University of

Nottingham

UK [ CHINA | MALAYSIA

Development of microfluidic based graphene/micrecapsulated

phase change materials for thermal management application

By

Yanhong Guo

Thesis submitted to the University of Nottingham for the degree of Doctor of Philosophy

July 2024



Abstract

Phag change materials (PCMs) are commonly used for heat storage, but they face challenges such
as leakage, corrosion, and low thermal conductivity. In this project, microencapsulation packaging
is employed to address these issues before using PCMs for estergge and thermal
management. Additionally, graphebased materials are incorporated to enhance the heat transfer
of the microencapsulated phase change materials (MEPCMSs).The formation, breakup, and phase
change mechanism of low melting point alloy (LMPPCM particles in a microfluidic channel

are numerically studied. The effects of flow rate, interfacial tension, perturbation flow Weber
number, and oscillating frequencies on droplet dynamics are being investigated. Furthermore,
experimental synthesis carried out in a needlmsed microfluidic device to synthesize MEPCMs

and graphendecorated MEPCMs. The results demonstrate a smooth surface and spherical shape
of the microcapsules with a relative size change in the MEPCM particles within 5%. These
microcapsules exhibit good phase transition and thermal storage performance, with the shell
material providing effective protection for the PCM material. The addition of graphene
significantly improves heat conductivity as the mass ratio increases from B.Wto. Finally,

the thermal performance and pressure drop of various microchannel designs and coolants are
compared. Structure C proves to have the best PEC performance, reaching 1.43 at Re=600.
Geometric shapes of micro pin fins minimally affect thermealstance, but triangular fins cause

the highest pressure drop. Circular pins exhibit the highest PEC, surpassing hexagonal pins by
over 8% in certain Re ranges. Micro pin fin spacing influences outlet temperature distribution and
PEC optimization, wittD.3 mm spacing achieving a peak PEC of 1.57 at Re=600. GO/MEPCM

slurry in microchannels shows higher pressure drop and thermal resistance compared to water. The



PEC peaks at 3.79 with 0.4wt% GO content at Re=100, outperforming Al203 nanofluid by 84%

at Re400.
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|Chapter 1- Introduction

1.1. Background

As the economy grows rapidly, there is a rising global demand for energy. However, the
continuous development of noanewable energy has had an irreversible impact on the
environment, and the problem of energy shortaageldiecome increasingly serious. Therefore, in
recent years, the issue of how to effectively improve the energy utilization rate has aroused
widespread concern, among which new energy storage materials are the current research focus.
Phase change materi@ACMs) exhibit exceptional heat storage capabilities, efficiently absorbing
and releasing substantial energy during phase transjfibmkich have been widely used in many

fields, including solar energy storage systems, industrial waste heat recodmggtiemperature

control, and thermal comfort textiles.

1.2. Classification of PCMs

PCMs can be categorized into three primary types based on their chemical composition: inorganic,
organic, and eutectic PCN2], as illustrated irrigure 1.1

Within the organic PCM category, a further subdivision can be made into twaatabories:
paraffin and nofparaffin compoundd2]. Paraffin PCMs are composed of linear alkanes,
characterized by the molecular formulaHz.+>. These materials offer several key adeges,
including substantial heats of fusion, chemical stability, safety, compatibility wittcoiwasive

metal containers, and cestfectivenes$3]. Their versatility allows for compatibility with a wide

range of encapsulating materials, making thgroular choicg4]. Nonparaffin PCMs represent
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the largest group and encompass fatty acids, fatty alcohols, and esters. Fatty acids are typically
carboxylic acids consisting of long aliphatic chains, which can be saturated or unsaturated. Fatty
alcoholson the other hand, are primarily linearain primary alcohols with carbon atoms ranging

from 4-6 to 2226 [5]. Despite their distinct characteristics, rumaraffin PCMs share common
features, including a high heat of fusion, the ability to undergo phasges without supercooling,
widespread availability, and cestfectiveness[3]. These qualities render them suitable for
numerous applicatior{$, 7]. Inorganic PCMs, in contrast to their organic counterparts consisting

of carbon, hydrogen, and oxygerias, are composed of naarborbased substances such as

salt hydrates, salts, metallic compounds, and metal alloys. While these materials offer higher
energy storage density and thermal conductivity compared to organic PCMs, they do come with
certain drawacks, including issues with corrosion and a propensity for supercooling. Additionally,
their operational temperature range is generally higher when compared to organic PCM Bptions

8]. Eutectic PCMs refer to mixtures comprising two or more compouyisatly a combination

of organicorganic, organignorganic, or inorganiinorganic materials. A notable advantage of
eutectic PCMs lies in their ability to attain specific melting points by adjusting the proportions of
each component within the mixture. a eutectic PCM, the blending of two or more materials
results in a substance with a lower melting point than any individual component. Upon heating,
this material melts and absorbs heat, and upon cooling, it solidifies and releases heat. The eutectic
composition provides a wetlefined melting point, enhancing the PCM's efficiency in storing and
releasing thermal enerdy]. A material's viability as a PCM in various applications hinges on its

apt phase change temperature. However, thermal, physicatjckichemical, and economic

19



attributes also significantly impact PCM performance, storage system traits, and application

feasibility. Table 1.1 encompasses crucial properties and the applications for PCMs.

Organic

Figure 1-1 Classification of PCMs.

Table 1-1 Advantages, disadvantages, and applications of HEMs 10]

Types of Applications
Advantages Disadvantages
materials
Large temperaturc Low thermal Thermal energy storage
Organics range conductivity
PCMs Compatible with  Flammable Building and construction
other materials industry
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No supercooling Relatives large volume Electronics thermal

No separation

Chemically stable

Safe

Non-reactive

Easily recycled

changes

Expensive except
technical grde paraffin

wax

managements

Cold storage and transportatic

Textile industry

Electronics thermal

managements

Automotive industry

Aerospace industry

Energyefficient refrigeration

cosmetics

Food industry

Biomedical fields

Inorganic

PCMs

High volumetric

latent heat

Easily available

High changed volume

Supercooling
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Less expensive

Higher thermal

conductivity

High thermal

fusion

lower volumetric

variation

Non-flammable

Corrosiveness

Electronics thermal

managements

Cold storage and transportatic

Textile industry

Electronics thermal

managements

Automotive industry

Aerospace industry

Energyefficient refrigeraibn

Eutectics

Sharp melting

point

High volumetric

storage density

Limited thermophysical

properties data
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Energyefficient refrigeration

1.3. Conventional method for fabricating MEPCM microcapsules

Although PCMs have been widely used as a heat storage medium, in practical applications, pure
PCMs have defects as they are vulnerable to leakage, corrosion, phase separatiw@riav
conductivity and volume change, etfll]. In contrast, if microencapsulation/microfiber
packaging is carried out before PCMs are used for energy storage, due to the encapsulation of solid
shells, microencapsulated phase change materials (MEP@Mocapsuleshave greater
advantages over unpackageitrocapsulesn terms of storage, transportation, and application.
Besides, as the graphene can improve the heat transfer by coroperate with shell material and a solid
shell can prevent the interaction of nucl®&Ms with the outside environment, it can not only
improve the stability, specific surface area, and heat transfer efficiency of the unpacked PCM, but
also solve the problems of PCM leakage, phase separation, and corrosivity.

In fact, because of the aboaevantages of MEPCMhicrocapsulesthey have currently been

widely used in the fields of building energy conservalidi15], thermal storage and temperature
regulation textile$16, 17] military [18], and functional thermal fluid4.9-21]. Until now, many
methods have been developed to fabricate MEP@Mrocapsules Table 1.2 shows the
conventional microencapsulation methods of PCMs. On the one hand, the early physical methods
caused violent flows, poor microcapsule uniformity, and limitations in-sled mateial selection

[22, 23] and chemical methods restrict material choices and require highly reactive monomers.
On the other hand, the traditional MEPCM fiber preparation lacks precise control, resulting in

incomplete coreshell structures, PCM leakage, aeduced phasehange latent hefi24-28].
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Table 1-2 Conventional microencapsulation methods of PCMs

Physical synthesis methods Physical chemical Chemical synthesis methods

synthesis methods

Electrostatic engasulation Soli gel encapsulatiof2] Suspension polymerizatidB0]

[29]
Spraydrying [31] Coacervation23] In situ polymerization§32]
Onestep method33] Supercritical C@-assisted Emulsion polymerizatiofi35]

[34]

- - Dispersion polymerizatiof86]

- - Interfacial polymerizatiofi37]

In recent years, microfluidic technology is considered to be a favorable tool for preparing
functional material precursors by virtue of its ability to accurately control a small amount of fluids
in microchannels wtih small crossectional dimensionf38-40]. It can be seen from previous
studieg[41-43] that microfluidic technology can accurately control the formation and stability of
fluid interface. On the basis of obtaining multiple emulsion templates and lalgjuiar lines,

precise and controllable microcapsules and microfiber structures can be obtained by reacting or
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curing at the phase interface, which can be helpful to confine corrosive or toxic materials, enclose
powder materials, and control the releasedifferent compounds. Due to these advantages,
microencapsulation has been employed for the confinement of a wide range of compounds that
include: bacteria, drugs and cells in the pharmaceutical and biomedicine and field; additives used
in cosmetic and foothdustries[44-48]. Specially, with the unique advantages of microfluidic
technology in the field of controllable preparation of microcapsules and microfiber functional
materials, through precise control of the structure of MER®@GIktocapsulesthe encapsulain

rate, and monodispersity of MEPCMicrocapsulegan be effectively improved. Generally, the

heat transfer can be enhanced by improving the thermal conductivity of PCM. Highly conductive
nanoparticles such as Al203 and graphene nanoparticles [32] are adriel! o improve the
thermal conductivity.

Recently, the effect of microencapsulated and suspended PCM in a conventional singlephase heat
transfer fluid to form phase change slurry has been investigated. The slurry can serve not only as

the thermal storagmedia but also as the heat transfer fluid.

|Chapter 2-Literatue review

The Phase change heat transfer is very important to evaluate the performance of MEPCMs and
design LHTES systems. It has been extensively studied and significant advancements have been

achieved. The critical studies are reviewed in Section 2.1 and Section 2.2 respectively.

2.1. MEPCM fabrication based on microfluidic technology
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There are some landmark nodes in the development history of microfloaBesimicrocapsules

as illustrated in Fjure 2.1.

Polyurea microcapsules

containing n-octadecane were
produced in a single emulsion
capillary-based microfluidic ||

|| A Lego-inspired glass capillary
microfluidic device capable of
encapsulating both organic and

aqueous PCMs
C ¢

PCM capsules were produced

by interfacial polymerization in a singlel|
Il emulsion device equipped with
|| a T-junction

“ were produced in microfluidic
| droplet generation
D A

I
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[ONre——

A facile and Controllam::}
microfluidic strategy were

proposed to fabricate core—shell [Where shells were cured in-situ by UV

phase change microfibers

- - S

n-heptadecane were produced using a |

double emulsion microfluidics device

exposition for only 15 s.

|I acetate microcapsules encapsulating n-

A simple and rapid flow process were
used to prepare biocompatible cellulose

Figure 2-1 Timeline of the development history for MEPQicrocapsule§49-55].

The geometry of microfluidic devices that can be used to prepare MERICNcapsuless first
introduced. In addition, the theoretical model of MEP@Mrocapsulesre discussed, and the

general preparation and properties of MEP@Mrocapsuleseported so far are summarized.
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Figure 2-2 The outline of microfluitts-based PCMs from fabrication to applications.

2.1.1. Microfluidicbased double emulsion/Liquid line template formation

The doublephase microfluidic encapsulation method is developed based on microfluidic
technology, which has the advantage of precigripulation of low flow fluid interfaces in micro
channels. It is considered as a favorable tool for the preparation of functional materials, such as
those applied in the fields of pharmaceuticals, foods, and phase change energy [gt2ra&es
56-59]. The key to the preparation of functional materials by dophkse microfluidic
encapsulation is to first form double emulsion and laminar liquid lines with highly controllable

structure, high coverage, and good monodispersity through microfluidic teciridg
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a) Double emulsion formation

Microfluidic technology is characterized by small size, automation, and high integration. It enables
the stable and continuous preparation of monodisperse droplets even under low flow rate
conditions. It can preciselgontrol the size and structure of a single droplet to ensure the high
encapsulation rate of internal droplets. Therefore, microfluidic technology shows incomparable
advantages in the continuous and controllable generation of double emulsion. On thedpne han
microfluidic chips can be categorized into tdionensional and thregimensional based on their
structure and design, which have been developed for preparing double emulsion based on their
applications. Twealimensional microfluidic chips are usually falated in silicon and glass
substrates using lithography and etching techniques, or in polymer substrates such as
polydimethylsiloxane (PDMS) by soft lithograph§0], while threedimensional microfluidic

chips are usually assembled and constructed tsg glapillaries. On the other hand, microfluidic

chips are classified into nerbaxial and coaxial based on their functionality and the arrangement

of fluid flow within the chip. The nowoaxial T-shaped crosow microfluidic device [61] is

shown in Figue 2.3A, where the flow directions of the internal and external fluids are
perpendicular to each other. The internal fluid breaks into droplets at the intersection of the T
shaped flow channel mainly due to the shearing and extrusion caused by the #uieriradjure

2.3B and C show two typical coaxial flow forms:-tow type and flowfocusing type. In this

device, the flow directions of internal phase and external phase fluids are located on the same axis,
and the fracture generation of droplets in thesice is generally affected by the viscous and shear

stress of internal phase and external phase fluids.
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Figure 2-3 Junction geometries A: crofiew, B: flow-focusing, and C: cflow; D: Flow-
focusingmicrofluidic device[62]; E: Coaxial ceflow microfluidic device[63] ; F: Dual cross

sectional microfluidic devicgs4]

