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ABSTRACT 

 

 

 

 

The study of micro cooling heat transfer from a hot surface has been 

performed by using a device consisting of short micro channels.  These devices have 

been developed by the Institute of Micro Process Engineering at the Karlsruhe 

Institute of Technology.  The investigation was focusing mainly on the heat transfer 

and pressure drop problem for a single-phase flow device.  The objective of this 

study is to achieve a compromise value of heat flux and pressure for short 

microchannel heat sink.  An experimental rig has been developed, and a 

microchannel heat sink with microchannel dimensions of 800 µm width, 200 µm 

length and 100 µm height was tested to investigate the characteristics of the device.  

A simulation work has been performed using a simplified model from the actual 

device and was then validated with the experimental result.  Further improvement 

has been carried out on the model and simulated to predict the most compromising 

value between heat fluxes, pressure drop and substrate temperature.  The study has 

shown that the combination of multi-layer arrangements and 50 µm depth 

microchannels was able to increase the heat transfer rate of the device by 9.7% and 

decrease the pressure drop by 20%.  This was achieved by using only single-phase 

flow and without the application of impingement jets or phase change process.  The 

advantages of multilayer short microchannels were not only on the reduction of the 

pressure drop and increment of the heat transfer but also their suitability for many 

applications, besides the fact that they could be rearranged for small surface areas. 
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ABSTRAK 

Kajian mengenai pemindahan haba penyejukan mikro dari permukaan yang 

panas telah dijalankan dengan menggunakan peranti yang terdiri daripada saluran 

mikro pendek. Alat-alat ini telah dibangunkan oleh Institut Kejuruteraan Mikro 

Proses di Karlsruhe Institute of Technology.  Kajian telah memberi tumpuan kepada 

masalah pemindahan haba dan kejatuhan tekanan untuk peranti aliran fasa tunggal.  

Objektif kajian ini adalah untuk mencapai nilai terkompromi fluks haba dan tekanan 

untuk sinki haba bersaluran-mikro pendek. Sebuah pelantar eksperimen telah 

dibangunkan dan dua unit sinki haba bersaluran-mikro dengan saluran berdimensi 

800 μm lebar, 200 μm panjang dan 100 μm tinggi telah diuji untuk mengkaji ciri 

peranti.  Kerja simulasi telah dijalankan dengan menggunakan model yang 

dipermudahkan dari peranti sebenar dan kemudiannya disahkan dengan keputusan 

eksperimen.  Penambahbaikan telah dijalankan ke atas model dan simulasi untuk 

meramalkan kombinasi yang paling optimum antara fluks haba, kejatuhan tekanan 

dan suhu substrat.  Kajian ini telah menunjukkan bahawa gabungan penyusunan 

saluran mikro dengan ketinggian 50 µm yang disusun secara empat lapisan dapat 

meningkatkan kadar pemindahan haba peranti sebanyak 9.7% dan mengurangkan 

kejatuhan tekanan sebanyak 20%.  Ini dicapai dengan hanya menggunakan aliran 

fasa tunggal dan tanpa penggunaan jet hentaman atau proses perubahan fasa. 

Kelebihan saluran-mikro pendek yang disusun berlapis bukan sahaja pada 

pengurangan penurunan tekanan dan peningkatan pemindahan haba tetapi juga 

kesesuaiannya untuk pelbagai aplikasi, di samping kebolehannya untuk boleh 

disusun semula bagi kegunaan pada kawasan permukaan yang kecil. 

 



TABLE OF CONTENTS 

CHAPTER TITLE PAGE 

   

 DECLARATION 

 

ii 

 DEDICATION 

 

iii 

 ACKNOWLEDGEMENTS 

 

iv 

 ABSTRACT 

 

vi 

 ABSTRAK 

 

ix 

 TABLE OF CONTENTS 

 

xii 

 LIST OF TABLES 

 

xv 

 LIST OF FIGURES 

 

xvii 

 LIST OF SYMBOLS 

 

xx 

 LIST OF APPENDICES xxii 

   

1 INTRODUCTION 1 

 1.1 Introduction 1 

 1.2 Problem Statement 3 

 1.3 Objectives of the Current Work 5 

 1.4 Scope of the Study 6 

 1.5 Research Contributions 7 

 1.5 Thesis Outlines 

 

 

 

8 

 

 

 



 

 

viii 

2 HEAT TRANSFER & FLUID FLOW IN 

MICROCHNANEL DEVICES 

 

10 

 2.1 Introduction 10 

 2.2 Heat Transfer in Microchannel 10 

  2.2.1 Nusselts Number 11 

  2.2.2 Thermal Resistance 14 

 2.3 Fluid Flow in Microchannel 16 

  2.3.1 Classification of Fluid Flow 16 

  2.3.2 Pressure Drop in Microchannel 18 

 2.4 Microchannel Design 20 

  2.4.1 Shape & Geometry 21 

  2.4.2 Manufacturing of Microstructured 

 Device 
23 

 2.5 Factor That Influence the Microsurface Cooler 

Performance 

 

25 

  2.5.1 Aspect Ratio & Hydraulic Diameter 25 

  2.5.2 Flow Condition  27 

  2.5.3 Entrance Effects 27 

  2.5.4 Other Scaling Effects 29 

   2.5.4.1 Viscous Dissipation Effects 30 

   2.5.4.2 Surface Roughness Effects 31 

   2.5.4.3 Conjugate Heat Transfer/Axial 

  Heat Conduction Effects 

 

32 

  2.5.5 Selection of Cooling Fluids 32 

 2.6 Research Gap 33 

 2.7 Summary 35 

  

 

 

 



 

 

ix 

3 METHODOLOGY & EXPERIMENTAL SETUP 36 

 3.1 Research Methodology 36 

 3.2 Experimental Study 39 

  3.2.1 Device Geometry 39 

  3.2.2 Experimental Setup 42 

  3.2.3 Measurement Device 45 

  3.2.4 Heat Transfer Analysis 45 

  3.2.5 Measurement Uncertainties 46 

 3.3 Numerical Simulation 48 

  3.3.1 Model Selection  49 

   3.3.1 1 Row of Eight Microchannels  

  (S1) 
49 

   3.3.1.2 Row of Two Microchannels  

  (S2) 
50 

  3.3.2 Assumption and Limitation 51 

  3.3.3 Boundary Conditions 53 

   3.3.3.1 S1 Model 53 

   3.3.3.2 S2 Model 53 

  3.3.4 Solution Algorithm 56 

  3.3.5 Grid Independent Test 57 

 3.4 Summary 59 

   

4 RESULTS & DISCUSSION 60 

 4.1 Experimental Results and Discussions 60 

  4.1.1 Heat Flux and Temperature Distribution 60 

   4.1.1.1 Variation of Thermal and  

  Electrical Power 
61 

   4.1.1.2 Influence of Mass Flow Rate 62 

   4.1.1.3 Difference Between Polymer  

  and Copper Device 
63 

   4.1.1.4 Influence of Inlet Temperature 65 

  4.1.2 Pressure Drop 66 



 

