is the

ratio of ion transit timeg, to relaxation timegy:

].TT h & g h2
0 2 TR ZKfE O'f ZKfoVO

Substitution of the experimental values for inte€fapotential, film thickness, ion
mobility, permittivity and the measured electricanductivity of the bulk liquid, one
may obtain typically ofC,~0(10?%). For C, » 1, the conduction mechanism remains in
slightly perturbed equilibrium condition where tldnmic conduction model can be

applied confidently [21].



201

7.4.4 Regime lll: Field-enhanced Dissociation conduction

regime

When the corona discharge exposure is continuea flanger period of time, another
cross-over may be observed. Figs. 6-8 show theadjpmg dynamics of the liquid film

subjected to corona discharge for three differeaplet sizes. For all tested droplets, by
increasing the time of the corona discharge exgogte liquid film expanded and the
film thickness monotonically decreases. As justvaihdor the intermediate corona

discharge exposure time, the spreading dynamicgsdbg)~t'® law.

65 |- -;IZ“-
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Figure 6: Spreading dynamics of a silicone oil filmsubjected to corona discharge.
The film was produced by expansion of a silicone lodroplet with initial size of

Do,=1.89 mm. Second and third regimes of expansion @mapped to the ohmic
conduction and enhanced dissociation conduction mieanism, respectively. The
applied voltage was 17 kV and the total corona cuent was 40 pA. The gap spacing

was kept constant atS=25 mm.
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Figure 7: Spreading dynamics of a silicone oil filnproduced by expansion of a small
droplet with initial diameter of D,=1.44 mm. The applied voltage was 17 kV and the
total corona current was 40 pA. The gap spacing wdsept constant atS=25 mm.
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Figure 8: Spreading dynamics of a silicone oil filnproduced by expansion of a very
small droplet with initial diameter of D,=0.99 mm. The applied voltage was 17 kV
and the total corona current was 40 pA. The gap spang was kept constant aS=25

mm.
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However, when the film thickness reaches a critibadkness in the order o2 um the
spreading law is accelerated and starts deviatiom thet'® law. This mode of droplet
spreading is called Regime Ill. According to th@exmental observations, transition to
the this Regime starts after reaching almost antici critical film thickness for all
droplet sizes, but the spreading dynamics is ngdomniversal and the rate of expansion
for smaller droplets is faster. For instance, atiés of exposure, the spreading law for
Do=1.89 mm isD(t)~t?*" while for the smallest tested droplet with aniahidiameter of
0.99 mm, the spreading law beconi2@)~t°*** This indicates that below the critical
thickness, the thickness of the film may affect #peeading dynamics. In the previous
regimes of expansion (Regimes | and Il) it has beamfirmed from experimental and
theoretical investigations that the spreading dyinans universal for all droplet sizes.
This suggests that for Regimes | and Il the vamabf film thickness is not important in
the spreading process, while in Regime Il thiclenekthe film determines the spreading

law.

It has been realized that different conduction rme@dms may simultaneously contribute
to charge carrier transport across the thin fild#, [L3]. When ohmic conduction is the
dominant charge transport mechanism, the spreatlingmics gives universal behavior
for all droplet sizes (Fig. 5 and [8]). This is digethe fact that the ohmic conduction
charge transport is not a function of film thickeesd the spreading dynamics is similar
for different droplet sizes. However, as seen gsF6-8, below the critical thickness, the
spreading dynamics is no longer universal andpedes on the initial size of the droplet.
This may imply that the conduction mechanism actbeshin film deviates from ohmic

conduction since the film thickness becomes immbrend the ohmic model cannot
describe the carrier transport in such a case. dumgrising behavior of the nature of the
spreading dynamics below the critical film thickeés Regime Il might be attributed to

a deviation in the charge carrier transport me@raracross the thin film. We examine
this hypothesis through experimental observatiom$ mathematical modeling. In the

mathematical model, it is postulated that the fmhthanced dissociation conduction
model can describe the transport mechanism adnesfiim here and this hypothesis will

be examined experimentally and theoretically.
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In the thermodynamic equilibrium state where theckic field is absent, neutral
electrolyte impurities dissolved in dielectric liga dissociate into counter-ions, while the
dissociated ions can recombine back into the nleekeatrolyte. There is an equilibrium
between the dissociation and recombination proseasgwhere in the liquid except
close to the interfaces. Due to the electrochengtfaicts adjacent to the interfaces, the
space charge layers, known as the double-layeresieblished where their thickness is
approximately equal to the Debye length. When ttteraal electric field is established
across the dielectric liquid, these dissociated ierperience an electric force. Close to
the interfaces, the ions with the interface poyasite repelled due to the Coulomb force
and concentrate the positive and negative ionsnardbe counter-polarity interfaces.
These space charge layers are known as heteroeclagmys; a gradient of space charge
exists in these layers (Fig. 9) and the thermodyoagquilibrium is destroyed. The
hetero-charge layers can be considered in dieteloquiid when their thickness is higher
than the Debye length [10, 20, 21]. For the lowckile field regime, the hetero-charge
layers are so thin than the net charge in the utht be assumed to be zero and only
ohmic conduction need be considered [21]. Howew&en the interfaces approach each
other, which may happen for larger electric fieidghin films, the hetero-charge layers
may extend into the bulk. For such a regime, thmiohmodel is no longer valid since a

net charge exists in the bulk [10].

In the field-enhanced dissociation conduction mote relation between current density
and applied electric field is more complicated. éwling to [14], the current density

varies exponentially with square root of applieec#iic field:
J = 2cD(E)h = 2chD, exp{—u o +2%%(E/4mm, £, )Y 2}/ keT (34)
where D, is the dissociation coefficient B0 (thermal equilibrium).

In the Regime lll, where the thickness of the fiisn below some critical value,
experimental results suggested that the spreadingniics may depend on thickness of
the film (Figs. 6-8). Based on the field-enhancesatiation model, the thickness of the
film, h, appears in the current density-applied fieldtretaEq. (34). This indicates that
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the field-enhanced dissociation conduction modahisppropriate mechanism for carrier
transport across the film [10,11].

High voltage
corona needle

Air

Liquid/Air
interface

Liquid film Hetero-charge layer
Attraction

Liquid/solid
interface

Figure 9: Demonstration of hetero-charge layers fanation around the solid/liquid
and liquid/air interfaces.
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Figure 10: logJ-+/V characteristics obtained for a 2um-thick siliconepil film.
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In order to confirm that the conduction mechanistnoss the thin film is due to the

dissociation modelpg Jwas plotted versus the square root of surface fiate/V for
2ume-thick silicone oil film at different corona disarge strengths (Fig. 10). The current
density across the film and the surface potenfidhe interface were measured through
the additional experimental setup presented in Fignd the procedure explained in the
previous section. A broad range of current derssiti@as obtained through applying
various corona discharge voltages to the corondleesd various electrode separations.
This combination enabled us to cover two ordersnafjnitude variation in the current

density across the film. It can be noticed from.Fi§ that the current densify, is

proportional toexp (v/V) and the slope of variation is ~1.376. Substittitne
experimental values into the Eq. (34) the thecaéstope is ~1.261. Thus the theoretical
slope of variation in the field-enhanced dissoortmodel agrees with the experimental
results within 10%. Moreover, calculation of thendaction parametef, using the
experimental measured values immediately afterttaesition (\\~1 V and h~2m)
gives magnitudes in the order of unity. This maggast that the ion transit time across
the thin film becomes in the same order as thegeheglaxation timé€z;)~0(ty) at the
critical film thicknesses. At the initiation of thaeviation, the calculated hetero-charge
layer thicknessA~K,TrE) is in the order of 1 um. Therefore, the heterargk thickness
becomes comparable with the film thickness at tbgimme transition point. These
evidences may further support the postulated feldanced dissociation charge transport

mechanism across the thin film [10,11].