Until now, researchers have studied the stable formation of double and multiple emulsions in
microfluidic devices. Utad§2] construced a flowfocused microfluidic device, as shown in
Figure 2.3D. The experiment showed that meftiulsion prepared by the device has high
monodispersity, and the multimulsion with different shell thickness and different number of
inner core droplets care controlled by adjusting the thrpbase flow rate independently. In order

to obtain double emulsion with an ulitsin shell, Kim et al[65] reformed the above device and
placed the internal phase tube inside the mesophase tube, so that the intseabphorm a jet

in the mesophase during the flow process and then pass through the focusing hole with the external
phase, thus realizing the hififiequency preparation of double emulsion with a thickness of only
tens of nanometers. In addition to theafifocusing device, the thresimensional coaxial clow
microfluidic device is also widely used in emulsion preparation. Fischer and Utad§6ét &l7]

studied the influence of physical parameters and velocity of each phase on droplet generation in
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coaxial microfluidic devices through experiments, and observed two typical flow patterns and their
conversion laws. On the basis of elucidating the droplet formation mechanism and the evolution
law of main flow patterns in the dtow device, various célow microfluidic devices for
generating multiple emulsions with complex structures are constantly emerging. Chi68} al.
assembled a thretimensional cdlow microfluidic device in multiple stages, as shown in Figure
2.3E. First, they obtained double esiah with highly controllable internal droplet nuclei. On this
basis, adding a firsttage ceflow device can realize the regulation of the droplet size and the
number of nuclei in the triple emulsion, and at the same time, it can ensure that the Cdf value
the prepared multiple emulsion is less than 1.5%. Wu 8lcompared the differences between

the two experimental devices of-low and flowfocusing in the production of the simplest dual
lotion through experiments. The results showed that th#towo microfluidic device has the
advantages of a stable production process and good repeatability in the preparation of double
emulsion. More importantly, its monodispersity in the production of double emulsion is better than
that of the flowfocusing micofluidic device. In addition to the flosiocusing and cdlow
microfluidic device, the crossectional microfluidic device has also been used for producing
double emulsions. Pannacci et[64] found through experiments that the cross channel has better
control over the generation of double emulsion droplets than-teifinel, as shown in Figure
2.3F. Saeki et a[69] found that if both cross channels have hydrophobic walls, and the depth of
the first channel is the same as that of the central maimehdut smaller than the depth of the
second channel,ultahi n (<1 em) W O droplets can be for:
In addition to the experimental study, the hydrodynamic behavior of double aneemulgion

formation in microfluidic devices has also been numeriathulated to provide insights into the
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droplet production mechanisfn0, 71} Zhou et al[72] combined the finite element method with

an adaptive grid to carry out numerical simulation and studied the formation process of single
droplet and double emutsi in a flowfocusing microfluidic device and their corresponding
influencing factors. It was found that the encapsulation state and encapsulation efficiency of
composite droplets in the device depended on the viscosity ratio and capillary number..Vu et al
[73] used a forward tracking/finite difference method to track the unsteady evolution and rupture
process of composite jet under Navi&iokes program control system of incompressible
Newtonian fluid. The results showed that the Reynolds number and Weaheer of the internal
phase fluid determined whether the composite jet breaks down in a drop mode or a spray mode to
form droplets. In addition, the influence of velocity ratio (mesophase velocity ratio internal phase
velocity, external phase velocityti@ internal phase velocity) on flow pattern transformation is
also discussed. Liu et al68] compared the formation mechanism and process of multiple
emulsions in two axisymmetric coaxial microfluidic devices by numerical simulation and
expounded the ihdience of flow conditions and local geometry of the device on the formation of
double emulsions. It was found that the existence of focusing holes in thdofiagsing
microfluidic device was helpful to accelerate the fracture of the neck to form doublsi@ams

under drip flow pattern and promote the formation of jet segments under spray flow pattern. The
radius of focusing hole had an important influence on the formation of double emulsion, but the
length of focusing hole had little influence on it. Aetsame time, the relationship between the
dimensionless focusing hole radius and the capillary number of continuous phase fluid and the
generated flow pattern in microfluidic devices was quantitatively described. Based on the above

analysis, it can be seehat there have been many experiments and numerical simulation studies
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on the stable generation of multiple emulsion templates in microfluidic devices and their precise
structural regulation, which provide important guidance for the related researcimtooilable

preparation of microspheres and microcapsule materials with good structural size uniformity.

b) Laminar liquid line template formation

In addition to producing double emulsion droplets, microfluidic technology has been considered
as a favorald tool for continuous preparation of laminar liquid lines of functional microfiber
materials by virtue of precise manipulation of fluids in foo@axial T-shaped crosfiow, coaxial

co-flow and coaxial flowfocusing microfluidic deviceas shown in Figurg.4A, B and C. Guillot

et al.[74] used the theory of absolute instability and convection instability to explain the stability
of laminar liquid line formation in the crofl®ew process. In simple terms, absolute instability
means that the disturbance wglow and spread from a fixed point to the upstream and
downstream directions. In this case, the jet cannot be formed continuously but breaks into droplets.
On the contrary, the interference in thecsdled convective instability only grows and propagates

in the downstream direction, which allows a long continuous liquid line to persist. Research has
shown that this situation generally occurs when the working fluid velocity is large and the inertia
effect of the fluid is more important than the surfaceitameffect{74]. The preparation process

of double emulsion templates in microfluidic chips is related to many parameters such as flow
velocity, viscosity, interfacial tension, and device geometry. Humphry [@54ifound that when

the width of the disprsed phase jet section is equal to or greater than the channel height in the
device, its instability can be suppressed. The geometric constraints of the device can be used to
suppress jet instability, promoting the stable generation of laminar liquisl. IAgditionally,

experimental resear¢id6] showed that the tensile viscosity of Ahdewtonian fluid as a dispersed
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phase solution resists the extrusion required to form droplets, leading to the formation of long jet
state. The dispersed phase of #ewtanian fluid with high viscosity could effectively suppress

the instability caused by the generation of laminar liquid lines in the-fi\owsing device.
Recently, in order to obtain fiber materials with structural diversity, higher requirements have been
put forward for the construction of laminar liquid lines in the flaeusing, ceflow or flow-
focusing microfluidic device, as shown in Fig@rdD, E and F. Yunru et a]77] used a glass
capillary to construct various microfluidic devices with specialctires to form multpattern
laminar liquid lines, as shown in FiguzedD, making it possible to prepare microfibers in different
fields. This review mentions that multiple capillaries can be used in parallel as internal injection
tubes, allowing variagifluids flowing in the capillaries to not mix with each other before entering
the collection channel for solidification, so microfibers with malamber structure can be
prepared. A laminar liquid line with nested structure can be generated by nestiagsambling
multiple capillaries as internal injection tubes. At present, theoretical and experimental research
on the factors affecting the stability of laminar liquidus has been quite rich, and there have been
related studies on the construction of ilaan liquidus with different structures. These flexible flow

forms can be applied to the creation of ultrafine fibers with noveltiraensional structures.
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Figure 2-4 Laminar liquid line template formatn; Junction geometries A: Crefiew, B: Flow-
focusing, and C: Gdélow; D: Flow-focusing microfluidic devicg77]; E: Coaxial ceflow

microfluidic device F: Dual crosssectional microfluidic device.

2.1.2. Heat transfer model of MEPCMs

Figure 2.5 showshe physical model of the PCM capsule, which comprises a sphere PCM core
encapsulated by shell material. When the phase change of PCM core occur within a certain
temperature range, there will be three zones with different states, including a solid ashg, m
zone and liquid zone, within the material. In dealing with the melting process of a multicomponent
coreandshell MEPCM capsule, a mathematical model is constructed based on specific
assumption$78, 79] (1) The core encompasses both phase changegiahdPCM) and doping
elements, (2) with the capsule's size enabling the omission of thermal convection effects in the
PCM's liquid phase; (3) the core PCM experiences solid and liquid states with consistent
thermophysical traits, alongside a mushy zamaracterized by evolving properties. Notably, (4)

the shell's characteristics remain unaffected by PCM volume changes. (5) Homogeneity

characterizes the capsule's inner region.
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Figure2-5 Simplified modelof PCM capsule.

Leveraging these assumptions, the moving boundary problem is addressed using the apparent heat
capacity methodi78, 79] The ensuing model encapsulates the entire MEPCM capsule, with the

energy equation expressed in spherical coordirestes

6 — —— 1 _— N
whered’ is the effective thermal capacity (J Kd<'! ) of the MEPCM capsule;Yis the
temperature (K), t is the time (s), r is the radius (m),_drid the effective thermalonductivity

(W mt K1), With an initial temperature ofY, the MEPCM capsule's outer shell temperature is
elevated t0Y due to an external heat source. The boundary condition can be expressed as

'S "YAr 1 c]

—S mo T C®
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"6 YO T c8
Wherei is the radius of the core. The effective thermal cap@dity Equation (2.1) can be given

as

0 &)

whered and6 denote the mass and thermal capacity of individual core components@while
represents the thermal capacity of the shell, and rcap stands for the radius ofRi@Mvitapsule.
Within the core's components, thefegtive thermal capacity of the PCM) () necessitates
consideration of latent heat across the phase change temperature’Yangéy. This can be

expressed as follows:
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Here,0 ; andO j represent the thermal capacity of the PCM in its solid and liquid states,
respectively” pertains to the effective deity of the PCM for both phases, whi@ signifies
the PCM's latent hedty stands for the average phase change temperatur¥; ¥ouiresponds to
half of the phase change temperature difference. Moreover, the expression for effective thermal

conductivity,_*, as in Equation (2.1), can be formulated as follows:

_hm 1 i
- _hi i i X

N

_ and_ represent the effective thermal conductivity of the core and shell, respectivétg In
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case of MEPCM fibers, the energy equation and associated boundary conditions are transformed

into a framework based on cylindrical coordinates.

2.2. Fabrication of MEPCMs microcapsules

From the above research, it can be seen that microfluidic technologccarately control the
formation and stability of fluid interface. MEPChicrocapsuleswith precisely controllable
microstructure can be obtained by reacting or curing at the external interface of double emulsion
and laminar liquidus, based on the two typesnafrofluidic encapsulated templates with stable

phase interface.

2.2.1. Fabrication of MEPClIvhicrocapsules

Researchers have done a lot of experimental and simulation studies on the formation of double
emulsion in microfluidic devices. At present, the micraflaiencapsulation method based on

double emulsion has become an important method for preparing MiERiGiocapsules

Inner liquid
ii + Middle liquid

“—— . Continous ligquid I

4 \Inner flow
2 PCM core

ii

Outer flow ;

Front en

Capsule§

Figure 2-6 A: (i) schematic diagram of the process of creating monodisperse PCM@polyurea

microcapsules in a tubular microfluidic device and (ii) photograph of thénailater PCM
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droplets produced at the tubular junction. Emulsification and partial polycondensation of the PCM
and polyurea in the flow stream at 35¢49]; B: Schematic illustratioof the equipment and
process used to prepare RT27-&ginatemicrocapsule$80]; C: (i) the microfluidic device and

(i) the process used to fabricate double emulsi@ig ; D: (i) The glass capillary device and (ii)

the process used to prepare double eionildroplets as templates for the MEP@Ntrocapsules
[82];E: Gravity-assisted cdlowing microfluidic device (I: glass slide, Il: dispensing needles, llI:
inner capillary, 1V: outer capillaryp2]; F: Schematic of microfluidics devi¢@3]; G:Threephase

microfluidic device for the fabrication of MEPCRicrocapsule§d4].

Based on a tubular microfluidic technolodyne et al[49] prepared a MEPCNhicrocapsules

with a core material of-octadecane and a shell material of polyuria, as shown in Figure 2.6A.
The resultsshowed that the monodisperse particle size of MEP@igrocapsulescould be
controlled by changing the flow rate or aqueous solution. However, the polyurea shell is too thin
and wrinkled, making it difficult to provide effective protection for the MEP@Mrocapsules
under thermal cycling conditions, possibly because the strict time and temperature requirements
of the thermal curing process cannot be met in microfluidic devices. Therefore, new microfluidic
technologies were further developed to manufacture doublésiemuemplates for generating
MEPCM microcapsule$85]. For example, Liang80] developed a simple and easycontrol
method for encapsulating PCM with calcium alginate, a biocompatible antbxicrmaterial.

This was achieved using a microfluidic devies, shown in Figure 2.6B. The study found that
adjusting the inner flow rate was more effective than adjusting the outer flow rate for controlling

the size of the MEPCMhicrocapsuleand the content of RT27, which is a type of PCM. Besides,
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the MEPCMmicrocapsuleproduced using this method showed good theregulating ability

and were stable and reproducible. Similarly, Fu §Bal.prepared MEPCMnicrocapsulesvith
silicone resin as the shell angtatyl bromide as core based onftaw microfluidics, as shown in
Figure 2.6C. The findings of the study indicated that the microcapsules had a high energy storage
capacity. Specifically, the melting enthalpy and freezing enthalpy of the microcapsules were
measured to be 76.35 J/g and 78.67 J/g, respectively. Moreovéreth®al curing process used

in the study mentioned earli0] typically requires several hours to cdete the polymerization
process[86]. However, an alternative method for polymerization is ultraviolet (UV) radiation
curing, which is a photopolymeritzan technology that enables liquid resins to be rapidly
converted into solid polymers without the use of solvents. Many studies have shown that UV
curable materials have better mechanical properties than thermal curing mgdéredls Based

on this, Akamatsu et a[82] used a simple capillary microfluidic method (Figure 2.6D) to prepare
encapsulated-tetradecane andmexadecane in a silicone resin shell with the help of UV curing.
The study demonstrated that the MEP®@hitrocapsuleproduced were suitablr therma
energy storage, as the stable phase transition ahitrcapsulesvas directly observed. In a
similar study, Li et al[52] used a cdlow capillary microfluidic device and UV curing technique

(as shown in Figure 2.6E) to prepare MEP@Ntrocapsuleswith n-heptane as the core and
hexanediol diacrylate (HDDA) polymer as the shell. The resulting MER@dvocapsulediad a
uniform particle size, smooth surface, and regular spherical shape. In addition, in order to explore
the possibility of core materials for BPCM microcapsulesHan et al.[83] proposed a
microfluidic device (Figure 2.6F) for the precise manufacture of MER®@Ibocapsuleswith

adjustable thermal properties. The study found that both organic and inorganic MEPCM
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microcapsulebad excellent properties such agthimonodispersity, good energy storage capacity,
high encapsulation efficiency, and thermal stability.

However, the low thermal conductivity of commonly used PCM inhibits the overall thermal
performance, such as thermal storage, thermal response, antklbaat speed of MEPCM
microcapsulesn practical applicationf91]. Therefore, in order to improve the heat conductivity

of MEPCM microcapsulesHao et al.[84] prepared microcapsules based on the microfluidic
method (Figure 2.6G). To enhance the thermal condtycti¥ the pure PCM and improve the
thermal regulation ability of the MEPCMhicrocapsulesmulti-layer graphene was added to the
PCM. The study found that the resulting microcapsules had a stablsh&drstructure and high
monodispersity. The size and coledi ratio, which determines the thermal adjustment capability,
could be accurately controlled by adjusting the flow rates of the inner and outer phases (as shown
in Figure 2.7A and B). Additionally, the addition of mulier graphene (up to 2 wt%) immexd

the thermal conductivity of the microcapsules, while the energy storage capacity degradation was
less than 5%. This allowed the MEPCMicrocapsuledo respond faster to changes in the
surrounding thermal environment. Although all of these microfluidic éswian produce uniform

and high packaging rate phase change PCMs, they are difficult to manufacture. In common glass
capillary devices, not only is it troublesome, but also due to the adhesion between the capillary
and the needle, it is impossible to adljine internal structure during the preparation prof@&s

In addition, PDMS channels not only rely heavily on expensive silicon master modules, but also
are sensitive to organic solvef@8]. To solve these problems, Parvate ¢94] proposed a Lego
inspired microfluidic device to produce MEPCNhicrocapsuleswith a movable UV

polymerization. The microfluidic device used in the study consisted of a coaxial glass capillary
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and computer numerical contralilled blocks that could be easily connected and takamt using

a StudandTube system inspired by Lego blocks. The study found that the thickness of the shell
and the diameter of the patrticles in the microcapsules could be accurately controlled by adjusting
the fluid rate and capillary geometry. Table Jwbvides a summary of the morphological
characteristics and thermal properties of some MERGdtocapsuleshat were prepared using

microfluidic methods.
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Figure 2-7 The relationship between the detailed diaargbn the rates of the A: inner flaw

and B: outer flowd [84].

