STUDY OF CONJUGATE HEAT TRANSFER IN
MICROCHANNEL HEAT SINK USING
NANOFLUID AS CONVECTION WORKING
FLUID

SANDEEP GUPTA

DEPARTMENT OF MECHANICAL ENGINEERING

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2024



© Indian Institute of Technology Delhi (I11TD), New Delhi, 2024


Biswajit
Highlight


STUDY OF CONJUGATE HEAT TRANSFER IN
MICROCHANNEL HEAT SINK USING
NANOFLUID AS CONVECTION WORKING
FLUID

by

SANDEEP GUPTA

Department of Mechanical Engineering

Submitted

In fulfilment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2024



CERTIFICATE

This is to certify that the thesis entitled, “Study of Conjugate Heat Transfer in
Microchannel Heat Sink using Nanofluid as Convection Working Fluid”, being submitted
by Mr. Sandeep Gupta to the Indian Institute of Technology Delhi, India, for an award of the
degree of Doctor of Philosophy is a record of bonafide research work carried out by him. He has
worked under my guidance and supervision and has fulfilled the requirements for the submission

of this thesis, which to my knowledge, has reached the requisite standard.

The results contained in the thesis have not been submitted, in part or full, to any other

university or institute for the award of any degree or diploma.

Place: New Delhi

Dr. P.M.V. Subbarao

Professor

Department of Mechanical Engineering
Indian Institute of Technology Delhi

New Delhi-110016 (INDIA)



ACKNOWLEDGEMENTS

Initially, | wish to express my gratitude to the Divine Entity for granting me the
opportunity to pursue my Ph.D. and for steadfastly accompanying me until its completion. |
extend my thanks for the bestowed wisdom, knowledge, and good health, as well as for the
numerous opportunities that facilitated connections with remarkable individuals crucial to the
fulfilment of my research. I am filled with humility and appreciation for those who aided me in

transforming my concepts into tangible achievements beyond mere simplicity.

| extend my profound appreciation to Professor P.M.V. Subbarao, my Supervisor, for
entrusting me with the exceptional chance to become a scholar under his guidance. | am grateful
for his unwavering support, guidance, and encouragement throughout my research journey,
providing me with the liberty to make decisions, pursue my aspirations, and think independently
within a secure environment. During moments of self-doubt, he maintained faith in my

capabilities and motivated me to surpass goals | might not have otherwise pursued.

Acknowledgment is also due to my research colleagues, with whom | had the privilege of
collaborating. The Mechanical Engineering Laboratory staff deserves special recognition for

their valuable assistance and proficiency in constructing the heat sink setup.

My heartfelt gratitude extends to my cherished parents, the steadfast pillars of my
journey, for consistently believing in me and offering both moral and financial support. They
have stood by me through highs and lows, demonstrating patience, kindness, and love even

during challenging times, providing assistance in every conceivable way.



ABSTRACT

Effective cooling is crucial and poses a significant challenge in the electronics industry as
devices become increasingly miniaturized. This Ph.D. thesis explores the use of nanofluids as an
alternative to traditional coolants in microchannel heat sinks, specifically addressing challenges
related to miniaturization in electronic devices. The focus is on alumina nanofluids with
concentrations ranging from 1% to 4% in a microchannel heat sink at low Reynolds numbers
(10<Re<50). The main objective is to comprehensively evaluate and compare the cooling
effectiveness, back axial conduction, heat transfer coefficient, pressure drop, friction factor in
nanofluids against deionized water, and assess thermohydraulic performance, as well as the loss

in concentration in nanofluids.

The research demonstrates that nanofluids exhibit superior thermal performance due to
enhanced thermal conductivity induced by Brownian motion and thermophoresis. There is a
significant reduction in backward conduction, enhancing the heat sink capacity. Key findings
include a substantial decrease in back axial conduction, up to 51.54% at 4% nanoparticle
concentration, indicating the potential of nanofluids to mitigate this effect and lower surface
temperatures in the microchannel heat sink, with reductions of up to 29% at 4% nanoparticles

concentration compared to the base fluid.

