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Abstract

This era is called information age. Computational equipment make possible to generate,
transfer and process data each second worldwide. IC chips are the bases of these electronic devices.
Thus, there is a deep interest in these high-tech electronic technologies. Since the development of the
transistor in the Bell Laboratories, the 1C chips have grown strongly, mainly in the slenderness and its
number of transistors. For example, the Intel® Core® i7 is currently a part of the newest computational
processor generation manufactured by Intel® Corporations. Its architecture is formed by 774 million
of 64 nm-transistor (compared on its predecessor, this device has an increase of fourteen times the
number of these vital components.) By 2016, it is projected that the next computation processor
generation will have 10-30 nm architecture with an increase of 1.3 times in the number of transistors.
Although the panorama looks pretty good, there is an important drawback of this tendency. The
transfer of electrons into the IC chip generates an important amount of thermal energy, which is
affected directly by the increase of the number of transistors, and inversely by the decrease of the
computational processor size. Thus, several researchers have been focused to enhance current cooling
IC chip technology as well as generate novel cooling systems.

Since the beginning of this century, liquid cooling technologies have received a deep attention
for the next cooling electronic device generation. Large part of the researchers developed in this area
has been addressed to study microchannel heat sinks. The large heat transfer coefficient that the
cooling fluid can achieve when is flowing through these tiny devices as well as the heat sink
slenderness, make them a true alternative for dissipating the high heat fluxes to be generated in the
next computational processors generation. Good knowledge of the phenomena and generation of novel
configurations have been the main result of these studies. However, a couple of problem remains
present: non-uniform junction temperature and high fluid pressure drop. Studies focused to analyze the
thermo-mechanical effects generated on the IC chip have shown that the hotspots produce several
damages into the chip. Thus, it is highly desirable to generate homogeneous temperature in the cooling
system. Moreover, the system energy requirements increase directly with the pressure drop. Thus,
reduction of this energy losses is desirable in order to do more reliable the cooling system (apptopriate
pumping power).

This work is a contribution in the microchannel heat sink area aimed to obtain a micro cooling
system capable to generate uniform junction temperature with the lowest pressure drop penalty.
Analytical and numerical studies are carried out in order to achieve this goal.




Preface

Index

List of Figures
List of Tables

Chapter 1
Micro Cooling Systems — Literature Review

1.1 Introduction

1.2 Microchannel Heat Sinks

1.3 Alternative Micro Cooling Systems

1.4 Enhancement Techniques for Microchannel Heat Sinks

Chapter 11
Evaluation of Enhancement Techniques in Microchannels - Formulation

2.1 Dimensionless Overall Performance, ¢
2.2 Straight Microchannel Heat Sinks
2.3 Passive Enhancement Techniques for Microchannel Heat Sinks
2.3.1 Channels with Variable Cross Section (ETM-1)
2.3.2 Sectioned Channels with Change of Hydraulic Diameter (ETM-2)
2.3.3 Channel with Pin Fins (ETM-3)
2.3.3.1 Circle-shaped Micro Pin Fin Heat Sink (ETM-3-C)
2.3.3.2 Square-shaped Micro Pin Fin Heat Sink (ETM-3-S)
2.3.3.3 Ellipse-shaped Micro Pin Fin Heat Sink (ETM-3-E)
2.3.3.4 Flat-shaped with Rounded Slides Micro Pin Fin Heat Sink (ETM-3-F)
2.3.4 Channel with Wavy Walls (ETM-4)
2.3.5 Channel with Dimpled Surface (ETM-5)
2.3.6 Channel with Reentrant Triangular Cavities (ETM-6)
2.4 Assumptions, Governing Equations and Boundary Conditions
2.4.1 Assumptions
2.4.2 Governing Equations
2.4.3 Boundary Conditions

Index

ii

v

W o~

10

14
15
19
19
20
22
23
23
24
25
26
27
28
30
30
30
31




Index

Chapter II1

Numerical Analysis

3.1 Numerical Analysis 32
3.1.1 Building the Computational Model 32
3.1.2 Mesh Generation 33
3.1.3 Mesh Sensibility Analysis 33
3.1.4 Overview of the Numerical Solution of the System 35
3.1.5 Model Validation 36

Chapter IV

Micro Pin Fin Heat Sink with Variable Fin Density

4.1 Computing Nu0 and f0 from Numerical Results 39

4.2 Overall Performance of the ETM-1 41

4.3 Overall Performance of the ETM-2 42

4.4 Overall Performance of the ETM-3 46

4.5 Overall Performance of the ETM-4 57

4.6 Overall Performance of the ETM-5 58

4.7 Overall Performance of the ETM-6 61

4.8 Remarkable Observations 64

Chapter V

Micro Pin Fin Heat Sink with Variable Fin Density

5.1 Why Use Variable Fin Density 66

5.2 Uniform Temperature Distribution Concept 66

5.3 Micro Pin-Fin Heat Sink with Variable Fin Density — Model Definition 68

Chapter VI

Results and Comparisons of Micro Pin Fin Heat Sink with Variable Fin Density

6.1 Effects of Pin-Fins Shapes 71

6.2 Effects of Fin Length 73

6.3 Effects of Fin Height and Flow Rate 74

6.4 Performance of MF-50x100x200-66 Heat Sink 76

6.5 Performance of the MF-50x100x200x66 Heat Sink in On-line and Offset Fin 78
Configuration

Conclusions ' 82

References 84




Chapter [

List of Figures

Micro Cooling Systems — Literature Review

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6

Figure 1.7
Figure 1.8
Figure 1.9
Figure 1.10
Figure 1.11
Figure 1.12
Figure 1.13
Figure 1.14
Figure 1.15

Chapter 11

Disk-shaped fractal-like the heat sink proposed by [76-68].
- H-shape branching channels [82].
Vascular composites cooled with grids and radial channels [85].
Temperature distribution in disk-shape heat sink [87].
Fractal-like branching microchannel heat sinks [89].
Temperature distribution in offset and inline-lefi-and tree-shaped branching
networks proposed by [93].
Serpentine and spiral networks configurations studied by [98].
Micro pin fin heat sink proposed by [100].
Alternative micro cooling system proposed by [101,102].
Mesh-like heat exchanger configuration proposed by [103].
Manifold microchannel heat sink proposed by [104].
Microchannel heat sink with offset fins arrangement proposed by [106].
Microchannel heat sink with wavy channel walls proposed by [107].
Microchannel heat sink with dimpled surfaces proposed by [108].
Microchannel heat sink with triangular reentrant cavities proposed by [109].

Evaluation of Enhancement Techniques in Microchannels - Formulation

Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5

Figure 2.6

Sketch of straight microchannel heat sinks with widih w., height h,, silicon
thickness t, and space between channels s..

Nusselt number variations for rectangular channels subject to three-side
heating walls and non-developed boundary conditions along the
dimensionless channel length for different o.

JappRe variations for rectangular channels subject to non-developed boundary
conditions along the dimensionless channel length for different ..

Fluid velocity profiles along the x* (lefi) and y* (vight) directions at different
z* positions. Numerical simulation considering an inlet velocity of 1 m/s.
Fluid temperature profiles along the x* (left) and y* (right) directions at
different z* positions. Numerical simulation considering an inlet temperature
of 1 m/s.

Channel with variable cross section (ETM-1). 3D sketch (left), sketch fiom
the top and lateral planes (right).

16

17

w

it




List of Figures
Figure 2.7 Sectioned channels with change of hydraulic diameter (ETM-2). 3D skeich 20
(left), sketch from the top and lateral planes (right).
Figure 2.8 Pin fin shapes considered in the analysis: circle (top-lefi), square (bottom- 22
left), ellipse (top-right), and flat with rounded sides (bottom-right).
Figure 2.9 On-line fin configurations considered in the analysis 22
Figure 2.10  Channel with wavy walls (ETM-4). 3D sketch (left), sketch from the top and 26 II

lateral planes (right).

Figure 2.11 ~ Channel with dimpled surface (ETM-5). 3D sketch (left), sketch from the top 27
and lateral planes (right).

Figure 2.12  Channel with reentrant triangular cavities (ETM-6). 3D sketch (left), sketch 29
from the top and lateral planes (right).

Chapter 111
Numerical Analysis

Figure 3.1 3D sketch of the straight channel. Both solid (gray) and fluid (blue) domains 32
are indicated. Flow direction, heat flux and symmetry are shown.

Figure 3.2 Mesh generated in a straight microchannel heat sink section. Details of the 33
mesh distributions near the channel walls are shown. Flow direction is
indicated as well.

Figure 3.3 Mesh Sensibility Analysis for the fluid temperature variation (fop) and 34
pressure variation (bottom) along the flow length.
Thermal model validation. Comparison of the local thermal resistance in the

Figure 3.4 Case 0 studied experimentally by Tuckerman [I] and the current numerical 37 |
model. l,
Figure 3.5 Hydrodynamic model validation. Comparison of the local fRe factor fore 38 |

Case I proposed by Tuckerman and studied numerically by Toh et al. [43],
and the current numerical model. '

Chapter IV

Evaluation of Enhancement Techniques in Microchannels - Resulis

Figure 4.1 Variation of ¢ along the channel length for the five different configurations 4
mentioned in Table 2.1.

Figure 4.2 Integrated ¢ values for configurations mentioned in Table 2.1. 42

Figure 4.3 Variation of ¢ along the channel length for the cases ETM-2-1 and ETM-2- 43
VIII mentioned in Table 2.3.

Figure 4.4 Variation of ¢ along the channel length for the cases ETM-2-1I, ETM-2-V, 44
ETM-2-VI and ETM-2-VII mentioned in Table 2.3.

Figure 4.5 Variation of ¢ along the channel length for the cases ETM-2-1I, ETM-2-IIT 44
and ETM-2-1V mentioned in Table 2.3.

Figure 4.6 Integrated ¢ values for configurations mentioned in Table 2.3. 45

Figure 4.7 Variation of ¢ along the channel length for the cases ETM-3-C-I, ETM-3-C-Il 47
and ETM-3-C-11I mentioned in Table 2.5.

1




Figure 4.8
Figure 4.9

Figure 4.10
Figure 4.11

Figure 4.12
Figure 4.13

Figure 4.14
Figure 4.15

Figure 4.16
Figure 4.17

Figure 4.18
Figure 4.19

Figure 4.20
Figure 4.21
Figure 4.22

Figure 4.23
Figure 4.24

Figure 4.25
Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30
Figure 4.31

List of Figures

Variation of ¢ along the channel length for the cases ETM-3-C-III, ETM-3-C-
IV and ETM-3-C-V mentioned in Table 2.5.

Variation of ¢ along the channel length for the cases ETM-3-C-1II, ETM-3-C-
VI and ETM-3-C-VII mentioned in Table 2.5.

Integrated ¢ values for configurations mentioned in Table 2.5.

Variation of ¢ along the channel length for the cases ETM-3-S-1, ETM-3-S-1I
and ETM-3-S-T1I mentioned in Table 2.7.

Variation of ¢ along the channel length for the cases ETM-3-S-11I, ETM-S-C-
1V and ETM-3-S-V mentioned in Table 2.7.

Variation of ¢ along the channel length for the cases ETM-3-S-III, ETM-3-S-
VI and ETM-3-S-VII mentioned in Table 2.7.

Integrated (¢ values for configurations mentioned in Table 2.7.

Variation of ¢ along the channel length for the cases ETM-3-E-I, ETM-3-E-II
and ETM-3-E-III mentioned in Table 2.9.

Variation of ¢ along the channel length for the cases ETM-3-E-III, ETM-3-E-
1V and ETM-3-E-V mentioned in Table 2.9.

Variation of ¢ along the channel length for the cases ETM-3-E-III, ETM-3-E-
VI and ETM-3-E-VII mentioned in Table 2.9.

Integrated ¢ values for configurations mentioned in Table 2.9.

Variation of ¢ along the channel length for the cases ETM-3-F-1, ETM-3-F-II
and ETM-3-F-III mentioned in Table 2.11.

Variation of ¢ along the channel length for the cases ETM-3-F-III, ETM-3-F-
VI and ETM-3-F-VII mentioned in Table 2.11.

Variation of ¢ along the channel length for the cases ETM-3-F-III, ETM-3-F-
VIII and ETM-3-F-IX mentioned in Table 2.11.

Variation of ¢ along the channel length for the cases ETM-3-F-1II, ETM-3-F-
IV and ETM-3-F-V mentioned in Table 2.11.

Integrated ¢ values for configurations mentioned in Table 2.11.

Variation of ¢ along the channel length for the cases ETM-4-1, ETM-4-1I and
ETM-4-1II mentioned in Table 2.13.

Integrated ¢ values for configurations mentioned in Table 2.13.

Variation of ¢ along the channel length for the cases ETM-5-VI, ETM-5-VII
and ETM-5-VIII mentioned in Table 2.15.

Variation of ¢ along the channel length for the cases ETM-5-VI, ETM-5-IX
and ETM-5-X mentioned in Table 2.15.

Variation of ¢ along the channel length for the cases ETM-5-1V, ETM-5-V
and ETM-5-VI mentioned in Table 2.15.

Variation of ¢ along the channel length for the cases ETM-5-1, ETM-5-1I and
ETM-5-1I1 mentioned in Table 2.15.

Integrated ¢ values for configurations mentioned in Table 2.15.

Variation of ¢ along the channel length for the cases ETM-6-1, ETM-6-11 and
ETM-6-I1I mentioned in Table 2.17.

47

48

48
50

50

51

51
52

b ¥4

53

53
54

35

55

56

56
57

58
38

59

60

60

61
62




List of Figures

Figure 4.32  Variation of ¢ along the channel length for the cases ETM-6-1V, ETM-6-I1 62
and ETM-6-V mentioned in Table 2.17.
Figure 4.33  Variation of ¢ along the channel length for the cases ETM-6-VI, ETM-6-11 63

and ETM-6-VII mentioned in Table 2.17.
Figure 4.34  Variation of ¢ along the channel length for the cases ETM-6-VIII, ETM-6-1X 63
and ETM-6-1I mentioned in Table 2.17.

Figure 4.35 Integrated ¢ values for configurations mentioned in Table 2.17. 64
Chapter V -
Micro Pin Fin Heat Sink with Variable Fin Density

| Figure 5.1 Sketch of temperature variation in internal flow systems subject to constant 67

heat flux and thermal resistance.

Figure 5.2 Sketch of temperature variation in internal flow systems subject to constant 67
heat flux, uniform wall temperature and variable total thermal resistance.

Figure 5.3 Sketch of sections marked on the square heat sink. The transversal and 68
longitudinal rows, Sy and S, dimensions, and fin places are shown.

Figure 5.4 Sketch of micro pin fin heat sink with variable fin density using flat-shaped 69
fins and placed on a) on-line, and b) offset fin configurations.

| Chapter VI
- Results and Comparisons of Micro Pin Fin Heat Sink with Variable Fin Density
Figure 6.1 Variation of the junction temperature along the dimensionless flow length for 72
the microchannel heat sink, non-pin fin heat sink and micro pin fin heat sinks
‘ based on Configuration I with different fin shapes (Table 6.1). g”=100 .
W/em® and flow rate of 1 mL/s. ‘
Figure 6.2 Variation of the pressure drop along the dimensionless flow length for the 73 ‘
microchannel heat sink, non-pin fin heat sink and micro pin fin heat sinks
based on Configuration I with different fin shapes (Table 6.1). g”"=100
Wicm® and flow rate of 1 mL/s.
, Figure 6.3 Overall junction temperature and pressure drop for pin fin heat sinks with 74
| : ellipse- and flat-shaped fins based on Configuration I and different fin
lengths. q =100 W/cm® and flow rate of 1 mL/s.
| Figure 6.4 Variation of the junction temperature along the flow length in the heat sinks 75
based on Configuration II with different fin heights and flow rates. q”=100
Wiem’.
Figure 6.5 Thermal resistance variations for different flow rates and fin heights (h.) 76
based on Configuration II. g ”=100 W/em’.
Figure 6.6 Pressure drop variation for different flow rates and fin height based on 76
Configuration II. g =100 W/em’.
Figure 6.7 Variation of fluid temperature and junction temperature along the flow 77
direction for i) conventional microchannel heat sink, ii) non-pin fin heat sink,
iii) conventional pin fin heat sink with constant fin density based on
Configuration I11.

REiE]




| List of Figures

Figure 6.8 Thermal resistance and pressure drop variation for different flow rates for 77 |
the MF-50x100x200-66 heat sink.
Figure 6.9 Temperature profile at the bottom wall of the heat sink along the 78

dimensionless flow length for microchannel heat sink and micro pin-fin heat
‘ sinks with variable fin density for both on-line and offsel fin configurations.
q"=100 W/em® and flow rate of 1 mL/s.
Figure 6.10  Thermal resistance and pressure drop variation with different flow rates for 79
| micro pin fin heat sinks with variable fin density and both on-line and offset
| fin configurations. q"=100 W/cm’.
Figure 6.11 ~ Comparison of the pumping power required by the Tuckerman and Pease’s 81
microchannel heat sink [13], Colgan et al.’s cooling device [102], and MF-
50x100x200-66 on-line and offset heat sinks.

AITET




List of Tables |

Chapter 1

Micro Cooling Systems — Literature Review

Table 1.1 Overall performance of some micro cooling systems found in the technical 9

literature
Table 1.2 Summary of passive thermal enhancement techniques to be analyzed in this 12
work

Chapter 11

Evaluation of Enhancement Techniques in Microchannels - Formulation .

Table 2.1 Matrix of cases for ETM-1 20 |

Table 2.2  Dimensions of cases for ETM-1 20 |

Table 2.3 Matrix of cases for ETM-2 21 |

Table 2.4  Channel dimensions for ETM-2 21

Table 2.5 Matrix of cases for ETM-3-C 23

Table 2.6  Circle-shaped fin dimensions for ETM-3-C 23

Table 2.7  Matrix of cases for ETM-3-S 24

Table 2.8  Circle-shaped fin dimensions for ETM-3-S 24

Table 2.9  Matrix of cases for ETM-3-E 24

Table 2.10  Ellipse-shaped fin dimensions for ETM-3-E 25

Table 2.11  Matrix of cases for ETM-3-F 29

Table 2.12  Flat-shaped fin dimensions for ETM-3-F 26

Table 2.13  Matrix of cases for ETM-4 27

Table 2.14  Channel dimensions for ETM-4 : 27

Table 2.15  Matrix of cases for ETM-5 28

Table 2.16  Channel dimensions for ETM-5 . 28 .
: Table 2.17  Matrix of cases for ETM-6 29 |

Table 2.18  Channel dimensions for ETM-6 29 ;

Table 2.19  Thermophysical properties for water and silicon substrate 30 ;

Chapter 111

Numerical Analysis

Table 3.1 Features of the five cases studies by Tuckerman [I]. ' 36

Table 3.2 Comparison of thermal resistance at x=0.9. 37




Chapter IV
Evaluation of Enhancement Techniques in Microchannels - Results

Table 4.1 - Comparison of Nuy and fyRe generated from Equations (2.8) and (2.9), and 40
numerically at z*=0.9.

Chapter V'

Micro Pin Fin Heat Sink with Variable Fin Density

Table 5.1 Description of the four configurations of micro pin fin heat sink arrangements. 68

Chapter VI

Results and Comparison of Micro Pin Fin Heat Sink with Variable Fin Density

Table 6.1 Overall performances of microchannel, non-pin fin and micro pin fin heat sink 72
based on Configuration I with different fin shapes.

Table 6.2 Overall performances of microchannel, non-pin fin and micro pin fin heat sink 74
based on Configuration I with ellipse- and flat-shaped fins subject to different
fin lengths.

Table 6.3 Overall performances of micro pin fin heat sinks based on Configuration IT 75
with different fin heights and flow rates.