41



Table 2-1 Thermal properties and morphological characteristics of MER@Gdocapsules

Ref. Microflu Device Emulsions Phases Curing method Core material  Shell material Capsul YO ( "Y (€ YO ( "Y(T W E(®) CV

idic e size Jgt) ) Jgt) ) (%)
(em)
[82] Flow- Glass Double O/O/W UV radiation n-tetradecanein Photopolyme 120 96 19.1 8.4 44 High monodispersity
focusing capillary hexadecane rizable oil 200
[95] Flow- Glass Double W/O/W UV radiation sodium acetate Acrylate/poly 2500 - 1.7 - -48.3 - Poor concentricity
focusing capillary trinydrate styrene 280

agueous solutiot

[83] Flow- Glass Double O/WO UV radiation n-hexadecane PEGDA/ETP 200 269.3 19.1/8 2125 58+ 87.8 829 <2%

focusing capillary and TA 300 Jgd! 24
W/O/O
[55] T- Tubular  Single Oo/wW Interfacial Paraffin Polystyrene 500 875 29.1 949 245 965 96.0 <2.5%
junction Polymerization
S
[81] Coflow Tubular Double O/O/W  Chemically n-hexadecyl Elastic 460 76.35 16 78.67 6 49 - <3%
+ crosslinked bromide silicone
collector
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[96]

[49]

[80]

[52]

[84]
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[53] Coflow Glass Single Oo/wW crosslinking n-hexadecane cellulose 4589 178 16.9 176 185 66 <11.3%

capillary acetate

[97] Coflow Glass Double W/O/W UV radiation OP18E HDDA about 19.8 19.09 18.12 12.18

cagllary 475
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2.2.1. Fabrication of MEPCM fibers

The MEPCM fibers are designed with a core sheath structure, where the PCM and protective layer
are used as the core and sheath respeg{i®8]. This structure allows the fibers to fully utilize

the latent heat property of the PCM for temperature regulation and heat $8&jad® increase

the productivity of MEPCM fibers, microfluidic technology is used in the manufacturing process.
Theprocess involves two steps. In the first step, a liquid line template is created using microfluidic
methods. The sheath material is then cured through subsequent processing to produce the MEPCM
fibers. For example, Wen et #1] prepared MEPCM fibers withigh PCM content based on a
simple and controllable microfluidic technology, as shown in Figure 2.8A. It was found that the
poly(vinyl butyral) (PVB) polymer shell of the obtained MEPCM fibers effectively prevents the
leakage of RT27 during the phasenstormation process and the enthalpy of MEPCM fibers
increases with the increase of PCM content. The microfibers showed a high encapsulation
efficiency of up to 70%, with a maximum melting enthalpy of about 128.2 J/g and a crystallization
enthalpy of about24.0 J/g. To improve the thermal conductivity of MEPCM fibers, researchers
can add high thermal conductivity materials such as graphene nanosheets and metal oxides to the
sheath[100]. Zhang et al[100] used the microfluidic method to prepare a compoSIEPCM

fiber with high thermal conductivity (Figure 2.8B). This fiber consisted of an RT27 core and a
PVB sheath mixed with ADs nanopatrticles. The addition of 12% 8k resulted in a 47.1%
decrease in melting time and a 39.5% decrease in crystallizatien Table 2.2 provides a

summary of the thermal properties and morphological characteristics of various MEPCM fibers.
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Table 2-2 Thermal properties and morphological characteristics of some MEPCM fibers.

Ref. Geometry Device Emulsions Phases Curing Core Shell Fiber YO (3 'Y(T) YO (I "Y(€) W (%) E (%)
method material material diamete g!) gl)
r
[101] Coflow Glass capillary Double O/0/W Solution paraffin PVB 320 128.2 27.88 - 25.13 - 70
extraction  wax RT27 350
[102] Co-flow Glass capillary Double O/0/W Solvent paraffin MWNT/P 400 108.67 30 23 -
extraction wax RT27 VB 450
[98] Coflow Glass capillary single w/O Solution Solution PVB, 400 73.58 12 - 6 - 96.0
extraction  extraction  Al.O3
NPs
composit
es
[100] Coflow Glass capillary Single O/WIW Solvent pardfin PVB, 400 1173 2639 - 23.14 - 64.8
extraction wax RT27  Al20s
NPs
composit
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[103] Coflow Glass capillary Single Oo/wW - PEG1000 polyprop 850 108.4 106.7 20.4 80.3 96.7

ylene 950
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Figure2-8 A: The setip of coaxial microfluidic device and generation process of MEPCM fibers.
(i) Schematic diagram of microfluidic device for producing MEPCM fibers. (ii){sigbed images

of a coaxial coresheath flow consisting of a cylindrical jet of melting RT27 (cougdjl and an
annular jet of PVB solution (sheath fluid) at various inner flow rates, Scale bar is 2(®Lin&:
Schematic illustration of composite phase change microfibers with @hbeath structure using a
microfluidic fabrication process. (i) Micrdevice for producing composite microfibers. (ii) Cross

sections of the composite microfibers illustrating the solvent extraction pja©€§s

2.3. Characterization of MEPCM microcapsules

The properties of MEPCMnicrocapsulesincluding their physical, chemical, amdechanical
characteristics, are greatly affected by the materials used for the core and shell, as well as the
method used to synthesize them. These properties are important for the practical use of MEPCMs,

and it's crucial to accurately measure and deschiem to ensure their effectiveness.
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2.3.1. Encapsulation rate

The encapsulation rate of MEPCMicrocapsuless an important parameter to evaluate the
thermal properties of MEPCMs. MEPCIvhicrocapsulesprepared by microfluidic device
generally have a high encapdida rate. Table 2.1 and Table 2.2 show the comparison of the
encapsulation efficiency of MEPCNhicrocapsulesprepared by some current microfluidic

methods.

The encapsulation rate is an important parameter for evaluating the thermal properties of MEPCM
microcapsulesThe encapsulation rate of MEPGMcrocapsulesalso known as the effective load

of ME-PCM capsuleffiber, refers to the ratio of the amount of core material covered to the total
amount of core material in MBCM capsuleffiber. In theory, accurately weighihg imass of the

core material in the MEPCM capsuleffiber is difficult. Generally, the melting latent heat of the
MEPCM microcapsulesneasured by DSC can be compared with the melting latent heat of the
pure phase change material to calculate the encapsulaticerefy, as shown in Equation (2.8)

[79].

prtmpb Q.

whereQis the encapsulation efficiency of MEPQRicrocapsulesyO f e and
YO are, respectively, the meltingtéamt heat of MEPCMnicrocapsulesind core material.

MEPCM capsuleffiber prepared by microfluidic device generally has a high encapsulation rate.
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Table 2.1 and Table 2.2 show the comparison of the encapsulation efficiency of MEPCM

microcapsuleprepared by some cunemicrofluidic methods.

2.3.2. Particle size distribution

The particle size distribution dIEPCM microcapsulewwill directly affect their thermal and
mechanical properties. For the same MEP®@Mrocapsulesvith the same wall thickness, the
smaller the particle s&zis, the shorter the heat transfer distance of the core material is, and the
higher the heat transfer efficiency is, but it will affect the stored energy density. At the same time,
smaller particles have higher mechanical strength. Scanning electrorscoyo(SEM) and

optical microscopy (OM) can be used to evaluate the particle size and morphological
characteristics of microcapsules, while a laser particle size analyzer can explore the particle size
distribution of microcapsules.

From the SEM image showm Figure 2.9(AE), the MEPCM microcapsulesprepared by
conventional methods have poor monodispersity. The size ofithecapsuleand the content of

PCMs are not controllable, which will also cause a great waste of reagents and increase the
preparation cost of IPCM microcapsulesFigure 10F shows the SEM diagram of the MEPCM

fiber prepared by the conventional electrospinning method.
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Figure 2-9 SEM micrographs of MEPCMmicrocapsules/ MEPCM fiber prepared by
conventional rethods. A: Suspension polymerizatif80]; B: In situ polymerizatiorj104]; C:
Emulsion polymerizatiofi35]; D: Dispersion polymerizatiof86]; E: Interfacial polymerization
[105]; F: Electrospinning27].

In Figure 2.10A and B, an SEM image and correspangarticle size distribution are shown for
MEPCMs produced using doubémulsion droplet templating. The MEPCMs have a highly
uni form size distribution, with only a 6 em d
The calculated coefficient of vation in size @ ) is approximately 1%, indicating that combining
threephase microfluidics and radiation curing approaches can result in MEPCMs with high
uniformity and monodispersit{2]. Due to the incomplete or broken outer shell of MEPCM
microcapsulesthere is a risk of leakage of internal PCMs, which would lead to the loss of
protection for the core material. Therefore, it is necessary to study the morphology and

microstructure of microcapsules. Due to the fine regulation of interfacial tensiomtmflmdics,
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the resulting MEPCMnmicrocapsulesiormally have smooth surfaces and uniform morphology.
The optical micrographs and SEM images presented in Figure 2.10C and D show that the
MEPCMs created were almost uniform in size, with an average diamete® oh#d81]. The

shell of the MEPCMs was transparent and had a smooth surface;haitadecyl bromide liquid
enclosed within. Although the transparency of the MEPCMs varied slightly due to uneven wall
thickness, the maximum variation was only around 10 aswgbserved from the SEM images in
Figure 2.10B. Additionally, the PVB microfibers, both with and without RT27, had uniform and
smooth morphologies, as shown in Figure 2.10E and F. The coaxial microdevice used for

fabrication allowed for the continuousopluction of microfibers that could reach several meters

in length.

Fraction (%)
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Figure 2-10 A: SEM of MEPCMs; B: patrticle size distribution of MEPCNE2]; C: Optical

microscope of MEPCMs; D: crosectional SEM imagef MEPCMs [81]; SEM images of
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microfibers after the removal of paraffin RT27 fabricated arf E: 8 mL/min, F: 16 mL/min.

The middleg(0 ) and outer flow rate are, respectively, fixed at 100 mL/min1 and 250 m{3ijin
2.3.3. Thermal conductivity

The thermal conductivity of MEPCNhicrocapsuless crucial for thermal energy storage and
temperature control. A low thermal conductivity can cause a delay in the thermal response of
storage and release of latent heat. Various researchers have studied the calculation method of
thermal conductivity of MEPCNhicrocapsuleswhen MEPCMmicrocapsuleare in theform of

powder particles, the thermal conductivity of a single MEPCM particle can be calculated using the

composite ball metho[d06], expressed byQ:

p p Q Q 2
Q0 00 000 S
'Q ” p | F]
— - Tt
5 P c®

whereQ, 'Q andQ are, respectively, the thermal conductivithdEEPCM particles, core material
and shell materialQ andQ are, respectively, the diameter of MEP@Ntrocapsulesnd core
material;” and” are, respectively, the density of core material and shell materigljs the

mass faction of core material.
When MEPCM particles are dispersed in the heat exchange fluid to form MEPCM suspension (i.e.,

functional thermal fluid), the average thermal conductivity of MEP@igrocapsulesuspension
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can be calculated using Maxwell's form{84], which can be expressed b9

Ko) . Q
¢ C g WwW=xy P
o) o) o) ¢Pp
C g WwW=xy P

whereQ andQ are, respectively, the thermal conductivity of MEP@#i¢rocapsulesuspension

and carrier fluid;® is the volume fraction of MEPCMnicrocapsulesparticles in MEPCM

microcapsulesuspension.

The low thermal conductivity of traditional polymer shell materials has limited the conduction of
heat energy in the MEPCM system, resulting in low thermal efficidnecyg heat absorption or
release. This has made it difficult to store and release heat quickly and effectively, which greatly
restricts the application of phase change microcapsules. To address this issue, researchers have
tried various methods. One appch is to enhance the core and shell materials of MEPCM
microcapsulesNanomaterials such as carbon nanotubes, grap8ént07] nanealumina[108],
nanaosilicon nitride, and nanoopper[109] can be added to the shell material to improve its

thermal condudtity.
2.3.4.Phase change heat storage

The phase change thermal storage performance is crucial in the practical application of MEPCM
microcapsulesit is determined by two primary parameters, namely the phase change temperature

and the phase change lateadh These parameters can be measured using a differential scanning
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calorimeter (DSC), which helps in evaluating the efficiency of the MEPCM system in storing and
releasing thermal energy during phase transitions. Generally speaking, there are endatiftermic
exothermic peaks on the DSC temperature rise and fall curves of MERCGNcapsulesand
phasechange core materials, while the shell materials have no endothermic and exothermic peaks.
The heat absorption and release curves of phase change core matdrialicranapsules are
basically unchanged in the phase change range, but the peak points of phase change appear at
different positions. This is because the shell material has a certain barrier effect on the heat transfer
of the core material, leading to thgsteresis of the phase change point of the core material. In
addition, the average phase change latent heat of microcapsules is typically lower than the average
phase change latent heat of the core material. This is because the core material is extthpsulat

a shell material, which affects the heat transfer of the microcapsules and reduces the phase change
latent heat. In other words, the shell material acts as a barrier that slows down the heat transfer
process, resulting in a decrease in the amoutiteymal energy that can be stored or released
during the phase change.

As mentioned earlier, scholars have attempted to add nanoparticles to microcapsules to improve
thermal storage performance of MEPQ@McrocapsulesFor example, Hao et §B4] conducted
expeiments on MEPCMmicrocapsuleswith varying mass ratios of multilayer graphene,
subjecting them to at least two repeated plthsage processes. The results, shown in Figure 17A

and B, indicate that there is a slight decrease in the proportion of PCMnmictteeapsuless the

mass ratio of multilayer graphene increases from 0 to 2 wt%. However, the loss etiphiage
enthalpy is minimal, at less than 5%, which means that the reduction in energy storage capacity is

negligible. In other words, the addition of midtier graphene does not significantly affect the
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energy storage performance of the MEP@idrocapsulesBesides, Zhang et 4b1] studied the

impact of AbOs content on the thermal energy storage and release properties of composite phase
change microfibers. DScurves were used to analyze the results. The study found that the melting
onset temperature and crystallization onset temperature of paraffin RT27 were 26.66 and,24.77
respectively. When compared to RT27, the melting onset temperature and cryistalbreet
temperature values of the phase change microfibers with and withQstwidre almost identical.

In other words, the addition of ADs did not significantly affect the phase change temperatures of
the composite microfibers. Notably, the additadrAl 2Oz did not have a significant impact on the
melting onset temperature and crystallization onset temperature values of the composite phase
change microfibers. Additionally, the study found that the melting peak temperature and
crystallization peak teperature of RT27 were 29.78 and 22.59respectively, and the addition

of Al>O3 did not cause any noticeable changes in these values. In other words, the presence of
Al203 did not significantly affect the thermal energy storage and release propertigs of t

composite microfibers.

2.3.5.Thermal stability

The thermal stability oMEPCM microcapsuless crucial in determining their service life. If the
MEPCM microcapsuledhave good tarmal stability, it means they can maintain their thermal
storage performance evafter undergoing multiple cycles of heat release. In other words, thermal
stability is an important factor in ensuring the longevitytliPCM microcapsulesCurrently, it

can be measured by TGA. The thermal stability of MER@iRrocapsuleare mainly affected by

themicroflow control preparation conditions, the type of shell structure, the type of phase change
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core material and other factors. Figure 2.11A and B showed that the MEREHcapsules

prepared by microfluidic device still maintain good thermal storage penfmerafter 100 thermal

cycles of heat release.
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Figure 2-11 A: Optical microscope images showing the MEP@hérocapsulesiuring the three

cycle coolingheating prograni83]; B: Typical optical microscopy imagel@ving the surface
morphologies of MEPCMnicrocapsulesvi t h t he shell thicknesses
after 100th thermal cycling, respectivgB2]; C: TGA curves for MEPCM fibers and paraffin
RT27. D: Effect of RT27 content on T10% which is the \weigf a material decreases by 10% of

its original weigh{51].

Figure 2.11C and D shows the TGA curves of paraffin RT27, PVB fibers, and MEPCM fibers [94].
Both paraffin RT27 and PVB fibers have only one decomposition stage, with paraffin RT27

completelydecomposing at 220 and PVB fibers beginning to decompose at 300The phase
change fibers undergo two decompositions at temperatures below 3&0d above 300 ,
respectively. That is, the core layer RT27 decomposes at temperatures below a6d the
sheath layer PVB @@emposes at temperatures above 3Q0Trhe temperature corresponding to a

10% reduction in fiber mass (T10%) is taken as a thermal stability parameter. The T10% of two

types of microfibers, RT27 and PVB, were measured and found to be 13 370.0 |,

respectively. As the ratio of the core to the sheath (R) increased, the T10% value of the phase
change microfibers decreased linearly, approaching that of RT27. Additionally, the T10% of

PVB/50P microfibers was 143.1, which was 6.4 higher than that of RA7. These results

suggest that using coesheath type fibers to encapsulate paraffin RT27 can improve the thermal

stability of PCMs.

