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Abstract

MultiphaseMicrofluidics for Convective Heat Transfer and Méaturing

by

Amy Rachel Betz

Due to the length scales in microfluidic systentsiifacial forces dominate over inertia
and gravity. In this work, | have designed, fabiéchand studied several systems that
manipulate interfacial forces for manufacturing @mthance convective heat transfer.
These systems have application in drug delivelpbical and chemical micro-reactors,
and electronics cooling. First, fluid-fluid intedas can be used for the generation of
particles. At the interface between two fluids iotran, instabilities can occur. One
reason for these instabilities is the differencehirar velocities which causes waves to
propagate at the interface. With the correct gedmednfiguration this phenomena will
lead to droplet break up. Second, liquid-gas iats$ can enhance heat and mass
transfer. If air bubbles, larger than the chanmeingter, are confined to a liquid filled
microfluidic channel they will elongate into plugehese plugs are surrounded by a thin
liquid film, which causes the bubbles to fastemntkize liquid creating a recirculating
wake behind the bubble. This can be used to enhangeg in the channel but it can
also increase the heat and mass transfer betwediquid and channel wall. Third, solid-
liquid interfaces can enhance and control boillngaucleate pool boiling, single bubbles
form and depart from the wall. The frequency azé sif the bubbles at departure can be
influenced by the surface wettability. By pattemsurfaces with wetting and non-

wetting regions the growth of bubbles can be cdietido enhance the heat transfer.
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Nomenclature

A = area (M)

B = hydraulic coefficient (dimensionless)
Bo = Bond numberpgd?/c)

Ca = capillary numbepU/c)

¢ = specific heat (J/kgK)

C = gas constant

CHF = critical heat flux (W/cR)

d = hydraulic diameter (m)

D = diffusivity (m%/s?)

f = volumetric flow rate (1i¥s)

f = frequency (Hz)

fr = friction factor (dimensionless)

G = mass velocity (kg/fs)

h, HTC = heat transfer coefficient (W9
H = height (m)

k = thermal conductivity (W/mK)

K = minor loss term (dimensionless)

L = length (m)

M = mass transfer coefficient (m/s)

n = number of bubbles

n, = number of active nucleation site (site§m

N= number of channels

p = pressure (Pa)

P = perimeter (m)

Pr = Prandtl Numbew(a)

Nu = Nusselt Number (hd/k)

Q = heat flow (W)

q"= heat flux (W/nf)

r = radius (m)

R = radius of curvature (m)
Re = Reynolds Numbep(Jd/p)
Sh = Sherwood number (Md/D)
t =time (s)

T = temperature ("C)

U = velocity (m/s)

V = volume ()

w = width (m)

We = Weber numbepU?d/c)



Greek Letters

a = fin enhancement factor (dimensionless)
o* = aspect ratio (dimensionless)
B= temperature difference (°C)
0= film thickness (m)

e= liquid fraction (dimensionless)
n= fin efficiency (dimensionless)
0 = thermal resistance (K/W)

u= viscosity (Pa)

p= density (kg/rf)

o = surface tension (N/m)

Subscripts

B = bubble

¢ = channel

con = contact

d = departure

G=gas

L = liquid

meas = measure

S = surface

sat = saturation

seg = segmented flow
sin = single phase flow
slug = liquid slug

sub = substrate

w= wall
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1 INTRODUCTION

1.1 A primer on microfluidics

Microfluidics is a relatively new field emerging ithe late 1980's [1]. It is a
multidisciplinary filed that explores the scierntifphenomena and application involving
fluid dynamics on scales small enough to effect lthé&ance of forces in the system,
ranging from a few millimeters to a few microns.niicrofluidics systems, surface forces
are typically stronger than bulk forces due toligh surface-to-volume ratio. Let’s look
for instance at a sessile drop on a surface. Ifwete to invert the surface, as shown in
Figure 1, so the drop is suspended in air, the datihe drop (does it stick or fall?) is

determined by the balance of gravity to the surtaosion forcgpVg = 27wRsin® 8. The

shape of the drop is controlled by the wetting an@l If we assume a wetting angle of

90°, the drop will be hemispherical and we can enrthe force balance as

p% /R’y =2mRor R= /i . For a water droplet the critical radius is 2.7 ntinerefore
A

drops with a radius smaller than 2.7 mm will adhéoethe surface, seemingly

contradicting Newton'’s falling apple experienceeda the strong surface tension force.
To demonstrate the dynamic behavior of the dropbvieg another surface in contact
with the drop, as shown in Figure 1b. The chang&erfree surface will cause oscillation

due to the transfer of surface energy to inertia.
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Figure 1. Depiction of a sessile drop, where R <2mm and® = 90° , suspended from a surface (a)
and the change in free surface shape when anothearrace is brought into contact with the drop (b).

Microfluidics is a technological application drivelireld [2]. Most applications for
microfluidics are in chemical and biological scieac Microfluidics devices are
commonly referred to as Lab-on-a-chip applicatitmezause they seek to shrink lab
processes such as PCR and flow cytometry into aoftucdic chip. This enables

researchers to use smaller reagent sizes, lesgyesnal decrease process times [3].

Microfluidics has also been explored for heat tfanapplications [4]. Even though the
flow in microchannels is usually laminar, the enteh surface-to-volume ratio can

increase the effective heat transfer.

1.2 Definitions
In the literature the use of the term multiphassvflvaries. For the purpose of clarity in

this thesis the following definitions will be used:

» Multiphase flow consists of a single fluid in mple phases, for example water

and steam flowing in a heat transfer pipe.



» Two-phase flow consists of two immiscible fluidschuas water and air or water
and oil. Depending on the interfacial tension & ttvo fluids one fluid with be
the dispersed phase (drops or bubbles suspendbd ffow) and the continuous
phase.

» Segmented flow, shown in Figure 2, is a subsewvoffghase flow, where the flow
is confined to a small channel. When two immiscifiieds are confined to a
small enough channel surface tension dominates graity and the orientation
of the systems does not affect the bubble shapiidrregime one fluid will wet

the surfaces of the channel and the other willibpatsed along the channel.

liquid gas
L € €' CD Chy O N
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Figure 2. An example of segmented flow from [5]

It should also be noted that for brevity, if a omcludes both multiphase and two-phase

flow, multiphase will be used in the title.

1.3 Multiphase flow to enhance/control transport phenonena
Multiphase microfluidics can enhance both mass laat transfer. In two-phase flow
drops, bubbles and particles have been show toneehmass transfer [3]. Segmented

flow increases both mixing and fluid to wall masansfer [6]. The addition of interfaces



changes the behavior of the bulk fluid flow causragirculating wakes to form behind

the dispersed phase [6] as shown in Figure 3.
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Figure 3. The recirculating wakes formed by segmeet flow, measured using pu-PIV [7]

The addition of particles has also been shown t@mece mixing [8]. This is due to the
inertial effects on the particle. If the particleasis a significant portion of the channel it
experiences different velocity on each side cauthegarticle to rotate, which generates
vortices in the bulk fluid. Heat transfer is enbadh in multiphase systems because there
is an opportunity to take advantage of the lateatt lof vaporization of a fluid. The ideal
regime for multiphase heat transfer is nucleatdirgpiln this regime bubbles grow and
detach from the liquid/solid interface. After thelgtach the surface is rewetted with
liquid and the process continues. In a pool boibggtem the bubbles detached from the
surface due to buoyancy and in flow boiling bubldes removed by the shear force of
the flow. This regime is ideal because heat issfindirectly into the liquid and vapor

does not form an insulating barrier.



1.4 Tools to engineer multiphase flow in microfluidics

1.4.1 Drop and bubble generation

There are many ways to generate drops and bubblescrofluidics. Two methods for
continuous drop generation presented in this wakk eoss-flowing streams (also

referred to as a t-junction) and flow focusing daleferred to as a co-flowing streams).

Cross-flowing streams

——— e e

)]

Flow Focusing
L€

Figure 4: Continuous methods for droplet generatioras presented in [9]

The breakup of drops and bubbles in microfluidiesides can be driven by pressure,

shear force or instabilities.

1.4.2 Surface engineering

In microfluidic systems surface modification plagm important role due to the
dominance of surface forces, as mentioned in sedtih. Surfaces can be modified by
changing their chemical and physical propertieser@bal alterations to a surface can
change the surface energy, surface charge andastipwetting properties. Physical
alterations can also change wetting propertiedaserroughness, friction factors and

available surface area. There has been a greabtledkrest for surface engineering in



microfluidic systems to control the transport pnges [10]. Current manufacturing
technigues use both physical and chemical appreathereate superhydrophilic and

superhydrophobic surfaces [11].

At

¥ - AN
500 2 Dt Sk RETRA CE L s 1 Lok g A TR
5 0KV 12 Brm 31 S0k SEIM 1] 11/26/2008 oy 12 e ke o< v 1 r2nerion
¥ |
‘_r." i) "Fr-' i

()
Figure 5. Deep reactive ion etching can be used ¢oeate dual micro/nano structures that mimic the
lotus leaf effect [12].

There is also interest in designing dual structurécto and nanoscale surfaces [12-15],
shown in Figure 5, these multiscale surfaces mmaay of the surfaces found in nature,

as shown in Figure 6, and their surface performape@s multiple length scales.
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Figure 6. Scanning electron microscope (SEM) imaged a naturally superhydrophobic surfaces of
the lotus leaf (left) and a Taro plant (right)[14]. The scale bar on the image is 20 um.

Using the combination of micro and nanofabricatsoinfaces can be tailored for specific
transport applications. For example, micropatteraeeys of nanopillars can be used to

control the direction of liquid spreading by varyithe angle of the pillars [16].

