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The advancement of technologies such as artificial intelligence (AI), the Internet of Things

(IoT), and cloud computing has driven the miniaturization of electronic devices while significantly

increasing their power densities and compactness. This evolution has led to higher heat fluxes

that must be effectively managed to ensure device reliability and optimal performance. Effective

thermal management is crucial, as inadequate cooling can result in thermal stresses, reduced

efficiency, and potential component failure. While air-cooled systems were traditionally sufficient,

the growing power demands of modern electronics have necessitated the adoption of more advanced

cooling strategies.

Microchannel heat sinks(MCHS), introduced in 1981, have been extensively studied for

their ability to reduce junction temperatures. These heat sinks are part of various thermal management

solutions, including single-phase liquid cooling, two-phase flow boiling, and jet impingement

cooling in microchannels. Studies have shown that single-phase liquid cooling can effectively



dissipate high heat fluxes of up to 1000 W/cm2. However, despite their effectiveness in heat

dissipation, single-phase liquid cooling systems in microchannel heat sinks experience diminishing

returns in efficiency due to high-pressure drops at higher volumetric flow rates.

Two-phase or multiphase cooling strategies have also been studied to overcome these

limitations. These approaches rely on the phase change of the coolant and leverage the high

heat capacity to improve heat transfer efficiency while maintaining a high thermal-hydraulic

performance. However, they face challenges related to the flow instabilities during boiling and

diminished heat removal rate at critical heat fluxes, which can undermine reliability.

A promising alternative involves suspending microencapsulated phase change material

(MEPCM) particles in a thermal fluid to create a slurry. MEPCM slurries typically consist

of a base fluid, like water, mixed with MEPCM particles that enhance effective heat capacity

through their high specific and latent heat. These particles absorb and release heat during phase

transitions, significantly improving heat dissipation and storage in thermal-fluid systems. However,

despite their high thermal capacity, the relatively low thermal conductivity of MEPCM particles

can hinder their ability to melt uniformly and transfer heat effectively.

To address these challenges, this study investigates a novel heat transfer enhancement

approach by incorporating herringbone microstructures within microchannels to induce helical

mixing. The herringbone design facilitates out-of-plane mixing, which promotes the effective

utilization of MEPCM particles and enhances heat transfer without the instabilities associated

with traditional two-phase boiling. This creates a pseudo ’two-phase’ flow within the microchannel

heat sink, allowing MEPCM slurries to achieve high thermal performance, balancing effective

heat transfer with reduced flow instabilities and manageable pressure drops.
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Chapter 1: Introduction

The rapid development of modern technology like Arti�cial Intelligence(AI), the Internet

of Things(IoT), and large data centers has transformed the quality of life, society, economy,

and culture. Central to these advancements is the continuous miniaturization and densi�cation

of electronics, particularly through the development of denser integrated circuits (ICs) that can

perform complex tasks in a short amount of time. Integrated circuits were introduced in 1949

by Werner, which �rst helped to reduce the size of electronic chips and devices and has driven

electronics technology ever since. Moore's Law, formulated by Gordon Moore in 1965, predicted

that the number of transistors on a microchip would double approximately every two years,

leading to exponential growth in computing power. This observation has held true for decades,

driving unprecedented advancements in technology.

However, as transistor sizes shrink and more components are packed into ever-smaller

chips, dissipating high heat �uxes as observed in Fig .1.1 while managing reliability, performance,

and longevity has become increasingly challenging. Electronic devices are often plagued by

reliability and performance issues, such as warpages, delaminations, and thermal runaways arising

from elevated junction temperatures due to inadequate cooling capacities. Therefore, to enhance

the heat transfer performance in electronic devices, it has become crucial to develop innovative

and ef�cient cooling techniques to maintain the functionality of all modern technology.
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Figure 1.1: Trends in Maximum Chip Heat Load, Heat Flux, and Number of Transistors Over
Time [1]

Microchannel heat sinks (MCHS) are highly effective thermal management systems originally

introduced by Tuckerman and Pease in 1981 [2]. They are designed to accommodate high-

power electronic devices, where traditional cooling methods often fall short due to the escalating

demand for miniaturization and increased power density.

MCHS achieve ef�cient cooling through an array of narrow channels—typically in the

range of tens to hundreds of micrometers in width—where a coolant or thermal �uid circulates.

The microchannel structure promotes a high surface area-to-volume ratio, signi�cantly enhancing

heat dissipation. This compact design supports the effective removal of large heat �uxes from

electronic components by ef�ciently transferring heat from the device surface to the coolant.