 

x 

  4.1.3 Comparison between Experimental 

 Studies and Analytical Solution from Previous 

 Works 

68 

  4.1.4 Device Characteristic Mapping 73 

   

 4.2 Simulation Results and Discussion 75 

  4.2.1 Flow Visualization 76 

  4.2.2 Temperature Distribution 79 

  4.2.3 Pressure Drop 82 

  4.2.4 Comparison Results for S1 and S2 Model 83 

  4.2.5 Validation of Simulation Results 85 

   4.2.5.1 Comparison Between   

  Experimental Studies and Simulation 

  Studies (S1 Model) 

 

 

86 

   4.2.5.2 Comparison Between   

  Simulation Studies and Analytical  

  Studies by Previous Researcher  

  (Focusing on Single Channel) 

 

 

 

89 

 4.3 Summary 92 

   

5 IMPROVEMENT OF MICROCHANNEL 

DESIGN  

93 

 5.1 Introduction 93 

 5.2 Effect Of Microchannel Dimensions 93 

  5.2.1 Microchannel Width 94 

  5.2.2 Microchannel Depth 96 

   5.2.2.1 Flow Profile in Microchannel  

  (S1 Model) 

 

97 

   5.2.2.2 Heat Transfer 98 

   5.2.2.3 Thermal Boundary Layer  

  Thickness 
101 

   5.2.2.4 Pressure Drop 104 

 5.3 Effect of Material Device on Short Microchannel 105 



 

 

xi 

 5.4 Elimination of Stagnant Point 108 

 5.5 Effect of Multi Layer Arrangement on Short 

Microchannel 

 

112 

 5.6 Summary 116 

   

6 CONCLUSION & FUTURE WORK 117 

 6.1 Conclusions 117 

 6.1 Future Research Opportunities 119 

   

REFERENCES 121 

Appendix A 135-137 



xii 

LIST OF TABLES 

 

 

 

 

TABLE NO TITLE PAGE 

 

3-1 The uncertainties of experimental apparatus. 47 

3-2 Results of calculated measurement uncertainties 48 

3-3 Mesh setup for designated parameter.  (Example for 

C1 mesh) 

 

58 

4-1 The theoretical calculation data by 

Montgomery et al [23]. 

 

69 

5-1 Comparison between thermal boundary layer 

thickness measured in the simulation and thermal 

boundary layer thickness calculated based on Blasius 

equation. 

 

 

 

103 

5-2 Results for different device design made from copper. 113 



xii 

LIST OF FIGURES 

FIGURE NO TITLE 

 

PAGE 

2-1 Selected experimental data for single-phase liquid 

flow in microchannels hydraulic diameter range from 

50 µm to 600 µm. 

 

 

13 

3-1 Flow process of current  research work. 38 

3-2 Microchannel device made by polyimide (left) and 

copper (right).The structured area for both devices is 

1cm2. 

 

40 

3-3 Schematic of microchannel heat sink showing the 

microchannels. 

 

41 

3-4 Illustration of flow inside microchannel heat sink. 42 

3-5 Schematic diagram of the test rig. 43 

3-6 Picture of the test rig 43 

3-7 Setting of device on heating unit. 44 

3-8 CFD Model for a row of eight microchannels 

showing only the fluid part. 

 

49 

3-9 CFD Model for a row of two microchannels with 

device material included. 

 

50 

3-10 Boundary condition for S1 model. 54 

3-11 Boundary condition for S2 model. 55 

3-12 Sample of solution iteration from CFD Software. 56 

3-13 Sample of meshing in a model that consist of 2 

microchannels 

 

57 

3-14 Surface temperatures for different mesh along 

microchannel length. 

 

58 



 

 

xiv 

4-1 Comparison between electrical power and thermal 

power for two different mass flow rate. 

 

62 

4-2 Variation of heat flux with mass flow rate. 
 

63 

4-3 Variation of temperature difference with heat flux for 

copper and polymer device. 

 

64 

4-4 Variation of temperature difference with thermal 

power and inlet temperature. 

 

66 

4-5 Pressure drop for copper and polymer device for with 

mass flow rate. 

 

67 

4-6 Comparison between average Nusselts number 

calculated based on using experimental data and 

theoretical studies. 

 

 

71 

4-7 Comparison of apparent friction factor obtained by 

current experiment and simulation study and apparent 

friction factor obtained by the correlation of previous 

researchers. 

 

 

 

73 

4-8 Thermal resistance of a copper device based on 

different pumping power. 

 

75 

4-9 Flow velocity profile showing the stagnation points 

inside the microchannel heat sink. 

 

76 

4-10 Velocity vector inside channel number one. 77 

4-11 Velocity vector inside channel number four. 78 

4-12 Velocity profile inside the channel number one. 78 

4-13 Temperature profile inside the first microchannel of a 

row. 

 

79 

4-14 Distribution of temperature on the fluid surface where 

heat transfer took place.  Three different 

microchannels (channel 1, channel 4 and channel 8) 

of S1 model. 

 

 

 

81 

4-15 Surface heat transfer coefficient at three different 

location along microchannel length (y direction). 

 

81 



 

 

xv 

4-16 Pressure drop in a row consist of 8 microchannels for 

different mass flow rate. 

 

82 

4-17 Temperature difference between inlet and outlet of 

single microchannel for a model with device material 

considered and a model without device material 

considered, versus inlet channel velocity. 

 

 

 

84 

4-18 Pressure drop between inlet and outlet of single 

microchannel for a model with device material 

considered and a model without device material 

considered, versus inlet channel velocity. 

 

 

 

85 

4-19 Temperature difference between substrate’s surface 

temperature and fluid mean temperature, versus heat 

flux. 

 

 

87 

4-20 Comparison between pressure drop in experimental 

and simulation study at different mass flow rates. 

 

88 

4-21 Comparison of local Nusselts number obtained in 

current simulation study and local Nusselts number 

calculated using correlations by previous researcher 

[13]. 

 

 

 

91 

5-1 Variation of temperature difference at different heat 

flux for microchannel width of 0.8 mm and 1.0 mm 

Variation of temperature difference at different heat 

flux for microchannel width of 0.8 mm and 1.0 mm. 

 

 

 

95 

5-2 Variation of pressure drop for different microchannel 

width. 

 

96 

5-3 Flow distribution inside microchannel with different 

microchannel depth: (a) 100 µm; (b) 50 µm. 

97 

5-4 Variation of temperature difference with heat flux for 

different microchannel depth and mass flow rate. 

 

100 

5-5 Variation of temperature difference with heat flux for 

different microchannel depth with material device. 

 

101 

5-6 (a) Boundary layer thicknesses for different 

microchannel depth: (a) 100 µm; (b) 50 µm. 

 

102 



 

 

xvi 

5-7 Variation of pressure drop with mass flow rate for 

two different microchannel depth. 

104 

5-8 Temperature distribution at the cross section area of 

S2 model (located at the middle part of the 

microchannel). 

 

107 

5-9 Variation of temperature difference for different 

microchannel materials with heat flux 

 

107 

5-10 Spots of stagnant flow, based on simulation study and 

shown in the actual device model. 