1.4.3 Fabrication of Microchannels and Microfluidic devices

There are two major methods for manufacturing nadcemnels and microfluidic devices.

First, is the soft lithography method [17]. Thisthmd uses standard IC chip fabrication
lithography techniques to create two dimensionaliid®in hard polymers. These moulds
are used for the rapid fabrication of soft polynekips. This fabrication method can

resolve feature sizes down to 1 pm in the planactons. Second, microchannels and
microfluidic device can be manufactured using mmaitbng, with features as small as 25
pm and 5 um resolution. While the resolution isdowhan the soft lithography method
the time and cost for manufacturing is lower, mgkithis manufacturing method

preferable when high resolution is not an issuecrdnilling can be used to create

devices in hard substrates such as plastics odsnétaan also be used to create moulds



for soft chip fabrication. Other fabrication techues include, but are not limited to: hot

embossing, nano-injection moulding and nanoimprmti

Figure 7. Manufacturing of a hard plastic microfluidic chip via micromilling. The end mill diameter is 100 um. (left)
and a soft polymer chip manufactured using the soflithography method[17]. (right)



1.5 Outline and objectives

The outline and objectives for this thesis are:

In Chapter 2 a microfluidic chip is designed andrilzated to generate
monodispersed hydrogel microparticles. These mantopes are both
biodegradable and mechanically strong. They areenfran three precursors that
are viscous and reactive. The objective of thiskwerto show that microfluidics
can be used to generate particle from viscous eactive precursors.

In Chapter 3 a microchannel heat sink is modifeegiioduce segmented flow of
water and air. The heat transfer performance forpase flow is measured and
compared to single-phase flow. The objective o6 thiork is to show that
segmented flow can be generated in a multiple atlaheat sink and that this
flow will enhance the convective heat transfer.

In Chapter 4 heterogeneous wettability surfacesvaarufactured. This surfaces
combine hydrophilic networks with hydrophobic iglgn Their pool boiling
performance is tested. The objective of this warkko show that heterogeneous
wettability surfaces simultaneously enhance heatster performance compared

to surfaces of homogeneous wettability.
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In Chapter 5 an analytical model to predict thet lneasfer coefficient of surfaces
with heterogeneous wettability is presented. Modelgredict the heat transfer
coefficient in pool boiling were developed and haween studied since the
1950’s. The objective of this chapter is to showttbxisting models can be
modified for heterogeneous wettability surfacessThodel also provides insight
into the physics and a strategy for designing aptinbzes heterogeneous

wettability surfaces.
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2 MICROFLUIDIC FORMATION OF HYDROGEL PARTICLES

2.1 Introduction

Hydrogels are hydrophilic three-dimensional polymetworks, cross-linked chemically
and/or physically, capable of retaining a large amaf water. Hydrogel micro particles
have applications in drug delivery systems and lmamsed for biological sensing. The
hydrogel particles in this work have a unique cosijpan that makes them both
biodegradable and mechanically strong. The MPs camposed of three precusor
solutions: partially oxidized dextran (Odext), Tadeean andN-carboxyethyl chitosan
(CEC). One interesting attribute of the precusdutsmns that needs to be considered in

design is their high viscosities: 0.347, 0.01 arxb8 Pas, respectively.

Microfluidic flow focusing has been used to gener&tPs with single precursor based
(e.g., Ca-alginate), photo-polymerization or orepstreaction systems requiring
potentially cytotoxic extraneous cross-linkers onofinitiator [18-21]. The MPs
produced generally have poor mechanical propeftl€s 22] rendering them less
appealing for certain biomedical applications. Flimeusing using high viscosity fluids
has also been demonstrated [23] with a single petyfar the dispersed phase. We
designed and tested a microfluidic chip that mikese viscous precursors and uses flow
focusing to generate microparticles that are bicaldgple and mechanically strong. The
flow rate of the dispersed and the continuous pkdsse varied to create different size
particles. For each trial the particles are charastd by the average size and standard

deviation.
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2.2 Design of the microfluidic chip

Good mixing between the fluids is important to eesthe manufacturing of quality
microspheres. Flow in microchannels is usually rEanidue to the low Reynolds number;
so that mixing is diffusion-limited. As shown ingtire 8, a y-connection and a 33mm
serpentine channel was used to mix the fluids Btmm and ODext. The serpentine
channel was used to increase the mixing length ewhiinimizing the area of the
microfluidic chip. The height and width of the sentine channel, h = 100m and w =
500 um, were chosen so that the pressure drop washastbar at a filling velocity of
17 mm/s. To estimate the pressure drop we assungdiight channel with the total
length of the serpentine channel, 33 mm. We usedcthrelationdp=12uLQ/(h*w-(1-
0.63h/w))for channels with rectangular cross-section [2fhvuhe measured viscosity of
the most viscous of the two fluid, Teleostea@n,0.347 Pas. At low Reynolds number, the
turns in the serpentine channel are not expectstaficantly increase the pressure drop
[24]. The typical time needed to mix the reagemas be estimated as= (W/2)f/D, the
diffusion time of Teleostean and Odext across thennel. Assuming D=1x10m?s,
corresponding to the diffusion of 2 Angstroms males in water, we obtain = 63 s,
corresponding to an operation velocity of 0.5mmatsresponding to a flow rate of 1.5

pL/min.
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Teleostean Inlet

Q
W " Mineral Qil Inlet

O 15 mm B,E Outlet
Odext Inlet CEC Inlet

J
]

Figure 8: Microfluidic chip design and dimensions

2.3 Experimental set up

The oil phase and precursor solutions were indegrgthdinfused into the microchannels
using a digitally controlled syringe pump (PHD 206farvard Apparatus, Inc., Holliston
MA). Odex, Teleostean and CEC solutions were ipgceparately, as shown in Figure
8, they were mixed to form a uniform stream; thsady stream was broken up by the
shearing of the mineral oil flow injected bi-diriestally, Figure 8, to form polymer
droplet. The droplet were collected in a reservéigure 9, containing 50 ml mineral oil
with 0.5 ml of Span-80 added as an emulsifier allmlvad to auto-cross-link under
constant stirring at 250 rpm (LR400 Lab Stirrermé&o, Tokyo, Japan). The reservoir
was maintained at 37°C overnight to enable padgtiydration of the MPs formed.
Subsequently, the MPs were recovered by precipita0 ml of cold isopropanol was
added to the mixture at room temperature whilgisgr after 5 min, the mixture was
centrifuged (5000 rpm) to separate the organic @laasl it was discarded. The residual

organic phase was extracted by washing the miceysptthree times with approximately
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20 ml of an acetone/isopropanol (1:1 ratio) co-sptvmixture. The microspheres were

recovered by air-drying overnight at room tempearatu

Figure 9: Collection method of microparticles

2.4 Results

The dried MPs were secured on an aluminum stub edgiper tape and sputtered with
gold; their morphologies were examined by a scanrefectron microscope (SEM)
(SFEG Leo 1550, AMO GmbH, Aachen, Germany) at 203V The mean size and size
distribution of the fabricated MPs were characetizy a dynamic light scattering
system (DLS), using a 90 Plus Particle Size Analy@@rookhaven Instruments

Corporation) at 25 °C with angle detection of 96 300 s.

In our experiments the dispersed phase was a migfuddext, Teleostean and CEC with
a volumetric ratio 2:1:1 respectively. The flow-fising mechanism generated drops of
that precursor fluid in a continuous phase of naheil with viscosity ©=0.0276 Pas and
densityp = 840 kg/mi, with Span 80 as a surfactant. Two syringe pumesewsed to
drive the dispersed phase and the oil. By optitgpéction, we found that the reagents in

the droplets generated by the flow focusing proves® well mixed.
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Figure 10: SEM images of microparticles created by\) Traditional emulsion-cross-linking method B)

Microfluidic flow focusing.

SEM images of MPs formed by the microfluidic and thaditional method can be seen
in Figure 10. A summary of results is shown in Babl The MPs manufactured in the
microfluidic device had a typical CV < 9%. Thisabout 4 times better than the CV of
35% obtained in this study by emulsion-cross-ligkinVhile this improvement is
sensible, even smaller standard deviations of lmw8% have been reported for particle
manufacturing in microfluidic devices [23, 25, 2@&ne difference however between
these studies and the study described here is dhee of the capillary number. The
capillary number scales the importance of viscauses over surface tension forces, and
is defined as Ca @v/c where v is defined as the volumetric flow rateididd by the
cross-sectional area of the nozzle. In [23], theilleay number of the continuous and
dispersed phase was negligible £0d) so that the drops generated for high viscosity
fluids were in squeezing and dripping modes. In study, assuming an interfacial
tensionc = 20 mN/m and a viscosity = 0.3 Pas for the dispersed phase, the capillary

number for the continuous and dispersed phase ighenorder of 1. Less stable
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generation has been reported for capillary numlzerecto one [27]. The high coefficient

of variance could also be an effect of the complect reactive fluid.

