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v 
 

ABSTRACT 

The problem of effective temperature management has emerged as a significant 

obstacle to future developments in microelectromechanical systems (MEMS) and 

high-performance computing devices due to the growing integration and 

miniaturisation of electronic systems. Because of its small size and high surface-area-

to-volume ratio, microchannel heat sinks (MCHS) have become a state-of-the-art 

option for efficient heat dissipation in constrained locations. This thorough analysis 

compiles a large body of research on enhancing heat transfer in MCHS using 

sophisticated geometrical adjustments, nanofluids, and best optimisation strategies. 

With a focus on passive solutions like geometrical alterations, a first 

comprehensive analysis offers a thorough overview of state-of-the-art cooling 

strategies and divides MCHS enhancing techniques into active and passive categories. 

The study demonstrates how boundary layer development degrades thermal 

performance in straight channels and how fractal-shaped designs, which naturally 

produce chaotic advection and secondary flows, provide a ground-breaking method 

of improving convective heat transfer with negligible pressure drop penalties. Inspired 

by natural mass and energy transport phenomena, fractal MCHS (FMCHS) designs 

show exceptional ability to reduce temperature non-uniformity and thermal resistance. 

In the beginning of the study, simplified MCHS geometries were investigated by 

adding square ribs with double-filleted and rounded corners. To comprehend the 

function of local geometric smoothening in flow behaviour and thermal augmentation, 

three configurations, such as MC-SQ, MC-SQ-FR, and MC-SQ-DFR were examined. 

Through boundary layer re-development and improved mixing, the results showed 

that adding fillets to the rib corners significantly improved thermal performance. The 

MC-SQ-FR design increased Nusselt numbers by 15-22% while only increasing 

pressure drop by 2-10%. 

Building on this, a new FMCHS with cavities and ribs was suggested and 

subjected to ANSYS Fluent numerical analysis. Although there was a corresponding 

rise in pressure drop, the FMCHS with ribs (FMCHS-R) and diagonally positioned 

ribs (FMCHS-DR) layouts demonstrated the most notable heat transfer gains among 

the different configurations examined. An intelligent optimisation framework 

utilising Artificial Neural Networks (ANN) in conjunction with the Moth Flame 

Optimisation (MFO) algorithm was utilised to address the design trade-offs. This led 
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to an ideal configuration where the best thermal-hydraulic performance was obtained 

with a rib radius of 26% along the FMCHS paths at a flow rate of 200 ml/min. 

RSM and HHO optimisation methods were also employed for the fractal 

microchannel heat sink (FMCHS) with ribs and cavities and show a thermal 

performance-thermal efficiency trade-off. RSM chose an FMCHS design with ribs 

(model value 1) and a moderate flow rate of 295 ml/min. The thermal resistance was 

0.983, pumping work was 201.112 mW, high efficiency was 0.955, and Nusselt 

number (Nu) was 23.053. Conversely, HHO chose a rib-dominant hybrid design 

(model value 0.645) with a 400 ml/min flow rate. This design lowered thermal 

resistance to 0.7609 K-cm2/W, improving cooling performance, but it also increased 

pumping work (376 mW) and decreased efficiency (0.8835). Nusselt was 21.59, 

slightly lower. 

The effect of nanofluids, specifically water-based Al₂O₃ nanofluids, was examined 

in FMCHS under various Reynolds numbers (1000-3000) and a bottom heat flux of 

50 W/cm² in order to further enhance the thermal performance. According to the 

findings, heat transport was significantly improved by nanofluids, quadrupling the 

Nusselt number at Re=3000. Increased viscosity and density resulted in a larger 

pressure drop, but the overall performance evaluation criterion (PEC) was greatly 

enhanced, demonstrating the thermophysical advantages of using nanoparticles. 

The idea that integrating bio-inspired geometries, nanofluid cooling, and AI-based 

optimisation provides a revolutionary route for the next generation of ultra-compact, 

high-efficiency thermal management systems is essentially supported by this 

collective body of research.  

Keywords: Microchannel heat sink (MCHS), fractal, ribs, cavity, 

thermohydraulic performance, Optimization, Nanofluid, ANN 
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Chapter 1 INTRODUCTION 

1.1 Motivation 
Heat removal is a major challenge in nature, and it's also vital in many engineering 

applications. The efficient removal of ever-increasing heat flux has become a critical 

concern for thermal engineers as the current microelectronics industry has progressed. 

Recent advancements in advanced very large-scale integration (VLSI) technologies 

and MEMS micro-electromechanical systems (MEMS), along with associated micro-

miniaturization, have resulted in a substantial increment in the packing densities and 

heat fluxes generation within these devices (up to 100 W/cm2 [1]. Further 

miniaturization of electronic devices such as those found in avionics and advanced 

military equipment, has led to the requirement of heat removal exceeding 1000 W/cm2 

[2]  and this is beyond the capability of many heat removal technologies. The current 

trend shows a sharp rise in ICs and semiconductor devices and their associated 

markets, and hence a large increase in heat flux can be predicted [3]. 

As a result, developing an efficient cooling solution becomes a top 

priority.  traditional cooling methods are inadequate at dissipating the generated 

surplus heat within the IC. Furthermore, the proposed approach must be compatible 

with the ICs' shrunk size. Despite significant progress over the last few decades, high-

heat-flux removal remains a difficult problem that requires ongoing investigation and 

research. To deal with the heat generated, researchers are working hard to develop 

micro cooling systems such as jet impingement, heat pipe, spray cooling, 

microchannel heat sinks (MCHS), etc. In the 1980s, there was a surge in interest in 

high-heat-flux electronic cooling. Microchannel initially reached the level of 790 

W/cm2 in the 1980s. Sprays took the lead in the 1990s, with 1200 W/cm2. Jet 

impingement reached the ultra-heat flux in the 2000s, with a power density of 2000 

W/cm2 [4]. 

Moore's law states that greater heat energy dissipation is required every eighteen 

months since the transistor density roughly doubles [5] as depicted in Figure 1.1. 

There are already approximately 3-50 billion transistors in a chip [6], and research is 

still ongoing to expand that number. It's worth noting that the highest heat-flux 

removal approach isn't necessarily the best or most realistic option. Indeed, the 

practicality of such methods might be questioned at any time, as the goal is not only 
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to achieve high heat flux but also to achieve greater efficiency and reliability. Pumping 

power reduction, hot-spot mitigation, production costs, and other special needs 

emerging from various applications must all be considered while developing heat 

removal technologies.  

 
Figure 1.1 Transistors on an electronic chip over a period of time [5]. 

1.2 The rise of micro scale devices 
In 2015, the market for thermal management technologies was assessed at 10.12 

billion USD. The rapid growth of the renewable energy sector, nuclear industry, diode 

lasers, and electronic devices is accompanied by an increase in the amount of heat 

generated and, as a result, an unwanted temperature rise (Figure 1.2). The generated 

heat, or more precisely, heat flux, is one of the major roadblocks to technological 

advancement. In the near future, the growing demand for better heat removal methods 

in these miniaturized products is likely to encourage market growth [7]. 

Individual transistor reliability is exponentially dependent on operating 

temperature in many semiconductor technologies, and the median time to failure in 

hours (MTF) may be approximated using the Black's correlation [8], which takes the 

form: 

 
𝑀𝑀𝑀𝑀𝑀𝑀 =

1
𝐴𝐴𝐽𝐽2

exp −
∅
𝐾𝐾𝐵𝐵𝑇𝑇

 (1.1) 

where A is a constant that contains film cross-sectional area factor, J is the current 

density in Ampere (per cm2), ∅ is the activation energy (in eV), KB is the Boltzmann 
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constant and T is the film temperature (Kelvin). This equation Eq. (1.1) shows that 

even a little rise in operating temperature can increase the device failure rate 

dramatically. 

 
Figure 1.2 Thermal management technologies market in North America by application, 2014-2024 

(USD Million) [9]. 

 
Figure 1.3 Major causes of failure of electronic devices [10]. 

Heat fluxes of more than 100 W/cm2 are currently produced by ICs [11]. 

Electronic chip fabrication in the future is expected to generate the heat flux of 300 

W/cm2 [12], average heat flux of the chip can reach 200-450 W/cm2 by the end of 

2026 [13] or even more than 1000W/cm2 at hotspots which may lead to failure of the 
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chip [14]. Hotspot heat flux of 700 W/cm2 has been reported by Feng et al. [15]. By 

the year 2026, IC hotspots could be as high as 2700–4500 W/cm2 [16]. High power 

ICs involved in defense systems can generate heat flux up to 1000W/cm2 [17]. Other 

technologies' high heat fluxes (HHF) can even exceed these figures. Furthermore, the 

microchip surface should be kept at a temperature lower than 85°C to avoid chip 

breakdown [12]. The removal of heat created by the ICs has become a major difficulty 

as the present heat removal technologies are not efficient enough to dissipate the 

required heat flux. 

It is evident from Figure 1.3 that temperature is the main culprit in the failure of 

electronic devices. Around 55% of the failure is associated with the high operating 

temperature, followed by vibration and humidity of the surrounding. 

 
Figure 1.4 Maximum heat removal capacity of different cooling techniques [4]. 

1.3 Single- and two-phase heat transfer 

Single-phase microchannel systems outperformed traditional cooling by a wide 

margin, but limitations such as temperature gradients caused by sensible heating and 

large pressure losses inside the channel encouraged the researchers to look for a better 

solution. Two-phase systems solve many of the disadvantages of single-phase flow by 

utilizing latent heat exchange, but implementation has been hampered by a lack of 

understanding of fluidic and thermal behaviour as well as concerns with flow 

instabilities. Two-phase cooling, on the contrary, has the best possibility of fulfilling 

future cooling demands. The flow boiling phenomenon results in higher coolant 

temperatures and lower flow rates, which improves efficiency and reduces cooling 

power consumption and cost. Isothermal cooling through latent heat transfer also 

presents a great opportunity to reduce stress caused by temperature non-uniformity, 
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hence enhancing device durability. Table 1.1 shows the difference between single 

phase and two-phase heat transfer with its advantages and disadvantages. 

Table 1.1: Single-phase and two-phase flow advantages and disadvantages 

 Advantages Disadvantage 

Single-

phase  

• Single-phase devices are used 

to be lightweight and compact. 

• Very high heat flux can be 

obtained by reducing the 

diameter. 

• High heat flux is achieved with the trade-

off of large PD. 

• Large temperature gradients are usually 

encountered in the flow direction. 

• Rely on sensible heat for cooling and 

hence unable to achieve a large heat 

transfer coefficient. 

Two-

phase 

• higher forced convective heat 

transfer coefficient 

• increased temperature 

uniformity, and 

• smaller coolant mass flow rates 

and hence reduced coolant 

reservoir. 

• Hydraulic instabilities 

• Existence of periodic dry zone 

• Sometimes unpredictable, difficult to 

control, and leads to instability and local 

overheating. 

• Choking may occur at a very small 

diameter, and this hampers heat transfer 

capability 

1.4 Heat transfer technologies and applications 

With reference to the above paragraph, it is helpful to look at the features of today's 

most successful cooling strategies when looking for such solutions. A new generation 

of thermal management systems is required to protect electronic components, among 

other things, against increased heat flux and temperature peaks while also maintaining 

a compact overall package volume [18]. In terms of addressing the cooling 

requirements for compact space systems, heat removal technologies such as spray 

cooling, Microchannel heat sinks, porous media, heat pipe, jet impingement, etc., are 

highly promising. 

Figure 1.4 depicts the maximum heat removal capabilities of various technologies. 

Jet impingement can remove the maximum amount of heat among all the cooling 

technologies available and involves less drop in pressure as compared to 

microchannels, however, it comes with many limitations. Such as, it causes substantial 

surface temperature fluctuations outside the impingement zone. This problem can be 
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solved by employing several impinging jets that spread temperature gradients over a 

large surface area. Microelectronic cooling applications often deal with a small 

surface area, hence jet impingement applicability is at odds with microelectronic 

cooling [19]. That is the reason why microchannel has got wide application area and 

popularity in high heat flux removal technologies. 

Some of the technologies use conduction (Thermal interface material, Heat Pipe, 

etc.), Air convection (natural and forced air convection with extended surfaces such 

as fin), latent heat storage (phase change material), indirect liquid cooling (cold plates, 

thermosyphon, porous media, microchannels, heat pipe, etc.), direct liquid cooling (jet 

impingement, spray cooling, etc.) 

The porous media heat removal technique is based on a porous metallic medium 

insert (in the form of a matrix) that increased both local mixing velocity and surface 

contact area-to-volume ratio [20]. Materials with high thermal conductivity are used 

as inserts, which results in efficient heat transfer to the coolant. 

Microscale coolers can maintain the cooling temperature of electronic devices and 

appliances that generate intense heat. A MCHS’s heat transfer performance is far 

superior to that of ordinary heat exchangers [21]. For high-heat-generating electronic 

equipment, forced convective liquid cooling using MCHS is one of the most 

promising and high-performance cooling solutions [22]. This emerging cooling 

method is also adaptable to on-chip integration, in addition to drastically 

reduced package size [23]. These two methods are comparable in terms of the heat 

transfer augmentation process, which is accomplished by improving the heat transfer 

contact area and intensifying the fluid flow within the channels. 

The spray cooling approach is distinguished by high performance and uniform 

heat distribution, and it is a reliable means of cooling temperature-sensitive electronic 

components when compared to alternative options. In this, liquid droplets created with 

a nozzle are sprayed to a surface, and heat is dissipated by sensible heating of the 

liquid or evaporation. The heat transfer is also improved by secondary nucleation, 

which is generated by the entrainment of air in the thin layer [24] and it has been 

proved to be one of the most efficient cooling technologies [17]. Spray cooling is used 

to cool the computer chip and is a top contender for cooling high-voltage diode laser 

arrays on the ground, lasers used in space, and radar-based applications. During laser 

therapy for patients with port-wine stain birthmarks, spray cooling is also employed 

to cool human skin during laser dermatologic surgery [25]. 

12
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Due to simplicity in design MCHS has got wide area of application such as in 

cooling of microelectronic devices [26], industrial heat exchangers [27], refrigeration 

system [28], automotive [29], process industries [30], bioengineering [31], renewable 

energy [32], microsensors [33], gas turbine blade cooling [34] etc. Porous media is 

commonly utilised in a variety of technical applications, such as drying operations 

[35], electronic cooling [36], solid matrix heat exchangers [37], heat pipe [38], in 

petroleum reservoirs [39], grain storage [40] etc. Some applications of impingement 

jets are in cooling of electronic devices, gas turbine blades and fusion reactors, solar 

collector, drying of tissue paper, textile, annealing, etc. [41,42]. Table 1.2 shows 

various cooling technologies with their advantages and limitations. 

Table 1.2 Various cooling Techniques. 

Various cooling 

techniques 

Advantages Disadvantages 

Spray cooling 

 

• Offers uniform cooling, a wide 

range of applications, can use a 

wide range of cooling media, ease 

of manufacturing, low coolant flow 

rates, low thermal resistance at the 

contact, relatively quick cooling 

rate 

• high heat dissipation capacity, low 

superheat degree, no temperature 

overshoot, low droplet impact 

velocity, and  

• required proper adjustment, 

large parameters such as 

droplet size, droplet 

velocity, volumetric flux, 

spray angle, etc. are 

difficult to control. 

• Filters, pumps, and the 

transportation of excess 

liquid and vapor to a 

condenser are all required 

for the functioning of spray 

cooling. 

Microchannels 

• Compact and lightweight 

• Provide better heat transfer 

performance 

• Reduced coolant flow requirement 

• Maintain good temperature 

uniformity in a two-phase system 

• As the number of flow 

pathways decreases, the 

pressure loss along the 

flow direction grows 

exponentially 

• Clogging, temperature 

gradient. 

• instabilities, as well as 

backflows, may occur in a 
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two-phase flow 

Porous media 

• compact size and high heat transfer 

area, high effective thermal 

conductivity, easy manufacturing. 

• large pumping power 

requirement 

Jet 

Impingement 

• pressure drop is comparatively 

modest. 

• Dissipates high heat flux densities, 

offers localized cooling. 

• Can be used in compact space, with 

No thermal interference 

• No manufacturing complexity 

• Heat transfer is greatly 

affected by radially 

outward movement of fluid 

(liquid separation) 

• Potential temperature 

uniformity issues for the 

single jet. 

• Additional component cost 

and maintenance 

requirement 

Heat Pipe 

• With a low-temperature difference 

over the length of the pipe and 

passive operation, the PD is 

comparatively low and the heat 

transfer is efficient. 

• High heat transfer rates over a long 

distance 

• Operating conditions are 

constrained, and there are 

some instabilities 

associated with it. 

• Small heat loads, gravity 

dependence. 

Thermoelectric 

• Efficient, silent, no mechanical 

moving parts, low maintenance, 

compact, high reliability, no 

working fluid, large cooling 

density 

• Poor efficiencies lead to 

power consumption 

• Limited heat removal 

capacity  

1.5 Microchannel Heat sink (MCHS) 

MCHS has got the wide application in various disciplines such as Engineering, 

Biomedical Science, nanotechnology, material science, biotechnology, physical 

science, etc. same has been shown in below bar chart in which paper published 

between 1991 and 2020 has been shown in Figure 1.5, It is clear that MCHS has got 

an extensive range of applications from engineering to medical sciences. 

Great progress has been made in recent decades in combination with the industrial 

miniaturization trend, leading to sophisticated micro and nanoscale technologies. 
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Fluid flows have been increasingly important in micro-scale applications in recent 

years. The idea for microchannel research came from the pioneering work of 

Tuckerman and Pease [43] in cooling VLSI applications.  

 
Figure 1.5 Different subject areas where papers on MCHS are published. 

 
Figure 1.6 Microchannel heat sink (MCHS) as depicted in Gilmore et al. [44]. 

They created and put to the test a new water-cooled integral heat sink for silicon 

integrated circuits. The heat sink has been found to considerably improve the viability 

of complicated VLSI circuits at high power densities. Since then, this technique has 

gotten a lot of attention in important fields including fuel cell systems and 

sophisticated MCHS designs. 

One of the most appealing features of microchannels is the incredibly little volume 

required on the bottom of the chip, which allows for multichip integration. Liquid 

maldistribution [45], large pressure drops along the flow direction [46], temperature 
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nonuniformity [47], and coolant leakage [48] are the key impediments and challenges 

faced by the researchers seeking to functionalize microchannel cooling technology. 

The concept of microchannel cooling can be stated in Eq. (1.2) with the addition 

of the heat transfer coefficient. 

 ℎ = 𝑘𝑘𝑓𝑓 .
𝑁𝑁𝑁𝑁
𝐷𝐷ℎ

 (1.2) 

where h is the convective heat transfer coefficient (W/cm2K); kf is the thermal 

conductivity of the fluid (W/cmK); 𝑁𝑁𝑁𝑁 is the Nusselt number, 𝐷𝐷ℎ is the hydraulic 

diameter of the channel which can be defined as  𝐷𝐷ℎ = 2𝑊𝑊𝑐𝑐ℎ𝐻𝐻𝑓𝑓
𝑊𝑊𝑐𝑐ℎ+𝐻𝐻𝑓𝑓

, where 𝑊𝑊𝑐𝑐ℎ and 

𝐻𝐻𝑓𝑓 being the width and height of the channel respectively. A fully developed laminar 

flow, the forced convection heat transfer coefficient h can be attained from, Eq. (1.2). 

The Nusselt number reported here varies depending on the cross-section shape and 

for the square channel under the condition of constant heat flux is found to be 3.61. 

Kandlikar and Grande [49] studied the effect of hydraulic diameter on heat transfer 

coefficient and pressure drop in a square channel for water and air with the same above 

mentioned conditions which are shown in  Figure 1.7. Figure 1.7(a) depicts the 

variation of h with hydraulic diameter 𝐷𝐷ℎ and a sharp rise in the heat transfer 

coeffiecient is observed with the decrease in channel diameter. However chanenl 

hydraulic diameter cannot be infineltly reduced and the primary reason being the fluid 

viscosity [43]. Figure 1.7(b) shows the variation of pressure gradient with the 

hydraulic diameter of the square channel for air and water with a mass flow rate of 

200 kg/m2s and incompressible flow assumption. It was observed that there was a 

drastic increment in the frictional pressure gradient with the decrease in the diameter 

of the channel. 

 
Figure 1.7 Plot of (a) heat transfer coefficient and (b) pressure gradient with hydraulic diameter of a 

square channel [49]. 

1

55
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1.5.1 MCHS Fabrication Techniques 
Microchannels generally have a hydraulic diameter in the range of 10–200 µm. 

Advances in microfabrication technology have substantially driven the evolution of 

MCHS. 

Various technologies have been used to develop microchannel heat sinks over the 

last few decades. Many early investigations explored microchannels etching [50,51], 

with feature sizes of a few hundreds of micrometres, driven by utilization in electronic 

systems and the possibility to use microelectronics production. MCHS with metal 

substrate became much easier to manufacture due to the recent advances in 

micromachining such as Laser micromachining [52], micro-milling [53], micro-Ultra 

Sonic Machining (µUSM) [54], abrasive water jet machining [55]. Micro-Electro-

Discharge Machining [56] is a mesoscale microfabrication technique that uses a 

plasma discharge to selectively remove an electrically conducting substance and 

provides relatively high design freedom and better accuracy. With the need for 

complex internal geometrical features and various shapes, conventional 

manufacturing technologies are found to be inadequate in the construction of MCHS. 

With the use of Additive Manufacturing (AM) in the construction of MCHS, the 

complex shaped feature can now be incorporated. Different metallic alloys with high 

thermal conductivity can be produced through AM-based technology which was not 

possible with other manufacturing techniques. Arie et al. [57] used stainless-steel 

(SS17-4), aluminium alloy (AlSi10Mg), and titanium alloy (Ti64) for the construction 

of manifold-MCHS using the Direct Metal Laser Sintering (DMLS) technique. Some 

other micro-fabrication technology includes Stereolithography and LIGA [58] etc. 

1.5.2 MCHS Classification 
Microchannels are classified in a variety of ways (Table 1.3). Researchers have 

provided different criteria for minichannels vs. microchannels. 

Table 1.3: Various classifications of channels based on the different criteria. 

Authors, year Type of channel 

Mehendale et al. [59], 2000 Microchannels: 𝐷𝐷ℎ=1-100 μm 

Meso Heat Exchanger: 𝐷𝐷ℎ =100 μm-1 mm 

compact HE: 𝐷𝐷ℎ =1 -6 mm 

Conventional Channel: 𝐷𝐷ℎ  > 6mm 

Kandlikar and Grande [49],     Microchannel heat sink:200 μm ≥𝐷𝐷ℎ > 10 μm 

14
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2002 Minichannel: 3 mm≥𝐷𝐷ℎ> 6mm 

Conventional channels: 𝐷𝐷ℎ > 3mm 

Transitional Channels: 10 µm ≥ 𝐷𝐷ℎ > 0.1 µm  

Kew and Cornwell [60], 1997 Microchannel if Co ≥0.5, where Co is confinement 

number. 

Cheng and Wu [61], 2006 Microchannel: if Bo<0.05 

Minichannel: 0.05<Bo<3.0 

Macro-channels: if Bo>3.0 

Where Bo is bond number and is given by, Bo=(Dh/lc)2 

= g(ρl - ρv)𝐷𝐷ℎ2/σ also Bo=1/Co2 

1.5.3 MCHS substrate material 

 
Figure 1.8: Probable materials for the MCHS fabrication (adopted from [62]). 

Copper [46], Aluminum [63] and Silicon [64] are the frequently used substrate 

material found in reviewed literatures (Figure 1.8). According to Kang et al. [65], 

silicon has strong heat transfer and anticorrosive qualities, making the (1 1 0) silicon-

based micro heat sinks appropriate for high temperature and corrosive environments. 

1.5.4 MCHS Optimization schemes 
As MCHS research advanced, the primary goal remained to reduce thermal 

resistance, lower the maximum base temperature, improve temperature uniformity, 

and increase compactness. Much research has been carried out to optimize the shape 

of the heat sink. In a study by Türkakar and Özyurt [66], it was observed that the 

channel with varying width, having narrow channels at the hotspot and coarser 
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channel elsewhere can increase the thermal performance of multi heat source device. 

Similarly, to improve the thermal performance of MCHS channel height- or width 

taper was varied by [67]. The hydrothermal performance of MCHS was optimized by 

[68]. Other optimization studies include the arrangement of the positions of the inlet 

and outlet of heat sink [69,70], optimization of substrate material of heat sink [71]. 

Different shapes of the pin fin in MCHS with nanofluids were optimized by [72], 

arrangement of pin fin in MCHS by [73], different orientation of fins by [74]. 

In order to minimize the thermal resistance associated with MCHS, a Y-shaped 

bifurcation plate was optimized by [75], multi-stage bifurcation also helped in 

achieving better thermal performance [76,77]. Shape optimization of microchannels 

such as wavy, circular, rectangular, zig-zag, rhombus, trapezoidal [58,78,79] and 

geometric parameters such as the number of the channel, hydraulic diameter [80], 

aspect ratio, the thickness of the base [81], height and width ratios, etc., flow 

parameters such as coolant flow rate, etc. are also found to be crucial in determining 

the optimal thermal performance of MCHS. Optimization tools such as Taguchi 

method [82,83] or heuristic algorithm based e.g., Genetic Algorithm (GA) [84,85], 

etc., can be employed. 

1.6 Fractal Shaped MCHS (FMCHS) 

The presence of a formal pattern that repeats itself even when the scale changes, 

characterize fractal structures, which are common in nature. This feature is known as 

'self-similarity' [86]. Murray's law [87] is an important optimization principle in the 

construction of fractal-like branched systems with a wide range of functions and it 

states that the optimal network branching is attained when the cube of the parent 

channel radius equals the sum of the cubes of the daughter channel radii. it estimates 

the optimal diameter of branches in transportation networks to minimize the flow 

resistance and maintenance of the transport medium [88–90].  

The study of fractal geometry further accelerated after the pioneering work of 

Mandelbrot [91]. Further, researchers have found the existence of fractal geometry in 

all elements of nature like in the respiratory and cardiovascular system of animals 

such as blood vessels, bronchial tree and vascular systems [92–96], leaf of the plant 

[97], coastline, river channels, plant root, snowflakes, etc. [98–101], where Murray’s 

law has been proven to be a fair estimation. The main aim of hierarchically branched 

or fractal-shaped channels is to maximize heat transfer while reducing the fluid flow 
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and PD in a system [102]. Series of development in the area of Fractal microchannel 

heat sink (FMCHS) has been shown in Table 1.4 

Bejan [103,104] has made the most significant contributions to the theories and 

literature on heat transfer in fractal and hierarchical systems, as well as methods for 

the synthesis and optimization of hierarchical networks. Bejan coined the term 

“constructal theory”, in which scaling rules are allowed to change at each branch level. 