Various thermal management solutions involving MCHS systems have been explored, which

include single-phase liquid cooling, two-phase �ow boiling, and jet impingement cooling in

microchannels. Tuckerman and Pease [2] predicted that single-phase liquid cooling in microchannels
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Figure 1.2: Rectangular Microchannel Heat sink [3]

could be a feasible solution while dissipating heat �uxes of more than 1000W=cm2.However,

despite their effectiveness in heat transfer capabilities, the heat sink system proved to experience

high pressure drops upwards of 200 kPa and thus needed higher pumping power. Thus, single-

phase systems experience diminishing returns in overall ef�ciency or coef�cient of performance

(COP), given by the equation 1.1.

COP =
Q
Pp

(1.1)

whereQ is the heat power dissipated from the microchannel heat sink andPp is the pumping

power required to transport the �uid.

However, even with advanced coolants and optimized geometries, single-phase cooling

systems remain constrained by the fundamental limitation of sensible heat capacity—the heat

transfer capability depends on a continuous rise in �uid temperature, which can only absorb so

much energy before it becomes less effective.

Given these limitations of high-pressure drops, increased pumping power requirements, and

limited heat transfer capacity of single-phase cooling systems, while effective in many applications,
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Figure 1.3: Thermal Resistances in �uids

struggle to meet the growing demand for higher heat dissipation in modern electronics and other

high-heat-�ux environments.

As a result, attention has shifted towards two-phase cooling methods, which offer signi�cantly

enhanced thermal performance by leveraging phase change processes. In two-phase cooling, the

phase change from liquid to vapor (e.g., during boiling) allows for much greater heat absorption

due to the latent heat of vaporization. Unlike single-phase systems, where heat transfer is

restricted by the temperature increase of the coolant, two-phase systems can absorb large amounts

of heat with minimal temperature change. This phase change process dramatically increases the

heat transfer coef�cient and enables the dissipation of higher heat �uxes than is possible with

single-phase cooling.

However, while two-phase cooling offers considerable advantages in terms of heat dissipation,

it introduces new challenges. The boiling process can lead to �ow instabilities and vapor bubble

formation, which create �uctuations in pressure and can reduce the reliability of the system.

These instabilities, combined with the complexities of managing two different phases (liquid

and vapor) in a microchannel environment, make two-phase cooling more dif�cult to implement

consistently [10]. Although research studies have demonstrated an enhancement in heat transfer

performance by using MCHS systems, the performance is still restricted by the low thermal

conductivity of coolants and high thermal resistance, which includes convective and caloric

resistances, as indicated in Fig.1.3.
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Table 1.1: Thermal Resistances

Resistances Formula

Conductive Resistance 1=kA
Convective Resistance 1=hA

Caloric Resistance 1= _mCp

Recent studies on heat transfer have shown that adding micro-encapsulated phase change

materials (MEPCM) to single-phase �uids is a viable option for enhancing heat transfer rates

and reducing thermal resistance [16,19–21,23,26,27,64].MEPCM slurries have shown superior

performance over traditional single-phase water-cooled microchannels, primarily due to the high

latent heat capacity of the MEPCM particles. This allows for a signi�cant reduction in �uid

temperature �uctuations, contributing to improved thermal management and lower operating

temperatures within the system [64]. The particles absorb heat energy and undergo a phase

change from solid to liquid when the �uid temperature in the microchannel rises above the

melting point of the MEPCM. The latent heat absorption occurs without a signi�cant rise in

�uid temperature, thus maintaining a stable temperature distribution in the domain. Water is

commonly used as the base �uid [13,18,23,61,65]due to its excellent thermo-physical properties.

There are many cooling applications, particularly in electronics, where water cannot be

used due to its electrical conductivity. In such cases, dielectric �uids are employed despite their

relatively poor thermal properties. Including MEPCM particles in these dielectric �uids could

signi�cantly enhance their cooling performance by leveraging the latent heat effect of the phase

change, which is even more critical when the base �uid lacks suf�cient thermal conductivity and

heat capacity. Hence, it is crucial to study the effects of MEPCM slurries. However, despite the

potential of MEPCM slurries to improve heat dissipation, several challenges remain. The low
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thermal conductivity of the base �uid, the lower heat capacity of the MEPCM slurry (when not

undergoing phase change), and the increased viscosity, which results in a higher pressure drop, all

pose signi�cant limitations to system performance [16,23]. Hence, it is essential to optimize the

MEPCM concentration in the slurry based on their thermo-physical properties such as thermal

conductivity(kpcm), melting temperature range (TMr ), and Stefan number(Steb) [16, 20, 63] to

enhance and maximize the thermal-hydraulic performance.