 

108 

5-11 Velocity profile for flow inside two microchannels. 109 

5-12 Velocity profile with modification at the channel’s 

entrance and channel’s end. 

 

110 

5-13 Pressure drop along the microchannel at different 

mass flow rate for different inlet and outlet design. 

 

111 

5-14 Simulation model for a device with 0.05 mm 

microchannel depth with two layers arrangement. 

 

112 

5-15 Variation of pressure drop at different mass flow rate 

for different microchannel arrangement. 

 

115 

5-16 Variation of apparent friction factor at different 

microchannel layers arrangement with Reynolds 

number. 

 

 

116 

   

 

  



 

 

xvii 

 

LIST OF SYMBOLS 

 

 

 

 

A - Area 

a - Channel height 

b - Channel width 

Br - Brinkman number 

c - Specific heat 

D - Diameter 

E - Energy 

e - Uncertainty 

er - Relative roughness 

F - Force 

f - Friction factor 

h - Heat transfer coefficient 

k - Heat conductivity 

L - Channel length 

m - Mass 

m  - Mass flow rate 

Nu - Nusselts number 

P - Pressure 

Pe - Peclet number 

Po - Poiselle number 

q  - Heat flux 

Q  - Heating Power 

Pr - Prandtl number 

R - Resistance 

Re - Reynolds number 

s - Length 

t - Time 

T - Temperature 

u - Velocity 

u


 - Average velocity 

V - Volume 

W  -  

x - x coordinate 

x - Axial distance 



 

 

xviii 

y - y coordinate 

z - z coordinate 

α* - Aspect ratio 

  - Delta 

Δ - Delta 

δ - Boundary layer 

ε - Absolute roughness 

μ - Dynamic viscosity 

ν - Kinematic viscosity 

ρ - Density 

  - Del 

* - dimensionless axial(thermal) 

+ - dimensionless axial(hydraulic) 

app - apparent 

blockupper - upper block 

b - bulk mean 

CS - control surface 

cs - cross section 

CV - control volume 

fd,h - hydraulic entrance 

fd,t - thermal entrance 

h - hydraulic 

hts - heat transfer surface 

in - inlet 

m - average 

max - maximum 

mean - bulk mean 

out - outlet 

p - pressure constant 

pow - power 

s - surface 

system - system 

t - thermal 

therm - thermal 

w - water 

x - x direction 

y - y direction 

z - z direction 

  



 

 

xix 

 

LIST OF APPENDICES 

 

 

 

 

APPENDICES 

 

TITLE 

 

PAGE 

 

A Publication of the research 142 

 



1 

Chapter 1  

INTRODUCTION 

1.1 Introduction 

Electronics devices today has changed a room full of complex devices with 

very limited capabilities to a single mobile, simple and multifunctional device.  The 

increment of device functionality also means the increment of the device's workload.  

The additional workload will result in more heat generated by the device.  In order to 

handle the higher amount of heat generated by the device to maintain the temperature 

of the device within its acceptable operating range; a new cooling method should 

replace the conventional cooling system.  In spite of that, the minimization of the 

device had required a new cooling system that must be integrated to the device itself.  

These lead to the need of micro cooling system. 

 

The first study on micro cooling system was presented by Tuckerman et al. 

[1]. They discovered that by using a set of microchannel array, it is possible to 

remove up to 750 W heat from a VLSI device with total area of one centimeter 

squared.   Started from this study, many industrial practitioners started to explore 

further on the capability of micro cooling system [2, 3].  

 

Aiming at obtaining higher heat transfer rate, researchers are concerned with 

the pressure drop drawbacks as this drawback is related to the needs of additional 

pumping system [4].  Therefore, various attempts on finding the best compromising 

value between heat transfer rate and pressure drop were performed [5]. Most of the 

studies done were focused on modifying the microchannel itself [6].   
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The modification was not limited only to the geometry of microchannel, but 

included the modification of microchannel dimensions and arrangements [7]. In 

addition, some researchers put effort to determine the factors that contributed to the 

increment of both heat transfer and pressure drop [8-11]. With the effecting factors 

clearly known, some researchers tried to find the best microchannel design that 

advantages the heat transfer rate or pressure drop.  In 2008, Wang et al.[12] proposed 

heat sink with transverse microchannel or short microchannel because of the 

capability of the short microchannel to transfer higher heat compared to current 

microchannel design. This is due to the effect of developing flow profile at the 

entrance channel [13].  Since then, numerous studies on the similar microchannel 

heat sink were performed to explore the capability of transverse or short 

microchannel in surface cooling [14]. However, the focus of this study will be on the 

short microchannel length that is less than 0.5 mm. This type of microchannel is 

practical since it could be scalable and easily fit to any surface area. Both 

experimental and numerical study is performed to obtain the characteristics of short 

microchannel device and to determine the most compromising value between heat 

transfer and pressure drop. Further review on recent development of microchannel 

heat sink and the factor that influences the value of heat transfer and pressure drop in 

microchannel is presented in Chapter 2. 
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1.2 Problem Statement 

Electronic miniaturization has become the trend nowadays due to a huge 

demand from users. The heat generated from these miniature devices could reach 

more than 400 W/cm2 due to the higher workload and power consumption. This heat 

could cause the devices to exceed the maximum operating temperature, and further 

on, cause the malfunction of the system. Therefore, a new micro cooling system has 

been developed to suit current application.   

Microchannel cooling system or better known as microchannel heat sink has 

been widely used lately as an alternative for better heat transfer devices.  It is 

desirable to have a microchannel heat sink with a higher heat transfer rate but a lower 

pressure drop at the same time. This combination is important as a way to maintain a 

compact system with superior heat transfer performance.  However, until now, it is 

difficult to find the best compromise value for both heat transfer and pressure drop 

[1]. Most of the designs available today provide advantage either only on the heat 

transfer or on the pressure drop only [15-18].  Those that meets both criteria is either 

having a rigid design or using a certain cooling fluid that is difficult to handle and are 

only specific to certain applications [5, 19].  Another major disadvantage of current 

device is that the device is designed based on the model of a single microchannel. 

Therefore the thermal hydraulic performance obtained is not represented the actual 

performance [20, 21] and the influence of some scaling parameters that affected the 

performance of microchannels are not considered [22].  

In this study, arrays of short microchannels with length less than 0.5 mm are 

developed and experimentally tested to obtain higher heat transfer rate and lower 

pressure drop.  This type of microchannel are selected as their velocity and 

temperature profile of the flow are still developing and this condition shows a higher 

heat transfer rate compared to developed flow profile [6, 13]. A numerical simulation 

focused on an array of microchannels has been modeled and simulated to study the 

effect of microchannel dimension and arrangement to both heat transfer and pressure 

drop of the device.  
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The current study is also focusing on trying to answer the following research 

question. 

a) Is a single phase short microchannel heat sink suitable to be used to cool a small 

device that dissipate heat of 400 W/cm2 with a pressure drop of less than 100 kPa? 

b) Can a three-dimensional modelling together with conventional theory be used to 

predict the characteristics of short microchannel devices and capable to represent the 

actual device characteristics? 

c) How do the aspect ratio, device material and microchannel design and its 

arrangements affect the thermal hydraulic performance of short microchannel in heat 

sink application?   
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1.3 Objectives of Study 

The main objective of this study is to develop a microchannel heat sink 

device with the following operating parameters: surface area of 1cm2, pressure drop 

limited to 50 kPa, heat flux greater than 400 W/cm2 and temperature difference 

between heated surface and coolant inlet flow of 50 oC.  The specific goals of this 

study are: 

1. To assess the effects of aspect ratio, device material, fluid inlet temperature and 

inlet passage design of a short microchannel on its thermal hydraulic performance 

as a surface cooling device.   