In order to explain the accelerated expansion @ksgein Regime Ill, it was postulated
that the attraction of the hetero-charge layerseliged around both interfaces is
responsible for such accelerated spreading (FigTi®¥ attractive force in the dielectric
film may create a new electrostatic component gfothing pressure. The analysis is
similar to that of aqueous solution of salts orceldytes. In an electrolyte solution, the
attraction in the electric double layers createi@eht to the interfaces may result in an
electrostatic component of disjoining pressure [Fxdwever, for weak electrolytes or

dielectric  liquids, the ion diffusion coefficient, D, is very small

KgkpT

(D = ~10""* m?s71) and the double layer thicknes (-vDr ~10"m) is
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typically thinner that the hetero-charge layer khiess. Therefore, it is reasonable to
consider hetero-charge layer attraction as thetrelatic component of disjoining

pressure in dielectric liquids.

The Standard Thin Film Model (TFM) [15] along witihe concept of disjoining pressure
due to the hetero-charge layer attraction was eyepldo investigate the proposed
spreading mechanism in Regime lll. Let's assume gkigeme case where only the
substrate interactions govern the spreading. Thesmantinuity equation can be derived
from lubrication theory [16,18]:

39

3o dh or

ah: i 4 rh3d_n@
ot 3rn or

where I1 is the disjoining pressure in the film. In genedijoining pressure in dielectric

films may have two components:
IT = Tyyw + Ig

The first component]l,.,, is dispersion component of the disjoining pressiue to the
van der Waals (VVW) force and second componHgi, is the electrostatic component
of the disjoining pressure due to the attractiorthaf hetero-charge layer. It should be
noted that the disjoining pressure due to the vanWaals force interactions can be
neglected for the thin films in the order of fewcnains [22].

If the thickness of the film is close to that okthetero-charge layer, the disjoining
pressure has only the electrostatic component duket attraction between the hetero-
charge layers. Moreover, since below the critibadkness, the relationship between the
current density and electric field across the filmexponential, small changes in surface
potential correspond to a large change in curremsidy. According to théog J vV
characteristics presented in Fig. 10, it was corddl that the surface potential shows
small variations during the expansion process gime lll. Therefore, the electrostatic

component of disjoining pressure can be calculated
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V2
M=a(h) =aeq 5 =h—)2 36)

where o>1 is an enhancement coefficient. The detailed utation of electric field
enhancement coefficient due to the presence ofdietearge layers can be found in [21].
For a detailed derivation of the electrostatic comgnt of disjoining pressure see the ref
[22]. Considering the Eq.(36), the conservationatipm becomes:

1 oh
== ‘—05(‘ 2raeqVy E] @7

Based on the field-enhanced dissociation conductimdel, at fixed ion injection

conditions (constant corona discharge voltage apdspacing), after decreasing the film
thickness the changes in surface potential mighbeaignificant (see also Fig. 10). For
instance, for 10 times thinner film, the surfaceteptial changes less than 10%.

Therefore, the mass conservation equation camiaifed to:

2
on _ 2aeV; g(,@] -
ot 3rnp or\ or

Considering the non-dimensional parameters:

t* = 3,7r , h :L*Z
X 2
Eq.(38) can be written as:
i?:ii[?"’_i‘} @9
t rar{ or

In order to find the similarity solution for thergiading dynamics due to the hetero-

charge layer attraction let us consider the follayywarameter:

Q=rf(t)
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where f (t)is an unknown function. Since the volume of thenfis constant during the

evolution, then:

R() T (1) i
Q do =1 40

The tested dielectric liquid (silicone oil) is nailatile and the volume of the film is
preserved during the expansion process thus theeadguation should not be a function
of time. Therefore,

ROf(M=cteand  h=g@(f@®)f

Consideringh = g(Q)G(E))2 as a similarity solution for governing equatiorarsing

%, the governing equation becomes:

?ﬂ (Qﬂj +2g;= —Fii(Qﬂj @)
dt dQ QdQ\ dQ

From eq. (41), the following differential equatiocan be derived:

r=

Therefore:
f)~ct Y2
Since R(t) f (t) = cte

Rt)=C't ¥2 42
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Figure 11: Radial distribution of the relative current density for the hypodermic
needle used in this study. The applied voltage wak/ kV and the total corona

current was 40 pJA. The gap spacing was kept constaat S=25 mm.

The spreading law ot'/? has been predicted by considering the electrestatnponent
of hetero-charge layer. For comparatively largesptits, it was found experimentally
that the transition occurs smoothly and the expbr@nthe law increases slowly
(compare Fig. 6 with Fig. 8). This might be duehe fact that the transition to Regime
lll starts when the initial film size is large atigde local corona current density shows
only slight variation in radial direction. This eesponds to slight variation in surface
potential that was theoretically assumed to be temtsearlier. In order to confirm this
hypothesis, the same experiments were repeatedivatilets whose initial diameter was
one order of magnitude smaller. In this case, tieorietical assumption of uniform
surface potential is more likely to be met since éxpansion of the film for such small
droplets occurs well within the corona cone andgpeeading dynamics is closer to the
predicted law oft!/2. For instance, for droplet $£0.99 mm (Fig. 8), the spreading
dynamics in Regime Ill was measured to B&%twhile for largest tested droplet of

D=1.89 mm (Fig. 6) the spreading law &fY was obtained. According to the measured
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current density profile presented in Fig. 11, therent density variation within the size of
the film is about 40%, which corresponds to thdasue potential variation of below 15%.
Based on this analysis, it has been confirmed thatsubstrate interactions due to
attraction of hetero-charge layer may acceleraesfiteading process in Regime lll. It is
important to note that as the film thickness deseeabelow the critical thickness, the
interaction with the substrate due to the heterrgh layers attraction become more
significant and the spreading law approaches thdigied law oft'/2. At the beginning
of the transition, the spreading law is governedhwgyinterfacial electric pressure, while
below the critical thickness when the carrier tpors mechanism due to the enhanced-
dissociation becomes dominant, the substrate ttiera may govern the spreading
dynamics due to the attraction of hetero-chargerlagince the transition is smooth, the
spreading dynamics law is observed to be boundtudekea the'’® andt*4(See Appendix
C-2). More general solutions for the Regime II, Regy Ill and Regime IV can be
obtained in Appendices C-1 C-2 and C-3, respegtivel

7.4.5 Regime IV: “Precursor film”

Continuing the corona discharge exposure to thelaated film in Regime Il reveals an
additional interesting regime of the film spreadiig was observed that when the
dielectric film reaches sub-micron thicknessesubira-thin film in the order of tens of
nm diffuses from the main film, and spreads ahefathe apparent contact line. The
appearance of the thin film resembles the previotegborted precursor film expanding
ahead of the main film during long term spontanegp®ading [24]. Fig. 1-d shows a
dielectric droplet with initial size of 0.5 mm afté0 and 500 and 2500 minutes of corona
discharge exposure with 17 kV applied voltage adl tcorona current of 40 pA. The
blue dark fringe in right side of the main film cesponds to sub-micron liquid film
thickness. The thickness of ultra-thin film is soadl that the white light interferometry
shows only a gray fringe in this regime. It shob&lnoted that the slight non-uniformity
in the thickness of the main film results in asynmgeultra-thin film formation around
the main film. Uniform thin films with such thickeses are difficult to achieve since it
depends on several factors such as precise adpisttheeedle with respect to the center

of the film, micro-irregularities on the tip of theeedle, etc. Moreover, small local
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impurities in the dielectric volume may result ich non-uniformities. It was observed
that the dynamics of the ultra-thin film is de-ctegpfrom the main film and it spreads
much faster than the main film. According to ouipsbmetry studies, the thickness of
the secondary diffusive film is tens of nanome(€éig.12).