Extensive research on single-phase liquid cooling in microchannel heat sinks has explored

various methods to enhance heat dissipation rates [4, 6, 28, 31, 33, 35, 67]. A key strategy for

improving heat transfer is promoting �uid mixing and disrupting the thermal boundary layer to

boost convective heat transfer. For instance, Renfer et al. [31] demonstrated that incorporating

pin-�n arrays in microchannels signi�cantly improves thermal performance by inducing turbulence

and increasing surface area for heat transfer, enhancing cooling ef�ciency.

Similarly, Sui et al. [33] showed that wavy microchannels create periodic disturbances that

generate Dean vortices and secondary �ows, further improving heat transfer. However, these

designs tend to focus on �uid motion around the bends, limiting secondary �ows to localized

regions and reducing overall �uid mixing. Additionally, Poulikakos et al. [28] found that herringbone-

inspired micromixers improve heat transfer by generating secondary vortices that facilitate out-

of-plane mixing. Initially developed for bio-micro�uidic applications, herringbone patterns have

proven effective in non-thermal contexts as well [40–42].

Unlike pin �ns and wavy channels, which primarily induce in-plane mixing, herringbone

structures promote both in-plane and out-of-plane mixing, making them particularly effective

for applications requiring uniform mixing. Furthermore, the design �exibility of herringbone

structures allows for tailored optimization of �ow dynamics and heat transfer ef�ciency, making
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them highly adaptable to varying system requirements.

Research has demonstrated signi�cant improvements in heat transfer performance when

using structures such as wavy microchannels and pin �ns, which promote mixing within microchannels

with MEPCM slurries [19, 44]. However, the enhanced heat transfer bene�ts of herringbone

structures, which have been well-documented in single-phase �uid systems, remain under explored

in the context of MEPCM slurries. This gap in the literature highlights the need for further

investigation into the potential of herringbone microstructures to improve heat transfer in such

systems.

1.1 Objective

Hence, this study aims to address this gap by examining the heat transfer enhancement

in microchannels that integrate MEPCM slurries with herringbone structures. We hypothesize

that the out-of-plane mixing induced by the herringbone patterns will stabilize temperatures

within the melting range, thereby optimizing the melting process and maximizing the latent heat

storage capacity of the MEPCM particles. To achieve this, we systematically assess the impact

of key design parameters, including Reynolds number, the height and nominal thickness of the

herringbone structures, and the volume concentration of MEPCM particles on both heat transfer

and hydraulic performance. Through these parametric evaluations, we analyze the Nusselt number

and friction factor in relation to the design variables to derive precise correlations essential for

optimizing thermal and hydraulic performance. These performance metrics are then used as

objective functions within a multi-objective genetic algorithm (NSGA-II) optimization framework

[25], facilitating the identi�cation of the optimal con�guration for maximizing thermo-hydraulic
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performance. The �ndings from this study will provide critical insights into the effectiveness

of combining herringbone structures with MEPCM slurries for advancing thermal management

solutions in complex applications.
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Chapter 2: Background and Literature Review

This chapter presents the theoretical background and comprehensive review of the literature

on heat transfer enhancement techniques, focusing on the application of mixing or turbulence and

phase change materials (PCMs), speci�cally encapsulated PCMs(EPCMs). The chapter explores

their roles in various applications, including electronics cooling, and further reviews the modeling

techniques used for MEPCM/NEPCM slurries in microchannels.

2.1 Microchannel Heat Sinks

Microchannel Heat Sinks (MCHSs) were �rst introduced by Tuckerman and Pease at Stanford

University in 1981, marking a signi�cant advancement in thermal management technologies.

Their pioneering work demonstrated that reducing the hydraulic diameter of microchannels could

increase the heat transfer coef�cient (HTC). In their experiments, they achieved an impressive

cooling rate of 790 W/cm² with a maximum thermal resistance (RT) of just 0.1 °C/W. This

breakthrough laid the foundation for future research into optimizing MCHS designs to enhance

thermal performance further.