Table 6.4 Performance of micro heat sinks using overall performances of micro pin fin 80
heat sinks based on Configuration II with different fin heights and flow rates.

e e = = = e

List of Tables




Chapter 1
Micro Cooling Systems -
Literature Review

INTRODUCTION

A large part of the industrial processes, services, researches and entertainment is based on
high-tech electronic devices. Integrated circuit chips are the keystones of these devices. Since their
development in The Bell Laboratories (1947) [A,1,2], the IC chips have evolved, increasing strongly
their processing capacity and decrease their size. The industry’s ability to exponentially decrease the
minimal feature sizes used to fabricate the integrated circuits leads to this tendency (Moore’s law
(1965) “The number of components per chip doubles roughly every 24 months” [3]). Thereby, each
new electronic system is improved in its performance and size. Currently, the electronic industries
have a strong competition. Their major goal is to generate novel devices (e.g. desktop PCs, system
servers, etc.) with remarkable improvements on their features (size, performance, weight, etc.) than
the previous generation.

A major portion of the semiconductor device production is devoted to digital logic systems,
which are classified in High-Performance Logic (HPL) and Low-Power Logic (LPL). HPL refers to
chips of high complexity, high performance, and high power dissipation, such as microprocessor unit
(MPU) chips for desktop PCs, servers, etc. LPL refers to chips for mobile systems where the
allowable power dissipation and hence the allowable leakage currents are limited by battery life [4]. In
2001, the International Technology Roadmap for Semiconductors (ITRS) projected that the 2016 HPL
Complementary Metal-Oxide Semiconductor (CMOS) will have power leakage around 288 W based
on 9-nm technology [5]. In 2010, the ITRS made updates, indicating that the heat leakage expected by
the 2016 HPL Metal-Oxide Semiconductors Field-Effect Transistor (MOSFET) would have values
around 320 W based on 16-nm technology [4].

Important engineering challenges emerge with this panorama such as the improvement of
manufacturing techniques, characterization of materials, efficient and faster designs of devices capable
to be easily integrated, etc. Furthermore, the time for testing is very short. In the field of thermal
management, the major challenge is the design of reliable, smaller and easy-integration cooling
systems. Based on the ITRS projections, the 2016’s HPL chips are going to request cooling systems
capable to reach thermal resistance values ranging from 0.10 to 0.30 K/W [4-6], considering the
maximum IC chip temperature below 85°C.
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The cooling systems have evolved with each new generation of IC chips, from natural
convection systems (flat-plate or passive pin fin heat sinks) to forced convection packages (air moved
through pin fin heat sinks using fans). Although the last one is currently used for cooling HPL chips,
its application is going to be limited in the near future due to the direct dependency that the cooling
package size has with the amount of heat to be dissipated [B-D] (e.g. the Intel® i7-900® Processor
generated <100 W of thermal energy; and its cooling system has a volume ~300 cm’ [E]). Thereby, in
the last years, alternatives for cooling these electronic devices considering the size and thermal
dissipation as constrains have been proposed and studied.

Liquid cooling technologies are proposed as reliable alternatives for solving the thermal
management challenges. Microchannel heat sinks using water in single or two phase flow, enclosed
systems using refrigerants as cooling medium, inject cooling systems, boiling using micro gaps at
subatmospheric pressures, spray cooling systems, etc. are the main proposal worldwide [7-12].
Overall, important thermal advantages are reached with these novel-cooling systems. However, each
alternative present drawbacks that should be considered for their integration in future [C chips.

MICROCHANNEL HEAT SINKS

In early 1980°s, Tuckerman and Pease [13] proposed a novel alternative for transferring high
heat fluxes in a system. Their proposal was based on the Nusselt number definition for internal flow.
Since the heat transfer coefficient is inversely affected by the channel hydraulic diameter, a large
amount of thermal energy can be transferred from the channel walls to the fluid when the hydraulic
diameter is of the order of micrometers. Their hypothesis was validated experimentally using some
heat sink configurations formed by rectangular microchannels manufactured parallel on a silicon
substrate. Their results showed that it is possible to transfer up to 790 W/cm® with a fluid temperature
rise of 71°C. Thereby, the thermal resistance of their system is 0.09 K/W. According to these terrific
results, the cooling systems to be required by 2016 have already been designed in the early 1980°s.
Although the panorama looks pretty good, there are important drawbacks that affect their reliability.
One of those is the large pressure drop in the system. Tuckerman and Pease reported that the thermal
performance of their best heat sink had a pressure drop slightly larger than 200 kPa with a volumetric
flow of 8.6 cm’/s. Therefore, the pumping power required for moving the fluid through the cooling
system is 1.8 W (~5% of the total power input in a current computational equipment that consumes 20
W of electrical energy). Moreover, important temperature variations are generated when microchannel
heat sinks are used. The increase of the fluid temperature along the flow length and its direct
relationship on the junction wall temperature (IC chip temperature) are the major generators of these
temperature gradients and hotspots. Thermo-mechanical stresses, accumulative of failure and fatigue
per cycle, intermetallic growth, void formation, temperature-induced, acceleration on chemical
reactions, skew of the clock signal network, corrosion and cracking on the die and IC chip package are
generated with these temperature variations [F, 13-15].

Based on this panorama, cooling systems for future applications must have thermal resistance
performance ranging from 0.1 K/W to 0.3 K/W, with the minimal pumping power requirements, easy
integration, and capable to generate the most uniform temperature distribution on the IC chips,
improving significantly their performance and lifetime.
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Several studies upon heat sink based on microchannels for dissipating large heat fluxes have
been carried out in order to understand the micro-phenomena, and geometrical effects, to generate
parameterization curves and optimal configuration, etc. [16-73]. From these studies, it is known that:

1. Channels with hydraulic diameter ranging from 10 pm to 200 pm can be considered as
microchannels.

2. Water in single-phase and laminar regime flowing through microchannels presents similar
thermal performance that water in turbulent regime flowing through macroscale systems.

3. Experimental results present slightly variations with analytical and numerical studies

because of the channel roughness, bias, complexity of measuring, etc.

Rectangular microchannel heat sinks present the best thermal performance.

Pin fin and porous media techniques are good approaches for analytical analyses.

Thermal and hydrodynamic entrance effects are important in this kind of cooling systems

due to the relatively small channel length.

7. Transition from laminar to turbulent regimes is achieved at lower Reynolds number than

o v s

conventional channel size.

8. The thermal resistance in the heat sink increases when the channel height is increased.

9. Analytical and numerical studies should consider the dependency that the fluid properties
have with temperature.

10. H2 boundary conditions (constant wall heat flux such circumferentially as axially) should
be considered in these microanalyses.

11. Channel roughness affects strongly the thermal and hydrodynamic performance.

12. This kind of micro cooling systems has to be easily embedded with the IC chip.

13. Overall pressure drop increases strongly when the heat sink thermal resistance is slightly
decreased. '

14. Comparisons of the Nusselt number and friction factor correlations for microchannels and
macrochannels with rectangular and trapezoidal cross section are exposed by
[40,52,55,66].

Overall, the conclusion reached by Tuckerman and Pease [13] on the thermal and
hydrodynamic performance of heat sinks based on parallel microchannels manufactured on silicon
subtracted and placed on the back-side of IC chips, using water in single-phase and laminar regime,
are ratified on these studies: “The reduction of heat sink thermal resistance has an important pressure
drop penalty and temperature variations on the IC chip.”

ALTERNATIVE MICRO COOLING SYSTEMS

Recently, some researches have been aimed to generate alternative micro cooling systems for
electronic applications. The majority of these studies have proposed geometrical configurations in
order to achieve this goal reducing the pumping power requirements. The most outstanding proposals
are shown in this section.

Bejan’s Constructal theory exposed has been considered in the field of micro cooling systems.
This theory is based on the fact that “the device shape requested in engineering field is developed
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since the specific engineering necessity.” Bejan [H,74] and West ef al. [75] proposed some
geometrical ratios which describe the growing, distribution and bifurcation of channels in order to
cover the major amount of system volume with the minimal pressure drop penalty. Pence [76] and
Wechsatol et al. [77,78] proposed disk-shaped fractal-like configurations as alternative for dissipating
high heat fluxes. Figure 1.1 shows a sketch of these heat sink configurations. Their conclusions
emphasized the robustness of these fractal-like arrangements compared on parallel microchannel heat
sinks. Furthermore, their results showed that 7) the thermal resistance is reduce when the number of
branching channels is increased and #7) the fluid friction is reduced when non-branching channels are
used. Lorente ef al. [79] carried out an analytical analysis in order to observe the effects of channel
length in this kind of configurations. Their results showed a decrease of the flow resistance when the
channel lengths per bifurcation are reduced.
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Figure 1.1 Disk-shaped fractal-like heat sink Figure 1.2 H-shape branching channels [82].
proposed by [76-78].

Zimparov et al. [80,81] optimized the thermal performance of T- and Y-shaped flow systems
for constant temperature as boundary condition. They indicated that their methodology is applicable to
more complex channel configurations. Following this work, Biserni ef al. [82] optimized H-shaped
channel configurations similar to the sketch shown in Figure 1.2. Their conclusion indicated that the
arrangement configuration and complexity should evolve gradually with the performance of the global
system. Wechsatol ef al. [83] and Wang e al. [84] evaluated the attributes of using constructal
networks as micro loops. Their major conclusion indicated that these loops are effective design for
remaining the network performance when the system suffers local blockage. These loops assure the
continuity of the flow along the working period. Wang et al. [85] took into account this observation
and analyzed numerically the performance of vascular composites, which are cooled with grids and
radial channels. Figure 1.3 shows a sketch of these channel configurations. Their results shown that
the systems with outlet in the center offer shorter response of removing heat. Although these analytical
optimizations and numerical analyses show that these systems work efficiently with coolant in single
phase, the heat flux ratio considered in the analyzes is very low compared on the heat expected to be
generated by near future IC chips. Furthermore, the assumptions of these models reduce significantly
their approach with reality.

One alternative for improving these constructal cooling systems is the use of coolant in two-
phase flow. Revillen et al. [86] carried out an analytical work aimed to maximize the saturated critical
heat flux in a disk-shaped fractal-like heat sink. Their results showed that this system can dissipate up
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to 50 W/em” with a pumping power of 0.8 W. Following this thematic, Daguenet-Frick et al. [87]
analyzed numerically a 3-D disk-shape fractal-like heat sink using refrigerant R-134a as coolant. Their
results showed a pretty good temperature distribution on the bottom wall of the heat sink (e.g. Figure
1.4). Although the system reached a thermal resistance of 0.13 K/W with a pumping power of 0.03 W,
the maximum heat removed was only 2.5 W/cm?. These results clearly limit their use in future IC chip
cooling applications.
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Figure 1.4 Temperature distribution in disk-shape heat sink [87].

Some other works focused on improving the flow distribution in a 3D system have been
proposed as well. These studies are based on the fact that “the shape of the systems requested in
engineering fields should be developed since natural structures.” Pence [88] proposed a 1D model for
fractal-like branching network. Pressure and temperature distributions were computed, showing
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robustness compared to conventional parallel straight channels. Chen and Cheng [89,90] proposed
other fractal-like configurations based on rectangular-branching channels. Figure 1.5 presents sketches
of them. Their results showed that these configurations increase the average heat transfer coefficient
and reduce the pressure drop penalty compared on parallel microchannel heat sinks. Wang et al.
[91,92] developed 3D numerical analyses of branching microchannel networks. The results showed
that the increase in the network complexity does not necessarily provide a better thermal performance,
however, the manufacturing costs rises directly with the system complexity.
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Figure 1.5 Fractal-like branching microchannel heat sinks [89].

Wang et al. [93] and Luo et al. [94] analyzed flow and thermal behavior of offset left-like and
branching microchannels heat sinks and asymmetric two bifurcation networks (Figure 1.6). Their
results showed that the pressure drop in the offset leaf-like branching arrangements decreases
significantly compared to symmetry left-like branching configurations. Xu et al. [95] demonstrated
that the heat conduction in a channel network configuration is rather different from Murray’s law [96].
Pence [97] developed an experimental work of fractal-like flow networks using disk-shaped. Their
results showed the difference between fractal-like and constructal approaches applied to these devices,
and the importance of including geometric and manufacturing constraints.

Overall, fractal-like cooling systems show an important improvement in the pressure drop
penalty, but the thermal performance is limited. In some cases, the temperature profile on the die has a
pretty good homogeneous distribution, however, the heat flux supplied into the systems is lower than
the values expected in future applications (e.g. Wang et al. [93] analyzed their system considering a
heat flux of only 10 W/cm?). Therefore, heat sinks based on branching channel configuration could be
appropriate cooling systems for LPL applications, considering single-, two-phase flow or boiling as
cooling mechanism. For HPL applications, these configurations are not appropriate due to the
robustness of the system and manufacturing complexity.

On the other hand, alternative micro cooling systems based on random geometries have been
proposed. Zhang et al. [98] and Miao et al. [99] proposed rectangular channels embedded on
rectangular dies, which are extruded along spiral and serpentine paths, as micro cooling systems.
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Figure 1.7 shows sketches of these configurations. Their results showed a pretty good temperature
distribution when the heat flux supplied into the system was ranging from 2 to 4 W/cm®. However, the |
pressure drop penalty was larger compared on the values obtained in branching channel i
configurations.
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Figure 1.6 Temperature distribution in offset and inline left- and tree-shaped branching networks
proposed by [93].
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Figure 1.7 Serpentine and spiral networks configurations studied by [98]. ;
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Figure 1.8 Micro pin fin heat sink proposed by [100].
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Figure 1.9 Alternative micro cooling system proposed by [101,102].

Peles ef al. [100] proposed a micro pin fin heat sink as alternative micro cooling system.
Figure 1.8 shows a sketch of this device. Their analytical model was based on thermal and
hydrodynamic correlations provided in the literature for systems of conventional size. Then,
experiments were carried out in order to validate their model. The results showed a good approach.
Also, the cooling system was capable to dissipate up to 790 W/cm? with a temperature rise of 30.7°C.
Although the overall thermal resistance of the system was 0.039 K/W, the pressure drop penalty was
considerably large (>200 kPa). Colgan et al. [101,102] offered non-conventional heat sinks using
water and fluorinated fluids as coolants. Two manufactured layers placed face-to-face make up the
heat sink. A specific number of staggered fins are manufactured in the first layer. Several zigzagged
fluid inlets/outlet channels are manufactured in the second layer. Figure 1.9 shows this micro cooling
system. Their experimental results showed that the heat sink with water as coolant is capable of
dissipating up to 500 W/cm?, reaching a thermal resistance around 12 K-mm?*W, and a maximum
pressure drop of 65 kPa. Furthermore, it was observed that the system thermal resistance is reduced
when Indium solder TIM layer is used for bonding the heat sink with the IC chip.

Figure 1.10 Mesh-like heat exchanger configuration proposed by [103].

More recently, Wilchli ef al. [103] proposed a mesh-like heat exchanger configuration as an
alternative for dissipating high heat fluxes. Figure 1.10 presents a sketch of this arrangement. The
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device was formed by three interconnected layers, which are bonded using a Direct Cooper Bounding
Process (DCB). Water is entering to the system from one port and leaves from the opposed port,
suffering several change of direction in the system. Thereby, the heat transfer coefficient is increased,
reducing the overall thermal resistance. Their numerical results showed that this system reaches
thermal resistance values down 0.08 K/W with a pumping power near 0.33 W.

Figure 1.11 Manifold microchannel heat sink proposed by [104].

Escher et al. [104] followed this tendency and proposed a heat sink configuration based on
several manifolds. Figure 1.11 shows a sketch of this arrangement. The system configuration is based
on two layers. Several parallel channels are found in the first layer similar to a conventional
microchannel heat sink. Then, some larger channels cross perpendicularly the first layer. A significant
increase of the heat transfer area is achieved with these crossed channels. The numerical results
provided by [104] indicated that this configuration dissipates up to 750 W/cm® with a temperature rise
around 65 K. Thus, the system has a thermal resistance of 0.087 cm®-K/W with a pressure drop
penalty lower than 10 kPa (~20 times lower pressure drop than conventional microchannel heat sinks
[13]). These results clearly show the evolution that micro heat sinks for electronic applications have
endured over the last three decades. Table 1.1 shows a summary of the overall performance of some
micro cooling systems found in the thecnical literature.

Table 1.1 Overall performance of some micro cooling systems found in the technical literature.

AP R Pump. q" e

Author Description (Pa) (K/W) power (W) (Wiem)

Tuckerman and Pease

(1981) [13] Rectangular microchannel heat sink 207 0.090 2.3 >650

Rectangular microchannel heat sink

Fnightet ol (1992) [2] using turbulent flow

207 0.056 >10.0 >1000

Rectangular microchannel heat sink

illoree.al. (2000} 371 for multichips modules

180 0.092 ~47.0 >650

Peles et al. (2005) [100] zf;;g;rh;a;‘l"gn‘:“h oircyla 203 0.039 - >1500
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Colgan ef al. (2007) Micro heat sink with “semi-

[101] elliptical” staggered pin fins <33 0105 A =00
E‘f]am i i 2 00%) Optimized microchannel heat sink - 0.081 -- >700
Escheretal (2010)  Heat sink formed by manifold .

[104] g fe <10 0.087 0.15 >680

*Considering 1 cm x 1 cm IC chip with maximum design temperature of 85°C and ambient temperature of 25°C.

Despite these great thermal and hydrodynamic results, some important aspects have not been
considered in these alternative microcooling systems, such as uniformity of the die temperature,
feasibility of the cooling system integration, fast and cheap manufacturing processes, etc. Clearly,
these proposals of heat sinks have failures in at least one of these points. Thus, novel proposals of
micro heat sinks, working with water in single-phase and laminar regime, and capable to cover these
points should be proposed and analyzed.

ENHANCEMENT TECHNIQUES FOR MICROCHANNEL HEAT SINKS

Although single-phase heat transfer techniques for conventional channel and compact heat
exchangers are well established, there are not several researches considering microchannel heat sinks.
Steinke and Kandlikar [105] evaluated the feasibility of using the conventional enhancement
techniques in microchannel and minichannels. They indicated that some passive techniques, such as
flow disruptions, are good possibilities for thermal enhancement. Furthermore, there is not additional
power costs for using these techniques since the system does not have moving parts or activation of
components. The authors suggested the experimental and numerical evaluation of the pressure drop
penalties and heat transfer performance when these passive techniques are used. Based upon this
evaluation, Steinke and Kandlikar [106] carried out experiments with enhanced microchannel heat
sinks formed by offset strip fins with lengths ranging from 250-500 pm and 50 pum width. Figure 1.12
shows SEM micrographs of the arrangement. The results showed that the system reaches a thermal
resistance of 0.1 K/W and dissipated up to 1000 W/cm®. The pressure drop penalty was ranging from
150 to 180 kPa.

On the other hand, Gong et al. [107] developed numerical analysis of microchannel formed by
wavy walls along the flow length as a passive scheme for improving the heat transfer performance at
low Reynolds number. Figure 1.13 shows sketches of this configuration.. Their results showed that
these configurations provide an overall thermal performance improvement of up to 26% compared on
conventional microchannel. The increase of the pressure drop was ~30% compared to smooth
channels. Wei et al. [108] analyzed numerically microchannels with one dimple at the bottom surface.
Interesting thermal enhancements were observed at the vicinity of the downstream of the dimple
(~30%) compared on smooth channels. The results indicated that this passive enhancement technique
is a good alternative for enhancing the heat transfer coefficient inside microchannels. The pressure
drop penalty was equivalent to smooth channels.

in
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Figure 1.13 Microchannel heat sink with wavy channel walls proposed by [107].

Figure 1.14 Microchannel heat sink with dimpled surfaces proposed by [1 08].

Xia et al. [109] introduced the concept of triangular reentrant cavities as a passive technique
for enhancing microchannel heat sinks. Figure 1.15 shows a sketch of this arrangement. Their results
showed that the thermal performance is importantly increased when these cavities are used, majorly
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when the ration between H, and Le (Figure 1.15) is near 2.0. The pressure drop penalty associated with
this enhancement technique is relatively low compared to conventional microchannels.
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Figure 1.15 Microchannel heat sink with triangular reentrant cavities proposed by [109].

Conceptually, the variations of the channel cross-section along the flow length and sectioned
channel with change of hydraulic diameter at each section are a couple of passive technique to
increase the heat transfer in microchannels. Works aimed to analyze the thermal and hydrodynamic
effects on these enhanced techniques for microchannels have not been reported in the technical
literature. Table 1.2 summarizes the passive thermal enhancement techniques discussed above. The
abbreviation ETM-n is used for indicating the number enhancement thermal model that is analyzing.