There is a progressive increase in heat transfer coefficient and Nusselt number with
higher nanoparticle concentration and Reynolds number, resulting in improvements of 43.34%
and 35.85%, respectively, for Reynolds number 50 at 4% nanoparticles concentration. However,

this improvement comes with a trade-off, as higher nanoparticle concentrations lead to rise in



pressure drop and friction factor, observed as a penalty to pumping power, particularly notable at
higher concentrations. Optimal thermohydraulic performance is observed at 3% nanoparticle
concentration, with a decreasing trend at 4%, reaching a maximum value of 1.17 for Reynolds
number 50. An inverse proportional relationship is found between percentage loss in nanofluid
concentration and Reynolds number, attributed to settling, agglomeration, and deposition,

reaching a maximum loss of 2.93% for Reynolds number 10 at 1% nanoparticles concentration.

This research provides valuable insights into the application of nanofluids for efficient
cooling in microchannel heat sinks, offering a comprehensive understanding of their thermal and
hydraulic performance. These insights are critical for advancing heat dissipation technologies in
the electronics industry. In conclusion, the study affirms the potential of nanofluids in efficiently
cooling electronic devices, showcasing superior heat transfer performance at low Reynolds

numbers.



L3108

guTE Xftded Ag@yUl § SR Sadei-ad 3T # U Hg@yul g U HRdl §
Riifcp FUDU il Y TP BId o1 36 & | I8 Uit HR Agshr=al gic Risd # URURD
fida® & fadhed & U H R3S & IUIN B! USdld HRd! 5, a2 ©F ¥ Saae M
JUHRON T AYHIU I eI gD D! JSIId Bl gl DT $g HH Flegy T
(10<Re<50) TR ATZH I ge R T 1% I 4% TP BI Figdl aTd Teg(o-T I3 sy W 7
T Iexd e THTaRMedI, 96 URiad dHedRM, d1d g¥diavyl Ui, &ald &1 fRTae,
fFemaied Ut & foa A wEey & UvUl HRE $T UG U F i 3R o]
HRAT 3R YHATRIE I U= & Y-I1y A Nudsey H Tigdl § HHl &7 3Mdber BT |

MY F a1 Iadm 3 o ANy g yda vexH veldfd ava 8 e vge
FRU T - SRFEA A IR YHHRRNY | $9F $RU 9% UREA FSRE # I@
HH BIl &, oo o1 Risp &mar # g gt 81 vqw el § 9 tfeaad dsaR H
Tt T, TOraH 4% 01 Higdl R 51.54% TP HHI AMAA &, S 59 THTE BT HH B
& oY FRISSY B & 3R AISHIS Bic i H A AUHH B <=idl &, o/ 99

%4 B AT H 4% A1 0T igdl TR 29% I B} HHI glat g |

3 AFIHU FigdT 3R IATegy WAl & 1Y a1 SR oM 3R e I

yfasiia afg et B, orae aRumRaET 4% A6 Aigdr R MA@y =1 50 & o

HHT: 43.34% 3R 35.85% BT JUR ST ¢ | B, T8 YUR Th AT b 1Y 3MTdl g, i



3= BT Tigdl ¥ gaa A fRmae R a¥ur R # 3G ghi 31 sva yHlgsSIs
TR 39 IR0 Figdl TR ST oirl 8, Forgd e ugfy 4% R gidl 8, St ¥Tegd T3 50
& 1T 1.17 & 3iRIBaH Yo b Ugdl 81 AtRIgs igdm 3R ¥icey T & ufawrd g1
& < U GohH ATIUTIcrep He'el I SITell &, Sl Fuer, Hper 3R WA o forg fomier
BT &, ST 1% A-IBUN B! Higdl TR JAT@H ASAT 10 & AT 2.93% Bt HfYHdH g1+ d% Ugd