MCHSs consist of a series of microchannels that allow coolant to �ow through, ef�ciently

carrying heat away from the system. The advantages of MCHSs are numerous, including a

large surface area for heat transfer, compact structure, low coolant requirements, and reduced
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operational costs. These qualities make MCHSs an ideal solution for cooling electronic devices,

particularly as power densities continue to increase in modern technologies. Their compact yet

highly ef�cient nature also makes them suitable for various high-performance applications, such

as aerospace, automotive, and telecommunications.

Traditionally, research on microchannel heat sinks (MCHS) has primarily focused on rectangular

channel geometries due to their simplicity in design and ease of fabrication. However, in recent

years, numerous studies have reported that alternative geometries, such as trapezoidal, triangular,

or wavy channels, can signi�cantly enhance thermal performance and �ow dynamics. These

advancements stem from improved heat transfer characteristics, reduced pressure drop, and better

�uid mixing, especially under laminar �ow conditions.

2.2 Single Phase Cooling

In the study of thermal management solutions for high-power-density systems, microchannel

heat sinks have emerged as an effective approach due to their ability to handle high heat �uxes.

A notable application is in cooling two-dimensional high-power-density diode laser arrays, as

demonstrated in the work by Missagia et al. [36]. The study focuses on optimizing the design

of microchannel heat sinks by adjusting channel dimensions to enhance heat dissipation while

minimizing pressure drop. The optimized design signi�cantly reduces thermal resistance and

maintains lower junction temperatures, which is critical for preventing performance degradation

in laser arrays. These �ndings underscore the importance of microchannel heat sinks in applications

requiring ef�cient thermal management, such as telecommunications and industrial lasers. The

concept of hydraulic diameter is fundamental in classifying different types of channels based on
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their �ow and heat transfer characteristics. In their study of MCHS, Kandlikar, and Grande [37]

classi�ed the microchannels as channels with hydraulic diameter in the range of 10� m and

200� m. In their study, they noted that the heat transfer performance increases with the decrease

in hydraulic diameter. The heat transfer coef�cient (h) increases signi�cantly as the hydraulic

diameter of the channel decreases due to the larger surface area per unit volume. In fully

developed laminar �ow, the Nusselt number remains constant (Nu = 3.61 for square channels

under constant heat �ux), meaning that smaller channels yield higher heat transfer coef�cients

even at low Reynolds numbers. The frictional pressure drop is inversely related to the channel

size. As channel dimensions shrink, the pressure gradient increases, which can lead to higher

pumping power requirements.

Peng and Peterson [38] further explore the impact of hydraulic diameter, thermophysical

properties of �uids, and wall temperature on heat transfer in microchannels. They conducted

experiments across various microchannel con�gurations, which revealed that single-phase convection

behavior in microchannels differs signi�cantly from that in conventional channels, with �ow

regime transitions occurring at lower Reynolds numbers. Speci�cally, they identi�ed three distinct

�ow regimes: laminar (Re < 400), transitional (400 < Re < 1000), and turbulent (Re >

1000), underscoring that Nusselt number behavior shifts across these regimes. In laminar �ow,

the Nusselt number initially decreases with increasing Reynolds number, but it reverses in the

turbulent regime, increasing linearly with Reynolds number due to the augmented �uid mixing at

higher �ow rates.

Additionally, wall temperature impacts the heat transfer coef�cient in a complex manner,

displaying three distinct behaviors: an initial slight decrease, a sharp increase marking the transition

regime, and a steady rise in the turbulent regime. Such dependence on wall temperature is
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particularly pronounced in microchannels, where rapid changes in �uid properties occur along

the �ow path. Lower inlet temperatures and higher velocities were also found to promote heat

transfer, pushing transitions to lower wall temperatures and increasing the overall heat transfer

coef�cient. Furthermore, they identi�ed that an optimal microchannel size exists that maximizes

heat transfer performance, highlighting that smaller hydraulic diameters improve heat transfer

up to a certain point beyond which gains diminish, offering a balance between ef�cient thermal

management and manageable pressure drops.

In further studies, Garimella et al. [39] studied the heat transfer and the �uid �ow characteristics

of microchannels that range in hydraulic diameters from 250� m to 1000� m with a Reynolds

number range of 230 to 6500. Their �ndings con�rm that classical laminar �ow predictions

align closely with observed data up to Reynolds numbers around 2000, despite the micro-scale

dimensions. This agreement is signi�cant, as previous studies suggested early turbulence onset

in microchannels, often attributed to surface roughness or experimental inaccuracies. Hence,

contrary to previous studies, the observations predicted that the laminar theory would remain

valid until the Re of 2000.