.
-
-

e
.
.

-
-
-

-

.

.
-

.

=

-
o

«® | B b £
- . &
.

-
.
-

-
.
-
-
-

=
.
.
.
o
o

-
-
-
-

-
-
-
-
-
-
-
-

-
.
-

o
.
e
aln

=
a1
o

-
.

m)

I
. e
e

IVIiC

. -
. =

=
N
o

-
-

...
5
-

.

-

L

.

Thickness (n

i
-
-
.
.

o

|
8
'

.
-

B
.
.
.
e
=
-
L
.
s
.
...
B
=
.
e

20 30 40 50

Figure 12: Ellipsometric measurement of silicone bifilm thickness after 1.7x18
seconds of corona discharge exposure. The measurernperformed at two different
peripheral angles. The applied voltage was 17 kV anthe total corona current was
40 pA. The gap spacing was kept constant &25 mm.

Compared with the normal precursor film formatioroumd the main film under
spontaneous spreading in the absence of coronbadgss; the length of the film created
by the forced spreading corona discharge-assistgthique is typically two orders of
magnitude faster, but the thickness of the filnmishe same order of magnitude. Due to

the several commonalities between the observed fiim and the conventional
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previously reported precursor film [15-16], we wsesimilar terminology, “accelerated
electrostatic precursor film”, for the present atved film resulting from the post-forced—

spreading corona discharge assisted technique

The process of the precursor film formation is cbogped. The attraction between the
hetero-charge layers accelerates the spreadingggamtil the film thickness becomes
sub-micron. For regions with submicron thicknessegransition from Regime Il to
Regime IV occurs due to the stronger substrateaot®ns. In Regime IV, the van de
Waals force might contribute in initiating of theepursor film, whose thickness is
typically five times smaller than the main film. this stage, according to the field-
enhanced dissociation conduction model, the sunfatential is expected to show only
minor changes, which corresponds to an electrid #mhancement of at least 5 times
larger as compared with that of the main film. ®irtbe electrostatic component of
disjoining pressure is scaled witf, Ehis abrupt variation in electric field across tin
film may lead to a significant gradient in disjaigi pressure, which accelerates the

expansion of the precursor film.

In order to mathematically describe the film expansn regime IV and further confirm
the above postulated mechanism, let us considestdrelard Thin Film Model (TFM)
and assume that the expansion of the film is basedwo components of disjoining

pressure: (i) dispersion compondt,,, (ii) electrostatic componenil; [22]:

Im= 1_Ivvw + 1_Iel (43)

Using the first approximation of the direct summatof all molecular interaction in the
thin film, the dispersion component of the disjamipressure can be simplified as:
Ay
IT= vaw = W (4'4)
where Ay is referred to as the Hamaker constant. Accordiogthe lubrication

approximation:



214

on_2(p
o [De(h) ar] @95

The diffusion coefficient has two components as:

_ _ - d(ww*e) P -Ay _-2x)_ Ay . 2x
De(h) =Dy +Day = T T (46)

Assuming the precursor film thickness startd@t t) = hy [16], the similarity solution

yields:

1/2
r(t)=(32"'hs +‘3‘—L{] Jt @7

In the absence of corona discharges zero and the above equation becomes:

1/2
10 :[ﬁj & &

The above analysis of the spreading dynamics inatience of corona discharge was
obtained theoretically in [16,23] and experimemtalbnfirmed in [17]. Eqg. (47) predicts
that the spreading length of the precursor filmthe presence of corona discharge is
much faster than the previously reported precufgors produced only due to the
dispersion component of the disjoining pressur@rfEmeous spreading). For example,
typical spreading of the precursor film of a siheooil droplet in the spontaneous mode is
in the order of 100 um after about three days.s Bhiows that precursor film spreading
through spontaneous spreading can take a verytiomg(perhaps in the order of years or
more [16]). However, in the presence of coronaldisge, the spreading length for the
precursor film was demonstrated to be in the ordétens of millimeters after only a day
of corona discharge exposure. This suggests tleapriacursor film spreading is mainly
governed by electrostatic forces and it is acctddrdby electrostatic component of
disjoining pressure rather than the presence ofdtbgersion component of disjoining
pressure. This can be qualitatively confirmed bgcdntinuing the corona discharge

exposure and monitoring the rate of spreading.as$ wbserved that when the spreading
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was interrupted by disconnecting the corona digghaoltage no visible precursor film
expansion was recorded during two days of monitprifthe importance of the
electrostatic component of disjoining pressure lsarfurther confirmed by repeating the
experiments for an identical test period in thesprnee of corona discharge. It was
observed that the precursor film is monotonicabpanded and it can be extended to
radial distances equal to the distances where dh@na discharge is no longer effective
(corona cone). The expansion of the precursor fithin the corona cone region
confirms the role of corona discharge in the exjmamef the precursor film.

The above experimental observations and the exgdamechanism for precursor film
spreading can be further confirmed by evaluationthe& diffusion coefficients. The
diffusion coefficient due to the dispersion companef disjoining pressure (assuming
thicknesses4¥10” m), Dg(h), is in the order of I8 m?s, while the diffusion coefficient
due to the electrostatic component of the disjgjmpnessure is in the order of 1n?/s.
As it is depicted in Fig. 13, the best fit powewlaurve for the experimental data using 1-
D precursor film length measurements, reveal thaetxperimental value of the diffusion
coefficient should be in the order of 10n%s, which is very close to the calculated
electrostatic component of the disjoining pressiifes further confirms the pivotal role

of the electrostatic component of disjoining pressn acceleration of the precursor film.

It is worthy to note that, in the proposed mathecahtmodel, we only considered the
long-range attractive component of van der Waalse® The short-range repulsive
component of the van der Waals forces becomes tantovhen the thickness of the film
goes below the typical thicknesses of 5 nm. Sudldincknesses may only occur at the
early stages of the precursor film developmentc&ine neglected the early stages of the
precursor film dynamics, repulsive short-range dan Waals forces are not effective.
Note that the short-range repulsive van der Waaskfmay act only on few molecules
adjacent to the interfaces. In the present wok typically reported thickness was 30 nm

where the repulsive forces have negligible contrdwuin film spreading dynamics.
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Figure 13: Fit line of the experimental data (circes) for the dynamics of the
accelerated precursor film. The curve is in the fam of r(t)-r, =J t". When n fixed
at 0.5, the fithess parameter and the standard errs are as following:
d = 774x10°m/sY? + 206x10°m/sY2which corresponds to diffusion coefficients of
D, = 301x10°m? /s +1.7x10?m?/s. The equation is valid for times after 40 min of
corona discharge exposure where the accelerated mrgsor film length was

measured to be, = - 2556x103m+ 432x10°m.

7.6 Conclusions

In the present work, we demonstrated four differegimes of dielectric film expansion,
when it is subjected to the corona discharge. & feand that the spreading dynamics in
the different regimes is related to the chargesjpant mechanism across the film. For the
two first regimes, the interfacial electric presswqueezes the dielectric film and the
charge carrier transport follows ohmic conductiBelow some critical layer thickness,
where the hetero-charge layer thickness is compatabthat of the dielectric film, a
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transition to the third regime occurs and the ativa force resulting from the

electrostatic component of disjoining pressure hie dielectric film accelerates the
expansion. In this case, the charge transport nnésrinadeviates from the ohmic
conduction model and it is governed by the fielharced dissociation conduction
mechanism. By extending the corona discharge expotme, a fourth regime of

expansion was observed, where the precursor filejested from the main film. This

precursor film is found to be accelerated due &dlectrostatic component of disjoining
pressure. Although the precursor film expansiormshcommonalities with traditional

precursor film dynamics, resulting from the disp@mscomponent of disjoining pressure,
its expansion is much faster. It was also demotestréhat the precursor film having
thickness of the order of nanometers may covergelarea of the substrate within the
corona discharge effective region, which is in tinder of tens of millimeters. Further
study of the new precursor film is required to wstend its formation and dynamics of
spreading. The results of the current work coutduiseful for several scientific and

industrial applications.
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Appendix C

In appendix C, we are looking for a more generéitgmn for the different regimes of
spreading I, lll, IV. The regime | cannot be ind&d in this approach since it arises from

dynamic surface charging and highly transient ¢héjg pressure.