2. To prove that a conventional theory of heat transfer and pressure drop for 

macrochannel device is suitable to be used to predict the thermal hydraulic 

performance of a short microchannel heat sink device. 

3. To establish an optimum design of a short microchannel heat sink in order to 

achieve the desired values for both pressure drop and heat transfer characteristics 

of the device. 
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1.4 Scope of the Study 

The scope of the research are as follows: 

1. In this study, an experimental setup comprising of heating system, water 

distribution system and measurement instrumentation is developed to 

resemble the cooling system of electronic devices. Short microchannel heat 

sinks are tested on this rig. 

2. A short microchannel device consisting of 128 microchannels arranged in 

multiple row with eight microchannels in single row is developed.The 

microchannels has a dimension of 200 µm length, 800 µm width and 100 µm 

height and structured on a surface area of 1 cm2. 

3. For the analysis of heat transfer rate and pressure drop of short microchannel 

heat sink, two devices with different materials, namely polymer and copper 

are tested. The heat flux at the heating surface, the mass flow rate of the inlet 

flow and the temperature of the inlet flow are varied between the range of 50 

W/cm2 to 500 W/cm2, 20 kg/h until 80 kg/h and 10 oC and 60 oC. 

4. To prove the adequacy of conventional theory of heat transfer and pressure 

drop to predict the thermal hydraulic performance of microchannel heat sink, 

a three-dimensional CFD model consist of eight microchannels in a row is 

designed, modeled and simulated using ANSYS workbench CFD software. A 

laminar boundary condition is selected for the flow profile. The variation of 

two parameters are taken into account, namely heat flux and mass flow rate 

of inlet water. The range of heat flux is between 50 W/cm2 to 500 W/cm2 and 

mass flow rate is between 20 kg/h until 80 kg/h. A SIMPLE scheme of 

pressure based solution using first order upwind for energy and pressure is 

used to solve the Navier-Stokes equation. 

5. A three-dimensional model consist of two microchannels in a row is 

designed, modeled and simulated to study the effect of microchannel 
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dimensions, namely width and height to the performance of microchannel 

heat sink. Additionally, the effect of the device materials on the heat transfer 

and pressure drop is also predicted using this simulation. Three different 

multilayer arrangement are simulated to obtain the optimum arrangement in 

achieving higher heat transfer rate with lower pressure drop value.  

1.5 Research Contributions 

A summary of main contributions of the research are as follows: 

1. A development of a microchannel testing rig especially for a single-phase 

system and surface cooling purposes. This rig is suitable to be used on 

different compact electronic devices. 

2. An optimum design of a short microchannel heat sink device as a cooling 

system for electronic devices. A characteristic map that shows the 

relationship between pumping powers, thermal resistance of the device, mass 

flow rate and heat flux value is produced. This map can be used as a guide in 

selecting the operating condition for different area application. 

3. A simplified three-dimensional model of a single-phase microchannel heat 

sink is developed with consideration of the scaling effects. The simulation 

data are provided to highlight the adequacy of the conventional theory to 

predict the characteristic of the short microchannel device. 

4.  Sets of simulation data that highlights the effect of microchannel dimensions, 

microchannel layer arrangement, material of microchannel device and the 

design of distribution channel on the heat transfer and pressure drop. The 

final design of short microchannel with an optimum value of heat transfer, 

pressure drop and maximum substrate temperature to inlet temperature 

difference is obtained. 



8 

1.6 Thesis Outline 

In Chapter 1, the concept of heat transfer and surface cooling are explained.  

This is meant to relate the current problem of microstructured device for surface 

cooler with purpose of this study.  The problem statement, objectives and scope of 

work of this study are presented in detail. 

Chapter 2 reviews the studies done by previous researchers related to the 

topics. In contrast with macro device, some factors should be well considered when 

characterizing the heat transfer and pressure drop performance of microstructure 

devices.  These included the surface roughness, conjugate heat transfer (axial heat 

conduction), viscous dissipation and many more.  Since the device is relatively small, 

all these factors play important roles to the device’s performance.  In addition to that, 

the influence of microchannel dimension is also important.  Therefore, many studies 

covered the effect of changing the microchannel’s dimension.  This chapter also 

explained the knowledge gaps in this field and the areas that are still not being 

addressed and explored. 

In Chapter 3, the methodology of the study are explained. Experimental setup 

and micro cooler device that was used in this study are explicitly described.  The 

measurement analysis that comprises the calculation for measurement uncertainties is 

also described.  In the simulation section, two models have been designed and 

selected to assess the agreement between simulation and the experiment.  One model 

consists of eight microchannels in one row which is similar to experimental device 

(the experimental device consists of eight rows), and the other model consist of two 

microchannels (simplified model).  The reasons for all assumptions specified in the 

simulation study are described in detail.  The mesh independent test conducted on the 

simulation model is also presented.  The simulation study is focused on the aspects of 

temperature distribution, heat transfer coefficient, Nusselt number, channel velocity 

and pressure drop of the device.  Additional variables involved in this study are the 

mass flow rate and the heat flux. 
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In Chapter 4, the experimental results are presented.  The results mainly focus 

on the substrate temperature to inlet water temperature difference and the pressure 

drop of the device at different mass flow rates.  The characteristic map for this device 

has also been plotted and discussed. This chapter also includes the results of 

simulation study on both models.  A prediction of velocity vector and temperature 

distribution for a row of microchannel are shown and discussed.  The pressure drop 

of the device is also plotted for different mass flow rates.  The comparative study 

between the two different models is also shown in detail.   

 In Chapter 5, results of optimization study are presented.  The optimization 

was done by changing the microchannel parameters, device design and the device’s 

materials.  Finally as a summary from those results, the new design of microchannel 

heat sink device are presented. In Chapter 6, a summary and conclusions suggestions 

for future work are discussed. 

 



121 

REFERENCES 

1. Tuckerman, D.B. and R.F.W. Pease, High-performance heat sinking for 

VLSI. Electron Device Letters, IEEE, 1981. 2(5): p. 126-129. 

2. Kandlikar, S.G. and W.J. Grande, Evaluation of Single Phase Flow in 

Microchannels for High Heat Flux Chip Cooling—Thermohydraulic 

Performance Enhancement and Fabrication Technology. Heat Transfer 

Engineering, 2004. 25(8): p. 5-16. 