2.4. The formation and breakup ofLMPA PCM droplet in microfluidic channel
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Because the enthalpy porosity method convergpsglly and can produce precise results for the
morphology and position of the phase change front at different times with ¢omwgutational
cost[110]. Therefore, a coupled VOF and enthafyrosity method will be used to predict the
formation and soliditation properties of LMPA droplets in a flelwcusing device. The effects

of flow velocity, interfacial tension, continuous phase temperature and wall temperature on LMPA
droplet formation and solidification process will be examined in detail.

Besides, lte LMPA droplet breakup by the microfluidics normally uses a geometrically
mediated passive breakup approach and heavily relies on the sophisticated design of
microdevices, hence it is still expensive and technically complex in the manufacture of the
micrafluidic devices, making the microfluidic technology less accessible to large scale
formation of LMPA microparticles. To the best of our knowledge, there has been
insufficient study for LMPA microparticle formation dynamics in a straight microchannel
multiphase system. The formation of LMPA particles with size less than 10 microns has
rarely been reported. It remains unclear and not well understood about the key effects which
are dominant in the ultramall LMPA microparticle formation process. Hence, a hove
method for rapid LMPA droplet breakup and wsmall LMPA microparticle formation

will be presented, which can be achieved in a facile approach using a straight microchannel
where the droplet is subject to the oscillatory flow. A robust mathematicadlrhad been
developed, and validated by numerical simulations to elucidate the droplet breakup
mechanisms. The effects of perturbation Weber number and frequencies as well as the
cooling wall temperature on the fission and the solidification of LMPA dtslave been

investigated.
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2.5.Microchannel heat sink improvement based on novel design and graphene enhanced
MEPCM

Integrated circuit, invented by Jack Kilby and Robert Norton Noyce in 1958, has changed the
world, thanks to its low cost and excellemrformance. It has developed rapidly and applied in
various everyday electronic devices such as computers, mobile phones, and microwaves. Due to
advanced semiconductor manufacturing technology, these chips year on year have become smaller
allowing for moe and more electronic components to be integfdtet]. One of the founders of

Intel corporation, G. E. Moorfl12] predicted that every 18 months, the number of electronic
components on a chip and chip overall performance will double. However, withafeasing

density of electronic components in these advanced chips, significant heat is generated leading to
faults and performance decline. For this reason, their effective thermal management has become
imperative and hence a hot research topic in rg@anrs. According to Paik et §.13], depending

on whether input power was required, cooling methods can be divided into passive and active
methods. Both cooling techniques have been applied in the thermal management of integrated
circuits with varying otcomes and performances. Although passive cooling is inexpensive, its
performance is comparatively worse than active cooling which also has a downside of requiring
external powefl113]. Among different academic cooling systems, five cooling approaches used
commercially include fa#based cooling, mactttuidics-based cooling, microelectromechanical
systemsbased cooling[113], refrigerationbased cooling and microfluidicased cooling
technique[114]. Microfluidic-based cooling techniques utilize small voksyof liquid coolant

pushed across the integrated circuits to dissipate [#48{. Unfortunately, few researchers
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focused on this novel technique before since the limitation of manufacturing technique. With the
rapid development of fabrication of minia¢udevices and increasing amount of heat produced by
chip, microfluidic cooling method regain public attention. Microchannel heat sink (MCHS), a
microfluidic cooling device, typically has several channels whose hydraulic diameter is in micron
scale. These irochannels make the device have high specific surface area of coolant and low
thermal resistance, which can considerably increase heat transfer performance and dfficency
121]. Therefore, microchannel heat sink has become hot topic of cooling geehracently.
According to Tao et a[122], there are three mechanisms of enhancing convective heat transfer:
(1) Reducing the thermal boundary layers; (2) increasing the interruption in the working fluid; (3)
increasing the velocity gradient near a heansfer wall. Based on these three mechanisms, the
research direction of MCHS mainly focused on the geometric structure of MCHS and various
coolant which had higher heat transfer capacity. The geometric structure of MCHS primarily
influences hydraulic ahheat transfer performanfE23-128]. For instances, several studies have
shown that varying the shape and crsastion of microchanne]$29-131], employing secondary

flow in MCHS[132-134], using wavy microchanne]$35-138], and using piffin structues[139

143] all influence heat and flow characteristics. Gunnasegaran£8@].conducted a numerical
analysis to examine how different geometrical parameters affect the flow of water and heat transfer
characteristics in microchannels. The investayafocused on Reynolds numbers ranging from
100 to 1000. The researchers found that microchannels with smaller hydraulic diameters,
particularly those with rectangular shapes, exhibited improved uniformity in both heat transfer
coefficient and temperaturkuppusamy et aJ132] utilized a technique involving the introduction

of slanted passages in the walls of MCHS. These passages were placed between adjacent channels,
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alternating their orientation. The researchers discovered that this approach indooedigeflow,

which resulted in a reduction in the average thickness of the thermal boundary layer. As a result,
the heat transfer performance of the MCHS was enhanced, and there was only a slight increase in
pressure drop. This improvement was attributethe combined effect of the-teevelopment of

the thermal boundary layer and the mixing of the flow within the heat sink. In contrast, the study
conducted by Lin et aJ138] focused on the numerical investigation of a wavy microchannel heat
sink with vaying wavelength and/or amplitude along the direction of flow. Their findings revealed
that the performance of the heat sink improved noticeably as the thermal resistance decreased and
the maximum temperature difference on the bottom wall decreased. mpisvement was
observed when the wavelength of the wavy units decreased or the amplitude inGesaseal.

other articles also investigated varying configurations of MCHS. For inst@hetn and Chen

[144] studied various inlet/outlet arrangements of M&E&hd proved that when the coolant flows

in and out vertically, better heat sink performance is achieved. Hajmohammadi,[Jet54l.
conducted the effect of slip condition on thermal performance of MCHS and found that slip
boundary condition had smalleretimal resistance compared with no slip boundary condition. Xu

et al. [146] studied hydraulic and thermal characteristics of rectangular cross section
microchannels with dimples. They independently studied several parameters of dimpled MCHS,
such as aspecatio of rectangular cross section, spacing and depth of dimples. Compared with
plain channels, dimpled channels reduced 3.2 K of temperature and 2% of pressure drop, also they
achieved a 15% increase in the Nusselt number value. Zhang®ktdldevelogd a model to
examine the impact of roughness elements on laminar flow and heat transfer in a microchannel.

They aimed to compare the thermal and hydrodynamic characteristics of rough and smooth
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channels. It was revealed that the presence of roughnesnétamthe microchannel resulted in
improved global heat transfer performance. However, this improvement came at the expense of
increased pressure drop compared to a smooth channel. Adewunijilé8httudied numerical
simulations to evaluate the floméa heat transfer performances in a microchannel heat sink with
micro pin fin inserts. Their aim was to optimize the design of the integrated microchannel and
micro pin fins to minimize the peak temperature in the configuration. Their findings showed that
increasing the Bejan number led to a decrease in the minimum peak temperature. Furthermore, it
is also noticed a notable enhancement in the maximum thermal conductance when the
microchannel heat sink incorporated three to six rows of micro pin fin ineetssstructure.

For coolant optimization, many researchers focused on nanofluid as dddl&154]. Sarafraz

et al[155] carried out an experimental investigation in a rectangular microchannel using silver
nanoparticles/deionized water as a coolingdfin a coppetbased heat sink. They found that the

heat transfer coefficient of the microchannel experienced enhancement when the traditional
coolant, deionized water, was replaced with a nanofluid. However, they also observed a slight
increase in foulinghermal resistance, friction factor and pressure drop parameter when the
nanofluid was utilized in the system. Ali and ArsHa86] investigated water based graphene
nanoplatelets (GNPs) nanofluids, and examined the angle effect of MCHS on heat transfer
coefficient and thermal resistance using the nanofluid as coolant. Their result showed that MCHS
with 22.5degree channel angle achieved the lowest thermal resistance and the best thermal
performanceljam et al.[157, 158]conducted a study on the effeeness of using nanofluids in

a microchannel heat sink for cooling purposes. They compared the cooling performance of

different nanofluids, including ADs/water, TiQ/water, and SiC/water. Their findings indicated
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that the AtOsz/water nanofluid outperfornagithe other options in terms of cooling efficien8eyf

et al.[159] developed a thredimensional model of a microtube heat sink. They used a coolant
called nanoencapsulated phase change materials (NEPCM) slurry, which consisted of octadecane
as the NEEM and polyalphaolefin as the base flutdvas discovered that incorporating NEPCM

into the base fluid led to a significant enhancement in heat tra@éien. et al[160] conducted an
experiment to investigate the flow and heat transfer characteatrogro-encapsulated phase
change material (MEPCM) in both wavy and straight microchannels. The study found that as more
MEPCM was added to the fluid, the pressure drop increased. In the phase change region, the
MEPCM exhibited better heat transfer penfi@nce compared to water, attributable to the latent
heat absorbed during the melting of MEPCM. However, the low thermal conductivity of MEPCM
limits its effectiveness in charging and discharging latent heat for various applicktearsvhile
graphene possses outstanding mechanical properties, a large surface area, distinctive
physicochemical characteristics, and low densjfy61, 162] Functionalized graphene
nanocomposites, such as graphene oxide (GO), exhibit enhanced surface area and porosity,
effectively mitigating graphene layer agglomeratid63]. Hu et al.[164] developed MEPCM

using a combination of polyvinyl alcohol and high thermal conductivity graphene oxide (GO) as
cosurfactants through an emulsion polymerization process. It was observdtetitaermal
conductivity of the MEPCM samples significant
with the addition of 0.5 wt.% GO. This enhancement suggests the potential for further improving
the overall performance of microchannel heat sinks by ws@Q/MEPCM slurry as the coolant,

a novel approach that has not been explored previously. Thus, building upon the concept of a

straight microchannel heat sink, a new mipimo fin design with three different arrangements and
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five different kinds of shapesithin the microchannel was proposed. In this chapter, the impacts

of heat sink material, arrangement, shape, and spacing distance cpmidires on the thermal
performance of MCHS were investigated. Parameters like Nusselt number, the total thermal
resistance, pressure drop, the dimensionless temperature at the exit and the overall performance
evaluation criterion (PEC) will be estimated for the optimization study. By conducting a
comparative analysis, the most effective configuration was identifi@skedBon this, considering

the earlier discussion of the beneficial effects of nanofluids and MEPCM slurry on enhancing the
performance of MCHS, nanofluids with different AI203 volume fractions and GO/MEPCM slurry
with different GO content were employed fiorther enhance the thermal performance of the

MCHS after optimizing the micrpin fin configuration.

2.6. Aim and Objectives
The aims of the current project are to develop high quality graphene enhanced MEPCMs, which
will be further used to optimize theerformance of microchannel heat sink with a reasonable
operation conditions. Specifically, by numerically researching on the mechanisms of PCM droplet
production and breakup progress, the experiments can be built up for optimizing the thermal
performancef MEPCMs based on microfluidic device. Also, the adopting CFD approaches which
can dynamically model the heat transfer process of MEPCM and microchannel heat sink, and a
simulation database which contains the physical and thermal properties of MEP Ciis/eied
can be generated by the gained knowledge.

The main research objectives are:

To review the literature on the research of MEPCM and its application on microchannel heat

sink.
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To numerically examine the formation and breakup of PCM droplet in miaraeha

To experimentally fabricate the graphene enhanced MEPCM with a small relative size change
using economically feasible technique and materials.

To evaluate the heat storage and mechanical performance of graphene enhanced MEPCM
experimentally.

To evalate the thermal performance of graphene enhanced MEPCM/microchannel heat sink
system numerically, considering multiple factetsh as the heat sink material, arrangement,
shape, and spacing distance of mipno fins and graphene enhanced MEPCM contetiien

coolant.
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|Chapter 3- Methodology

Compared with these conventional fluids, liquid LMPA as a PCM has obviously higher interfacial
tension and density, so it is necessary to study how different factors influence the formation of
LMPA droplets. Some schars have experimentally demonstrated the feasibility of generating
LMPA droplets by using microfluidic device [1998]. However, these literatures only focused

on the formation of liquid droplets, without paying attention to the solidification behatior o
droplets in microfluidic devices. In order to account for the phase change, some numerical models
based on the phas$eld (PF) method [19201], cellular automaton (CA) approach [202] or
enthalpyporosity method [20205] have been explored and appliegimulate the solidification

of LMPA fluid. Because the enthalpy porosity method converges rapidly and can produce precise
results for the morphology and position of the phase change front at different times with lower
computational cogé4]. Thereforejn this chapter, a coupled VOF and enthgboyosity method

will be used to predict the formation, breakup and solidification properties of PCM droplets in a
microchannel. The effects of key factors such as flow velocity, interfacial tension, continuous
phase temperature and wall temperature on PCM droplet formation and solidification process will
be numerically examined in detail. Base on the numerical results, a practical and simple needle
based microfluidic device is proposed, combined with UV curinghrielogy, to prepare
microcapsules. By changing the flow rate, uniformly sized double emulsion droplets can be
produced is observed. In addition, the microcapsules were characterized by optical microscopy,
DSC, SEM, and UV spectrophotometer. Finally, theerical study will be used to examine some

key factors such aseat sink material, arrangement, shape, and graphene/MEPCM particle with

different volume fractionsn the performance of microchannel heat sink.
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3.1. The formation and solidification of PCM doplet in microfluidic channel
3.1.1. Governing equations and boundary conditions

For the numerical analysis of the droplet generation and solidification process, the following
assumptions were made: (1) the tplmase fluid was Newtonian and incompressi(2¢ the flow

in the microchannel was unsteady and laminar, with ignoring viscous dissipation; (3) The thermal
properties of the liquid and solid phases were assumed to be constants; (4) The 3D convection was
not taken into account as a 2D model was usékis chapter.

The numerical method in this chapter is based on the VOFerihdlpyporosity methodf the
commercial code FLUENTThe governing equations for the mass conservation and momentum

conservation are given as follows:

— fl :)n(B
5 T oP

n " @Bap ng N n@ @ D Y o8

wheremis density®is fluid flow velocity,O, 0 and * are, respectively, the time, pressure and
dynamic viscosity®is a sourceerm and equal to interfacial tension force in this chapter since
gravity acceleration term can be ignored in this micrometer scal®an®, ®is the momentum
source term, suitable for the phase change process when convection is considered.

The interface tracking between the phases was achieved by solving the following volume fraction

continuity equation:

—a
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For the single emulsion, the density and dynamic viscosity in equation Equation (2) can be
calculated a follows:
P17 o8

p L o)

where] is the proportion of fluid phase in every grid, subsctipind$ represent continuous

phase and discrete phase respectively.