Case A B C D E
Flow Rate | p/min | 250 | 500 | 750 | 500| 500
(Oil)

Ca (Oil) 0.72| 1.44| 2.1 1.44 1.44
Flow rate | p//min | 200 | 200 | 200 | 100| 300
(P)

Ca 6.25 | 6.25| 6.25/ 3.13 9.38
(Precusor)

Particle Mm 50.4 | 28.5| 18.2| 181 456
size

STD Mm 4.5 2.0 2.7 1.5 5.0
Ccv % 89 |70 | 148/ 83| 109

Table 1: Summary of results for microparticle geneation in a Microfluidic chip (precusor flow given
is the total prescribed flow rate of the three fluds)
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2.5 Discussion

This work shows that flow focusing can be usedreate monodispersed microparticles
of a hydrogel. The hydrogel particles generated laocelegradable and mechanically
strong making them advantageous for drug deliveplieations. The limiting factors on
the capillary number of the dispersed phase hael@en explored. Since the dispersed
phase is viscous there is an upper limit on thev flate we can achieve before the
pressure drop becomes prohibitively high. Convgrsahce the fluids are reactive there
is a minimum limit to the flow rate so they do m@tatinize in the nozzle. The presents a
new set of constraints beyond the balance betweear @nd surface tension forces that

normally drive flow focusing.
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3 TwO-PHASE CONVECTIVE HEAT TRANSFER IN

MICROCHANNEL HEAT SINKS

3.1 Introduction
The concept of a microchannel heat sink was firsbduced by Tuckerman and Pease

[4] for the purpose of electronic cooling. As Figurl shows, a microchannel heat sink is
a device that removes he@t, by fluid flowing in channels over a heated sultgt(e.g. a

computer chip). Tuckerman and Pease optimizedithersions of the channels in terms
of width and height for single-phase flow of waterder the constraint of maximum
allowable pressure drop and substrate surface tatpe. They found that single-phase
water-cooling could remove up to 790 W/criihis heat flux required a mass velociy,

of 5700 kg/ms and a pressure drop of 220 kPa. A similar optiion process was done
by Upadhye and Kandlikar [28] , to minimize thegsere drop under the constraints of a
given heat flux and maximum substrate temperafliney found that a water pressure
drop below 10 kPa was sufficient to remove 100 W/amith an optimum channel
geometry. One problem with single-phase flow heatgfer in microchannels is the low
Nusselt number obtained in laminar flow [29], oe tirder of 4. Methods for increasing
the Nusselt number include: surface area enhanadB@n31] by geometric obtrusions,
tree-like bifurcating channels [32], large aspatiorchannels [4, 33], serpentine channels
to promote mixing and turbulence [24], short chdmnehere the entrance region

dominates [34, 35], nano-fluids [36, 37], and npiiase flow [30, 33, 38-42].
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Figure 11: A microchannel heat sink in direct contat with a heated substrate (such as an integrated

circuit chip).

There is much interest in multiphase flow becabsehieat of vaporization is very high. It
has been shown [43] that flow boiling can dissipgteto 10,000 W/cf38, 41], which

is 10 times more heat than single-phase flow. Wiol& boiling is attractive because it

delivers high heat flux at the constant temperatdithe phase change, it can be difficult
to control due to backflow and instabilities. Intrgation into controlling the instabilities

and backflow include the manufacturing of artificraucleation sites [44], and inlet

restrictions [41, 45, 46]. A drawback of boilingW, where water is the working fluid, is

that the saturation temperature is higher than dperating temperature of most
electronics; the proposed solution is to use refagts as working fluids since the boiling
temperature is lower than water. Refrigerants, hvaweffer lower cooling capabilities

due to a lower specific heat and heat of vapoomati

In this work segmented flow is investigated as a w@ enhance single-phase heat
transfer with water in microchannels. In this wosegmented flow is defined as is a

periodic pattern of non-condensable bubbles anddiglugs created at a T-junction by
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the injection of air in liquid-filled microchanneighere the bubbles are longer than the
channel diameter [47]. More details regarding thgspcs of the bubble breakup can be
found in [7, 47-49]. When surface tension dominates gravity, which occurs when the
Bond numbemnpgd?/s < 3.368 [47], recirculating wakes form in the liguslug. This
phenomena has been shown to increases mass trgng&r53], and is used in chemical
engineering to increase mixing [47, 50]. In the kvof Kreutzer [6], he also shows that
segmented flow can enhance the wall to liquid nesssfer. The transfer of a catalyst
from a microchannel wall to the flowing fluid wasodel numerically and it was found
that segmented flow increases the wall to liquidssnaansfer 10 times compared to
single-phase flow in the laminar regime [6]. Theseirculating wakes caused by the
presence of segmented flow should also increasettaesfer [6, 54]. It has also been
shown that the presence of bubbles increases #ssyre drop in the channel due to the

Laplace pressure at the liquid gas interface [, &benalty that needs to be considered.

The presence of bubbles in the system presentataresting engineering challenge. It
may be desired, for industrial applications, to éhavclosed loop system, where water
from the outlet is recirculated through a pump arfteat exchanger to the heat sink inlet;
this process might necessitate to remove the &ibles before the pump and re-inject air
after the pump. Bubbles can indeed be removed segmented flow by the addition of

smaller capillary tubes downstream which removelthbbles due to the difference in

interfacial tension [55]. The use of a hydrophopmrous membrane parallel to the

channel has also been shown by our group to effdgtiremove gas bubbles [56].
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Further research regarding the removal of the lsbhlould be useful for commercial

implementation.

3.2 Experimental design based on thermal resistance

In this work, the 1D equivalent resistances metttadure 12) of Tuckerman and Pease
[4] is used to calculate the performance of a mierat sink (Figure 11). In Figure 12 the
total thermal resistand®q, is the ratio ofAT = Tsmax TLin ,» the difference between the

maximum heated substrate temperature and the tibugberature at the inlet, over the

power dissipated(.

Heated Substrate Surface Temperature

TS,max
% i %
in

cony

total

L.out

Fluid Temperature

eheat

L.in
out

Figure 12 Thermal resistances plotted with the temperature ariation for each component for

constant heat flux conditions

The total thermal resistanc@gta = Gheatt Gconv , IS the sum of a heat resistance and a
convective resistance. The heat resistance in Egdlie to the heating of the fluid as it
passes through the heat sink; it depends on votiaridw rate fi and specific heat
capacity of the fluidd).

Ohea= 1/(CLfL) 1)
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Equation 2 defined.on, Which is the resistance of the coolant fluich&at convection.
The expression faf.onyis derived in [4py treating the rectangular walls of a micro heat
sink as fins with adiabatic boundary conditiondheir end, the fin efficiency can be
found byz = tanh(mH,)/mH, ,wherem = (hP/kA)"?, as given by [4]. In Eq. 2, is the
channel lengthw is the heat sink widthy, is the channel widthy, is the width between
the channeldil. is the channel height anad= 2H/(w,+w,) is the fin enhancement factor.
Oconv=(2/k NUL W) (We/oury) )
From that modeling, the outlet temperature of thalfand the maximum temperature of
the substrate surface can be found based on therpdissipatedQand the inlet

temperature of the fluid, as shown in Eq. 3 and 4.

TL,out = (theat) +TL,in (3)
TS,max = (Qeconv) + TL.out (4)

Several correlations are available for the Nugs@&thber and pressure drop, as presented
below. They will be used to correlate our experitadar the respective single-phase and
segmented flow case.

Forsingle-phase, laminar, fully developed flow in eegjular channels with constant heat

Nu,,, =8.2351-2.0421a*) +3.0853a*)? - 2.4765a*)* +1.0578a*)* - 0.1861a*)°)  (5)
flux boundary conditions, Nu is calculated accogdio the correlation in Eq. 5 [29]:
The aspect ratio is characterized by a paramétemin (H, w)imax (H, w). In the case
of square channels whes# = 1, this correlation yields Nu = 3.61. The Nusseinber
of single phase flow is expected to increase abdrigRe due to the increasing thermal
entry length. When the thermal entry length is onger negligible, Nu can be found

using a correlation by Lee and Garimella [35]. Tbasrelation is valid for rectangular
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channels of any aspect ratio, constant heat fluxnfary conditions, and laminar,
hydrodynamically developed flow. When the hydrogiync entry region is no longer
negligible, correlations by Muzychka and Yovanovjbfi] can be used to find Nu. Their
work is valid for Pr > 0.1, uniform heat flux andrsstant surface temperature, and any

channel cross-sections.

The pressure drop for single-phase flow is foundguthe Churchill correlation valid for
both laminar and turbulent flow [58], given in Ey.whered is the hydraulic diameteK

is the minor loss term arid} is the liquid velocity.

Ap = p (4f,LJd+K)U /2 (6)

For segmented flow, Nu at constant heat flux wésased with a correlation established

from detailed multiphase flow simulations in cylifehl pipes by Lakehal et al. [52].

Nu,,, = Nug, +0.022Pr* Re,,*° (7)

In Eg. 7,Nusinis the Nusselt number for single-phase fully depetbliquid flow, found
with Eq. 5, Pr is based on the properties of thguidi phase, and Rg d
pLUslu - (Le/(LetLsiug), WhereUgis the bubble velocity and the definitionslefandLsiyg
are the respective length of the bubble and ligludj, as shown in Figure 13-Figure 15.
Note that this definition is equivalent to the Rels number proposed in [52]. Equation

7 is valid for well-defined gas bubbles when distbe order of mm, Pr > 1, Rgison
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the order of 1000, and 300 K 9| Jmean< 340 K. Multiphase flow simulations in [52]
revealed two mechanisms that increase Nu: the ggoerof the bubbles and the
circulation in the liquid slugs. As mentioned incsen 3.1, a segmented flow with
recirculating wakes can be generated provided thedBhumbepgd?/s < 3.368 [6, 47]

and the capillary number Ca<0.04 [6].

g > -
LB ' Lx!ug

Lc:li

Figure 13: Definition of Lg, Leue, Leen @and values for segmented flow at G= 670 kg/nfs

Other correlations for determining the Nusselt namlof segmented flow were
examined. As mentioned in section 3.1, Kreutzemf@hined an expression for Nu from
numerical simulation in square channels. Kreutzeoselation is only valid when there
is full circulation in the slugs and was only vexd for Re < 300. Hetsroni et al. [59]
conducted the first experimental work on the heandfer of gas-liquid flow in

microchannel heat sinks. They established coroglatifor the Nusselt number in

triangular channels, valid for negligible entry d¢éim and Re < 100. In this work, we use
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the correlation of Lakehal et al. [52], which besfiects our experimental conditions in

terms of Re and Ca range, flow patterns and eatrgth.