ST |

Ig MY HZSHTHA gic Rich H Prel e & AT AIwRIzed & ST § §gHed
3D UM BT B, Sl 39 YHd 3R g3SIeid UeRH &1 U GHg UeH i g1 o
SiAErY oo SENT H a1y 3Yeag Wrelfiifed! o 3l g & g eyl § | ey
H 3reggd A 3aael e IUBRUN &I FYAAYAD 381 R H Az &I &Hdl Bt gfp
DI g, IUT HH JAlegy AT R I8k a9 XdIaRu U&= &I Uaiid fwar g

Vi



CONTENTS

(08 = o I 1 1N 1 SRR STSRTIN I
ACKNOWLEDGEMENTS ...ttt et sbe e e snae e e nnae e e nnneeans I
ABSTRACT ..ottt s et st e st E e bt e R e e b e bRt e R et et e R e b et et et e ne et iii
3 SRS PRSP v
(L0 ] I I = AV T PR vii
LIST OF FIGURES ...ttt sttt e et e e e sba e e e ne e e e nnaaeenaeeannneeas Xi
LIST OF TABLES ...ttt e et e e e e e nrae e e nneees XV
NOMENCLATURE......ooo e e e e et e e et e e e seaeeneeeanes XVi
CHAPTER -1 INEFOAUCTION ... e 1
IO R = - Yo 1 [ (0T o OSSR 1
1.2  Classification of Thermal Management TEChNIQUES.........c.coviieiveieiie e 4
1.2.1  Direct Contact with Cooling FIUId...........c.ccoveiiiiiiiecce e 4
1.2.2  Indirect Contact with Cooling FIUId ...........ccoiiiiiiiiie 6

1.3 Need of Smaller Sized Channel for CooliNg.........ccceieiiiiieniie e 7
1.4 Microchannel HEeat SINK..........cooviiiiiiie e s 7
1.5  Different Scaling Effects in Microchannels ... 8
151  Main Scaling EffeCtS......c.coociiiiiiice e 10

1.6 Heat Transfer Enhancement Techniques in Microchannel Heat Sink ...............ccccc...... 11
1.7 Use of Nanofluids @S COOIANT..........c.coiiiiiiiiiiiiieeee e 12
1.8 Preparation of NanOFIUIAS ........ccccoiiiiiieicc e 12
1.8.1  ONE-StEP IMELNOM. ..o 13
1.8.2  TWO-StEP MELNOA ... ..o 13

1.9  Applications of NaNOTIUIAS .........couiiiiiiiiiie e 14
1.10 Advantages of Using Nanofluids in Microchannel Heat Sink ...........cccccooeiiiiiiiiinnins 15
1.11  Limitations OF NaNOFIUIAS .......cccveiiiiiiiee e 16
1.12 Concluding Remarks and Organization of the Thesis............cccvviiviiiiii e 18
CHAPTER - 2 Literature REVIEW........coouiiiiiiie e e 20
2.1  Heat Sinks for Cooling Electronics: Experimental Studies ...........cccccovvvevieiieiiieinnnn, 21
2.2 Heat Sinks for Cooling Electronics: Computational Studies...........cccccoceevievieiieeinnnn, 25