For the double emulsidiormation, the properties appearing in the transport equations which are
determined by the volurdeaction-averaged density and viscosity in each control volume are

given by Equation (3.6), and Equation (3.7), respectively

.{ ” .{ ” 0.@

Continuum surface force (CSF) method was applied to achieve the interfacial surface force term

in Equation (3.8), where

o, N od)
where/ is the surface tension coefent and| is the local curvature which is given by

[ nQd oo

whereg is the surface unit norm defined as
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By defining the contact angle at the channel wialb consider wall adhesion and calculate the
surface normal ahe reference cell close to the channel wall by the following formula

T & 0éi & Q8 — oP p
where d-Uand ¢ are the unit vectors tangential and normal to the wall, respectively.
Energy equation can be writtas Equation (3.12):

'I'T_C)” 'O n0"@FO n QY oP q

where"Yis temperatureQis the thermal conductivity, ari@is the specific enthalpy. The specific

enthalpy can be received by the sum of the enthalpy change caused by the phage Guashge

the sensible enthalpi® O . 06 'Q"Mvhere™O s the reference enthalpyy ,0 is

the specific heat) is the specific melting enthalpy, ard is the liquid fraction during the phase

trarsition which happens ifiY “Y Y region, defined by Equation (3.13)
Th YUY
r —h Y Y Y o o

where “Y and "Y are the liquidus temperature and solidus temperature of the dispersed phase,
respectively, which are 285.85 and 288.85, retspely.
The source terri®in the momentum equation is defined as:

'Wépr% oP T
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whereo is a constant, which is used to describe how sharply the velocity is suppressed during
phase material solidification, and it da@normally changed from 4@ 10 (1P is used in present
chapter)ris a small value (0.001) to prevent divergence.

The boundary conditions are as follows:

Inlet:
6 O0€EEi OWEO o v
6 T8 @A o ¢
4 0¢ci oweo oP X
4 ¢ wit o Y

Outlet:
0O O 0P w

Wall:
4 #1171 O00AT O o] T

wherew andw are respectively the velocity of continuous phase and dispersed phase.”Y

are the temperature of continuous phase and dispelnsse respectively;  is the atmospheric
pressure andY is the cooling wall temperature.

It is a complex and timeonsuming to conduct a 3D simulation for the process of droplet
generation. Although the 2D model is vulnerable to somestoat its computational cost is lower

than that of the 3D model and the 2D plot of the dispersed phase versus continuous versus contours
in the literature [47], which indicated that the depth curvature can be negligible and it is sufficient

for the 2D asumption to eliminate the general features of the system. The 2D numerical method

71



used in this chapter is validated in section 4 by comparing with the experimental results of the
LMPA droplet formation in a 3D microchannel junction proposed by Hutter 5l

The equations are solved in the Ansys Fluent 2021R1 software. -Alitmensional model is
established. The PRESTO! scheme is employed to compute the pressure equation. The pressure
velocity coupling term is discretized using PISO scheme ansettendorder upwind scheme is
adopted for the momentum equation and the interpolation of the interface geometry is solved by

Geo Reconstruct method.
3.1.2. Simulation setups

A schematic view for a cross flefecusing device case model used for simulaitigoresent study

is shown in Figure 3.1(a). Material properta®d the initial valuesised in the simulation were

given in Table 3.1. The liquid LMPA which has been heated to 290 K was used as the dispersed
phase and silicon oil was used as the contisayatiase. The LMPA liquid phase entered from inlet

1, and the silicon oil phase entered from inlets 2 and 3. In this research, rectangular mesh were

used as shown in Figure 3.1(b).

Inlet 2
Cooling wall

@ l 125 fm
Inlet1— E,;K —600pm H—300um— «—300pm— | |—outet

125pum / / / ‘
Monitor 1 Monitor 2 Monitor 3

Inlet 3

—

Figure 3-1 (a) A schematic view for the microfluidic case model used for simulation; (b)

(b)

Geometry of cross floviocusing device with mesh.

Table 3-1 Material properties and initial parameters ofl0MPA sysem.
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Materia Dens Liquid Speci Thermal Liquidu Solidu Latent Molec Referen
I ity dynamic fic conducti s S heat of ular ce
(Kg/ viscosit heat vity tempera tempe fusion weight tempera
m) yOAO @Jkg (Wm ture (K) rature (J/kg) (I/kg ture (K)

9 K% K% (K) mol)

Continu 960 0.0451[ 1630 0.16 218.15 218.1 22000 90 298.15

ous 35] 5 0

phase

Dispers 6250 0.00199 197 18 288.85 285.8 36800 190 298.15
ed [35] 5

phase

The dependency on cell size and time steps was examined by usingefsiirelement§802,

12046, 23498 and 42418) and three time steps (0.0001s, 0.00001s and X&) Go@Dthe droplet
generation frequency are almost the same with 23498 and 4&&h8lements or with 0.00001s

and 0.000001s time steps as shown in Table 3.2 and Table 3.3. Therefore, a step size of 0.00001 s
and the model with 23498 cells were usedlierbalance of precision and computationat.cos

Table 3-2 Droplet generation frequency at different mesh elements.

Mesh elements 4254 12046 23498 42418

Frequency 98.03 94.27 89.29 90.10

(Hz)
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Table 3-3 Droplet generation frequency at different tisteps.

Time step 0.0001 0.00001 0.000001

Frequency (Hz) 107.52 89.29 89.01

The coaxial microcapillary fluidic device to generate double emulsion droplet is sharigare
3.2. A simplified two-dimensional domain for computation is illustrated Figure 3.Za), a
rectangular mesh were used as showrgire 3.4b).

Inlet 3

(a) —
Inlet2 ——

Inlet 1 ﬂi | >Outlet

[nlet 2 >

Inlet 3

[ENRARNAT!

(b)

(NNNRNNRNN

-
e
—
—
e
-
—
—

[(NARRARNNR}

Figure 3-2 Schematic of double emulsion formatiam a coaxial flowfocusing microfluidic

device: (a) simplified computational domain; (b) Geometry of cross-filmwsing device with

mesh.
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The Global Courant Number is defined as a dimensionless number which is the ratio of the time
step to the charactetis time of transit of a fluid element across a control volume, and in this part,

it is no more than 0.35 to ensure a better balance of convergence and computational cost.

3.1.3.Model validation

As there is no suitable reported experimental results foul®aneously realizing the formation

and solidification process of LMPA droplet in microfluidic device, so in order to verify our
simulation method, this chapter only simulated the formation process of droplets, and compare it
with the relevant experimentaesults.

The coupled VOF and enthalpprosity method was used to numerically simulate the formation

of LMPA liquid droplets in a flowfocusing microchannel, and verified by the experimental results

of microfluidic device[165]. Figure 3.3(a) is the digs of the microfluidic device with 80 pm

nozzle geometry, the depth of the channel was 75 pym, and Figure 3.3(b) shows the geometric
structure for simulation. The droplets were made of EGaln (75.5% Ga and 24.5% In by weight)
liquid metal solution and theoatinuous phase was silicone oil. As the working fluids and
geometry of this experimental study were very similar to our designed microchannel, these
experimental results were selected for verification in present chapter. In the simulation, the initial
temperature and the inlet temperature of both phases were kept at 300 K, and the wall was insulated.
Therefore, the droplets had no heat transfer in the microfluidic channel. A value of 0.09 N/m for
interfacial tension between the LMPA phase and siliconplake tested by Hutter et H65]

was employed in this simulation and other material properties used was given in Table 3.4. In order

to achieve the numerical results, the simulations were carried out by considering several flow ratios
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(the ratio of thevolumetric flow rate of continuous phade to the volumetric flow rate of
dispersed phas&) ). The frequency was obtained by the quantity of the produced droplets
between two similar frames and the time between these two frames.

Table 3-4 Material properties and initial parameters oflOMPA system.

Materia Dens Liquid Speci Thermal Liquidu Solidu Latent Molec Referen
I ity dynamic fic conducti s S heat of ular ce
(Kg/ viscosit heat vity tempera tempe fusion weight tempera
m) yOAO @Jkg (Wm ture(K) rature (J/kg) (kg ture (K)

9 SHLS (K) mol)

Continu 960 0.0451] 1630 0.16 218.15 218.1 22000 90 298.15

ous 35] 5 0

phase

Dispers 6250 0.00199 197 18 288.85 285.8 36800 190 298.15
ed [35] 5

phase
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Silicone oil

(a)

EGaln liquid-metal —»

(b) Silicone oil

lléOpm

80 um

Figure 3-3 Schematic diagram of microfluidic device for verification; (a) Schematic diagram used
by Hutter et al. [35] for experimental investigation; (b) Geometric structure of simulated channel

in Fluent software.

The optimum contact angle should Iseertained before the simulation. Therefore, in this chapter,

different contact angle values-efincluding ¢ 45° 9¢° 135’ 15¢” 16(’and 188 were carefully

simulated at a given flow rate before performing the verification. For an asstgnec and the

total flow rate 0 0 0 ¢ mTTQ , when the contact angle is fh@he droplet
generation frequency is 312.5, which is almost the same as the value of 315.97 obtained in the
experimen{165] and the simulation resuligere the most consistent with the experimental results

in terms of shape and equivalent diameter, as shown in Figure 3.4. Therefore, the contact angle

was assumed to be 160 all simulations.
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(a)
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Figure 3-4 Determining the best contact angle of the simulated droplet formation process; (a):

Hutter et al 6s e x p(le):rsimafeting diffetent coatacuandies éf@5”396J] (b))

1357 150 160Pand 180for — pandthetotal fowrateh 0 0 ¢ mmwQ , the

most accurate results were obtained when the contact angle Was 160

After ascertaining the optimal contact angle value, the simulations were carried out. In Figure 3.5,
the droplé generation frequency obtained by numerical simulation was in good agreement with
the experimental results. Figure 3.6 showed that the equivalent diameters obtained by simulations
were slightly smaller than that achieved by experiment. It is possilllesdhze variations of
experimental physical properties (such as small fluctuations of temperature, flow rate, or
incomplete straight channel wall) might cause the deviation between observed droplets and
simulated sizes. The roughness of the downstream eharight also influences the length of

larger droplets.
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Figure 3-5 Comparison of droplet generation frequency between numerical results and

experimental data.
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Figure 3-6 Comparison of equivalent diameter between numerical results and experimental data.

In this part, the effect ohesh elements was examined by using the number of 4802, 12046, 22823
and 40441, and the droplet generation frequency waresa the same with 22823 ad441

mesh elements as shown in Table 3.5. Therefore, an optimal grid resolution containing 22823
elements was used for the balance of precision and computational cost. The effectstépgane

was also checked and it is showrat the frequency droplet generation frequency were with
0.00001 and 0.000001. Thus simulations were carried out using a timestep of 0.00001 s.

Table 3-5 Droplet generation frequency at different mesh elémen

Mesh elements 4802 22823 40441

Frequency (Hz) 306.122 312.5 311.7

3.2. The breakup of LMPA in microfluidic channel

3.2.1.Numerical Model

In this section, the numerical model has been developed to investigate the response of a liquid
droplet to varus oscillating flow applied at the inlet of a straight microchannel, with the aim to
understand the underlying physical mechanisms of droplet breakup phenomenon in a microchannel

asillustrated in Figure 3.

80



Secondary Phase

Outlet
D
it

Primary Phase

D1=0.05mm

D2 = 0.075 mm

Figure 3-7 An illustrative sketch of the numerical model.

A cylindrical microchannel with the length of 5 mm and the diameter of 0.075 mm was adopted
in the present study. A liquid droplet of diameter 0.05 mm was initially positioned at 2 mm
downstram from the inlet, suspending in the center of a simple straight microchannel, as shown
in Figure 3.3, which can be simulated as 2D system, because of the extremely low ratio of radius
versus axial length of the microchannel, i.e., 0.0075, and the lowoRs. fThe wall of the
microchannel was considered rigid. The oscillating flow could be studied by altering the frequency
and amplitude of the periodic disturbance of the continuous phase, which was achieved by
applying the velocity of an oscillating flovs éhe inlet boundary condition, and the axial and radial
direction components of velocity can be expressed as follows:

w O0AT O Qo o8 p

W T o8 ¢

whereV is the velocity A is the amplitudet is time,f denotes disturbance frequency, an@nd
y- directions are defined as the axial and radial directions, respectively, as shown in Figure 3.

The outlet was set with zeigauge pressure.
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The LMPA droplet is dispersed in the continuous phase of water, and the formation process of
LMPA particles was examined. The solidification process of LMPA microdroplets was realized
by applying a temperatur&c lower than the melting point of LMPA at the wall of the
microchannel. The material properties of LMitAwater system are listed in Tabl&.3.

Table 3-6 Material properties of the LMRAn-water system.

LMPA (Secondary Phase)

Latent heat (J/kQ) 36800
Density (mg/mi) 9160
Viscosity (kg/m &) 0.0024
Specific heat (J/kg ¥) 197

Thermal conductivity (W/m K) 18

Liquidus temperature(K) 320
Solidus temperature (K) 318
Surface tension (N/m) 0.15799
Initial temperature (K) 321

Water (Primary Phase)

Density [mg/ni] 995.6
Viscosity [kg/(m s)] 0.0007972
Thermal conductivity (W/m K) 0.6
Surface tension (N/m) 0.0728

Initial temperature (K) 300

82



The numerical method in this research is based on @ie ahdenthalpyporosity methoaf the
commercial code FLUENT.

Weber number is defined as:

o8 o

where” is the density of continuous phases the velocity amplitude arithis the width of the
microchannel.

The capillary number can be calculated by:
#A — o T

where’ represents the viscosity of continuous phase.

The liquidus temperata is 318 K, while the solidus temperature is 320 K. as shown in T&ble 3.

The temperature at thelét is 300 K.

Conducting a 3D simulation to model droplet generation is a complex anddimsaming process.
However, using a 2D model reduces computational costs, despite its vulnerability to some errors.
Previous research (Serra et al., 2007) demdsstthat a 2D plot representing the dispersed phase
and continuous phase contours shows that the depth curvature is often negligible. Hence, assuming
a 2D system can effectively capture the main behaviors of the droplet generation process. In this
researchthe 2D numerical method employed is validated in Section 4 by comparing its results to
the experimental findings of the LMPA droplet deformation in a 3D microchannel proposed by

Olbricht and Kund166] .
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The pressure equation was computed using PRESW@bpblation scheme. The convective term

was discretized using a seceotler upwind scheme, while the diffusion term was discretized
using central difference scheme.

The momentum equation adopted the seamdlér upwind, and the volume fraction was sdlve

by Geo Reconstruct method. The simulation study has been carried out by ANSYS Fluent software.
The size of the droplets was analyssdimageJ, which is used to measure the surface area of
particles, and then equate it to a circle to calculate its radiumesh sensitivity study was
conducted to determine the bewgsh elements for this model, and this proposed numerical model

is also validated with existing experimental results found in the literature.

3.2.2. Model validation

In order to verify theaccuracy of the numerical model, the simulation results of the deformation
process of droplets are compared with the reported experimental results by Olbricht and Kung
[166], in which the coupled enthalporosity and VOF methods were used to numericsligy

the deformation of liquid droplets in a microchannel. Figure 3.8 shows that when the viscosity
ratio of phases is 0.99, the experimental droplet size is in good agreement with the simulation
results under different capillary numbers. Figure 3.9 shbwaisthe ratio of droplet velocity and
average fluid velocity obtained by the simulation has small deviation from that obtained by the
experiment, which might attribute to some changes in experimental physical properties such as
small thermal and flow fictuations. The roughness of microchannel walls may also affect the

velocity of droplets but is ignored in the present chapter.
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(a) (b) ()

Figure 3-8 Comparison of equilibrium droplet shapgken the viscosity ratio is 0.99 and scale
ratio is 0.95. Top panel: Experimental results Olbricht and Kii66] and Bottom Panel: Present

work. Three different Capillary numbers are considered, (a) Ca = 0.05, (b) Ca =0.10, (c) Ca =0.16.