The pressure drop in segmented flow can be descvilith Eq. 8 [51], where a pressure
drop term across the bubbles is added to the spigise pressure drop for the liquid
slugs. The pressure drop depends on two measuqaaitities: the number of bubbles in

a channeln, and slug length,sug [51], as per Eq. 8.

- UBIU E leug 2/3 -1/3 (8)
Ap—n( 4 j{z( q j+C(3) (Ca) }

For square channels the hydraulic coefficient, 8591 and the gas constant C = 2.39, as
determined by [60]. The capillary number, Ca, isedmined by the bubble velocity [6,
54, 61].

Ca= W /o )

Parameters in Eq. 7-9 such asud- Ls and W, are available from high-speed
visualizations in our experiments so that the expental values of pressure drop and Nu

can be compared with the correlations.
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We also used Eqg. 7-9 to design the microchannel $iek. In the design process, the
bubble velocity is not known, and we propose thiéofaing process to determinég
from an assumed water mass velocity @/e first assume a liquid volume fractianz
0.5, and slug length Ls = 0.001 m, which are repregive of our experiments as shown
in Figure 13. Assuming that the cross-section eflthbble is constant along its length,

the bubble velocity is expressed by mass conservisi 53, 54].
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Us/Usu=AJAs (10)
With the slug velocity defined asshd= G./ep. we obtain:

UB:ACGL/(AB 8p|_) (11)

Ca T, 0.04

Figure 14. Cross-sectional view of a bubble in a sgre channel at low and high capillary values[6].

In Eq. 11 the only unknown parameter is the cressienal area of the bubble,gA
which can be found as follows. Figure 14 showstyipécal cross-sectional shape of the
bubble for Ca < 0.04 [6]. Assuming a cross-sectbape as in Figure 14, with a thin,
constant film thicknes8 along the walls and a thicker film at the edgethwadius of
curvature, r = (Ww26)/4, the bubble area can be calculated by dividiveggcross-section
of the bubble into several contiguous subsectiomgre 4A = n(we-28)%/16, 4 = (We-
25)%/2 and A = (W-28)%4 and the total bubble area ig A4A;+ 4Ax+ A . The film
thicknesss is a function of the capillary number and is esgesl by Eqs. 12 and 13 using

a correlation based on the simulations of Hazeltdeit [61].
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0=000332v, For 0.001 < Ca < 0.04 (12)
§ = -0.04236C¥°3992.0 1018603344 0.1761 For Ca (13)
> 0.04
3.3 Design

A microchannel heat sink was designed in our ldiboyato best demonstrate how
segmented flow can enhance Nu in comparison wilglsiphase flow. Considering
Figure 12, the heat transfer enhancement is mdsteable under two conditions: first,
Oconv dOominates ovepbhea:, and second, the flow regime is such that thera large
difference betweer.on, for segmented and.,,, for single-phase flow. For design
purposes, we have plotted Eq. 1 and 2 in Figurd75t0 show how the thermal
resistances vary with liquid flow rate for typicgiannel diameters, with the same base
area,L= 0.025 m andv=0.0075 m andv, = W,. The Ca transition represents the point
where Ca = 0.04, when the bubble cross-sectiongasafrom the non-axisymmetric
shape shown in Figure 14 to a more circular crestiem, which results in a dramatic
decrease of circulation in the slug [6, 52, 62]eTRe transition represents the change
from laminar to turbulent flow for the liquid flovate. For 50um wide channels, Figure
15 shows that the Reynolds number of the liquid/floust be greater than 60 in order to
be in a regime wheré.,,, dominates ovethes: Figure 16 and Figure 17 show the
thermal resistances plotted for different channalthe, with the length remaining
unchanged. For smaller geometries, such asufp shown in Figure 166heqis the
dominant resistance so that changes in Nu wouldsigptificantly modify the surface

temperature, which is used to experimentally deteznthe Nusselt number. For larger
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widths, such as 2 mm, shown in Figure 17, value&.&f are much higher than in the

500um microchannel case, resulting in a less efficieat sink.
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Figure 15: Thermal resistance plotted for a microchnnel heat sink with 7 parallel 50Qum
channels, 25 mm in length

=

WOEGL 107
1 T T TTTT T —rT T 8
— - — 8,_.5ingle 1
Hm g, seq I"_ 7
—_— = B.. (single and segmented) s
—_ [ ]| mm——_—— Bmesingles/ 0, seqg i
é — e s 8
< ——5—— (Ca Transition (Ca = 0.04) |4 i o
@ ——FH—— Re Transition (Re = 2400) 5 g
b -
£ \ ’ [
3 " 4 1 8
B 05 \ PR 1 5
4 d
1 \ I _ o
s k P 3 8
£ N * e
Q - T
= \ i
- . -2
I ~, i
LL== -
-—--—-—-—-—‘"‘\T-—-—-— ~ 1
i H||\||HHIIHIHHHHIIHHHW/
o ‘ et MM sl TS

10% 10
Re

L

Figure 16: Thermal resistances plotted for a microkannel heat sink with 70 parallel 5am

channels, 25 mm in length



30

10§;L 10
51 T T T TTTT T I s o
— - — §,.single I
ACTTNSEITITIEITIN: J=T=Y="1
= = §...[single and segmented) {10
- F  f |mmm=- 8 ..5ingle/8  seg
é — 0 meg/f... 9
= ——&—— (a Transition (Ca = 0.04) o
@ —+H— Re Transition (Re = 2400) & El
2 Iy, I 47 =
o Iy, ’ o
B iy, e 4]
® IH‘H - 6 g
e F II”‘H I @
® HF My, Piif -5 F
s | Iy P 4
E..E A ’ s =
o 15F '“"‘H, “ -
z F
= F L™ -3
TF - iy, O
\. ----- H”””‘llm 2
05k =me= =" "
. 11
Tl
1l T ]
=53
0 10° 10°
Re,
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channels, 25 mm in length

3.4 Fabrication and experimental set up

The microchannel heat sink and heated substratstenen in Figure 18. The heated
substrate, made from aluminum, was designed toiggawniform heat flow. Before the

single-phase and segmented flow measurements,peserperiment was performed to
guantify the heat loss of the heated aluminum blihckugh the insulation, and verify

that the surface temperature of the substrate ediound using a linear interpolation of
the thermocouple measurements. The polycarbonate#ochiannnel heat sink was
removed, so that the top surface of the aluminumekbls exposed to air. The rest of the
substrate is insulated with melamine foam approtefge2 cm thick, as shown in Figure

19. An infrared pyrometer was used to measure tibstsate temperature. Since the
emissivity of aluminum is very low, 0.05, the swdaof aluminum was painted black so

that the emissivity was in the range of the pyr@néa value of 0.95 was chosen). The
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natural convection heat transfér was obtained by a correlation specific to small
geometries and dependent on surface temperatagingafrom 15-25 W/riK [63]. Five

rows of three K-type thermocouples, as shown inufeid.8b, were used to determine the
surface temperature and temperature gradient lisiegr extrapolation. The test was run
at 5 substrate temperatures: 50, 75, 90, 115, 1508€ maximum heat loss through the

insulation Q.. (see equation in Figure 19) was found to be lass LW, which is

negligible compared to the 40 W heat flux we aphlying measurements involving fluid
flow. The surface temperature was measured withymnpeter and was found to
correspond within 0.5°C to the surface temperatuesapolated from the set of 5
thermocouple measurements perpendicular to thamuriThe standard deviation of the

extrapolated values along the surface was lessitla6.

Glass cover

PDMS Seal
Microchannel Heat Sink
[1III1TI[IT]I[]

A' ore i Water out
Air in PDMS Seal

' | 1 Microchannel Heat Sink |

Melamine Foam Melamine Foam

Figure 18: a) Typical segmented flow in our microchnnel heat sink at 860 kg/rfs b) Microchannel heat sink
with o-ring bc) Test section -—heated substrate witshowing thermocouple locations, with microchanneheat
sink on top (all units are mm) c¢) Cross-sectionaligw of test section
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Figure 19: Set up of heated substrate for energy tence verification

The microchannel heat sink (Figure 18a) was miffedh a polycarbonate slab, with a
glass transition temperature of 150°C, into sevamalfel square channels with respective
length and width of 25 mm and 500 pm. Polycarbomats used since it is transparent
and easy to manufacture. The heat sink was pressedp of the heated substrate and
sealed with an O-ring. It was heated with a corigtamwer of 40W and the water flow
rate was varied from 238 — 3095 kgémFigure 18 shows the experimental set up for the

single-phase and segmented flow experiments.

The heated substrate and microchannel heat sink weunlated with melamine foam, as
shown in Figure 18c, with a typical loss measurediess than 1W. The water was
pumped with a peristaltic pump, and the liquid maascity G, was found by measuring
the fluid volume at the outlet over time. Bubblesre generated by injecting air through
a slit at constant pressure using a Druck DPI 5&3gure regulator. The pressure was
varied depending o6, to produce a liquid fraction close to 0.5. Thesgrge drop along
the channel was measured with a pressure trans@idoaeywell, 15 psi/105.53 kPa, +

0.087 psi/ 0.61 kPa uncertainty, 1g9response time). Thermocouples (Type K, 0.5 mm
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diameter, Omega, 100ms response time, + 0.5°C &g recorded inlet and outlet
temperatures of the fluid, along with 15 measurdmem the substrate, as shown in

Figure 18b.

3.5 Nusselt number calculations

The final goal of these measurements is to caleula average convection coefficient
and Nusselt number, in order to compare the impnave in heat transfer from single-
phase to two-phase flow. An energy balance is soleeboth a unit cell along the width

of the channel and for a differential element altmglength of the channel, Figure 20.