The design of the microchannel itself plays a crucial role in optimizing heat transfer.

Various techniques can enhance the ef�ciency of heat transfer without requiring external power

input. One effective approach is increasing the effective surface area through the integration of

extended surfaces such as �ns, dimples, and ribs or by altering the channel geometry to produce

more intricate �ow paths. These modi�cations allow for greater contact between the coolant

and the channel surfaces, thereby boosting the convective heat transfer rate. Kim et al. [45]

analyzed seven different microchannel cross-sections (including rectangular, inverse trapezoidal,

triangular, and semi-oval shapes) over a range of Reynolds numbers (50 to 500). The results
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revealed that the inverse trapezoidal shape exhibits the lowest thermal resistance for moderate

�ow rates (Re< 300), while the varied-width rectangular shape excels at higher �ow rates (Re>

400), indicating its superior cooling performance under higher �uid velocities. Despite variations

in channel shape, the friction factor remained relatively constant due to the consistent hydraulic

diameter. The study also highlighted that triangular and trapezoidal channels achieved higher

Nusselt numbers, suggesting enhanced convective heat transfer due to induced secondary �ows.

These structural changes introduce vortices and eddies within the �uid, which help disrupt

the boundary layer that forms along the channel walls. By continuously mixing the �uid and

preventing the formation of thermal hotspots, these vortices improve heat transfer throughout the

system. These turbulent structures break up and disrupt the boundary layer, constantly bringing

cooler �uid from the center of the �ow into contact with the heated walls. This results in

higher heat transfer rates, as the boundary layer is ”refreshed” with cooler �uid, preventing heat

accumulation near the surface.

Furthermore, by increasing mixing, the temperature of the �uid is more uniformly distributed,

reducing the thermal gradient within the �uid and allowing heat to be more evenly dissipated

throughout the �ow. This reduction in thermal gradients helps maintain a more consistent heat

transfer rate, as the coolant absorbs heat more uniformly across the channel rather than leaving

regions of high temperature near the walls. Such enhancements not only increase the overall

thermal ef�ciency but also enable more uniform cooling, which is critical for high-performance

applications in industries like electronics and aerospace, where temperature control is essential

for maintaining the reliability and longevity of components.

Renfer et al. [31] demonstrated that incorporating pin-�n arrays in microchannels signi�cantly

improves thermal performance by inducing turbulence and increasing surface area for heat transfer,
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enhancing cooling ef�ciency. Similarly, Sui et al. [33] showed that wavy microchannels create

periodic disturbances that generate Dean vortices and secondary �ows, further improving heat

transfer. However, these designs tend to focus on �uid motion around the bends, limiting secondary

�ows to localized regions and reducing overall �uid mixing. Additionally, Poulikakos et al.

[28] found that herringbone-inspired micromixers improve heat transfer by generating secondary

vortices that facilitate out-of-plane mixing. Initially developed for bio-micro�uidic applications,

herringbone patterns have proven effective in non-thermal contexts as well [40–42]. Unlike pin

�ns and wavy channels, which primarily induce in-plane mixing, herringbone structures promote

both in-plane and out-of-plane mixing, making them particularly effective for applications requiring

uniform mixing. Furthermore, the design �exibility of herringbone structures allows for tailored

optimization of �ow dynamics and heat transfer ef�ciency, making them highly adaptable to

varying system requirements.

Despite the potential of MCHS and the addition of modi�ed structures, single-phase cooling

cannot dissipate high heat �uxes while maintaining high thermal-hydraulic performance due to

exceedingly high-pressure drops. Thus, researchers have investigated other cooling solutions that

offer higher heat dissipation capacity.

2.3 Two Phase Cooling

Two-phase �ows have been investigated, where the phase change process of the thermal

�uids dictates the heat transfer performance. In these systems, heat is absorbed by the �uid as it

undergoes a phase transition, typically from liquid to vapor (boiling) or solid to liquid (melting in

the case of phase change materials, or PCMs). This phase change process allows for ef�cient heat
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absorption at nearly constant temperatures, which is a key advantage over single-phase systems.