Fractal-like networks are a subset of feasible constructal networks [105]. Flow 

networks, as opposed to parallel flow configurations or serpentines, have been shown 

to have higher efficiency [98,106,107] and better temperature uniformity [108]. 

To give the optimized branching structure, minimum surface area, minimum flow 

resistance, minimum volume, and minimum power, were optimized using Murray’s 

law. Based on early investigations, generalized Murray's law can be represented as 

follows [87,89,90,109,110]: 

 
𝑅𝑅𝑘𝑘3 = �𝑅𝑅𝑘𝑘+1,𝑖𝑖

3
𝑁𝑁

𝑖𝑖=1

 (1.3) 

Where 𝑘𝑘 and 𝑘𝑘 + 1 are parent and daughter branches respectively, R is the radius 

of branch pipe, N refers to the branching number in each bifurcation. The ratio of the 

parent branch to the daughter branch (i.e. 𝑅𝑅𝑘𝑘+1 𝑅𝑅𝑘𝑘⁄ ) in a symmetrical and 

dichotomous structure is 2-1/3. 

Further development of Murray's law has been done by many researchers. For the 

turbulent flow regime, the optimized the branching structure by minimizing the 

pumping power and the expression is as follows [111]: 

 
𝑅𝑅𝑘𝑘
7/3 = �𝑅𝑅𝑘𝑘+1,𝑖𝑖

7/3
𝑁𝑁

𝑖𝑖=1

 (1.4) 

Then in this case consecutive branching ratio 𝑅𝑅𝑘𝑘+1 𝑅𝑅𝑘𝑘⁄   is 2-3/7 for a symmetrical 

and dichotomous branching structure in turbulent flow regime and for the heat 

conduction to attain minimum thermal resistance, 𝑅𝑅𝑘𝑘+1 𝑅𝑅𝑘𝑘⁄   is 2-1/2 [90]. Kuo et al. 

[110] give the optimal ratio of turbulent flow through the rough pipe and is found to 

be -7/17 and this differs from smooth pipe flow conditions which are -3/7.  

Murray's law can also be reduced for a symmetric branched tree-like network as 

follows [90]: 

 𝛽𝛽𝑘𝑘 = 𝑑𝑑𝑘𝑘+1
𝑑𝑑𝑘𝑘� = 𝑛𝑛−1 𝐷𝐷𝑑𝑑⁄  (1.5) 
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 𝛼𝛼𝑘𝑘 = 𝑙𝑙𝑘𝑘+1
𝑙𝑙𝑘𝑘� = 𝑛𝑛−1 𝐷𝐷𝑙𝑙⁄  (1.6) 

Where 𝐷𝐷𝑑𝑑 and 𝐷𝐷𝑙𝑙 are fractal dimension of diameter and length respectively. 

 
Figure 1.9: Schematic diagram for (a) a typical fractal treelike network (n=2, m=4, and =60o) and (b) 

kth branching structure [90].  

Now from Figure 1.9, the treelike network consists of N branches from 0 to m 

level. 𝑙𝑙𝑘𝑘 and 𝑑𝑑𝑘𝑘 are length and diameter at arbitrary branching level k (0, 1, 2,  ... to 

m). “n” shows the number of daughter branches at next level i/e at 𝑘𝑘 + 1. From Figure 

1.9, it is evident that n is 2 and m is 4. 

Keeping in mind the importance of the fractal network in the thermal management 

of devices, optimal studies have been conducted by many researchers. Bejan et al. 

[89] optimized the T- and Y- shaped fractal structure by minimizing the flow 

resistance. Emerson et al. [112] applied Murray’s law for the non-circular branching 

structures. Following the research of fractal shaped MCHS H-shaped [113–115] and 

Y-shaped [116,117] networks was proposed by many researchers. 

Table 1.4 :Timeline of the development of fractal theory, inspired by [118] 

Researchers Year(s) Major findings 

Murray [87] 1926 Developed Murray’s law for optimal network branching. 

Mandelbrot [91] 1967 Their research made fractal geometry a lot more accessible. 

Sherman [109] 1981 

Observed that the Murray's law is a functional link between vessel 

radius and volumetric flow, Re, vessel-wall shear stress, velocity 

profile, the average linear velocity of flow, and pressure gradient in 

individual vessels. 

Mandelbrot [101] 1982 
Natural fractal structures such as leaves, coastlines, and clouds are 

described. 
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West et al. [119] 1997 
To reduce flow work, scaling principles (diameter ratio and length 

ratio) were developed for a bulk fluid transport phenomenon. 

Bejan et al. [120]; 

Bejan [121–123] 

 

1997-

2008 

Developed Constructal Theory: It explains the phenomenon of 

evolution (configuration, shape, and design) in nature, combining 

inanimate flow systems and living systems. 

Xu and Yu [124] 2006 
The scaling exponents of the transport properties in the networks were 

derived after analyzing the transport properties in the networks. 

Chen and Chang 

[98,125] 
2002,2005 Examined heat transfer in layered networks of Mandelbrot trees 

Pence and co-

workers 

[106,126,127] 

2003,2004 
They developed novel numerical approaches for heat transfer 

optimization. 

1.7 MCHS heat transfer enhancement techniques 

Heat transfer enhancement methods are often divided into three categories: active, 

passive, and compound methods. The compound method has limited application due 

to its use in complex design [128]. Figure 1.10 depicts the various possible ways of  

heat transfer enhancement. 

1.7.1 Active method 
Improving the rate of heat transfer necessitates the use of an external power 

source. This external input source can be in the form of RF signal, electricity, or 

pumps. Mechanical mixing, fluid injection & suction, fluid vibration, surface 

vibration, and the addition of an external electrostatic or magnetic field that require 

external energy input and have been successfully used to intensify heat transfer [129]. 

External energy input, on the other hand, is costly and difficult to accommodate in 

many circumstances and hence has limited application. 

Further, a feedback system is essential in cooling systems to target localized 

cooling. Closed-loop control of the chip's temperature is included in an adaptive 

cooling system. Thermal nonuniformity due to varying power distribution can 

produce deleterious strains on the IC substrate, therefore the ability to selectively cool 

different locations are critical. A nonadaptive cooling system is unable to respond to 

hot regions because it lacks a temperature feedback mechanism. 

57
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1.7.2 Passive method 

 
Figure 1.10: Active and passive heat transfer classification (adapted from [130]). 

Heat transfer enhancement can be performed via passive means by creating flow 

disruption, altering the shape of the channel, change in channel curvature, the 

introduction of secondary flows, three-dimensional mixing, channel roughness, or 

attachments to increase surface area and turbulence, altering fluid properties through 

fluid additives (using nanoparticles) [131]. Limited thermal conductivity of heat 
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transfer fluids is an intrinsic restriction. As illustrated in Figure 1.8, water has the 

highest thermal conductivity of all the fluids we use today, yet it is ordered lower than 

most metals or metal oxides. These inherent limitations with the base coolants 

compelled designers to look for alternate coolants that could remove heat more 

effectively. Recent advancements in nanoparticle fabrication technologies have 

prompted a surge in nanofluid research to create viable alternative coolants with 

improved heat removal capabilities.  

The use of a manifold microchannel, which provides higher uniform flow 

uniformity across the channel, is another passive heat transfer technology that 

also solves the shortcoming of single-layered microchannels of non-uniform flow 

distribution, and this also leads to more uniform temperature at the bottom wall. 

Apart from that, Tao et al. [132] proposed three probable mechanisms for improving 

single-phase heat transfer. 

(1) Reduction in the thermal boundary layer, (2) Increase flow interruptions, and (3) 

Increase the velocity gradient near the heated surface are the three methods. Heat 

transfer enhancement is the outcome of all possible combinations of these 

mechanisms. 

1.8 Nanofluids 

Nanofluids are promise in microscale thermal management, especially in 

microchannel applications, due to their heat transfer ability. Copper oxide (CuO), 

titanium dioxide (TiO₂), and aluminium oxide (Al2O₃) nanoparticles are mixed with 

base fluids like water or ethylene glycol to create engineered fluids. This solution 

enhances the fluid's interfacial properties, viscosity, and thermal conductivity. 

When Choi and Eastman [133] created the basic concept of nanofluids at Argonne 

National Laboratory in the United States in 1995, thermal fluid research saw a 

dramatic shift. Numerous studies since then have demonstrated that nanoparticles 

have unique size-dependent characteristics, including high surface area-to-volume 

ratios, superior thermal conductivities, and enhanced mechanical, electrical, 

magnetic, and optical capabilities. When combined, these properties improve the 

performance of nanofluids in heat transfer systems, especially in high-performance, 

small-space applications such as MCHS. 

One of the key benefits of using nanoparticles in heat transfer fluids as opposed 

to microparticles is their enhanced stability and dispersion within the base fluid. 
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Compared to microparticles, which are prone to rapid sedimentation and can cause 

issues including blockage, erosion of channel walls, and large pressure drops, 

nanoparticles stay better suspended due to their minuscule size and lower settling 

velocity. They are therefore ideal for usage in microchannels, which are tiny and prone 

to obstruction. However, nanoparticles can also combine due to their high surface 

energy and activity, which can affect the thermal performance and flow characteristics 

of the nanofluid. To get around this problem, the fluid is usually treated with 

surfactants or dispersants. These additives support suspension stabilisation by 

reducing surface tension and inter-particle attractions, ensuring long-term 

homogeneity and efficient heat conductivity in microchannel systems. 

Combining two or more distinct types of nanoparticles into a single base fluid 

creates a new class of modified fluids called hybrid nanofluids. This multi-component 

approach aims to synergistically use the advantages of each type of nanoparticle to 

produce enhanced thermophysical, optical, rheological, and morphological properties 

as compared to conventional single nanoparticle (mono) nanofluids. Because of their 

better performance, hybrid nanofluids are increasingly being explored as a potential 

replacement for traditional nanofluids. Among their primary benefits are a wider 

absorbance spectrum, improved thermal conductivity, lower extinction coefficients, 

and reduced frictional losses. They are also typically less power-intensive to pump 

and exhibit fewer pressure drops, making them ideal for heat transfer applications, 

especially in tiny systems like microchannels. The basic classification of nanoparticles 

based on how they interact with various working fluids is shown in Figure 1.11, 

emphasising the variety and possible pairings utilised in hybrid nanofluid 

formulations. 

Key feature of Nanofluids in Microchannels 

i. By encouraging the development of secondary flows and enhancing chaotic 

advection, nanoparticles in microchannels greatly increase mixing efficiency. 

ii. By encouraging a more even and quick dispersion of particles throughout the 

fluid, phenomena like thermophoresis and Brownian motion further quicken 

the mixing process. 

iii. Additionally, nanoparticles alter the base fluid's rheological behavior, which 

affects the pressure drop and general flow dynamics in microchannels. 

The following are the main difficulties in using nanofluids: 

19
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i. Eensuring stability over time, as performance is hampered by nanoparticles' 

tendency to settle or cluster. 

ii. The potential for particle buildup in microchannels, especially in constrained 

flow routes, can result in blockage or fouling. 

iii. High levels of viscosity, which might raise flow resistance and necessitate 

more pumping force. 

 
Figure 1.11 Classification of nanofluid [133]. 

1.9   Outline of the Thesis 

An overview of microchannel heat sinks, with an emphasis on fractal 

microchannel heat sinks (FMCHS), is provided in Chapter 1: Introduction, the first 

section of the thesis.  It talks about their benefits for increasing heat transfer efficiency 

in a variety of high-performance applications and emphasises their importance in 

sophisticated thermal management systems. 

Chapter 2: Literature Review explores the literature available on heat transfer 

enhancement in microchannel heat sink with particular emphasis on fractal 

microchannel heat sink. Channels with different cross-sectional geometries were 

studied.  It reviews the use of Computational Fluid Dynamics (CFD) in microchannel 

analysis and identifies research gaps to formulate the objectives for the present study. 

The Navier-Stokes, continuity, and momentum equations utilised in this 

investigation are among the governing equations for fluid flow that are presented in 

Chapter 3: Methodology.  It also describes the computational approach, including 

the design of the various models of 3D fractal microchannel heat sink, numerical 

simulation setup, and mesh sensitivity analysis, and explains CFD methodologies and 
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important performance metrics like the Nusselt number, pressure drop, temperature 

distribution, thermal resistance, and performance evaluation criteria.  It outlines the 

boundary conditions for the investigation and describes the nanofluid simulation 

instances. 

Chapter 4: Results and Discussion analyses the thermohydraulic performance 

across different fractal microchannel heat sink designs and validates the strategies 

against bench data. The effects of flow rate, different model configurations, on thermal 

and hydraulic performance have also been discussed. A comparative study of various 

FMCHS models have been studied. Effects of nanofluid on thermohydraulic 

performance of FMCHS were also discussed in detail. Further moth optimization of 

FMCHS were discussed. 

A final summary of the study's main conclusions and contributions can be found in 

Chapter 5: Conclusions, Future Work, and Social Impact.  Along with offering 

suggestions for additional research, it addresses the research's shortcomings and 

applications. 

The thesis concludes with references and appendices containing supplementary data 

and computational details. 
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Chapter 2 LITERATURE REVIEW 

In the design of MCHS, the high amount of heat removal and uniformity of 

substrate temperature are significant factors to consider. This could be accomplished 

through better coolant distribution, heat flux distribution, or the use of working fluids 

with better properties, for example, nanofluids. When using water as a coolant and in 

cases where heat flux distribution is challenging, the availability of low-temperature 

coolant to various parts of the sink is critical to assure substrate temperature 

homogeneity. This can be accomplished with a MCHS design that includes 

capabilities for improved coolant distribution and shape optimization. This element 

of coolant distribution, however, has been extensively studied to increase the heat 

removal rate while minimizing the substrate temperature gradient. The presence of 

thermally developing zones and coolant mixing is predicted to help microchannel heat 

sinks transport heat more efficiently.  

The following are the primary causes for increased heat transfer in enhanced 

MCHSs [134]: (1) the extension of heat transfer area due to microchannel surface 

modified by microstructures (such as ribs and cavities) results in heat transfer 

performance enhancement [135]; (2) Due to the existence of flow disrupting elements 

(ribs, fins, and cavities), the thermal and hydrodynamic boundary layers are 

interrupted and redeveloped frequently or the change of stream-wise direction [136]; 

(3) the vortexes generated by secondary flow due to the presence of flow disturbing 

elements or the change of stream-wise direction, intensify the flow disturbance, 

thereby reducing temperature gradient and disarranging the boundary layers [137]. 

2.1 Heat transfer enhancement through design modifications 
Corrugated channels are undoubtedly one of the most significant applications in 

the area of passive heat transfer enhancement. The flow mixing between higher 

temperature fluid layers along the channel wall and lower temperature fluid layers in 

the core region is significantly improved using this technique. Dean vortices and 

Chaotic advection are thought to be responsible for inducing high flow mixing [138]. 

As the flow becomes regular and the boundary layers grow, the heat transfer 

performance in straight channels degrades in the flow direction. Secondary flows 

(Dean vortices) can be formed when liquid flows through curved passageways, which 

improve fluid mixing and hence heat transfer [139]. 

4

5

5
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2.1.1   Wavy MCHS 
Straight MCHS suffer from a problem where the flow becomes regular and the 

boundary layer thickens [139,140], resulting in poor heat transfer performance along 

the stream-wise direction. In wavy microchannels with a low Reynolds number, Dean 

vortices have been seen to form rapidly along the flow direction and disrupt the 

boundary layer [141,142]. As a result, wavy microchannels can perform better in 

terms of heat transfer. The thickness of the thermal boundary layer can be reduced 

and the velocity gradient near a HT wall can be increased to improve convective HT 

[132]. 

Heat transport and fluid flow in a 3D wavy microchannel heat sink (MCHS) with 

a rectangular cross-section were investigated numerically by Sui et al. [139]. They 

noticed the development of secondary flows (Dean vortices) using the Poincaré 

section approach. These flows fluctuated along the channel and caused chaotic 

advection, which improved heat transmission and fluid mixing. In high heat flux 

zones, increasing wall waviness either locally or streamwise greatly enhanced heat 

transfer while comparatively reducing pressure drop penalties Figure 2.1. While the 

pressure drop only rose by 1.38 to 2 times, the heat transfer enhancement varied from 

1.71 to 2.95. 

 
Figure 2.1 Variation of Local Nu along the wavy MCHS with increasing relative wavy amplitude (a) 

in streamwise direction (b) locally at Re = 300 [139]. 

Rostami et al. [143,144] used a Eulerian–Lagrangian two-phase model for 

nanofluids to quantitatively study conjugate heat transport in wavy microchannels. In  
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[143], the SIMPLE algorithm was used to study a water–Al₂O₃ nanofluid (120 nm, φ 

=0–2%). The results indicated that secondary flows and recirculation caused a 195.7% 

increase in pressure drop and a 162.6% increase in Nusselt number when compared 

to straight channels. Nu rose by 11.6% at φ = 0.02 while using nanofluid rather than 

pure water, with a little change in pressure loss (<2.4%). According to an analysis of 

water-Cu and water–Al₂O₃ nanofluids in [144], the Eulerian–Lagrangian model 

performs better than single-phase models. Nu increased with decreasing particle size 

and volume fraction. With only a 10.6% increase in pressure drop, the water–Cu 

nanofluid increased Nu by 33.2% at φ = 0.02. These findings demonstrate how well 

nanofluids work to improve heat transmission in wavy MCHS while imposing 

controllable pressure penalties. 

 
Figure 2.2: Depiction of Mechanisms of heat transfer performance enhancement in wavy MCHS with 

porous fins due to the development of Dean vortices [145]. 

Sakanova et al. [146] quantitatively studied how wavelength, wavy amplitude, 

volumetric flow rate, and volume percentage affect nanofluids. Diamond-water, CuO-

water, and SiO2-water nanofluid are employed for 1%–5% nanoparticle volume 

fraction. When employing pure water and nanofluids as coolants, the wavy MCHS 

outperforms the rectangular one, but at high volume fractions of 5%, the difference is 

minimal. Higher amplitude and shorter wavelength reduce thermal resistance. 

Amplitude, volumetric flow rate, and wavelength decreases cause significant pressure 
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drop. However, nanofluids in wavy channels lose their effect as amplitude and 

wavelength decrease. This study found that diamond-water nanofluid has the highest 

HT coefficient and lowest thermal resistance. 

Lu et al. [145] study wavy MCHS with porous fins to reduce pressure loss and 

heat resistance. Figure 2.2 shows that Dean vortices, channel length, and forced 

permeation by jet-like impingement improve coolant mixing and heat transfer 

performance, while permeation and slip effect of the coolants reduce PD. 

A numerical analysis of heat and mass transmission in non-uniform wavy 

microchannels was conducted by Yuan et al. [147]. The overall wavelength (λ = λ1 + 

λ2) for each design was 5 mm. Whereas non-uniform wavy channels had unequal 

segments, uniform ones had equal λ1 and λ2. MCH-00 (smooth), MCH-01, MCH-

02.5, MCH-05 (uniform), MCH-14 (convergent: λ1=1 mm, λ2=4 mm), and MCH-41 

(divergent: λ1=4 mm, λ2=1 mm) were among the configurations employed. Among 

these, MCH-41 outperformed MCH-05 and MCH-14 in terms of heat transfer, entropy 

generation, and thermal resistance. 

Mohammed et al. [148] studied rectangular wavy MCHS with amplitudes ranging 

from 125–500 µm and Reynolds numbers between 100–1000. Wavy channels showed 

significantly better heat transfer than straight ones with the same cross-section, with 

pressure drop penalties being much lower than the heat transfer gains. Increasing wave 

amplitude raised both the friction factor and heat transfer coefficient across all Re. 

The central channel consistently exhibited the highest heat transfer. Overall, wavy 

MCHS with a dimensionless amplitude (α) between 0.0625 and 0.21875 delivered the 

best thermal performance. 

Cho et al. [149] numerically studied flow behaviour in microchannels under four 

conditions: pure EOF, pure PDF, combined EOF/PDF with favourable and adverse 

pressure gradients. Flow recirculation occurred in PDF but was absent in EOF. 

Electrokinetically induced velocity was more sensitive to waveform geometry than 

pressure-induced flow. Combined EOF/PDF with favourable gradient suppressed 

recirculation, while adverse gradient induced it near wave crests. In the thermally 

developing region, Nu decayed rapidly due to boundary layer growth, while in the 

fully developed region, Nu oscillated. Thermal entrance length was longest for 

favourable and shortest for adverse gradient flows. Joule heating and geometry 

affected fully developed heat transfer. 

25
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Hasis et al. [150]  numerically analyzed fully developed laminar flow and heat 

transfer in a twisted sinusoidal rectangular wavy microchannel with rotating cross-

sections for Re = 300–700. The effects of twist (δ), waviness (γ), and aspect ratio (β) 

were studied under constant heat flux and constant temperature conditions. Compared 

to sinusoidal microchannels, twisted designs showed up to 30% better heat transfer 

with minimal pressure drop at low Re, high AR, and waviness. Nu increased linearly 

with flow rate and waviness but declined with reduced twist. At higher Re and 

waviness, twisting showed limited benefits. Asymmetric corner vortices improved 

heat transfer performance. (Figure 2.3). 

 
Figure 2.3 Depiction of progression of secondary flow structure with superimposed temperature field 

streamline in twisted wavy MCHS [150]. 

Numerical analysis of fully developed flow and heat transfer in periodic 

rectangular wavy MCHS [151] showed that secondary flows or Dean vortices formed 

at bends enhance mixing and heat transfer through chaotic advection in steady flow. 

As Re increased into the transitional range, the flow became unsteady, causing 

temporal and spatial evolution of Dean vortices and loss of symmetry. At higher Re, 

chaotic flow developed. Overall, wavy channels demonstrated significantly better heat 

transfer than straight channels of the same cross-section, without a notable increase in 

pressure drop. 

To enhance wavy MCHS performance, wavelength and/or amplitude were varied 

along the streamwise direction [152]. Reducing wavelength or increasing amplitude 

significantly improved performance by lowering thermal resistance (R) and bottom 
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wall temperature difference (ΔTb,max), especially when differences in wavelength 

(Δλ) and amplitude (ΔA) between units increased. Channels with lower aspect ratios 

showed reduced R and ΔTb,max compared to both straight and conventional wavy 

MCHS. 

The thermal performance of up-down and left-right wavy MCHS was studied 

[153], showing improved heat transfer with minimal pressure drop. Both designs 

generated symmetric Dean vortices that enhanced coolant mixing. In up-down wavy 

channels, vortices formed near the sidewalls, while in left-right designs, they appeared 

near the top and bottom walls. Up-down wavy MCHS consistently outperformed left-

right designs, although both showed similar performance at larger wavelengths. Table 

2.1 summarises the various studies related to wavy shape of MCHS. 

Table 2.1 Brief summary of work in wavy MCHS 

Author Wavy pattern C/S Material, Study 

type and input 

parameter 

HT ↑↑ 

enhanc

ement 

PD 

penalty 

Ji-Feng Zhu 

et al. [153] 

(2019) 

 

 

Water/Silicon,  

CFD  

Tin= 300K,  

q =100 W/cm2 

~35%  

Hamidreza 

Ermagan et 

al. [154] 

(2018) 

 

 

DI Water/ Silicon 

Numerical 

uin= 0.6 to 1.4 m/s 

q= 100W/cm2 

Tin=293 K  

A= 15, 30, and 60 

µm 

λ= 250, 500 and 

1000 µm 

 

47.3% 

 

64.8% 

 

Javad 

Rostami et 

al. [144] 

(2018) 

 

-/Water-Cu/Al2O3 

 Nanofluid 

Numerical/ Fluent 

Dh=90 µm  

λ=200 µm 

 

174% 195.7% 
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Zi Hao Foo 

et al. [155] 

(2018) 

 

 

-/Distilled water 

Exp and numerical  

Re= 1300–4600 

Tin=321 K 

λ= 3, 6 and 10 mm 

A= 0.05, 0.10, and 

0.15 mm 

51%  

Han Shen et 

al. [156] 

(2018) 

 

 

Silicon/DI water  

numerical/Fluent 

q=100 W/cm2 

uin= 1.32-2.6 m/s 

Re= 175-345  

λ= 2.5 mm 

A 0-205 µm 

 

10%  

 

Xie et al. 

[157] (2017) 

 

 

-/- 

Numerical/Fluent 

q=100 W/cm2 

uin= 0.6-1.4 m/s 

Re= 96-223 

Tin=293.15 k  

27.3% 149.2% 

 

Y. Sui et al. 

[139] (2010) 

 

 

-/- 

Numerical/Fluent 

Re= 100–800, 

γ ranging from 0.05 

to 0.2, where γ=A/L 

q=300 W/cm2 

53% 154% 

H.A. 

Mohammed 

et al. [148] 

(2011) 

 
 

Water/Aluminium 

numerical 

A= 125 to 500 μm 

Re=100 to 1000 

Dh= 339.15 µm 

 

0.6% 

 

Y. Sui et al. 

[151] (2011) 

 

 

Water/ 

Numerical/Fluent 

Re=50-175 

 

278.6% 51.8% 
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Tapas K. 

Nandi et al. 
[158] 
(2013) 

 

 

Water/Silicon 

Numerical  

Re= 0.1 to 100 

Apulsation= 0.2, 0.5, 

0.8 

0.1 < A<1 

Tin=330K 

50%  

 

Lin et al. 

[159] (2016) 

 

 

DI water/ Copper 

Re=50-200 

Numerical/Fluent 

λ=3 mm 

A=450 µm 

V=0.1-1 l/min 

15% 115% 

Rostami and 

Abbasi 

[143] (2016) 

 

 Water-Al2O3 

nanofluid/- 

φ= 0%-2% 

λ =200 µm 

Dh=90 µm 

Tin=293K 

q= 100W/cm2  

 

162.6% 195.7% 

Sakanova et 

al. [160] 

(2015) 

 

-/- 

Numerical/Fluent 

A= 25, 50 and 75 

µm 

λ= 250 and 500 µm 

V= 0.152 l/min-

0.354 l/min 

q=100 W/cm2  

13.9%  

Rostami et 

al. [161] 

(2015) 

 

Water/ Silicon 

-/- 

Re=50-200 

Dh=90 µm 

λ = 200 µm 

Pitch of MCHS= 

100 µm 

11.6% 102.4% 
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Xie et al. 