If we define the disjoining pressure in the follogyiform:
B
M=Na=-7 @

The case considered here is to the final stageeo$preading of a film in which the

substrate is completely wetted. The film profile ¢ee described as:

Oh_ 1 0 (e
at 3ru or (rh M arj @)

The conservation equation becomes:

on_ _n_Bi(mz—n @j -
ot 3ru or or
Considering the non-dimensional parameters:
¢ = ?:,ur*}n b= Vv
nBr 27
oh_10 7z oh (4)
ot ror or

In order to find the similarity solution for the spreaddygamics due to the hetero-
charge layer attraction let us consider the followiagameter:

Q=rf(t)



219

where f (t)is an unknown function. Since the volume of the fifntdnstant during the

evolution, then:

oo Q—F] dQ =1 5
{ ( (?d))ZJ i ©

The tested dielectric liquid (silicone oil) is not &btle and the volume of the film is

preserved during the expansion process thus the aboati@n should not be a function
of time. Therefore,

RO f()=cte  and h= g(Q)(T(f))2

Consideringﬁ = g(Q)(?('E))2 as a similarity solution for governing equation anishgis

r= , the governing equation becomes:

—df [( . dg e 1 d .. dg
f=—Q=—=l+2g'=-{f] " =—|Qg>"—= 6
dt {[ de g} () QdQ[ g de ©

Since the above equation should not be a functidime:

i)

or —=-\f

—df _ (r\ean d?_ —\7-2n
dt g dt g

Therefore:
?({) ~c't 1/(-6+2n)
Since R() f (t) = cte

Rit)=C"t M) @)
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substituting thef (t) ~ c't v(-6+2n) Eq.(6) becomes in the following form:

49, gl o1 d (oo dO
{(Qd_Qj+zg}_ QdQ(Qg de ®

Therefore, the profile of the film can be obtained byftiewing differential equation:

w0 49

Q=-0""1o

Let us construct the concept of disjoining pressur¢hieicharged liquid interfaces. The
disjoining pressure can be defined as the negativeadiee of the Helmholtz free

energy. The excess Helmholtz free energy can be ddunysexcess charge at the

interface.
1dF dF,
I_l =—__ = —
A dX|;p dx |, p
dF, = p.d¢

Therefore, the disjoining pressure due to adding exaesge over the liquid interface

can be defined as:

dg_ (o
ax ps( Ef) (ngf)Ef

=-p
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The disjoining pressure can be simplified as:

2

_ VY
rl_‘ng

The presented concept of disjoining pressure helpppty the general solution

conveniently.
C-1 Similarity solution for Regime Il

In the regime (II), the conduction mechanism mainlya&ms in the ohmic regime. Since
the current density is constant during the spreagiingess, the electric field must remain

constant. In this case, electric pressure is conatad¥, [ h, thereforen in equation

(1) must equal to zero.
According to Eq.(7), the spreading dynamics obeys:
Rt)=C't M2
Substitutingn=0:
Rt)=C't "°

This is the spreading law we obtained previouslyny different methods: (i) Stephan’s

analogy (ii) energy balance method.

C-2 Similarity solution for Regime Il

For Regime lll, the relationship between the surfademg@l and thickness variation is
more difficult. Based on the experimental results, th&¥ characteristics shows

reasonable agreement with Onsagar’s model.
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J = 2cD(E)h = 2chD, exp{-U, + 2¢"*(E / 47z ¢, )"} I k, T M

As it can be implied, at a given corona dischargedion (constant applied voltage and
electrode separation), the current density is conataaht

erfoE) =

Since the V-J measurements for thin liquid film is difficérom the existing data for the

range of thicknesse$x107° - 8x 107" m, the following inequalities can be written based

on the experimental data:

*
E<iiorE<|_|
a’)h h

*
E? >(ijﬂor E? > H
a’)h h

Therefore, the electrostatic component of disjoiningguee due to the interfacial excess
charge is bonded between 1/h and.1/h

Bl BZ
L <<—=
h 1 h?

Therefore, the spreading dynamics can be calculat&jlfy) by substituting n=1 for

lower value and upper value n=2. The spreading dycenan be varied between:

'E 1/4 <§('E) <E 1/2
C-3 Similarity solution for Regime IV

Reconsidering the late stage of the spreading of aiich the substrate is completely

wetted by the precursor film:
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oh__ 1 0(aroh
at 3ru or (rh n(h)arj S

In this regime, the change in surface potential duthey spreading process becomes
negligible and the liquid interface tends to adaptrimediate values of electric potential
between zero (at solid conductive substrate) and ite firmlue of surface potential at
slightly above the solid boundary where the interfexcéocated. Therefore, thin film

tends to creep along the substrate and conserve spdeadial at a finite value of; .

This is thermodynamically preferable since the jump fifomite voltage to zero is not
physical and creeping along the solid interface wétiuced thicknesses may minimize
the energy in the film. For this case, it would besozble to consider the electrostatic

disjoining pressure as following:

V*Z
M=-¢, # whereV', ~cte  (2)

Considering the van der Waals disjoining pressure:

A
HVW_6m3 (3)
_ _A Vo

|_|1_|_|+|_|vw_6m3 gf hz (4)

Let's assume the case where the electrostatic forcedbsent.

The diffusion coefficient for van der Waals forces:

——i M :i
D, =5 (P m)= ®

Assuming the precursor film thickness is cuha@ft) = h,,



224

1 A
D, =-——\*", ()= 6
w = M) = ©
The solution of Eq.(6) becomes in the following form:
Rt)=C't V? @)

The classical solution for precursor film in the presesfaepulsive van der Waals forces

is:

A 1/2
(3ﬂm J Ji ®

/ A
Considering the molecular length scates gy the cut thicknesd),, can be

calculated as

1/2
h, :a@—g ©

Substituting the Eq.(9) to Eq.(8), the constantin eq.(7) is determined. The solution

presented in eq.(7) presents the dynamics of convettiliffusive precursor films.
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Chapter 8

Retraction control of an impacted dielectric droplet through
electric pressure

8.1Introduction

Controlling the deposition of impacted droplets on an-wetting solid substrate is
important for numerous industrial and scientific appioad, such as deposition and
coating techniques, ink jet printing, rapid spray lowp of a heated target, thin film
evaporation, and pharmaceutical processes [1,2]. Highes droplets colliding with a
non-wetting substrate expand and subsequently ré&ddt,15] (see Fig.1la). Compared
with the expansion phase investigations [17,183, ristraction dynamics have received
less attention in the literature, primarily due to ttwemplexity of the fluid dynamics
[14,16]. It was recently demonstrated that polymeiitackd in water [5,12] significantly
slow down the retraction rate through the non-Newtornitagological effects [6,11].
Although adding such agents is remarkably successfuduppressing the retraction
phenomenon for water droplets, these polymers are nableah dielectric liquids, thus

new techniques for retraction inhibition of such liquate potentially of interest.