1.5

—=— Experimental results

—e— Present work
14 |

13

un

11|

-10 1 " 1 i 1 L 1 " 1 i 1 i 1 L
2 3 4 5 6 7 8 9

Viscosity ratio

Figure 3-9 Comparison of the velocity of a droplMtrelative to the average velocity of the flow
V under different viscosity ratio, with Ca = 0.056. The experimental data is obtained from the work

by Olbricht and Kung166] .
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3.3. Microchannel heat sink improvement based on novel design and graphene enhanced

MECPM

3.3.1.Model description

Figure 3.10 showsometric views of four MCHS with an integrated circuit in the middle. One
MCHS is without micro pirfins, the othethree have different configurations of micro 4bims

and they are labelleStructure A, B and CStructure A has thirteen (13) evenly spaced micre pin
fins on the surface of the lower channel wall while Structure B has two rows of evenly spaced
micro pinfins on the surfaces of the upper channel wall (6 fins) and lower channel wall (7 fins).
Structure C is a novel concept of MCHS with thirteen (13) micrefipgiin total. With this
structure the upper, left and right channel walls each have three (By epaced micro p#fins

and within the lower channel wall itself there are four (4) evenly spaced micfimgin

Microchannel Structure B

without micro-fins

Microchannel
heat sink

¥
Integrated Strueture C
circuit

Structure A
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Figure 3-10 Isometric view of MCHS without micro pifins and other three arrangements of
MCHS with micro pinfins.

Figure 3.11(a) shows the annotated geometric structure of the Structure C MCHS. Tha,length
width @ and heightOof the MCHS are 12 mm, 10.4 mm and 2.2 mm, respectively. The height
"Q and widthy of each channel arset as 0.8 mm and 0.5 mm, and the length of channel is equal
to the lengthtr Figure 3.11(b) shows the different geometrical shapes of the micfmpirThe
height of micro pirfins "Q is 0.2 mm, while the characteristic lengths for the diffegexaimetries.

All the micro pinfin configurations in Figure 3.11(b) have the same volume, equivalent to the
volume of the circle shaped fin determinedrt@g v T& & & O "Q . This eliminates

the effect of different volumes ih& channels on the flow rate, which can lead to errors in thermal
performance. Spacing of adjacent micro-fins varies from 0.3 mm to 0.9 mm with an increment
of 0.3 mm. A constant heat flux is applied to the bottom of the MCH&. andd  are inlet

and outlet velocity, respectivelyable 3.7 gives the dimensions of MCHS.

() o

7 Ve T v e o

S MCECEmVAS Y,

g A
inletr. [ A | }
TTTHrﬁ?(ﬁnf DLILY WY i

Figure 3-11 (a) View of Structure C and (b) Geometrical shapes of the micrbriEn

Table 3-7 Dimensions of MCHS
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Dimensions of MCHS

, 12 mm
7 10.4 mm
( 2.2 mm
Q 0.8 mm
0 0.5 mm
Q 0.2 mm

3.3.2.Governing equations

Below are the equations that govern the fluid flowa isingle microchannel.

Equation (1) shows how the continuity equation for the incompressible flow was determined:
T— = — Tt o8 v
With the thermal properties assumed constant, X, Y and Z momentums were determined using

Equations (3.26, 3.27 and 3.28):

X-momentum:

" O0—. U—, W —, —— S s o ¢

Y-momentum:

ToTolTaTolololowlalal o X

Z-momentum:
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Ignoring the visous energy dissipation, which is defined byg — — — ,energy
was determined using Equation (3.29):

B el YL Ll YL YLl
To Tw T T to!lotTw!ala

WhereQ is the thermal conductivity of coolant.

3.3.2.Boundary conditions

In the case of microchannel cooling, the following assumptions were made:
Working fluid is in a steady flo.
Working fluid is incompressible.
Working fluid flow is laminar with Reynolds number ranging from 100 to 1000, since the
crosssection of microchannels used is very small.

Gravitational effect can be neglected.

In Figure 1b, the boundary condition wersed as follows: A consistent velocity and temperature
were utilized for the inlet:
6 6 md mY Y ¢ wo o T
The outlet boundary condition was set as zero pressure. Standard wall functions were applied for
the neaiwall treatment. In the soktluid interface:
@ thHY “YhQn'y Ony o® p

An adiabatic boundary condition was applied to the insulated walls:
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ROLRAZNE 1 o® ¢

For the bottom wall:

. RY
Q_

S od o
Te

n
The used in this research is 100 kVWW/mhen using water as the coolant, specific heat was set as
1® Y kJ/kgK, density was equal t@ w8)E @ , viscosity was settpg8t mop mE@ Oand
thermal conductivity was#®7 7 +. For the respective of materials of heat sink, the possible
candidate materials for MCHS fabricatiorcludes aluminum, coppesilicon, and silvef167],
whichwere chosen as the simulated heat sink materials in this chapter. The related properties (
w5, Q) are shown in Table 3.8. Pressure boundary condition can be considered that outlet of

channels pressure value is equal to atmospheric condition (1 gauge bar).

Table 3-8 Propertieof heat sink materials in simulati¢gh67].

Materials Density ” Specific heat capacit Thermal conductivity
=) On TE C+ Q7+

Silicon 2329 710 149

Aluminum 2719 871 202.4

Copper 8978 381 387.6

Silver 10490 235 429
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3.3.3.Physical parameters of the GO/MECPM slurry

The physical parameters of graphene oxide/MEPCM with different GO content used in the
simulation is in Table 3.pL64].

Table 3-9 Thermophysical propertied GO/MEPCM slurry with different GO weight fraction.

Sample Tm(C) Tc(C) eHmM( J/ Thermal conductivity
(W/mK)

MEPCM 27.33 26.03 223.6 0.225
GO/MEPCM(0.1w.t.% 26.64 25.61 208.9 0.285
GO)

GO/MEPCM(0.2 w.t.% 26.97 25.05 210.5 0.369
GO)

GO/MEPCM(0.3 w.t.% 26.59 25.92 206.1 0.504
GO)

GO/MEPCM(0.4 w.t.% 26.66 25.92 207.6 0.672
GO)

GO/MEPCM(0.5w.t.% 26.65 25.79 190.4 0.706
GO)

The density of the GO/MEPCM slurry is expressed as fol[@68]:
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Wherg is mass fraction of GO/MEPCM, which is set as 5 wt% in this reseallethsity of
the MEPCM was 1033 kg/hfi164].
The slurry viscosity is calculated by Batchelor model and the complex derivation process can be

found in[168]:
‘ P C®%0 @®%0 o® L

Where thékds the volume fraction of GO/MEPCM hE hermal conductivity of
GO/MEPCM slurryis determined using Maxwell model atie detailed complex derivation
process can be found [h69]:

. CQ QO wQ O .
Q (7 (7 7 7 tQ o @
CQ Q %Q Q

%0 1 — o X

The piecewise model is employed to describe #at bapacity of GO/MEPCM slurf{64]:

10 o 1 DY Y

e
5¢
>
=
o
€
5¢
_<
_<
_<

o Y
¥ 1®r p 1 Gf Y'Y
whereQ is the latent heat of the GO/MEPCM slureglculated by multiplying the mass fraction

by the latent heat of the MPCM particlesY and”Y denote the initial and final temperatures of

the melting range, respectively.
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3.3.5.Data reduction

The hydraulic diameter of microchannel is very important to calculate Reynolds number and
average Nusselt number. It can be expressed by Equats®): (3.

Qo

O 9 0 od W

where’Q and0 are height and width of microchannel mentioned in Figure 3.5.
The hydrauliddiameter of each channel in the current wikandu for all models were found
to be congint, atO = 0.6154 mm.

The Reynolds number was calculated using Equation (3.40):

né'o

YQ o8 m
Where 6 is mean velocityTo ensure laminar flow within the microchannel, Re in the range
from 100 to 1000 is employednd corresponding uniform velocity is provided at the inlet face of
fluid domain.

In this work, uniform inlet velocity of working fluid was calculated at a given Reynolds number

using Equation (3.41).
0 Pr— o8 p
The thermbresistance of wate” ) is influenced by factors such as the density, flow rate

and specific heat of the fluid. If considering the fluid's reference temperatlive asve can

calculate the average thermal resistance oflthé @ising Equations (3.42 and 3.43) as follows

[170]:
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Y i — o8 ¢
n
Y _— o8 o
Where “Y is inlet temperature an® is the outlet temperature of theatant.

The average convective thermal resistance can be calculated using Equation (3.44), which takes

into account the average temperature of the base of the heatsink ( ):

Y i o8 1

The average thermal conductivity thermal resistance is expressed by Equation (3.45):

. Y R Y
Y ; 7 o8 v

WhereY is the average surface temperature insidenticrochannel.
The total average thermal resistance can be determined by employing Equation (3.46):
Y Y i Y 5 Y  ; o8 o

The pressure drop was calculated using Equation (3.47):

yionoon o8 X
Based on the boundary conditions, is atmospheric pressure. Thus, the expression can be
simplified by Equation (3.48).
ynon o8
Inlet temperature of fluid was set to 20 Dimensionless temperaturetiae outlet of channels can

be defined by Equation (3.49):
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where thé'Y, is the average temperature of the wall. The larger outlet temperature makes larger
“Yeresulting from thencreased heat dissipated by fluid; thus, it is a direct way to measure the
value of o evaluate the heat transfer capacity.

The local convective heat transfer coefficient and the local Nusselt number are defined as

s n o
Qw — - — od T
0O Y w Y @

.o Qw0
6ow —o— od p

wherer] represents the heat flux at the silicon substitatés the contact surface area of coolant
and silicon in a single microchannél, is the convection heat trafies areaof different shapes of
pin-fins, as shown in Table 3.10, atiee andQ is the thermal conductivity of the coolant.

“Y w and”Y w are the local conduction wall temperature and the local bulk fluid temperature,
respectively, dfined as:

Y o E,"Ydfwh:m o ¢

L bohua @Y ot 0B
Y L N ¥ !\ od o
" ool w X0

The average Nusselt number can be obtained by:

6o g 6 6 D o T
The friction factor is given below;
NO
Q C 3‘1 od v
00
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The overall performance evaluation criterion (PEC) was proposed by {¥ébpto evaluate a
comprehensive effect on heat transfer performance and fluid flowatkastics, which can be

calculated as:

od @

where 06 and "Q are Nusselt number and friction coefficient of a rectangular straight

microchannel

Pumping power is evaluated as;

Table 3-10 Convection heat transfer arefdifferent shapes of pifins.

Fin geometry Convection heat transfe
aread (& )

Un-finned 0.0002496

Circle 0.00025611

Ellipse 0.00025634

Square 0.00025697

Triangle 0.00025801

Hexagon 0.00025646
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3.3.6.Simulation Methodology

ANSYS 2022 R2 was used to simulate the thermal behaviour of MCHS with miefimgi3D

models developed in SolidWorks 2022 were imported, labelled, and meshedSiYSA
Workbench. Second order upwind scheme and the SIMPLE algofitA#} were chosen to
discretize the momentum and energy equations and the pressure velocity coupling. For residuals,
apart from the criterion of energy was set t&,1tfie criteria for cotinuity and velocity in x, y and

z directions are set to £0

3.3.7 Grid independence study

The models were meshed based on finite volume method (FVM). The grid independence test is
necessary to ensure not only the accuracy and reliability of restilteeominimum number of

grids that can help shorten simulation time and maintain the integrity of results. The test was
carried out using the Structure A model with 0.9 1spaced micro phiins and Re=100. Figure

3.12 shows grid distribution of MCHS withiid number of 3124528. Hexahedral structured grids
were used to discretize the entire computational domain. Six different sizes as shown in Table 3.11
were evaluated and the outlet temperature obtained presented in Figure 3.13. It was clearly noticed
thatthe value obtained when grid numbers were between 3124528 and 3751895 was so similar
that any error can be ignored. Thus, to increase computational speed, Grid 5 with grid number:
3124528, was selected for all the numerical simulations.

Table 3-11 Grid size and number

Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Grid 6
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Number of grids 534994 1118684 1602276 2729716 3124528 3751895

Figure 3-12 Meshing of the heat sink with grid number of 3124528.

Temperature(°C)

" 1 N 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0.0 5.0x10°1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10° 4.0x10° 4.5x10

element number

Figure 3-13 Result of grid size validation



3.3.8. Model validation

Before proceeding to the numerical model of MCHS with micrefipis, it is necesary to validate

the model with published results. The present data was reproduced and compared to the simulation
conducted by Gunnasegaran e{HB0]. The comparative results presented in Figure 3.14 shows
consistency in the relationship between temjpeearise of working fluid and increasing Reynolds
number for rectangular shaped microchannel. Our present numerical results show great agreement
with work by Gunnasegaran et §.30], providing validation for our MCHS model with micro

pin-fins.

[44]
o
T

—il— Gunnasegaran et al's results
—&— Present simulation

Y
(=]
T

w
o
T

N
o
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Fluid Temperature Rise (K)
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Re

Figure 3-14 Validation of present simulation of rectangular shaped microchannel with similar

work by Gunnasegaran et H30].

3.4. Synthesis of Graphene/MEPCM based on Microfluidic device
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3.4.1. Microfluidic dewvtes fabrication

The needlébased microfluidic device comprise of some readily available items, including
transparent polyethylene (PE) tubing, transparent polypropylene (PP)ickssBP male luer
fittings, stainless steel dispensing needles, transpsitieone tubing and transparent PR lie&s.

As shown in Figure 3.15, the coaxial microfluidic device comprise of the coaxial part and the
coflow part, which were constructed using three dispensing needles, two male luer fittings, one
teeink and one a@sslink. A 1/2 inch 19 G dispensing needle (ID = 0.84 mm, OD = 1.08 mm), a

1 inch 18 G capillary glass tube (ID = 0.9 mm, OD = 1.1 mm), and a 1.6 mmlicltosgere

utilized to form the coaxial part. Then, insert the 2.0 inch 23G neelde (ID=0.33 mm, &3DmoL)

into the 19G needle through thestiaped connector (TL= 20 mm, ID= 1.0 mm, OD=1.6 mm) and

the male luer connector (TL=14 mm, ID=1 mm, OD=1.6%) to assemble coflow part.

Graphene/GO

| Outer phase

Middle phase |

Inner phase - = Q _—

—

Figure 3-15 Schematic diagramfdhe graphendoaded PCM microcapsules fabricated by the

needlebased microfluidic device and the thermal control system.

3.4.2. Fabrication of MEPCM and graphene modified MEPCM
Paraffin materials as PCMs have been widely used in many fields due @dVemtages of cheap,
reliable, safe and high latent heat [21]. In this chapteexadecane (Aladdin Chemistry Co., Ltd.,

China) was selected as the paraffin material and utilized as the inner phase fluid. HDDA (Aladdin
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Chemistry Co., Ltd., China), 2.Wt% 2-hydroxy-2-methyl1-phenyll-propanone (HMPP,
Aladdin Chemistry Co., Ltd., China) with or without certain content of graphene/GO was used as
the middle phase fluid. HMPP (Aladdin Chemistry Co., Ltd., China) was the photoinitiator, which
enables to tgger the polymerization of HDDA under UV radiation. Deionized water containing
8.0 wt% polyvinyl alcohol (PVA, Aladdin Chemistry Co., Ltd., China) and 2% poly(ethylene
alycol)-block- ran poly(propylene glycolplock-poly(ethylene glycol) (Aladdin Chemisti@o.,

Ltd., China) was used as the outer phase fluid. The single emulsion droplets were formed at coaxial
section, then the droplets further develop into double emulsion droplets after flowing into the
coflow section. The geometric structure and size th®/WW double emulsion droplets were
adjusted by controlling the flow rate of inner phase. The prepared droplets completed the
photopolymerization reaction in the capillary glass tube under UV radiation (365nm), forming
microcapsulesvith coreshell structure. Aer being filtered, washed and driedjcrocapsules

were finally obtained.