[162] (2013) 

 

-/- 

Numerical/Fluent 

λ=350 µm, 500 µm 

Re=100-230 

Dh=160 µm 

q=100 W/cm2 

uin=0.6-1.4 m/s 

15.6% 185 % 

Gong et al. 

[58] (2011) 

 

-/- 

Numerical/Fluent 

Re= 50-150 

q=47 W/cm2 

Dh=500 µm  

A=50-200 µm 

λ=1.3-4 mm 

 

55% 

 

216.67

% 

*Note: - C/S material: coolant and substrate material, f-pulsation frequency(Hz), q=heat flux (W/cm2), A-

Amplitude, λ-wavelength, Dh-Hydraulic Diameter, Re-Reynolds Number 

2.1.2 Serpentine MCHS 
Al-Neama et al. [163] did an experimental and numerical study of serpentine 

rectangular MCHS with four different configurations, straight rectangular MCHS 

(SRMs), single (SPSMs), double (DPSMs), and triple path serpentine rectangular 

MCHS (TPSMs). When compared to the typical SRMs, SPSM achieves 35% gain in 

Nuavg and 19 % drop in total thermal resistance (Rth) at a volumetric flow rate of 0.5 

l/min, but at the cost of 10 times drop in pressure. 

 
Figure 2.4 Stagnation zones are indicated by velocity profiles at the bends of various serpentine MCHS 

[164]. 

4
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An experimental and numerical study using three serpentine MCHS shapes-

Rectangular, U, and V-was conducted by Sreehari et al. [164] with silicon as the 

substrate and water as coolant over Re = 100–400 and heat fluxes of 10–30 kW/m². 

Thermal performance was governed by the Sink Area Factor (SAF), with higher SAF 

yielding better results. U-serpentine channels showed the best performance with low 

substrate temperature, high heat transfer coefficient, and minimal pressure drop, 

followed by rectangular and V-types. Sharp bends and surface roughness impacted 

performance, with V-serpentine performing worst due to stagnation zones and poor 

fluid mixing at corners (Figure 2.4). 

A numerical study on fluid flow and heat transfer in serpentine MCHS with fan-

shaped re-entrant cavities was performed for Re=150-980 [165]. Key geometric 

parameters included cavity width (Wc), height (Hc), and spacing (Sc), as shown in 

Figure 2.5a. These cavities reduce flow resistance and improve temperature 

uniformity. Dean vortices form within the cavities (Figure 2.5b), enhancing heat 

transfer by breaking and regenerating thermal and hydrodynamic boundary layers. 

However, stagnation zones from flow deflection can hinder performance. Overall, 

heat transfer improved, and flow resistance decreased, except at Re = 980 and Hc/Wc 

= 0.2887. Optimal performance was found at Sc/Wc = 3 and Hc/Wc = 0.2887. 

 
Figure 2.5 (a) Geometric parameters of serpentine MCHS with fan-shaped re-entrant cavities and (b) 

flow streamline at the mid plane for Re=480 [165]. 

An ANN and GA were used to optimize data from experimental and numerical 

studies of serpentine microchannels [166]. The ANN model showed higher accuracy, 

while GA-based empirical correlations were easier to apply. 

CFD modelling was used to study the effect of cross-section orientation on 

serpentine equilateral triangular MCHS [167]. Channels with left-pointing triangles 

showed higher mean heat transfer than upward-pointing ones, with similar pressure 

drops for Re = 50–150. Twisted sections enhanced heat transfer with minimal pressure 
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increase, though the degree of twist had limited impact, except stronger twists 

improved heat transfer at downstream bends due to swirling flow. An experimental 

study using molecule-based temperature sensors evaluated segmented ethanol-air 

flows in serpentine MCHS [168]. At Re = 11, high gas flow and short liquid segments 

enhanced circulation, resulting in a 30% increase in Nusselt number. 

2.1.3 Zigzag MCHS 
Toghraie et al. [169] investigated the thermohydraulic performance of smooth, 

sinusoidal, and zig-zag shaped MCHS using nanofluids (water-CuO with φ=2% and 

4%) for Re=100, 300, 900, and 1800. Effects of wavelength and amplitude, φ, and Re 

of sinusoidal and zig-zag MCHS on heat transfer performance were evaluated. Results 

show that with the increase in “φ” of CuO nanoparticle Nu increased. Effects of 

nanoparticles on the rate of heat transfer increment were more effective at Re=900 

and 1800 than the Re= 100 and 300. Effects of nanofluid were more pronounced in 

smooth microchannel than sinusoidal MCHS. Nu increased with the decrease in 

wavelengths of sinusoidal and zig-zag shaped MCHS with zig-zag shaped MCHS 

being more appropriate compared to sinusoidal MCHS. 

Duangthongsuk et al. [170] experimentally examined the thermal performance of 

two types of multiple zigzag flow channels namely continuous zigzag flow channel 

(CZ-HS) and the single cross-cutting zigzag flow channel (CCZ-HS). Nanofluid (DI 

water-SiO2) with φ=0.3, 0.6, and 0.8 vol.% was used as working fluid and copper as 

substrate material. Results indicate that the 3-15% increment in TP was observed 

when nanofluid was used as a working medium. The CCZ-HS outperforms the CZ-

HS by an average of 2–6% in terms of thermal performance. This could be because 

CCZ-HS divides the flow area into two parts when a single cross-cutting of the flow 

channel is used. Direct impingement of the fluid stream on the channel wall of the 

following region happens when the fluid flows past the first region. As a result, larger 

turbulent intensities are achieved, leading to improved HT performance. The pressure 

drop is moderately affected by particle concentration and flow channel cross-cutting. 

2.1.4 Converging-Diverging MCHS 
Another growing research area is a converging flow channel in the stream-wise 

direction. The convective heat transfer coefficient increases as the fluid velocity 

increases in the stream-wise direction of a converging channel. The MCHS's overall 

7
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temperature distribution and thermal resistance improve as a result of the reduced 

local wall temperature [171]. 

A tapered MCHS was designed to study the effect of height (Ʌy) and width (Ʌz) 

taper ratios on thermal performance [67]. The relationship between thermal resistance 

(Rth) and taper ratios was non-monotonic, with minimum Rth at Ʌz = 0.6 and Ʌy = 

0.8. Compared to parallel channels, width-tapered designs showed lower temperature 

rise and more uniform centerline temperature. A maximum thermal performance 

enhancement of 16.7% was achieved with width-tapered channels at pumping power 

> 0.4 W. Kumar et al. [176] used Water-Al2O3 nanofluid for the THP analysis of 

double-layered tapered MCHS (DL-MCHS). DL-MCHS was found to have better HT 

performance than the conventional channel but at the cost of increased PD penalty.  

An experimental study found that highly-tapered MCHS induced early turbulence 

at lower Re, enhancing heat transfer but causing significant pressure drop [171]. All 

tapered MCHS had thermal performance (THP) less than one, indicating lower heat 

transfer efficiency than straight MCHS at equal pumping power. Straight MCHS also 

required less pumping power to remove the same heat at a given average Dh.  

Heat transfer enhancement in MCHS with periodic expansion-constriction cross-

sections was studied using rectangular (R), fan-shaped (F), and triangular (T) re-

entrant cavities [51]. The Navier-Stokes equations were validated with entrance 

effects, temperature-dependent properties, and viscous heating. Compared to R, 

pressure drop was lower for F and T at Re < 300 but rose rapidly with increasing Re. 

Heat transfer improved significantly, with average Nusselt number increasing 1.8 

times. As volumetric flow rate increased, the capacitive term decreased while the 

conductive term stayed constant, leading to reduced thermal resistance with higher 

pumping power. 

2.1.5 Secondary flow microchannels 
Secondary flows inside the flow field have been considered by many researchers 

to improve heat transfer. The geometry of MCHS can be altered by adding smaller 

channels in between the primary flow channel to create secondary flows (Figure 2.6). 

Kuppusamy et al. [172] designed a MCHS with slanted passage in the channel wall 

between the adjacent channels in alternating orientation. These passages cause flow 

disruption and decrement in thermal boundary layer. Overall performance of MCHS 

was reported to be increased by 146% and thermal resistance decreased by 76.8% as 51
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compared to conventional MCHS. In contrary to the general research outcome, 

pressure drop decreased by 6% compared to its conventional counterpart. Thermal 

performance increment was more prominent at increased width of the secondary 

passage. The ratio of secondary channel width to MCHS width (α) was found to have 

a greater influence on the thermal resistance and pumping power [173]. Pumping 

power decreased by 13.7% and thermal resistance increased by 17.2% as the value of 

α increased from 1 to 2. Optimization of structural parameters played a significant 

role on the performance of MCHS with secondary flows. 

 
Figure 2.6: Schematic of Secondary flow channels (adapted from [173]). 

2.1.6 Oblique finned microchannels 

The purpose of employing an oblique fin in place of the continuous fin in MCHS 

is to modulate the flow. These oblique fins help to initialize the thermal and hydraulic 

boundary layer at the leading edge of the oblique fin and effectively thinning the 

boundary layer [174]. Because of these entrance effects, the flow is always in a 

developing state. Moreover, oblique fins also lead to diversion of a small fraction of 

flow from the main channel, thus creating secondary flows. These secondary flows 

provide better fluid mixing and hence enhancement in the heat transfer [175]. In 

another study, Law and Lee [176,177] revealed that the oblique fins inside MCHS 

helped to mitigate the instabilities related to two-phase flow along with the significant 

enhancement in heat transfer compared to straight finned MCHS. Far et al. [178] used 

Nano-Encapsulated Phase Change Material (NEPCM) as a coolant inside sectional 

oblique finned MCHS to analyze the pin tip-clearance effects on its thermal 
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performance. NEPCM slurry enhanced the cooling performance of MCHS with 

increased pumping power compared to pure water. 

2.1.7 Transverse/Intersecting MCHS 

As shown in Figure 2.7, In transverse MCHS, short and small microchannels join 

two or larger microchannels in transverse directions. These short channels divide the 

main flow into multiple paths and hence not letting the boundary layer grow in a 

thermally developing region by disrupting it which leads to high heat transfer than 

conventional microchannel. Moreover, the surface area to volume ratio is larger in the 

case of transverse MCHS than conventional MCHS. It has also been found to have a 

high heat transfer rate and low PD.  

Heat transfer enhancement using transverse MCHS was numerically investigated by 

Soleimanikutanaei et al. [179]. The number and size of transverse MCHS at different 

Re determine the temperature distribution and hotspot location. 

 
Figure 2.7: Schematic of transverse microchannel [179]. 

Nu increased with increase in number and decrease in height transverse 

microchannels at the expense of PD due to entrance effect (increased velocity) caused 

by the addition of transverse section. For narrower transverse microchannels, both 

heat transfer improvement and pressure drop were more evident. The figure of merit 

(ratio of HT to PD increase) increased with the increase in height and decrease in the 

number of transverse microchannel. 
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Wong and Lee [180] studied the thermal and hydraulic performance of MCHS by 

varying the geometrical parameters (length, width, and height) of the triangular rib of 

the transverse microchamber. The rate of heat transfer decreases with rib length but 

increases with rib width and height. The mean Nusselt number ratio demonstrates a 

56 percent boost when compared to non-interrupted MCHS. 

Chai and Wang [181] investigated the THP of interrupted transverse MCHS with 

ribs by considering viscous heating, entrance effect, and temperature-dependent 

thermophysical properties. Rectangular, backward triangular, diamond, forward 

triangular, and ellipsoidal rib configurations were used, and the rib geometry 

parameters comprised expansion-constriction profile length and ratio. When 

compared to straight MCHS, the interrupted MCHS with ribs in the transverse 

microchannel displays a 4–31% reduction in total thermal resistance, a 4–26% 

reduction in total entropy generation rate, and a PEC of a maximum of 1.39. 

2.1.8 Double layered MCHS 

The considerable temperature fluctuation within the heat sink between the inlet 

and outlet is one of the disadvantages of the single-layer channel layout. The resulting 

thermal stresses due to a high temperature rise cause thermal instability, as well as 

lower device performance and longevity, and hence, it is highly undesirable. While a 

single-layer MCHS with a high depth-to-width ratio can address this issue, it comes 

at a cost in terms of pumping power and fabrication complexity [182]. With this 

background, Vafai and Zhu [183] developed a double-layered heat sink structure to 

address these difficulties. They proposed that heat transferred to a double layered 

MCHS (DLMCHS) can be dissipated in two ways. One is the "direct path," in which 

heat from the base fin is first transferred to the lower layer through the bottom 

horizontal fin, and then dissipated by convection in the lower channels. The other is 

the "indirect path," in which heat is transferred to the upper layer via the vertical and 

middle horizontal fins, and then dissipated by convection in the upper channels. Here, 

the “indirect” path present in double-layered MCHS provides an extra benefit over 

single-layered MCHS. Figure 2.8 depicts the double layered MCHS. 

An improved MCHS design with stacked double-layered rectangular channels-

porous ribs in the upper and solid ribs in the lower layer-was proposed for enhanced 

TP and low PD [184]. Four other structures were compared: solid/porous-ribs in 

single/double-layered setups. The revised model showed the lowest thermal resistance 
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(reduced by 14.98%, 10.85%, 9.27%, and 11.44%) and best bottom wall temperature 

uniformity (improved by 52.44%, 58.04%, 14.57%, and 56.54%) at fixed Re or 

0.05 W pumping power. This performance is attributed to better conductivity and low 

PD. Thermal resistance declined with increasing AR at constant channel-to-pitch 

width ratio and channel number. 

 Truncated DLMCHS was employed by Arani et al. [185] with water/single-wall 

CNT nanofluid as a coolant for Re in the range of 500, 1000, and 2000. Results show 

that this configuration led to better temperature uniformity and lower thermal 

resistance due to the use of water-CNT nanofluid. Up to 14% increment in thermal 

performance was observed for water-CNT nanofluid with non-Newtonian properties 

was observed by [186]. Leng et al. [187] observed that, apart from maintaining 

temperature uniformity at the base of the channel, truncated DLMCHS improved 

cooling performance at constant pumping power and volume flow rate of the coolant 

[188]. The average Nusselt number increased with decreased height and increased 

width of DLMCHS [189]. Mashayekhi et al. [190] used hybrid nanofluid in DLMCHS 

with sinusoidal walls. Hybrid Cu-Al2O3/water nanofluid was used for φ=0-2%. Nu 

was increased by 23%, 22%, 19% and 13% corresponding to Re=50, 300, 700 and 

1200 at φ=2%. 

 
Figure 2.8 Schematic used in ref. [191] to describe double layered MCHS. 

2.2 Fractal Microchannel Heat Sink 
Many researchers have come out with different shapes and channel designs of 

FMCHS as depicted in Figure 2.9. Jing and co-workers [192,193] performed a 

comprehensive study for the optimization of a fractal tree-like network to obtain 
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minimum thermal resistance. For electrokinetic flow under the constant channel, 

volume constraints they found that the surface charge at the solid-liquid interface can 

significantly affect the optimal fractal network. In another study, they considered slip 

flow conditions for the investigation of Murray’s law for laminar flow in a fractal tree-

like network. The optimal diameter ratio for achieving minimum flow resistance was 

found to be dependent on slip length. 

 
Figure 2.9: Various fractal shaped configuration [90,194–196]. 

In their experimental and numerical study of THP of fractal-like multilayer silicon 

MCHS. Xu et al. [197] discovered that layer number was an important factor in 

determining the Nu, pressure loss, and thermal resistance of the multilayer FMCHS. 

The use of a multilayer fractal MCHS results in lower thermal resistance and pumping 

power. MCHS performed best overall when the layer number was 5, with a small 

volume thermal resistance of 2.5 Kcm3/W and pumping power of 0.07 Watt at 400 

ml/min. 

The work of Ghodoossi [196] discovered that the thermal performance of fractal 

MCHS was unaffected, whereas hydraulic performance increased in the case of 
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turbulent flow and decreased for laminar flow compared to parallel MCHS. Zhang et 

al. [198] examined the formation of recirculation flow motions and secondary flows 

at the bends and bifurcation of fractal-like MCHS (Figure 2.10a). These motions, 

initiated at the L bend and T joints tend to substitute the slower moving fluid near the 

wall with faster-moving fluid as depicted in Figure 2.10(c-d), causing a great 

enhancement in viscous friction at the walls of the MCHS with large PD and enabling 

more convective thermal transport between fluid and walls of MCHS that led to better 

heat transfer. 

 
Figure 2.10. (a) Schematic of a fractal-like MCHS, Velocity distributions with an AR of 0.333 and 

Re=810 (b) L bend (c) diffluent flow at T joint and (d) confluent flow at T joint [198]. 

Heymann et al. [199] used a 1-D model to optimize the structure of fractal 

microchannels for the lowest PD and pumping power utilizing a direct numerical 

search and GA. Fewer branch levels with several channels originating from the input 

plenum were suitable for higher heat flux removal applications. 

In another study, a truncated double-layered (TDL) heat sink along with Y-shaped 

fractal MCHS was investigated by [200]. TDL heat sink showed 24-30% improved 

68
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temperature uniformity at inlet than the simple double-layered (DL) channel with less 

requirement of pumping power. 

Zhang et al. [201,202] numerically and experimentally analyzed the THP of fractal 

microchannel networks using the subsectional integral method, which showed lower 

deviation than the standard equivalent approach. Higher performance was observed 

for designs with smaller AR, higher fillet bends, and more branching levels. They 

found that flow rate and AR strongly influence vortex formation, enhancing mixing 

and heat transfer. Yu et al. [203] experimentally confirmed that fractal MCHS 

outperformed straight MCHS in heat transfer due to vortices, though at higher PD, 

especially at high Re due to losses at bifurcations—mitigated by using semi-circular 

bends. Senn and Poulikakos [204] showed that a 6-branch tree net had 50% lower PD 

than serpentine designs, with better thermal performance. Haller et al. [205] also 

reported high PD at L-bends and T-joints, suggesting shape modifications, albeit with 

reduced heat transfer. Shape and AR significantly affected PD. 

Lu et al. [206] studied fractal heat sinks and found that increasing branching levels 

reduced average and peak temperatures, with level 4 being optimal, beyond which 

size constraints limited further gains. Right-angled bifurcations led to hotspots [194], 

resolved through design modifications that improved temperature uniformity, reduced 

thermal resistance, and lowered PD. Farzaneh et al. [207] showed that adding 

branches and loops decreased dimensionless temperature by 10–20% and PD by 25–

30% compared to non-branching designs. 

Yan et al. [208] developed a fractal MCHS with thermosensitive hydrogels for 

adaptive hotspot cooling via automatic flow redistribution. SFMHS 1+2 (hydrogels in 

both first and second-level branches) showed the least temperature rise due to superior 

flow modulation, followed by SFMHS 1 and SFMHS 2. SFMHS 1+2 required the 

highest pumping power but managed a wider heat flux range and effectively identified 

and cooled hotspots. Hotspot location significantly influenced hydrogel deformation 

and cooling performance. 

Yan et al. [209] applied single and multi-objective evolutionary algorithms to 

optimize Y-shaped fractal MCHS topologies considering various geometric 

parameters. The Rt vs pumping power plot revealed two zones: an effective zone 

where structure depends on pumping power, and an ineffective zone where it does not. 

The hydraulically optimal model used 54.5–67.2% less energy with lower pumping 

power but had 50% higher thermal resistance than the thermally optimal model. 
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Table 2.2 summarises key findings from several studies related to fractal 

microchannel networks.  

Table 2.2 Studies related to fractal shaped microchannel heat sink. 

Paper Year Configuration C/S material 
Flow 

conditions 

% Increase in 

TP/ ΔP 
Remarks 

[210] 2018 
FMCHS with 

pores 
DI water/ Al Laminar  

~17.27% 

(w.r.t. no 

pores)/- 

Fractal 

Microreactor 

with a porous 

surface had 

better heat 

transfer 

performance. 

[211]  2015 FMCHS DI water /Si 

Laminar 

f= 0-40Hz 

Re=1800-

2800 

q=40 W/cm2 

25-40% w.r.t. 

steady flow/- 

Increase in heat 

transfer at low 

and high 

frequencies than 

at moderate 

frequencies. 

[212]  Y-FMCHS Water/Cu 

Turbulent  

q=1-2.5 

W/cm2 

Vi=0.6-1 

l/min 

-/- 

Better 

temperature 

uniformity was 

obtained. 

[213] 2020 

leaf vein-

shaped 

MCHS 

Water/Al 

alloy 

Laminar 

Vi=0.4 

L/min 

q=100 

W/cm2 

-/- 

The third-order 

assembly 

provides better 

temperature 

uniformity. 

[214] 2019 
Tree-shaped 

MCHS 
Water/Cu 

Laminar 

q= 10 W/cm2 

Re=200-

1000 

 

~10.5%/14.2 

KPa 

Trees-shaped 

MCHS with ribs 

showed the 

highest HT 

performance  
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[215] 2020 
Rhombus-

FMCHS 
Water/Cu 

Laminar 

uin=0.25-2 

m/s 

q=100 

W/cm2 

Re=80-400 

14.6%-

29.4%/- 

Rhombus 

FMCHS may 

increase the 

COP with 

increased 

cooling 

efficiency. 

[216]  FMCHS 

CNT 

+Water& 

Kerosene/Si 

Laminar 

Re=1500-

3000 

=0-8 vol. % 

q= 40 W/cm2 

108%/- 

 

 

Nu of SWCNT 

nanoparticles is 

significantly 

higher. 

The water-based 

nanofluid's PEC 

is higher 

[217] 2019 FMCHS 

Al2O3‐

water and 

SiO2‐

water/- 

Laminar 

q= 50 W/cm2 

uin= 4-9 m/s 

= 0% to 4% 

 

8.3%/327.29 

kPa 

Al2O3‐water has 

a higher mean 

HT coefficient, 

PD, lower base 

temperature than  

SiO2‐water. 

[218] 2017 
T-Y-shaped 

FMCHS 

liquid 

GaInSn/Cu 

q=100 

W/cm2 

Re=1021-

6126 

uin=0.4-2.4 

m/s 

Laminar and 

turbulent 

271.46% 

compared to 

water for 

GaInSn/22.1 

kPa 

The optimal 

bifurcation 

angle was found 

to be 60o where 

Nu is highest 

with the least 

PD. 

[219] 2009 
Tree-shaped 

MCHS 
DI Water/Al 

Dh=4mm 

q=2.5W/cm2 

Re=600-

1500 

 

110.38% 

increase in 

COP 

compared to 

serpentine 

MCHS at 

Uniform 

temperature 

distribution and 

less PD 

compared to 

serpentine 

MCHS. 
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[220] 2015 
Tree-shaped 

FMCHS 
Water/Steel 

q=25 W/cm2 

Re=600-

1000 

laminar 

132.98% more 

COP than 

helical net at 

Re=600/1.3 

kPa 

Fractal tree-like 

MCHS has 

lower PD, more 

uniform 

temperature 

distribution, and 

larger COP  

Helps in hotspot 

mitigation 
*Note: - HT: Heat Transfer, Pressure Drop, C/S material: coolant and substrate material, TP: 

Thermal Performance, Al-Aluminium, Si-Silicon, Cu-Copper, f-pulsation frequency(Hz), q=heat 

flux (W/cm2) 

2.3 Other modifications in shape 
Apart from above-mentioned modification, some other techniques are being used 

for the thermal performance enhancement of MCHS. However, these are very 

uncommon and have not been studied by many researchers.  

Brinda et al. [221] investigated ladder-shaped MCHS for enhancing contact area 

with the flowing coolant. By employing ladder-shaped MCHS with rectangular cross-

sections helped in decreasing thermal resistance and increasing thermal performance. 

 Temperature uniformity is vital for microelectronic reliability. Stepwise varying 

channels improve thermal performance and uniformity without significant pressure 

drop. A stepwise varying width microchannel [222] showed a threefold increase in 

thermal resistance coefficient at the same mass flow rate. The TIM layer enhanced 

temperature uniformity by raising average temperature, prompting design changes 

considering TIM effects. 

Luo et al. [7] studied brass Honeycomb porous MCHS to understand HT 

characteristics and cooling performance. Metal etching was used for the fabrication.  

The result show that it removed 18.2 W/cm2 of heat flux at 2.4 Watt of pumping 

power. Tang et al. [223] designed a ring-shaped MCHS by turning process with added 

guide vanes to enhance uniformity in flow distribution in microchannels. Flow 

distribution uniformity was achieved in this configuration. 

Microchannels with oblique fins [175], dimpled or protruded surfaces [224,225] have 

also been shown to improve heat transfer across the channel by generating secondary 

flows. 
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2.4   Nanofluids 
Dispersing metallic or non-metallic nanoparticles with a high thermal 

conductivity into conventional fluids like water, ethylene glycol, or oils creates 

nanofluids, a special kind of heat transfer fluid. These nanoparticles, which are usually 

between 1 and 100 nanometers in size, improve the base fluid's thermal characteristics 

and efficiency of heat transfer. Because of this, heat exchangers, cooling systems, and 

other thermal management technologies can benefit from using nanofluids. Table 2.3 

shows various nanoparticles' thermo-physical properties and their cost analysis. 

Over the past several years, nanofluids, which are two-phase systems consisting 

of a base fluid and nanoparticles suspended in the fluid, have garnered substantial 

attention in the fields of biomedicine and industry [226]. They are widely used for 

cooling microdevices, targeted medication delivery, and blood component separation 

[227]. Because of their improved heat transfer capabilities, nanofluids in particular 

are thought to hold great promise for thermal management in cutting-edge electrical 

and biological systems. 

Better thermohydraulic performance is necessary for these applications in order 

to ensure uniform distribution of nanoparticles, increase process efficiency, and 

optimise performance. Table 2.4 summaries the nanofluid analysis on hydro-thermal 

performances.  

 Table 2.3 Thermal-physical properties of nanoparticles and their cost analysis challenges. 

Nanoparticles ρ (kg.m-3) Cp (J.kg-1K-1) K (W.m-2k-1) Quantity(g) Cost (Rs) 

CuO 6510 540 76 5 3111 

Al2O3 3880 729 42.3 25 2000 

TiO2 4175 692 8.5 100 12859 

SnO2 2220 745 36 25 1500 

ZnO 5610 494 29 100 1500 

Fe3O4 4950 640 7 25 1750 

Ag 10500 230 424 5 12917 

Au 19300 129 315 1 35029 

CNT 1350 3900 3000-6000 250 19521 
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Table 2.4 Hybrid- nanofluids on hydrothermal performance 

Fluid 

Base 
Nanoparticles Concentration Remarks References 

Distilled 

Water 

Al2O3, CuO, 

SiO2 and ZnO 
1-5 % 

The volume fraction of 

particles increases, 

viscosity also increases. 