When a deposited dielectric droplet is exposed twamg enough unipolar ion injection
in a gaseous medium, an electric pressure can bdogedeover its interface. At and
above the onset of corona discharge, the charge cag@nsrated due to the ionization
process, drift towards the grounded substrate and ttesideg dielectric droplet (see Fig.
1b). Interaction of the strong electric field and the siafaharges deposited on the
droplet creates an interfacial electrical pressure. @leetrical pressure exerts a net
squeezing force towards the substrate and the dropleadsp axisymmetrically in the
radial direction [13]. This positive interfacial elgctforce creates a resistance against the

capillary forces acting to retract the impacted droplet
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b] In the presence of corona
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Figure 1: Stages of droplet evolution in the absercof corona discharge (a) and in

the presence of corona discharge (b).
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Figure 2: Schematics of experimental setup

The charging of a dielectric film through unipolar ionjection is a transient

phenomenon, but in the quasi-equilibrium conditionheve the surface charge
asymptotically reaches its saturation limit, the #legressure over a dielectric interface
can be estimated from a simplified model as [7,13]:

£ - 1 [9aK,e,2\* (V* "
PsLy = & O'fz 8 g6 (1)

whereV/ is the voltage applied to the corona electr@is,electrode gap spacing,, and

g, are ion mobility of the positive ions and electricahpittivity of the air, respectively,

and oy is electrical conductivity of the dielectric liquidhe electric field enhancement
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coefficienta equals 1 for strong uniform ion injection in an infinften layer (Mott's
steady-state space-charge-limited conduction [7,8]),itohas higher values for sharp

emitter electrodes.

In the presence of a moderate or strong corona dischatgpical value of the capillary
force, F., and electric forceFg,, resulting from the electrical pressuggk , established

over a dielectric interface with the electrical conélitst of ~10° S/m can be estimated
as:

|E.| = 2mR(£)y[1 — cos(6z)] = 2 x 3.14159 x (1 — 2 X 10~ 2 m) x (20 X
1073Nm~1) x [1 — cos = 90°]~0(10~*—=10"3 N)

|ﬁEP| = psE Ag
~ (107 =10"°Cm~ %) x (10> —10° N €~ 1) x 3.14159
X(1-2x10"2m)~0(10"3=10"2 N)

This crude order of magnitude analysis suggests tleainterfacial electric forces and
capillary forces are of the same order at a moderatenaadscharge. For an intense
unipolar ion injection, the interfacial electric forcenclhe even an order of magnitude
stronger than the capillary force. This implies tha¢ €lectric force may be strong

enough to intervene in interfacial capillary-driven retien phenomena.

Although conventional passive retraction inhibiti@thniques for aqueous droplets on
hydrophobic surfaces have been the subject of sevexidiical and experimental works
[5,6,11,12], to the best of the author's knowledge tmeona discharge inhibition
technique for dielectric liquid droplet has not beensidered. In this paper, we propose
a new active technique to suppress, or inhibit, theacgon of a dielectric droplet
impacted on a non-wetting solid dry substrate. Difierdielectric liquids, silicone oll,
ISOPAR-L and its solution with a surfactant, weredusedemonstrate the effectiveness

of the proposed technique. The prominent feature ofptbposed method is that the
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retraction speed can be actively controlled by chantie ion injection strength through

variation of the electric field.

8.2 Experimental Setup

The schematic diagram of the experimental setup gepted in Fig. 2. The two different
fluids, silicone oil and ISOPAR-L, were chosen for teiady based on their electrical
and thermophysical properties as summarized in Tablhd non-wetting substrate was
developed by applying a solution of silica nanopltiand n-Heptane over the mirror

finished stainless steel substrate.

Table.l Electrical and thermophysical propertieshaf working fluids used in this study at 296.7 K.

Dielectric liquid Density Viscosity Electric Permittivity Swrface
p(kg/m3) v(cSt) conductivity e(pF/m) tension
Oeoq X 107°(S/m) (mN/mn)
Silicone oil 961 50 5.5 23.9 22
ISOPAR-L® 763 2 4 16.82 24
ISOPAR-L® 3.3x1073 763 2 10 16.82 24
M AOT

In the normal situation, the droplet strikes the s fapreads out and subsequently
undergoes rapid retraction. The initial size of thepthhD,, and its impact velocity were
measured to be ~ 3.3 mm and 2.8 m/s, respectivelth Be initial droplet size and
impact velocity were kept constant during all theemments. The corona discharge was
generated between a high voltage emitter electrodeganunded substrate. The high
voltage emitter electrode was a stainless steel eeeitth a well-defined hyperbolic tip
profile with a radius of 50 um. The high voltage emitedectrode was mounted
perpendicularly above the grounded substrate witbparation of 38 mm. The axis of
emitter electrode was adjusted 5 mm off the centereofathding spot over the substrate.
The applied voltage and corona current were measutiag ashigh voltage voltmeter
(80K-40 Fluke high voltage probe) and a Keitfl&10B electrometer. An extended light
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source, an optical diffuser, and a high-speed CCD camvera used to record the
dynamics of the droplet behavior during and after theaichprocess. The accuracy of the
dynamic film diameter measurements was determinedetotk 0.2 mm. All the
experiments were repeated at least twice to ensureeineducibility of the presented

results.

8.3 Results

Fig. 3 shows examples of the photographic sequerfcegolution of different dielectric
droplets obtained after the droplet impact at diffeegplied voltages. For the silicone oll
droplet in the absence of corona dischaihge0], the expansion stage takes place during
~5 ms after the impact. This stage is followed by otiva of the droplet, which typically
starts a few tens of milliseconds after the impact. Qamed with the expansion stage, the
rate of retraction stage is an order of magnitude sltivaar the expansion stage.

The effect of moderate and strong corona discharge orantig spreading ratio,

B(t) =D(t)/D, , of the impacted droplet is presented in Fig. 4. Byreasing the corona

voltage toV=12.5 kV, a total corona current of 9 HA was measutez glectric pressure
increases and the droplet retraction is eliminated.fither increasing the applied
voltage to 16 kV, the current increases to 18 pA astdonly is the droplet retraction
prevented, but also further spreading can be achieved.ig attributed to the fact that
increased applied voltage causes more ionizatioacad} to the high voltage electrode
and elevates the rate of charging due to the inalee@®na current. Compared with the
electrical pressure given by Eq.(1) at the onset of @ordischarge, the calculated
electrical pressure is augmented at least 50 timek6akV, assuming that the field
enhancement coefficient is identical at both appliedtages. Consequently, this
impressive augmentation of electrical pressure at\l&pplied voltage would explain

the continued droplet spreading without retraction.



234

W=0kv

= ms =5 ms =100 ms =1000 ms
V_:LE-W v .

=0 ms t=5ms =100 ms =1000 ms

Pure ISOPAR-L:
=0
i
. = .ri

t~0ms t=5ms t=10ms
V=20 kW, I=33 pA

£~0 ms =5 ms =10 ms £=30 ms =100 ms

ISOPAR-L with 3x102 M AOT:
V=0 kv

0 ms

W=24 kW, I=54 pA

0 ms =100 ms

Figure 3: Comparison of droplet spreading using dferent fluids at different

applied voltages and corona currents. The electrodgpacing was 38 mm.
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Figure 4: Dynamic spreading ratio of an impacted dicone oil droplet in the

presence of corona discharge

Fig.5 presents the results for ISOPAR-L whose molecukosity is 25 times lower
than the silicone oil, while both the surface tensaod electrical conductivity are in the
same order of magnitude (See the Table. I). Comparedsiitione oil, the retraction
process for ISOPAR-L in the absence of corona dischargme order of magnitude
faster since its molecular viscosity is one order of mtage lower and the surface

tension of both liquids is approximately the same.