Table 1.2 Summary of passive thermal enhancement techniques to be analyzed in this work.

Enhancement Technique Main features Ref

Channels with variable cross section
area along the flow length (ETM-1)
Sectioned channels along the flow

length with change of hydraulic - There are not studies in the technical literature. N/A
diameter (ETM-2) '

- There are not studies in the technical literature. N/A

- The heat transfer area is significantly increased.

iy ETM-
Channels with pin fins (ETM-3) - The pressure drop penalty is similar to straight channels

[106]

- Thermal effects are important at low Reynolds numbers.
Channels with wavy walls (ETM-4) - Overall, the thermal performance increases ~26%. [107]
- The pressure drop penalty is relatively large ~30%.

- The local heat transfer is increased at the vicinity of the

o f
Clinnelswithdimpledsuriice downstream of the dimple. [108]

(EINES) - Pressure drop penalty is not clearly reported.

- The heat transfer is significantly increased when the systems
Channels with reentrant triangular have o ~2.0. [109]
cavities (ETM-6) - Pressure drop penalty associated with the thermal

enhancement in not clearly provided.

Since the major goal of this work is to design a reliable microcooling system for cooling near-
future IC chips considering passive enhancement techniques, with the feature of generating
homogenous temperature profiles, the work is divided in two stages mentioned below.
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1. The first stage focuses on evaluating the overall performance of each enhancement
technique listed in Table 1.2. A dimensionless parameter ¢ is proposed for these
purposes. Chapter 2 presents its formulation and definition. Results reported in the
technical literature and/or numerical results for each enhancement technique are used for
the evaluation of their overall performance.

2. Based upon the previous results and the goal of generating homogeneous temperature
profiles on the IC chip, a micro cooling system is designed using numerical tools. Tts
performance with different operating conditions is evaluated.

A better performance of the near future IC chips and a significant increase in their lifetime is
expected with this non-conventional microcooling system.

12




Chapter 11

Evaluation of Enhancement Techniques in
Microchannels —Formulation

DIMENSIONLESS OVERALL PERFORMANCE, @

In Chapter I, some thermal performance enhancement techniques in microchannel, which have
been recently analyzed, are presented (Tables 1.1 and 1.2). The current technical literature shows that
the overall pressure drop increases strongly when the microchannel thermal resistance is slightly
decreased (i.e. TAP>>\AR). Thus, although each technique improves, in different degree, the heat
transfer coefficient in the microchannel, there is an important increase in the pressure drop penalty
associated with this thermal improvement.

Thereby, this work proposes the use of the dimensionless parameter ¢ in order to evaluate
quantitatively the real performance that each enhancement technique has in the cooling system. Thus,
¢ is defined as the ratio between thermal improvement and the rise of the pressure drop penalty
(Equation (2.1)).

Thermal improvement

2.1)

" Increase of pressure drop penalty

By definition, the Nusselt number is a dimensionless parameter that involves the ratio of
energy transferred from the channel walls to the fluid under specific boundary conditions. Based on
this definition, the thermal improvement can be quantified as the ratio given by the Nusselt number in
enhanced microchannels, Nu;, divided by the Nusselt number in straight microchannels, Nuy. Equation
(2.2) shows this ratio.

Thermal improvement = b 2.2)
u,
Increase of pressure drop penalty = L (2.3)

0

Moreover, the pressure drop penalty is directly affected by the operating conditions and the
friction factor associated to the geometry and regime of the fluid. By definition, the Fanning friction
factor, f; has the ability to represent the momentum transfer process of the fluid flow in a manner
consistent with the heat and mass transfer representation. Thus, the increase of the pressure drop

14
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penalty can be quantified by the ratio between Fanning friction factor in the improved channels, f;, and
the friction factor in straight microchannels, f;. Equation (2.3) shows this ratio.

Substituting Equations (2.2) and (2.3) in Equation (2.1), the dimensionless overall
performance, ¢, is defined by Equation (2.4). Since this work is aimed to generate uniform
temperature profiles on the IC chip considering the development of the fluid boundary layers, the local
performance of the thermal enhanced microchannel heat sinks is needed to evaluate, i.e. ¢=f{z%),
where z* is the dimensionless channel length. Equation (2.5) is used for this purpose.

p= x—z;/%) (2.4)
o= e /[ L) @)

From these equations, it is possible to conclude the following:

1. When ¢>1.0, the decrease of the microchannel thermal resistance is larger than the
increase of the friction resistance associated to the enhancement technique.

2. When ¢=1.0, the increase in the thermal and fluid resistances remains in similar proportion.
Thus, the enhancement technique does not have important effects on the microchannel.

3. When ¢<1.0, the decrease on the microchannel thermal resistance is lower than the
increase in the friction resistance associated to the enhancement technique.

Thus, enhancement techniques that generates ¢ values larger than 1.0 are good alternatives in
the design of the next generation of IC chip cooling systems.

Local and overall Nu, and f; are already found in the technical literature, as well as some
overall Nu; and £, However, only a few local Nu; and f; have been determined in the technical
literature. Thus, numerical analyses are carried out in order to generate these local values. The
formulation for each enhancement technique is presented in this chapter. The most up to date
correlations for Nuy and fp are discussed in the next section.

STRAIGHT MICROCHANNEL HEAT SINKS

As it was mentioned in Chapter I, conventional microchannel heat sinks have been widely
studied along the years. The manufacturing of these cooling systems is based typically on removing
material from a silicon substrate until the channel height (channel depth) is achieved. Then, a thin
plate of Pyrex is placed onto the substrate in order to cover the grooves. Thus, several straight and
parallel channels with rectangular cross sections are formed. Figure 2.1 shows a sketch of these
conventional configurations. A heat flux is supplied on the bottom wall of the cell and transferred to
the channel walls by conduction. The coolant moves through these channels, removing the heat from
the three-heating walls and taken out of the system. Technical literature presents correlations for their
thermal and hydrodynamic performances considering fully as non-developed boundary conditions [C].

15
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Sc T~ Wc

Figure 2.1 Sketch of straight microchannel heat sinks with width w., height h,, silicon thickness t, and
space between channels s..

The dimensionless parameter ¢ was defined in the previous section. ¢ is based on the thermal
and hydrodynamic performance that straight microchannels have for specific operating conditions.
Since the pressure and temperature gradients found in small diameter channels are quite high, the
length of the channel in the developing region forms a major portion of the total channel length.
Therefore, the system performance becomes a function of the dimensionless channel length. Equations
(2.6) and (2.7) are used for computing them, respectively. Numerical values of these parameters for
different channel aspect ratios, o, are available in the technical literature [C].

N
N, (2*) = Nuy, (%) = Nty (%) —22 2.6)
: Nu‘m
APD? 1
¥)=f,=—2—— 2.7
fO(Z ) Jun 2uu, Lz* Re (el

Figures 2.2 and 2.3 present plots of Nug(z*) and f,,,Re(z*) for different values of o. This
dimensionless parameter involves the relationship between the channel height and channel width. The
largest variation of both parameters is clearly observed at the fluid inlet section. Although the curves
present a quasi-constant Nu, and f,,,Re values after z*>0.2, the velocity and temperature profiles have
not reached the fully developed conditions, affecting the heat dissipation and the pressure drop
variation. Figures 2.4 and 2.5 show velocity and temperature profiles along the axial direction at the
x* and y* dimensionless directions computed numerically. Four z* positions are plotted (z*~0,
z*#=0.01, z*=0.4 and z*=0.95). The coolant is entering the channel with a constant velocity of 1 m/s
and a temperature of 300 K.

The development of the velocity profiles along the flow length is observed in Figure 2.4 for
both dimensionless planes (x* and y*). Comparing the velocity profiles at z*=0.4 and z*=0.95 (40%
and 95% of the total flow length, respectively), a slight variation is observed. This means that the
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coolant does not reach the fully developed condition in the channel, and, thereby the assumption of
considering the apparent friction factor in the analyses is appropriate for this work. On the other hand,
Figure 2.5 shows the dimensionless temperature profiles along the flow length for the same
dimensionless planes. A symmetric temperature profile is clearly observed in the left figure (T* vs x¥)
since both parallel channel walls are transferring heat to the coolant. Moreover, the temperature profile
along the y*-plane shows an asymmetric profile caused by the insulated wall (right figure). The energy I
transferred to the fluid through the bottom wall of the channel increases gradually the fluid
temperature on this plane; however, the thermal boundary layer is uniquely “developing” on this
bottom wall of the channel. After z¥=0.4, the thermal energy supplied on this plane increases the
temperature gradient near the upper wall of the channel; nevertheless, a fully developed thermal
condition is never reached with these operating conditions.
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Figure 2.2 Nusselt number variations for rectangular channels subject to three-side heating walls and

non-developed boundary conditions along the dimensionless channel length for different o..
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Figure 2.3 fappRe variations for rectangular channels subject to non-developed boundary conditions
along the dimensionless channel length for different .
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Figure 2.4 Fluid velocity profiles along the x* (left) and y* (right) directions at different z* positions.
Numerical simulation considering an inlet velocity of 1 m/s.
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Figure 2.5 Fluid temperature profiles along the x* (left) and y* (right) directions at different z*
positions. Numerical simulation considering an inlet temperature of 1 m/s.

According to these observations, the assumption of non-developed boundary condition at the
fluid inlet section for both thermal and hydrodynamic performance has to be considered in the
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analyses. Since the current micro-manufacturing processes are limited to microchannels larger than 50
um width (due to the fact that the cost and complexity increase when the channel width is reduced),
the following correlations are appropriated for this study. Equations (2.8) and (2.9) show the apparent
friction factor and Nusselt number for rectangular channels subject to three-side heating, respectively.
These correlations are based on the results given by Phillips [110].

4196(z*)" +292.5(z%)+1.721
(z*)’ +275.8(2*)" +6.841(z*)+0.007316

filz¥)= (2.8)

3.655x10* (z*)" +3233(z*) - 12.36

Nu,(z*)=
(&) (z%)’ +8498(z*)" +165.1(z*) - 0.5272

(2.9)

PASSIVE ENHANCEMENT TECHNIQUES FOR MICROCHANNEL HEAT SINKS

In Chapter 1, a review of several passive enhancement techniques was presented. Based on
this review, six outstanding techniques are considered for deeper studies. Table 1.2 shows these
techniques. Numerical analyses are conducted in order to generate curves of their dimensionless
overall performance, ¢. Thereby, a pretty good comparison between them can be developed,
considering both the thermal enhancement and the pressure drop penalty associated to the geometrical
configuration. A description of the six enhancement techniques is presented below.

3.1 CHANNELS WITH VARIABLE CROSS SECTION (ETM-1)

The first thermal enhancement technique is based on the fact that the heat transfer coefficient
is directly affected by the reduction of the channel aspect ratio . (Figure 2.6). Thus, this work
proposes to define this parameter as a function of the flow length, (i.e. a=f{z*)). It is found in the
technical literature that this parameter is given by the ratio between the channel width and height
(a.=wc/he). In order to obtain this parameter as a function of z*, at least one of these dimensions must
be a function of the flow length. This work considers both width and height variations. Two
dimensionless parameters (Bgm s> Yemes) are proposed in order to obtain parametric results. Equations
(2.10) and (2.11) define these parameters. Table 2.1 shows the matrix of cases to analyze considering
the maximum channel hydraulic diameter for microchannels (hydraulic diameter of 200 pm) and the
current minimal manufacturing channel capability (50 pm channel width). Five cases are considered
in the analysis. Table 2.2 shows the dimensions of each case. In order to keep similarities with the
straight channel, the thickness silicon substrate is 500 pm. The heat flux is supplied at the same
bottom wall of the cell. The coolant is entering at the largest channel aspect ratio section (i.e. at z*=0).
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Figure 2.6 Channel with variable cross section (ETM-1). 3D sketch (lefi), skeich from the top
and lateral planes (right).

Table 2.1 Mairix of cases for ETM-1.
Yerm—:
0.25 0.5 1.0
B 0.5 ETM-1-1 ETM-1-11 ETM-1-111
EIML 410 | ETM-1-1V ETM-1-V

Table 2.2 Dimensions of cases for ETM-1.

ETM-1 ] 11 7] )i v
we,i (pm) 100 100 100 100 100
we,0 (um) 50 50 50 100 100
he,i (um) 200 200 200 200 200
he,0 (um) 50 100 200 50 100

3.2 SECTIONED CHANNELS WITH CHANGE OF HYDRAULIC DIAMETER (ETM-2)

This second enhancement technique is following the idea exposed in ETM-1. According with
the theory, the channel hydraulic diameter is defined by the channel aspect ratio and the channel
height (Equation (2.12)). Thus, there is a direct relationship between the heat transfer coefficient and
the channel height at constant channel aspect ratio. Furthermore, drastic changes of section improve
the heat dissipation due to the destruction of the thermal boundary layer. Thereby, this technique
considers the use of sectioned channels with specific channel hydraulic diameters, at constant channel
aspect ratio, connected in straight line. Figure 2.7 shows sketches of this passive thermal enhancement
technique. Six dimensionless parameters (Bemio, B'emes Yomez, YeEmez Sgmezand &pmez) are
introduced for generating a parametric analysis of this configuration. Equations (2.13) - (2.15) define
these parameters. Table 2.3 presents the matrix of cases for ETM-2. Eight cases are considered in the
analysis. Table 2.4 shows the channel dimensions for each case. Only three sections are considered in
the analysis in order to reduce the manufacturing complexity. The dimensions of channel width and
height are within the range of 50 pm to 200 um. The heat flux is supplied on the bottom wall of the
cell. The coolant is entering at the largest channel hydraulic diameter (i.e. at z*=0)
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Figure 2.7 Sectioned channels with change of hydraulic diameter (ETM—Z). 3D skeich (left),
sketch from the top and lateral planes (right).
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- Table 2.3 Matrix of cases for ETM-2.

ﬁ'ETMfZ

0.5 1.0

0.5 ETM-2-1

Bz = 0T ETM-2-VIII

Y ETe2

0.5 1.0

0.5 ETM-2-11 ETM-2-V

Yem2 T ETM-2-VI ETM-2-VII
grE'IM-Z

0.5 0.75

025 | ETM-2-Tl ETM-2-I11

S 0.5 ETM-2-1V

Table 2.4 Channel dimensions for ETM-2.

ETM-2 I 1 1l v V 7 VIl VI
we (pm) 100 100 100 100 100 100 100 100
wei (jim) 50 75 75 75 75 75 75 100
Weo () 50 50 50 50 50 50 50 50
he (pm) 200 200 200 200 200 200 200 200

he; (pm) 100 100 100 100 100 200 200 100
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By () 50 50 50 50 100 100 200 50
L, (mm) 25 2.5 2.5 5.0 2.5 2.5 2.5 2.5
L; (mm) 50 5.0 7.5 75 5.0 5.0 5.0 5.0

3.3 CHANNEL WITH PIN FINS (ETM-3)

Knowing the thermal advantages that pin fins generate in systems aimed to transfer thermal
energy due to the increase of the heat transfer area and effects on the fluid motion, the third
enhancement technique is based on these configurations. In the technical literature, several studies of
systems using conventional size fins are found. However, there is not enough information of these fin
configurations working at microscale. Thus, an analysis of the effects that four fin shapes in specific
configurations cause on the heat transfer and pressure drop in microcooling systems is studied. These
fin shapes are: circular, square, ellipse and flat with rounded sides. Figure 2.8 shows sketches of each
shape. On-line fin configurations are analyzed for each fin shape (Figure 2.9).

N ——
e Y - &
Flow direction } _ :
f s ™~ Rpf

. i h
i | / N
's'.';xf = |I
..\ /
Lafl N Lpt =

Figure 2.8 Pin fin shapes considered in the analysis: circle (top-lefi), square (bottom-lefi),
ellipse (top-right), and flat with rounded sides (bottom-right).

Flow :

dircction O

Figure 2.9 On-line fin configurations considered in the analysis.

In order to generate a dimensionless analysis, some parameters are proposed according to the
fin shape to be studied. Based on these dimensionless numbers, a matrix of cases for each fin shape is
proposed. The definition of these parameters and the matrix of cases for each configuration are
presented in the subsequent subsections. As in the previous cases, the dimension of fin height, width
and length (radius, length of side, large and short sides, etc.) are within the range of 50 pm to 200 um.
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3.3.1 CIRCLE-SHAPED MICRO PIN FIN HEAT SINK (ETM-3-C)

Based on Figure 2.8, three dimensionless ratios are proposed in order to analyze this circle- |
shaped fin configuration. These ratios relate the longitudinal and transversal pitches (S; and Sy, |
respectively) with the fin width, wys (radius of the circle), as well as the fin width with the fin height, ||
hy. These dimensionless parameters are called f7zmss.c (Equation (2.16)), fremssc (Equation ‘
(2.17)), and yrpmss.c (Equation (2.18)). The matrix of cases to analyze is shown in Table 2.5. The i

\

dimensions of each case are shown in Table 2.6.

S |
Br smac= W_T (2.16) !l
pf |

S
E Bimsc= e (2.17) ‘

Wﬂf
w
Vensc =7 (2.18)
of

Table 2.5 Mairix of cases for ETM-3-C.
YEIM 3-C
0.5 1.0 2.0
1.5 | ETM-3-C-1IV
Bremese 2.0 ETM-3-C-111 ETM-3-C-II ETM-3-C-1
3.0 ETM-3-C-V

0.5 ETM-3-C-VI | ,
Bremesc 1.0 ETM-3-C-111 ETM-3-C-1I ETM-3-C-I
1.5 | ETM-3-C-VII |

Table 2.6 Circle-shaped fin dimensions for ETM-3-C. ;.

ETM-3-C__ 1T 11 11 IV Vv Vi Vil
Wy () 100 100 100 100 100 100 100
By (nm) 50 100 200 200 200 200 200
Sy (um) 200 200 200 200 200 150 300
S, (um) 200 200 200 150 300 200 200

3.3.2 SQUARE-SHAPED MICRO PIN FIN HEAT SINK (ETM-3-5)

The analysis of this fin shape configuration is based on the dimensionless parameter shown in
the previous section for circle-shaped fins. Only the names of these parameters are rewritten as: Sr.pm.
3¢ (Equation (2.16)), fi.-zms3-s (Equation (2.17)), and yrzmv3.s (Equation (2.18)). The matrix of cases
to analyze is the same that for the circle-shaped fin case (Table 2.7). The dimensions for each case are |
presented in Table 2.8. \
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Table 2.7 Matrix of cases for ETM-3-S.
' VETM-3-8
0.5 1.0 2.0
1.5 | ETM-3-S-IV |
Brsmess 2.0 | ETM-3-S-Ill  ETM-3-S-1I ETM-3-S-1 |
‘ 3.0 ETM-3-S-V i‘
I

0.5 | ETM-3-S-VI |
Bremess 1.0 | ETM-3-S-1I  ETM-3-S-I  ETM-3-S-I .
1.5 | ETM-3-S-VII : |

Table 2.8 Circle-shaped fin dimensions for ETM-3-S. |

ETM-3-S 1 1 111 v V Vi Vil |
Wy () 100 100 100 100 100 100 100 \
hyr (um) 50 100 200 200 200 200 200
Sy (um) 200 200 200 200 200 150 300 |
S, (um) 200 200 200 150 300 200 200 |

3.3.3 ELLIPSE-SHAPED MICRO PIN FIN HEAT SINK (ETM-3-E)

Following the same methodology of analysis, three dimensionless parameters are proposed to |
evaluate this fin shaped configuration based on the relationship between the longitudinal and |
transversal pitch with fin length and width, and the relationship between fin length and height. These
parameters are called Brrmsr Brrmesr and yremess and are given by Equations (2.19) to (2.21),
respectively. Table 2.9 presents the matrix of cases 10 analyze and Table 2.10 the dimensions for each
case. The ratio between the short and large sides of the ellipse is kept constant (wp/L,~0.5). ’

A
Bremes s =" (2.19)
Wpf i
S
ﬁLwﬁTMf’SHE = L_i (2.20) 3'
pf
L
Y Erm—s-g = L (2.21)
h.ﬂf

Table 2.9 Matrix of cases for ETM-3-E.
YETM-3-I |
0.5 1.0 2.0
1.5 ETM-3-E-IV
Brgmese 20 | ETM-3-E-lll  ETM-3-E-lI ETM-3-E-I
3.0 ETM-3-E-V

0.5 ETM-3-E-VI
ﬂT—EW-S-E 1.0 ETM'3—E"III ETM‘}'E'II ETM‘S‘E—I
1.5 | ETM-3-E-VII
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Table 2.10 Ellipse-shaped fin dimensions for ETM-3-E.