However, as temperature 

rises, viscosity decreases. 

Nanoparticles' shape 

significantly influences 

thermal conductivity (k) 

and viscosity. 

[228] 

Water TiO2 0.2 % 

Models have been used to 

analyze the 

thermophysical properties, 

including viscosity, 

specific heat, and thermal 

conductivity. It was found 

that at very low 

concentrations, these 

properties have minimal 

impact on the heat transfer 

coefficient of nanofluids. 

 

Water Zn and Fe2O4 0.02-0.5 % 

The heat transfer 

coefficient and thermal 

conductivity increased by 

42.99% and 11.8%, 

respectively, at a 0.5 

weight concentration of Zn 

ferrite nanofluids. 

[229] 

Deionized 

Water 

and EG 

Al2O3 and 

CuO 
0.05-0.75 % 

Deionized water (DW) is 

used as the host fluid to 

decrease viscosity while 

enhancing electrical 

conductivity. 

[230] 
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Water 

ZnFe2O4, 

MnFe2O4, 

NiFe2O4 

- 

Ternary nanoparticle-

based heat transfer liquids 

offer better thermal 

dispersion in fins than 

mono nanofluids 

[231] 

To get over the drawbacks of traditional microchannel heat sinks, engineers and 

researchers are constantly creating novel thermal management techniques. In order to 

optimise heat transfer and nanoparticle dispersion within the coolant flow, these 

include sophisticated geometrical designs, passive and active augmentation 

techniques, and the application of external forces like electric or magnetic fields. 

Improvements in mixing efficiency brought about by developments in microfluidic 

technology and nanofluid engineering eventually result in enhanced performance in 

targeted medication therapies, biological diagnostics, and next-generation electronic 

device cooling systems. 

2.5 Summary of literature review 

The efficiency of microchannel heat sinks in transferring heat and fluid has been 

the subject of numerous research, particularly when the geometry of the sinks 

changes, such as when they are square, rectangular, wavy, serpentine, convergent-

divergent, or fractal. Conduction and forced convection are the primary means of heat 

dissipation due to laminar flow, and viscous effects are the most significant at the 

microscale. Thus, the effectiveness of cooling is greatly influenced by the channel's 

design. Because of their self-similar hierarchical branching structure, fractal 

microchannel heat sinks (FMCHS) offer potential for enhancing thermal performance 

without appreciably increasing pumping power.  

Simple-shaped microchannel heat sinks may require longer flow paths or higher 

flow rates to remove sufficient heat since turbulence is reduced and viscous effects 

are more pronounced. Usually, this results in greater drops in pressure. Thermal-

hydraulic performance is measured using the performance evaluation criteria (PEC). 

In fractal designs, branching creates a more uniform coolant distribution, reducing 

hotspots while maintaining an appropriate pressure drop. Through finer branches, 

fractal forms increase surface area contact. By doing this, heat transfer is enhanced 

without requiring large flow rates.  
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Rheological behaviour of nanofluids significantly influences the flow of heat via 

MCHS. Because fractal geometries have sharp angles and smaller cross-sections, they 

may strengthen chaotic advection and aid in mixing and heat exchange.  

Numerical simulations of microchannel heat sinks are particularly prone to errors 

when predicting temperature gradients and local heat fluxes. These inaccuracies result 

from approximations made when breaking things down into smaller components, 

which may cover up thermal contours and lead to over- or under-predictions of local 

Nusselt numbers and overall efficacy. This is particularly crucial for 3D FMCHS 

simulations since the intricate shapes require high-resolution schemes and accurate 

grids. To ensure that the simulation results are correct, it is crucial to verify the results 

of grid independence studies and numerical simulations.  

The choice of meshing strategy, solver schemes, and boundary conditions have a 

significant impact on how accurately thermal performance estimates turn out. 

Additionally, most current models assume steady-state flow conditions, meaning they 

do not account for the transient generation of heat that may occur in periodic or 

pulsating flow regimes. Finding thermal response delay, flow redistribution effects, 

and transient hotspots for FMCHS requires time-dependent numerical research, 

particularly when load conditions shift in the real world.  

A variety of techniques, such as wet and dry etching, laser micromachining, 

lithography-based moulding, and additive manufacturing, can be used to create 

microchannel heat sinks. Due to its affordability and flexibility, soft lithography using 

materials like polydimethylsiloxane (PDMS) is one of the most often used prototyping 

techniques. The thermal conductivity of PDMS-based heat sinks can be increased by 

adding nanoparticles such as metal oxides or carbon nanotubes, which makes them 

suitable for moderate thermal applications. Additionally, altering the nanoparticle 

dispersion can alter the channel walls' hydrophilic or hydrophobic properties, which 

influences the formation of the thermal boundary layer.  

Heat sinks with intricate designs, such as wavy, serpentine, or fractal patterns, can 

now be quickly created via additive manufacturing. 3D printers can print complex 

designs directly, including structures with multiple layers or integrated pieces, albeit 

they might not be as precise as lithography-based techniques. This gives thermal 

management systems a number of new options. Printing structures composed of many 

materials with high microscale precision is still challenging, though. 
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2.6   Research gaps 
Numerous researchers have explored various microchannels geometries, 

including square microchannels, wavy MCHS, Serpentine MCHS, curved 

microchannels, zigzag microchannels, convergent-divergent microchannels, double 

layered MCHS, helical MCHS, Hierarchical MCHS, tree-shaped MCHS, Fractal 

MCHS and more. The primary objectives of these studies are to achieve better 

thermohydraulic performance and minimize pressure drop across a range of Reynolds 

numbers. 

Additionally, numerical analyses have examined the influence of several 

parameters, such as fluid properties, inlet velocities, microchannel cross-sectional 

dimensions, and heat flux, on thermohydraulic performance. Various studies have also 

plotted relationships such as flow rate vs. Nusselt number, pressure drop vs. flow rate, 

temperature gradient along the channel length, temperature distribution on the base of 

the channel. 

Obstacle-based microchannels have also been proposed, incorporating structural 

elements such as cylindrical, square, rectangular, and triangular obstacles and 

microchannels with patterned ribs and cavity. Simulation results indicate that 

thermohydraulic performance improves with an increased number of obstacles. 

Despite extensive research, several gaps remain in the literature: 

i. Limited studies have focused on fractal shaped microchannels with reentrant 

obstruction in the form of ribs and cavities. 

ii. Research on optimization study on Fractal MCHS 

iii. Limited studies on the influence of nanofluid in the Fractal MCHS 

performance 

2.7   Research objectives 

The present study aims: 

i. To numerically investigate the fractal-shaped microchannel with re-entrant 

obstruction. 

ii. To investigate the thermohydraulic performance of microchannels integrated 

with re-entrant obstructions using nanofluid under different flow conditions. 

iii. To optimise the thermohydraulic performance of re-entrant fractal-shaped 

microchannel heat sinks. 

 

66
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Chapter 3 METHODOLOGY 

This chapter establishes the fundamental principles governing fluid flow and heat 

transfer in microchannel heat sink (MCHS), focusing on both water and nanofluid as 

working fluid. The study begins with the selection of microchannel geometries, 

including simple rectangular, fractal microchannel heat sink (FMCHS), FMCHS with 

ribs and cavities, followed by defining channel dimensions, inlet/outlet 

configurations, and boundary conditions. A structured meshing approach is employed, 

with a grid independence study to ensure numerical accuracy.  The governing 

equations, including the Navier-Stokes, energy equation and continuity equations, are 

implemented to describe fluid flow and heat transfer. Thermohydraulic performance 

is evaluated using key metrics like the Nusselt number, performance evaluation 

criteria (PEC), Thermal resistance, pumping power and pressure drop. 

Computational Fluid Dynamics (CFD) simulations are conducted using an 

appropriate solver, applying numerical discretization methods and varying flow rates 

to study flow characteristics. Validation of the numerical results is performed by 

comparing with experimental data or benchmark studies. To optimize FMCHS 

performance, multiple strategies are employed. Geometric optimization involves 

refining channel structures to enhance thermohydraulic performance while 

minimizing energy losses. Multi-objective optimization techniques, such as Moth 

flame optimization and Response Surface Methodology, are utilized to maximize Nu, 

while reducing pumping power and thermal resistance. Additionally, the influence of 

nanofluids is analysed by adding nanoparticle concentration for enhanced heat 

transfer without significantly increasing viscosity. 

Finally, a detailed performance evaluation is conducted by comparing different 

FMCHS configurations based on thermohydraulic performance indicator.  

3.1 Flow in minichannel and microchannel 

Microchannels are used in several single-phase liquid flow technologies. Among 

the earliest uses were micromachined devices like microsensors, micropumps, and 

microvalves. Analysis of biological materials, including proteins, embryos, DNA, 

cells, and chemical reagents, became important as a result of advancements in the 

biological sector and life sciences. The field of micromixers acquired prominence 

with the invention of microreactors, which blend two chemical species before 

11
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introducing them into a reaction chamber. The substantial heat loss from high-speed 

microprocessors prompted research on heat transfer in microchannels. 

3.1.1   Fundamental issues in fluid flow in microscale 

Innovations in microelectromechanical devices must be combined with compact 

heat removal technologies. Mirrors used in high-power laser systems must be cooled 

using low-footprint cooling technologies. Precision temperature control and regulated 

fluid flow in channels with a diameter of several micrometres are necessary for 

developments in genetic engineering and biomedicine. Designing and running these 

microscale systems requires a thorough understanding of fluid dynamics and heat 

transport. 

3.1.2  Need for a smaller channel  

Three main factors have contributed to a reduction in flow passage diameters in 

convective heat transfer applications:  

 i. Improved heat transfer.  

 ii. Improved microelectronic device thermal flux dissipation.  

 iii. Cooling solutions are required as microscale devices become more common.  

 Smaller channel widths increase heat transfer efficiency even when there is a 

larger pressure drop per unit length. Higher volumetric heat transfer densities 

necessitate more intricate manifold designs and sophisticated production processes. 

For each application, the optimal balance results in differentiable channel sizes. In the 

refrigeration business, larger plain tubes have been replaced by microfin tubes with 6 

to 8 mm diameters, which, when paired with external copper heat sinks, result in 

temperature differentials that are sometimes as tiny as a few degrees Celsius. In order 

to allow fluid to circulate away from the heat source, the channel needs to be 

considerably smaller and fitted with the appropriate coolant loop devices due to the 

high heat dissipation. In automotive applications, radiator and evaporator channel 

sizes have exceeded a threshold of 1 mm, balancing the system's requirements for 

pumping power, heat transmission, and general cleanliness. Microelectronic devices, 

which cover a broad range of applications such servers, personal computers, laser 

diodes, and radio frequency devices, are continuously increasing the requirements for 

heat flux density. The 200 W/cm2 heat dissipation threshold was considered 

unreachable in the late 1990s, but it appears to be a realistic objective presently. Over 

9
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the next decade, 600–1000 W/cm² will be the difficulty. The available temperature  

A cooling system for a microscale device can need cooling channels that are many 

tens of micrometres in size, in contrast to conventional channels with flow lengths of 

1 to 3 mm. Many of these devices can also be combined, and heat can be dissipated 

using a secondary cooling loop in addition to a traditional cooling system. 

A schematic illustration of a microchannel cooling system intended for server 

application cooling is shown in Figure 3.1. The cooling requirements of high-

performance servers will be effectively met by the integration of (i) microchannel heat 

exchangers affixed directly to the chip or within the chip-bonded heat sink; (ii) water-

cooled cold plates featuring minichannel or microchannel flow pathways; and (iii) 

supplementary localised cooling systems.  According to Kandikar [232], the building's 

HVAC system incorporates the cooling system. 

 
Figure 3.1 An illustration of a server cluster with MCHS, cold plates, localised air cooling, and a 

supplementary chilled water loop from the building's HVAC system to cool high heat flux CPUs. 
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3.2 Pressure drops in single-phase liquid flow 

3.2.1 Fundamental pressure drop relation 
To find out how pressure drops in interior flows, we begin with the one-

dimensional motion of an incompressible fluid in a smooth circular tube. The 

following equations are easily obtained assuming that microchannels are continuous 

and that Newtonian fluid flows in them. 

In analysing the equilibrium of a fluid element of length dx within a pipe of 

diameter D, the force resulting from the pressure differential dp is counterbalanced by 

the frictional force arising from the shear stress τw at the wall. 

 𝜋𝜋
4
𝐷𝐷2(−𝑑𝑑𝑑𝑑) = 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 𝜏𝜏𝑤𝑤 (3.1) 

 The subsequent equation consequently connects the pressure gradient and wall shear 

stress. 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −
4𝜏𝜏𝑤𝑤
𝐷𝐷

 (3.2) 

The velocity gradient at the wall determines the wall shear stress, represented by 

the symbol τw, for Newtonian fluids, where μ is the fluid's dynamic viscosity. The 

Fanning friction factor f is used in the literature on heat transfer because it can 

accurately depict the fluid flow's momentum transfer process in a way that is 

consistent with the representations of heat and mass transfer processes. 

 𝜏𝜏𝑤𝑤 = 𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑤𝑤

 (3.3) 

The frictional pressure drop Δp over a length L is obtained from Eqs. (3.2) and (3.4), 

respectively: 

 𝑓𝑓 =
𝜏𝜏𝑤𝑤

1
2𝜌𝜌𝑢𝑢𝑚𝑚

2
 (3.4) 

 
Δ𝑝𝑝 =

2𝑓𝑓𝑓𝑓𝑢𝑢𝑚𝑚2 𝐿𝐿
𝐷𝐷

 (3.5) 

The f in Eq. (3.5) is contingent upon the flow circumstances, channel wall geometry, 

and surface characteristics. 

i. Flow-channel shape, 

ii. Laminar or turbulent flow,  

iii. Smooth or rough walls, 

1

3

27
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iv. Fully formed or developing flow. 

 In noncircular flow channels, the D in Eq. (3.5) is substituted by the hydraulic 

diameter Dh, defined by the subsequent equation. 

 𝐷𝐷ℎ =
4𝐴𝐴𝑐𝑐
𝑃𝑃𝑤𝑤

 (3.6) 

where Ac is the flow-channel cross-sectional area and Pw is the wetted perimeter. 

For a rectangular channel of sides, a and b, Dh is given by 

 𝐷𝐷ℎ =
4𝑎𝑎𝑎𝑎

2(𝑎𝑎 + 𝑏𝑏) =
2𝑎𝑎𝑎𝑎
𝑎𝑎 + 𝑏𝑏

 (3.7) 

3.2.2 Fully developed laminar flow 

It is feasible to rapidly identify the velocity gradient at the channel wall by utilising 

the well-established Hagen-Poiseuille parabolic velocity profile for fully developed 

laminar flow in a circular pipe.   Based on the velocity profile, the equations (3.3) and 

(3.4) are utilised to get the values of τw and f.  The friction factor f is expressed in the 

subsequent format: 

 𝑓𝑓 =
Po
𝑅𝑅𝑅𝑅

 (3.8) 

Where Po represents the Poiseuille number, defined as, 

 Po = 𝑓𝑓𝑓𝑓𝑓𝑓 = 16 (3.9) 

which is contingent upon the geometry of the flow channel.  Table 3.1 presents the f 

Re product for various duct geometries, as calculated from Hornbeck et al.  [233]. 

 𝑓𝑓𝑓𝑓𝑓𝑓 = 24(1 − 1.3553α𝑐𝑐 + 1.9467α𝑐𝑐2 − 1.7012α𝑐𝑐3 + 0.9564α𝑐𝑐4

− 0.2537α𝑐𝑐5) 
(3.10) 

It is evident that for a circular channel, Shah and London [234] presented the 

equation for a rectangular channel characterized by a short side a and a long side b, 

with the channel aspect ratio specified as αc = a/b. 

3.2.3 Developing laminar flow 

The velocity profile progressively changes as fluid enters a duct, eventually 

attaining the fully formed Hagen-Poiseuille velocity profile over the duct's length. The 

velocity condition at the entrance is assumed to be uniform in the great majority of 

evaluations that have been reported in the literature. The length of the hydrodynamic 

1

3

3

4
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development region, represented by Lh, can be calculated using the following well-

known formula: 

 𝐿𝐿ℎ
𝐷𝐷ℎ

= 0.05𝑅𝑅𝑅𝑅 (3.11) 

Because small-diameter channels have higher pressure gradients, the flow lengths 

in these channels are often shorter. In many different applications, the length of the 

channel in the expanding zone makes up a significant portion of the flow length inside 

a microchannel. The pressure drop equations are expressed with an apparent friction 

factor to account for the developing region. 

 The friction factor that was observed Fapp assesses both the effects of the 

developing region and the pressure loss due to friction. The average friction factor 

value over the flow length from the entrance section to the specified endpoint is shown 

in the statement. The pressure drop in a channel characterised by a hydraulic diameter 

Dh over a length x from the entrance is expressed as: 

 
Δ𝑝𝑝 =

2𝑓𝑓appρ𝑢𝑢𝑚𝑚2 𝑥𝑥
𝐷𝐷ℎ

 (3.12) 

The disparity between the perceived friction factor over a length x and the fully 

developed friction factor f is articulated in relation to an incremental pressure defect 

K(x): 

 𝐾𝐾(𝑥𝑥) = �𝑓𝑓app − 𝑓𝑓� ⋅
4𝑥𝑥
𝐷𝐷ℎ

 (3.13) 

For x˃.Lh, the incremental pressure defect reaches a constant value K(N), referred 

to as Hagenbach’s factor. 

 
Δ𝑝𝑝 =

2(𝑓𝑓𝑓𝑓𝑓𝑓)μ𝑢𝑢𝑚𝑚𝑥𝑥
𝐷𝐷ℎ2

+
𝐾𝐾(𝑥𝑥)ρ𝑢𝑢𝑚𝑚2

2
 (3.14) 

By integrating Eqs. (3.12) and (3.13), the pressure drop can be articulated in 

relation to the incremental pressure decrease. 

Chen et al. (1964) [233] derived the axial velocity distribution and pressure drop 

for a circular tube in a nondimensional format.  He projected that the completely 

formed zone commences at x150.0565, with a K(N) value of 51.28 for a circular duct.   

They provided the subsequent equation for K(N) in circular geometry: 

1

3

3

10

10
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 𝐾𝐾(∞) = 1.20 +
38
𝑅𝑅𝑅𝑅

 (3.15) 

Shah and London (1978) [233] demonstrated that the frictional pressure drop in 

the developing zone of a circular duct, as derived by Hornbeck [233], may be precisely 

represented by the following equation: 

 Δ𝑝𝑝
1
2 ρ𝑢𝑢𝑚𝑚

2
= 13.74𝑥𝑥1

1/2 +
1.25 + 64𝑥𝑥1 − 13.74𝑥𝑥1

1/2

1 + 0.00021𝑥𝑥1−2
 (3.16) 

Rectangular geometries are very significant in microfluidic applications. 

 𝐾𝐾(∞) = 0.6796 + 1.2197α𝑐𝑐 + 3.3089α𝑐𝑐2 − 9.5921α𝑐𝑐3

+ 8.9089α𝑐𝑐4 − 2.9959α𝑐𝑐5 
(3.17) 

Phillips [235] examined the existing data, including that by Curr et al. [235], and 

aggregated the findings for the apparent friction factor in a rectangular duct. Fully 

developed flow is achieved at various x1 values, with low-aspect-ratio ducts attaining 

it sooner. The constant 0.05 in Equation (3.11) is adjusted to approximately 1 (x15100) 

for fully developed conditions in rectangular ducts. 

3.2.4 Fully developed and developing turbulent flow 

Numerous correlations with similar accuracies exist in the literature for fully 

developed turbulent flow in smooth channels.  The equation proposed by Blasius is 

often utilised. 

 𝑓𝑓 = 0.0791𝑅𝑅𝑒𝑒−0.25 (3.18) 

Phillips [235] proposed a more precise equation that encompasses both the 

developing and fully developed flow areas.  He articulated the Fanning friction factor 

for a circular tube using the following equation: 

 𝑓𝑓app = 𝐴𝐴𝐴𝐴𝑒𝑒𝐵𝐵 (3.19) 

 𝐴𝐴 =
0.092901

1 + 1.01612 ⋅ (𝑥𝑥/𝐷𝐷ℎ) (3.20) 

 𝐵𝐵 =
0.26800

1 + 0.32930 ⋅ (𝑥𝑥/𝐷𝐷ℎ) (3.21) 

In rectangular channel geometries, the Reynolds number (Re) is substituted with 

the laminar-equivalent Reynolds number Jones [236] defined as: 

23
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 𝑅𝑅𝑒𝑒∗ =
ρ𝑢𝑢𝑚𝑚𝐷𝐷le

μ
=
ρ𝑢𝑢𝑚𝑚
μ

��
2
3�

+ �
11
24� �

1
α𝑐𝑐
� �2 −

1
α𝑐𝑐
��𝐷𝐷ℎ (3.22) 

where Dle is the laminar-equivalent diameter given by the term in the brackets in 

Eq. (3.22) 

3.3 Total pressure drop in a microchannel heat exchanger 

3.3.1 Entrance and exit loss coefficients 
Because it is difficult to detect the local pressure along the flow, researchers in 

microchannels have traditionally measured pressure drops between the intake and exit 

manifolds. The pressure drop measurement that follows represents the total of the 

losses from the turns, the entry and exit losses, the developing region's effects, and the 

frictional losses in the core. The pressure drop that was measured is the sum of these 

variable (Phillips [235]): 

 
Δ 𝑝𝑝  =  

𝜌𝜌 𝑢𝑢𝑚𝑚2

2
  �  � 

𝐴𝐴𝑐𝑐
𝐴𝐴𝑝𝑝

 �
2

 (2𝐾𝐾90)  +  (𝐾𝐾𝑐𝑐  +  𝐾𝐾𝑒𝑒)  +  
4𝑓𝑓app𝐿𝐿
𝐷𝐷ℎ

 � (3.23) 

 where Kc and Ke stand for the contraction, Ac and Ap for the total channel area 

and plenum cross-sectional area, respectively, and K90 for the loss coefficient at 90-

degree bends. growth loss coefficients because of changes in area, and fapp 

incorporates both frictional losses and extra losses in the growing flow area. 

3.3.2 Laminar-to-turbulent transition 

Another area that has attracted the attention of many researchers is the change 

from laminar to turbulent flow.  The change from laminar to turbulent flow in abrupt 

entry rectangular ducts was discovered to happen at a Reynolds number of Ret=2200 

for αc=1 and at Ret=2500 for parallel plates with αc=0, according to Hartnett et al. 

[237].  It is advise using a linear interpolation between the two numbers for various 

aspect ratios. 

 An early shift to turbulent flow in microchannels was suggested by a few of the 

early investigations.  The transition from laminar to turbulent flow, however, has not 

changed, according to a number of recent studies.  The transition for circular 

microtubes with a diameter of 171 to 520 μm happened at Ret=2000, from Bucci et 

al. [238].  The laminar-to-turbulent transition in smooth microchannels happens at 

around 2300 and is independent of the channel diameters, according to Baviere et al. 

1
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[238].  Researchers [239], have found similar outcomes for mini-channels with Dh = 

1 mm. 

3.4 Heat transfer in microchannels 

3.4.1 Fully developed laminar flow 

According to classical theory, the Nusselt number should remain constant in a 

fully developed laminar flow. However, numerous investigations that have been 

published in the literature show a trend in which the Reynolds number rises within 

this range. The channel geometry and the boundary condition for wall heat transfer 

determine the Nusselt number, which is constant in fully developed laminar flow. 

Under four-sided heating, with an axially constant heat flux and a 

circumferentially constant wall temperature (H1) boundary. 

The Nusselt number for a rectangular channel is determined by the channel aspect 

ratio αc=a/b and the wall boundary conditions. Three boundary conditions are 

identified in the literature; the Nusselt values for each are displayed below. 

 𝑁𝑁𝑢𝑢𝑇𝑇 = 7.54(1 − 2.610𝛼𝛼𝑐𝑐 + 4.970𝛼𝛼𝑐𝑐2 − 5.119𝛼𝛼𝑐𝑐3 + 2.702𝛼𝛼𝑐𝑐4

− 0.548𝛼𝛼𝑐𝑐5) 
(3.24) 

With a constant circumferential wall temperature and a uniform axial heat flow, 

the following conditions hold at the T-boundary: 

 𝑁𝑁𝑢𝑢𝐻𝐻1 = 8.235(1 − 2.0421𝛼𝛼𝑐𝑐 + 3.0853𝛼𝛼𝑐𝑐2 − 2.4765𝛼𝛼𝑐𝑐3

+ 1.0578𝛼𝛼𝑐𝑐4 − 0.1861𝛼𝛼𝑐𝑐5) 
(3.25) 

The axial and circumferential heat flow of a constant wall: 

 𝑁𝑁𝑢𝑢𝐻𝐻2 = 8.235(1 − 0.6044𝛼𝛼𝑐𝑐 + 1.1755𝛼𝛼𝑐𝑐2 − 1.803𝛼𝛼𝑐𝑐3

+ 0.9203𝛼𝛼𝑐𝑐4 − 0.29236𝛼𝛼𝑐𝑐5) 
(3.26) 

3.4.2 Thermally developing flow 

In thermally developing flow through ducts, the thermal entry length is generally 

expressed in the form 

 𝐿𝐿𝑡𝑡
𝐷𝐷ℎ

= 𝑐𝑐 Re Pr, (3.27) 

For circular channels, the leading constant c in Eq. (3.27) is determined to be 0.05, 

however for rectangular channels, the graphs provided by Phillips [235] indicate c to 

4

9
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be 0.1. The local heat transport in the developing section of a circular tube is described 

by the following equations (Shah and London [234]): 

 
Nu𝑥𝑥 = 4.363 + 8.68(103𝑥𝑥∗)−0.506𝑒𝑒−41𝑥𝑥∗ ,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑥𝑥∗ =

𝑥𝑥/𝐷𝐷ℎ
Re ⋅ Pr

 (3.28) 

Three-sided heating, αc≥0.1 and αc≤10, use a four-sided heating table without any 

modification. 