236

45 \\\\l L

4.2

3.9

¢

3.6

3.3

1>

2.7

2.4
e V=0 A
—B V=16 kV, |=18 A
------ ®------ V=20 kV, =33 A

2.1

™
T \\\\l\\\\l\\\\l\H\l\\\\l\\Hl\\\\l\\\\l\\\\

| || l
1'210O 10
t(ms)

[EEN
o
™

Fig. 5 Dynamic spreading ratio for ISOPAR-L at different applied voltages. Droplet
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spreading ratio g = o Versus time in the presence of corona discharge.
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Similarly to the silicone oil, by increasing the coaowoltage the retraction process is
suppressed. However, for ISOPAR-L, a comparatively tagfgetric pressure is required
to mitigate the retraction process. For instance,noyeiasing the applied voltage to 16
kV, the retraction speed is still significant. By fwgt increasing the applied voltage to 20
kV, the ion injection is strengthened and the coraunaent increases te=33uA, so that
the retraction is completely inhibited. These resahow that higher applied voltage and
interfacial electric pressure are required to overcomectpllary forces, when the
retraction resistance due to the viscous force is wedkereover, the experimental
observations for both liquids revealed that the codiseharge has no appreciable effect

on the droplet expansion phase. This implies thehduhe expansion stage the impacted
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droplet remains practically unchanged. The inertia fascehe only dominant force
during the expansion and contribution of the intedhelectric force is not appreciable at
the very beginning of the evolution, where the intaeous surface charge magnitude is
likely to be far below the saturation limit. This hypesis will be revisited later in more

detail.
39
36
33|
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Bt
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24
21
- —— - Pure ISOPAR-L: V=0
18F —6— Solution: V=0
R ——8—— Solution: V=20 kV, I=33 A
B —<& — Solution: V=24 kV, I=54 A
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l : L | l [
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Fig. 6 Dynamic spreading ratio of ISOPAR-L dropletwith 3.3x10° M AOT additive

in the presence and absence of corona discharge.

In order to further examine the theoretical postulatighs, electrical conductivity of
ISOPAR-L was elevated by dissolving low concentraiof di-2-ethylhexyl sodium
sulfosuccinate (AOT) in ISOPAR-L. For this solutiorhet thermophysical properties
remain approximately unchanged [10]. Fig. 6 compahnesdynamic evolution of pure
ISOPAR-L and the solution of ISOPAR-L with 3.3x10 AOT in the absence and
presence of corona discharge. Comparison of the evolatiaracteristics confirms that
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the thermophysical properties of the liquid do not slaowy significant changes. For pure
ISOPAR-L the retraction can be eliminated at 20 Kig(5). For the doped material, the
droplet retraction is somewhat suppressed at 20 kVijths still significant. By further
increasing the applied voltage up to 24 kM54 pA), the retraction is remarkably
suppressed although some slight retraction canbailbbserved. As it can be inferred
from both the experiments and the theoretical postulapresented in Eq.(1), the
elevated conductivity of the ISOPAR-L solution resutt scaling down the accumulated
surface charges, interfacial electric pressure, andeqoesitly the resistance against the
droplet retraction. The observations for conductive tadrioplets exposed to the corona
discharge showed that the dynamics of evolutiorotanfluenced by the ionic discharge.
For this extreme case, since the electrical pressurevérsely proportional to electrical
conductivity the surface charge may not be develawed the interface and the electrical
pressure is not appreciable to suppress retraction fomgacied aqueous droplet

evolution.

Fig. 7 shows the contact line speed at onset ofdtloplet retraction (slope of the
spreading characteristics curves) as a function of appiadtage for all experimental
cases. At voltages below the onset of corona disehavgere the discharge current is
zero, there is no influence of the electric field. At togona discharge thresholt- 6

kV, the corona current wals=1 pHA and the retraction process shows no measurable
changes. By increasing the applied voltage to 8(k&2 pA), the rate of interfacial
charging is almost doubled and the interfacial eledoirce becomes strong enough to
slightly suppress the retraction. By increasing thgliap voltage to 16 kVIEL7 pA),
corona discharge completely eliminates the retractsdmge for silicone oil and
suppresses the retraction rate for the ISOPAR-L dropdee than 500%. For the solution
with elevated electrical conductivity, the retracti@te is suppressed less than 200%.
These results show that for liquids with higher eleatrmonductivity, one must apply
stronger ion injection (corona voltage and corona otyréo compensate for the
interfacial charge reduction due to the conductionnpheenon. This observation is
consistent with previous explanations and confirms gineotal role of electrical
conductivity in determining the electrical pressureggmtude and the retraction rate at a

given corona voltage.
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8.4 Discussion
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When the corona discharge is absent, the dynamics ohpacted droplet during early

stages of the impact and the expansion is goveriyetivb dimensionless numbers,

Reynolds (ratio of inertia to viscous forc®e;,, = p‘i’D, and Weber (ratio of inertia to

. VéD . . . .
surface tension forcele;,, = p;’ . Whereas for the retraction stage, the inertia force is

less important and the process is primarily governe@dpillary numbeiCa,.., = V’"‘jTt”

which relates the competition between the viscousefor@nd surface tension. In the
retraction phase, the capillary forces accelerate ttnact®n, while the viscous forces

create resistance against it and decelerate the pridtess

In order to understand the effect of corona discharge edrtiplet deposition process in
both the expansion and retraction phases, an order ghitnde analysis based on
relevant dimensionless numbers can be informative.eSine droplet spreading of an
impacted droplet during the expansion phase is goudngeReynoldsRe,,, and Weber
numbers,Wes,, both numbers are defined based on the initial drapéeneter and the
impact velocity. For the retraction stage, these thimensionless numbers and the
Capillary number are defined based on retractiondsped film diameter at the onset of
retraction. Introducing a new dimensionless numberaseelectrical pressure can be
beneficial to compare the electric force with the ofbeces during these two phases. In
order to compare the contribution of the electric pnessgenerated by the corona
discharge, the ratio of dimensionless numbers inptlesence and absence of corona

discharge should be compared. For the expansion,stagthe absence of corona

100

discharge, the ratios of the Reynolds and Weber nisnbee: Reg,/Re;c ~ =

Weg,/Werer = 9 Comparing these ratios, it can be concluded thaingmtia effect in
p 0.01

the spreading stage significantly dominates over bstous and capillary forces. Since
the inertia forces have only a small effect on theaotion process, we consider the

Capillary number. For our experiments in the absencalisdharge, the retraction

Vret _ 0.0004
0.02

Capillary number is very smallCa,.; = « 1. This suggests that the

capillary forces are dominant. The Electro-capillanymiver for the expanded film

exposed to the corona discharge can be defined as:
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£ V_4 D 2
Cayp = Q where¢ is (M) (1)

6
o 8 Efof

Substituting experimental values of the imposed @rdischarge parameterg=12.5
kV, S=38 mm) for silicone oil, it can be concluded that &iectric force is comparable

with the capillary force€a, = % = 1.5. Since the Capillary number is very small, it is

clear that the electric force is significantly largerritthe viscous forces. This can be

examined by comparing the Capillary number for retracaod electrically inhibited

E(V4)D :
. . ca 6 0.03
retraction Capillary numbeF—=21e = 52 ~

Caret Vyetlt 0.00035

>» 1. Therefore, the retraction of

silicone droplet is expected to be suppressed asgiasific applied voltage and electrode

.2

separation. For silicone oil =16 kV, the electro-Capillary numberGa; ~ %~10,

shows one order of magnitude increase. At this applb#tdge, electric force is dominant
and the retraction is inhibited (see Fig.4).