Unit cell Energy balance along
the channel

% =27m6,h, +m. 0,

i _ ) .
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Figure 20: Energy balance for unit cell and alonghe length of the channel

From the energy balance along the length of them#lait is found that
dT, ¢ (14)
dx rhcp
Substituting in the value found for q’ along thedtti of the channel and you obtain

dTm - (2’7hc +Wc)NF]0b (15)
dx i

mc,
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whered, = (T, -T,) and/7:M and m= _h
mh V kow,

Rearranging the equation and integrating on baléssihe equation becomes

me, AT, = [ (27h, +w,)NPg,dx (16)

Since the equation is to find the average convedaaefficient, which is a constant,
hand all the geometric constants can be removed thenmtegrand

mc, AT, = (27h, + WC)NEJ‘OL 6,dx (17

In order to solve this integral the trapezoidaérnigl used to numerically integrate.

(18)

L < Hb,i 6b,i+l
Jy Ghx= A+ =)

AX is the distance between two rows of thermocoy@e€30625m. Since the numeric

integration is based on four quadrants (five pgintss simple to write the full solution.

4 6. 6. 19
DIAX(Z-+ =) = -
- 2 2
Ts,a Ts,e Tf Jin Tf ,out
AX[( 2 +Ts,b+Ts,c +Ts,d + 2 )_( 2 +Tf,b +Tf,c +Tf,d +T)]

However, this equation cannot be solved since #heeg of T are unknown at points: b,
c and d. Since a constant heat flux is applieth¢osubstrate, the temperature of the fluid
along the channel is expected to vary linearly [G4]e expected variation of the fluid
and substrate temperature, along with the estifhate temperature is shown in Figure

21.
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Figure 21: Expected variation of fluid and surfacetemperature along the length on the channel.

The equation for estimating the fluid temperatuaa de solved for the specific value

needed and can be substituted back into equation 19

T, =T, 20
Ty (X):%X*_Tf,in €9
_ Tf ,out _Tf Jin (21)
Tip + T # Ty g =2+ (00625+ 0125+ 01879 +T, ,
i[AX(& + 6b,i+l )] - (22)
1 2 2
AX[(Ts,a +-|- + T +T + Ts,e) (3Tf ,in + 0373Tf out _Tf ,in) + Tf out )]
2 s,b s,C s,d 2 2 L 2

The numerical integration is now based on the $wdace temperatures and the inlet and

outlet temperature of the fluid, which are all kmofskom experimental data. The integral

can be substituted back into equation 17 and negexhto solve foh.
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h=mc,AT/
Tsa Tse 3Tf in 0373Tf out _Tf in) Tf out
{( 2,7hc + Wc)NAX[( é +Ts,b +Ts,c +Ts,d + é ) _( 2’ + YL Y + é )]}

(23)
The convection coefficient can also be used to fireNusselt numbeNu = _%
3.6 Experimental results
The convective heat transfer measurements were odg the heat sink described in
the previous section at constant heating power @iV 4and with water flow rates
between 35-300 mL/min, corresponding to water mvadscities G of 300-3000 kg/ifs
and Re from 160-1580, where Reis defined as @l/u_ for both single phase and
segmented flow. Neglecting the low thermal lossesugh the insulation, as discussed in
section 3.3, the enthalpy change of the fluid camdplaced by the power supplied by the
heater. An energy balance surrounding the chamogldes the convection coefficient, h,

as detailed in section 3.5.

Qheater = (2/7H c + WC) NhJ.OL ,B dx (24)

Wherep, n and N are the temperature difference betweenubstimte and the fluid, the

fin efficiency and the number of channels, respetyi[33].

The Nusselt number is found from the heat transbefficient by Nu = hd/ik where k

= 0.64 W/Km is the fluid thermal conductivity. Theaximum uncertainty of the Nusselt
number is + 4 % due to the propagation of uncetitsnn the temperature, geometry and
thermal losses through the insulation. A summarglbtincertainties and their sources

can be found in Table 2. Major contributors to tirecertainty are the thermocouple
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measurements and the heat flow measurement. Fatpéxaat G = 1140 kg/rfs, the

average temperature differenpeis 20°C with an uncertainty of + 0.5°C, or + 2.5 %

Also, section 3.3 showed that the uncertaint@pf,.. due to heat losses is less than 1 W,
i.e. 2.5 %.
Variable Maximum Maximum Source
uncertainty by| uncertainty
percent absolute
Pressure + 32 %+ 0.61 £ 0.61 kPa Manufacturers Specs (Honeywell)
kPa
Temperature +2.2 %+ +0.5°C Manufacturers Specs (Omega)
0.5°C
Heat Flow 25%1W 1w MaximumH heat lost through
insulation
Volumetric 0.8 %0.2 0.2 mL/min | Resolution limit
flow rate mL/min
Channel +1%+5um | £5um Resolution limit
dimensions
Nusselt 4% + 0.504 Calculated by uncertainty propagation
number [65]

Table 2: Uncertainty analysis, measured uncertainéis, and uncertainty on the Nusselt number.
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Figure 22: Theoretical and measured values of Nuds@umber for single phase and segmented flow

versus the prescribed Reynolds number and mass velty of water.
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Figure 23: Theoretical and measured values of presee drop for single phase and segmented flow.
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Figure 22 shows that segmented flow increases tingergionless heat transfer
coefficient Nu up to 140% over single phase floar, ¥alues of G < 2000 kg/rs, in
very good agreement with the numerically obtainedetation of [52]. For flow rates
higher than 2000 kg/fa (or Re~1000), the heat transfer enhancement due to the
segmented air bubble flow decreases quickly, an@_at 2500 kg/ms (Re=1200), the
bubbles have no more influence on the heat trapséaess. Interestingly, this transition
starts at flow rates where the capillary numbechea the transition value of 0.04 (shown
by a vertical bar), and the flow visualizationsTiable 3 confirm a transition to churn
flow. This might indicate that segmented flow entesheat transfer provided the film
between bubbles and wall does not become too thwdkich would weaken the
recirculation wakes, as explained in section 3@ ian[6, 7, 53, 54]. As a side note, we
were only able to produce segmented flow for valaes5, between 330 and 2850
kg/nfs. At lower G values segmented flow is replaced by bubbly floe: pubbles with
diameters smaller than the channel diameter), andigher G values a churn flow
appears (fast bubbles with thick films, Ca reachin@4 and above, no heat transfer
enhancement), in agreement with the data compife(Bp47]. Visualization of these
flow regimes can be seen in Table 3. The increagaiges of the Nusselt numbers for
single phase flow at larger flow rates are verglijkdue to the non-negligible thermal
and hydrodynamic entry lengths. As mentioned inige@.2, the correlations of Lee and
Garimella [35] can be used to calculate Nu for riedly developing flow. In our
experiments the thermal entry region accounts @86 bf the channel length at Re = 30.

This correlation is only valid until Re ~100, whire hydrodynamic entry becomes non-
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negligible. For cases where both thermal and hydrachic entry length are significant,
the correlation of Muzychka and Yovanovich [57] glibbe used. Predictions from this

correlation agreed very well with our experimemalues for Re >100 [57].
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Case a B C d
G, (kg/m°s) 238.08 380.95 1333.33 3095
Flow Regime bubbly Slug Slug churn
Average Lg (mm) 0.34 1.16 1.04 1.08
Average Lgjug (mm) 0.93 0.79
E 0.482 0.47

2.26 9.81

Increase inAp
(kPa)

3.6.1 Visualization

Table 3: Visualization of four trials spanning three flow regimes with corresponding liquid mass

velocity. The liquid fraction, g, can only be calculated for slug flow using the ntieod described in

section 3.2. In case d the low picture quality iswk to the limited frame rate of the camera.

The penalty in pressure drop associated with setpddiow is evaluated in Figure 23,

which shows that segmented flow exhibits pressuopsihigher than single phase flow

at the same prescribed liquid mass velocity, adigied by the correlations in [51] .The

segmented flow heat transfer enhancement schemeé¢haresent here would only be of

interest if it provides a higher Nusselt numbernttgngle phase flow, for the same

pressure drop.
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Figure 24: Pressure drop for single phase and segmied flow compared to the Nusselt number.

This is verified in Figure 24 for pressure dropued ranging from 5 to 30 kPa, where the
Nusselt number enhancement is about 50% using segthdlow rather than single
phase flow, for the same amount of pressure drbjs Aeat transfer enhancement is also
seen with the lower measured substrate temperahown in Figure 25. Incidentally,
Figure 25 confirms that the temperature variatitimg the substrate increases linearly:

this was expected since the fluid experiences ataahheat flux.
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Figure 25: Example for the variation of the surfacetemperature, T;, along the substrate for

comparison of single-phase and segmented flow

In table 4 the pressure drop and Nusselt numbeunsegmented flow experiments are
compared to single phase and evaporative flow measnts with similar flow rate and
heat flux. The flow boiling results are from the nwoof Qu and Mudawar [33, 42],
produced by an aluminum microchannel heat sink \Withchannels and a hydraulic
diameter of 348.8im. Table 4 shows that segmented flow provides Nusssnber

values in a range that is between single-phaseasobrative cooling.
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Regime G (kg/ifs) | " (Wicnf) | Pressure Drop (kPa)]  Nusselt
Single phase (this work) 238-3095 21 1.9-28.5 D41
Segmented flow (this work) 333-2857 21 4.58-41.2 8-B.6