ETM-2 i i 11 v v VI Vil
Wy (Um) 100 100 100 100 100 100 100
L, (um) 200 200 200 200 200 200 200
Bpp (nm) 50 100 200 200 200 200 200
Sp(um) 200 200 200 200 200 150 300
S;, (um) 400 400 400 300 600 400 400

3.3.4 FLAT-SHAPED WITH ROUNDED SIDES MICRO PIN FIN HEAT SINK

(ETM-3-F)

The analysis of this fin shape is based on four dimensionless parameters: 1731 PLETM-3Fs
Yepmasr, and Erpmasp. The first three parameters are ratios similar to the previous sections. The
fourth parameter is based on the relationship between the fin width and the radius of curvature of the
fin, R, (Figure 2.8). The definitions of these parameters are expressed in Equations (2.22) to (2.25),
respectively. Tables 2.11 and 2.12 present the matrix of cases for this fin shape and the dimensions of
each case, respectively. A constant ratio of 0.5 between the fin length and width is used in the cases.
The silicon substrate thickness for all these pin fin configurations remains as 500 pm.

Table 2.11 Matrix of cases for ETM-3-F.

S
T-ETM-3-F Wpf
B itusr= ‘S_L
1 ~ETM=-3— Lpf
Y erva-r = %f_
o
4 EIM-3-F — 'Ei
rf

VEIM-3-F
0.5 1.0 2.0
1.5 ETM-3-F-VI
BrEmesr 2.0 ETM-3-F-I11 ETM-3-F-II ETM-3-F-1
3.0 ETM-3-F-VII
0.5 | ETM-3-F-VIII
Brpmizr 1.0 ETM-3-F-IlI ETM-3-F-11 ETM-3-F-1
1.5 ETM-3-F-IX
0.25 ETM-3-F-1V
7 0.50 ETM-3-F-111 ETM-3-F-11 ETM-3-F-1
0.75 ETM-3-F-V

(2.22)

(2.23)

(2.24)

(2.25)
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\Table 2.12 Flat-shaped fin dimensions for ETM-3-F.
ETM-2 I 11 i )4 vV Vi Vil Vil X
Wy (m) 100 100 100 100 100 100 100 100 100
Ly (um) 200 200 200 200 200 200 200 200 200

) 50 100 200 200 200 200 200 200 200
Sy (um) 200 200 200 200 200 200 200 150 300
Sp, (pm) 400 400 400 400 400 300 600 400 400
R,(um) 50 50 50 25 75 50 50 50 50

3.4 CHANNEL WITH WAVY WALLS (ETM-4)

The fourth thermal enhancement technique proposed is the use of channel with wavy walls.
The increase in the heat transfer area does interesting the use of these configurations. Furthermore, the
fluid does not suffer drastic flow variations, having just a slight increase in the pressure drop penalty.
The channel shape is based on a sinusoidal shape, wWith O4.. and Aya as the amplitude and half-cycle,
respectively. Figure 2.10 shows sketches of this thermal enhancement technique. Two dimensionless
parameters (Bemis Yimes) are used in the analysis. Equations (2.26) and (2.27) define these
parameters. Table 2.13 shows the matrix of cases to analyze. Nine configurations are obtained from
this matrix. Table 2.14 shows the dimensions for each case. The channel width and height are w., =100
um and /1, ~200 pm. The silicon substrate thickness remains as 500 pm. The heat flux is supplied on
the bottom wall of the heat sink.

r'—l wave

\T,, L%jm% M ﬂ@%j{//
he,i| :

o

N

Figure 2.10 Channel with wavy walls (ETM-4). 3D sketch (lefi), sketch from the top and
lateral planes (right).

B =2 (226)
wr.'i
2’ ave
VErm—a = ‘:L (2.27)
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Table 2.13 Matrix of cases for ETM-4.
ﬁEW—tf
0.25 0.5 1.0
0.05 ETM-4-1 ETM-4-1V ETM-4-VII
Yirnes 01 ETM-4-11 ETM-4-V ETM-4-VIII
‘ 0.2 ETM-4-111 ETM-4-VI ETM-4-1X

Table 2.14 Channel dimensions for ETM-4.

ETM-4 I i 1l v vV 7 vil VIl (54
Cpme (um) 25 25 25 50 50 50 100 100 100
Ay (mm) 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0

3.5 CHANNEL WITH DIMPLED SURFACE (ETM-5)

Channels with dimpled surface are also proposed as thermal enhancement techniques due to
the destruction of the developed thermal boundary layers that the dimples do in the fluid along the
flow length. Also, a slight increase in the heat transfer area is reached. Figure 2.11 shows sketches of
the geometry used for this enhancement technique. Four dimensionless parameters (0zmss, B s, ¥
emves, and Egpys) are used for the analysis. Equations (2.28) — (2.31) show the definition of each
parameter. Table 2.15 shows the matrix of cases to analyze. The channel width and height are the
same that for ETM-4. Table 2.16 presents the dimensions of the dimple width, length and height for
each case. The longitudinal pitch is also shown in this table. These cases are selected in order to
observe the effects that each dimensionless parameter has in the channel considering the other

parameters as constants.

i T 2

17 7 )

Figure 2.11 Channel with dimpled surface (ETM-5). 3D sketch (lefi), sketch firom the top and
lateral planes (right).
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d

ﬁmm-s = 71“ (2.29)
b

- Yem-s=_— (2.30)
wci
a

g = — 2.31
gLFM 5 S, ( )

Table 2.15 Matrix of cases for ETM-5.
Brmes
0.025 0.05 0.1
0.75 ETM-5-VI ETM-5-VII ETM-5-VIII
AETM-5 1.0 ETM-5-IX
1.5 ETM-5-X
0.7 ETM-5-1V
Yeri-s 0.85 ETM-5-V
1.0 ETM-5-VI
0.125 ETM-5-1
Exns 0.25 ETM-5-11
0.5 ETM-5-111

Table 2.16 Channel dimensions for ETM-5.

ETM-5 I | Jiis 14 4 Vi Vil v X X
a (um) 50 50 50 52.5 63.75 75 75 75 100 150
b (um) 66.67 66.67 66.67 70 85 100 100 100 100 100
d (pm) 5 5 5 5 5 5 10 20 5 5
Si (pm) 400 200 100 105 127.5 150 150 150 200 300

3.6 CHANNEL WITH REENTRANT TRIANGULAR CAVITIES (ETM-6)

The last thermal enhancement technique proposed to analyze is based on the work developed
by Xia et al. [109]. Channels with reentrant triangular cavities have shown an important thermal
improvement. Figure 2.12 shows a sketch of this configuration. Four ratios are proposed to analyze
this configuration: @rnrs Bemvis, Yemvs and Epmrs. These parameters relate the channel width and
height (Equation (2.32), the inlet channel width and the maximum channel width at the triangular
cavity (Equation 2.33), the small triangular cavity length with the large triangular cavity length
(Equation 2.34), and the pitch between cavities with the large triangular cavity length (Equation 2.35).
The matrix of cases to analyze is shown in Table 2.17. These cases are enough to describe the
geometrical effects on the overall performance of the heat sink. The dimensions of each case are listed
in Table 2.18. These dimensions are within the range of 50 pm to 200 pm in order to cover the
restrictions specified previously.

Uy = e (2.32)
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w, g

ﬁt]'M—ﬁ = w_"' (2.33) ;

|

Yerm-e = I_{,” (2.34) |
S

gh‘l‘M—ﬁ = f“” (2.35) |

Figure 2.12 Channel with reentrant triar;gular cavities (ETM-6). 3D sketch (left), sketch from
the top and lateral planes (right).

Table 2.17 Matrix of cases for ETM-6.

OETM-6
0.25 0.5 1.0

0.25 = : ETM-6-1V —
Bines 050 ETM-6-1 ETM-6-11 ETM-6-111

0.75 [N FTM-6-V [

1.0 WA  ETM-6-VI i
Yemes 1.5 ETM-6-1 ETM-6-11 ETM-6-111

2.0 [N ETM-6-VI

1.5 Y ETM-6-VIII
Emes 2.0 [N ETM-6-IX [

4.0 ETM-6-1 ETM-6-11 ETM-6-111

Table 2.18 Channel dimensions for ETM-6.

ETM-6 1 I m I v Z
W, (um) 50 100 200 100 100 100 100 100 100
he (um) 200 200 200 200 200 200 200 200 200
Wemes (um) 100 200 400 400 1333 200 200 200 200
Lin (um) 50 50 50 50 50 50 50 50 50
Lou (pm) 7575 75 75 75 50 100 75 75
S, (um) 200 200 200 200 200 200 200 75 100
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ASSUMPTIONS, GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

4.1 ASSUMPTIONS

Temperature, velocity and pressure distributions need to be computed for each single model in |
order to determine their overall performance. The assumptions to be considered in this work are the

following:
1. Analyses in steady state, |
2. Water is the coolant,
3. Silicon is the material used for building the different heat sinks, |
4. Single phase and laminar regime, |
5. Non-developed boundary conditions at the fluid inlet section, |
6. Radiation and electrokinetic effects are negligible, |
7. Smooth and non-sliding surfaces are considered in the fluid-solid interface,
8. Thick plate of Pyrex material is covering each heat sink configuration,

i

Heat transfer through the Pyrex plate is negligible,
. The silicon surfaces do not suffer erosion caused by the fluid motion,
. Wasted thermal energy through to the environment is negligible, and |
. Water and silicon thermal properties are assumed as constant, except water viscosity
[43,64]. Table 2.19 shows the values for each property and the function for fluid viscosity.

—
b = O

Table 2.19 Thermophysical properties for water and silicon substrate.

Properties Value/Function Units

Water

Viscosity, u 2.414x107 (102737 19))  Ng/m’

Thermal conductivity, kr 0.6 W/m-K

Density, pr 998.3 kg/m’

Specific heat, cpy 4.183 kl/kg-K }i
Silicon .'

Thermal conductivity, k; 148 W/m-K

Density, ps 2330 kg/m® ,

Specific heat, cp, 0.712 kl/kg-K

The governing equation are the continuity, Navier-Stokes and energy equations for solid and
fluid domains. According with the assumption, these equations are given by:

4.2 GOVERNING EQUATIONS
Continuity equation:

V.U=0 (2.36)

Navier-Stokes equation:

U(V-U):—LV-PM (2.37)
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Energy equation for solid domain:
V-(k,V-T)=0 (2.38)

Energy equation for fluid domain:
U(V-T)=a V*-T+uy (2.39)

s R3Sk @
v al 34 .
o e Rl )

I Y (wY (owY | [(ou o) (9 owY (av owY
V= Al— | H=— |+ =—| Fll=Ft=—| H T+ —+——
Prepy (axj dy oz dy ox [az ox az dy

4.3 BOUNDARY CONDITIONS

Finally, the boundary conditions to be considered in the analyses are the following:

1. Water at 7;,=300 K and constant velocity is entering to the system at the inlet section ;
(pressure is computed by the numerical model),

2. Outlet boundary condition is set at the outlet section at zero static pressure (temperature '.
and velocity are computed by the numerical model), '

3. A constant heat flux value is supplied on the bottom wall of the heat sink,

4. Solid walls adjacent to the Pyrex plate are considered as adiabatic,

5. Fluid and solid symmetry conditions are set at the cut walls of the cell,

6. Interface condition is set at the walls which have interaction between solid and fluid

domain, and
7. Remaining walls are considered as insulated walls. |

Chapter 11l shows a description of the numerical analysis used for solving the models and
getting the dimensionless overall performance ¢. Chapter 1V presents the results and comparisons of
each enhancement technique.
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NUMERICAL ANALYSIS

1.1 BUILDING THE COMPUTATIONAL MODEL

Chapter 11 exposes the different enhancement techniques to be analyzed in order to determine
their dimensionless overall performance, ¢, and the effects of varying their geometrical parameters.
Commercial Computational Fluid Dynamic (CFD) tools are required for computing the temperature,
velocity and pressure in each model subject to the system operating conditions. According to this, a
conjugate heat transfer model is built, considering the boundary conditions discussed in the previous
chapter. Thus, 3D computational models based on the different cases to analyze are built using
Computational Aided Design (CAD) tools. Both fluid and solid domains are considered in these
computational models. Since most of the configurations present symmetry conditions, the models are
built considering only one part of the whole system. This helps to strongly reduce computation time.
Figure 3.1 presents a 3D sketch of a straight microchannel heat sink in order to clarify the symmetric
characteristics of the problem. The fluid inlet and outlet, heat flux and symmetry conditions are
indicated in the figure.

Symmetries
Fluid outlet

2222%.
reeeet

p <
I» Heat flux x
Fluid inlet / I I IZ»V

Figure 3.1 3D sketch of the straight channel. Both solid (gray) and fluid (blue) domains are indicated.
Flow direction, heat flux and symmetry are shown.
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1.2 MESH GENERATION

The Computational Fluid Dynamic tools to be used in these analyses are based on the Finite
Volume Method (FVM), this means, that the whole model is divided in a specific number of finite
control volumes which are solved separately and then, the results are compiled to determine the
overall temperature, velocity and pressure variations in the system. The “partition” of the whole
system is based on a 3D mesh generation. A commercial powerful tool specialized in mesh bulding for
this kind of systems is used for generating the whole mesh in each thermal enhancement technique
model. Figure 3.2 shows the mesh generated in a straight microchannel heat sink (e.g. Figure 3.1).
Tetrahedral elements are used in the mesh considering both solid and fluid domains. In order to
compute the effects near the channel walls, a bi-exponential mesh distribution is used, decreasing the
space between elements on these zones at a ratio of 1.5. Figure 3.2 presents details of these
distributions. Moreover, although a normal distribution along the flow length is used, the number of
elements is large enough for computing the flow variation along this direction (at least 200 elements
are used along the z-axis). Similar mesh processes are carried out in the other models.
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distributions near the channel walls are shown. Flow direction is indicated as well.

1.3 MESH SENSIBILITY ANALYSIS

In order to reduce the error generated by the mesh density, a Mesh Sensibility Analysis is
carried out. This analysis is based on the fact of generating an “initial” mesh in the model and getting
the numerical solution for the specific boundary and operating conditions. Once the solution is
computed, the number of elements of the mesh is increased (e.g. the number of elements may be
increased twice the number of elements used in the “initial” mesh), generating a “second” mesh. Then,
the model is solved using this improved mesh considering the same boundary and operating
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conditions. The results for each solution are then compared and the difference is evaluated. This
process is repeated until the difference can be assumed as negligible. This work carries out this
analysis considering a straight microchannel model.

325
320
g 3l ====Mesh 1
[+
:,-_,: 310 “===Mesh 2
«
i 305 Mesh 3
i )
l “===Mesh 5
295 s et R
| 0.90 0.92 0.94 i 0.96 0.98 1.00
290 — S — ————— =
0.0 0.2 04 0.6 0.8 1.0
z*
30
19 }
25 |g — — —— =
-"; 17 -— — ,’ -~ -
é‘ 20 [ =" ol - — ~ - ====Mesh |
B 16 S S
= ' er——
® 15 ] - i — Mesh 2
< _ = SRS
; 0.90 092 0.94 - 096 098 1.00 Mesh 3
L
& 10 e ====Mesh 4
: . S “===Mesh 5
0 " = S S S C e S T—
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Figure 3.3 Mesh Sensibility Analysis for the fluid temperature variation (top) and pressure variation
(bottom) along the flow length.

In this work, the “initial” mesh was formed by 26,800 tetrahedral elements (Mesh 1). An
increase of two times is done in the mesh along each axial direction (x-, y- and z-axis), generating a
second mesh of 53,600 elements (Mesh 2). Once the solutions were computed and compared
according to the iterative process, is taken the decision of generating three subsequent meshes (Mesh
3, Mesh 4 and Mesh 5), having 145,000, 290,000 and 514,800 elements, respectively. Figure 3.3
presents the fluid temperature and pressure variations along the flow length for the five meshes. The
results show that the difference generated by “meshing” is negligible when Mesh 3 is used (the
difference between this mesh and Mesh 4 is ~10 Pa); however, the difference in the temperature
variation is significantly large (~1.2 K). Analyzing the curves, it is observed that the fluid temperature
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and pressure variations between Mesh 4 and Mesh 5 are negligible (~0.1 K and 5 Pa, respectively).
Thus, this work considers the number of elements and mesh density used in Mesh 4 for generating the
mesh in the different thermal enhancement technique models to be analyzed (i.e. number of elements
> 300,000 tetrahedral elements). Since some models have important variations in the geometry
configuration (e.g. pin fins), the number of elements is going to be larger due to the mesh distribution
used near walls.

1.4 OVERVIEW OF THE NUMERICAL SOLUTION OF THE SYSTEM

Previously, it was mentioned that commercial CFD tools are used for solving each model,
determining their temperature, fluid velocity and pressure distributions. These tools are based on
replacing the continuous problem domain with discrete domains using the grid distribution described
in the previous section. In the discrete domain, each variable is defined only at the grid points. Thus,
the relevant variable solutions are only known at these grid points. The values at other locations are
determined by interpolating the values at the grid points. The governing partial differential equations
and boundary conditions are defined in terms of the continuous variable (e.g. u, v, w, p, T). Thereby,
the discrete system is a large set of coupled algebraic equations in the discrete variables. Setting up
these discrete variables and solving them involves a very large number of repetitive calculations or
iterations. Thus, a powerful computational equipment is required for this purpose.

In this work, an Element-Based Finite Volume code is used in this discretization process
considering the mesh distribution generated in the previous stage. Under this approach, the integral
form of the conservation equations are applied to the control volume defined by a cell generated with
the mesh distribution. The integral form of the continuity equation for steady state and incompressible
flow is given by Equation (3.1). The integration is done on the surface of the differential control
volume and # is the outward normal to this surfaces. According to this equation, the net volume flow
into the control volume is zero. Typically, the values at the center of the cells are computed when this
approach is used.

ij?-ﬁa'S=0 (3.1)

Similarly, momentum and energy conservations are satisfied in order to determine velocity
vectors and temperature in the cell-centers of the mesh. The velocity and temperature at the faces is
determined by interpolating the cell-center values at the adjacent cells. Thus, the partial differential
governing equations become a linear algebraic approach, generating a system of n-equation and m-
variables. Then, the boundary condition values fix the system. Once the system is discretized, a
numerical method is applied for computing the value of each variable (e.g. Gauss-Jordan method). As
a result, each finite volume has relevant quantities of mass, momentum and energy. Each of these

volumes is then coupled ina general equation-system. Segregated solvers employ a solution strategy
where the momentum equations are initially solved, considering a “guessed” pressure. Then, the
temperature distribution is computed using these parameters. Because of the “guess and correct”
nature of the linear system, a large number of iterations are typically required in addition to the need
for judiciously selecting relaxation parameters for each variable.
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In order to obtain a good approach, it is necessary to define the iterative convergence to be
used in the iterative process. In this numerical tool, the iteration process is carried out until some
selected measure of the difference between u;.; and u;, referred to as a residual is “small enough”, this
means, that the residual R is defined as the value of the difference between u;.; and #; in the grid.
Equation (3.2) shows the above.

(3.2)

Commonly, the residual is scaled with the average value of « in the domain in order to avoid
error generated by low velocities in the domain. Thus, the residuals are re-defined as:

N
2
(“f - um)

R=-"—"— (3.3)

2,

i=l

The commercial software requires a residual value for each conservation equation. Thus, the
iterative convergences for continuity, energy and momentum equations have to be defined, where each
convergence value selected for each governing equation is problem- and code-dependent.

1.5 MODEL VALIDATION

In order to validate the numerical model shown previously, a couple of cases found in the
technical literature are considered. The five cases analyzed experimentally by Tuckerman in his Ph.D.
thesis [1] are good candidates for doing the thermal validation. These geometries are similar to the
system shown in Figure 3.1. Table 3.1 presents the characteristics of these cases.