Comparison of the inertia force with the interfacial &iecforce during the expansion
stage is also informative. During the expansion phaseshowed that the inertia force is
10" times larger than the capillary forces, while thele force is only 10 times larger
than the capillary force. This infers that the inefteace is 16 times larger than the
electric force during the expansion stage and theignisrdominant force even assuming
the maximum charge accumulation over the droplet irderfgt saturation limit. These
results further support the previous experimental evidémethe corona discharge has
no visible influence during the expansion phase.

It should be noted that, in this analysis, anyafetrging of the droplet during its flight
time and charge leakage during the collision are ewtgdl. This assumption may be
particularly valid for liquids with lower electrical cdactivity [9], higher droplet

velocities and shorter electrode gap spacings. Therefoduding these realistic
conditions in a simplified model may add unnecessasgnplexity to the problem.

However, in order to practically minimize the error doethiese effects, the electrode
separation and droplet flight path in this analysisrewset to be identical for all

experiments.
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8.5 Conclusions

We have demonstrated that for low conductivity draptbe retraction can be suppressed
even at moderate levels of corona discharges. Itokas shown that for an impacted
dielectric droplet at strong enough corona dischargeonly is the sequential droplet
retraction eliminated, but also the initial expansstege can be followed by a monotonic
film expansion. For higher electrical conductivitiespre intense corona discharge is
required to decelerate the retraction stage. It cacdoeluded that the unipolar ion
injection has no effect at the early stage of the @tophpact since the inertia is the
dominant force in the expansion stage. The proposdthitgue is only applicable for

dielectric liquids and is not effective for conductinepiacted droplets.
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Chapter 9
Summary of the thesis

9.1 Summary

The effect of electrostatic forces on various heat tramsfdrmass transport problems in
gaseous and dielectric liquid media were investigeaad a new corona-discharge
assisted technique for controlling of the spread of digfiims was proposed. As
described in Chapter 1, EHD effects may enhance #mspiort phenomena in both
micro-scale and macro-scale by contributing to the nmome balance. The
investigations conducted in this study were pre=egim seven chapters. In the first four
chapters, electric field and EHD effects were usedhébulk of the gas and dielectric
fluid to enhance heat transfer or mass transport. Inagteliree chapters, we put forth a
new concept of net flow motion through interfacialctlie pressure over the dielectric
liquid/vapor interface. It was demonstrated that cordisgharge bombardment of the
droplet/film interface may induce net electrostatic riiatgial pressure, which can be
effectively used to control droplet spreading dynamicstie retraction phase of
impacting droplets. It was also demonstrated that uhin films of dielectric liquids,
whose thickness is in nanometer scale, can be dedasier a metallic substrate by the
same technique. The main contributions of the curteygresented in each chapter are

summarized below.

9.1.1 Effect of corona discharge on natural convection heat

transfer

Natural convection heat transfer enhancement throagina wind has been the subject
of extensive studies for more than 50 years. The prsvaathors used the energy balance
method to predict average EHD heat transfer enhancefioenvarious shapes of external

objects. However, there has been little knowledgeuththe local heat transfer
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enhancements. In Chapter 1, an interferometric studyoafna discharge heat transfer
enhancement from a horizontal isothermal cylinder werfopmed. The corona emitter
electrode was a sharp blade electrode while the totledectrode was the grounded
heated cylinder. An optically-large plate Mach-Zehndeterferometer was used to
visualize the thermal boundary layer around the dglinand further quantify the heat
transfer measurements. For the first time, the local tneasfer was extracted from the
interferograms and compared with numerical simulationlies8y applying 17 kV
voltage to a blade corona electrode, a maximum 1@@# heat transfer enhancement at
the lower stagnation point of the heated cylinder wlatained at relatively low Rayleigh
numbers. Also, for voltages aboVB.5 kV and currents abowepA, the numerical results
showed that the electric body force becomes stronggéném produce high velocity
gradients near the blade. This strong velocity grddiesults in a recirculation zone
established below the cylinder. The recirculation zoamgses an insufficient entrainment
of the cool fresh air into the thermal boundary layer Gt < 8 < 80° and results a
decrease in local Nusselt number at the same loc&ioonger recirculation is produced
by higher corona currents. It was also found that timer@a wind is more effective at low

Rayleigh numbers, where the buoyancy-driven flow iakee.
9.1.2 Mono-dispersed droplet cooling

In Chapter 2, two-phase cooling of free-falling mono-dispd water droplets impacting
on a smooth upward-facing horizontal heated disk at ptE-@gimes was revisited. The
main reasons of this reinvestigation were: (i) the exgstiroplet cooling correlations are
not applicable for Weber numbers less than 50 (ii) seweraplications were found in
the experimental setups of the previous studies, whelde their results and their
proposed correlations unreliable (iii) it was intendedxplore the potential application
of the imposed electric field on boiling enhancementhe droplet cooling technique.
Extensive sets of experiments with a corrected expataheetup were performed to find
the effect of droplet size and impacting frequency otingpcurves and CHF in the
absence of electric field. Two different regimes, low \&febumber (We<50) and very
low Weber number (We<20) were identified. Two different elations were proposed to

predict the experimental CHF at these different regimike.experiments in the presence
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of electric field were not as successful because th@sew electric field significantly
changed the path of the falling droplets. Moreover, gheradic jetting and random
Taylor cone formation re-directed the main volume ofdbelant off the heated surface.
These results show that for this particular situatiwrd is no advantage to using electric

fields to enhance the droplet cooling effect.
9.1.3 Jet impingement boiling heat transfer

Direct jet impingement boiling heat transfer opergquat low flow rates is of great interest
for controlling localized moderate heat fluxes in equepmhaving delicate mechanical
structures, where aggressive techniques, such as hegld-ggts, are not suitable. Boiling
heat transfer from an upward facing disk targeted byaling jet was studied
experimentally at different volumetric flow rates and vasiget lengths. The working
fluid was chosen to be the dielectric liquid HFE7H)@ the heated spot was an 8-mm
diameter disk. Using previous CHF correlations inrtbeginal form, valid at very low
volumetric flow rates, result in large disagreementsesihavas found that variation in
the jet length changes the boiling characteristicsvals demonstrated that although the
circular hydraulic jump formation within the heater didaememay suppress the heat
transfer under certain conditions, moving the jet cldeethe target may significantly

improve the boiling curves at the critical heat flux @Hegime.

At low flow rates, the CHF increases as the jet lerdgcreases, while for moderate and
high flow rates the boiling curves show approximatelynaversal behavior for different
jet lengths. For such low flow rates, the effect of geigth on boiling curves was shown
to be related to the variation of the cross sectiohefalling jet and the formation of the
hydraulic jump at radial distances smaller than hater diameter. The current CHF
experimental data for different jet lengths are correldtgdncluding the effect of jet
length in the previous correlation proposed by SharaehLienhard.

In the absence of electric field, a simple way to iaseethe momentum of the liquid
sheet around the rim is increasing the flow rate. Arrahtive way to enhance the

momentum of the liquid sheet around the edge is tmdace EHD forces. It was
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demonstrated that imposing voltages about 11 kV jeitlseparations about 4 mm at the
lowest flow rate of 6 cc/min causes CHF enhancemeisore than 100%. Unlike the
droplet cooling case the presence of an imposed eldhil, the imposed electric field
to falling jets is promising.

9.1.4 Conduction micropumping

Shrinking the dimensions of EHD pumps has been a&stubf great interest, since it may
reduce the range of operating voltage and the sizeeopdlwer supply. Although one
may find several micro-scale designs for ion injectinod aduction pumps, very limited
work has been conducted to scale-down the conduptiomps. This may be due to the
fact that conduction pumping has only been propogsg recently. Since conduction
pumping eliminates the direct ion injection from tledid¥ liquid interface, it preserves
the thermophysical and electrical properties of theidiqlihis interesting feature of the
conduction pumps makes them interesting for long-terdhsgnsitive applications, where
a reliable operation of the EHD pump is needed. Moreosteidy of the conduction
pumping in thin dielectric liquid layers confined Wween electrodes provides intuitive
understanding about the charge transport mechanisnprasdure generation across the
dielectric films.