3.4.3. Characterization of MEPCM and graphene modified MEPCM

O/O/W micro droplets were monitored by an optical microscop8d0F, Yongxin Optec
Instrument Co., Ltd., China) equipped lw# highspeed camera (20 megapixel, NOVEL, Yongxin
Optec Instrument Co., Ltd., China). Scanning electron microscope (JCM 7000, ZEISS, Germany)
was used to examine the surface morphologynafrocapsulesThe mechanical strength of
microcapsules was measuresing aDiscovery Hybrid RheometéDHR-30, WATERSCo., Ltd.,

Ching. The average size and coefficient of variatior) pf the droplets/capsules were determined

by measuring the size of the double emulsion droplets from the recorded pictures using ImageJ,

where0 is the value calculated by the ratio of the average size ofni@ocapsulego the
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standard deviatio of particle size. The phase change propertigsiofocapsulesvere measured

by differential scanning calorimetry (DSC 214, Netzsch, Germany). In order to evaluate the
thermal stability and durability ohicrocapsules80th thermal cycle tests were conducted aed t

phase change processes were monitored using an optical microscope to observe the morphological
changes of the shell material. In tipmject, DSC and SEM tests were carried out more than 3

times under every fixed condition to reduce the uncertainty péraxents.

3.4. Summary

In this chapter, thenethodologyused for simulations and experiments has been summarized. This
mainly includes the model description of the generation and rupture of phase change material
droplets in microchannels, the equatiorsed; boundary conditions, and solution methods. In
addition, this chapter also summarizes the model description, control equations, boundary
conditions, physical parameters and solution methods used to simulate the impact of graphene
enhanced phase chang&rocapsule slurry on microchannel heat dissipation performance. Finally,
the development of microfluidic devices to produce graphene/MEPCM, the techniques for creating
MEPCM and graphene/MEPCM, as well as the methods used to characterize the prderties o

MEPCM and graphene/MEPCM are discussed.
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|Chapter 4 - The Formation and Sdidification of PCM droplet in microfluidic

channel

To study the effect of continuous phase velocity, interfacial tension, continuous phase temperature
and cooling wall tempature on the droplet formation and solidification process, various
combinations of parameters are used for simulation and the different cases are summarized in
Table 4.1.

Table 4-1 Details of different cases.

Study Continuous Interfacial Continuous  Cooling wall
phase flow  tension phase temperature
rate (m/s) (N/m) temperature  (K)

at inlet (K)

Effect of CaseO1 0.02 0.09 260 260

continuous Case02 0.04 0.09 260 260

phase flow Case03 0.06 0.09 260 260

rate Case04 0.08 0.09 260 260

Effect of Case05 0.04 0.05 260 260

interface Case06 0.04 0.12 260 260

tension Case07 0.04 0.16 260 260

Effect of Case08 0.04 0.09 250 260

continuous Case09 0.04 0.09 255 260
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phase CaselO 0.04 0.09 265 260

temperature

at inlet

Effect of Casell 0.04 0.09 260 250
coolingwall Casel2 0.04 0.09 260 255
temperature Casel3 0.04 0.09 260 265

4.1. Characteristics of LMPA droplet formation and solidification

Figure 4.1 and Figure 4.2 respectively shows the simulationsegulie LMPA droplet formation

and solidification process in the flefwcusing microfluidic device for case 2, where the dispersed
phase temperature at inlet is set as 290 K in all considered cases. The mixed phase in the phase
transition state is desbed by liquid fraction. As shown inelFigure 4.2the continuous phase is
always in liquid state, for the dispersed phase, liquid frat@onp represents liquid LMPATT

"O prepresents solidifying LMPA, ari® Tttrepresents solidified LMPA droplet. In early stage,
there is no solidified LMPA, as dispersed phase temperature inside droplet is still higher than
solidifying temperature and the LRA droplet is still liquid. As the formed droplet goes along the
microchannel, the LMPA solidification ratio increases gradually. As shown in Figure 4.3, the
temperatire of the liquid droplets in the microchannel is obviously higher than that of the
contiruous phase. Besides, the temperature of the liquid droplets gradually decreases along the
microchannel, and there exists a critical position in the microchannel where the liquid droplets are
completely solidified. Figure 4.4 shows the temperature curiés three different monitor points

(monitor point 1, 2, 3 as shown in Figure 3.1(a)) in the microchannel with time. It can be seen that,
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after a certain period of time, the temperatures of the three monitor points change periodically with
basically fixedfrequency and amplitude. This is because there exists a relatively large temperature
difference between the continuous phase and the dispersed phase. When there is no liquid droplet
observed at the monitor point, the temperatures at the monitor poigteatky influenced by the
cooling wall temperature and the continuous phase temperature, which will result in a lower
However, when the LMPA droplets pass by the monitor points, as the liquid droplets have not
received enough time to reach the thermal ldayium with surrounding continuous phase.
Therefore, the temperatures are still high in the monitor positions. However, as can be seen from
Figure 4.4, the maximum and minimum temperature values of monitoring points 1, 2 and 3
decrease in turn, which iebause the droplets exchange heat with the surrounding continuous
phase during passing through these monitor points. As only when the droplets reach the monitor
points, the temperature at the monitor points will rise, while the temperature at the moint®r p

will drop after the droplets leave. Therefore, the required time for producing a single droplet can
be calculated by¥o © 0, as shown in Figure 4.4, whete and 6 are the times when two
consecutive droplets pass through monitor point 2 respectively. The generation frequency of

LMPA droplet is the reciprocal o¥o.
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Dispersed phase
volume fraction

. 1.000e+00
9.000e-01 -
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Figure 4-1 Dispersed phase volume fraction changes with time.
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Figure 4-2 Mixed phase liquid fraction changes with time.
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Mixed phase

temperature
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Figure 4-3 Profile of mixed phase temperature at different time.
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Figure 4-4 Temperature variations at monitoring points 1~3, for case 3.

4.2. Effect of continuous phase velocity
In this section, the velocity of the continuous phase was changed from 0.02 m/s to 0.08 m/s and

kept all the other parameters unchanged as Table 4.1 (casel, 2, 3, 4). The visual comparison for
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the generation and soifitation process of LMPA droplets at different continuous phase velocities

is given in Figure 4.5. It is can be seen that the continuous phase velocity greatly affects the droplet
generation process, and the equivalent diameter gradually decrease<resisimg continuous

phase velocity, which is due to the shear force of the continuous phase as a pressure acting on the
dispersed phase to detach the droplet. Table 4.2 gives that the frequency of droplet generation
increases as the continuous phase vlancreases. This is because the shear force leads to faster
splitting into the continuous phase, thus increasing the droplet formation frequency. These results
are consistent with the previous experimental data [48]. In addition, Figure 4.5 also tstoats t

a lower flow rate, the droplets are completely solidified closer to the inlet, which means that
increasing the continuous phase velocity can increase the distance between the first solidified
droplet and the inlet of the microchannel under giverditimms. Figure 4.6 indicates that the
temperature distribution of the continuous phase in the channel is almost unaffected by the
continuous phase velocityHowever, it is clearly given in Figure 4.7 that the time required for a
single droplet from inial formation to complete solidification first increases and then decreases
with the increase of continuous phase velocity, which is possibly due to the comprehensive effect
of lower temperature when the larger droplets are generated and the rapid rsfat teda
between the smaller droplets and the surrounding environment. Within the given continuous phase
velocity range, LMPA droplets with relatively large size are produced when the velocity is less
than or equal to 0.04 m/s (case 1, 2), and the temperaf the larger droplets (case 1) is lower

than that of the smaller droplets (case 2) just produced. In this case, the influence of the lower
temperature on the solidification time exceeds that of the rapid heat transfer between the smaller

droplets andthe surrounding environment, and thtie time required for a single droplet
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solidification increases with the increasecohtinuous phase temperature. On the contrary, when
the continuous phase velocity is greater than or equal to 0.04 m/s (casg altBpdgh the larger
droplets just formed have relatively lower temperature, the rapid heat transfer between the smaller
droplets and the surrounding environment has more influence on the solidification time than the
lower temperature, and thtige timerequired for a single droplet solidification decreases with the
increases ofontinuous phase temperature.

Table 4-2 The frequency of droplet generation at different continuous phase velocities.

Continuous 0.02 0.04 0.06 0.08
phase  velocity

(m/s)

Frequency (Hz) 70.42 89.29 111.11 128.0

Mixed phase
liquid fraction
: 1.00e+00
o Vi=0.02 nis
9.00e-01
- 8.00e-01
F 7.00e-01

- 6.00e-01 Vi=0.04 nis
[ r 5.00e-01
- 4.00e-01
- 3.00e-01 \i=0. 06 1
5 )
2.00e-01 =0
1.00e-01 a
0.00e+00
V&0.08 nis

Figure 4-5 Variation of mixed phase liquid fraction at different continuous phase velocities.
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Mixed phase

temperature
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2.58e+02
2.54e+02
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[K]
V=0.08 nis

Figure 4-6 Profile of mixed phase temperature at different continuous phase velocities.
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Figure 4-7 Required solidification timegr droplet at different continuous phase velocities.
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4.3. Effect of interfacial tension

Previous study shows that interfacial tension has a significantly effect on droplet stability and
break up time [49]. In this section, the interfacial tension wasggdhfrom 0.05 to 0.16 N/m and

all the other factors kept unchanged as Table 4.1 (case 2, 5, 6, 7). The visual comparison for the
LMPA droplet generation and solidification at different interfacial tensions can be seen in Figure
4.8, which distinctly indiates that the droplet size increases with the increasing interfacial tension.
For the frequency, Table 4.3 shows that it constantly decreases as the interfacial tension grows.
This is because the viscous and shear force are suppressed at a higheesgitacealue, which

leads to the inward contraction of the liquid droplets due to the pressure affected by the interfacial
tension. The higher interfacial tension between the two liquids contributes to lower frequency and
higher droplet size. On the othkand, when the interfacial tension between liquids is lower,
droplet with higher frequency and size are obtained. Figure 4.9 shows that the effect of interfacial
tension on the temperature distribution of the continuous phase in the microchannel isoust obv
However, as shown ifrigure 4.10, the required time for a droplet solidification constantly
decreases with the increasing interfacial tension. This is mainly because, within a given interface
tension range, the influence of the temperature at theliformation of droplets on the
solidification time exceeds the rapid heat transfer between smaller droplets and the surrounding
environment. Therefore, the interface tension and the time required for droplet solidification are
linearly related under gen conditions.

Table 4-3 The frequency of droplet generation at different interface tensions.
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Interfacial 0.05 0.09 0.12 0.16

tension (m/s)

Frequency (Hz) 100.00 89.29 83.33 79.37

Mixed phase
liquid fraction

1.00e+00
9.00e-01 s=0.05 N'm
8.00e-01
7.00e-01
6.00e-01 s=0.09 Nm
5.00e-01
4.00e-01
3.00e-01
2.00e-01
1.00e-01
0.00e+00

s=0.12 Nm

s=0.16 N m

Figure 4-8 Profile of mixed phase liquid fraction at different interfacial tensions.
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274e+02 s=0.09 Nm
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2660402 " W
2.62e+02
2.58e+02 $=0.12 N'm
S I I
2.506+02 L L
[K]
$=0.16 N'm
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Figure 4-9 Profile of mixed phase tempeua¢ at different interfacial tensions.

b

Solidification time (ms)

0.06 0.09 0.12 0.15 0.18
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Figure 4-10 Required solidification time per droplet at different interfacial tensions.

4.3. Effect of continuous phase temperature

In this section, the continuousgse temperature was changed from 250 to 265 K and all the other
parameters kept unchanged as Table 4.1 (case2, 8, 9, 10). The comparison of droplet formation
and solidification progress at different continuous phase temperatures can be seen in Figure 4.11,
which clearly indicates that the LMPA droplet size almost keeps unchanged as the continuous
phase temperature increases. Besides, Table 4.4 shows that the droplet generation frequency also
almost keeps unchanged with the increase of continuous phasedtmge These are possibly
because the influence of the continuous phase temperature on the shear force or the velocity are
not obvious under given temperature difference and thus barely affect the frequency and droplet

size. However, the effect of contious phase temperature on the droplet solidification process is
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relatively obvious, it is observed from Figure 4.11 that the droplet that is almost completely
solidified in the microchannel at different continuous phase temperatures is located in different
positions in the microchannel. This is because increasing continuous phase temperature will reduce
the temperature gradient along the main microchannel as it is shown in Figure 4.12, thus, it can be
obtained that the droplets will solidify closer to thket at a lower continuous phase temperature.
Figure 4.13 shows that the time required for a single droplet solidification increases with the
increase ofcontinuous phase temperatunehich is mainly because increasing continuous
temperature will reducée heat transfer between droplets and the environment, and further slower
the solidification process

Table 4-4 The frequency of droplet generation at different continuous phase temperatures.

Continuous 250 255 260 265
phase

temperature (K)

Frequency (Hz) 90.91 90.91 89.29 89.29
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Mixed phase
liquid fraction

1.00e+00
9.00e-01
8.00e-01
7.00e-01

T=250 K

6.00e-01 T=255 K
5.00e-01

4.006-01
3.00e-01
2.00e-01 Te=260 K
1.00e-01
0.00e+00

T=265 K

Figure 4-11 Profile of mixed phase liquid fraction at different continuous phase temperatures.
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Figure 4-12 Profile of mixed phase temperature at different continuous phase temperatures.
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Figure 4-13 Required solidification time peiroplet at different continuous phase temperatures.

4.4, Effect of cooling wall temperature

In this section, the cooling wall temperature was changed from 250 to 265 K and all the other
parameters kept unchanged as Table 4.1 (case2, 11, 12, 13). TheisompaLMPA droplet
formation and solidification progress at different cooling wall temperatures can be seen in Figure
4.14, which also clearly indicates that the droplet size almost keeps unchanged as the cooling wall
temperature increases. Table 4.%wb that the droplet generation frequency almost keeps
unchanged with the increase of cooling wall temperature. This is possibly because that the
influence of the cooling wall temperature on the shear force or the phase velocity are not obvious
under givertemperature difference and thus barely affect the frequency and droplet size. However,
similar to the effect of continuous phase temperature on droplet solidification process, it is
observed from Figure 4.14 that the droplet that is almost completadifiedlin the microchannel

at different cooling wall temperatures is located in different positions in the microchannel. This is

because increasing cooling wall temperature will reduce the temperature gradient along the main
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microchannel as shown in Figutel5, thus, it can be obtained that the droplets will solidify closer

to the inlet at a lower continuous temperatlfgure 4.16 shows that the time required for a single
droplet solidification increases with the increasecodling wall temperaturewhich is mainly
because increasing cooling wall temperature will reduce the heat transfer between droplets and the
environment, and further slow down the droplet solidification process.

Table 4-5 The frequency fodroplet generation at different cooling wall temperatures.

Continuous 250 255 260 265
phase

temperature (K)

Frequency (Hz) 90.91 89.29 89.29 89.29

Mixed phase
liquid fraction - m
1.00e+00
l 9.00e-01 w250 K
- 8.00e-01
- 7.00e-01
- 6.00e-01 T 255 K

b 5.00e-01
- 4.00e-01
- 3.00e-01

Tw260 K
2.00e-01 b

0.00e+00

Tw265 K

Figure 4-14 Profile of mixed phase liquid fraction at different cooling wall temperatures.
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Figure 4-15 Profile of mixed phase temperature at different cooling wall temperatures.
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Figure 4-16 Required solidification time per droplet at different cooling wall temperatures.