Table 3.1 Feature of the five cases studied by Tuckerman [I].

Case
0 I 2 3 4

We (um) 64 64 56 55 50

he (um) 280 280 320 287 302

q" (Wiem®) 346 34.6 181 27T 790

Q (em’/s) 1277 1.86 4.7 6.5 8.6

Mianber of  po, 150 200 200 200
channels

In his work, Tuckerman presents the local thermal resistance at different positions of the
channel length. For Case 0, these values are presented in Figure 3.4. This figure shows that the
maximum thermal resistance is located at 90% of the total channel length (i.e. R=0.227 cm’K/W at
x¥=0.9 mm). Also, it is observed that the thermal resistance increases almost lineally before this
maximum point, except near the entrance region. By using the numerical model discussed in this
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chapter, the same case was solved (Case 0) and the local thermal resistance along the flow length was
determined. Figure 3.4 shows the path of this local thermal resistance. The results show a very good
agreement with the experimental result for positions of the channel length less than x= 0.85. After this
point, a larger variation is observed. In 2002, Toh et al. [43] developed a numerical code for solving
Tuckerman’s cases [I]. Their results show the local thermal resistance variation along the flow length
for each one of these cases. For Case 0, their thermal resistance curve is similar to the curve observed
in Figure 3.4. They indicate that this difference is due to bias in the experimental study since the rest
of the cases present a much better agreement with the experimental results. Table 3.2 presents a
comparison of the thermal resistance at x=0.9 for the five cases. Based on these results it is possible to
conclude that the numerical model discussed above presents good thermal results and, thus, the
models to be solved with this model are going to present good thermal accuracy.

e
~

=
o8]

o
(%]

® Tuckerman [I]

=== Current Model

o
e

Thermal resistace (cm2-K/W)

=
o

|
|
|

0.2 0.4 0.6 0.8 1
Flow length (mm)

Figure 3.4 Thermal model validation. Comparison of the local thermal resistance in the Case ()
studied experimentally by Tuckerman [I] and the current numerical model.

Table 3.2 Comparison of thermal resistance at x=0.9.

" R(cmK/W)
Case (W?cm 2 ) (ch3 /s) Tuckerman Tohetal — Current

[1] [43] model
0 34.6 1.277 0.277 0.331 0.321
1 34.6 1.860 0.280 0.253 0.247
2 181 4.700 0.110 0.157 0.151
3 277 6.500 0.113 0.128 0.126
4 790 8.600 0.090 0.105 0.100

On the other hand, and knowing that the numerical results reported by Toh et al. [43] present
good accuracy, the hydrodynamic validation is done considering the local fRe factor along the channel
length in the Case 1 proposed by Tuckerman [I] and studied numerically by Toh er al. [43]. The
friction factor is given by Equation (3.4). Figure 3.5 presents some values reported by [43] along the
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flow length as well as the local fRe factor computed with the present numerical model. A good
agreement is observed between both numerical results, except in the range of 0.2<x<0.4 where a slight
variation is observed. According to these results, it is concluded that the present model generates good
hydrodynamic accuracy, and, therefore, a good agreement is going to be obtained in the numerical
simulations of the thermal enhancement technique models.

—2(dp/dx)D
f:%h (3_4)
puave

g0 | -

fRe

70 ® Toh et al. [43]
== Current Model

60

50 L — = — -
0 0.2 0.4 0.6 0.8 1

Flow length (mm)

Figure 3.5 Hydrodynamic model validation. Comparison of the local fRe factor fore Case I proposed
by Tuckerman and studied numerically by Toh et al. [43], and the current numerical model.
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Chapter IV

Evaluation of Enhancement Thermal
Techniques — Results

COMPUTING NUy AND f FROM NUMERICAL RESULTS

Chapter 1T showed the six different thermal enhancement techniques proposed in this work.
Numerical analyses are developed in order to observe their overall performance given by the ratio ¢.
This dimensionless parameter was described in the first section of Chapter II. As it was mentioned, the
computing of this parameter requires knowing the local Nusselt number along the flow length in both
the straight microchannel and each one of the enhanced micro heat sink. For this purpose, the
following methodology is used for determining this heat transfer parameter from the numerical

solutions.

Once the model is solved numerically, the temperature, pressure and velocity variations are
known. Thereby, the heat transfer through the interface between fluid and solid domain, the channel
wall temperature, the bulk temperature, and the pressure drop can be determined using lineal and
surface integration. From theory, the Nusselt number at a k-position is given by Equation (3.1), where
a direct dependency of this parameter with the local heat transfer coefficient is observed. By energy
balance, the energy transferred from the solid to the fluid through the channel walls is given by

Equation (3.2).

Nuy = 8D 3.1)
k
4", . =hT-1.), . (3.2)
jl’" Jll T ‘dxdy
= ‘= l’-’l
T"‘“ lar =k = L-A:;;:— (33)
al z=k
j-u T, de‘ J”:'I}” dy
e = 22 - (3.4)
at z=i w ,1

[

[
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I o,; dy

h

C
at 2=k at 7=k

(3.5)

at z=k

AT
.q” _ajrzl .0 +(a_1)
we

Thus, the heat transfer coefficient can be determined from computing the bulk temperature
(surface integration), as well as the wall temperature and the heat flux flowing through the channel
walls (lineal integration). The bulk temperature is given by Equation (3.3). The wall temperature and
the heat flux are computed by Equations (3.4) and (3.5). In most of the cases, the channel walls have
not the same length (i.e. hc>we). Thus, the channel aspect ratio ol is used in order to indicate the
proportion of the total thermal energy that is flowing through each channel wall.

Moreover, the friction factor is computed in a similar way. This parameter is affected by the
pressure drop generated until a k-position as well as the mean velocity of the fluid at the same point
(Equation 3.4). Thus, numerical integrations are required. Furthermore, the variation of the fluid
viscosity has an important effect in the computing of this parameter [64]. Equations (3.7) and (3.8) are
used for computing numerically the pressure drop and the mean velocity of the fluid at a specific
position.

APD?

fRe|, .= . (3.6)
2T W L2 ¥|,
= .[j:l-l-J':]I)"’jdXdy _,[j:lji:lﬂ'jdx{iy (37)
o=t Ar:hcmnei’ Achannel
at 7=k at z=0
Tn 'r: . dxdy |
mean |al =k = L (38)

channel
at z=k

In order to validate this methodology, the Nu, and f;Re at z*=0.9 are computed from a straight
channel with channel aspect ratio of 0.5, a channel hydraulic diameter of 133.33 pm, length of 10 mm,
and a fluid inlet velocity of 1 m/s. Table 4.1 presents a comparison between the theoretical results
determined by the regressions exposed in Chapter Il and the numerical results generated from this
methodology. As it is observed, the values computed using the above methodology match with the
results exposed in the technical literature (error is lesser than 2%). Thus, this methodology is
appropriate for using in the computing of the different Nu; and f; values.

Table 4.1 Comparison of Nuy and fyRe generated from
Equations (2.8) and (2.9), and numerically at z*=0.9
Theoretically ~ Numerically  Error
Nuy 4.75 4.67 1.7%
JoRe 16.08 16.29 1.3%
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OVERALL PERFORMANCE OF THE ETM-1

In Chapter II, Table 2.1 shows the matrix of cases which were solved numerically for the
enhancement thermal technique based on the variation of the channel cross section (ETM-1). Figure
4.1 presents the variation of the ¢ overall parameter along the dimensionless flow length for these five
different enhanced configurations. The curves show that ¢ is 1.0 at z*= 0 since the channel hydraulic
diameter is the same that the straight microchannel exposed previously (Section 2.2) at the inlet
section. This condition is kept in all the cases. Since the inlet Reynolds number is keeping constant in
these cases, the fluid inlet velocity, inlet temperature and fluid properties are the same. Then, the
¢parameter goes down due to the fluid starts developing, as well as its temperature rises, causing an
important decrease of the fluid viscosity and affecting its momentum. Taking into account that the
straight microchannel correlations are based on the assumption of a constant fluid viscosity value, the
overall performance is directly affected by this fluid property at the developing section (entrance
region), causing this decrease in the system performance. A minimal value is observed at z*=0.1.
After this point, the increase in the heat dissipation caused by the decrease of the channel cross section
becomes important and the ¢ parameter starts rising with different slops depending of the
dimensionless parameters Yz, (Equation (2.11)) and Bemy; (Equation (2.12)).

20 |
| A
L5 ~=ETM-1-I
s J/ | ETM-1-T1
. : ETM-1-I11
1.0
ETM-1-1V
ETM-1-V
05
0.0 02 0.4 0.6 0.8 1.0

z*

Figure 4.1 Variation of ¢ along the channel length for the five different configurations
mentioned in Table 2.1.

The figure shows that the overall performance is increased when the dimensionless parameter

Yime; (Equation (2.11)) is reduced keeping fBgn.; as constant. This behavior is observed when the
curves of ETM-1-I (¥ = 0.25), ETM-1-11 (%emss = 0.5) and ETM-1-111 (%mss = 1.0) at Bepe= 0.5
are compered. Furthermore, this behavior is observed comparing the curves corresponding to ETM-1-
IV (% = 0.25) and ETM-1-V (% = 0.5) at Beme= 1.0. Thus, performance improvements are
obtained when the channel height at the outlet end is reduced strongly. This means that the pressure
drop penalty associated with this decrease is compensated with a large increase in the heat dissipation.
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Moreover, the ¢ parameter is increased when fgme; is reduced at constant values of %em;. This
conclusion is observed when the curves for ETM-1-1 (Bgne= 0.5) and ETM-1-IV (Beme= 1.0) at
Yerm-t = 025, as well as ETM-1-II (ﬁb"[M—l= 05) and ETM-1-V (ﬂE’IMJ: 10) at Yera-1 = 0.5 are
compared. Thus, an increase in the performance is obtained when the channel width at the outlet is
reduced up to 50 pm.

1.4

12 — - — e

10 T — -

0.8

0.6

0.4

02 [~ —

0.0 i ; ;
ETM-1-IT ETM-1-II  ETM-1-IV  ETM-1-V

ETM-1-I

Figure 4.2 Integrated ¢ values for configurations mentioned in Table 2.1.

Figure 4.2 presents the integration of the local ¢ parameter in order to determine the average
overall performance of these heat sink configurations based on this thermal enhancement technique. A
numerical integration based on trapezoidal method is used. As it was mentioned in Chapter II, this
work is aimed to generate enhancement techniques capable to generate thermal performance near or
larger than 1.0 because this indicates that the systems has a better heat dissipation than straight

microchannels with an appropriate pressure drop penalty. Moving back to Figure 4.2, it is observed -

that only the configuration ETM-1-I (Bemer= 0.5, Ymes = 0.25) is larger than the expected value of ¢,
and, moreover, the configurations ETM-1-11 (Bszusi= 0.5, Yemes = 0.5) and ETM-1-1V (Bemer= 1, Ve
;= 0.25) are near to the unit. However, the effects of enhancing the performance in the heat sink using
this technique become important after the 40% of the channel length (z*=0.4) for the configuration
ETM-1-1, achieving performance value near 2.0 at the end of the channel. Thus, although the
configuration ETM-1-1 presents the most outstanding performance, it is needed to take into account
the behavior observed along the section before z*<0.4.

OVERALL PERFORMANCE OF THE ETM-2

This section presents the results obtained with the matrix of cases for the enhancement thermal
technique based on reducing the channel aspect ratio (ETM-2) exposed in Chapter II. Figures 4.3 to
4.5 present the ¢ parameter along the flow length considering the effects of varying the channel width,
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channel height and length of each section (i.e. this analysis considers three sections in each
configuration). Table 2.3 presents three matrixes of cases corresponding of each variation mentioned
above. As well as in the previous thermal enhancement configuration, the channel hydraulic diameter,
velocity and temperature of the fluid, and thermal properties at the inlet section are the same for all the
cases as well as the straight microchannel heat sink considered in the analysis. Thus, ¢ is 1.0 at this
inlet section. Then, the effects of developing the boundary layer as well as the increase of the fluid
temperature lead to a reduction in the performance of the heat configuration until the first change of
section is located. An increase of ¢ parameter is observed at this position in all the cases and the
magnitude of increasing depends of the kind of geometrical variation made in the channel. This
enhancement is clearly caused by the destruction of the boundary layers and their subsequent
tendencies of developing. After this transition sections, the overall performance tends to go down due
to the fluid is reaching fully developed conditions. The length of the section plays an important role in
this ¢ tendency. The phenomena are repeated when the channel suffers the second change of section.
Then, the overall performance goes down, reaching values as low as 0.4 near the channel end.

14.0

‘ [\
120 — R

100

80—
<
6.0 = ~|===ETM-2-1
40 e ETM-2-VII1

Figure 4.3 Variation of ¢ along the channel length for the cases ETM-2-I and ETM-2-VIII
mentioned in Table 2.3.

The effects of varying the channel width per section in this thermal enhancement technique
are observed in Figure 4.3. This figure presents the variation of ¢ along the channel length for the
cases ETM-2-1 (Bemez = 0.5 and B2 =1.0) and ETM-2-VIII Bz = 1.0 and Bemss =0.5).
Equation (2.13) presents these dimensionless ratios. The channel height is varied from 200 pm to 100
pm at the first section, and from 100 um to 50 pm at the second section in both cases. According with
these results, the reduction of the channel width from 100 pm to 50 pm when the channel height is
varied from 200 pm to 100 pm is minimal. This can be observed at z*=0.25 (first change of section)
where ETM-2-I keeps a channel width of 50 pm and ETM-2-VIII changes the channel width into the
values mentioned above. The ¢ parameter is 5.6 and 6.9, respectively (around 18% of variation).
Moreover, a similar difference between both curves is observed at the second change of section when
the channel height is varied from 100 pm to 50 pm. The channel width is kept constant to 50 pm in
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the case ETM-2-I, and is varied from 100 pm to 50 pm in the case ETM-2-VIIL. The ¢ parameter
reaches values of 10.4 and 13.6, respectively. Thereby, a variation of around 30% between both cases
is found. Thus, it is observed that the overall performance in this kind of configurations is majorly
affected by the variation of the channel height at each change of section. |
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Figure 4.4 Variation of ¢ along the channel length for the cases ETM-2-11, ETM-2-V, ETM-2-V1 and !
ETM-2-VII mentioned in Table 2.3. !
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Figure 4.5 Variation of ¢ along the channel length for the cases ETM-2-11, ETM-2-1IT and ETM-2-1V
mentioned in Table 2.3.

Figure 4.4 shows the variation of ¢ along the channel length when the channel height is varied
for these four channel configurations, Brmsz = 0.75, Brmes =0.66, Egmsr = 0.25, Een2 =0.5. The
dimensionless geometrical parameters are defined in Equations (2.13) to (2.15). These results show
that the effects of reducing the channel height affect strongly the increase of the overall performance
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in the system, majorly at the first change of section. The curves corresponding to ETM-2-11 and ETM-
2-V (Yemsz = 0.5), where the channel height is varied from 200 um to 100 pm, show an important
increase in the ¢ parameter, reaching values larger than 10. This tendency is ratified at the second
change of section where the curves corresponding to ETM-II and ETM-VI (¥ g2 =0.5) reaching ¢
values slightly larger than 8.0. These last two configurations have a variation of the channel height
from 100 pm to 50 pm in the first section, and from 200 pm to 100 pm in the second section, The
results ratified the fact that thermal dissipation in microchannels is majorly affected by the channel
height variation than the channel width variation. Moreover, the effects of keeping a constant value of
channel height at each change of section are observed in these curves. Taking into account the chart
for the cases ETM-2-VI and ETM-2-VII (Jms> =1.0) at the first change of section, and the cases
ETM-2-V and ETM-2-VII (¥zms; =1.0) at the second change of section, it is observed a minimal
increase in the ¢ parameter, reaching maximum values around 1.1 and 3.5, respectively. Analyzing the
curve corresponding to ETM-2-V at this second change of section, this ¢ value of 3.5 is reached, in
part, because of the change of section due to the channel width, but furthermore by the fact that an
important amount of thermal energy is taken up by the fluid before to flow through this section.
Thereby the fluid temperature rises importantly, affecting the fluid viscosity and, thus, the friction
factor is reduce, increasing the momentum of the fluid and improving the performance of the heat sink
at along this section.

>
y @\\:‘vﬁ «s‘é&
Figure 4.6 Integrated ¢ values for configurations mentioned in Table 2.3.

Figure 4.5 shows the variations of the ¢ parameter along the flow length when the
location of each change of section is varied. Three configurations are studied (ETM-2-IL,
ETM-2-II1 and ETM—?.-IV) when ﬁgm_g = 0.75, ﬁ‘ETM-E =0.66, Yerm-2 = 0.5, y‘Em{_z =0.5. The
dimensionless parameters are given by the equations mentioned above. As it was indicated previously,
same paths are observed at the fluid inlet section as well as the improvement in the overall
performance at the change of sections. Moreover, the position of the change of hydraulic diameter

affects the magnitude of increasing of the ¢ parameter at the second change of section, reaching values
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up to 25 when the second change of section is located at z#=0.75 (ETM-2-1V). This behavior is caused
because the fluid suffers a drastic increase of its temperature (before this point the temperature rise is
almost lineal) in just a very small channel length due to the abrupt change of section (first, the
boundary layers are destroyed and immediately, the fluid velocity is increased). After this point, the
reduction of the overall performance tends to values ranging from 0.8 to 1.7.

Figure 4.6 presents the average ¢ parameter for these configurations based on sectioned
channels. The numerical integration indicates that this thermal enhancement technique generates heat
sinks with performance much better than straight microchannels (except configuration 2-VII) since
their average ¢ value is larger than 1.0. However, the strong increases in the heat dissipation (and the
associate friction factor) at the change of sections generate important temperature gradient than would
produce important damages in the IC chip. Furthermore, around 80% of the axial length of the heat
sink presents a poor thermal performance. Therefore, the reduction of the hydraulic diameter using
sectioned channels is not an appropriate alternative for the goals planted in this work.

OVERALL PERFORMANCE OF THE ETM-3
4.4.1 CIRCLE-SHAPED MicRO PIN FIN HEAT SINK (ETM-3-C)

The results corresponding to the thermal enhancement technique based on using circle-shaped
fins along the flow length are presented in this section for the different geometrical variations. Figure
4.7 presents the variation of this performance parameter along the flow length for three different
configurations considering the variation of the ¥:zs.5.c parameter (0.5, 1.0 and 2.0) for constant values
of Bremesc and B rmesc (1.0 and 2.0, respectively). These results show a clear difference with the
results obtained with the first two thermal enhancement techniques mentioned previously (ETM-1 and
ETM-2) at the inlet section. The ¢ value at this position is different that 1.0 due to this thermal
enhancement technique is not considering an axial channel; these configurations consider a flat plate
where the fins are placed on. Then, when the upper wall is placed on the system, a large rectangular
channel is formed at the entrance section; this means the channel hydraulic diameter of these
configurations is much larger than the straight channel. Moreover, the fluid velocity and temperature
as boundary conditions at the inlet where set equal to the previous cases. Thus, although the Reynolds
number at the entrance is not the same for both cases, the operating conditions are similar. Due to this
geometrical condition, the Nusselt number immediately after z*=0 is lower than the Nusselt number
generated by straight microchannels at the same position, causing this decrease of the thermal
performance. After this point, the ¢ parameter increases as the fluid is flowing through the channel
along the axial direction. Several peaks are observed along the curves at the positions where the circle-
shaped fins are located. Thus, these fast increases of the system performance are caused by the rise of
the heat transfer coefficient and the friction factor caused by the increase of the heat transfer
area/friction area, destruction of the thermal and hydrodynamic boundary layers, fluid instabilities, etc.
However, the results indicate that the increase in the thermal energy dissipation is larger than the
increase of the friction factor due majorly to the scale of the system. Moving back to Figure 4.7, it is

observed that the system performance is improved when %gmss.c parameter is increased; this means
that the increase of the fin height affects favorably the system performance. This agrees with fins
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theory due to the area for transferring heat is increased, causing a better thermal dissipation. However
two points emerge from this observation: i) the system performance is clearly better when fin height is
200 pm, but 7i) how much fin height could be used for improving the thermal performance of the |
system considering the structural limits that the silicon material has (mechanical stresses, weathering,
etc.) for this kind of applications at this scale? Studies regards to this thermo-mechanical phenomena
are not presented in technical literature for this scale, thus, this could be a future work to develop. The ‘
current manufacturing processes at microscale are capable to manufacture structures up to 200 pm
deep with relative low cost and appropriate tolerances, keeping the final shape almost similar to the
initial design. Thus, this work considers 200 pm as the largest fin height for all the cases based on fin
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Figure 4.7 Variation of ¢ along the channel length for the cases ETM-3-C-1, ET. M-3-C-II .
and ETM-3-C-III mentioned in Table 2.5.