Vil



2.3  Back Axial Conduction Study in Microchannel Heat Sinks...........ccccovveveiiieieccesnene. 29

2.4 Heat Sinks with Nanofluids for Cooling Application ............ccccceevviievi s 33
2.5  Conclusion from Literature REVIEW ..........ccoiiieiiieieie st 38
251 WOrK AIready DONE.......ccoiiiiiiiiieieie e 38
2.5.2  WOrK Partially DONE ........cccoveiiiieiieieeie sttt 39
253  WOork Not ACCOMPEISNEM ......c.coiiiiiiiiiie s 39
2.6 Proposed Research and ODJECTIVES .........cccooiiiiiiiiieie e 40
CHAPTER - 3 Methodology: Experimental and Computational Techniques.......... 42
3.1  Experimental MethodolOgy ........ccoviieiiiiiiic e 42
3.1.1  Design and Development of Microchannel Heat Sink .............ccccoooveviieiicincen, 43
3.1.2  Axial Temperature Measurement SYSTEM...........ccceevveieiiieieeie s 48
3.1.3  Coolant Supply and Control System: Peristaltic Pump and Calibration................. 49
3.1.4  Development of Closed Loop Coolant Circulation System..........ccccceereriieniennnnn 50
3.1.5  Complete Experimental TeSt RIQ......ccccoriiiiiiiiiiieieie e 51
3.1.6  Preliminary EXPerimentation ... 53
3.1.7  ldentification of Scaling Effects in the Heat Sink .............cccccooiiiiieie e, 54
3.1.8  Quantification of Heat L0OSS iN TESt RIQ ......covevviiieiiciecic e 55
3.1.9  Low Heat Flux Study in Microchannel Heat Sink.............ccccoooeivieiieieiie e, 59
3.1.10 High Heat Flux Study in Microchannel Heat SinK ............ccccccoeiveiieieice e, 60
3.1.11 Validation of the Setup with Published ReSult.............ccccooiiiiiiiiiinci e, 63
3.1.12 Harnessing Nanofluids in Microchannel Heat Sinks...........c.ccooviiiiiiienciencnen 64
3.1.13  Preparation of Alumina NanofluidS ...........cccceiiiiiiiii e 66
3.1.14  Characterisation of Nanofluids ..........cccceiieiiiiiies e 68
3.1.15 Properties of NaNOFIUIAS .........ccoiiiriiiiieee e 70
3.1.16  Experimental MethodolOgy ........cccoveiuiiieiieii e 72
3.2 Uncertainty Analysis of the Experimental Apparatus............cccccveveieeveeviesiiese e 74
3.3 Computational Methodology.........cccveiiiiiiiiic e 75
3.3.1  Computational SIMUIALION ........c.ccoiiiiiiieie e 77
3.3.2  Description of the Cooling Model ... 78
3.3.3  AsSUMPLIONS and EQUALTONS .........curiiiieriiiiiiisieseeee e 78
3.3.4  Mathematical Modelling and Governing EQUAtIONS.............cccovrieieienenc e, 80