Boiling Flow [76,176]] 135-402 25-130 0.5-20 10.2:2

Table 4. Comparison of three flow regimes

3.7 Discussion

Experiments and optimization studies have dematestréhat segmented flow could
enhance heat transfer by up to 140% in a microatameat sink, in comparison with
single-phase flow at the same liquid flow rate. TRasselt number was used to
characterize the improvement in heat transfer. Alb® pressure drop penalty in
implementing segmented flow was reasonable, inst#rese that for the same values of
pressure drop segmented flow delivers a higher &ussmber than single phase flow.
We determined that segmented flow would providensgrmediate step between single-
phase and boiling flow for the purpose of electtacooling. Also, we measured that the
heat transfer enhancement only occurs for flowsrated capillary numbers that actually
generate segmented flows. At lower or higher capillnumbers, we explain that no
significant heat transfer enhancement is obsereeduse segmented flow is replaced by

bubbly or churn flow respectively.
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4 SURFACES OF HETEROGENEOUS WETTABILITY FOR

ENHANCED POOL BOILING

4.1 Introduction

Boiling is an efficient process to transfer largecaints of heat at a prescribed
temperature because of the large latent heat arizgtion. The ternflow boiling
describes the boiling of liquids forced to movergdot surfaces, while ipool boiling,

the topic handled in this paper, the liquid is s&g and in contact with a hot solid
surface [66]. Besides the common experience ofrigpwater in an electric kettle, pool
boiling has applications in metallurgy, high penfiance heat exchangers, and immersion
cooling of electronics. Pool boiling performancerisasured with two parameters, the
heat transfer coefficient (HTC) and the criticahtbBux (CHF). The CHF is measured by
increasing the surface temperature until a trasitiom high HTC to very low HTC
occurs, which signifies the formation of a vapémfinsulating the liquid from the heated

surface, a phenomenon called dry out.
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Figure 26: Typical pool boiling curve with descripton of the various boiling regimes. Image is taken
from [67].

Several characteristics determine the performaheeboiling surface. First, nucleation
sites in appropriate number and dimensions nebd fwovided such as cavities, rough
areas or hydrophobic islands [68]. As of today,gagormance of boiling surfaces has
been increased using four approaches: by increéisengumber of nucleation sites or
cavities [69], by using wicking structures to prewvdry out [70], by increasing the
surface area with fins or fluidized bed [70-73]ddry enhancing the wettability of the
surface [72-74]. The latter objective is justifieg experiments of Wang and Dhir [75],
showing that the critical heat flux was increasgebhancing surface wettability.
Wettability can be enhanced by either increasiegstirface roughness or with
microstructure or nanostructure coatings. For mstaJones et al. [76] have shown that a
well chosen roughness can double or triple the thaasfer coefficient. Significant heat
transfer enhancement has also been obtained witices coated with a pm-thick carpet

of nanometer diameter rods (nanorods) [72, 73]. CHE enhancement was attributed to
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coupled effects such as the availability of a raoigeucleation sites [72] and the

superhydrophilicity of the nanowire arrays [73].

A common assumption in boiling studies typicallg]&s that the surface has a unique
value of wettability. However the above introduatghows that the influence of
wettability on boiling is complex: while hydrophatzones promotes nucleation, the
surface hydrophilicity does enhance the CHF [1B]this work microlithography
techniques are used to design surfaces combinidigplgobic and hydrophilic zones, for
pool boiling experiments. The intuition is that alladesign network of hydrophobic and
hydrophilic might promote nucleation, enhance tbathransfer coefficient, and even

prevent dry out and increase the critical heat.flux

4.2 Design and fabrication of surfaces

Several patterns have been designed and fabrigabted photolithography as shown in
Figure 27, with hydrophobic and hydrophilic zonEge pattern sizd was typically
between 40 and 60% of the pitch p between patt®atsern shapes were hexagonal. We
varied the pitch p from 50 to 200 um, as well a&sdbnnectivity of the hydrophobic and
hydrophilic patterns. Hydrophilic surfaces with hyphobic islands were called
hydrophilic networksand noted+), meaning that any two hydrophilic zones could be
joined without passing over a hydrophobic zone. idptiobic surfaces with hydrophilic

islands were calledlydrophobic networksnd noted>-).
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Figure 27: Typical micrographs (a,b) of surfaces wh hydrophilic (black) and hydrophobic

(grey) zones. The pattern diameter d is the diamet of the inscribed disk. The pattern pitch
is p. Surface (a) is hydrophilic with hydrophobic slands, called a hydrophilic network, and

noted (+). Surface (b) is hydrophobic with hydrophiic islands, called hydrophobic networks,
and noted (-). At low superheat, bubbles typicallyucleate at the interface between areas of

different wettability (c).

The patterns were produced with a photolithographicess. First, the oxidized two-
sided polished silicon wafer is coated with a 25"minum layer. Then, a hydrophobic
coating of Teflon (AF400, Dupont), diluted in Flumert (FC-40) at a 1:3 ratio, is spun on
top of the Aluminum layer to a thickness of abod® hm. After baking at 90°C for 20
minutes, im layer of positive photoresist (S1818, Shipleygpsin on top of the Teflon.
The wafer is then exposed to 180 mFahUV light using a transparency mask. The
exposed area and the underlying Teflon and Alumiaugthen removed using oxygen
plasma and a developer (300 MIF, AZ Electronic Mats). Finally, the remaining

positive photoresist is removed with acetone.
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Figure 28: Manufacturing process for Teflon © pattening

Another  manufacturing  process using  self-assemblechonolayers  of
octadecyltrichlorosilane (OTS) on SiQ77] was tested but abandoned because of
delamination during the boiling experiments. On lo¢tom side of the wafer an Indium
Tin Oxide (ITO) heater is sputtered, with thermatlyaporated Copper electrodes. The
heater is then passivated with a 100nm,3&@er. A thin thermocouple (Omega CO2, K-
type) is taped onto the center of the ITO heatergua polyimide adhesive pad. A 5mm
thick PDMS layer is then used to seal the bottode sif the wafer. Optionally, a final
step was added to increase the wettability, bynmgh&r a few seconds the top side of the
wafers with a diluted solution of buffered hydradtic acid (HF). The wettability was

measured with a goniometer, with wetting angled13° for the Teflon, 10-25° for the
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SiO, and 7° for the Sigtreated with HF. The maximum height of the pattesas 100
nm, while the roughness was below 5nm, as measwitda contact profilometer. No

difference in pattern height was observed aftetRdreatment.

4.3 Experimental set up

Heat transfer measurements are run using a polohdpsietup similar to the one in [73].
The wafer is placed in a polycarbonate chamber dpethe atmosphere, filled with
degassed, deionized water. The water is maintaatethe saturation temperature of
10°C by two immersed 100W cartridge heaters. A 750Wvegosupply (Agilent
N5750A) is used in constant voltage mode to appiyvan heat flux to the 1 ¢TO
heater patterned on the back of the wafer. A detmisition system (OMEGA DAQ-
3000) is used to record the temperature measurdtieoback of the wafefmeas The
temperature at the wafer-water interfa@=Tmeasq t/k is then determined using
Fourier's law, withq”, t andk the respective heat flux, wafer thickness andc&ili

thermal conductivity.
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Figure 29: Experimental set up for pool boiling exgriments.

For each data point presented in Figure 30, th@éeature is obtained by averaging three
hundred readings over about three minutes. The @GHffetermined as the heat flux
corresponding to the last observed stable temperabeyond which a sudden dramatic
increase in temperature is observed. The maximunbieed uncertainty on the heat flux
was estimated as +1.5 W/€ntaused by the measurement of the heater areshand
measurement of the electrical power. The maximumetainty on the superheat was
estimated as 1.5 K, due to the thermocouple uaicgyt temperature acquisition and
heater/wafer thickness measurement uncertaint@ssiperheat values larger than 1 K

the uncertainty on the heat transfer coefficienypscally 3 kWw/nfK.
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4.4 Results

Measurements of boiling performance are shown guré 30, which compare the plain
SiO, surfaces to surfaces featuring hydrophobic or dykiitic networks. The pitch p was
varied between 50 and 200 pum and an optional HBhiimg is also mentioned. Figure
30a shows the typical heat flux q” vs. superh®&tTw-Tsat curve. Values of CHF for a
plain wafer treated with HF are about 115W/cm2\&t27K, consistent with the 100
W/cm2 atAT=33K obtained in [75] for a surface with slightarger (18° degree) wetting

angle, shown in Figure 31.

D p=100,(#)
s0f2  p=100, (HF), (+) (a) - (b) .
o el goi (;-IF), (+) s s .
—_D p=350, + SN £ L A pD AD
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—~ob" p=100, (-) DA = | - an ®
g A p=100, (HF), () . a® | R s
..?. [ = p=200, {-) A L 2 H ‘ 4. o 'Sﬂ -
Ssf Si0,, (plain) & 2 T s ogds D pE100,(4)
S |2 siO, (HF), (plain) 7 & g B_° p=100, (HF), (+)
S0 A s 8 | a2 a6 & p=100, (HF), (+)
ot * R O | w.p ik 5 2% o p=50,(+)
= sk s E [apdes o p=200, (+)
o f @l mhe = p=100,(-)
T s R e s p=100, (HF), {3
i » = = p=200,(-)
25 F [ ) "é Si0,, {plain)
N 4 D Si0,, (HF), (plain)
Omhﬂg T L 1 1 T L1 N T ? T
0 5 10 15 20 25 50 100 150 200
Superheat AT (K) Heat Flux (W/cm®)

Figure 30: Boiling curves with measured heat flux s a function of the superheat (a) and heat transfer
coefficient as a function of heat flux (b). Legendhows pitch p in um and the presence of HF coating

Hydrophobic and Hydrophilic networks (see ' figure) are designated by respectively (+) and (-)

All patterned surfaces exhibit a steeper boilingveuthat the plane wafers, with critical
heat fluxes ranging from 90 to 190 W/gmp to 165% of the values of the plain wafer.