3. Schmidt, R., Challenges in Electronic Cooling: Opportunities for Enhanced 

Thermal Management Techniques—Microprocessor Liquid Cooled 

Minichannel Heat Sink. First International Conference on Microchannels and 

Minichannels, 2003: p. 951–959. 

4. M.Reyes, J.R.A., A.Velazquez, J.M.Vega, Experimental study of heat 

transfer and pressure drop in microchannel based heat sinks with tip 

clearance. Applied Thermal Engineering, 2011. 31(5): p. 7. 

5. Wong, W.H.a.M.G., Normah, Numerical Simulation Of A Microchannel For 

Microelectronic Cooling. Jurnal Teknologi, 2007. 46((A)): p. 1-16. 

6. Harms, T.M., M.J. Kazmierczak, and F.M. Gerner, Developing convective 

heat transfer in deep rectangular microchannels. International Journal of 

Heat and Fluid Flow, 1999. 20(2): p. 149-157. 

7. Peng, X.F. and G.P. Peterson, The effect of thermofluid and geometrical 

parameters on convection of liquids through rectangular microchannels. 

International Journal of Heat and Mass Transfer, 1995. 38(4): p. 755-758. 

8. Brighenti, F., N. Kamaruzaman, and J.J. Brandner, Investigation of self-

similar heat sinks for liquid cooled electronics. Applied Thermal 

Engineering, 2013(0). 

9. Chebbi, R., H.H. Al-Ali, and M. Sami Selim, Simultaneously Developing 

Laminar Flow and Heat Transfer in the Entrance Region of a Circular Tube 

with Constant Wall Temperature. Chemical Engineering Communications, 

1997. 160(1): p. 59-70. 

10. Herwig, H., Flow and Heat Transfer in Micro Systems: Is Everything 

Different or Just Smaller? ZAMM - Journal of Applied Mathematics and 



122 

Mechanics / Zeitschrift für Angewandte Mathematik und Mechanik, 2002. 

82(9): p. 579-586. 

11. Li, Z., et al., Experimental and numerical studies of liquid flow and heat 

transfer in microtubes. International Journal of Heat and Mass Transfer, 

2007. 50(17-18): p. 3447-3460. 

12. Wang, Y. and G.F. Ding, Experimental investigation of heat transfer 

performance for a novel microchannel heat sink. Journal of Micromechanics 

and Microengineering, 2008. 18(3): p. 035021. 

13. Montgomery, S.R. and P. Wibulswas, Laminar flow heat transfer for 

simultaneously developing velocity and temperature profiles in ducts of 

rectangular cross section. Applied Scientific Research, 1968. 18(1): p. 247-

259. 

14. Brandner, J.J., Anurjew, E., Hansjosten, E., Kamaruzaman, N., Schygulla, U., 

A micro heat exchanger for high heat flux. AIChE Spring Nat. Meeting and 

5th Global Congress on Process Safety, Tampa, Florida, 2009. 

15. Hsieh, S.-S. and C.-Y. Lin, Convective heat transfer in liquid microchannels 

with hydrophobic and hydrophilic surfaces. International Journal of Heat and 

Mass Transfer, 2009. 52(1-2): p. 260-270. 

16. Gunnasegaran, P., et al., The effect of geometrical parameters on heat 

transfer characteristics of microchannels heat sink with different shapes. 

International Communications in Heat and Mass Transfer, 2010. 37(8): p. 

1078-1086. 

17. Hetsroni, G., et al., Fluid flow in micro-channels. International Journal of 

Heat and Mass Transfer, 2005. 48(10): p. 1982-1998. 

18. Hrnjak, P. and X. Tu, Single phase pressure drop in microchannels. 

International Journal of Heat and Fluid Flow, 2007. 28(1): p. 2-14. 

19. Jung, J.-Y., H.-S. Oh, and H.-Y. Kwak, Forced convective heat transfer of 

nanofluids in microchannels. International Journal of Heat and Mass 

Transfer, 2009. 52(1-2): p. 466-472. 

20. Wei, X. and Y. Joshi, Experimental and numerical study of sidewall profile 

effects on flow and heat transfer inside microchannels. International Journal 

of Heat and Mass Transfer, 2007. 50(23-24): p. 4640-4651. 



123 

21. Qu, W. and I. Mudawar, Experimental and numerical study of pressure drop 

and heat transfer in a single-phase micro-channel heat sink. International 

Journal of Heat and Mass Transfer, 2002. 45(12): p. 2549-2565. 

22. Morini, G.L., Scaling Effects for Liquid Flows in Microchannels. Heat 

Transfer Engineering, 2006. 27(4): p. 64-73. 

23. Peng, W., P. McCluskey, and A. Bar-Cohen, Hybrid Solid- and Liquid-

Cooling Solution for Isothermalization of Insulated Gate Bipolar Transistor 

Power Electronic Devices. Components, Packaging and Manufacturing 

Technology, IEEE Transactions on, 2013. 3(4): p. 601-611. 

24. Chang, S.W., et al., Endwall heat transfer and pressure drop in rectangular 

channels with attached and detached circular pin-fin array. International 

Journal of Heat and Mass Transfer, 2008. 51(21-22): p. 5247-5259. 

25. Peiyi, W. and W.A. Little, Measurement of friction factors for the flow of 

gases in very fine channels used for microminiature Joule-Thomson 

refrigerators. Cryogenics, 1983. 23(5): p. 273-277. 

26. Mohammed Adham, A., N. Mohd-Ghazali, and R. Ahmad, Thermal and 

hydrodynamic analysis of microchannel heat sinks: A review. Renewable and 

Sustainable Energy Reviews, 2013. 21(0): p. 614-622. 

27. Celata, G.P., et al., Experimental Investigation of Hydraulic and Single-Phase 

Heat Transfer in 0.130 mm Capilallary Tube. Microscale Thermophysical 

Engineering, 2002. 6(2): p. 85-97. 

28. Yang, C.Y. and T.Y. Lin, Heat transfer characteristics of water flow in 

microtubes. Experimental Thermal and Fluid Science, 2007. 32(2): p. 432-

439. 

29. Mokrani, O., et al., Fluid flow and convective heat transfer in flat 

microchannels. International Journal of Heat and Mass Transfer, 2009. 52(5-

6): p. 1337-1352. 

30. Peng, X.F. and G.P. Peterson, Convective heat transfer and flow friction for 

water flow in microchannel structures. International Journal of Heat and 

Mass Transfer, 1996. 39(12): p. 2599-2608. 

31. Peng, X.F., G.P. Peterson, and B.X. Wang, Frictional Flow Characteristics 

of Water Flowing Through Rectangular Microchannels. Experimental Heat 

Transfer, 1994. 7(4): p. 249-264. 



124 

32. Weilin, Q., G. Mohiuddin Mala, and L. Dongqing, Pressure-driven water 

flows in trapezoidal silicon microchannels. International Journal of Heat and 

Mass Transfer, 2000. 43(3): p. 353-364. 

33. Jung, J.-Y. and H.-Y. Kwak, Fluid flow and heat transfer in microchannels 

with rectangular cross section. Heat and Mass Transfer, 2007. 44(9): p. 1041-

1049. 