viii



3.3.5  Boundary and Other CoNdIitiONS ..........ccoeiieiiiiiiiieie e 81

3.3.6  Grid INdePeNdENCE TEST .....ccvieiiciieiieeie ettt 84
3.3.7  Validation of Computational Model .............cccoeiiiiiiiii i 86
I O] o] U1 [ SRR 87
CHAPTER - 4 Unravelling Backward Axial Conduction in Nanofluid-Cooled
MICrochannel HEAL SINK.........ooiiiiiiieece et 88
4.1  Maximum Capacity 0f @ Heat SINK .........cccooiiiiiiiii s 88
4.2 Onset of Backward AXial CONAUCLION ........ccveiiiiiiiiiieseee e e 91
4.2.1  Axial Variation of Mean Bulk Coolant Temperature ............ccccooevvereiiesieesieennnn, 93
4.2.2  Study of Axial Profiles of Non-dimensional Bulk Coolant Temperature............... 97
4.3  Confirmation of Axial Conduction Using Transient EXperiments............c.ccccoevevvennnne 100
4.3.1  Study of Exclusive Effect of Maranzana Number on Axial Conduction.............. 102
4.4  Energy Balance Analysis for Various Modes of Heat Transfer............cccococvininnnnne 105
4.4.1  Study of Convection and Axial Conduction of Heat at Different Reynolds Number
106
4.4.2  Study of Surface Temperature of Microchannel Heat Sink.............ccccocvininnnns 109
SO0 o [od [1 1] o] o OSSR STRSSN 111
CHAPTER -5 Exploring Enhanced Heat Transfer in Nanofluid-Cooled Heat Sink:
A COMPreNENSIVE ANAIYSIS .....oooviiiiiiiieiee bbb 112
5.1  Study of Variation in Heat Transfer Coefficient............cccocoviiiiiiiii e 113
5.2  Study of Variation in NUSSEIt NUMDET ............coeiieiiiie e 118
5.2.1  Variation in Nusselt Number with Reynolds Number............c.cccooevviiiiicinennns 119
5.2.2  Variation in Nusselt Number with Peclet NUMDEr ...........ccoovveiiiiiiiiis 123
5.3  Mechanisms Contributing to Enhanced Heat Transfer in Nanofluids ......................... 127
5.3.1  Enhanced Thermal CONAUCTIVITY ........ccccoiiiiriiiiiiie e 127
5.3.2  Increased Surface Area and Interfacial Interaction.............c.ccoceveienencicninnnnnns 127
5.3.3  Influence on Fluid Flow Patterns and CONVECHION..........cccovvvieieienenc s 128
5.3.4  Effect of Brownian Motion on Collision Frequency ..........cccooeveienenciennnnnnnns 128
5.3.5  Thermophoresis EFfeCt........ooiiiii i 129
5.3.6  Influence of Nanoparticle Size and Weight on Energy Transfer...........cc.ccccccv.. 129
5.3.7  Overall Impact and Comparative ANAlYSIS..........cccoveieiiiiiiiieiie e 129
5.4  Proposed Correlation and Regression ANalysis ........ccccovvveiiiiiieiie e 130

iX



5.4.1  Proposed Correlation for Nusselt Number in Laminar FIOW.............ccccccovveieennnns 130

5.4.2  RegresSiON ANAIYSIS.......cciiiiieeieiieie ettt et e e e e a e enae 132
5.5 CONCIUSTON....uiiieie ittt bbb bbbttt b e bbb ne e 133
CHAPTER - 6 Investigating Pressure Drop, Friction Factor, Thermohydraulic
Performance, and Concentration Loss in Nanofluid-Cooled Microchannel Heat Sink..... 134
6.1  Pressure Drop and Friction FaCtOr ..........cccuoviiiieiiiiec i 135
6.1.1  PreSSUIE DIOP ..ot 135
T O ¢ Tod o] I 0 (o | USSR SPPRN 137
6.2  Proposed Correlation and Regression ANalysisS .........ccccovveiiveieiiienieie e ece e 139
6.2.1  Proposed Correlation for Friction Factor in Laminar FIOW .............cccccoceiieiieennnn, 139
6.2.2  REGIreSSION ANAIYSIS.......ccuiiiiieiie ettt se e 141
6.3  Thermo-Hydraulic PErformance ..........cccovveiiiie it 142
6.4 LOSS IN CONCENITALION.......eeiiieieeiieiieeiesie st e et ssee e ste e reesteeseesseesteeneesreenseaneens 145
TR O0] o] [V [ o OSSR SSTRSSN 149
CHAPTER -7 Conclusions and Charting Paths Forward: Future Work
Recommendations 151
7.1 Detailed CONCIUSIONS.........ciiiiiiieiieie e te et sreeste e e sreenreaneeas 151
7.2 Areas of FUIher RESEAICN.........cuoviii e 153
RETEIEINCES ...ttt b e bbbttt e e ns 156
N o] o =T Lo [5G S PTRPPRRRROSON 168
N o] o =T Lo [ 5t 1 PR PPRROSROSN 169
N o] 01T Lo [ 5t 1 S PRP PRSPPSO 170
APPENIX TV bbbttt bbbttt n bbb ere s 171
Research Paper Publication/PreSented ... s 172
AUthor’s BIodata.............ccooviiii e e 173



LIST OF FIGURES

Figure 1.1 Comparative increase in heat flux in the high-end computers over the years... 2