Three-side heating, 0.1≤αc≤10: 

 
Nu𝑥𝑥,3(𝑥𝑥∗,𝛼𝛼𝑐𝑐) = Nu𝑥𝑥,4(𝑥𝑥∗,𝛼𝛼𝑐𝑐) ⋅

Nu𝑓𝑓𝑓𝑓,3�𝑥𝑥∗ = 𝑥𝑥𝑓𝑓𝑓𝑓∗ ,𝛼𝛼𝑐𝑐�
Nu𝑓𝑓𝑓𝑓,4�𝑥𝑥∗ = 𝑥𝑥𝑓𝑓𝑓𝑓∗ ,𝛼𝛼𝑐𝑐�

 (3.29) 

3.4.3 Heat Transfer in the transition and turbulent flow regions 

The crucial Reynolds number for the laminar-to-turbulent transition was 

previously covered in depth.  The well-established criteria of Rec52300 is anticipated 

to be valid for smooth channels. A lot of minichannel and microchannel heat 

exchangers deal with the transition zone; thus, it's important to have good 

experimental data for smooth and rough tubes in this area. 

 The following equations are used in the emerging turbulent zone.  As x grows 

bigger, the effect of the expression [1 + (𝐷𝐷ℎ 𝑥𝑥� )2/3] gradually decreases to 1: 

 
𝑁𝑁𝑁𝑁 = 0.0214 �1.01 �

𝐷𝐷ℎ
𝑥𝑥 �

2/3

� [(𝑅𝑅𝑒𝑒0.8 ⋅ 100)𝑃𝑃𝑟𝑟0.4] (3.30) 

Microchannels are able to have very high heat transfer coefficients because of 

their small hydraulic widths. Because of the large pressure gradients, researchers have 

had to employ modest flow rates. However, as the flow rate declines, the fluid stream's 

ability to disperse heat for a given temperature increase diminishes. The overall 

cooling performance can be improved by selecting one of these two options. 

i. Cut down on the channel flow length. 

ii. Raise the rate at which the liquid is pumped. 

Similar to a split-flow system that offers two streams, it is generally recommended 

to use multiple streams with short pathways. The designer can employ higher flow 

rates while maintaining a certain pressure drop limit by reducing the flow length. This 

method offers several advantages over a single-pass design, where the fluid moves the 

entire length of the heat exchanger: 

9
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i. Because the flow length is shorter, the pressure drop is reduced. Less overall 

pressure drop results from a shorter flow length. 

ii. A larger developing zone results from higher heat transmission during 

developing conditions, which causes the channel size to increase due to the 

numerous inlets. 

iii. Faster flow rates: Some of the pressure drop reduction may be used to 

accelerate specific streams. Turbulence flow would be interesting looking 

into because the heat transfer coefficient is higher here. 

3.5 Conventional MCHS  

3.5.1 Problem statement 

The geometry of a typical channel for modelling MCHS is shown in Figure 3.2. 

The values of the parameters HC, WC, HT, WT and LC, which stand for height, distance 

between MCHS wall, height, width, and length (in mm), respectively, are 0.2, 0.1, 

0.35, 0.25, and 10. The bottom of the MCHS, where heat is absorbed and transported 

to the coolant fluid, is where electronic appliances generate their heat.  

Figure 3.3 shows the four designs that were looked at in this study: MCHS with 

square ribs (MC-SQ), MCHS with square ribs and filleted corner (MC-SQ-FR), 

MCHS with square ribs and doble filleted corner (MC-SQ-DFR), and conventional 

MCHS (S-MCHS). Therefore, in these designs, the influence of rib fillet on 

thermohydraulic performance in MCHS was be studied. To investigate the fillet 

radius influence on MC-SQ performance, a fillet radius of 0.01 mm was chosen. 

 

25
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Figure 3.2 Model of the 3-D MCHS with square ribs, including its geometry and schematic perspective. 

 
Figure 3.3 Geometrical configuration and dimension of different microstructures: a) MC-SQ, b) MC-

SQ-FR, c) MC-SQ-DFR, d) S-MCHS. 

Page 84 of 182 - Integrity Submission Submission ID trn:oid:::27535:106451444

Page 84 of 182 - Integrity Submission Submission ID trn:oid:::27535:106451444



65 
 

To assess potential enhancements in thermal hydraulic performance, the S-MCHS 

is also modelled. Velocity at the inlet is varied from 0.5-3 m/s and corresponding 

Reynolds number (Re) are 66<Re<398. All Reynolds values have the same heat flux 

at the heat sink's bottom, which is 100 W/cm2. 

3.5.2 Numerical methods 

The assumptions laid out have been formulated to facilitate a numerical analysis 

of the thermal and flow behaviour within the MCHS.  The continuum assumption was 

applied due to the very small value of the Knudsen number [240] and hence Navier-

Stokes equation can be safely applied in this case. A CFD package Ansys Fluent [241] 

is used to perform 3-D numerical simulations. 

The fluid is considered incompressible, and the flow is characterised as laminar 

and in a steady state condition.  The effects of radiation heat transfer are disregarded.  

Thermal conductivity of working fluids is expected to be independent of temperature, 

as is the viscosity. Table 3.1 lists the thermophysical properties of MCHS materials. 

Table 3.1 Thermophysical properties of water and Aluminium [242]. 

Material  𝝆𝝆(kg.m-3) 𝑪𝑪𝑷𝑷(J.kg-1.K-1) 𝒌𝒌 (W.m-1.K-1) 𝝁𝝁 (kg.m-1s-1) 

Water 998.2 4181 0.6 0.001003 

Aluminium 2719 871 202.4  

 

(a) Grid study 

The optimal mesh size plays a crucial role in ensuring the accuracy and reliability 

of numerical simulations. Figure 3.4, depicts a portion of the structured mesh for 

several MCHS designs. This test is conducted to verify the accuracy of the numerical 

results. Information regarding the grid study for the MC-SQ with a 2 m/s input 

velocity is provided in Table 3.2. Result is compared after the calculation of relative 

error (e%) is  

 𝑒𝑒% = �
𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚

𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚
� × 100 (3.31) 

Where G denote any parameter such as, temperature, Nu etc. The grid of 1 × 106 

is selected as the ideal configuration for the investigation based on the findings. 

5
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Figure 3.4 3D diagram depiction of the MC-SQ structured mesh design 

Table 3.2 Grid independency test 

Grid number (× 𝟏𝟏𝟏𝟏𝟔𝟔) ∆𝑷𝑷 (𝒌𝒌𝒌𝒌𝒌𝒌) e % 

0.75 105.05 5.31 

0.80 107.98 2.5 

1.2 109.38 0.8 

1.5 110.57 - 

(b)  Solution procedure 

ANSYS Fluent is used to solve the governing differential. The SIMPLEC 

algorithm is employed for pressure-velocity coupling in microchannels.   The 

residuals for all governing equations are maintained within the range of 10-9 to ensure 

convergence in numerical simulations. 

(c) Different parameters 

The primary parameters that characterise the thermohydraulic performance of 

MCHS are determined through the analysis of numerical simulation results. The 

hydraulic diameter is: 

 𝐷𝐷ℎ =
2𝑊𝑊𝑐𝑐𝐻𝐻𝑐𝑐
𝑊𝑊𝑐𝑐 + 𝐻𝐻𝑐𝑐

 (3.32) 

Where 𝑊𝑊𝑐𝑐 is width and 𝐻𝐻𝑐𝑐 is height of MCHS, respectively. Reynold number is 

given by: 

13
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 𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑓𝑓𝑢𝑢𝑖𝑖𝑖𝑖𝐷𝐷ℎ
𝜇𝜇𝑓𝑓

 (3.33) 

In this equation, 𝜌𝜌𝑓𝑓 represents density, 𝜇𝜇𝑓𝑓 viscosity, and 𝑢𝑢𝑖𝑖𝑖𝑖 represents inlet 

velocity of fluid, respectively.  

Where, 𝐿𝐿𝑇𝑇, 𝑢𝑢𝑚𝑚, and ∆𝑃𝑃 indicate length of the MCHS, velocity of the fluid, and 

pressure drop, respectively. calculation of average Nusselt number is done by: 

 𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 =
ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷ℎ
𝑘𝑘𝑓𝑓

 (3.34) 

Where 𝑘𝑘𝑓𝑓 is fluid thermal conductivity and ℎ𝑎𝑎𝑎𝑎𝑎𝑎 is avg. convective heat transfer 

coefficient, which is specified as: 

 ℎ𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑞𝑞𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐(𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓)
 (3.35) 

Parameters such as 𝑞𝑞, 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,and  𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐, correspond to heat flux, surface area 

subjected to heat flux, heat transfer area, and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑤𝑤 and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑓𝑓 represents wall average 

temperature and mean fluid temperature of MCHS respectively. 

3.6 Fractal model design 

The key parameters of fractal-like structures encompass the branching angle, 

branch count, channel diameter, and channel length. Pence [243] created a fractal-like 

channel in a disklike heat sink, starting with Murray's investigation of blood arteries.  

The subsequent scale factors describe the topological structure of a tree-like 

network (West et al. [119]; Xu et al. [244]). To reduce the required pumping power, 

almost all prior research endeavours have established 𝛽𝛽 and α to be 𝑛𝑛−1/3 and 𝑛𝑛−1/2, 

respectively [119,243]. 

 αk =
𝐿𝐿𝑘𝑘+1
𝐿𝐿𝑘𝑘

= 𝑛𝑛−1/2 (3.36) 

 βk =
𝐷𝐷𝑘𝑘+1
𝐷𝐷𝑘𝑘

= 𝑛𝑛−1/3 (3.37) 

where α and β are the successive lengths (𝐿𝐿) ratio. As shown in Figure 3.5, the 

subscript 𝑘𝑘 (= 0,1,2 . . .) denotes the branching level, which is indexed from 0 to 3, 𝑘𝑘 

represents branching level order with 0 representing lower and 𝑘𝑘 +  1 higher order, 

at a bifurcation point, 𝐿𝐿0 and 𝐷𝐷0 are the length and diameter of the parent channel. In 

20
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this research, '𝐷𝐷' denotes the hydraulic diameter, while '𝑛𝑛' signifies the number of 

branches into which each channel divides. In this study, '𝑛𝑛' is assumed to be 2. 

In the context of a bifurcating channel structure with n = 2, based on Equations 

(1) and (2), the diameter ratio (β) is calculated as 0.7937 and the length ratio (α) as 

0.7071, respectively. The expression of the hydraulic diameter is given by: 

 𝑑𝑑𝑘𝑘 =
4𝐴𝐴𝑘𝑘 

𝑃𝑃𝑘𝑘 
=

2𝐻𝐻𝑤𝑤𝑘𝑘 

𝐻𝐻 + 𝑤𝑤𝑘𝑘 
 (3.38) 

In this study, the fractal channel maintains a consistent channel depth denoted as 

𝐻𝐻. The variables 𝐴𝐴𝑘𝑘 , 𝑃𝑃𝑘𝑘  and 𝑤𝑤𝑘𝑘  represent the wet area, wetted perimeter, and width 

of the kth-level segment. 𝑤𝑤𝑘𝑘  may be written as follows: 

 𝑤𝑤𝑘𝑘 =
𝑤𝑤𝑘𝑘+1 𝐻𝐻

β(𝑤𝑤𝑘𝑘+1  + 𝐻𝐻) − 𝑤𝑤𝑘𝑘+1  (3.39) 

 
Figure 3.5 Model Schematic depicting all types of models. 
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Using the aforementioned conditions, channel dimensions have been calculated 

for the fractal microchannel, the same as the fractal dimensions used in Xu et al. [197] 

and are presented in Table 3.3. Channel Height (Hk
 ) at each branching level is equal 

and is 0.250 mm. Branching angles θ, φ, and ω are 44o, 40o, and 32o. The diameter of 

MCHS in this study is 40 mm. Locations of Ribs and cavities made inside the channel 

follow the scaling laws. A number of ribs and cavities placed inside each channel of 

the simple FMCHS is 10, and this is placed at regular intervals. The diameter of 

circular ribs and cavities in each channel is considered as half of the width of that 

channel.  

Table 3.3: Channel Dimension of the FMCHS (mm). 

Width   Hydraulic Diameter  Length  

w0
  0.333 D0

  0.286 L0  8.01 

w1
  0.208 D1

  0.227 L1  5.66 

w2
  0.141 D2

  0.180 L2  4.00 

w3
  0.100 D3

  0.143 L3  2.83 

 

3.6.1 Numerical model  

Using Autodesk Inventor, a three-dimensional model has been produced, which is 

depicted in Figure 3.5. As shown in Figure 3.5, the FMCHS having varied cross-

sections is created by inserting semicircular cavities or ribs into each microchannel of 

the smooth FMCHS at regular intervals. The sizes of the ribs and cavities are designed 

to be equal to 50% of the associated microchannel's width. The scaling law is followed 

by the first cavity, the locations of the ribs, and the gaps between levels.  

A 3D numerical study is done to better estimate the thermohydraulic performance 

of the fractal MCHS. The computational region,is cut down to be 1/N1 of the entire 

heat sink by leveraging geometric symmetry. For instance, if the ideal model contains 

10 fractals, then the computational domain is chosen to be 1/10 of the entire MCHS, 

which consists of one fractal. Due to this structure, fewer nodes are required for 

analysis, which reduces processing costs. 
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3.6.2 Model assumptions and governing equations 

Convective heat transfer is characterized using the Navier-Stokes and energy 

equations to examine the impact of variations in geometrical parameters and different 

flow rates on FMCHS working. In this context, the following presumptions are made: 

i. It is assumed that the flow is three-dimensional and in a steady state. 

ii. The flow is incompressible, laminar, and single phase. 

iii. All types of body forces are ignored. 

iv. Viscous dissipation and external heat transfer are neglected 

The governing equations based on the aforementioned assumptions, describing 

fluid flow and energy interactions, are as follows: 

Fluid flow: 

 ∇.𝑉𝑉� = 0 (3.40) 

 𝜌𝜌𝑓𝑓(𝑉𝑉.� ∇𝑉𝑉�) = −∇P + 𝜇𝜇𝑓𝑓∇2𝑉𝑉�  (3.41) 

Energy equation (fluid) 

 𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝𝑝𝑝(𝑉𝑉.� ∇𝑇𝑇) = 𝑘𝑘𝑓𝑓∇2𝑉𝑉�  (3.42) 

Energy equation (solid) 

 ∇2𝑇𝑇𝑠𝑠 = 0 (3.45) 

In this context: 𝑉𝑉 represents the velocity field, 𝑃𝑃 represents the pressure field, 𝜌𝜌𝑓𝑓 

fluid density, 𝜇𝜇𝑓𝑓 dynamic viscosity, 𝐶𝐶𝑝𝑝𝑝𝑝 fluid specific heat, 𝑇𝑇 stands for the 

temperature, 𝑘𝑘𝑓𝑓 denotes the fluid thermal conductivity. 

The boundary conditions for these equations are presented in Table 3.4 

Table 3.4 Boundary conditions in various regions of the FMCHS   

Boundary condition Zone expression 

Pressure outlet  FMCHS outlet 𝑧𝑧 = 𝐿𝐿,𝑃𝑃𝑓𝑓 = 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 0  

Velocity inlet FMCHS inlet 𝑧𝑧 = 0 ∶ 𝑢𝑢 = 𝑢𝑢𝑖𝑖𝑖𝑖 𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑖𝑖𝑖𝑖 , 𝑇𝑇𝑖𝑖𝑖𝑖 =

293 𝐾𝐾 

heat flux At bottom plane 

(constant.) 
𝑦𝑦 = 0: −𝑘𝑘𝑠𝑠

𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕

= 𝑞𝑞 = 50 𝑊𝑊/𝑐𝑐𝑐𝑐2 

Symmetry Sidewalls 
 
𝜕𝜕𝜕𝜕𝑠𝑠
𝜕𝜕𝜕𝜕

= 0 

No slip and Stationary Interface 𝑢𝑢 = 𝑣𝑣 = 𝑤𝑤 = 0 

Adiabatic Front and top wall  𝜕𝜕𝜕𝜕𝑠𝑠
𝜕𝜕𝜕𝜕

= 0 or 𝜕𝜕𝜕𝜕𝑓𝑓
𝜕𝜕𝜕𝜕

= 0 
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Where 𝑢𝑢𝑖𝑖𝑖𝑖 represents the fluid velocity, 𝑇𝑇𝑖𝑖𝑖𝑖 represents the inlet temperature, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 

is the outlet pressure, 𝑞𝑞𝑤𝑤 denotes the heat flux at the bottom wall of the MCHS, and 

𝑛𝑛 denotes local coordinates perpendicular to the wall. The volumetric flow rate (𝑞𝑞) in 

the FMCH is equal to the product of the FMCHS's inlet area (𝐴𝐴𝑐𝑐) and the velocity at 

the inlet, which is the basis for calculating the inlet velocity (𝑢𝑢𝑖𝑖𝑖𝑖 = 𝑞𝑞/𝐴𝐴𝑐𝑐). 

Consequently, it is possible to compute the FMCHS inlet's velocity corresponding to 

each volumetric flow rate. 

3.6.3 Comprehensive performance assessment 

Nusselt number (Nu), pressure drop(ΔP), thermal resistance (𝑅𝑅𝑡𝑡ℎ), Performance 

evaluation criteria (PEC) are employed to assess the performance of FMCHS. 

Nusselt number is calculated by  

 𝑁𝑁𝑁𝑁 =
ℎ𝐷𝐷�ℎ
𝐾𝐾𝑓𝑓

 (3.46) 

Where, h and 𝐷𝐷�ℎ  denote the average heat transfer coefficient and hydraulic diameter 

of FMCHS. 

Heat transfer coefficient is evaluated by 

 ℎ =
𝑄𝑄𝑓𝑓

𝐴𝐴𝑐𝑐(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑓𝑓)
 (3.47) 

Where, 𝑇𝑇𝑤𝑤 and 𝑇𝑇𝑓𝑓 are the avg. temperature of the microchannel wall and cooling 

fluid. 𝐴𝐴𝑐𝑐 represents heat transfer area, and 𝑄𝑄𝑓𝑓 indicates heat absorbed by the fluid, 

which can be determined as follows: 

 𝑄𝑄𝑓𝑓 = 𝑚̇𝑚𝐶𝐶𝑃𝑃𝑃𝑃(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑖𝑖) (3.48) 

Where 𝑚̇𝑚 indicates the mass flow rate, 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is the temperature at the channel outlet. 

whereas 𝑇𝑇𝑖𝑖𝑖𝑖 is the inlet temperature of the working fluid. 

The pressure drop is given by: 

 ∆𝑃𝑃 = 𝑃𝑃𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 (3.49) 

Where, 𝑃𝑃𝑖𝑖𝑖𝑖 and 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 is the inlet and outlet pressure of FMCHS, respectively. 

Thermal resistance Rth of the FMCHS is defined as: 

 𝑅𝑅𝑡𝑡ℎ =
𝑇𝑇𝑤𝑤,𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑖𝑖𝑖𝑖

𝑄𝑄𝑓𝑓
 (3.50) 

Where, 𝑇𝑇𝑤𝑤,𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum wall temperature. 

Pumping power is determined by, 
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 𝛺𝛺 = 𝑞𝑞.∆𝑃𝑃 (3.51) 

Where, q is the volumetric flow rate (ml/min) in the FMCHS, and ∆𝑃𝑃 is in pressure 

drop across the FMCHS. 

Performance evaluation criteria are termed to find the effective operation of 

FMCHS, i.e., to evaluate the relationship between friction factor and Nusselt number, 

it is described as 

 𝑃𝑃𝑃𝑃𝑃𝑃 = (𝑁𝑁𝑁𝑁/𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)/(𝛥𝛥𝛥𝛥/𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥)^(1/3) (3.52) 

Nu is the Nusselt number of the modified FMCHS, and Nusm is the Nusselt number 

of simple FMCHS. Similarly, 𝛥𝛥𝛥𝛥 and 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 is the pressure drop of simple and 

modified FMCHS. 

To compute performance indicators such as the Nu, ∆𝑃𝑃, 𝑅𝑅𝑡𝑡ℎ, and, Ω it is necessary 

to have information on the average temperatures of the microchannel wall temperature 

(𝑇𝑇𝑤𝑤) besides the inlet and outlet pressures (𝑃𝑃𝑖𝑖𝑖𝑖 and 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜) within the fractal 

microchannel. The governing equations are solved employing the finite volume 

method (FVM) by employing Ansys Fluent solver. This entails the following steps: 

converting and incorporating PDEs into equations of balance over an element and 

creating algebraic equations from the algebraic relations. A SIMPLE algorithm is used 

for pressure-velocity coupling. The pressure correlation, momentum, and energy 

equations have relaxation factors of 0.3, 0.7, and 0.6, respectively. Simulations were 

conducted throughout the iterative solution process until the residuals dropped below 

10-7 for all flow variables and 10-8 for the energy equation. The most common material 

used in electronic chip devices is silicon, used in the present study. Thermophysical 

properties of the silicon are specific heat (𝑐𝑐𝑝𝑝,𝑠𝑠), density (𝜌𝜌𝑠𝑠), thermal conductivity (𝑘𝑘𝑠𝑠) 

and their values are 712 J/kg-K, 2329 kg/m3, and 148 W/m-K, respectively. The 

working fluid is water, and its thermophysical properties include density (𝜌𝜌𝑙𝑙), dynamic 

viscosity (𝜇𝜇𝑓𝑓), specific heat (𝑐𝑐𝑝𝑝,𝑓𝑓), and thermal conductivity (𝑘𝑘𝑓𝑓) and their values are 

1000 kg/m3, 8.55×10-4 kg/m-s, 4179 J/kg-K and 0.613W/m-K. 

3.6.4 Grid sensitivity test 

A numerical grid is generated for solid and fluid regions spanning the 

computational domain. The structured and unstructured grids are designed using 

finite-sized hexahedral and tetrahedral mesh. A detailed view of the mesh of the fluid 

computational domain is illustrated in Figure 3.6. 
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To mitigate interpolation-related numerical inaccuracies arising from the intricate 

geometry of the FMCHS, supplementary boundary layers are incorporated at the 

solid-liquid conjugate boundary, effectively reducing the grid size in that area. To 

evaluate the sensitivity of the numerical findings on the obtained findings, four 

different-sized grids, 959676 (coarse), 1669648 (medium), 2491204 (fine), and 

3541739 (very fine) elements-are taken into consideration. The grid independence test 

uses the Nuavg, which is calculated as shown in Figure 3.7. The Nuavg results in Figure 

3.7 demonstrate that the trend does not alter considerably even after a grid is 

progressively refined. 

 𝐸𝐸% =
𝑓𝑓2 − 𝑓𝑓1
𝑓𝑓1

 (3.54) 

 
Figure 3.6 Mesh of the computational Domain. 
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Figure 3.7: Grid sensitivity Test showing Average Nusselt number vs Grid Size. 

Equation (3.54) is employed to calculate the percentage variations between fine 

(𝑓𝑓2) and very fine (𝑓𝑓1) grids, revealing changes within the range of approximately 2%. 

The percentage change in the Nuavg at various grid sizes is referred to as the relative 

percentage error, or E%. The findings of the grid independence testify to the fine-type 

grid's suitability and accuracy. 

3.7 Heat transfer enhancement with nanofluids 

The governing equations' assumptions are 3D fluid flow, laminar and 

incompressible, steady and irrotational, and thermo-physical properties that are 

temperature-dependent for nanofluid. 

The finite volume mathematical framework was solved using ANSYS Fluent 2022 

R1. The pressure-velocity coupling technique COUPLED, pressure interpolation 

equations PRESTO (Pressure Staggering Option), and momentum interpolation 

equations QUICK were used. The convergence criteria were 10-6 mass, 10-8 

momentum, and 10-10 species concentration. 

The thermos-physical properties of nanofluids have been determined using the 

following equations [245,246]: 

 𝜌𝜌𝑛𝑛𝑛𝑛 = (1 − ∅)𝜌𝜌𝑓𝑓 + ∅𝜌𝜌𝑛𝑛𝑛𝑛 (3.54) 

 (𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑛𝑛 = (1 − ∅)�𝜌𝜌𝐶𝐶𝑝𝑝�𝑓𝑓 + ∅(𝜌𝜌𝐶𝐶𝑝𝑝)𝑛𝑛𝑛𝑛 (3.55) 

 𝜇𝜇𝑛𝑛𝑛𝑛 = 𝜇𝜇𝑓𝑓(1 + 2.5∅) (3.56) 
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Here, the indices f, np, and nf represent the base fluid, nanoparticle, and nanofluid, 

respectively. Additionally, the thermal conductivity is determined using the following 

equation. 

 𝑘𝑘𝑛𝑛𝑛𝑛 = 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (3.57) 

 
𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑓𝑓 �

�𝑘𝑘𝑛𝑛𝑛𝑛 + 2𝑘𝑘𝑓𝑓� − 1∅(𝑘𝑘𝑓𝑓 − 𝑘𝑘𝑛𝑛𝑛𝑛)
�𝑘𝑘𝑛𝑛𝑛𝑛 + 2𝑘𝑘𝑓𝑓� + ∅(𝑘𝑘𝑓𝑓 − 𝑘𝑘𝑛𝑛𝑛𝑛)

� (3.58) 

 
𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 5 ∗ 104 𝛽𝛽∅𝜌𝜌𝑓𝑓𝐶𝐶𝑝𝑝,𝑓𝑓�

𝑘𝑘𝑘𝑘
𝜌𝜌𝑛𝑛𝑛𝑛𝐷𝐷𝑛𝑛𝑛𝑛

𝑔𝑔(∅,𝑇𝑇) (3.59) 

Here, 𝑘𝑘 = 1.38 ∗ 10−23 𝐽𝐽/𝐾𝐾 and 𝛽𝛽 is a liquid fraction with the particle g(T, ∅) is 

model function as below; 

 𝑔𝑔 = (−6.04∅ + 0.4705)𝑇𝑇 + 1.722.3∅ − 134.63 (3.60) 

The ferrous oxide nanoparticles, with a diameter of 15 nm, are assumed to have a 

density of ρ = 4950 kg/m³. Additionally, their thermal conductivity and specific heat 

are considered k = 7 W/m·K and Cp = 640 J/kg·K, respectively. 

Governing equations 

i. Navier-Stokes Equation (Incompressible Flow) 

 
𝜌𝜌𝑛𝑛𝑛𝑛 �

𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

+ 𝑢𝑢.∇𝑢𝑢� = −∇𝑃𝑃 + 𝜇𝜇𝑛𝑛𝑛𝑛∇2𝑢𝑢 (3.61) 

ii. Energy Equation 

 
𝜌𝜌𝑛𝑛𝑛𝑛𝐶𝐶𝑝𝑝,𝑛𝑛𝑛𝑛 �

𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

+ 𝑢𝑢.∇T� = 𝑘𝑘𝑛𝑛𝑛𝑛∇2𝑇𝑇 (3.62) 

iii. Transport Model 

 𝜕𝜕𝜕𝜕
𝛿𝛿𝛿𝛿

+ 𝑢𝑢.∇φ = ∇. (𝐷𝐷𝐵𝐵∇𝜑𝜑 + 𝐷𝐷𝑇𝑇∇𝑇𝑇) (3.63) 

3.8 Design optimization of MCHS 

The geometry of microchannel heat sinks plays a critical role in determining 

thermal performance. Optimizing the channel configuration is essential to enhance 

heat transfer while minimizing flow resistance. However, improving heat transfer 

often results in increased pressure drop, making it vital to explore designs that balance 

thermal enhancement and hydraulic performance. Numerical optimization methods, 

integrated with CFD simulations, have proven effective for the design and analysis of 

MCHS. These approaches include both single- and multi-objective optimization 

techniques for geometric refinement. 