34. C.P.Tso and S.P.Mahulikar, Experimental verification of the role of 

Brinkman number in microchannels using local parameters. International 

Journal of Heat and Mass Transfer, 2000. 43(10): p. 1837-1849. 

35. Lelea, D. and A.E. Cioabla, The developing heat transfer and fluid flow in 

micro-channel heat sink with viscous heating effect. Heat and Mass Transfer, 

2011. 47(7): p. 751-758. 

36. Avcı, M., O. Aydın, and M. Emin Arıcı, Conjugate heat transfer with viscous 

dissipation in a microtube. International Journal of Heat and Mass Transfer, 

2012. 55(19-20): p. 5302-5308. 

37. Nonino, C., S. Del Giudice, and S. Savino, Temperature-Dependent Viscosity 

and Viscous Dissipation Effects in Microchannel Flows With Uniform Wall 

Heat Flux. Heat Transfer Engineering, 2010. 31(8): p. 682-691. 

38. Kabar, Y., et al., Numerical Resolution of Conjugate Heat Transfer Problem 

in a Parallel-Plate Micro-Channel. Heat Transfer Research, 2010. 41(3): p. 

247-263. 

39. Yunus Cengel, J.C., Robert Turner, Fundamentals of Thermal-Fluid Sciences 

(SI units). 4 ed. 2012: Mc Grawhill Education. 1152. 

40. Kandlikar, S.G., Chapter 3 - Single-phase liquid flow in minichannels and 

microchannels, in Heat Transfer and Fluid Flow in Minichannels and 

Microchannels, S.G. Kandlikar, et al., Editors. 2006, Elsevier Science Ltd: 

Oxford. p. 87-136. 

41. Chai, L., et al., Optimum thermal design of interrupted microchannel heat 

sink with rectangular ribs in the transverse microchambers. Applied Thermal 

Engineering, 2013. 51(1–2): p. 880-889. 

42. Tang, X.-Y. and D.-S. Zhu, Flow structure and heat transfer in a narrow 

rectangular channel with different discrete rib arrays. Chemical Engineering 

and Processing: Process Intensification, 2013. 69(0): p. 1-14. 



125 

43. Biswal, L., S.K. Som, and S. Chakraborty, Effects of entrance region 

transport processes on free convection slip flow in vertical microchannels 

with isothermally heated walls. International Journal of Heat and Mass 

Transfer, 2007. 50(7-8): p. 1248-1254. 

44. Chakraborty, S., S.K. Som, and Rahul, A boundary layer analysis for 

entrance region heat transfer in vertical microchannels within the slip flow 

regime. International Journal of Heat and Mass Transfer, 2008. 51(11-12): p. 

3245-3250. 

45. Bahrami, H., T.L. Bergman, and A. Faghri, Forced convective heat transfer 

in a microtube including rarefaction, viscous dissipation and axial 

conduction effects. International Journal of Heat and Mass Transfer, 2012. 

55(23-24): p. 6665-6675. 

46. Zhang, T.T., et al., Effect of viscous heating on heat transfer performance in 

microchannel slip flow region. International Journal of Heat and Mass 

Transfer, 2010. 53(21-22): p. 4927-4934. 

47. Dede, E.M. and Y. Liu, Experimental and numerical investigation of a multi-

pass branching microchannel heat sink. Applied Thermal Engineering, 2013. 

55(1–2): p. 51-60. 

48. Kawano, K., et al., Development of Micro Channel Heat Exchanging. JSME 

International Journal Series B Fluids and Thermal Engineering, 2001. 44(4): 

p. 592-598. 

49. Naphon, P. and O. Khonseur, Study on the convective heat transfer and 

pressure drop in the micro-channel heat sink. International Communications 

in Heat and Mass Transfer, 2009. 36(1): p. 39-44. 

50. Hung, T.-C., et al., Optimal design of geometric parameters of double-

layered microchannel heat sinks. International Journal of Heat and Mass 

Transfer, 2012. 55(11-12): p. 3262-3272. 

51. Vijayalakshmi, K., et al., Effects of compressibility and transition to 

turbulence on flow through microchannels. International Journal of Heat and 

Mass Transfer, 2009. 52(9-10): p. 2196-2204. 

52. Cai, C. and I.D. Boyd, Compressible Gas Flow Inside a Two Dimensional 

Uniform Microchannel. Journal of Thermophysics and Heat Transfer, 2007. 

21(3): p. 608-615. 



126 

53. Qin, F.-H., D.-J. Sun, and X.-Y. Yin, Perturbation analysis on gas flow in a 

straight microchannel. Physics of Fluids (1994-present), 2007. 19(2): p. -. 

54. Hong, C., et al., Experimental investigations of laminar, transitional and 

turbulent Gas flow in microchannels. International Journal of Heat and Mass 

Transfer, 2012. 55(15-16): p. 4397-4403. 

55. Husain, A. and K.-Y. Kim, Optimization of a microchannel heat sink with 

temperature dependent fluid properties. Applied Thermal Engineering, 2008. 

28(8-9): p. 1101-1107. 

56. Mlcak, J.D., N.K. Anand, and M.J. Rightley, Three-dimensional laminar flow 

and heat transfer in a parallel array of microchannels etched on a substrate. 

International Journal of Heat and Mass Transfer, 2008. 51(21-22): p. 5182-

5191. 

57. Wu, H.Y. and P. Cheng, Friction factors in smooth trapezoidal silicon 

microchannels with different aspect ratios. International Journal of Heat and 

Mass Transfer, 2003. 46(14): p. 2519-2525. 

58. Judy, J., D. Maynes, and B.W. Webb, Characterization of frictional pressure 

drop for liquid flows through microchannels. International Journal of Heat 

and Mass Transfer, 2002. 45(17): p. 3477-3489. 

59. Abdel-Wahed, R.M. and A.E. Attia, Fully developed laminar flow and heat 

transfer in an arbitrarily shaped triangular duct. Wärme - und 

Stoffübertragung, 1984. 18(2): p. 83-88. 

60. Gamrat, G., M. Favre-Marinet, and D. Asendrych, Conduction and entrance 

effects on laminar liquid flow and heat transfer in rectangular 

microchannels. International Journal of Heat and Mass Transfer, 2005. 

48(14): p. 2943-2954. 

61. Hettiarachchi, H.D.M., et al., Three-dimensional laminar slip-flow and heat 

transfer in a rectangular microchannel with constant wall temperature. 

International Journal of Heat and Mass Transfer, 2008. 51(21-22): p. 5088-

5096. 

62. Koo, J. and C. Kleinstreuer, Laminar nanofluid flow in microheat-sinks. 

International Journal of Heat and Mass Transfer, 2005. 48(13): p. 2652-2661. 

63. Martinelli, M. and V. Viktorov, Modelling of laminar flow in the inlet section 

of rectangular microchannels. Journal of Micromechanics and 

Microengineering, 2009. 19(2): p. 025013. 