12

0.8 |

06 - - ETM-3-S-11I

A ~—=ETM-3-S-IV
04 ff

" ETM-3-5-V

0 0.2 0.4 0.6 0.8 1
z" ‘

Figure 4.8 Variation of ¢ along the channel length for the cases ETM-3-C-111, ETM-3-C-1V
and ETM-3-C-V mentioned in Table 2.5.
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Figure 4.8 presents the variation of the ¢ parameter along the flow length considering the
variation of the Brrmsesc (1.5, 2.0 and 3.0) at constant values of Yemvesc and Bremesc (0.5 and 1.0,
respectively). The results show that the increase of this longitudinal pitch reduces the system
performance. This is an expected result due to the reduction of the heat transfer area as well as the
number of times that the boundary layers are destroyed is reduced. Furthermore, the fluid has enough
longitudinal space for developing, in an important percentage, its boundary layers between fins. The
peaks in the curves are due to the effects described above.
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Figure 4.9 Variation of ¢ along the channel length for the cases ETM-3-C-III, ETM-3-C-VI
and ETM-3-C-VII mentioned in Table 2.5.

Figure 4.10 Integrated ¢ values for configurations mentioned in Table 2.5.

Figure 4.9 shows the variation of the ¢ parameter along the flow length for different values of
Brmesc (0.5, 1.0 and 1.5) at constant values of ¥nss.c and Brenesc (0.5 and 2.0, respectively).
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Overall, the curves present the same behavior described at the beginning of this subsection. The
effects mentioned above cause these behaviors. Moreover, the results show that the system
performance is improve when this parameter is reduced, this means that the reduction of the
transversal space lead to increase the number of fins at this direction. Thereby, the heat transfer area
and the effects of destruction of both boundary layers are increased. Indeed, the gap between fins is
reduced, having an increase in the fluid velocity when this is passing through these spaces. Although
both heat dissipation and friction factors are increased, the results indicated that the thermal effects
have a higher variation. It is important to highlight that the largest variations are observed in the last
third part of the system due to the reduction of the temperature difference between the fluid and walls.

Figure 4.10 shows the average overall performance of the seven configurations presented in
Table 2.5. As it has been indicated, the goal of this work is to generate configurations capable to
generated average ¢ values larger than 1.0. According with this figure, no one configuration was
capable to overpass the unit. The most outstanding configurations were the ETM-3-C-IV and ETM-3-
C-VI, having ¢ values near 0.9. Although this configuration is below the expectative, two point are
important: i) the path that the overall performance has along the flow length is growing and achieves
values slightly larger than 1.0, and i) there are not constraints in the fins location, this means that
these can be placed according with the performance variation that the systems requests (and that is not
possible to do with parallel channels).

4.4.2 SQUARE-SHAPED MICRO PIN FIN HEAT SINK (ETM-3-8)

The results upon the overall performances of the cooling system using square-shaped fins are
presented in this section. Figures 4.11, 4.12 and 4.13 present the variation of the ¢ parameter along the
flow length for varying i) Ymss.s parameter (0.5, 1.0 and 2.0), ii) Brymsess parameter (1.5, 2.0 and
3.0), and iii) Brumes.s parameter (0.5, 1.0, 1.5), respectively. For each case, the other dimensionless
parameters are kept as constant (¥imes.s = 0.5, Brpmss = 2.0, Bremess = 1.0). Table 2.7 presented the
dimensions for each configuration. In the figures, it is observed a similar behavior that the results
exposed in the previous subsection. The thermal and hydrodynamic effects at the entrance and at the
zones near the fin places described above are therefore present in these configurations.

Moreover, the ¢values are slightly larger than the circle-shaped fin configuration. According
with theory, when a fluid is flowing through systems where flat plates are placed perpendicularly to
the flow direction, the fluid crashes with the wall reducing its velocity to zero and increasing strongly
its pressure. Depending of the magnitude of the fluid velocity, this can move forward with the
remaining fluid, generate stagnation points, or move back generating waves. Based on the results, the
fluid uniquely presents slight stagnation sections at this zone due to the fluid velocity is relatively low.
Thermal effects are increased with this stagnation flows due to the thermal boundary layer is
destroyed, as well as the heat transfer area which is in direct contact with the fluid (normal direction)
is large. Thus, although both the heat transfer coefficient and the friction factor tends to increase, the
result show that the increase of the heat transfer coefficient is more dominate in the systems due to

there is observed an slight increase of the ¢ parameter along the system length. For some cases, (0]
values larger than 1.0 are obtained at z* below 0.8. Important local performances are observed for
ETM-3-S-11I, ETM-3-S-1V and ETM-3-S-VI.
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Figure 4.11 Variation of ¢ along the channel length for the cases ETM-3-S-1, ETM-3-S-II
and ETM-3-S-III mentioned in Table 2.7.
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Figure 4.12 Variation of ¢ along the channel length for the cases ETM-3-S-III, ETM-S-C-IV }
and ETM-3-S-V mentioned in Table 2.7.

Figure 4.14 presents the average ¢value for each configuration exposed in the matrix of cases
of Table 2.7. The results show that all the systems have an average performance below the expected
value of 1.0 due majorly to the low ¢ values observed at the entrance sections. The most outstanding
configurations have a performance value slightly larger than 0.8. These configurations are the same
that the configurations which presented the best local performance with ¢ values larger than 1.0 after
z*=(0.8.

Although these square-shaped configurations do not show the expected overall performance, it |
is important to reconsider the comments mentioned at the end of the previous subsection. The
advantage that these configurations do have is that the fin locations are not constrained, and there are
not fixed parallel channels that limit the system.
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Figure 4.13 Variation of ¢ along the channel length for the cases ETM-3-S-III, ET. 'M-3-S-VI1
and ETM-3-S-VII mentioned in Table 2.7.
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Figure 4.14 Integrated ¢ values for configurations mentioned in Table 2.7.

4.4.3 ELLIPSE-SHAPED MicRO PIN FIN HEAT SINK (ETM-3-E)

This section presents the behavior of the overall performance in the microcooling system
using ellipse-shaped pin fins for improving the thermal performance. Figures 4.15, 4,16 and 4.17
presents the local variation of the ¢ parameter along the flow length when the dimensionless
parameters are varied: i) Yims.3.c parameter (0.5, 1.0 and 2.0), ii) Br-mes.c parameter (1.5, 2.0 and 3.0),
and #ii) Prenssc parameter (0.5, 1.0, 1.5), respectively. For each case, the other dimensionless
parameters are kept as constant (¥emzs.c = 0.5, Brrmesc = 2.0, Brenssc = 1.0). Overall, the cooling
system based on these fin configurations presents a similar behavior that the previous cases mentioned
above, such as at the inlet section as the behavior along the flow length. The thermal and
hydrodynamic effects described previously are observed in these curves. Observing the results, the
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peaks in the ¢ curves are slightly large compared with the square-shaped configurations due to the
shape of the fin leads to reduce the friction factor in the system at these fin locations due to the flow
does not reduce its velocity strongly, this slides smoothly around the fin. The parametric results ratify
the observations found in the previous cases. The increase of the fin height increases the overall
performance due majorly to the rise of the heat transfer area (Figure 4.15). The reductions of the
longitudinal and transversal pitches affect positively the overall performance of the system (Figures

4.16 and 4.17, respectively.)
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Figure 4.15 Variation of ¢ along the channel length for the cases ETM-3-E-I, ETM-3-E-IT
and ETM-3-E-III mentioned in Table 2.9.
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Figure 4.16 Variation of ¢ along the channel length for the cases ETM-3-E-I1], ETM-3-E-IV
and ETM-3-E-V mentioned in Table 2.9.

Figure 4.18 shows the average value of ¢ performance that each configuration exposed in
Table 2.9 has in the cooling system. A numerical trapezoidal integration process is carried out for this
purpose as it was mentioned in the previous cases. The results show that the expected value of ¢=1.0
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is not achieved with these configurations. Furthermore, the maximum average overall performance is
presented by configuration ETM-3-E-IV and ETM-3-E-VI. These ¢ values are slightly larger than 0.8 |
and correspond to the cases which consider the smaller longitudinal and transversal pitches. Thus, it is Il
highly recommended to consider these small pitches in the design of these fin configurations. I
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Figure 4.17 Variation of ¢ along the channel length for the cases ET. 'M-3-E-III, ETM-3-E-VI
and ETM-3-E-VII mentioned in Table 2.9. |
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Figure 4.18 Integrated ¢ values for configurations mentioned in T able 2.9.
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Although the average ¢ results are not the expected, it is important to mention again that the
advantage of this configurations is the fact that these fin configurations are not constraint in the
position and, thus, alternative arrangements can be proposed and studied. In particular, this ellipse-
shape configuration presented a lower behavior that the square-shaped configuration and almost
similar that the circle-shaped. Although the effects of friction factor are reduced, the fluid capacity to
transfer heat is reduced as well (a lower Nusselt number).
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4.4.4 FLAT-SHAPED WITH REDOUNDED SIDES MICRO PIN FIN HEAT SINK
(ETM-3-F)

This section presents the results obtained when flat-shaped with redounded sides fins are
considered for enhancing the overall performance of a micro heat sink. Similar to the previous three
cases mentioned above, the results presented here show the ¢ performance that the system has when
the fin height, and transversal and longitudinal pitches are varied: i) Yemes.c parameter (0.5, 1.0 and
2.0, ii) Brgmssc parameter (1.5, 2.0 and 3.0), and iii) Pr.emes.c parameter (0.5, 1.0, 1.5), respectively.
For each case, the other dimensionless parameters are kept as constant (Ysmss.c = 0.5, Bremsc=2.0,
Bremesc = 1.0). Furthermore, the effects of varying the radius of curvature of the redounded side are
studied. For this purposes, the dimensionless parameter Exmasr is proposed (Equation 2.25). Three
variation of this parameter are considered (0.25, 0.5 and 0.75). Figures 4.19 to 4.22 present the
behavior of the local ¢ parameter along the flow length for each of these geometrical variations,
respectively. Overall, the curves present similar behavior that the paths observed in the previous fin
enhancement techniques. The ¢ performance increases as fluid is passing through the system. The
peaks observed in the curves are caused by the rise of the heat transfer at the zones where the fins are
located due to the destruction of the thermal boundary layer as well as the increase of the heat transfer
area. Although the friction factor is also increased, the results indicate that the convective coefficient
rises more drastically. The curves ratifies that the increase of the fin height improves the overall
performance of the system due to the increase of the heat transfer area as well as the gap between fins
works as small microchannel. Thereby, the increase of the apparent channel height improves the heat
dissipation. Tt is important to highlight that the curve corresponding to the configuration ETM-3-F-I
does not have peaks due to it was only considered 10 points along the flow length and, therefore, the
effects between fins is not clearly observed. Since this case corresponds to the shorted fin height, the
results are appropriated for this study due to the previous results showed that the enhancement of
considering 50-pum fin height are minimal compared with another configurations.
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Figure 4.19 Variation of ¢ along the channel length for the cases ETM-3-F-1, ETM-3-F-11
and ETM-3-F-III mentioned in Table 2.11.

Moreover, the reduction of the transversal and longitudinal pitches improves the overall
performance of the system. This is observed in Figures 4.20 and 4.21 where the configurations that
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consider a small pitch presents an important increase of the gparameter along the flow length. As it
was previously mentioned, the increase of the heat transfer coefficient caused by the reduction of the
gap between channels is the major generator of this improvement. Furthermore, the reduction of pith
along the flow length reduce the space for developing the thermal boundary layer and thus, a large
amount of this energy is transferred to the fluid due to its instability. These effects are more notorious
at the second middle of the system.
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Figure 4.20 Variation of ¢ along the channel length for the cases ETM-3-F-111, ETM-3-F-V1
and ETM-3-F-VII mentioned in Table 2.11.
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Figure 4.21 Variation of ¢ along the channel length for the cases ETM-3-F-IlII, ETM-3-F-VIII
and ETM-3-F-IX mentioned in Table 2.11.

For this configuration, one additional geometrical variation is studied. The effects that the
radius of curvature of the redounded sides does have on the performance of the heat sink are analyzed
considering three variations (Egmes.r of 0.25, 0.5 and 0.75). Figure 4.22 presents the results of these
variations. Although the increase of the radius of curvature reduces the friction factor due to the fluid
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moves more smoothly on the fin surface, the reduction in the heat transfer is notorious since the curves
along the flow length present the same path and also there is not observe a large variation of the ¢
parameter with this geometrical variations. Thus, for this purposes of computing the overall
performance considering such the thermal as the hydrodynamic effects, the variation of the radius of
curvature might be assumed as negligible.
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Figure 4.22 Variation of ¢ along the channel length for the cases ETM-3-F-III, ETM-3-F-1V
and ETM-3-F-V mentioned in Table 2.11. :
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Figure 4.23 Integrated ¢ values for configurations mentioned in Table 2.11. |

Moreover, Figure 4.23 presents the average ¢ parameter for the nine configurations based on
flat-shaped with redounded sides used in this analysis. The results show that this average parameter is
below the expected value of 1.0. However, this thermal enhancement technique presents a better
performance that the other configurations based on using fins. The best performance is observed in the ‘
configuration ETM-3-F-V1 (¢=0.96). Furthermore, it is important to mention again the final comment
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exposed in the previous subsections. The most important advantage of this kind of fin configurations
is the feasibility to move the fins according with the thermal necessities that the IC chip might require.
Based on this and upon the results exposed for these configurations, it is possible to observe that the
use of flat-shaped fins could be an appropriate alternative for the goals pursued in this work.

OVERALL PERFORMANCE OF THE ETM-4

The overall performance presented by the thermal enhancement techniques based on wavy
walls is presented in this section. Figure 4.24 shows the ¢ parameter along the flow length for this
proposed enhancement technique considering the variation of ¥, parameter (0.05, 0.1, 0.2), and
considering Bemss of 0.25. Tables 2.13 and 2.14 present the matrix of cases and the amplitude and
length of the wavy for these configurations. At the inlet section, this performance parameter is 1.0 due
to the channel inlet and the operating parameters are the same that straight microchannels. Once the
fluid starts passing through the channel, there is observed a decrease of ¢ parameter due majorly to the
development of the boundary layers and the increase in the friction factor because of the change of
direction that the fluid suffers. Values lower than 1.0 are achieved and remained along the flow length.
There are not observer outstanding sections in this thermal enhancement technique. Furthermore, the
variation of Bpn.s parameter does not affect importantly the overall performance of this thermal
enhancement technique. Figure 4.25 presents the average ¢ parameter for all the configurations
exposed in the matrix of cases studied for this thermal enhancement technique. This figure shows the
minimal enhancement performance obtained with this kind of configurations. This poor improvement
is majorly caused by the increase that the friction factor presents due to the change of direction as well
as the minimal increase in the heat dissipation that the channel configuration causes in the fluid. Thus,
this thermal enhancement technique is not a good candidate for increasing the overall performance of
the heat sink.
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Figure 4.24 Variation of ¢ along the channel length for the cases ETM-4-1, ETM-4-II and ETM-4-11T
mentioned in Table 2.13.
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Figure 4.25 Integrated ¢ values for configurations mentioned in Table 2.13. I

OVERALL PERFORMANCE OF THE ETM-5 F

The overall performance parameter generate with the use of channels with dimpled surfaces ‘
are presented in this section. The results are based on the geometrical variations of the dimensionless
parameters ofrues, Brmes, Yemes and pnys exposed in Equations (2.28) to (2.31). Three variations are
considered for each parameter (0.75, 1.0 and 1.5 for agm.s; 0.025, 0.05 and 0.1 for Brnss; 0.7, 0.85
and 1.0 for Jmss; and 0.125, 0.25 and 0.5 for Epns). For each variation, the remaining parameter as
fixed as constant values (Table 2.15). ‘
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Figure 4.26 Variation of ¢ along the channel length for the cases ETM-5-VI, ETM-5-VII and ETM-5-
VIII mentioned in Table 2.15.
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The results show that the ¢ parameter is 1.0 at the entrance due to same channel geometries
and boundary conditions that the straight microchannel are considered at this section. Then, this
performance parameter goes down to the effects that the development of the hydrodynamic boundary
layer has in the system, reaching a minimum. After this point, the performance starts increasing due to
the reduction of the friction effects coupled to the development of the thermal boundary layers plays a

more important role in the phenomenon. Interesting results starts to emerge once the fluid reaches the -

deeps since there is observed an increase of the ¢ parameter at the zones where the deeps are located.
This improvement is caused by the partial deformation of the boundary layer, however, the friction
factor is not drastically affected causing that the relationship between this and the Nusselt number
increases. Peaks are observed at the position where the dimples are located caused by the effects
mentioned above. Similar results were observed when the thermal enhancement techniques based on
fins were used. However, the most outstanding observation is the fact that the ¢ parameter goes up as
coolant is flowing through the system. According with the phenomena, this enhancement is caused by
the fact that the system is formed by two systems: a straight channel that has the features mentioned in
Chapter 11, and the dimpled surface at the bottom wall of the channel that contributes to increase the
heat transfer at this section. Thus, the improvement comes from the channel aspect ratio (majorly the
channel height) and the partial destruction of the boundaries layers at the bottom wall of the channel.
Figure 4.26 presents the effects that the variation of the dimpled deep has in the system performance.
According with the results, it is observed that the increase of this deep reduces slightly the ¢
parameter. Thus, it is possible to assume that the increase of the friction factor is larger that the
improvement in the thermal performance as the dimpled deep is increased. Thus, it is recommended to
use small deeps for these configurations.
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Figure 4.27 Variation of ¢ along the channel length for the cases ETM-5-VI, ETM-5-IX and ETM-5-X
mentioned in Table 2.15.

In order to understand the results exposed in Figure 4.27, it is important to remember that the
dimple has an ellipse-shape where the a dimension is parallel to the flow length and the b dimension is
perpendicular to the flow direction. Thereby, these results show that the reduction of the large side of
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the ellipse increases the ¢ performance in the system. Furthermore, there is observed that the transition
to the ellipse-shape with the largest side parallel to the flow length to a circle-shape does a larger
improvement in the system than the opposed transition. Thus, it is recommended to use circle-shaped
dimples along the channel length.
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Figure 4.28 Variation of ¢ along the channel length for the cases ETM-3-1V, ETM-5-V and ETM-5-VI
mentioned in Table 2.15.
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Figure 4.29 Variation of ¢ along the channel length for the cases ETM-5-1, ETM-5-11 and ETM-5-111
mentioned in Table 2.15.

Moreover, the increase of the b dimension of the deep reduces the overall performance of the
system as it is observed in Figure 4.28. It is important to highlight that the curves corresponding to the
configurations ETM-5-V and ETM-5-VI do not show peaks due to the transversal cuts done on the

model in the post-processing stage do not match with the dimples positions due to the
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Chapter 1V

parameterization done and exposed in Chapter 11. However, the results show that the increase of the
dimple width reduces the overall performance of the systems and, again, the transition from ellipse-
shape to circle-shape is useful for enhancing the performance of the system. Figure 4.29 shows the
effect that the variation of the pitch between dimples has in the overall performance of the system. The
results show that the reduction of space between deeps helps to improve the ¢ parameter. This is an
expected results due to the effects of destroying partially the boundary layer are more recurrent when
the dimples are close. Figure 4.30 shows the average ¢ parameter for all the configurations exposed in
the matrix of cases corresponding to Table 2.15. These results are interesting due to three
configurations have values larger than 1.0, and a couple more are very close to this target value. Thus,
cooling systems with small dimple deep and dimple pitch, as well as a circle-shape dimple generate
the largest improvement in the system performance. Thus, this thermal enhancement technique is a
good alternative for enhancing the performance of the cooling system. However, it is needed to
considered that gradient of temperature on the IC chip are going to be present due to the path of the

¢ parameter is not uniform.
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Figure 4.30 Integrated ¢ values for configurations mentioned in Table 2.15.