11
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3.8.1 Surrogate Model vs Convention- Based Optimization 

Researchers have utilized various techniques to optimize systems with specific 

inputs and responses. One of the easiest methods is a parametric study, which 

systematically analyses the effect of particular design parameters on the system's 

behaviour while keeping all other factors constant. However, a more advanced and 

comprehensive approach involves applying design of experiments (DOE) 

methodologies. DOE techniques allow for the simultaneous variation of multiple 

parameters to assess their collective impact on system performance, leading to more 

efficient optimization. Standard DOE methods include factorial designs, which 

systematically evaluate interactions between parameters, and Latin hypercube 

sampling, which ensures a well-distributed exploration of the input space for 

improved statistical accuracy. These approaches enable researchers to gain deeper 

insights into system dynamics and optimize performance more effectively. 

While these approaches can help identify acceptable or feasible designs, finding 

the optimal design remains crucial. Using appropriate algorithms, optimization makes 

it possible to thoroughly investigate the whole design space to maximize or decrease 

a system's response. This procedure may be carried out using gradient-based methods, 

which are helpful for restricted and unconstrained optimization, or heuristic 

approaches, such as particle swarm optimization, which are helpful for complicated, 

nonlinear, or high-dimensional search spaces. Both of these methods are effective for 

solving optimization problems effectively. By selecting the appropriate optimization 

technique, engineers and researchers can enhance system performance, improve 

efficiency, and achieve desired outcomes more effectively. 

Two optimization strategies: conventional and surrogate-based optimization. 

When evaluating the objective function(s) for fluid and thermal system optimizations, 

one of the most important steps is analyzing the underlying physical processes by 

employing the Navier–Stokes equations and the transport equations for heat and mass 

transfer while applying the proper boundary conditions. The traditional and advanced 

optimization methodologies use this analysis as a vital component. The manner in 

which the numerical model interacts with the optimization algorithm is the 

fundamental factor that differentiates these two methodological approaches. Because 

the numerical model is directly integrated with the algorithm in traditional 

optimization, it is necessary to do multiple simulations for each design iteration. This 
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may be a time-consuming and computationally costly process. A significant 

disadvantage of this approach is the high computational cost associated with running 

the model repeatedly throughout the optimization process. 

The use of surrogate modelling helps to alleviate this problem by lowering the 

amount of computer resources required and by providing a trustworthy approximation 

of the simulation data. A final surrogate model is generated by employing a suitable 

process that comprises training, testing, and validation, primarily when neural 

networks are utilized. This method is based on the results of the CFD simulation. Once 

validated, the surrogate model is used as a fitness function in the optimization 

algorithm, enabling faster and more efficient identification of the optimal design. To 

ensure the best results, the effectiveness of the surrogate model is evaluated in terms 

of its ability to explore the design space globally and exploit it locally before being 

coupled with the optimizer. Surrogate-based optimization has become widely used in 

the design optimization of MCHS. 

3.8.2  Design of Experiment (DOE) 
Investigation of the design variable space is accomplished through the use of 

Design of Experiments (DOE) methodologies. It is done to optimize the quantity of 

information obtained by determining the relationship between the multiple 

components that impact a process and the outcome of that process. In the optimisation 

process, the DOE techniques are utilized to generate design points, which are 

subsequently used in creating a surrogate model. When it comes to fitting different 

models, having a sample blueprint that is adequately built is quite necessary. Latin 

hypercube sampling, often known as LHS, is a type of stratified sampling that can be 

applied to a wide range of variables. It is one of the DOE methods that is utilized the 

most commonly. 

(a)  Latin Hypercube Sampling (LHS) 

LHS is a stratified variant of Monte Carlo sampling. The sampling zone is 

systematically partitioned by segmenting the range of each x component. We will 

exclusively examine the scenario in which the parts of x are independent or may be 

converted into an independent basis. Furthermore, generating samples for coupled 

components with a Gaussian distribution is readily attainable. As previously outlined, 

LHS functions to produce a sample size N from the variables 𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3, ..., 𝑥𝑥𝑥𝑥. The 

range of each variable is divided into N non-overlapping intervals with equal 
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probability size 1/𝑁𝑁. A value is randomly picked from each interval according to the 

probability density inside that interval. The N values acquired for 𝑥𝑥1 are randomly 

matched with the N values of 𝑥𝑥2. N pairings are randomly paired with the N values of 

𝑥𝑥3 to create N-triplets, and this process continues until a collection of N-tuples is 

established. This collection of N-tuples constitutes the Latin hypercube sample. 

Therefore, for specified values of N and n, there are (𝑁𝑁!) 𝑛𝑛−1 potential interval 

combinations for an LHS. A 10-run Latin Hypercube Sampling (LHS) for three 

normalized variables (range [0, 1]) utilizing a uniform probability density function is 

presented below. The values separated at equal probabilities are 0, ..., 0.8, 1. 

(b) Surrogate Modelling 

In optimising thermo-fluid, numerous numerical analyses are needed to assess 

objective function(s). Still, each simulation can be time-consuming due to the 

complexity of the non-linear governing differential equations. To reduce this burden, 

surrogate modelling is used to create approximation models that closely replicate the 

behaviour of the simulation model. Surrogate modelling's key advantages are its 

computing efficiency in assessing the goal function(s) and its correctness in reflecting 

the design space features. Both of these advantages are associated with surrogate 

modelling. In the following discussion, the mathematical formulas for a variety of 

surrogate models are presented. 

(c)  Response Surface Approximation (RSM) 

A mathematical model, often a polynomial equation, is used in RSM. This model 

is used to characterize the connection between the input variables and the response 

variable(s) that are of interest (Eq. 3.64). The model is fitted to experimental data from 

a series of designed experiments. A factorial design is often utilized in the execution 

of these studies. In this design, many combinations of input variables are evaluated to 

assess the influence that these combinations have on the response variable. 

 
𝑌𝑌 = 𝑏𝑏𝑜𝑜 + �𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖

3

𝑖𝑖=1

+ �𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖2
3

𝑖𝑖=1

+ � 𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗

3

𝑖𝑖=1𝑗𝑗=1

 (3.64) 

 

𝑑𝑑𝑛𝑛 =

⎣
⎢
⎢
⎡

0                        𝑛𝑛 < 𝐿𝐿𝑛𝑛
𝑛𝑛 − 𝐿𝐿𝑛𝑛
𝐺𝐺𝑛𝑛 − 𝐿𝐿𝑛𝑛

          𝐿𝐿𝑛𝑛 < 𝑛𝑛 < 𝐺𝐺𝑛𝑛

1                         𝑛𝑛 > 𝐺𝐺𝑛𝑛 ⎦
⎥
⎥
⎤
 (3.65) 
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𝑑𝑑𝑛𝑛 =

⎣
⎢
⎢
⎡

0                        𝑛𝑛 > 𝐻𝐻𝑛𝑛
𝑛𝑛 − 𝐻𝐻𝑛𝑛
𝐺𝐺𝑛𝑛 − 𝐻𝐻𝑛𝑛

          𝐺𝐺𝑛𝑛 < 𝑛𝑛 < 𝐻𝐻𝑛𝑛

1                         𝑛𝑛 < 𝐺𝐺𝑛𝑛 ⎦
⎥
⎥
⎤
 (3.66) 

 Desirability = [π(dnwn)]
1
w (3.67) 

Here, n, Gn, Ln, Hn, and rn the forecast value, the target value, the lower suitable 

value, the higher suitable value, and the desirability function weight when it comes to 

the nth output, respectively. The variable wn is used to denote the significance of the 

nth output, and the value of W is equal to the sum of wn. The value of the desirability 

factor can range from 0 to 1, with 1 indicating the ideal choice that is desired the most 

and 0 indicating the one that is desired the least. 

RSM aims to determine the optimal input variables for maximising or minimising 

the output variable(s) within a specified range. ANOVA was used to assess the 

relevance of each input variable's role in influencing output responses and the model's 

dependability. From the 3D response surface plot, the interaction influence of input 

parameters on output was observed. 

Using RSM in conjunction with a desirability function, one may locate the best 

possible answer for a response with several objectives. According to the framework 

of the desirability approach, the solution that is considered to be the best alternative 

is the one that holds the highest combined desire factor. The Eq. (3.65) is used to 

determine the individual desirability (dn) for an output parameter that is intended to 

maximize the output, whereas the equation (3.66) is utilized to minimize the output. 

The combined desirability is determined as described in Eq. (3.67). 

The simulation results are statistically analysed using ANOVA, a method based 

on the principle of general variance, employed to assess differences among all the 

findings in a sample. Using ANOVA is quite helpful and illuminating when comparing 

data across many categories. The p-value, F-value, R2, Adj R2, and Pred R2 values in 

the ANOVA test, which represent the variance of the data from the mean, are 

indications of the validity and quality of the results. 
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3.8.3 Artificial neural network (ANN) 

 
Figure 3.8 ANN Schematic. 

An analytical tool called ANN is used to validate the correlation between input 

and output variables and verify the data's predictive regression. The multilayer 

perceptron (MLP) neural network architecture and the backpropagation technique are 

used in this ANN study. MATLAB R2020a is used for coding and execution. MLP 

planning, as shown in Figure 3.8 is in the format of A-H1-H2-Z, where A and Z 

indicate the input and output layers, and H1 and H2 are hidden layers. For each output, 

a network is built to train the DOE findings. Each hidden layer neuron in the network 

ranges from 1 to 10, and many neuron combinations are used during training. Then, 

the neuronal pairings with the lowest RMSE are chosen. The best neuron combination 

discovered is then utilised to build a new network for each output. Mean square error 

(MSE) was used as the performance function, while Levenberg Marquardt (trainlm) 

was used as the training function. The hidden layer uses the Tan-sigmoid, and the 

output layer is handled by Log-sigmoid functions of transfer, respectively. From 

datasets, train network 70%, test 15%, and the rest to validate was used. 

3.8.4  Moth Flame Optimization (MFO) 
The MFO algorithm was modelled after moths' navigational strategy [247]. Moths 

have a highly efficient mechanism for flying at night that maintains their orientation 

relative to the moon and makes them move long distances in a straight line. Solutions 
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proposed for the MFO method are moths and the variables in the space. The moths 

may change their location vectors and fly in 1-D, 2-D, 3-D, or multidimensional space. 

The population-based nature of the MFO method requires the pair of moths to be 

described in a matrix (equation (3.67)) as mentioned below: 

   
𝑀𝑀 = �

𝑚𝑚1,1 ⋯ 𝑚𝑚1,𝑑𝑑
⋮ ⋱ ⋮

𝑚𝑚𝑛𝑛,1 ⋯ 𝑚𝑚𝑛𝑛,𝑑𝑑

� (3.68) 

 𝑆𝑆�𝑀𝑀𝑖𝑖 ,𝐹𝐹𝑗𝑗� = 𝐷𝐷𝑖𝑖 . 𝑒𝑒𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋𝜋𝜋) + 𝐹𝐹𝑗𝑗 (3.69) 

Here, n is the moth number, d is the variable, S is the spiral function, Mi and Fj are 

ith moth and jth flame and D is the distance of ith moth and jth flame; equation (3.68) 

shows the spiral moth path simulations, as depicted in Figure 3.9a. The variable t 

indicates the adjacent position of the moth to the flame (𝑡𝑡 = −1 is proximate and 𝑡𝑡 =

1 is farthest), displayed in Figure 3.9.  

By increasing moths, the probability of finding the global minimum is higher. 

However, it has been shown that 30 is an appropriate number of months for resolving 

optimisation issues. 

3.8.5 Harris Hawk Optimization (HHO) 

HHO is a metaheuristic optimization algorithm inspired by the hunting behaviour 

of Harris's hawks, a species of raptors depicted in Figure 3.9. The algorithm mimics 

these birds' cooperative hunting strategy to search for and capture Prey. 

In HHO, the optimization problem is represented as a population of hawks. Every 

Hawk symbolises a prospective solution to the problem, and its location within the 

search space corresponds to the values of the decision variables. The Hawks 

collaborate and share information to improve the overall search process. Given that 

HHO is a population-based, gradient-free optimization method, any optimization 

issue may be addressed with it with the correct formulation. All of the HHO stages 

are depicted in Figure 3.11. They are discussed in the following sections [248]. 

i. Exploration phase 

Here, hawks explore and trail prey using their instinct. The Harris hawks in HHO 

huddle at isolated spots and use one of two methods to watch for Prey to appear. 
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 𝑋𝑋(𝑡𝑡 + 1)

= �
𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) − 𝑟𝑟1|𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) − 2𝑟𝑟2𝑋𝑋(𝑡𝑡)|                   𝑞𝑞 ≤ 0.5
𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝑋𝑋𝑚𝑚(𝑡𝑡) − 𝑟𝑟3�𝐿𝐿𝐿𝐿 + 𝑟𝑟4(𝑈𝑈𝑈𝑈 − 𝐿𝐿𝐿𝐿)�              𝑞𝑞 < 0.5 

(3.70) 

X(t+1) denote the Hawks position vector for iteration. Xprey denotes prey location, 

X(t) symbolises hawks' current location, and r1, r2, r3, r4, and q are arbitrary numbers 

between [0,1], which changes with iteration. Ub and Lb symbolise variables of upper 

and lower bonds. Xrandom(t) is the arbitrarily chosen Hawk's location and Xm is the 

average current location of the hawks’ population. 

 
𝑋𝑋𝑚𝑚(𝑡𝑡) =

1
𝑁𝑁
�𝑋𝑋𝑗𝑗(𝑡𝑡)
𝑁𝑁

𝑖𝑖=1

 (3.71) 

Xi(t) is every hawk location in iteration, and N is the total hawk. 

The HHO technique exploits Prey's behaviour to escape. Hence, the energy of 

Prey diminishes. The energy of Prey is represented by equation 3.71 to illustrate this 

step: 

 𝐸𝐸 = 2𝐸𝐸𝑜𝑜(1 −
𝑡𝑡
𝑇𝑇

) (3.72) 

E denotes the energy of Prey fleeing, and Eo is the initial energy state. 

ii. Exploitation phase 

When Hawk attacks Prey, they try to escape, and the probability of fleeing is |𝑟𝑟| <

0.5, getting caught |𝑟𝑟| ≥ 0.5.  

 
Figure 3.9 (a) Moth mechanism on the flame (b) Possible logarithmic spiral path of the moth with flame 

[247]. 

iii. Soft besiege  

Here 𝑟𝑟 ≥ 0.5 and |𝐸𝐸| ≥ 0.5, Prey jumps arbitrarily here and there to flee. This 

action can be explained in the following equations 3.72 and 3.73. 
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 𝑋𝑋(𝑡𝑡 + 1) = ∆𝑋𝑋(𝑡𝑡) − 𝐸𝐸�𝐽𝐽𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝑋𝑋(𝑡𝑡)� (3.73) 

 ∆𝑋𝑋(𝑡𝑡) = 𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝐸𝐸[∆𝑋𝑋(𝑡𝑡)] (3.74) 

Equation 3.73 and Equation 3.74 depict the exploits of this model. ΔX(t) indicates 

the distinction between the prey location and the current location of iteration t. 

iv. Hard besiege 

Here 𝑟𝑟 ≥ 0.5 and  |𝐸𝐸| < 0.5, Prey wear out and its present location is depicted in 

equation 3.74. 

 𝑋𝑋(𝑡𝑡 + 1) = 𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝐸𝐸[∆𝑋𝑋(𝑡𝑡)] (3.75) 

 

v. Soft besiege with progressive dive 

In this stage, |𝐸𝐸| ≥ 0.5 and 𝑟𝑟 < 0.5, Prey has sufficient energy to flee. Hawks’ 

movement is described by equation 3.75 

 𝑌𝑌 = 𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝐸𝐸�𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝑋𝑋(𝑡𝑡)� (3.76) 

vi. Hard besiege with progressive dives. 

Here |𝐸𝐸| < 0.5 and 𝑟𝑟 < 0.5 prey not able to prey, hawk ambush and kill the Prey. 

For this challenging besiege, conditions are described in equations 3.76, 3.77 and 3.78 

 𝑋𝑋(𝑡𝑡 + 1) = �𝑌𝑌   𝑖𝑖𝑖𝑖 𝐹𝐹(𝑌𝑌) < 𝐹𝐹(𝑡𝑡)
𝑍𝑍  𝑖𝑖𝑖𝑖 𝐹𝐹(𝑍𝑍) < 𝐹𝐹(𝑡𝑡)  (3.77) 

 𝑌𝑌 = 𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝐸𝐸�𝑋𝑋𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝑋𝑋𝑚𝑚(𝑡𝑡)� (3.78) 

 𝑍𝑍 = 𝑌𝑌 + 𝑆𝑆 ∗ 𝐿𝐿𝐿𝐿 (3.79) 
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Figure 3.10 Optimization Flow Chart. 

3.9  Multi-objective optimization 
A multi-objective optimization issue is one in which numerous objectives are 

optimized at the same time. Figure 3.10. shows the flow chart for multi-objective 

optimization. This instance illustrates this approach in the following equation 3.80: 

 

⎩
⎪
⎨

⎪
⎧
𝑀𝑀𝑀𝑀𝑀𝑀: ɳ = 𝑓𝑓𝑓𝑓1(𝑅𝑅𝑅𝑅,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵.𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)
𝑀𝑀𝑀𝑀𝑀𝑀: ∆𝑃𝑃 = 𝑓𝑓𝑓𝑓2(𝑅𝑅𝑅𝑅.𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆:
0.05 ≤ 𝑅𝑅𝑅𝑅 ≤ 450

30° ≤ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ≤ 70°

1 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ≤ 4

 (3.80) 

The term "Pareto-optimal solutions" refers to the various solutions that are 

generated by a problem that has several objectives. Within the context of a multi-

objective optimization problem, solutions can be categorized as either dominated or 

non-dominated, depending on whether or not they are viable sets of solutions. When 
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determining dominance, the following requirements are considered: a design x1 is 

considered superior to another design x2 if it is superior to x2 in all goals and is 

superior to x2 in at least one objective. The Pareto-optimal set is comprised of all 

designs that are not dominated by any other design. The Pareto-optimal set's 

representation in functional space is called the Pareto-optimal front. It illustrates the 

trade-offs among conflicting objectives, allowing analysis of the compromises 

between designs. Since each solution in the Pareto-optimal set is globally optimal, 

none is superior to the others across all objectives. Therefore, selecting a Pareto-

optimal solution that meets specific requirements depends on the designer's judgment. 

 
Figure 3.11 Various Stages of HHO [248] 

Optimization of the MCHS is derived from meta-heuristic algorithms that were 

selected and coded in MATLAB software: Response Surface Methodology (RSM) 

and Haris Hawk Optimization (HHO), whose steps are shown in Figure 3.10 as a 

flowchart. 
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3.10  Summary of methodology 
This chapter presents the computational framework and provides an in-depth 

analysis of numerical methods used to investigate fluid flow and heat transfer in 

microchannel heat sinks. The analyses are performed using both Eulerian and 

Lagrangian approaches, with a discussion on their respective advantages, limitations, 

and applicability to different thermal management scenarios. The chapter also 

addresses key aspects of numerical schemes, including discretization errors, mesh 

independence, and grid resolution requirements. Given the widespread use of 

commercial CFD software in thermal simulations, relevant modelling considerations 

specific to MCHS are outlined. The chapter concludes by detailing techniques for 

evaluating thermal performance, such as calculating temperature distribution and 

Nusselt number from computational data, thereby establishing a basis for assessing 

and optimizing various MCHS configurations. The chapter is organized into three 

main sections. 

Multi-objective evolutionary algorithms (MOEA) aim to find the best trade-offs 

between conflicting objectives. However, real-world optimization problems (e.g., in 

engineering, finance, and AI) often involve expensive simulations or experiments. 

Surrogate modelling helps make MOEA more efficient by approximating complex 

functions.

4
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Chapter 4 RESULTS AND DISCUSSION 

With an emphasis on improving thermal and hydraulic performance, this chapter 

discusses and examines the simulation results for various microchannel heat sink 

(MCHS) topologies.  To evaluate the effects of geometric modifications on fluid 

mixing and heat transfer properties, a conventional MCHS design with square ribs 

with fillets and double fillets was first examined.  A fractal microchannel heat sink 

(FMCHS) was then assessed employing various rib and cavity configurations with the 

goal of utilising surface area augmentation and flow disruption for improved thermal 

performance.  Additionally, the application of Al2O3-water nanofluid in the FMCHS 

was investigated, emphasising the complementary impact of fractal-induced 

secondary flows and nanoparticle-enhanced thermal conductivity on overall 

performance.  Ultimately, to determine the ideal design and operating parameters of 

the FMCHS while balancing pressure drop penalties and heat transfer enhancement, 

an optimisation framework incorporating Artificial Neural Networks (ANN) and 

Moth Flame Optimisation (MFO) was put into place.  The results are thoroughly 

examined, contrasting thermal resistance, pumping power, Nusselt number, and 

performance enhancement criteria (PEC) in each scenario. 

4.1  Conventional MCHS 

4.1.1 Validation of the results of conventional MCHS 
Pressure drop in a simple MCHS in region of laminar flow is computed as [249]: 

 ∆𝑃𝑃 =
2(𝑓𝑓𝑓𝑓𝑓𝑓)𝜇𝜇𝑓𝑓𝑢𝑢𝑚𝑚𝐿𝐿𝑇𝑇

𝐷𝐷ℎ
+
𝐾𝐾𝜌𝜌𝑓𝑓𝑢𝑢𝑚𝑚2

2
 (4.1) 

When the Hagenbach factor and Poiseuille number (fRe) are represented as: 

 

𝑃𝑃𝑃𝑃 = 𝑓𝑓𝑓𝑓𝑓𝑓 = 24(1 − 1.3553 𝛼𝛼𝑐𝑐 + 1.9467 𝛼𝛼𝑐𝑐2 − 1.7012 𝛼𝛼𝑐𝑐3

+ 0.9564𝛼𝛼𝑐𝑐4 − 0.2537𝛼𝛼𝑐𝑐5) 

(4.2) 

 
𝐾𝐾 = 0.6796 + 1.2197𝛼𝛼𝑐𝑐 + 3.3089𝛼𝛼𝑐𝑐2 − 9.5921𝛼𝛼𝑐𝑐3

+ 8.9089𝛼𝛼𝑐𝑐4 − 2.9959𝛼𝛼𝑐𝑐5 
(4.3) 

Where,  𝛼𝛼𝑐𝑐 (aspect ratio of the channel) = width /height 

Theoretical findings have been matched with the current numerical findings of an 

S-MCHS in Figure 4.1. Equation 4.1 is used to compute the pressure drop. The 

numerical data and the theoretical data [250] show good agreement. Therefore, the 

11
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performance of ribbed MCHS with filleted ribs is presently being evaluated using the 

current numerical approach. 

 
Figure 4.1 Comparison of pressure drop predictions made by the theoretical correlations of Steinke et 
al. [250] and current simulation result. 

4.1.2   Effect of filleted ribs behaviour of fluid flow 

 
Figure 4.2 Pressure contour for MCHS with various geometrical arrangement in x-z plane (a) S-MC 

(b) MC-SQ (c) MC-SQ-FR, and (d) MC-SQ-DFR 

This part of the study is devoted to evaluating the hydrodynamic analysis of 

MCHS with various geometrical designs, including MC-SQ, MC-SQ-FR, MC-SQ-

DFR, and S-MC. This is because the flow field is crucial to the effectiveness of 

MCHS. Figure 4.2, illustrates the pressure distribution in MC-SQ, MC-SQ-FR, MC-

SQ-DFR, and S-MCHS configurations in x-z plane at the mid of the channel height 

at inlet velocity of 1.5 m/s. While vortices development increases pressure loss in 

ribbed arrangements, friction losses along the channel cause a linear pressure 
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reduction in S-MCHS. The fluid flow increases, and the pressure begins to drop as 

soon as the water flow constricts and enters the channel's convergent region. On the 

other hand, when the fluid expands after leaving the channel's converging section, its 

velocity decreases and its pressure steadily rises. 

 
Figure 4.3 Velocity contours for different MCHS in x-z plane (at the mid height of channel) and u=1.5 

m/s for (a) S-MC (b) MC-SQ (c) MC-SQ-FR, and (d) MC-SQ-DFR. 

Figure 4.3, shows effects of different ribs configuration on velocity distribution 

along microchannels length in x-z plane (at the mid height of channel)) at 1.5 m/s of 

inlet velocity for different configurations. Ribs inside the MCHS dramatically change 

the velocity distribution, as depicted. Fluid velocity continuously rises and falls as it 

flows through the length of ribbed microchannels because their surface cross-section 

area rapidly reduces and increases. The inter-ribs region of microchannels with ribs 

has the highest velocity. The velocity gradient at the ribs is also improved in the 

direction normal to the microchannel wall, which indicates improved blending of the 

centre cold fluid and the near-wall hot fluid. This value is highest for MC-SQ-FR 

when compared to other variants. A stagnation zone with low thermal performance is 

created due to low velocity downstream of the ribs. In this area, recirculating 

streamlines are also seen. The way the ribs are shaped directly affects how these 

vortices develop. In contrast to MC-SQ and S-MCHS, where greater vortices occur, 

both MC-SQ-FR and MC-SQ-DFR have smaller stagnation zones in the downstream 

due to the presence of fillets in the rib corners. The thermal boundary layer thickness 

declines, mixing is enhanced, and the thermohydraulic performance of MCHS is 

improved as a result of the disruption of the boundary layer, creation and growth of 

secondary flows etc. 
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Figure 4.4 also depicts the local pressure variation throughout the MCHS length 

(z axis) at an inlet velocity of 1.5 m/s to help with understanding the pressure drop 

within the microchannels. It turns out that the pressure difference in ribbed 

microchannel heatsinks is larger than that in S-MCHS. Varied rib shapes result in 

varied pressure drops as a result of the flow's differing behaviour as it expands and 

contracts in the space between the ribs. Figure 4.4, shows that the pressure loss varies 

in the fluid flow direction for all designs when the ribs are inserted into the 

microchannels.  