127 

64. Muzychka, Y.S. and M.M. Yovanovich, Pressure Drop in Laminar 

Developing Flow in Noncircular Ducts: A Scaling and Modeling Approach. 

Journal of Fluids Engineering, 2009. 131(11): p. 111105. 

65. Muzychka, Y.S. and M.M. Yovanovich, Laminar Forced Convection Heat 

Transfer in the Combined Entry Region of Non-Circular Ducts. Journal of 

Heat Transfer, 2004. 126(1): p. 54. 

66. Papautsky, I., et al. Effects of rectangular microchannel aspect ratio on 

laminar friction constant. in SPIE Conference on Microfluidic Devices and 

Systems II. 1999. Santa Clara, California: SPIE. 

67. Perkins, K.R., K.W. Schade, and D.M. McEligot, Heated laminarizing gas 

flow in a square duct. International Journal of Heat and Mass Transfer, 1973. 

16(5): p. 897-916. 

68. R.K. Shah, A.L.L., Laminar flow forced convection in ducts. Advance Heat 

Transfer Suppliment I. 1978. 

69. Shah, R.K. and A.L. London, Laminar flow forced convection in ducts: a 

source book for compact heat exchanger analytical data. 1978: Academic 

Press. 

70. Wibel, W. and P. Ehrhard, Experiments on the Laminar/Turbulent Transition 

of Liquid Flows in Rectangular Microchannels. Heat Transfer Engineering, 

2009. 30(1-2): p. 70-77. 

71. Xie, X.L., et al., Numerical study of laminar heat transfer and pressure drop 

characteristics in a water-cooled minichannel heat sink. Applied Thermal 

Engineering, 2009. 29(1): p. 64-74. 

72. Zhang, C., Y. Chen, and M. Shi, Effects of roughness elements on laminar 

flow and heat transfer in microchannels. Chemical Engineering and 

Processing: Process Intensification, 2010. 49(11): p. 1188-1192. 

73. Zhou, G.B. and S.C. Yao, Effect of surface roughness on laminar liquid flow 

in micro-channels. Applied Thermal Engineering, 2011. 31(2-3): p. 228-234. 

74. Commenge, J.M., et al., Optimal design for flow uniformity in microchannel 

reactors. AIChE Journal, 2002. 48(2): p. 345-358. 

75. Croce, G., P. D’agaro, and C. Nonino, Three-dimensional roughness effect on 

microchannel heat transfer and pressure drop. International Journal of Heat 

and Mass Transfer, 2007. 50(25-26): p. 5249-5259. 



128 

76. Ergu, O.B., et al., Pressure drop and point mass transfer in a rectangular 

microchannel. International Communications in Heat and Mass Transfer, 

2009. 36(6): p. 618-623. 

77. John, T.J., B. Mathew, and H. Hegab, Parametric study on the combined 

thermal and hydraulic performance of single phase micro pin-fin heat sinks 

part I: Square and circle geometries. International Journal of Thermal 

Sciences, 2010. 49(11): p. 2177-2190. 

78. Kamaruzaman, N.B., et al., Prediction of micro surface cooler performance 

for different rectangular type microchannels dimensions. International 

Journal of Heat and Fluid Flow, 2013. 44: p. 644-651. 

79. Koyuncuoğlu, A., et al., Heat transfer and pressure drop experiments on 

CMOS compatible microchannel heat sinks for monolithic chip cooling 

applications. International Journal of Thermal Sciences, 2012. 56(0): p. 77-

85. 

80. Lee, P.-S. and S.V. Garimella, Saturated flow boiling heat transfer and 

pressure drop in silicon microchannel arrays. International Journal of Heat 

and Mass Transfer, 2008. 51(3-4): p. 789-806. 

81. Liu, C.-K., et al., Effect of non-uniform heating on the performance of the 

microchannel heat sinks. International Communications in Heat and Mass 

Transfer, 2013. 43(0): p. 57-62. 

82. Liu, S., Y. Zhang, and P. Liu, Heat transfer and pressure drop in fractal 

microchannel heat sink for cooling of electronic chips. Heat and Mass 

Transfer, 2007. 44(2): p. 221-227. 

83. Mohiuddin Mala, G. and D. Li, Flow characteristics of water in microtubes. 

International Journal of Heat and Fluid Flow, 1999. 20(2): p. 142-148. 

84. Shao, B., et al., Optimization and Numerical Simulation of Multi-layer 

Microchannel Heat Sink. Procedia Engineering, 2012. 31(0): p. 928-933. 

85. Wang, J., Theory of flow distribution in manifolds. Chemical Engineering 

Journal, 2011. 168(3): p. 1331-1345. 

86. Steinke, M.E. and S.G. Kandlikar, Single-phase liquid friction factors in 

microchannels. International Journal of Thermal Sciences, 2006. 45(11): p. 

1073-1083. 



129 

87. Peng, X.F., G.P. Peterson, and B.X. Wang, Heat Transfer Characteristics of 

Water Flowing through Microchannels. Experimental Heat Transfer, 1994. 

7(4): p. 265-283. 

88. Hung, T.-C., W.-M. Yan, and W.-P. Li, Analysis of heat transfer 

characteristics of double-layered microchannel heat sink. International 

Journal of Heat and Mass Transfer, 2012. 55(11-12): p. 3090-3099. 

89. B.Xu, et al., Evaluation of viscous dissipation in microchannels.pdf. Journal 

of Micromechanics and Microengineering, 2003. 13(1): p. 53-57. 

90. Tamayol, A. and M. Bahrami, Laminar Flow in Microchannels With 

Noncircular Cross Section. Journal of Fluids Engineering, 2010. 132(11): p. 

111201-111201. 

91. Moharana, M.K., G. Agarwal, and S. Khandekar, Axial conduction in single-

phase simultaneously developing flow in a rectangular mini-channel array. 

International Journal of Thermal Sciences, 2011. 50(6): p. 1001-1012. 

92. Park, H.S. and J. Punch, Friction factor and heat transfer in multiple 

microchannels with uniform flow distribution. International Journal of Heat 

and Mass Transfer, 2008. 51(17-18): p. 4535-4543. 

93. Saisorn, S. and S. Wongwises, An experimental investigation of two-phase 

air–water flow through a horizontal circular micro-channel. Experimental 

Thermal and Fluid Science, 2009. 33(2): p. 306-315. 

94. Nonino, C., et al., Conjugate forced convection and heat conduction in 

circular microchannels. International Journal of Heat and Fluid Flow, 2009. 

30(5): p. 823-830. 

95. Mohammed, H.A., P. Gunnasegaran, and N.H. Shuaib, Numerical simulation 

of heat transfer enhancement in wavy microchannel heat sink. International 

Communications in Heat and Mass Transfer, 2011. 38(1): p. 63-68. 

96. Kotcioglu, I., et al., An Experimental Investigation of Heat Transfer 

Enhancement in a Rectangular Duct with Plate Fins. Heat Transfer Research, 

2009. 40(3): p. 263-280. 

97. Al-Bakhit, H. and A. Fakheri, Numerical simulation of heat transfer in 

simultaneously developing flows in parallel rectangular ducts. Applied 

Thermal Engineering, 2006. 26(5-6): p. 596-603. 