OVERALL PERFORMANCE OF THE ETM-6

This section presents the behavior that the cooling system has when the thermal enhancement
technique based on channels with reentrant triangular cavities are considered. The results are based on
the geometrical variations according with the dimensionless parameter o6, Prmis Yernrs and Eenaes
given by Equations (2.32) to (2.36). Three variations are considered for each parameter (0.25, 0.5 and
1.0 for ogmss; 0.25, 0.5 and 0.75 for Bemss; 1.0, 1.5 and 2.0 for Ymes; and 1.5, 2.0 and 4.0 for &Epmss).
For each variation, the remaining parameter as fixed as constant values (Table 2.17). Figures 4.31 to
4.34 presents the variations of the local ¢parameter along the flow length for each geometrical
variation. The results show that the performance of the system is 1.0 at the entrance section due to the
geometrical and operational conditions are the same that the straight microchannel considered for
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comparison. Then, the performance goes down until achieve a minimal due to the friction factor
effects and development of the hydrodynamic boundary layer have a large impact in the phenomenon.
After this minimum point the local performance starts increasing, indicating that the heat dissipation is
increased. The curves show slight increases at the zones where the channel has the reentrant triangular
cavities. This improvement is majorly caused by the partial destruction of the thermal boundary layer
as well as the slight increase of the heat transfer surface. Furthermore, it is possible to understand that
the reduction of the fluid velocity when the fluid found the channel wall affects the thermal
performance. According with the results, the increase of the friction effects is important in these
configurations. The last comment is ratified when the results generated for this configuration are
compared with the previous thermal enhancement technique. Clearly it is observed that the ¢
parameter is not highly increased along the flow length (i.e. the maximum ¢ values are around 0.8.
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Figure 4.31 Variation of ¢ along the channel length for the cases ETM-6-1, ETM-6-1I and ETM-6-111
mentioned in Table 2.17.
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Figure 4.32 Variation of ¢ along the channel length for the cases ETM-6-1V, ETM-6-11 and ETM-6-V
mentioned in Table 2.17.
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Figure 4.31 presents the effects that the variation of the channel aspect ratio has in the cooling
system. As it was expected according with the performance of conventional microchannels, the |
increase of the channel width reduce the performance of the systems due mainly to the reduction of
the heat transfer coefficient. Moreover, Figure 4.32 presents the effects that the variation of the cavity E
width (maximum channel width) has on the ¢ performance. The results show that the increase of this
width reduces the performance of the system. When the cavity width is increased, the fluid suffers |
stagnation within the cavity due to the relative fluid velocity. Thus, this stagnated fluid works as an '
insolated wall between the channel walls and the fluid reducing the heat dissipation.
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Figure 4.33 Variation of ¢ along the channel length for the cases ETM-6-VI, ETM-6-1I and ETM-6-
VII mentioned in Table 2.17.
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Figure 4.34 Variation of ¢ along the channel length for the cases ETM-6-VIII, ETM-6-IX and ETM-6-
1l mentioned in Table 2.17.
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Figure 4.33 shows the effects of varying the cavity length out (large side of the triangle) in the
system. According with the results, the increase of this length reduces the ¢parameter because the
stagnated fluid within the cavities is increased, affecting negatively the heat dissipation. Furthermore,
the partial destructions of the boundary layers are reduced. Moreover, the variation of the cavity

entrance length (short side of the triangle) in the system is minimal. Figure 4.34 presents the ¢
performance along the flow length subject to this geometrical variation. 1t is observed that the curves
do not have important variations, which might indicate important effects of this dimensionless

parameter in the performance of the system.
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Figure 4.35 Integrated ¢ values for configurations mentioned in Table 2.17.

Figure 4.35 presents the average ¢ value for the configuration exposed in Table 2.17. The
results show that these thermal enhancement techniques do not generate the expected value of 1.0. The
best configurations have values near to 0.64. Thus, it is possible to conclude that this thermal
enhancement technique is not a good candidate for the goal of this work.

REMARKABLE OBSERVATIONS

Six thermal enhancement techniques were evaluated in order to observe their local and
average overall performance considering the improvement of the thermal dissipation with the
associated penalty in the friction losses. The cooling system based on straight channel with variable
channel aspect ratio and the channel with dimpled surface presented important local enhancement at
the second half of the channel length. However, it is important to remember that the temperature on

‘the IC chip is directly affected by this performance, and thus, important temperature gradients might
be generated with these configurations. The enhancement thermal technique based on the variation of
the channel hydraulic diameter presented very large average ¢ values, however, the local performance
was very poor due to the large increases generated in the section when the channel hydraulic diameter
is varied. Moreover, the use of fin as technique for enhancing the performance of the system generates
average ¢values lower that the expected value of 1.0. The local performance is important at the
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second half of the channel length. However, the most important advantage of these configurations is |
the fact that the fins can be placed according with the requirement of the IC chip. Thus, these |
configurations are appropriate for obtaining the objective planted for this work. The remained thermal
enhancement technique configurations present a very poor enhancement performance and, thereby,
they are unconsidered in this work. The next chapters present the study of a cooling system based on
the results that the fin configurations presented, considering the thermal requirements of the IC chip
and taking into account the advantage of varying their position.
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Micro Pin-Fin Heat Sink with
Variable Fin Density

WHY USE VARIABLE FIN DENSITY

In Chapter T it was mentioned that one of the main goals of this work is to generate a micro
cooling system capable, among another things, of reducing the temperature gradients on the IC chip to
be cooled, that are commonly generated when a coolant is moved through the ducts (internal flow).
The technical literature has shown that these temperature gradients are strongly large depending on the
amount of heat to be dissipated as well as on the fluid velocities along the system. It has also been
reported in the technical literature that the heat transfer coefficient increases if i) the channel hydraulic
diameter is decreased, or ii) the channel aspect ratio decreases. Although these options improve the
heat dissipation in this kind of cooling systems, the pressure drop goes up in an inverse cubic
proportion as the hydraulic diameter decreases. According to the results presented in the previous
chapter for the overall performance of these heat sink configurations, it is observed that the first
channel variation generates a gradual increase after a specific position, and that the second channel
variation generates important improvements.

Thus, the use of pin fins could be a good alternative for the new generation of cooling systems
due to their good thermal performance with appropriate heat dissipation. Also, this kind of
configurations has the feasibility to place fins according to the requirements of heat dissipation from
the IC chip. Thus, variable densities of pin-fins can be used in order to homogenize the temperature at
the bottom wall of the heat sink and, therefore, the thermal damages on the chip due to the generation
of hotspots are reduced. At the microscale level, only a few works have been carried out considering
pin fin configurations [100,111] but with constant fin density. The next section presents the design of
the fin arrangements for the novel heat sink proposed in this work with variable fin density.

UNIFORM TEMPERATURE DISTRIBUTION CONCEPT

A large part of the current conventional liquid cooling technologies is based on forced
convection mechanism in internal flow. According to the theory, the temperature difference between
the coolant and channel walls remains constant along the flow length when fully developed conditions
and constant properties are assumed under constant heat flux boundary condition. The coolant
temperature rises along the flow length (Zjua=Thua(z)) and, therefore, the channel wall temperature
increases accordingly. Assuming that the temperature difference between the heat sink and the
junction wall remains constant, the junction temperature will then vary in a similar manner as the fluid
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temperature along the flow direction (Tjc=Tc(z)). Based on the conservation of thermal energy, the
temperature difference between the coolant and the channel wall is determined by the heat flux and the
convective thermal resistance (see Figure 5.1). Thus, if the thermal resistance is constant, a
temperature variation is observed, similar to the path shown in Figure 5.1. Equation (5.1) expresses
this thermal resistance.

Tyottom (2)- Tﬂ:id(z) =q" Rtotai (5.1 )

According to Equation (5.1), and considering a constant heat flux, a constant junction
temperature is achieved when the thermal resistance is reduced as the coolant is passing through the
system, this means that Riu=Ruww(z). Figure 5.2 shows this behavior. Since the thermal resistance
vaties inversely with the product of the heat transfer coefficient, 4, and the heat transfer area, 4,, this
product should be gradually increased along the flow direction in order to achieve the uniform
temperature.

T fluid = = =T bottom

Temperature

Flow direction

Figure 5.1 Sketch of temperature variation in internal flow systems subject to constant heat flux and
thermal resistance.

T fluid = = =T bottom

q" Rrata!(z)

Temperature

Flow direction
Figure 5.2 Sketch of temperature variation in internal flow systems subject to constant heat flux,
uniform wall temperature and variable total thermal resistance.
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MicrO PIN-FIN HEAT SINK WITH VARIABLE FIN DENSITY — MODEL
DEFINITION

Based upon the previous sections, the model definition of a micro pin fin heat sink with
variable fin density is presented here. A 10 mm x 10 mm IC chip surface is considered as the base for
designing and building the novel micro pin fin heat sink with variable fin density. This cooling system
is going to be formed by a specific number of fins placed on a 200 pm thickness silicon substrate. In
order to generate the variable fin density, the silicon plate is “divided” in a specific number of sections
(SI, SII, ... SN) along the flow direction. Figure 5.3 shows a sketch of these sections. A number of
transversal and longitudinal rows separated by Sy and S, respectively, are marked on each section.
Then, one pin fin is placed at each crossing line. Four overall configurations are developed for study
(i, ii, iii, and iv). The dimensions of these configurations are presented in Table 5.1.

i. Configuration I: micro pin fin heat sink formed by 990 fins placed on 4 sections in an on- ‘
line arrangement. The fin height is 200 pm. Circle, square, ellipse, and flat with rounded |
sides cross section (Figure 2.8) are considered in the analysis. Three fin lengths are used
(74 pm, 100 um and 150 pm).

ii. Configuration II: micro pin fin heat sink formed by 3996 fins placed on 4 sections in an ;
on-line arrangement. The fin height is varied (100 pm, 200 pm and 300 pm).

iii. Configuration III: micro pin fin heat sink formed by 4748 fins placed on 3 sections in an
on-line arrangement. The fin height is set to 200 pm. Flat-shaped fins are considered (see
Figure 5.4 a)).

iv. Configuration IV: micro pin fin heat sink with the same features of Configuration III but in
an offset arrangement (see Figure 5.4 b)).

e [ d eI TL [hes o
},.,,,SU_..,% | (%: € )@@ B E i - 5
m et e s poe
Te ot | | | lo-ote-e

S; sH s:n S;I

Figure 5.3 Sketch of sections marked on the square heat sink. The transversal and longitudinal rows,
Sy and Sy, dimensions, and fin places are shown.

Table 5.1 Description of the four configurations of micro pin fin heat sink arrangements.

Parameter Section 1 Section Il Section 111 Section IV
Configuration 1
Length (mm) 1.4 2.8 4.2 1.6
No. pin fins 0 231 462 297
No. longitudinal rows 0 7 7 3
No. transversal rows 0 33 66 99
St (um) 0 400 600 600
AR
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St (um) 0 300 150 100
Pyinsin (# pin fins/mm”*) 0 41.66 55.55 93.75
Configuration 11
Length (mm) 1.0 3.0 4.2 1.8
No. pin fins 0 660 1848 1188
No. longitudinal rows 0 20 28 12
No. transversal rows 0 33 66 99
Sy, (um) 0 150 150 150
St (um) 0 300 150 100
Pyin fin (# pin fins/mm”*) 0 111.11 222.22 333.33
Configuration 111
Length (mm) 1.5 5.2 3.3 --
No. pin fins 330 2240 2178 -
No. longitudinal rows 10 34 22 --
No. transversal rows 33 66 99 --
Sy (um) 150 150 150 -
St (um) 300 150 100 -
Dgin in (# pin fins/mm”) 111.11 217.94 333.33 -
T S = g = [ = -
2N T T . 9P '(_1__3"(_ P
= 2 L eS| I =
QT(;D Q I | |sm QD {jjs‘lcl}
| | | | | | I | 9T |
el i <k§‘k - i o B i will ke e
[ | [ e :H, .
| B <— _} i .'L v
| = . _.L\
@ P @ g

W

su

On-line fin configuration

Sl

Offset fin configuration

S

on a) on-line, and b) offset fin configurations.

Figure 5.4 Sketch of micro pin fin heat sink with variable fin density using flat-shaped fins and placed
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Furthermore, a couple of cooling devices are added to the analysis matrix for comparison

purposes:

1. Microchannel heat sink: system formed by 33 rectangular channels with 200 pm height,
channel aspect ratio of 1.0, and space between channels of 100 pm.

2. Non-pin fin heat sink: heat sink formed by a single large channel of 200 pm height and 9.9
mm width.

The thickness of the silicon substrate under the channels for all models is 200 um. Due to the

- symmetries that the heat sinks present, only 1/66 part of the whole system was solved.

In order to solve these configurations, the assumptions, the governing equations and boundary
conditions expressed in Chapter 11, Sections 4.1, 4.2 and 4.3, respectively, are applied. The numerical
solution follows the same process describe in Chapter I1I for solving the thermal enhancement models
described previously. In order to observe and compare the thermal and hydrodynamic performance of
these configurations, the variation of temperature at the bottom wall of the heat sink (junction wall)
and the fluid pressure variation along the flow length are computed. Furthermore, the overall thermal
resistance, pressure drop and pumping power are calculated using Equations (5.2), (5.3) and (5.4),
respectively.

— Tbollum (Z) — Tﬂin

R, = (5.2)
ot Q!aml
where
]_ Weell °
Tbotmm (Z) - ch” [Jﬂ 7—;: CL‘:J
1
AP = AT[ J,, Py, = [, eyt m} (5.3)
Pumping Power = APY (5.4)

Next chapter presents the results obtained with these configurations based on varying their fin
density, as well as the comparison with conventional microchannel heat sinks. Furthermore, the most
outstanding micro pin fin heat sink with variable fin density is compared with some micro cooling
systems exposed in literature.
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Chapter VI
Results and Comparisons of Micro Pin-Fin
Heat Sink with Variable Fin Density

EFFECTS OF PIN-FIN SHAPES

This chapter presents the effects on the bottom wall temperature variation and the increase in
the pressure that the novel micro pin fin heat sinks with variable fin density described in the previous
chapter have. Figure 6.1 shows the junction wall temperature variation of the micro pin fin heat sink
based on Configuration I with different fin shapes along the dimensionless flow direction (z*=z/L).
The operating conditions are: flow rate of 1 mL/s and a heat flux of 100 W/cm”. For simplification, the
heat sinks are called as MA-50XxLLLXHHH-NN (please refers to Figure 2.8), where:

- A indicates the fin shape (C-circle, S-square, E-ellipse, F-flat),

- LLL indicates the fin length (um),

- HHH indicates the fin height (um), and

- NN indicates the number of longitudinal rows that forms the arrangement.

The temperature variations for the conventional microchannel heat sink and non-pin fin heat
sink, which were described in the previous chapter as well, are shown in Figure 6.1 for comparison
purposes. Although these last two models have different temperature magnitudes caused mainly by the
increase of the heat transfer coefficient when microchannels are used, the paths are similar. The lowest
temperature is found at the fluid inlet section and the curve increases almost linearly. The largest
temperature is found at z*=1.0. The bottom wall temperature difference is ~41 K and ~68 K for
microchannel and non-pin fin heat sinks, respectively. Moreover, the temperature profiles generated
by the proposed micro pin fin heat sinks at this bottom wall look more homogeneous. This is clearly
caused by using variable fin density configurations. These temperature curves show four slight
peaks/valleys near the transition zones among fin sections. These variations are caused by the increase
of the heat transfer area from one section to the next one, as well as by the increase of the heat transfer
coefficient when the gap between fins is reduced.

In the temperature curves it is observed that the circle-shaped fin presents the largest junction
temperature as well as the largest temperature difference between maximum and minimum points.
Moreover the flat-shaped fin improves the heat dissipation since it has the lowest junction temperature
as well as the lowest temperature difference. The overall performance of these configurations is shown
in Table 6.1. The heat transfer area-fluid volume ratio, ¥, is considered as a parameter for comparison.
The results show that the heat dissipation is improved when v is slightly increased (e.g. the 1y increase
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between circle- and flat-shaped fin configurations is ~1.1% and the overall temperature is reduced 6.6
K). The square- and ellipse-shaped fin confi gurations present similar temperature results with minimal
differences at the inlet section. One important observation is that the fin shape does not affect the heat
dissipation since it is possible to achieve a similar temperature profile with square- or ellipse-shaped

fin configurations because 7 is almost the same in both cases.
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Figure 6.1 Variation of the junction temperature along the dimensionless flow length for the
microchannel heat sink, non-pin fin heat sink and micro pin fin heat sinks based on Configuration I
with different fin shapes (Table 6.1). ¢"=100 W/em’ and flow rate of 1 mL/s.

Table 6.1 Overall performances of microchannel, non-pin fin and micro pin fin heat sink based on
Configuration I with different fin shapes.

. Toottomave  ATbottom R
Al Bl iJ(tii)’ ] F{f(t)t (ga) (K/W) (mmz?’fmm3)
A) Microchannel 342.75 41.31 5.80 0.498 15.00
B) Non-pin fins 389.16 68.28 1.61 0.962 5.20
C) MC-50x50x200-17 349.06 14.72 4.63 0.561 6.91
D) MS-50x50x200-17 344.02 12.06 5.76 0.510 7.40
E) ME-50x75x200-17 344.30 10.06 5.01 0.513 7.42
F) MF-50x75x200-17 342.46 8.47 5.61 0.495 7.47

Figure 6.2 shows the pressure drop variation of micro pin fin heat sink configurations with 17-
rows and different fin shapes. Microchannel and non-pin fin heat sinks pressure drop variations along
the flow direction are shown as well. For these last two cases, the pressure drop variation is linear with
a slight curvature at the fluid inlet section due to the hydrodynamic development effects. There is a
difference of ~4 kPa between both heat sinks due to the decrease of the channel hydraulic diameter
when microchannels are used. Moreover, the pressure curves of pin fin heat sink models show several
waves along the flow length. The increase/decrease of the fluid velocity across the fin arrangement
and the stagnation points near the fin walls cause these paths. Overall, the results show that the
pressure drop increases when the transversal pitch is reduced, remaining the longitudinal pitch in the
section. Also, it is observed that the fin shape plays a very important role in the energy lost by friction
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effects. Analyzing the results shown in Table 6.2 for these four configurations, it is observed that the
lowest pressure drop is generated when circle-shaped fins are used (4.6 kPa). Moreover, the largest
pressure drop is found in square- and flat-shaped fin configurations (~3.7 kPa) although there is a 50%
difference of fin length between both models. Thus, it is possible to highlight that the friction losses
are strongly reduced when the fin walls perpendicular to the flow direction are redounded, and rise
slightly when the fin length increases. These effects are more notorious when ellipse- and flat-shaped
fins are compared. Although they have the same fin length, the pressure drop is lower in the first
configuration (~12% lower) because it has a larger wall curvature than the second one. According to
these results, using ellipse- and flat-shaped fins arrangements formed by 17-rows produce reliable heat
sinks. However, the thermal resistance is larger than the value required by the 2016’s IC chips.
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Figure 6.2 Variation of the pressure drop along the dimensionless flow length for the microchannel
heat sink, non-pin fin heat sink and micro pin fin heat sinks based on Configuration I with different fin
shapes (Table 6.1). =100 W/em’ and flow rate of 1 mL/s.