Two-phase cooling in microchannel heat sinks has become a focal point in thermal management

research due to its superior ability to dissipate high heat �uxes through phase change mechanisms,

with heat transfer coef�cients often exceeding106 W/m²K. This approach leverages the high

latent heat of vaporization to maintain nearly isothermal conditions, a critical advantage for

applications such as high-performance computing, data centers, and power electronics. Flow

boiling studies, such as those conducted by Zhou et al. [46], emphasize the importance of achieving

and maintaining optimal vapor quality (50–75%) in the annular �ow regime to maximize heat

transfer ef�ciency while avoiding performance degradation from dry-out and thin-�lm rupture at

higher vapor qualities. Innovative methods, including hydrophobic porous membranes for vapor

venting and nanostructured surfaces like silicon nanowires to promote controlled nucleation, have

been developed to address challenges such as pressure drop, �ow instability, and critical heat �ux

(CHF) limitations. These enhancements reduce system pressure losses and improve �ow stability,

making two-phase cooling more practical for real-world applications.

Microscale evaporation has emerged as a compelling alternative to boiling in two-phase

systems, particularly for applications requiring greater stability and precision. Unlike boiling,

which involves complex bubble dynamics and associated instabilities, evaporation utilizes ultra-

thin liquid �lms to achieve exceptional heat transfer performance. Research by Ranjan et al.

[47] demonstrates that the contact line region, which typically occupies only 20% of the liquid

meniscus area, contributes over 80% of the total heat transfer due to enhanced evaporation rates at

the liquid-vapor interface. This phenomenon underscores the importance of surface engineering

techniques such as wicking structures, microporous membranes, and asymmetric droplet shapes

con�ned on micropillar arrays. These techniques signi�cantly improve the contact line perimeter-
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to-surface area ratio, resulting in enhanced heat transfer coef�cients—up to 71% greater than

those achieved by traditional spherical droplet geometries.

Accurate modeling and experimental characterization are pivotal in advancing two-phase

cooling technologies. Computational �uid dynamics (CFD) simulations incorporating phase

change models have captured the thermal and hydrodynamic behaviors within microchannels.

For instance, models developed by Dunn et al. integrate interface cooling, heat conduction, and

evaporation dynamics, providing precise predictions of evaporation rates under varying thermal

and geometric conditions. Experimental tools, such as particle image velocimetry (PIV) and

laser-induced �uorescence, enable high-resolution mapping of �ow �elds and temperature distributions,

validating these models and offering insights into phenomena like microconvection and localized

boiling. These advancements not only enhance our understanding of two-phase dynamics but also

guide the optimization of system design to achieve higher thermal performance and reliability.

Despite its transformative potential, two-phase cooling faces critical challenges related to

scalability, integration, and long-term reliability. Large-scale systems, such as those in data

centers, require effective strategies for managing �ow distribution, minimizing pressure drop,

and ensuring consistent cooling across multiple microchannels.

Hence, to leverage the enhanced heat capacity of a phase change material while avoiding

�ow instability, high-pressure drops, thermal maldistribution, and critical heat �ux limitations

associated with two-phase cooling, MEPCM slurries provide an innovative solution. By encapsulating

phase change materials within micro-sized capsules and suspending them in a carrier �uid,

these slurries combine the bene�ts of latent heat storage with the stability of single-phase �ow.

This approach enables effective thermal management with improved heat capacity and uniform

temperature regulation while mitigating the challenges inherent in two-phase systems.
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2.4 Micro Encapsulated Phase Change Material (MEPCM) Slurry

Phase change materials (PCMs) are a class of materials that utilize latent heat during phase

transitions to store and release large quantities of thermal energy. Typically, PCMs undergo a

solid-to-liquid or liquid-to-gas phase change, absorbing heat during the melting (or vaporization)

process and releasing it during the solidi�cation (or condensation) process. This ability to store

and release energy at nearly constant temperatures makes PCMs especially valuable for thermal

management in systems that experience high or �uctuating heat loads.

Figure 2.1: Schematic of a single MEPCM particle [56]

1. Working Principle of PCM's:

PCMs operate based on the principle of latent heat. When the material reaches its melting

point, it begins to absorb heat without a corresponding increase in temperature—this is the

latent heat of fusion. During this phase transition, the absorbed energy is stored within

the material's internal structure as it transforms from solid to liquid. Conversely, as the

temperature drops and the material solidi�es, the stored energy is released back into the

system, helping to maintain a stable temperature.

This process makes PCMs highly ef�cient at managing temperature changes, particularly

in applications where maintaining a constant operating temperature is critical, such as

electronics cooling, HVAC systems, and energy storage.
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2. Types of PCM:

Phase Change Materials can be classi�ed into three broad categories based on their material

composition:

(a) Organic PCM: These include paraf�n and fatty acids, which are commonly used

due to their high latent heat capacity, chemical stability, and non-corrosive nature.