130 

98. Sean Ashman, S.G.K. A Review of Manufacturing Processes for 

Microchannel Heat Exchanger Fabrication in International Conference of 

Nano, Micro and Minichannels. 2006. Limerick, Ireland. 

99. Brandner, J.J., Microstructure devices for process intensification: Influence 

of manufacturing tolerances and design. Applied Thermal Engineering, (0). 

100. Paul, B.K. and G.K. Lingam, Cooling rate limitations in the diffusion 

bonding of microchannel arrays. Journal of Manufacturing Processes, 2012. 

14(2): p. 119-125. 

101. Yongli Li, E.H., David Newport and Juergen J. Brandner. Development on 

Manufacturing Process for Integrating Glass Plates With Microchannel 

Walls Made by Micro Stereolithography. in ASME 2013 Fluids Engineering 

Division Summer Meeting. Nevada, USA. 

102. X. Zhang , X.N.J., C. Sun, Micro stereolitography of polymeric and ceramic 

microstructures. Sensors and Actuators, 1999. 77: p. 149–156. 

103. Nguyen, N.T., et al., Design, fabrication and characterization of drug 

delivery systems based on lab-on-a-chip technology. Adv Drug Deliv Rev, 

2013. 65(11-12): p. 1403-19. 

104. Harpole, G.M. and J.E. Eninger. Micro-channel heat exchanger optimization. 

in Semiconductor Thermal Measurement and Management Symposium, 1991. 

SEMI-THERM VII. Proceedings., Seventh Annual IEEE. 1991. 

105. Jian, L., et al. SU-8 based deep x-ray lithography/LIGA. in Micromachining 

and Microfabrication Process Technology VIII. 2003. San Jose, CA: SPIE. 

106. Hetsroni, G., et al., Heat transfer in micro-channels: Comparison of 

experiments with theory and numerical results. International Journal of Heat 

and Mass Transfer, 2005. 48(25-26): p. 5580-5601. 

107. Chiu, H.-C., et al., The heat transfer characteristics of liquid cooling heatsink 

containing microchannels. International Journal of Heat and Mass Transfer, 

2011. 54(1-3): p. 34-42. 

108. Lee, P.-S., S.V. Garimella, and D. Liu, Investigation of heat transfer in 

rectangular microchannels. International Journal of Heat and Mass Transfer, 

2005. 48(9): p. 1688-1704. 

109. Zhao, C.Y. and T.J. Lu, Analysis of microchannel heat sinks for electronics 

cooling. International Journal of Heat and Mass Transfer, 2002. 45(24): p. 

4857-4869. 



131 

110. Lee, G.-B., et al., The hydrodynamic focusing effect inside rectangular 

microchannels. Journal of Micromechanics and Microengineering, 2006. 

16(5): p. 1024-1032. 

111. Çengel, Y.A. and J.M. Cimbala, Fluid mechanics: fundamentals and 

applications. 2006: McGraw-HillHigher Education. 

112. H. Albakhit, A.F. A hybrid approach for full numerical simulation of heat 

exchangers. in Proceedings of ASME Heat Transfer Summer Conference. 2005. San 

Francisco, California, USA. 

113. Wilk, J., Convective mass/heat transfer in the entrance region of the short 

circular minichannel. Experimental Thermal and Fluid Science, 2012. 38: p. 

107-114. 

114. Hooman, K., F. Hooman, and M. Famouri, Scaling effects for flow in micro-

channels: Variable property, viscous heating, velocity slip, and temperature 

jump. International Communications in Heat and Mass Transfer, 2009. 36(2): 

p. 192-196. 

115. Rosa, P., T.G. Karayiannis, and M.W. Collins, Single-phase heat transfer in 

microchannels: The importance of scaling effects. Applied Thermal 

Engineering, 2009. 29(17–18): p. 3447-3468. 

116. Herwig, H. and O. Hausner, Critical view on “new results in micro-fluid 

mechanics”: an example. International Journal of Heat and Mass Transfer, 

2003. 46(5): p. 935-937. 

117. Morini, G.L., Viscous heating in liquid flows in micro-channels. International 

Journal of Heat and Mass Transfer, 2005. 48(17): p. 3637-3647. 

118. Celata, G.P., et al., Using viscous heating to determine the friction factor in 

microchannels – An experimental validation. Experimental Thermal and 

Fluid Science, 2006. 30(8): p. 725-731. 

119. Cole, K.D. and B. Çetin, The effect of axial conduction on heat transfer in a 

liquid microchannel flow. International Journal of Heat and Mass Transfer, 

2011. 54(11-12): p. 2542-2549. 

120. Steinke, M.E. and S.G. Kandlikar, Control and effect of dissolved air in water 

during flow boiling in microchannels. International Journal of Heat and Mass 

Transfer, 2004. 47(8-9): p. 1925-1935. 



132 

121. Naphon, P. and L. Nakharintr, Heat transfer of nanofluids in the mini-

rectangular fin heat sinks. International Communications in Heat and Mass 

Transfer, 2013. 40(0): p. 25-31. 

122. Patel, H.E., et al., Thermal conductivities of naked and monolayer protected 

metal nanoparticle based nanofluids: Manifestation of anomalous 

enhancement and chemical effects. Applied Physics Letters, 2003. 83(14): p. 

2931-2933. 

123. Pak, B.C. and Y.I. Cho, HYDRODYNAMIC AND HEAT TRANSFER STUDY 

OF DISPERSED FLUIDS WITH SUBMICRON METALLIC OXIDE 

PARTICLES. Experimental Heat Transfer, 1998. 11(2): p. 151-170. 

124. Putnam, S.A., et al., Thermal conductivity of nanoparticle suspensions. 

Journal of Applied Physics, 2006. 99(8): p. -. 

125. Errol B. Arkilic, M.A.S., Kenneth S. Breuer, Gaseous Slip Flow in Long 

Microchannels. Journal of Microelectromechanical Systems, 1997. 6(2): p. 

167-177. 

126. Duan, Z. and Y.S. Muzychka, Slip flow in non-circular microchannels. 

Microfluidics and Nanofluidics, 2007. 3(4): p. 473-484. 

127. Frank P. Incropera, D.P.D., Fundamentals of heat and mass transfer. 2002: 

John Wiley & Sons Australia, Limited. 

128. Kline, S.J.a.M., F.A.,, Describing Uncertainties in Single-Sample 

Experiments. Mechanical Engineering, 1953. 75: p. 3-8. 

129. Curr, R.M., D. Sharma, and D.G. Tatchell, Numerical predictions of some 

three-dimensional boundary layers in ducts. Computer Methods in Applied 

Mechanics and Engineering, 1972. 1(2): p. 143-158. 

130. Gersten, K., Hermann Schlichting and the Boundary-Layer Theory, in 

Hermann Schlichting – 100 Years, R. Radespiel, C.-C. Rossow, and B. 

Brinkmann, Editors. 2009, Springer Berlin Heidelberg. p. 3-17. 

 

  