 
Figure 4.4 Variation in the drop in pressure along the MCHS’s centre line for channels with various 

geometrical configurations at 1.5 m/s inlet velocity. 

4.1.3 Effect of fillets at rib corner on heat transfer 
Figure 4.5 depicts the temperature contour along the channel length for all design. 

In comparison to all other configurations, the temperature is higher in S-MCHS 

because of the growth of the thermal boundary along the fluid flow. The temperature 

difference between the centre and the channel walls is significantly reduced when ribs 

are present inside the channels. Due to the efficient mixing of centre colder fluid and 

near-wall hot fluid, this temperature reduction is realised. Additionally, the 

coolant stagnation zone downstream of the ribs, where the temperature is nearly 

identical to the adjacent wall, exhibits a reasonably uniform temperature distribution. 

18
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Reduced fluid velocity and inadequate fluid mixing are to blame for the region's 

decreased heat transfer rate. Combining ribbed structures with filleted corners 

improves heat transfer compared to MC-SQ in both MC-SQ-FR and MC-SQ-DFR 

configurations. As pointed out in the section above, different MCHS designs result in 

varied velocity and pressure distributions, which affect the heat transfer performance. 

Figure 4.6a shows that when ribbed MCHS is employed instead of 

simple microchannels, the bottom surface’s maximum temperature is significantly 

lower. The bottom surface temperature has a big impact on how long micro-electric 

devices last and how well they work. Lower base temperature (Tb) implies that ribs 

can significantly improve heat transfer coefficient. The mean temperature was lower 

in both the ribbed MCHS with filleted ribs (MC-SQ-FR and MC-SQ-DFR) than in all 

other configurations.  

 
Figure 4.5 Temperature contour for MCHS with different geometrical 

configuration and inlet velocity of 1.5 m/s for (a) S-MC (b) MC-SQ (c) MC-SQ-FR, 

and (d) MC-SQ-DFR. 

Figure 4.6b depicts the variation of the mean Nu for all geometrical configurations 

as the inlet velocity varies within the range of 0.5-3 m/s. Corresponding Re is 

66<Re<396. When Re ≤132, the average heat transfer coefficient for both filleted ribs 

configurations are nearly similar. However, when Re > 132, the use of fillets at corners 

in both the configurations raises Nu and lowers the surface temperature at the bottom 

of the heat sink. Within the investigated range of Re, the increase in Nusselt numbers 

for the MC-SQ, MC-SQ-DFR, and MC-SQ-FR configurations are 5-47%, 25-52%, 

and 25-58%, respectively. Therefore, it may be said that filleted ribs operate better as 

a heat sink. The improvement in thermal performance for MCHS with ribs and fillets 

at the corner of the ribs, can therefore be described as: The use of ribs and fillets in 

11
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ribs improves the heat transfer area and the rate of heat transfer between fluid and 

substrate material. 

When ribs and filleted ribs are used, they create vortices inside microchannels, 

which improves the heat transfer coefficient. After contracting, fillets reroute the fluid 

flow towards the channel walls, temperature decreases along the channel wall as 

depicted in Figure 8. 

 
Figure 4.6 (a)Temperature distribution over the axial length (mm) of bottom 

surface of the MCHS (b) Average Nu variation in microchannels with various 

geometrical arrangements. 

4.2 Thermohydraulic performance of FMCHS 
Different thermal and hydraulic performance parameters have been critically 

analyzed and discussed in this section. Volumetric flow rates of 200 ml/min to 400 

ml/min are chosen in this study. 

4.2.1 Validation 
The experimental findings of Xu et al. [197] is used to validate the numerical 

results and confirm the current study's correctness. The experimental setup includes a 

liquid reservoir, a microchannel specimen, a gear pump, a pump, a strainer, a liquid 

trap, and a pressure and temperature tester. A cartridge heater was utilized to deliver 

a consistent heat flux in the aluminium block. Previously investigated heat transfer 

and fluid flow in the FMCHS, and a comparison between the pressure drop and 

temperature is shown in Figure 4.7. As depicted, the current study and the 

experimental data show the same trend, indicating the correctness of the numerical 

approach used in the current study. 

62
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Figure 4.7b indicates that the maximum error, as shown by the error bars, is below 

2.28%. Similarly, Figure 4.7a demonstrates that when compared with the results of 

Xu et al. [197], the maximum error is less than 2.61%. Moreover, the numerical results 

in both Figure 4.7a and Figure 4.7b exhibit a consistent pattern and are in good 

agreement with the experimental data. 

 
Figure 4.7: Error bar depicting the deviation of current simulation data from Xu et al. [197] (a)Variation 
of pressure drop vs flow rates, and (b) wall temperature along the channel length. 

4.2.2 Flow performance 
Parameters involved in the fluid flow influence the thermohydraulic performance 

in MCHS. These characteristics are examined in detail in this study. The velocity 

contours of all the models are shown in Figure 4.8. These contours are taken at half 

the channel depth at the volumetric flow rate of 350 ml/min. highest velocity is seen 

at the center of the MCHS, and the lowest velocity is seen near the sidewall of the 

primary channel in FMCHS-P, as illustrated in Figure 4.8a. As the cooling fluid 

streams into the branching channel, its peak velocity relocates towards the inner 

sidewalls, creating a stagnation zone near the outer sidewall. This effect enhances heat 

transfer on the inner sidewall compared to the outer sidewall due to fluid flow through 

the subsequent branches. These whole phenomena increase the heat transfer 

efficiency. 
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Figure 4.8: Velocity contour at center plane of the channel height at q=350 ml/min (branching level 

k=0,1). 

Velocity contours of FMCHS-R and FMCHS-DR are shown in Figure 4.8b and 

Figure 4.8e. Maximum velocity rises closer to the ribs. This is due to the flow 

restriction in the fluid path, which leads to sharp increases in the fluid velocity. This 

increment in the velocity is more profound in FMCHS-R than in FMCHS-DR, where 

the flow path is partially restricted due to the diagonal position of the ribs. Thus, the 

maximum velocity value is less than the FMCHS-R. The velocity curve along the 

channel k=0,1,2, and 3, as shown in Figure 4.9, depicts that the magnitude of velocity 

fluctuation is more rapid in FMCHS-R, whereas FMCHS-DR shows comparatively 

less fluctuation. When cavities are added to the channel, the cross-sectional area 

increases locally. However, during fluid flow, cavities cause the fluid to swirl and 
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mix, creating secondary flows in the cavity. Higher localized velocity and better heat 

transfer are the outcomes of these secondary flows.  

Furthermore, it is worth noting that the inclusion of ribs in both models, i.e., in 

FMCHS-R and FMCHS-DR, not only increases the flow velocity but also alters the 

flow direction, speeding up the development of fluid flow.  As far as the FMCHS-C 

and FMCHS-DC are concerned, the inclusion of creation leads to the creation of a 

localized flow recirculation zone, which leads to the continuous formation and 

destruction of the boundary layer. This phenomenon also induces the creation of 

secondary flow recirculation within these regions, facilitating the constant transfer of 

heat at the boundary to the main flow and contributing to the conversion of fluid 

resistance with solid to fluid-fluid resistance. Thus, the inclusion of a cavity can 

efficiently improve heat transfer. Notably, the stagnation zone has expanded in both 

FMCHS-C and FMCHS-DC. Therefore, it hampers the heat transfer from the outer 

sidewalls and enhances it near the inner sidewalls. Moreover, FMCHS and FMCHS-

DC show steady velocity fluctuations compared to their ribbed counterparts, thus 

minimizing the loss.  

 
Figure 4.9: Plot of velocity vs axial length (Z) along the channel length at q=400 ml/min. 

(a) Pressure drops and thermal resistance. 

Figure 4.10 shows the pressure distribution at q=200 to 400 ml/min along the 

channel length (k=0,1,2,3). Pressure loss in the microchannel is evident due to the 
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frictional losses. Modified flow direction and expanding flow channels are prominent 

reasons for pressure drop along the flow direction of the channel apart from the flow 

resistance; as can be seen in Figure 4.10a, at branching nodes, there is an increase in 

the pressure to the turning effect and also because of the abrupt fall in the velocity at 

the node. After adding cavities, the main flow channel experiences a jet shrinkage 

action, creating an adverse pressure gradient and secondary flows. This generation of 

secondary flows converts the solid-fluid resistance to the fluid-fluid resistance, which 

leads to a decrease in the pressure drop. Introducing cavities within the primary 

channel may lead to a slight pressure drop decrement, but the uneven pressure 

distribution can ultimately raise the overall pressure drop. This results in an increment 

in pressure drop in FMCHS-C and FMCHS-DC compared to FMCHS-P. As evident 

from Figure 4.10b, the incorporation of ribs in the flow channel has a more significant 

impact on the pressure drop than the cavity. The total pressure drop of all models with 

flow rate configuration is presented in Figure 4.10a. This gives a clearer picture of the 

pressure drop scenarios for all models. The FMCHS-P has the lowest pressure drop, 

whereas FMCHS-C and FMCHS-DC have the same ΔP plot, i.e., it hardly differs 

when moving along the channel length. Pressure drops in ribbed configuration, i.e., 

FMCHS-R and FMCHS-DR, are much more extensive than other configurations. As 

evident from the figure, the pressure drop also grows when the flow rate rises. 

 
Figure 4.10: Plot of (a) pressure drop vs flow rate and (b) pressure drop vs Z at the flow rate of 300 

ml/min. 

Figure 4.11 shows the variation of thermal resistance with the flow rate. FMCHS-

P shows the highest thermal resistance with Rth = 1.57 K-cm2/W). A monotonic 

decrease in thermal resistance was seen as the flow rate increased. In the case of 

FMCHS-DC, thermal resistance is lower than FMCHS-P but higher than the 
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remaining configurations. FMCHS-DR has the least Rth. However, this difference is 

very minimal. 

 
Figure 4.11 : Variation of thermal resistance with flow rate. 

4.2.3 Thermal performance analysis 
(a) Temperature distribution 

 
Figure 4.12 : Temperature contour along the central planes of the channels at q= 350 ml/min for various 

configurations at branching levels k=0, 1. 

The temperature contour taken from half of the microchannel height with varying 

Z at the flow rate of 400 ml/min is depicted in Figure 4.12. There are temperature 
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gradients, with the MCHS walls experiencing higher temperatures and the channel 

center experiencing relatively lower temperatures. Due to the increased stagnation 

zone, a relatively small temperature gradient exists at the outer sidewall as the fluid 

passes through the channel branch after the main channel. When cavities are created, 

a high-temperature gradient exists near the cavity due to thermal boundary layer 

redevelopment. Furthermore, secondary flow generation causes the transfer of hot 

fluid from the boundary to the main channel, resulting in a slightly higher temperature 

at the outlet in the primary flow channel compared to FMCHS-P.  

 
Figure 4.13: Temperature contours across the base wall of the FMCHS at q= 400 ml/min for various 

configurations. 
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Figure 4.12b and Figure 4.12c shows the temperature contour for FMCHS-R and 

FMCHS-DR. As observed, the temperature difference between the center and walls 

decreases as ribs in the main channel create constriction and expansion effects, leading 

to increased velocity. Hence, flow recirculation was established to mitigate this 

temperature variation. This results in better heat transfer efficiency due to lower 

thermal resistance. FMCHS-R and FMCHS-DR have substantial impacts on heat 

transfer compared to other models. The ribbed configuration also helped maintain 

uniform temperature gradients in the channel. Figure 4.13 depicts the temperature 

contour at the FMCHS base at q = 400 ml/min. To understand the FMCHS's 

performance, the temperature uniformity at the base must be examined. Lower base 

temperatures and more consistent base wall temperatures result from the addition of 

ribs and cavities. 

(b) Nusselt number 

Nusselt number vs. flow rate plot shown in Figure 4.14 demonstrate that FMCHS-R 

and FMCHS-DR have the highest Nu in this configuration for all flow rate ranges. 

This increase in Nu is prominent at higher flow rates. This indicates that heat transfer 

is more favourable at higher flow rates. 

 
Figure 4.14: Nu at different flow rates for all the models. 

(c) Comprehensive performance 

The best heat transfer efficiency has been reported in FMCHS with ribbed designs, 

albeit at the expense of significant pressure drops. So, we need to have a performance 
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analysis parameter that asses the thermal performance as well as pressure drop.  The 

FMCHS's overall performance is examined using performance evaluation criteria 

(PEC). Figure 4.15a depicts the plot of PEC vs flow rate. With the rise in flow rate, 

PEC also increases. This indicates that with the higher inlet velocity, FMCHS with 

ribs and cavities in all arrangements will perform better. The reason is that high 

velocity leads to secondary flow generation; hence, the heat transfer effect dominates 

over the viscous effect of fluid. It is also worth noting that when the flow rate is less 

than 300 ml/min, the PEC value of FMCHS-R is less than 1, which suggests that 

although the thermal performance of FMCHS-R is highest among all, but 

comprehensive performance is worse than FMCHS-P. However, FMCHS-DR shows 

PEC>1 in all flow rate ranges and performs better than FMCHS-R. FMCHS-C and 

FMCHS-DC give better comprehensive performance than their ribbed counterpart. 

Figure 4.15b shows that with increased pumping power, Nu increases, and hence 

heat transfer performance increases. At low pumping power, i.e., Ω<150 mW, the Nu 

value is more significant for FMCHS-C and FMCHS-DC, followed by FMCHS-DR, 

FMCHS-R, and FMCHS-P. However, when Ω>200 mW, the Nu of FMCHS-DR is 

highest, but after Ω>300 mW, FMCHS-R dominates and has the highest Nu. This 

concludes that FMCHS-C and FMCHS-DC are better choices at lower pumping 

power, and at higher pumping power, FMCHS-R is a better choice. In the intermediate 

range of pumping power, FMCHS-DR is a better choice. 

 
Figure 4.15: Variation of (a) PEC vs q; (b) Nusselt number vs Pumping power. 

4.3 Effects of nanofluid on thermohydraulic performance of FMCHS 
The results of the fractal microchannel heat sink (FMCHS) using an Al2O₃-water 

nanofluid as the working fluid are discussed in this section, with a focus on how it 

affects flow behaviour and heat transfer. When combined with the fractal design, the 
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use of Al2O₃ nanoparticles greatly increases the base fluid's thermal conductivity, 

which facilitates more efficient heat dissipation by increasing convective heat transfer 

and disrupting flow. Under various Reynolds numbers and nanoparticle volume 

fraction, the results are examined in terms of Nusselt number, pressure drop, wall 

temperature, and overall performance evaluation criteria (PEC). The trade-off 

between improved heat transfer and pressure drop brought on by the nanofluid's 

enhanced viscosity is given special consideration. Performance comparison with 

water-based FMCHS is also covered, emphasising the circumstances in which Al2O₃ 

nanofluids provide the best thermohydraulic results. Figure 4.16 represent the simple 

FMCHS model used in this study. 

 
Figure 4.16 Model of the 3-D FMCHS, including its geometry and schematic perspective. 

4.3.1 Validation of the result 

 
Figure 4.17 Comparison of pressure drop value with experimental data and simulation findings. 

The present numerical result is juxtaposed with the experimental findings of Xu 

et al [197]. The thermohydraulic performance of FMCHS was examined through both 

38
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experimental and numerical methods by the researchers. Figure 4.17 illustrates the 

comparison of pressure drop across varying volume flow rates.  The current 

simulation results are in close agreement with the experimental data, demonstrating 

the accuracy of the present numerical study. 

4.3.2 Effect on Wall temperature 
Figure 4.18 depicts, for pure water, how the Reynolds number affects the 

distribution of wall temperatures along paths L1, L2, L3, and L4. The wall 

temperature rose along the course, as can be observed. In other words, when the fluid 

and wall temperatures declined along the path, the rate of heat transfer also decreased. 

The last branch (L4) experiences the highest temperature, as shown in Figure 4.18 

where the entrance wall temperature is lower than the output temperature. This effect 

is caused by the path's decreased mass flow rate due to the flow being divided between 

the branches, which reduces heat dissipation and raises the temperature of the channel 

wall. Additionally, Figure 4.18 can be used to assess the impacts of the Re on the 

temperature variation along the channel. The heat transfer coefficient rises with 

increasing fluid velocity. Additionally, delaying the development of the thermal 

boundary layer is a result of lengthening the cooling fluid's development time. By 

raising the fluid's velocity in response to this behaviour, the temperature of the walls 

has been dramatically lowered; for water, the maximum temperature at Re = 1,500 is 

380 K, while the maximum temperature at Re = 3,000 is 348 K. 

 
Figure 4.18 Wall temperature distribution along the channel length at different Reynolds number. 
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Figure 4.19 shows the impact of introducing Al2O3 nanoparticles to the base fluid 

i.e. water with φ=4% and at Re values between 1,500 and 3,000 on the wall 

temperature distribution. As shown in the addition of solid nanoparticles improves the 

thermophysical characteristics of the cooling fluid, such as thermal conductivity, 

which results in better heat dissipation. Lowering the temperature gradient is caused 

by increasing fluid velocity (Re) at a certain volume percent of solid nanoparticles. 

As a result, the maximum temperature of the wall will decrease, and its temperature 

distribution will be uniform. 

 
Figure 4.19 Effect on nanofluid on the wall temperature Distribution at different Reynolds number. 

4.3.3 Effect on Nusselt number 
Figure 4.20a shows the average Nu for a water-Al2O3 nanofluid for various Re 

values and a given solid volume φ. The volume fractions of the base fluid and solid 

are represented by the difference in behaviours (Nu number). Comparing the Nu 

numbers of water and water-Al2O3 nanofluid reveals that the rate of heat transfer has 

been significantly influenced using nanofluid because, for the same φ and Re, the 

average Nuavg in case of nanofluid quadrupled as compared to water.  

8
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4.3.4 Effect on PEC 
In the base fluids under study (water), Figure 4.20b depicts the PEC when 

nanoparticle volume concentration is 4%. The PEC gives the thermal efficiency of 

FMCHS as it compares the Nu increment to the increment in friction coefficient. With 

the variation of Reynolds number, Nusselt number as well as friction coefficient 

changes. Which will ultimately change the PEC. Main factors which is involved in 

heat transfer augmentation are nanoparticles concentration, fluid velocity, thermal 

conductivity of base fluid etc. The factors which have been chosen for heat transfer 

augmentation will change the behaviour of friction coefficient and consequently PEC 

will vary. In Figure 4.20b, PEC rises with the addition of nanoparticles due the 

increase in Nu. PEC is doubled when nanofluid is employed as compared to water as 

base fluid. At Re=2000, PEC is maximum, however when is greater than 2000, PEC 

decreases as friction coefficient parameter starts dominating. 

 
Figure 4.20 Variation Re for pure water and nanoparticle, φ=0.04 with (a) Nu (b) Performance 

evaluation criteria (PEC)  

4.3.5 Effect on pressure drop.  
The pressure loss grows as the fluid's velocity rises. By reducing the 

microchannel's diameter, the pressure drop is likewise enhanced. This behaviour is 

especially pronounced as we move from inlet to the branch closer to the outlet of the 

channel. The pressure loss is maximised when the Re number increases in relation to 

the behaviour of the pressure contours in Figure 4.21 

4.3.6 Velocity and temperature contours 
Figure 4.22 shows the static temperature distribution for pure water at various Re 

values. With the increase in Re, heat dissipation from the wall of the channel has 

18
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increased and temperature of the channel wall has decreased. At the starting of the 

FMCHS, heat transfer was highest because of large difference between cold inlet fluid 

and high temperature channel wall. As the number of fractal branches increases, 

temperature distribution becomes more uniform in these regions, thus preventing the 

development of dramatic temperature gradient. Additionally, thermal gradients are 

removed as the Re number rises, especially at the outlet region. 

 
Figure 4.21  Variation of pressure drops along the channel length at different Re. 
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Figure 4.22 Temperature contour of the base of FMCHS at different value of Re. 

Hot spots that can be enhanced by using more tree-like structures have been seen 

in some places without fluid flow pathways. Higher solid volume fraction 

nanoparticle content will considerably improve the thermophysical characteristics, 

particularly the cooling fluid's thermal conductivity, which speeds up heat transfer 

and ensures temperature distribution uniformity. the base fluid's density and viscosity 

are increased by the addition of the nanoparticles, which results in a larger pressure 

drop. The main benefit of utilising nanofluid is an increase in transfer of heat, whereas 

the main drawback is an increase in pressure drop, with the PEC serving as the 

benchmark for measuring its performance. 

Figure 4.23 depicts the contour of the velocity distribution at various Re when 

pure water is the working flow. As can be seen, the main branch has the highest 

velocity, while the sub-branch has a divided flow and a decreasing velocity. By 

reducing velocity, the wall temperature on a branch close to the outlet rose and the 

rate of heat transfer decreased. 
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Figure 4.23 Velocity contours for different Reynolds number. 

4.4 Optimisation results 
The dataset was formed using Figure 4.14 and Figure 4.15 to train artificial neural 

networks (ANNs), which produced a prediction model. The geometrical modification 

and flow rates were used as input and Ω, R, and, Nu as output variables to arrange and 

prepare the simulation data for use in the NN. Data was split into three parts for 

training: 70%, validate 15% and test 15% were utilized for the training process. All 

input and output variables are treated similarly during training and have an equal 

influence on the model thanks to this normalization. The data architect with ANN 

training is displayed in Figure 4.24. This data aligns with excellent training outcomes 

for artificial neural networks, as evidenced by the test and validation curves. An 

artificial neural network was chosen to define the neural network's architecture during 

formation. One can accomplish this by looking at the training and validation curves. 

Test data may be used to verify the ANN's accuracy after training the model. The 

outcomes demonstrated a mean squared error of <2% for the prediction of Ω, <1.5% 

for the prediction of Nu, and <2% for Rth emulated from the simulations result (Figure 
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4.10, Figure 4.11, Figure 4.14, and Figure 4.15) performed using Ansys fluent 2022 

R1. 

Table 4.1 Optimization and simulation results at the optimal values for FMCHS. 

 Model 
(FMCHS-R) 

Flow rate 
(ml/min) Nu Ω 

(mW) 

Rth 
(K-
cm2/W) 

Simulation 26% of the radius of ribs 
along all the paths 200 18.4869 7.2695 2.1105 

Optimal 26% of the radius of ribs 
along all the paths 200 18.1014 7.4813 2.0736 

 

The optimization process is conducted through the utilization of MFO (Multi-

Objective Function). Three optimization objectives requiring maximizing (Nu) and 

minimizing (Ω, Rth) for varied working fluid flow rates and distinct models were 

considered. A multi-objective function combined Nu, 1/Ω, and 1/Rth to create the 

neural network model. This function was picked as the target for optimization to reach 

the required result. The nature of the problem being addressed from the available data 

and the needs of the system or application were all considered when choosing this 

objective function. The proper objective function is first specified, and then the 

evolutionary algorithm is executed. Iterations and sample size for this method were 

specified precisely as they substantially impact their performance. The MFO 

algorithm was used to optimize the multi-objective Functions. It was observed that 

the Nu, Ω, and Rth monotonously increase with flow rates. The number of ribs and 

grooves enhances the thermohydraulic performance, but it comes at a higher ΔP. 

While there is a noticeable enhancement in Nu for flow rates in the intermediate range, 

the accompanying increase in pressure drop is negligible.  

21
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 Figure 4.24: Regression performance for trained ANN for (a) Thermal Resistance (Rth), (b) Nusselt 

number (Nu), and (c) Pumping Power (Ω). 

The correlation was found between Numax , Ωmax, and Rth, max. Similarly, the 

relationship between Numin, Ωmin, and Rth,min was obtained. The optimized shape 

corresponds to the anticipated outcomes; with the Model FMCHS-R, the optimized 

value is 26% of the rib radius of FMCHS-R along all the paths at a 200 ml/min flow 

rate. Through optimization, errors concerning the predicted value of Nu, Ω, and Rth 

were found to be 2.13%, 2.83%, and 1.78% respectively for the optimized case. These 

findings are exact, especially in the optimized scenario, where the estimated values of 

Nu, Ω, and Rth are almost the same as the actual values. The inaccuracies related to 

the maximum and minimum scenarios may be ascribed to the constraints of the multi-

variable optimization technique. Optimization and simulation Results for Nu, Ω, and 

Rth are outlined and compared in Table 4.1. 
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4.4.1 RSM Modelling 
Subsequently, RSM aids in equating how factors and their interactions affect the 

results. Figure 4.26 illustrates the recursive behaviour of the flow rate and model 

design variables and how they affected the Rth, Ω, η, and Nu. For all model design, 

the 𝜂𝜂 and Nu increases with increasing flow rates, as seen in Figure 4.26. By 

examining the charts in Figure 4.25, it can be concluded that increasing flow rates in 

all FMCHS geometrical models results in a drop in Rth and that altering the models' 

geometrical design also aids in achieving the best possible outcome for FMCHS 

(Table 4.2).  

Table 4.2. DOE with responses. 

Model 
configuration 

Flow Rate 
(mL/min) 

Thermal Resistance 
(K-cm2/W) 

Pumping 
Power (kW) Efficiency Nu 

FMCHS-C 300 1.02798 55 0.916414 20.2661 

FMCHS-R 400 0.786906 422.689 0.920341 26.7227 

FMCHS-P 200 1.55819 8.78705 0.932767 8.28367 

FMCHS-P 300 1.17587 24.1639 0.944616 11.6253 

FMCHS-R 300 0.979932 178.5 0.957962 22.9118 

FMCHS-P 300 1.17587 24.1639 0.944616 11.6253 

FMCHS-P 300 1.17587 24.1639 0.944616 11.6253 

FMCHS-R 200 1.25447 65.5865 0.919479 19.5731 

FMCHS-C 400 0.840837 113.156 0.887001 23.0242 

FMCHS-C 200 1.28087 22.9786 0.900985 17.8652 

FMCHS-P 400 0.949899 42.3773 0.88316 13.5799 

FMCHS-P 300 1.17587 24.1639 0.944616 11.6253 

FMCHS-P 300 1.17587 24.1639 0.944616 11.6253 

The ANOVA model (Table 4.3) for the output parameter is statistically significant, 

with P-values less than 0.05 for both the model and the current inputs. All output 

responses had high R2 and adjusted R2 values, indicating that the model provides data 

Page 130 of 182 - Integrity Submission Submission ID trn:oid:::27535:106451444

Page 130 of 182 - Integrity Submission Submission ID trn:oid:::27535:106451444



112 
 

that is very similar to the experimental data. The adj. R2 values were less than 2% for 

all replies, showing high prediction reliability. The lack of fit is insignificant as the P 

value is more prominent than 0.05. 