Paraf�ns, for example, are hydrocarbons that melt and solidify over a narrow temperature

range, making them suitable for many thermal storage applications. They are also

non-toxic, chemically stable, and widely available. On the other hand, they possess

low thermal conductivity and volume change during phase transition, which can affect

system stability.

(b) Inorganic PCM: These include salt hydrates and metal alloys. Salt hydrates are among

the most studied inorganic PCMs due to their high latent heat capacity and relatively

low cost. Metal alloys, though less common, offer higher thermal conductivity, which

can address some limitations of organic PCMs. However, they have a potential for

phase segregation and supercooling, leading to inconsistent performance.

(c) Eutectic PCM: Eutectic PCMs are mixtures of two or more substances that melt and

solidify at a single, de�ned temperature that is lower than the individual materials.

They are used to achieve phase change at a precise temperature point, making them

ideal for applications that require tight temperature control.

To enhance the thermal energy storage capacity and heat transfer ef�ciency of conventional

thermal �uids, researchers have explored the incorporation of PCMs into thermal �uids. This

approach combines the high thermal conductivity of liquid coolants with the latent heat storage
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Figure 2.2: Melting Enthalpy and melting temperature of various PCM materials [57]

capabilities of PCMs, resulting in a composite that can absorb and release large amounts of heat

during phase transitions.

However, inorganic materials, such as salt hydrates and metal alloys, often experience phase

segregation during melting and solidi�cation cycles, limiting their effectiveness and durability

over repeated use. Furthermore, during the phase transition, the phase change material undergoes

a substantial volume change, causing mechanical stress on surrounding materials.

To address these challenges, phase change materials are often encapsulated with a protective

shell, usually made from a polymer such as PMMA or Silica. Encapsulation thus prevents leakage

or evaporation of the phase change material and provides a barrier against mechanical stress

during the phase change process. The encapsulated material also increases the overall surface

area of the PCM, thus increasing the heat transfer area, leading to an augmented heat transfer

rate.

Microencapsulated Phase Change Materials (MEPCM) have been introduced as an innovative

solution, utilizing their latent heat properties to absorb and store large amounts of thermal energy
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during phase transitions.MEPCMs are a class of materials that combine the advantageous thermal

properties of phase change materials (PCMs) with the protective bene�ts of encapsulation. The

phase change process in MEPCM slurries absorbs heat during melting and releases it during

solidi�cation, thereby maintaining a stable temperature and enhancing the overall thermal manage-

ment of the system. MEPCM slurries have shown higher heat transfer rates than single-phase

water-cooled microchannels due to their high latent heat capacity, resulting in lower junction

temperatures. Incorporating MEPCM particles within a microchannel signi�cantly contributes

to temperature stabilization during heat transfer processes. When the �uid temperature in the

microchannel rises above the melting point of the MEPCM, the particles absorb heat energy

and undergo a phase change from solid to liquid. This latent heat absorption occurs without

a signi�cant rise in �uid temperature, thus maintaining a stable temperature distribution in the

domain. However, the lower effective speci�c heat capacity(without phase change) and the high-

pressure drop due to the higher viscosity of MEPCM slurry compared to the base �uid, usually

water, pose a signi�cant challenge to the ef�ciency and performance of the system.

Charunyakorn et al. [61] presented a theoretical model for forced convection heat transfer in

microencapsulated phase change material (MEPCM) slurries within circular ducts, demonstrating

how MEPCM slurries enhance heat transfer through latent heat effects and increased thermal

conductivity due to particle-�uid interactions. The model incorporates critical parameters, including

the bulk Stefan number, particle concentration, Peclet number, particle-to-tube radius ratio, and

thermal conductivity ratio. Among these, the Stefan number and concentration signi�cantly

impact heat transfer rates, enabling up to a fourfold increase in heat �ux compared to single-

phase �ows.

Furthermore, Alliseti and Roy [58] proposed a numerical model of steady, laminar MEPCM
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slurry �ow inside a tube with constant wall temperature boundary conditions in which the MEPCM

slurry was modeled as a single-phase �uid. To account for phase change, the model replaces the

typical complex source terms with an effective speci�c heat capacity function, which varies with

temperature. Key parameters include the bulk Stefan number, subcooling degree, and melting

temperature range, with results indicating that heat transfer ef�ciency is most strongly in�uenced

by these factors.