In Chapter 4, a single-stage axisymmetric conductimigsropump in the vertical

configuration has been proposed. This micropump cansistfour components: high

voltage ring electrode, grounded disk-shaped electiodalator spacer and inlet/outlet
ports. The high voltage electrode and grounded elextabdhe device were etched on
two separate commercial Liquid Crystal Polymer sabss with 30um copper cladding
using standard lithographic techniques. The finatsgabetween the two electrodes and
the overall size of the device were measured to beu28@&nd 50 mmx70 mmx 5mm,

respectively. The static pressure generation of the puonp was measured at different
applied voltage using three different dielectric liqqjid0-GBN Nynas and Shell Diala
AX transformer oils, and N-hexane. The range of applidthges was reduced one order
of magnitude with respect to a similar macro-scale dedige range of operating voltage
fell between 300 to 1500 VDC and a maximum pressurergéion up to 100Pa was
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achieved at 1500 VDC applied voltage. In order to &rrtrerify the experimental results,
a numerical simulation was also performed. The predsemd generation was predicted
numerically and compared with experimental resultlifégrent applied voltages. Several
considerations for reducing the electrode separation icrormscale design of the

conduction pump were highlighted.
9.1.5 Concept of droplet spreading

A corona discharge-assisted technique for spreading géndly deposited dielectric
droplet into a uniform thin film over a dry isothermalndoctive substrate is proposed
here for the first time. It was shown that the droplgtagsion process can be controlled
through variation of the corona discharge parametersradidicharge exposure time. The
proposed explanation of the corona discharge-assigpeeiading was confirmed by
several qualitative and quantitative experimentsds confirmed that the interaction of
the surface charge density and intense electric fielderates an interfacial electrical
pressure and leads to a uniform axisymmetric spreadintpeofdroplet in the radial
direction. It was also demonstrated that the propésethique can be analogous to the
classical Stefan’s squeezing liquid flow between twpasated parallel disks. Through
several simplifications, a mathematical model baseths analogy was developed. The
dynamics of the film spreading due to the corona diggdn can be predicted through a
simplified analytical model based on this analogyvas found that the dynamics of the
liquid film formation for intermediate corona dischargepesure time obeyB(t) ~ t°
law, whereD(t) is the diameter of the film artds the corona discharge exposure time.

9.1.6 Different regimes of spreading

The studies in Chapter 5 were extended and arsuibject of Chapter 6, which answers
the following questions: What will happen if the dretpis exposed to corona discharge
for long time? Is it possible to obtain ultra-thin filaf a liquid through the proposed
technique?

In this chapter, it has been demonstrated that thenaodischarge spreading technique

can be effectively used to produce uniform ultra thimsil Four different regimes of film
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spreading have been identified and characterized. $ixeceharge transport mechanism
across the film determines the dynamics of spreadiffgreint regimes of charge carrier
transport have been postulated and implemented tacptéeé rate of spreading. These
mechanisms were confirmed both experimentally andrétieally. For each regime, a
theoretical hydrodynamic model along with a descriptod the charge carrier transport

mechanism has been proposed to predict the obsermedhitys of spreading.

At the very beginning of the corona exposure (Regimthé dielectric film expansion is
governed by the transient surface charge accumulatidhobeys the laid(t) ~ t/2 .
After the interfacial charging of the dielectric layer rezgta quasi-steady state, the
spreading enters into Regime Il, which was discuseedetail in Chapter 5. In this
regime, the film expands monotonically wib(t) ~ t/° and the thickness of the film
decreases. When the thickness of the film reaches spewfic value in the order of
hetero-charge layer thickness, a transition to Redims observed and the spreading is
accelerated. The acceleration is found to be relatede electrostatic component of the
disjoining pressure due to the hetero-charge layercttteaforce. The transition to
Regime 1V, the most interesting regime, appears whencorona discharge exposure
time is extended further and the thickness of theididiim reaches sub-micrometer
levels. In this regime, a new type of precursor filmhwihicknesses in the order of
hundreds of Angstrom appears around the apparent cdm@adio the main film. The
behavior of the precursor film is diffusive and rapidly axgs ahead of the main film
over the substrate due to the electrostatic compooktiie disjoining pressure. The
observed accelerated precursor film is reminiscent of thevemtional molecular
precursor films, but its rate of expansion is signifigamore rapid. A mathematical
model is proposed to understand this electrostatiealtglerated precursor film.

9.1.7 Droplet retraction inhibition

High-speed droplets colliding with a non-wetting suditet expand and subsequently
retract. Suppressing the retraction phase is one ohtis¢ challenging problems in liquid

film coating and impacting droplets over a non-wetsngface since it is encountered in
several important applications. For the first time, & @etive technique, based on the
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corona discharge-assisted spreading concept, is pobpmseontrol the deposition
process of an impacted dielectric droplet over a noniwgetjrounded substrate. An
electric pressure resulting from the electric surface gehgroduced by the corona
discharge squeezes the droplet interface towardsrthmded substrate and generates a
resistance against the droplet retraction. It is detratesl that the electrical pressure
effectively suppresses the droplet retraction at vekagbove the corona discharge
threshold. Applying stronger corona discharge voltagegs demonstrated that not only
is the droplet retraction prevented, but also furtheragping can be achieved.

9.2 Proposal for future works
The presented work may suggest several applicatedsscribed below.
9.2.1 lonic discharge heat exchangers

The natural convection heat transfer enhancement tpohnican be used for
commercialized ionic heat exchangers. Particularly farogravity conditions, where

the energy management is of great concern, the codiszharge enhanced heat
exchangers may find great interest since the enenggucoption is small in the order of
few miliwatts per meter of the heat exchanger tube. lketric field can replace the
gravitational field to simulate natural convectionnmcrogravity condition. Therefore, a
detailed study of corona wind effect of an array of tulagiser than a single tube might

be of great interest in outer space applications.

9.2.2 Conduction pumping: a candidate for heat removal

element

Although the static pressure generation of a singleestegnduction pump is not
significant, stacking micropumps to create large statessure generation seems to be
feasible. The multi-stage conduction micropump may famgplications as a pumping

element in heat management circuits.
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9.2.3 Thin film evaporator

Thin film evaporation is an efficient technique for hé&ansfer and mass transport in
several important applications including oil refinendalrying technologies. The corona
discharge spreading technigue can be used to cti@atdilms for heat/mass transport
enhancement purposes particularly the evaporation fate osolatile liquids. This may

find several applications in which wettability of thelid surface is of the great concern.
9.2.4 Metal Coating: monolayer deposition

The conventional coating techniques exploit highspuee atomization techniques for
deposition of dielectric liquids on metallic substgateThe traditional techniques
introduce significant amounts of pollution in the forftaxic mist-particles and micro-
satellite droplets due to the high velocity impagttivoplets over the substrate. Dielectric
coating of conductive substrates through corona digeharay significantly suppress or
even eliminate the unwanted particles or micro-droplBt thickness of the dielectric
coating generated by corona discharge assisted itgehrcan be controlled from
millimeters to nanometers. As main advantages of ébbnique, the corona discharge-
assisted technique may reduce the energy consumiati@000 times lower values and
minimize the coating material wastage. Both featwfethe new technique, low energy
consumption and optimization of coating material wgset may help minimizing the

greenhouse gas emissions directly and/or indirectly.
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