EFFECTS OF FIN LENGTH

Figure 6.3 shows the junction temperature and pressure drop of the heat sink with ellipse- and
flat-shaped fins for three different fin lengths (75, 100 and 150 pum). The heat dissipation is improved
when the fin length is increased because of ¥ increase (Table 6.2). The average bottom temperature is
reduced 2.5% and 2.1% for ellipse- and flat-shaped fins, respectively, when the fin length is varied
from 75 pm to 150 wm. Moreover, the pressure drop is larger when flat-shaped fins are used due to the
increase of the surface walls parallel to the flow direction. The results indicate that, although the
ellipse-shaped fin heat sink has the largest improvement in the heat dissipation with the increase of the
fin length, the lowest IC chip temperature is achieved using flat-shaped fins. Thus, it is highly
recommended to use this fin shape in this kind of micro heat sink. Furthermore, reliable heat sinks are
obtained if a 100 um fin length is used.
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Figure 6.3 Overall junction temperature and pressure drop for pin fin heat sinks with ellipse- and flat-
shaped fins based on Configuration I and different fin lengths. q"=100 W/em® and flow rate of 1 mL/s.

Table 6.2 Overall performances of microchannel, non-pin fin and micro pin fin heat sink
based on Configuration I with ellipse- and Alat-shaped fins subject to different fin lengths.

. Phoiiiin AT 5o AP R
Hea Sink s (ff{j (kPa)  (K/W) (mmz},mmj)

G) ME-50x75x200-17 344.30 10.06 5.01 0.513 7.42
H) ME-50x100x200-17 34073 8.50 539 0477 8.00
[) ME-50x150%200-17 335.83 4.31 574 0.428 9.26
1) MF-50x75x200-17 342.46 8.47 561 0.495 7.47
K) MF-50x100%200-17 339.13 4.19 6.17 0.461 8.14
L) MF-50x150x200-17 335.33 5.15 746 0423 9.96

EFFECTS OF FIN HEIGHT AND FLOW RATE

Figure 6.4 shows the junction temperature variation along the flow length for micro heat sink
based on Configuration II with different fin heights and flow rates. Clearly, the heat dissipation is
improved when the amount of coolant increases; however, the junction temperature variation loses
uniformity. Two different effects at two different heat sink sections cause this uniformity loss. First,
the heat sink works as a single channel at the first section (SI) whereby the heat dissipation is
improved when the fin height (channel height) decreases and vice versa (e.g. the bottom temperature
at z#=0.1 is 321.5 K and 331.46 K when the fin height is 100 pm and 300 pm respectively). Second,
the increase of the fin height improves the heat dissipation at the subsequent sections (SI-SIV)
because of the increase of the heat transfer area (e.g. the bottom temperature at z#=0.8 is 328.06 K and
324.2 K when the fin height is 100 pm and 300 pm respectively). As it is possible to observe, the
variation of the fin height affects positively the heat dissipation of the system at one section and
negatively at another sections at the same time, affecting seriously the temperature uniformity. Thus, it

is recommended to avoid sections without fins in this kind of micro heat sink.
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Figure 6.4 Variation of the junction temperature along the flow length in the heat sinks based on
Configuration Il with different fin heights and Sflow rates. g”=100 W/em’.

Figure 6.5 presents the overall thermal resistance variation in the heat sinks based on

Configuration II for different flow rates and fin heights. The thermal resistance is almost the same for
the three fin height cases when the flow rate is below 1.5 mL/s. For flow rates larger than 1.5 mL/s,
the effects of increasing the heat transfer area become more important in the heat dissipation. These
results show that the 60-rows heat sink configuration requires an important amount of water for
getting thermal resistance values around 0.1 K/W since this curve decreases slightly after 2 mL/s.

Figure 6.6 shows the pressure drop variation when the fin height is varied for different flow
rates. The pressure drop rises when the flow rate increases; however, the friction losses are larger for

fin heights smaller than 200 pm. The effects of the single channel at SI and the decrease of the gap
between fins (“apparent channels”) at the subsequent sections cause this large pressure drop. The fin

height effects are minimal after this point for fin heights larger than 250 pum.

Table 6.3 Overall performances of micro pin fin heat sinks based on Configuration I with different fin

heights and flow rates.
Mass flow rate Thottom,avg AT yotiom AP R
(mL /s) (K) (K) (kPa) (K/W)
M) MF-50x100x100-60
1 326.09 10.68 44.13 0.339
2 316.15 6.32 98.80 0.232
3 311.88 7.72 163.04 0.189
N) MF-50x100x200-60
1 326.47 10.30 13.87 0.335
2 316.92 10.50 30.04 0239
3 312.78 9.01 49.50 0.198
0) MF-50x100x300-60
1 326.55 11.90 7.99 0.336
2 317.24 12.32 17.30 0.242
3 313.41 11.57 27.68 0.204
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Table 6.3 presents the overall performance of Configuration 1 subject to different fin heights
and flow rates. These results show that using fins with a 200 pm height generates reliable results. The
heat sink can achieve thermal resistance values around 0.2 K/W.
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Figure 6.5 Thermal resistance variations for different flow rates and fin heights (h,) based on
Configuration I1. ¢”=100 Wem’.
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Figure 6.6 Pressure drop variation for different flow rates and fin height based on Configuration i
q”=100 W/cm’.

PERFORMANCE OF MF-50x100x200-66 HEAT SINK

Figure 6.7 shows the junction temperature profile of the micro pin fin heat sink based on
Configuration ITI. The temperature profiles generated with microchannel heat sink and non-pin fin
heat sink models are added in the figure for comparison. The figure shows that this proposed heat sink
reaches adequate average bottom temperature with a uniform temperature profile (Tboyae=39.9°C,
AT=5.7°C) compared to microchannels heat sink (Thotave=37°C, AT=38°C) and non-pin fin heat sink

(Thorave>100°C, AT=68°C).
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Figure 6.7 Variation of fluid temperature and junction temperature along the flow direction for i)
conventional microchannel heat sink, ii) non-pin fin heat sink, iii) conventional pin fin heat sink with ,
constant fin density based on Configuration II1.

In this work the temperature gradient along the flow length is used as a parameter of
comparison. Thus, according with the temperature difference shown above, the microchannel heat
sink, the non-pin fin heat sink and the MF-50x100x200-66 heat sink have temperature gradients of
6.83°C/mm, 3.75°C/mm and only 1.63°C/mm, respectively. Clearly, the proposed heat sink shows an |
important improvement in the lifetime of the IC chips. Moreover, two drastic zones are found in the
temperature curve of the MF-50x100x200-66 heat sink at the positions where changes of section take
place. Considering the maximum and minimum points at the vicinity of these zones, the temperature '
gradient is ~2.7°C/mm. Although this value is larger than the overall temperature gradient of the |
device, it remains below the gradient values found for the microchannel heat sink and non-pin fin heat |
sink. ‘ i
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Figure 6.8 Thermal resistance and pressure drop variation for different flow rates for the MF-
50x100x200-66 heat sink.
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Figure 6.8 shows the thermal resistance and pressure drop variation of the MF-50x100x200-66
heat sink for different flow rates. These results shows that this proposed heat sink is reliable since it is
capable to achieve the thermal resistance requested by the 2016°s IC chips [6] (0.14 — 0.25 °C/W) with
an adequate pressure drop penalty (28-90 kPa). Also, the pumping power required in the systems is
ranging from 0.02 to 0.34 W, which is at least 10 times lower than microchannel heat sinks.

PERFORMANCE OF THE MF-50x100x200-66 HEAT SINK IN ON-LINE AND
OFFSET FIN CONFIGURATION

This last section presents the comparison on the heat transfer and pressure drop performances
for the MF-50x100x200-66 heat sink using an on-line and offset fin configuration. Figure 6.9 shows
the temperature profile along the dimensionless flow length for the three cases for 1 mL/s of water and
heat flux of 100 W/cm®. The average temperature values are 334.39 K, 314.15 K and 309.63 K,
respectively. Clearly, the offset micro pin-fin heat sink improves the heat dissipation and reduces the
IC chip surface temperature (~7.5% compared to microchannel heat sink and 1.5% compared to on-
line micro pin fin heat sink). As it was mentioned by [106], the constant developing of the thermal
boundary layer enhances the heat transfer coefficient and reduces the overall thermal resistance. In the
figure it is observed that the offset fin configuration produces a more uniform temperature profile and
reduces the peaks/valleys caused by the change-of-section (S/-SI/ and SII-SIII). The uniformity of the
bottom temperature impacts directly the temperature gradients along the flow length. The average
gradient values for the on-line and offset fin configurations are 1.63°C/mm and 1.19°C/mm,
respectively. In the results reported by [112] for the on-line fin configuration, the average temperature
gradient at the vicinity of the change-of-sections (S/-SIJ and SII-SIIT) was 2.7°C/mm. The offset micro
pin fin heat sink shows an important reduction of these local temperature gradients, mainly in the
second zone. Temperature gradient values of 2.29°C/mm and 0.9°C/mm are generated, respectively.
These results impact directly the performance and lifetime of the IC chip.
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Figure 6.9 Temperature profile at the bottom wall of the heat sink along the dimensionless flow length
for microchannel heat sink and micro pin-fin heat sinks with variable fin density for both on-line and
offset fin configurations. g"=100 W/em® and flow rate of 1 mL/s.
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Figure 6.10 shows the thermal resistance and pressure drop variations of the MF-50x1 00x200-
66 micro pin-fin heat sinks for on-line (solid line) and offset (dotted line) configurations subject to
different flow rates. Overall, the flow rate reduces the thermal resistance of the systems; however, the
curves show a large negative slope when the flow rate is less than 2 mL/s; and a smaller decrease after
this point. In the figure the offset micro pin fin heat sink presents almost 1.3 times less thermal
resistance than the on-line micro pin fin heat sink at the same operating conditions. This is a clear
manifestation of the passive thermal enhancement caused by the offset arrangement.
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Figure 6.10 Thermal resistance and pressure drop variation with different flow rates for micro pm fin
heat sinks with variable fin density and both on-line and offset fin configurations. q"=100 W/em’.

Otherwise, the pressure drops in both fin configurations show an almost constant rise with the
increase of the flow rate: however, this energy lost is larger for the offset micro pin fin heat sink. The
decrease of the “apparent hydraulic diameter” that this fin configuration has (the cross section area is
reduced in half at each section) causes this pressure drop penalty. Overall, the offset micro pin fin heat
sink generates almost 2.5 times larger pressure drop than the on-line microcooling system.

According to these results, both micro pin-fin heat sinks are capable of cooling the 2016’s IC
chips since their overall thermal resistances lie in the range required by I7RS (0.14 to 0.25 K/W).
However, the operating conditions required by these systems are different. The MF-50x100x200-66
on-line requires up to 3.8 mL/s of water for obtaining the lower value of thermal resistance (0.14
K/W) whereas the offset fin configuration needs only 2 mL/s of coolant to get the same thermal
resistance condition. Moreover, the pressure drops are similar in both systems (~90 kPa) for this
thermal performance. Considering the pumping power that the system requires to work as a parameter
of comparison, the offset fin configuration presents a better performance since it only requires 0.18 W
of pumping energy to get a thermal resistance of 0.14 K/W. The on-line fin configuration requires
almost 2 times more pumping energy (0.35 W) to obtain a similar thermal performance. In summary,
the offset micro pin-fin heat sink is more reliable for near future applications because:

- it generates more uniform temperature profiles on the IC chip (overall temperature
gradient of 1.2 °C/W) and,
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- the maximum heat expected by 2016’s IC chip (288W) can be dissipated appropriately
with only 0.18 W of energy to be supplied into the system.

Table 6.4 Performance of micro heat sinks using overall performances of micro pin Jfin heat sinks
based on Configuration II with alr_ﬂerentﬁn heights and flow rates.

AP R Pump. q "
[kPa]  [K/W]  power [W]  [Wiem']

Author Description

Tuckerman and Pease ~ Rectangular microchannel

(1981) [13] heat sink 207 0.090 23 >650

Knight et al. (1992) Rectangular microchannel

[22] heat sink using turbulent flow 207 8.0% L 1000

Gillot et al. (2000) Rectangular microchannel

37 heat sink for multichips 180 0.092 ~47.0 >650
(371 modules
Peles ef al. (2005) Micro heat sink with circular 203 0.039 B ~1500
[100] staggered pin fins '
Colgan et al. (2007) Micro heat sink with “semi-
[102] elliptical” staggered pin fins <35 0.105 s FR
Husain and Kim Optimized microchannel heat
(2008) [64] sink - 008l - S
Daguenet-Frick eral.  Radial heat sink with boiling '
(2010) [87] fluid - 0.080 0.05 750
Escher et al. (2010) Heat sink formed by manifold <10 0.087 015 ~680
[104] channels : '
J -66 on-li . . 4

Current work (2012) MF-50x100x200-66 on-line 90 0.140 0.34 30

MF-50x100x200-66 offset 86 0.140 0.18 430

*Considering 1em x 1cm IC chip with maximum design temperature of 85°C and ambient temperature of 25°C.

Table 6.4 shows a comparison between different cooling devices found in the literature. The
on-line and offset micro pin fin heat sinks working with the appropriate operating conditions to get a
thermal resistance of 0.14 are added in this comparative table. The water flow rate for each
configuration is 3.8 mL/s and 2.0 mL/s, respectively. Clearly, these configurations dissipate
appropriately the heat generation expected by the 2016’s IC chips. The offset fin configuration
requires a lower amount of energy than the on-line arrangements, and also than the other heat sinks
shown in this table (e.g. conventional microchannel heat sink and Colgan et al’s heat sink). In this
line, the micro pin fin heat sinks are only topped by cooling systems based on boiling cooling [87].

Moreover, large part of the research is aimed to generate cooling systems with thermal
resistances lower than 0.1 K/W. Considering this thermal performance in both micro pin fin heat
sinks, an important increase of the pressure drop is clearly observed (Figure 6.10), mainly in the offset
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fin configuration. However, when the requirements of pumping power are compared, interesting
results are observed. In order to get an overall comparison, Figure 6.11 presents the pumping power
required by a conventional microchannel heat sink [3], a robust micro cooling system [18], and both
on-line and offset micro pin-fin heat sink with variable fin density. All these cooling systems are
operating at specific conditions in order to obtain a thermal resistance of 0.1 K/W. A very important
reduction in the input energy is clearly observed with these last three cooling systems compared to
conventional microchannel heat sinks (~100 %). Also, the robust cooling system and the offset micro
pin-fin configuration present similar values of pumping power (~0.9 W). Therefore, the claim that
offset micro pin-fin heat sinks are pretty good alternatives for cooling near future IC chips is ratified.
Furthermore, this cooling system presents an easy integration in 2D and 3D IC chip packagings.

2.5
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[13] [102] On-line Offset

Figure 6.11 Comparison of the pumping power required by the Tuckerman and Pease’s microchannel
heat sink [13], Colgan et al.’s cooling device [102], and MF-50x100x200-66 on-line and offset heat
sinks.
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Following this comparison of pumping power, the offset micro pin-fin heat sink presents a
better performance when the flow rate is less than 5 mL/s (thermal resistance around 0.1 K/W and
pumping power less than 0.45 W) than the on-line fin configuration. After this thermal resistance
value, both configurations have almost similar overall pumping power requirements. Thus, novel and
reliable micro cooling systems capable to generate uniform junction temperature should be studied
aiming to attain thermal resistances smaller than 0.1 K/W.
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Conclusions

The present work was aimed to evaluate some thermal enhancement techniques in order to
enhance the performance of current micro cooling systems, such as microchannel heat sinks for IC
chip applications. Some of these techniques had been exposed in the technical literature. The goal of
this first stage was to increase the overall performance (heat transfer coefficient) of the cooling system
with the lowest pressure drop penalty due to this improvement affects directly the amount of energy to
be supplied into the system (pumping power). In a second stage, this work analyzed some non-
conventional configurations of micro cooling systems in order to reduce the temperature gradients and
hot spot that are commonly generated on the IC chip when microchannel heat sinks based on straight
channels are used. Thus, micro pin fin heat sink with variable fin density were proposed and analyzed.
Their results showed an extraordinary performance for the goal of keeping uniform temperature on the
IC chip. An overall comparison of these systems with alternative cooling systems exposed in
technique literature was carried out. The results showed that these novel configurations are capable to
fulfill the requirements expected for the next generation of IC chip cooling systems. The major
conclusions of this work are mentioned below.

An overall performance parameter, ¢, was considered in order to evaluate different thermal
enhancement techniques. This parameter considers the variation of the local Nusselt number and
friction factor along the flow length and then is compared with the dimensionless Nu and f values
generated by a straight microchannel. The results showed that this parameter generates a good point of
comparison.

Six thermal enhancement techniques were considered in the study. The effects that their
geometrical variations have on the overall performance of the heat sink were studied. The results show
that some techniques such as considering channels with variable channel aspect ratio or with dimpled
surface have important improvements on the overall performance of the cooling system. However, the
improvement was observed at least passing the middle of the channel length. This reduces the
improvement at the entrance section, causing increases in the temperature variation on the chip. Other
configurations presented a poor performance (channels with wave walls or with triangular reentrant
cavities). Moreover, the use of micro fin configurations in the cooling system presented relative low
performance than the ¢ value expected of 1.0. However, the major advantage of these configurations
is the fact that they can be positioned according with the requirements of thermal dissipation. Overall,
the flat-shaped and ellipse-shaped configurations presented the best performance due to the increase of
the heat transfer is appropriated considering the relative low increase in the friction factor. The square-
shaped configuration presented a good thermal performance but with an important friction factor
increase. The poor performance was obtained with the circle-shaped configurations. Furthermore, the
results show that the increase of the fin height up to 200 pm, and the reduction of the transversal and
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longitudinal pitches affect favorably the overall performance of the system. The variation of the radius
of curvature in the flat-shaped configurations has minimal effects in the performance. The average ¢
value for these configurations was slightly below the expected value. Thereby, the thermal
enhancement technique based on fin configurations was considered for the second stage of this work

As it was mentioned above, the second stage of this work was aimed to analyze numerically
some micro pin fin heat sinks with variable fin density in order to dissipate high heat fluxes with the
lowest pressure drop and uniform junction temperature. The results show that the fin shape plays an
important role in the pressure drops rather than the heat dissipation, which is mainly affected by the
heat transfer area-fluid volume, ration, Y. The best performance is obtained when flat-shaped fins are
used. The 100 pum fin length makes the system more reliable (good heat dissipation with a reasonable
pressure drop). Moreover, the results generated with the fin height variation are interesting since two
different effects were found. According with these observations, it is recommended to avoid the usage
of sections without fins in this kind of microcooling systems.

MPF-50x100x200-66 heat sink presents an appropriate performance compared on previous
microcooling devices exposed in the technical literature. This proposed device can dissipate the heat
flux expected by 2016’s IC chips with a pressure drop around 20 kPa and a pumping power as low as
0.04 W. Furthermore, the system keeps a uniform junction temperature with a difference below 6°C.
Considering the temperature gradient as a parameter of comparison, this cooling system has an overall
value of 1.63°C/mm which is 4 times lower than the temperature gradient generated in rectangular
microchannel heat sinks subject to similar sizes and operating conditions.

An offset micro pin-fin heat sink configuration with variable fin density was studied
numerically. This heat sink is based on Configuration III exposed by [22]. The results show that this
offset fin configuration improves the heat dissipation and reduce at less 1.3 times the system thermal
resistance. This represents 1.5% and 7.5% reduction in the overall bottom wall temperature compared
to the on-line micro pin-fin heat sink and microchannel heat sink, respectively. Furthermore, the offset
fin configuration improves the temperature uniformity since the peaks/valleys that the on-line fin
arrangement presents at the change-of-section zones are clearly smoothed. This has an important
impact in the overall temperature gradient which is reduced down to 1.19 °C/W.

Hydraulically, the pressure drop rises importantly when the offset fin configuration is used
in the micro pin-fin heat sink. However, the amount of coolant that this offset fin system requires to
obtain a specific thermal resistance is lower than the required by the on-line fin configuration due to
the heat transfer enhancement. The pumping power is a very good parameter for comparison.
According to this parameter, these micro pin-fin heat sinks have an almost similar overall performance
that Colgan et al.’s cooling device with a thermal resistance of 0.1 K/W.

The results show that the offset micro pin-fin heat sink is highly reliable for cooling systems
with thermal resistances larger than 0.1 K/W since the pumping power is less than the pumping energy
required by the on-line fin configurations. For cooling systems that require thermal resistances much
lower than 0.1 K/W, this micro pin-fin configuration with variable fin density are not recommended
due to their large increase of the pressure drop.
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