The highest critical heat flux was reached for &hpiof 100 um. Patterned surfaces
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treated with HF exhibit a much higher heat fluxrthantreated patterned surfaces. In the
three tested instances, hydrophobic networks exhikignificantly lower CHF than the
hydrophilic networks, sometimes even lower thanmnp&O, surfaces. Figure 30b shows
the heat transfer coefficient as a function of ltlkeat flux. For heat fluxes lower than 50
W/cn?, three groups of surfaces can be distinguishedhbeir HTC. Plane surfaces
exhibit the lowest HTC, hydrophilic networks showtermediate HTC values, and
hydrophobic network show the maximum HTC valuest Reat flux higher than 50
W/cn, the HTC of the hydrophilic networks increasevatues up to 85kW/f which

is twice the max HTC of the plain SiGurfaces. As a summary, patterning of mixed
hydrophilic and hydrophobic areas can improve th#=-@nd HTC of a plain hydrophilic
surface by respectively 65 and 100%. While surfaaés hydrophilic networks enhance
both the CHF and HTC, surfaces with hydrophobiavoets seem to only enhance the

HTC and might even reduce the CHF.
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Figure 31: Critical Heat Flux as a function of wettng angle. Our results are in color, with
horizontal lines for cases where the surfaces hadixed wetting properties. Black and grey
dots are comparison data on respectively surfacest controlled wetting properties and

a superhydrophilic carpet of nanowires.

As shown by the comparison in Figure 31, the marinmvalues obtained in this work are
comparable to the maximum HTC and CHF obtaineduofases covered with a carpet of
nanowires [72, 73], but slightly lower than sintkseicking surfaces such as in [70]. The
surfaces studied in this work however are planatenthe surface in [70, 72, 73] can be
considered as extended surfaces and promote widkargsport. To emphasize the
concept that that these enhanced surfaces havetharex unique value for the wetting

angle, they are represented by horizontal lindgerathan single points in Figure 31.
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4.5 Discussion

Explaining the observed trends is complex becaosélmiling is a transient, multiphase
phenomenon, visualization is difficult especialby the violent boiling near CHF, and the
geometry and wettability of these enhanced surfecesmplex. The following however
can be said from the wide theoretical and experiaidyody of literature summarized in
[66, 78, 79]. First, the enhancement of HTC onquatd surfaces can be explained by

the increased availability of nucleation sites.ded, the nucleate boiling theory of Mikic

and Rosenhow [80], states th&tTCquT=K,/E(kLan)fD§Na, where K is a

constant independent of the wetting angle and fluaperties K ¢C;), Dy is the bubble
diameterf is the bubble release frequency amds the density of nucleation sites. By
patterning nucleation sites, we increase the nurabaucleation sites, to which HTC is
directly proportional. Interestingly, experiments Figure 27c repeatedly show that
bubbles start nucleating on the edge of the pattevith diameters P much smaller than
the pattern diameter. Mikic and Rosenhow’s theorghtnalso explain why the HTC of
hydrophobic networks is higher than the HTC of Ilophilic networks, since
hydrophobic networks offer a larger hydrophobicaarénerefore more nucleation sites.
Second, the regular patterns might also consttaéndistance between the nucleation
sites, which can moderate instabilities and enh#meeritical heat flux. Indeed, as stated
by Zuber [66, 81], the dryout responsible for cati heat flux is caused by Helmoltz
instabilities that merge individual bubble colum@ a plain surface the typical pitph

between the bubble columns is determined by the lofayinstability
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= 30, =2.7mm [66]. According to the same theory, the caitivapor
=230 - ) [66] nd y 'vap

velocity that triggers Helmoltz instabilities isviersely proportional ta®°. This analysis
concludes to a maximum “practical” CHF value arodrdd® W/cni. Let's assume now
that the regular patterns investigated in this ysthdve the ability to constrain the
wavelength of the instabilities to the pattern Ipikg. In that casel, [lbetween 200 and
50 um would multiply the attainable CHF W?(D)O'E’, a factor between 11 and 23. For
hydrophilic networks, the improvement measured arpentally is “only” 1.65, which
indicates that other limiting factor might comeadmtiay. For instance the kinetic analysis
by Schrage [82] determines that for water at atrhesp pressure an absolute theoretical
upper bound for the CHF is 16.5 kW/enThird, the observed influence of HF in
increasing CHF (but not HTC) can be explained byintrease of the wettability of the
surface [74]. Fourth, the fact that hydrophilicwetks show a large CHF enhancement,
while hydrophobic networks do not show this CHFamement can be explained by the
droplet boiling experiments in Figure 32, recordeith a high-speed camera. In both
experiments, a 3 uL water droplet is gently deposdn a patterned surface heated to an

initial temperature of 132°C.
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Hydrophilic Network |Hydrophobic Network

Figure 32: The evaporation of a 3 microliter waterdrop on two patterned surfaces heated
at 132C, the left surface exhibiting a hydrophilicmetwork and the right surface, a
hydrophobic networks. For these experiments the p&trns are square, with a pitch of 250
pm.

At 0.1s on the hydrophilic network (left), sevenadlividual bubbles have nucleated. A
very dynamic boiling process occurs then, visilotaf the strong and fast perturbations
on the drop free surface (t=0.77s). Despite thengtiboiling, the drop does not move
significantly, being hold to the substrate by theldophilic network. On the right, a
similar drop is deposited on a hydrophobic netwankg shows a completely different
behavior: at t=0.1s, the drop does not seem totheetsubstrate, as evidenced by the
circular shadow under the drop. No individual basbére visible, and the drop moves
towards the bottom right of the field of view dugirthe evaporation. The total
evaporation times of 11 seconds is one order ofnihade larger than the evaporation
time on the hydrophilic network. The sliding, abserf individual bubbles, and larger

evaporation time suggest the presence of an imsglaapor film between the bubble and
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the substrate, analog to the Leidenfrost phenomeirile the transient experiments in
Figure 32 are not equivalent to the steady staté poiling experiments, they suggest
that hydrophobic networks help nucleation whileverging early the formation of a
vapor film, while hydrophobic networks, where vapmbbles can easily merge, favor
early occurrence of CHF. Indeed the hydrophobiavogts, unless treated with HF,
exhibit a lower CHF than the bare $j@robably because it promotes the formation of a
vapor film. As a final observation, we note that #ize of the patterns is compatible with
the size of the active nucleation sites predictgddbu’s theory [83]. It states that for a

fluid at saturation temperature, the range of raafi active nucleation sites is

{1 e Tint =%|:1i /1—%}. In this equationy is the boundary layer thicknes3,=
1 w

(1+cow)/sing, C3 = (1+ co®), ¢ is the wetting anglél = 26 Tsalp Ly, andby, = Ty, - Tsar
For the constant heat flux case, assuming freeemtion and a linear temperature profile
in the thermal boundary layer, with a wetting ange 10° corresponding to the Teflon
surface, we obtain a boundary layer thickness otie##00 pm, corresponding to a range
of active nucleation sites of 1 to 40 um at a vgalberheaNT=5°C and 0.3-100um at
AT=20°C. This size is compatible with the size @& tydrophobic patterns, which range
from about 25 to 100 micrometer and exhibit offeraier nucleation sites, as shown in

Figure 27c.

In summary, it has been demonstrated that surfaitesetworks combining hydrophilic
and hydrophobic regions significantly enhance thecal heat flux and heat transfer

coefficient during pool boiling. The best enhancatrarises with hydrophilic networks
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featuring hydrophobic islands, which efficientlyepent the formation of an insulating

vapor layer.
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5 ANALYTICAL MODEL TO PREDICT THE HEAT TRANSFER

COEFFIECIENT OF A SURFACE OF HETEROGENEOUS

WETTABILITY

5.1 Introduction

In chapter 4 surfaces with heterogeneous wettabidre studied and they were found to
enhance pool boiling heat transfer up to 100% coatpto plain hydrophilic surface. The
previous work also showed that the type of netwodanectivity influences the
performance. In this chapter an existing analytioaldel was modified to explain the
heat transfer enhancement on a hydrophilic netwarkace. This model will also serve
as a framework to explore the large parameter spabading the size and pitch of the

patterns as well as the influence on the contaglearof both regions.
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5.2 Liquid vapor exchange model

The liquid vapor exchange model proposed by Foratet Greif [84] postulates that

bubbles act as micropumps and draw cold fluid intact to the surface as they depart
from the surface. In their model they find that thejor heat transfer mechanism is
transient conduction through the liquid film. Trpé&in the observed enhancement of
HTC we modified this analytical model, equationfar a heterogeneous wettability

surface. The values for the bubble departure dianggt frequency of bubble departure
f and the number of active nucleation sitéscan be found experimentally with high

speed visualization; they can also be estimatetjubke following method.

HTC =2(7k pic, ) 2d2f V%, (25)

5.3 Calculating the bubble departure diameter

The departure diameter can be calculated by balgnsurface tension and buoyancy
forces. The departure diameter of a bubble frono@dgeneous surface is plotted as a
function of the contact angle in Figure 33a. Witthe graph are diagrams that show the
shape of the bubble as it grows and departs fraratang (left) and a non-wetting (right)
surface. For a heterogeneous surface we assuntsubiide will become pinned to the
non-wetting spot and the internal angle of the teiblll increase as it grows as shown
in Figure 33b. Therefore the departure diametenlg a function of the non-wetting spot

size. In our model, for simplicity, we assumedrawar spot.
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Figure 33: The departure diameter compared to the @ntact diameter of a bubble as (a) a function of
wetting angle of a homogeneous surfaces and (b) afunction of the spot size for a heterogeneous

surfaces. The cartoons above illustrate the contaeind departure shape.