Table 4.3 ANOVA F-value and p-value for Rth, Ω,  𝜂𝜂 and Nu. 

Source Thermal 
Resistance (Rth|) 

Pumping 
Power(Ω) Efficiency (η) Nu 

 F-
value p-value F-value p-value F-value p-value F-value p-value 

Model 74.67 < 0.0001 14.09 0.0015 11.97 0.0025 705.72 < 0.0001 

A-Groove 2.10 0.1906 18.92 0.0034 13.98 0.0073 93.83 < 0.0001 

B-Flow 
rate 292.82 < 0.0001 19.33 0.0032 6.31 0.0403 448.51 < 0.0001 

AB 0.1448 0.7148 8.94 0.0202 0.5302 0.4901 8.60 0.0219 

A2 77.75 < 0.0001 17.04 0.0044 0.4984 0.5030 2593.06 < 0.0001 

B2 7.15 0.0318   29.92 0.0009 1.60 0.2458 

Std. Dev. 0.0362 44.65 0.0102 0.3394 

Mean 1.12 79.22 0.9262 16.18 

C.V % 3.23% 56.36 1.10 2.10 

R2 0.9816 0.9096 0.8953 0.9980 

Adjusted 
R2 0.9685 0.8451 0.8205 0.9966 

Adequate 
Precision 29.5265 13.7545 11.3848 78.5345 

Lack of Fit 0.0031 0.003 0.0002 0.005 
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Figure 4.25 All factor desirability of RSM. 

 
Figure 4.26 Surface response for Model Design and Flow rates a) Rth b) Ω c) η, and (d) Nu. 
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Re-alterations have been significantly more effective than other variables in 

minimising the Rth and Ω.  

4.4.2 Artificial Neural Network (ANN) 

 
Figure 4.27: Goodness fit curve (a) Rth  (b) Ω (c) η, and (d) Nu. 

The linear fitting is displayed in Figure 4.27 with R2 values for Rth, Ω, η, and Nu 

are 0.9816, 0.9096, 0.8953, and 0.9980 respectively. The relationship between 

observed and expected data is displayed on linear fit graphs. In our instance, the HHO 

response surface provides the anticipated data, while simulations provide the observed 

values. Our observation sets' closeness to this line suggests that we can reply to areas 

with good precision. 

4.4.3 HHO modelling 
Through the utilization of HHO (Multi-Objective Function), the optimization 

process is conducted. Three optimization scenarios requiring maximizing (η, Nu) and 
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minimizing (Ω, Rth) for varied working fluid flow rates and distinct models were taken 

into consideration. A multi-objective function was formed combining, Nu, η, 1/Ω and 

1/Rth to create the neural network model. To reach the required result, this function 

was picked as the target for optimization. The nature of the problem being addressed 

from the available data, and the needs of the system or application were all taken into 

consideration when choosing this objective function. The proper objective function is 

first specified, and then the evolutionary algorithm is executed. Iterations and sample 

size for this method was specified precisely as they have a substantial impact on their 

performance. HHO algorithm was used to optimize multi-objective Function. It was 

observed that the Nu, η, Ω and Rth monotonously increases with flow rates. With the 

number of ribs and grooves enhances the thermohydraulic performance; but it comes 

at higher ΔP. While there is a noticeable enhancement in Nu for flow rates in the 

intermediate range, the accompanying increase in pressure drop is negligible.  

The correlation between Numax and ηmax, Ωmax, and Rth,max was found. Similarly, 

the relationship between Numin, ηmin, Ωmin, and Rth,min was obtained. The optimized 

shape corresponds to the anticipated outcomes, with the Model FMCHS-R, the 

optimized value is 64.5% of rib radius of FMCHS-R along all the path at a flow rate 

of 400 ml/mint. Error with respect to the predicted value of η, Nu, Ω, Rth, through 

optimisation were found to be 0.46%, 1.56%, and 1.73%, and 0.85% resp., for the 

optimized case. These findings are exceptionally precise, especially in the optimized 

scenario, where the estimated values of η, Nu, Ω, and Rth are almost same as the actual 

values.  

Table 4.4 Optimization and simulation results at the optimal values for FMCHS. 

 Model 
(FMCHS-R) 

Flow rate 
(ml/min) Nu η Ω 

(mW) 
Rth (K-
cm2/W)) 

Simulation 
64.5% of the radius 
of ribs along all the 
paths 

400 21.27 0.879 373.95 0.767 

Optimal 
64.5% of the radius 
of ribs along all the 
paths 

400 21.6075 0.8836 367. 
60 0.7609 

The inaccuracies related to the maximum and minimum scenarios may be ascribed 

to the constraints of the multi-variable optimization technique employed. 

Optimization and simulation Results for η, Nu, Ω, and Rth is outlined and compared 

in Table 4.1. 
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Figure 4.28: Pareto optimal front (a) Ω, Rth, η  (b) Ω, Rth,Nu (c) η, Ω, Nu (d) η, Rth, Nu. 

Table 4.5 Comparison of RSM and HHO Optimality. 

 Model 

Design 

Flow rate 

(ml/min) 

Thermal Resistance 

(K-cm2/W) 

Pumping 

Work (mW) 

Efficiency Nu 

RSM 1 295 0.983 201.112 0.955 23.053 

HHO 0.645 400 0.7609 376 0.8835 21.59 

The HHO optimization process involves five phases: Initial Population, Fitness 

function, Selection, Crossover, and Mutation. The HHO is responsible for evaluating 

and choosing the solution based on the objective function derived from the ANN. 

Table 4.4 compares the best results from simulation and optimization for the variables.  

Table 4.5 Compares the results of RSM and HHO. Figure 4.28 discusses the variation 

between the target objectives (Rth, Ω,η, and  Nu).  
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Chapter 5 CONCLUSIONS, FUTURE SCOPE 

AND SOCIAL IMPACT 

5.1   Conclusions 

5.1.1      Numerical study of conventional MCHS 
On the thermohydraulic performance of novel ribbed microchannel designs with 

filleted corners, a CFD investigation is done. MCHS with square ribs (MC-SQ), 

MCHS with square ribs and fillets at the corners (MC-SQ-FR), and MCHS with 

square ribs and double fillets at the corners (MC-SQ-DFR) are among the 

configurations that were studied. This paper's primary conclusions can be summed up 

as follows: 

i. Relating the benefits of using both ribs and corners with fillets results in 

notable improvements in the performance of the microchannel.  

ii. It has been demonstrated that filleted ribs have a greater effect on improving 

overall performance. Fillet ribs can lower the temperature at the bottom of 

MCHS by reducing the impact of the stagnation zone and rerouting the flow 

towards channel walls. 

iii. corners with fillets in ribbed MCHS somewhat enhance pressure drops, and 

a significant enhancement in heat transfer is anticipated. Nu increases by 15–

22% when MC–SQ–FR setups are used. Compared to MC-SQ arrangement, 

the pressure drop rises by 2-10%. 

iv. When compared to the MC-SQ configuration, filled ribs in MC-SQ-FR 

topologies enhance the Nusselt number by 1–10%. 

5.1.2    Numerical study of Fractal microchannel heat sink 
In this research, a fractal-shaped microchannel heat sink (FMCHS) with ribs and 

a cavity is designed. A 3-D numerical model is employed to examine the 

thermohydraulic performance of FMCHS for the flow rate of 200-400 ml/min. 

Numerical results are validated with the experimental findings and show good 

agreement. Furthermore, different parameters, such as pressure drop, Nu, base 

temperature, PEC, etc., are analyzed. The MFO algorithm finds the optimum value of 

output parameters Ω, Nu, and Rth. Based on the present study, the following 

conclusions are drawn: 

6
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i. FMCHS-C and FMCHS-DC favour the generation of secondary flows, and 

FMCHS-R and FMCHS-DR favour the high velocity in the channel flow 

path, which promotes recirculation leading to the redevelopment of the 

boundary layer, which ultimately improves heat transfer. 

ii. FMCHS geometry led to fluid going from the main channel to the branching 

channel forming a stagnation zone near the outer sidewalls, hampering the 

heat transfer. In contrast, it promotes heat transfer at the inner sidewalls. 

iii. FMCHS-R and FMCHS-DR have the highest heat transfer efficiency and 

maintain uniform temperatures at the cost of very high-pressure drops. 

iv. At lower flow rates, FMCHS-R has PEC<1, indicating that it has 

comprehensive performance worse than FMCHS-P. However, FMCHS-DR 

shows PEC>1 for all flow rate ranges, so it has the best performance overall. 

FMCHS-C and FMCHS-DC have better PEC than their ribbed counterparts. 

v. At low pumping power, FMCHS-C and FMCHS-DC are recommended, 

whereas at high pumping power (Ω>300 mW), FMCHS-R is recommended. 

For an intermediate range of Pumping power, FMCHS-DR is recommended. 

vi. Further, the simulation data is used to test and train a neural network, which 

predicted Ω, Nu, and Rth with greater than 98% accuracy. 

5.1.3 Optimization of FMCHS 
A global optimization strategy using model types and flow rates was used to find 

the ideal model. The output variable predicted by MFO and the result from the 

simulation revealed a small error (less than 3%). With the MFO algorithm, the optimal 

input value is 26% of the ribs radius along all the paths of FMCHS with ribs (FMCHS-

R) at the flow rate of 200 ml/min. With this, the optimum rib radius for path k=0 is 

0.02158 mm, and for path k=3, it is 0.0065 mm. 

A thermal performance-thermal efficiency trade-off was shown for the fractal 

microchannel heat sink (FMCHS) with ribs and cavities using RSM and HHO 

optimisation. RSM chose an FMCHS with ribs (model value 1) and 295 ml/min 

moderate flow. Thermal resistance was 0.983, pumping work 201.112 mW, high 

efficiency 0.955, and Nusselt number 23.053. In contrast, HHO chose a 400 ml/min 

rib-dominant hybrid design (model value 0.645). This design reduced thermal 

resistance to 0.7609 K-cm2/W, improving cooling, but it also increased pumping work 
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(376 mW) and decreased efficiency (0.8835). Nusselt number was marginally lower 

at 21.59. 

5.1.4 Effects of nanofluid on the performance of FMCHS 
The current computational study uses water and a water-Al2O3 nanofluid at a 

φ=0.04 solid volume fraction to assess the thermohydraulic performance of a fractal 

microchannel heat sink (FMCHS). Simulations with Reynolds numbers between 1000 

and 3000 show that using nanofluids improves thermal performance. Higher Reynolds 

numbers lead to lower wall temperatures because of improved convective effects, but 

the fluid temperature rises throughout the channel length, decreasing heat transfer 

close to the outlet. Although there is a greater pressure drop, the addition of Al2O₃ 

nanoparticles results in a notable drop in temperature and enhanced heat transfer. 

Overall, the performance evaluation criterion (PEC) is improved by the addition of 

nanoparticles, suggesting that the FMCHS performs better thermally. 

5.2      Future Scope 
As MEMS and electronic devices have evolved so quickly, heat management has 

always been a    significant concern. As a result, the following investigations should 

be pursued in the future: 

i. Optimizations of the different wavy designs could be carried out in FMCHS 

to find their optimal geometry and improve heat transfer performance. 

ii. There is future scope for incorporating magnetohydrodynamic and 

electrohydrodynamic effects into the secondary flow channels. 

iii. The majority of fractal channels design approaches are based on scaling laws; 

hence, further research is needed to investigate other methods. 

iv. The feasibility of fabricating a heat sink is still questionable; microfeatures 

smaller than 100 µm are still difficult to fabricate using conventional methods 

[53]. Because of the limitations and complexity of MCHS production, the 

distinct and complicated structures of MCHS cannot be realised. So, the 

development of a suitable fabrication method remains a future challenge for 

engineers. 

v. It is necessary to handle effective system integration, such as micropump on 

ICs and direct heat sink integration on chips. This may address the thermal 

management of hotspots. 
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vi. Effective cooling of hotspots, which are randomly present in ICs and 

microelectronic devices, still remains a major challenge, as there is no 

effective method available for the cooling of hotspots. 

vii. Hybrid cooling schemes, which combine the benefits of microchannel with 

those of other cooling schemes such as spray cooling, jet impingement, etc., 

can be a very effective way to achieve cooling performance. Moreover, active 

and passive cooling techniques can also be combined for further heat transfer 

augmentation. 

viii. One of the most promising fluids for improving the thermal 

performance of micro heat sinks is nanofluids. As a result, enhancing the 

stability of nanoparticle dispersion in the base fluid is a promising research 

area. 

ix. Dispersion and random motion of particles, clustering, and other factors 

should all be considered while developing a flow model for nanofluids flow 

and thermal properties in micro heat sinks. 

x. In future research, other nanofluids with different volume fractions can be 

examined in the study of Double layered MCHS, as well as the effect of 

magnetic and electric fields on the cooling performance of the Double layered 

MCHS. 

5.3 Social   Impact 
i. Energy Efficiency and Sustainability 

• MCHS and FMCHS improve electronics thermal management, 

decreasing the requirement for bulky, power-consuming cooling 

systems. 

• FMCHS improves the thermal performance of renewable energy devices 

like solar inverters and battery systems, boosting cleaner energy. 

• Power consumption decreases with efficient cooling, minimising 

greenhouse gas emissions. 

ii. Healthcare and Biomedical Applications 

• Advanced Medical Device Cooling: MRI machines, lasers, and 

diagnostic systems need efficient cooling to work and stay safe. 

12
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• Lab-on-a-Chip Systems: Point-of-care devices use microchannel cooling 

to improve quick diagnoses in underserved areas. 

iii. Industrial and Technological Advancement 

• FMCHS enable compact cooling in microelectronic devices, aiding IoT, 

wearable tech, and healthcare device miniaturisation. 

• Aerospace electronics, electric cars, and power electronics last longer 

with good heat dissipation. 

• Increases HPC: Allows denser processor packaging and more powerful 

computers for science, AI, and space exploration. 

iv. Economic and Social Development 

• Encourages Technological Innovation: Helps startups and companies 

create next-gen electronics and bio-device cooling. 

• More microfabrication, nanotechnology, and thermal management 

engineers needed in high-tech sectors. 

• Efficiency for Consumers: Longer device life and energy savings lower 

electronics ownership costs. 

v. Education and Research Impact 

• Encourages interdisciplinary fluid dynamics, heat transport, MEMS, and 

fractal geometry instruction. 

• Inspires STEM Research: Fractal microchannel structures in 

thermofluidic inspire young engineers and scientists. 

vi. Resource Optimization and Environmental Management 

• Minimal Material Waste: FMCHS optimise channel designs to reduce 

material and machining stages. 

• Water Conservation: FMCHS increase thermal performance in liquid-

cooled systems with reduced coolant volume, which is important in 

resource-scarce settings. 
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Annexure 

A1: Regression Coefficient Codes 

%% Neural Network Setup for an Equivalent Polynomial Fit 
% Our target model: 
%   y = b0 + b1*x1 + b2*x2 + b3*x1^2 + b4*x1*x2 + b5*x2^2 
% Data is provided as rows: [y, x1, x2] 
  
% === Step 1: Define Your Data === 
m=[target2;input] 
M=m' 
data = [M]; 
  
% === Step 2: Prepare the Data for the Neural Network === 
% Our inputs are x1 and x2. Arrange the inputs as a 2 x N matrix. 
x1 = data(:,2); 
x2 = data(:,3); 
N  = size(data,1); 
X = [x1, x2]';  % Now X is 2 x N 
  
% Our target output is y (a 1 x N vector). 
Y = data(:,1)';  
  
% For our equivalent polynomial network, we precompute the polynomial 
basis 
% For a quadratic polynomial in x1 and x2, we want these 6 basis 
functions: 
% 1, x1, x2, x1^2, x1*x2, x2^2. 
U = [ones(N,1), x1, x2, x1.^2, x1.*x2, x2.^2]';  % U is 6 x N 
  
% === Step 3A: Direct Polynomial Regression (for reference) === 
% Solve U * coeffs = Y' (with Y' as N x 1) 
coeffs_direct = (U') \ Y'; 
fprintf('Direct polynomial regression coefficients:\n'); 
fprintf('y = %.4f + %.4f*x1 + %.4f*x2 + %.4f*x1^2 + %.4f*x1*x2 + 
%.4f*x2^2\n', coeffs_direct); 
  
% === Step 3B: Neural Network Training on Augmented (Polynomial Basis) 
Data === 
% Here we build a network that takes as input the polynomial basis U. 
% Since the mapping is linear in these basis functions, we can use a 
network 
% with no hidden layers (i.e. a single linear layer). 
netPoly = feedforwardnet([],'trainlm');  % [] means no hidden layer 
netPoly = configure(netPoly, U, Y); 
% Train the network on the augmented data. 
netPoly.trainParam.epochs = 300;  % adjust epochs as needed 
netPoly = train(netPoly, U, Y); 
  
% After training, the network consists of a single layer. Its weights 
and bias are: 
W_nn = netPoly.IW{1};  % 1 x 6 weight matrix 
b_nn = netPoly.b{1};   % scalar bias 
  
fprintf('\nNeural network (polynomial basis) coefficients:\n'); 
fprintf('y = %.4f + %.4f*x1 + %.4f*x2 + %.4f*x1^2 + %.4f*x1*x2 + 
%.4f*x2^2\n', b_nn, W_nn); 
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% === Step 4: Compare the Two Approaches === 
% They should be very close if the network has converged. 
disp('Difference between direct and NN coefficients:'); 
disp(coeffs_direct' - [b_nn, W_nn]'); 
  
%% (Optional) Visualize the Fit 
% We create a grid of x1 and x2 values, compute the polynomial 
prediction using the NN weights, 
% and plot the resulting surface along with the original data points. 
numPoints = 50; 
x1_grid = linspace(min(x1), max(x1), numPoints); 
x2_grid = linspace(min(x2), max(x2), numPoints); 
[X1, X2] = meshgrid(x1_grid, x2_grid); 
% Compute the polynomial basis for each grid point: 
U_grid = [ones(numPoints*numPoints,1), X1(:), X2(:), X1(:).^2, 
X1(:).*X2(:), X2(:).^2]'; 
Y_grid = netPoly(U_grid);  % Evaluate the network (which is equivalent 
to our polynomial) 
Y_grid = reshape(Y_grid, numPoints, numPoints); 
  
figure; 
surf(X1, X2, Y_grid, 'EdgeColor','none','FaceAlpha',0.8); 
colormap jet; 
hold on; 
scatter3(x1, x2, data(:,1), 50, 'k', 'filled'); 
xlabel('x1'); 
ylabel('x2'); 
zlabel('y'); 
title('Neural Network Polynomial Fit (Equivalent Equation)'); 
hold off; 
 

A2: Pareto Curve Code 

clc; 
clear Best_score; 
clear Best_pos; 
clear cg_curve; 
  
% Parameters for HHO and Pareto Optimization 
SearchAgents_no = 30;   % Number of search agents 
Max_iteration = 100;    % Maximum number of iterations 
  
% Bounds and dimensionality for HHO 
lb = [-1 200];  % Lower bounds 
ub = [1 400];   % Upper bounds 
dim = 2;        % Dimensionality of x 
  
% Initialize parameters for Pareto optimization 
numRuns = 10;                                % Number of runs for 
different weights 
weightCombinations = linspace(0, 1, numRuns); % Weight range for 
Pareto front 
paretoResults = zeros(numRuns^3, 4);         % Store of1, of2, of3, 
and of4 values for Pareto plot 
BestPosResults = zeros(numRuns^3, dim);      % Store optimal positions 
  
% Index for storing results 
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index = 1; 
  
% Loop through each combination of weights to calculate the Pareto 
front 
for w1 = weightCombinations 
    for w2 = weightCombinations 
        for w3 = weightCombinations 
            % Ensure the sum of weights equals 1 
            w4 = 1 - (w1 + w2 + w3); 
            if w4 < 0 
                continue; 
            end 
  
            % Define the weighted objective function for HHO 
            fobj = @(x) w1 * objective1(r, x) + w2 * objective2(s, x) 
+ w3 * objective3(t, x) + w4 * objective4(u, x); 
  
            % Run HHO optimization 
            [Best_score, Best_pos, cg_curve] = HHO(SearchAgents_no, 
Max_iteration, lb, ub, dim, fobj); 
  
            % Store optimized of1, of2, of3, and of4 values 
            of1_optimal = objective1(r, Best_pos); 
            of2_optimal = objective2(s, Best_pos); 
            of3_optimal = objective3(t, Best_pos); 
            of4_optimal = objective4(u, Best_pos); 
            paretoResults(index, :) = [of1_optimal, of2_optimal, 
of3_optimal, of4_optimal]; 
  
            % Save the Best_pos parameters corresponding to the 
optimal results 
            BestPosResults(index, :) = Best_pos; 
            index = index + 1; 
        end 
    end 
end 
  
% Plot the Pareto front in 4D space (Scatter plots of all combinations) 
figure; 
subplot(2, 2, 1); 
scatter3(paretoResults(:, 1), paretoResults(:, 2), paretoResults(:, 
3), 'filled'); 
xlabel('Objective 1 (of1)'); 
ylabel('Objective 2 (of2)'); 
zlabel('Objective 3 (of3)'); 
title('Pareto Front (of1, of2, of3)'); 
grid on; 
  
subplot(2, 2, 2); 
scatter3(paretoResults(:, 1), paretoResults(:, 2), paretoResults(:, 
4), 'filled'); 
xlabel('Objective 1 (of1)'); 
ylabel('Objective 2 (of2)'); 
zlabel('Objective 4 (of4)'); 
title('Pareto Front (of1, of2, of4)'); 
grid on; 
  
subplot(2, 2, 3); 
scatter3(paretoResults(:, 1), paretoResults(:, 3), paretoResults(:, 
4), 'filled'); 

2
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xlabel('Objective 1 (of1)'); 
ylabel('Objective 3 (of3)'); 
zlabel('Objective 4 (of4)'); 
title('Pareto Front (of1, of3, of4)'); 
grid on; 
  
subplot(2, 2, 4); 
scatter3(paretoResults(:, 2), paretoResults(:, 3), paretoResults(:, 
4), 'filled'); 
xlabel('Objective 2 (of2)'); 
ylabel('Objective 3 (of3)'); 
zlabel('Objective 4 (of4)'); 
title('Pareto Front (of2, of3, of4)'); 
grid on; 
  
% Convergence curve for the last run 
figure; 
semilogy(cg_curve, 'Color', 'b'); 
title('Convergence curve'); 
xlabel('Iteration'); 
ylabel('Best flame (score) obtained so far'); 
axis tight; 
grid off; 
box on; 
legend('HHO'); 
  
% Display the best solution and score found 
display(['The best solution obtained by HHO is : ', 
num2str(Best_pos)]); 
display(['The best optimal value of the objective function found by 
HHO is : ', num2str(Best_score)]); 
 
A3: Polynomial Equation Codes 

%% Neural Network Setup for an Equivalent Polynomial Fit 
% Our target model: 
%   y = b0 + b1*x1 + b2*x2 + b3*x3 + b4*x4 + b5*x1^2 + b6*x1*x2 + 
b7*x1*x3 + b8*x1*x4 +  
%        b9*x2^2 + b10*x2*x3 + b11*x2*x4 + b12*x3^2 + b13*x3*x4 + 
b14*x4^2 
% Data is provided as rows: [y, x1, x2, x3, x4] 
  
% === Step 1: Define Your Data === 
m=[target2;input] 
M=m' 
data = [M]; 
  
% === Step 2: Prepare the Data for the Neural Network === 
% Our inputs are x1, x2, x3, and x4. Arrange the inputs as a 4 x N 
matrix. 
x1 = data(:,2); 
x2 = data(:,3); 
x3 = data(:,4); 
x4 = data(:,5); 
N  = size(data,1); 
X = [x1, x2, x3, x4]';  % Now X is 4 x N 
  
% Our target output is y (a 1 x N vector). 
Y = data(:,1)';  

2
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% For our equivalent polynomial network, we precompute the polynomial 
basis 
% For a quadratic polynomial in x1, x2, x3, and x4, we want these 15 
basis functions: 
% 1, x1, x2, x3, x4, x1^2, x1*x2, x1*x3, x1*x4, x2^2, x2*x3, x2*x4, 
x3^2, x3*x4, x4^2. 
U = [ones(N,1), x1, x2, x3, x4, x1.^2, x1.*x2, x1.*x3, x1.*x4, ... 
     x2.^2, x2.*x3, x2.*x4, x3.^2, x3.*x4, x4.^2]';  % U is 15 x N 
  
% === Step 3A: Direct Polynomial Regression (for reference) === 
% Solve U * coeffs = Y' (with Y' as N x 1) 
coeffs_direct = (U') \ Y'; 
fprintf('Direct polynomial regression coefficients:\n'); 
fprintf('y = %.4f + %.4f*x1 + %.4f*x2 + %.4f*x3 + %.4f*x4 + %.4f*x1^2 
+ %.4f*x1*x2 + %.4f*x1*x3 + %.4f*x1*x4 + %.4f*x2^2 + %.4f*x2*x3 + 
%.4f*x2*x4 + %.4f*x3^2 + %.4f*x3*x4 + %.4f*x4^2\n', coeffs_direct); 
  
% === Step 3B: Neural Network Training on Augmented (Polynomial Basis) 
Data === 
% Here we build a network that takes as input the polynomial basis U. 
% Since the mapping is linear in these basis functions, we can use a 
network 
% with no hidden layers (i.e. a single linear layer). 
netPoly = feedforwardnet([],'trainlm');  % [] means no hidden layer 
netPoly = configure(netPoly, U, Y); 
% Train the network on the augmented data. 
netPoly.trainParam.epochs = 300;  % adjust epochs as needed 
netPoly = train(netPoly, U, Y); 
  
% After training, the network consists of a single layer. Its weights 
and bias are: 
W_nn = netPoly.IW{1};  % 1 x 15 weight matrix 
b_nn = netPoly.b{1};   % scalar bias 
  
fprintf('\nNeural network (polynomial basis) coefficients:\n'); 
fprintf('y = %.4f + %.4f*x1 + %.4f*x2 + %.4f*x3 + %.4f*x4 + %.4f*x1^2 
+ %.4f*x1*x2 + %.4f*x1*x3 + %.4f*x1*x4 + %.4f*x2^2 + %.4f*x2*x3 + 
%.4f*x2*x4 + %.4f*x3^2 + %.4f*x3*x4 + %.4f*x4^2\n', b_nn, W_nn); 
  
% === Step 4: Compare the Two Approaches === 
% They should be very close if the network has converged. 
disp('Difference between direct and NN coefficients:'); 
disp(coeffs_direct' - [b_nn, W_nn]'); 
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