Dammel et al. [27] investigated the thermal performance of water-based microencapsulated

phase change material (MEPCM) suspensions in rectangular mini channels to leverage the phase

change properties of n-eicosane for heat transfer enhancement. Through both experimental and

numerical approaches, the authors reveal that MEPCM suspensions can effectively lower channel

wall temperatures under speci�c conditions. Key factors for optimization include the particle

concentration, mass �ow rate, and inlet temperature, which must align to maximize latent heat

absorption. Notably, optimal performance requires that the MEPCM slurry �ow possesses long

residence times in the channels for MEPCM particles to fully melt; otherwise, particles may

leave partially solid, undermining heat transfer ef�ciency. While MEPCM suspensions offer

a promising advantage in thermal control, they also introduce challenges, such as increased

viscosity and reduced thermal conductivity, necessitating additional pumping power.

Kuravi et al. [23] presented a numerical study on the heat transfer performance of nano-

encapsulated phase change material (NEPCM) slurry in microchannels, speci�cally applied to

a manifold microchannel (MMC) heat sink con�guration. The NEPCM particles in this study

consist of nanoscale octadecane cores encapsulated in a polymer shell and suspended in a polyalphaole�n

(PAO) base �uid, enhancing heat transfer through latent heat absorption during phase change. The

study modeled the slurry as a single-phase �uid with spatially varying thermal conductivity and
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speci�c heat, examining the in�uence of parameters like particle concentration, inlet temperature,

and melting range on thermal performance and comparing results with single-phase PAO. The

results indicated that the NEPCM slurry signi�cantly improves heat transfer by increasing the

effective heat capacity within the melting temperature range, which allows for a lower mean

�uid temperature and enhanced Nusselt number. Higher particle concentration leads to further

enhancement but also increases viscosity and pressure drop within the channel, necessitating

careful balancing for optimal performance. The study emphasizes the critical role of inlet temperature,

�nding that optimal thermal bene�ts occur when the inlet temperature is close to the phase change

temperature of the PCM. Additionally, a narrower melting range correlates with greater heat

transfer ef�ciency,

L Chai et al. [16] suggested that the heat transfer performance of MEPCM slurry systems

can be signi�cantly enhanced by optimizing the topological parameters of the microchannel

geometry and incorporating passive techniques of turbulence generation.

Chen et al. [19] experimentally studied MPCS in straight and wavy microchannels with a

hydraulic diameter of 0.5 mm, evaluating both thermal and hydrodynamic performances. The

study found that the wavy microchannels offered superior heat transfer rates, with the Nusselt

number for 2.5 wt% MPCS being 1.7 times higher than that of water in straight microchannels

under optimized conditions. This enhancement was attributed to the periodic concave-convex

structure of wavy channels, which induced secondary �ows, enhanced mixing, and facilitated

the melting of MEPCM particles. However, this improvement came at the cost of increased

pressure drops, with the wavy channels exhibiting up to 35% higher resistance than straight

channels. The study also highlighted that the heat transfer coef�cient improved signi�cantly with

increasing Reynolds number and particle concentration, underscoring the synergistic effects of
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microconvection and latent heat absorption. These �ndings reaf�rm the viability of MPCS for

applications requiring high thermal performance but also emphasize the need to balance pressure

drop penalties in practical designs.
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Chapter 3: Numerical Modelling and Parametric Study

This chapter sheds light on the analysis and modeling of the microchannel system with

the herringbone structures and the MEPCM slurry. Furthermore, parametric analysis is done

on geometrical and material properties to determine their effects on the hydraulic and thermal

performance of the microchannel system.

3.1 Geometry & Boundary Conditions

In this study, a silicon-based herringbone microchannel heat sink with 'V'-shaped ridges

on the �oor of the microchannel was investigated numerically to understand out-of-plane mixing

and the thermal-hydraulic performance improvement with MEPCM-water based slurries. The

material properties of silicon, encapsulated paraf�n, and water are shown in Table 3.2. More

details pertaining to the MEPCM slurry properties will be discussed in section 2.3. To reduce

computational cost and time, a single microchannel domain was chosen, as shown in Fig. 3.1.

The geometrical parameters of the microchannel are described in Table 3.1. To further reduce

the computational cost, the half-symmetry boundary condition is implemented about the central

axis (dotted line in Fig. 3.1). The microchannel domain was subjected to a constant heat �ux

of 50 W/cm2 at the base, while the outer side walls of the microchannel domain were insulated.

A constant velocity inlet boundary condition and a pressure outlet boundary condition with a
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