5.3.1 Frequency of bubble departure

The departure frequency is inversely proportional the departure diameter [85].
Equation 26 is used to estimate the frequency dbleudeparture [86]. The form of
equation 26 is derived from the critical velocigquired to obtain Kelvin-Helmholtz

instabilities and the coefficient D is determinedprically.
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fd, =D .

. {og(p' -pg)T“ (26)
p

5.4 Determining the number of active nucleation sites

The active nucleation site density is difficultéstimate because it is dependent on the
properties of the surface [87]. The theory of H88][can be used to find the range of
active nucleation sites size as a function of dugmr but a distribution that gives the
number and size of the cavities on the surfacegsired to determine how many sites
actually nucleate. Another option is to determihe humber of active nucleation site
experimentally. At the onset of boiling the numbéactive nucleation sites is small and
can easily be counted from high speed movies. &epeints at the onset at nucleation
can be used to generate a curves for both thengedtid the non-wetting surface, since

the number of active nucleation sites is propogiono the surface superheat
n, O AT™[89]. However, the number of nucleation sites canhimcrease indefinitely; the
surface will eventually become saturated by thebhlegh We impose two constraints for
the maximum number a nucleation sitgs,,. First, for a heterogeneous surfagg, ,,

for the non-wetting spots cannot exceed the nurobgratterned spots. In other words
there can only be one active nucleation site pet. §econd, for both homogeneous and
heterogeneous surfaces we assume each bubble d@wee of influence or an area

around the bubble where is draws liquid from foblle growth [90]. Therefore the

maximum number of active nucleation sites is etiughe sphere of influence divided by

2
the total heated areq,, =D 7(d, /2) A
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Figure 34: Number of active nucleation sites measad from high speed visualization for a
hydrophobic surface with a wetting angle of 120° ahfor a hydrophilic surface with a wetting angle
of 20°. From these measurements we can fit a curf@ the number of active nucleation sites as a

function of temperature.

5.5 Modified analytical model
We have determined all the variableg, (cf and n,) to determine HTCAT). For a

heterogeneous surface, HTC is expressed by equatishere the HTC for the wetting
surface is superimposed with a modified HTC for tlo@-wetting surface that includes

the departure diameter from a non-wetting spotaésulated in figure 3.

HTC = 2(7kl pl Cpl )1/2 [( f 1/dezn.;\)wetting + ( fspotllzddz,spotn.;\)non—wettingJ (27)
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5.5.1 Comparison to experimental results

Figure 35 (left) shows that the model can predi€CHas a function of temperature for
homogeneous and heterogeneous surfaces. The tbabketiues for HTC of a Si)
Teflon and heterogeneous surface as predicted éymbdified analytical model are
compared to experimental values. The heterogenaatesce has 50 um spots and a 100
pm pitch between patterns. On the right we carleeeffect of varying the contact angle
of the wetting surface. By decreasing the contagteaof the wetting surface the surface
can reach higher HTC. At low superheat nucleatioly occurs on the non-wetting spots
and the HTC is independent of the wetting surfasehigher superheats when the
wetting surface begins nucleating, lower contadles produce smaller bubbles. The
maximum HTC is higher because more sites can necleaefore the surface saturates

with bubbles.
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Figure 35: Comparison of the modified liquid-vaporexchange model to experiments on a plain Si@nd
Teflon surfaces and a heterogeneous surface with 30n spots and a 100 um pitch (left). Effect of
varying the contact angle of the hydrophilic surfaes on HTC as a function of temperature (right). Bdt

surfaces tested had 50 pm spots and a 100 um pitch.

To further validate our model we looked at the @ffef varying spot size (Figure 36).
The spot size tested was 5, 50 and 400 pm. Thelsamgre smooth surfaces with
wetting angles of 20° for the silicon surface a@@°lfor the Teflon. For the 5 and 50 pm
surfaces there is good agreement between the egrgs and theory. For the 400 pm
spot the agreement is not as good, but model aety@redict the trend that larger spots

will produce higher HTC especially at low superheat
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Figure 36: Comparison of analytical model to expemental results for spot sizes of 5, 50 and 400 um.

In all experiment the ratio of diameter to pitch was held constant d/p = 0.5.

5.6 Discussion

Our model explains why heterogeneous wettabilitfases can reach higher values of
HTC. The non-wetting spots provide early onsetaifilhg and available nucleation sites
but controls the bubbles departure size prevenhegsurface from being saturated with
bubbles. This model also provides a theoreticain& work to design and optimize
heterogeneous surfaces for pool boiling applicatidm this model HTC is a function of
temperature, spot size, pitch and contact angthefvetting surface. It is also dependent
on the available nucleation sites for both the wgtind non-wetting surface and the
fluid. Since many pool boiling application requi specific heat flux or wall
temperature, the optimal geometry is also a funatibthe operating conditions. Another
piece of the puzzle is to develop a model to ptedied optimize CHF for these
heterogeneous wettability surfaces. Further ingason into the large parameter space

of heterogeneous wettability surfaces is neededeteelop them for widespread use.
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6 SUMMARY AND FUTURE WORK

In this thesis several application for multiphaserofluidics are demonstrated and

tested:

In Chapter 2 microfluidic methods were used to nfacture monodispersed
microparticles of a novel hydrogel formulation. Th&crofluidic chip was designed
based on previous work in flow focusing of viscdugds [91] and fabricated using
standard micromilling methods. The microfluidic imad generated monodispersed
particles with a coefficient of variance less th&n. The achievement of this work is that
the microparticles generated are both biodegradaidemechanically strong. This work

is also the first demonstration of flow focusingtwboth viscous and reactive fluids.

In Chapter 3 a microchannel heat sink was modifeproduce segmented flow of water
and air. With the addition of segmented flow theath&ansfer coefficient can be
improved by 140% compared to single-phase flovhefdgame liquid flow rate and a 50%
improvement was documented at the same pressupe 8egmented flow has been
previously used to enhance mass transfer in miarmols [7]. This work was the first
time this flow pattern was made in multiple chasnibm a single fluid and air inlet.

This work was also the first time segmented flovswaed to enhance heat transfer.

In Chapter 4 heterogeneous wettability surface®wanufactured and their pool boiling

performance was tested. These surfaces can inctbasheat transfer coefficient by
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100% and the critical heat flux by 65% comparedatovery hydrophilic surface.

Heterogeneous wettability surfaces were previostlgied in the 1960’s [92, 93] but this
was the first demonstration that they can simultasy increase the heat transfer
coefficient and the critical heat flux. New manutatng methods allow for more precise
control of the pattern thickness, shape and sibéchwiltimately provides better control

of the heat transfer performance.

In Chapter 5 an analytical model to predict thet lieasfer coefficient of surfaces with
heterogeneous wettability was developed. The mpdgbosed was in good agreement
with experiments for heat transfer coefficientsobel40 kW/nfK. This model also
provides insight into the physics of the heat trmngnhancement on heterogeneous
wettability surfaces. Simple experiments to deteemihe number of active nucleation
sites were performed at they showed that Tefloriasarlower the onset of nucleate
boiling and increases the number of active nualeasites. By patterning the Teflon the

size of departing bubbles and the contact arealablles can be controlled.

6.1 Future work

While heterogeneous wettability surfaces wherd fitgdied in the 1960's [92, 93], this
work is the first demonstration of their effectiess to increase both the heat transfer
coefficient and the critical heat flux. The modetgented in this work is the beginning of
a theoretical frame work to design heterogeneousabiéty surfaces. The following
sections outline other areas of study for thestases to implement them for wide spread

use.
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6.1.1 Analytical model of the critical heat flux of a suface of heterogeneous
wettability
This work demonstrates that existing analytical eledor predicting the heat transfer
coefficient can be modified for surfaces with heggneous wettability. This is only half
of the performance of a boiling surface, it is resegy in many design application to be
able to predict the critical heat flux. It is ndivaous from our experiments what factors
influence the critical heat flux. More experimentsed to be preformed varying the spot
size and pitch of the patterns as well varying whttability of the surfaces to establish
trends. Once these trends have been establishdydinedynamic model used to predict
critical heat flux [67] can be reevaluated to detiee if it can be modified for a

heterogeneous surfaces.

6.1.2 Multiscale surface features for enhanced surfaces foheterogeneous

wettability

As mentioned in the introduction multiscale surféese recently attracted attention for
their heat and mass transport capabilities [10-E2jgineering combined nano and
microscale surface would be the next step to erghdmeat transfer enhancement.
Preliminary studies on multiscale surfaces havenbpeesented by the author at

conference proceedings [94].

6.1.3 Numerical modeling of pool boiling
Numerical modeling of boiling is complex due to st®chastic nature. On surfaces with

regularly patterned nucleation sites the stochawstiare of boiling may be eliminated by
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assuming the location of the nucleation sites. Niztakmodeling will help gain insight
into the fluid dynamics of the bubble departurejolircan be used to further develop the

analytical theories for the heat transfer coeffiti@nd the critical heat flux.

6.1.4 Studies on the robustness of surfaces of heterogens wettability

In boiling the robustness of surfaces is extremeiportant. In boiling surfaces are

exposed to high temperature gradient and sheassifée longevity of a surface is also
important in applications such as nuclear engingesince the boiling surfaces may need
to last for 30 years. In this work the heterogeseoettability surfaces appeared

relatively robust but characteristics such longevinaximum operating temperature,

scratch resistance and fouling susceptibility wese study. However the heterogeneous
wettability surfaces did last through several daysboiling experiments and several

samples were undamaged by the onset of the critezt flux. Also no damage occurred
when a contact profilometer, which applied forcesto 100 mN, was used to measure
the height of the patterns. A more detailed stufiyhe physical performance of these
surfaces is needed. Also, other lower cost materaald alternative manufacturing

methods should be explored.
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