4.5. Summary
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In this chapter, a simplified two dimensiomabssflow-focusing geometry model is given. Then

a combination of VOmethod ad enthalpyporosity method based on FLUENT codasapplied

to examine theeffectsof some keyfactors on theeMPA droplet formation and solidification

process in a microfluidic device. The main results are as follows:
Increasing the continuous phase we#lpreduces the LMPA droplet size and simultaneously
increases the droplet generation frequency. The variation of continuous phase velocity has
little effect on the temperature distribution in the microchannel. The required time from
droplet generation toomplete solidification first increases and then decreases with increasing
continuous phase velocity.
Increasing the interfacial tension can increase the LMPA droplet sizsimdtaneously
reduce the droplet generation frequenchie Tinterface tensionnd the time required for
droplet solidification are linearly relate@he higher the interfacial tension, the shorter the
required time from droplet generation to complete solidification.
The continuous phase temperature has no obvious influence onglandifrequency of the
generated droplets. However, it has a significantly influence on the temperature distribution
and the process of LMPA droplet solidification in the microchannel. With the increase of
continuous phase temperature, the required timeréiplet solidification gradually decreases.
Similar to the influence of continuous phase temperature on the droplet generation and
solidification process, the wall temperature has no obvious effect on the size and frequency of
generated LMPA droplets. M@ver, it has a great effect on the temperature distribution and
the process of droplet solidification in the microchannel. With the increase of wall temperature,

the required time for droplet solidification gradually decreases.
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|Chapter 5 - The breakup and solidification of LMPA PCM droplet in
microfluidic channel

The varying of LMPA liquid volume fraction with tima the microchannel under varying cooling

wall temperaturewasanalysed when the Weber number We =43.51, and the oscillating frequency
f= 2000 Hz. The breakup mechanism for LMR#water system is dramatically different from

that of watefin-oil system is observed, owing to the differgigtcosity ratio of continuous phase

to dispersed phase, which is 103.96 for watewil system, while 0.38r LMPA-in-water system
Moreover, as the LMPA microparticles may lead to wide range of applications in food sciences,
drug encapsulations and micro phase change materials, the influences of different Weber numbers
and frequencies on the LMPA particletdisution are further analysed. The operating condition

parameters are shown in Table 5.1.

Table 5-1 Operating conditions used in the LMR#&water system

Parameters Values
Cooling wall temperaturd,c 290, 295, 300, 305
(K)
Weber number 0.11,0.44, 2.71, 10.87, 43.5]
174.04

Oscillation frequencyf, (Hz) 30, 50, 100, 500, 1000, 200

5.1. The effect of cooling wall temperature
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The solidification process of the original LMPA droplet with a low Reynoldsherrat different

cooling wall temperatures was analysed when We=43.51, and f=1000 Hz. Figure 5.1 shows the
liquid volume fraction of LMPA phase varies with time under different wall cooling temperatures.
Figure 5.2 shows the change of the total count oP\particles in the microchannel@t ol O

under different cooling wall temperatures. It can be seen that the total number of LMPA particles
increases first and then decreases with the increases of cooling wall temperature, meanwhile, the
largest diameteof formed LMPA particles first decreases and then increases with increasing
cooling wall temperature, demonstrating that the size of daughter droplets can be tuned via control
over the wall temperature. For example, if the temperature of the wall isiesoiffy low and the
solidification fraction is sufficiently large, no further droplet rupture happens resulting in larger
daughter droplets. This holds for the higher temperature, when much smaller daughter droplets
undergo coalescence. The required shdidiion time of LMPA droplet increases with the increase

in cooling temperature, but solidification progress will be completed byoi QGunder the
proposed cooling temperatures. The total number of LMPA particles decreases with the decrease
of cooling wdl temperature, which means that lowering cooling wall temperature can prevent the
further rupture of LMPA particles. The LMPA particle diameter distribution in the microchannel
varying with time is shown in Figure 5.3. With the increase of time, the tkaroEthe largest
particles graduallydeerases from 14 em to 8 em, and the pe
diameter direction. This is because the larger LMPA droplets break up into smaller ones due to the
interaction with the continuous phase and wall during the breakup and their siza rem
unchanged during the solidification progress. Different sizes of LMPA particles can be

subsequently collected by a filtration technique. Figure 5.4 illustrates the total count of LMPA
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particles in the microchannel at different times, and the total aurmbLMPA particles can

increase to about 210 at t=3ms.

1.0
—a—T_=290K
o T =205K
0.8 —a—T_=300K
v T,=305K
5 06f
©
o
S o4t
g
-l
0.2
0.0

Figure 5-1 LMPA liquid volume fraction varies with time at different cooling temperatures, when

We=43.51, and=1000 Hz.
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Figure 5-2 Effects of cooling wall temperature on the total count of LMPA particles and largest

particle diameter at t=3 ms, when We= 43.51 and f= 1000 Hz.
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Figure 5-4 The total number of LMPA particles varies with time, wiwe=43.51,f=1000 Hz,

andTc. = 300 K.

5.2. The effect of Weber number

It shows the LMPA patrticle size distribution under different Weber numbers when the velocity
oscillating frequency is 2000 Hz and the cooling wall temperature is 300 K ati Gn Figure

5.5. The count of LMPA parties shows a downward trend with the increases in diameter size
under certain velocity frequencies. The diameter of the largest particles gradually decreases from
around 13 em to around 7 em when the Weber ni
numbe of particles with a diameter |l ess than 7
of particles with a diameter greater than 7 decreases with the increase of Weber number, indicating
that the droplets that remain unbroken at low Weber numbesmlit into smaller particles at

higher Weber number. This verifies our theoretical results that external disturbances help breaking
droplets. Figure 5.6(a) shows the influence of Weber number on the total count of LMPA particles
when the oscillation fragency is 2000 Hz and the cooling wall temperature is 300 K at t=3 ms.

The total count of LMPA particles gradually increases to more than 100 as the Weber number
increases from 0.11 to 174.04. It should be noted from inset in Figure 5.8(a), that whetd¢ne We
number is 0.11 to 0.44, the total count of LMPA particles remains one implying that the main
droplet in the microchannel under these Weber
However, the LMPA droplet does deform under these Weber msraBeshown in Figure 5.6(b),
indicating that there is a threshold breakup Weber number for droplet rupture, above which the
LMPA droplet in the water phase will break. In this LMiater system, the threshold breakup

Weber number is about 2.71 under giegerating conditions.
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Figure 5-5 The influence of Weber number on LMPA particle size distributian abi Qwhen

f=2000 Hz, and’.= 300 K.
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Figure 5-6 (a) Effect of the Weber number on the total number of LMPA particles3ats, the
oscillation frequency is 2000Hz, cooling wall temperature is 300 K; (b) The deformation of the

LMPA particle when the Weer number is 0.11 and 0.44¢at oi Of=2000 Hz, and. = 300 K.

5.3. The effect of oscillation frequency

It shows the change of LMPA patrticle size distribution under different velocity frequencies when

the Weber number is 2.71, the cooling wall temperature is 300 K in Figure 5./midrieehannel
contains more LMPA particles smaller than 4&gm
It also shows the prominent effect of perturbed flow frequencies on the LMPA particle size
distribution. The diameter of the largest particlesgradl | v decr eases from abc
Hz to about 13 em at f=2000 Hz, which indicat
remain unbroken at low oscillating frequencies will split into smaller particles at the higher
velocity frequencies. fAis also verifies our theoretical results as given in Section 2. Figure 5.8(a)

shows the influence of oscillating frequencies on the total number of LMPA particles when the
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Weber number is 2.71 and the cooling wall temperature is 30@+48 ats. It can bseen that the

total count of LMPA patrticles gradually increases to about 65 as the oscillating frequency increases
from 30 Hz to 2000 Hz. It is worth noting from inset in Figure 5.8(a), that when the frequency is
30 Hz or 50 Hz, the main droplet of theamichannel does not experience break up during the
solidification process. However, the LMPA droplet deforms under these oscillating frequencies as
shown in Figure 5.8(b) implying that there is a threskiedturbancérequency for droplet rupture,

above vhich the droplet will breakThis is also consistent with our theoretical resuitse slight
difference between theoretical and simulation results may be due to our neglect of viscosity in the
theoretical part, while the simulation part takes into accthumtinfluence of viscosityln the
LMPA-in-water system, the threshotgcillating frequency is about 100 Hz for LMPA droplet

breakup under given operating conditions.
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Figure 5-8 (a) The influence of oscillating frequency on the total number of LMPA particles at
0 ol Qwhen the Weber number is 2.71, coglimall temperature is 300 K; (b) The deformation
of the LMPA particle ab ol Qwhen the oscillating frequency 3 Hz and 50 HAWVe= 2.71,

andTe= 300 K.

54. Summary

A type of multiphase flow in a microchannel has been investigated in the preserfostudy
investigating the droplet breakup dominated by oscillating flows. When the LMPA droplet
is dispersed in the continuous phase of water, droplet breakup occurs when the Weber
number is above 2.71, perturbation frequency is more than 100 Hz or Re &l 6.
Decreasing the cooling wall temperature triggers the solidification progress and LMPA
droplet, which can be completely solidified in 3 ms. However, decreasing the cooling wall
temperature can hinder the further breakup of LMPA droplets duringlifsmdtion
processes. Increasing the Weber number makes the size of the largest LMPA particle
decreases but increases the total number of LMPA particles concurrently. The LMPA
droplets that remain unbroken at low Weber numbers will split into smalleredsogi

higher Weber numbers. However, the LMPA droplet deforms under certain low Weber
numbers. Increasing the oscillation frequency reduces the size of the largest LMPA
particles, and increases the number of LMPA particles with small diameters andathe tot
number of LMPA particles. The LMPA droplets with a larger diameter that remain
unbroken at low velocity frequencies will split into smaller droplets at higher velocity
frequencies. In summary, a nowgdpoach for droplet breakup can be achieved in Bmp

microchannel configurations driven by an oscillatory flow, and the current theoretical and
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numerical results will guide designing appropriate microfluidic systems for the fabrication
of LMPA microparticles with ultresmall size and wefilailored properes for energy and

environmental applications.
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|Chapter 6 - Synthesis of Graphene/MEPCM based omicrofluidic device

6.1. Double emulsion droplet formation in a microchannel

In comparing the droplet morphology of the double emulsion based on the geshmtm in

Figure 6.1, the experimental results and simulation results are presented in Figl7&8)6.The

close agreement between the two validates the accuracy of the current numerical method in
simulating the double emulsion's morphology. Howeveghsldiscrepancies exist due to the
utilization of a twedimensional domain in computation, while the experiment was -three
dimensional. In Figure 6.1(a), the interfaces are closely spaced, making it difficult to distinguish
the double emulsion. In Figurelb), the red color denotes the intermediate fluid separating the
outer and inner fluids represented in blue. Figure 6.2 numerically shows the droplet formation
under the certain condition, which can be a guidance for the experimentally study in thiegpllo

part.

(b)

Figure 6-1 Experimental validation: (a) experimental image of double emulsion in dripping

regimd173]; (b) the droplet formation simulated by numerical method.
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Figure 6-2 The variation of the double emulsion droplet under the conditipr@J009 m/s, Ui

=0.009 m/s, Ui =0.025 m/ap =0.02 P&, m, =0.02 P&, m =0.05 P&.5,=0.03 N/m s;=0.005

N/m.

6.2. Microfluidic fabrication of MEPCM and graphene modified MEPCM

The encapsulated droplet can be generated only when r r ,inwhichr ,r

andr are respectively the inneuter irterface, the middleuter interface and the inner
middle interface. In this chapter, the formation of therocapsulesvas examined by only
changing the ratio of inner and middle flow rates, all the experiments were conducted under follow
conditions:0 trmm, | ET and0 0 1t y4,[ ET , where the 0 and0 are
respectively the outer and middle flow rate. Figure 6.3(a) showed the formed double emulsion
droplets at differend j O ratios, where thé is the inrer flow rate Obviously, the obtained
O/O/W droplets had regular structure as well as small relative size change in the MEPCM particles.
Figure 6.3(b) showed the corresponding outer diaméie), (inner diameter © ) and shell
thickness (Y) of the O/O/W droplets. Evidently, by fixing the middle and outer flow rate, the

average outer diameter increases while the shell thickness decreases with the increases of the

0 j 0 value. This is because ti@ only depends on the flowteof0 and the sum of thé
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0 for a certain microfluidic device. For an encapsulated droplet with a ‘@xethe”Y andO
are only determined by the value of th¢ 0 . Figure 6.4 showed thaptical microscop images
of graphene modified MEPCM with different graphene content uhder Tfu. Figure 6.5

show the MEPCM and graphene/MEPCM partiglth 2 wt% graphene

800 -Outer diameter
[ 1nner diameter
I Shell thickness
E
N g
Q/Qu=2/7 Q/Qu=3/6 3
O~ C
™ o g
QWY S0
QOOSE °
WSO\
(g Y
Qi/Qu=4/5 Q/Qu=5/4 Q/Q,=2:7 Q/Q,=3:6 Q/Q,=4:5 Q/Q,=5:4
(a) (b)

Figure 6-3 (a) Optical microscopenages of the O/O/W droplets produced with a nebded
microfluidic device at differend j 0 , and (b) the corresponding outer diameter, inner diameter,

shell thickness. Scale bars on (a) denote 500
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Figure 6-4 (a) Optical microscope images of the O/O/W droplets produced with a rssestid
microfluidic device at different graphene content in the middle phase; (a) 0.5 wt% content; (b) 1

wt% content; (c) 1.5 wt% content and (d) 2wt% conte. Scal e bars denote 5I
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Figure 6-5 MEPCM and Graphene/MEPCM particle w2hwt% of graphene

6.3. Microstructure of the MEPCM and graphene/GO modified MEPCM

UV radiation curing was utilized to permently fix the concentric structure of dowdeulsion
droplets through photopolymerization. This process allowed for the creatiwnrotapsulewith

a polymer shell. The sealing tightness and flexibility of the shell are crucial properties for
numerous apptations ofmicrocapsulesand these attributes depend on the chemical structure of
the shell itselfTo achievemicrocapsulesvith a smooth surface and excellent compactness, it is
necessary to expose them to UV radiation for an adequate amount of time. Figlispl6y& the
microstructure of thesmicrocapsulesformed directly by employing doubkmulsion droplets as
templates. As evident from the image, the fabricated MERGQttocapsuleexhibit a regular
spherical shape and possess a smooth surface. Importantly, ithpsesérve the symmetrical

coreshell structure of the doubEmulsion droplets. Comparing the doubklaulsion droplets and
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the finalmicrocapsulest was found that they have similar geometric dimensions. The differences
in outer diameter, shell thicknessd core size between the two were less than 5% in this chapter.
Figure 6.7 gives the SEM images of multilayer graphene, which clearly shows the multilayer
structure. The SEM images of graphene/ MEPCM particles after UV curing, which haves been
mechanicalf crushed corshell microcapsulesre shown in Figure 6.8. It is clearly shown the
coreshell structure from the SEM image. Figure 6.9 gives SEM images of GO, and the Figure
6.11 shows the images of GO/ MEPCM particles after UV curing. From Figure 8(a),beea
seen that thenicrocapsules notas smooth as the MEPCM without GDhis is because the
addition of GO, which affect the surface structure ohtih@ocapsulesas clearly shown in Figure
6.10.

These observations indicate that UV radiation curing isfl@ctere method for transforming
doubleemulsion droplets intonicrocapsulewvia highrate polymerization, without causing any

significant changes in their size and structure.
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Figure 6-6 SEM images of MEPCM ptcles after UV curing.
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Figure 6-7 SEM images ofultilayergraphene
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Figure 6-8 SEM images of graphene/ MEPCM particles after UV curing; Mechanicalghed

coreshellmicrocapsules

Figure 6-9 SEM images of GO.
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