Figure 1.2 Major causes of failures in electronic Chips ........cccccveveiveve i, 3
Figure 1.3 Classification of thermal management methods for electronic devices............ 5
Figure 1.4 Schematic of a microchannel heat SinK ...........cccoveiiiie i 8

Figure 2.1 Variation of local wall surface heat flux (¢) along axial direction (z*) for

different combinations of solid-fluid conductivity ratio (ks= 635, 26, 0.8) and Reynolds

NUMDET (RE= 100) ...eveeieeie ettt et et e et e s be e be e esreesteeneesneesraeneens 32
Figure 3.1 CAD model of microchannel heat SinkK ..........cccccovvveiiiie v 44
Figure 3.2 Arrangement of microchannels on the heat SinK ............c.ccccoveveiiiecicieiee, 45
Figure 3.3 Inlet and outlet NeAdErsS.............coveiieiicie e 46
Figure 3.4 CAD model of microchannel heat sink with inlet and outlet headers............. 46
Figure 3.5 Stainless steel microchannel heat sink with inlet and outlet headers.............. 47
Figure 3.6 Heat sink, heater and thermocouples arrangement in bakelite casing............. 47
Figure 3.7 Schematic of axial temperature measurement system of MCHS .................. 49
Figure 3.8 Thermocouples with the bakelite casing .........ccccccevveviiiiiicvecic e, 49
Figure 3.9 Peristaltic pump calibration for mass flow rate at different RPM................... 50
Figure 3.10 Schematic of the experimental SEtUP .........ccceevvieiieiii i, 51
Figure 3.11 Test rig for experimental WOrK ...........cccoovieiieiiiiiiic e 52
Figure 3.12 Schematic diagram for heat loss quantification from heat sink .................... 57

Xi



Figure 3.13 Heat loss from heat sink as a function of temperature difference between heat

SINK SUrface and aMBDIENT...........ooiiiiiiiie e 58
Figure 3.14 Transient heat transfer at low heat flux and at high Re...........c.ccoeeveiennnnne. 59
Figure 3.15 Transient Conjugate heat transfer at high heat flux and at low Re ............... 61

Figure 3.16 Comparison of non-dimensional temperature profile of present experiments
with experiments performed by Tiselj et al.........ccccoveiiiieiicicce e 64
Figure 3.17 Preparation steps of nanofluids using Alumina nanoparticles and DI water. 67
Figure 3.18 Nanofluids without ultra-sonication (sample 1-4) and with ultra-sonication
(sample 6-9) after seven days of preparation, DI water (sample 5) .......ccccccevveveiieinennns 67
Figure 3.19 Nanofluids SEM image (a) without sonication and (b) with sonication........ 69

Figure 3.20 Nanofluids particle diameter size intensity (a) without sonication (b) with

0] 1 Tor: 1 o]0 ST TS PP TPURTUR PSPPI 69
Figure 3.21 Variation in axial temperature of MCHS measured by thermocouples ........ 73
Figure 3.22 Actual model of MCHS for validation ..............ccccceeeiiveiiececc e, 77
Figure 3.23 Reduced model of MCHS for computational analysis.............c.ccccccevevvernenee. 78

Figure 3.24 Boundary conditions applied on reduced model of microchannel heat sink. 82
Figure 3.25 Temperature contour of a) reduced model b) actual model of MCHS for Re
50, 4% concentration and heat fluX= 6875 W/MZ2............cccccoeererrierersieeeesee s 84
Figure 3.26 Grid independence test corresponding to weight average of outlet
LE=] 0] LT = (0 =PSRRI 85

Figure 4.1 Back conduction in microchannel heat Sink..............ccccovviiiiii e, 92

Xii



Figure 4.2 (a), (b) & (c) Axial variation of mean bulk coolant temperature with non-
dimensional length at different values of M and Re ..........c.ccccvveviiie i 95
Figure 4.3 Axial variation of mean bulk coolant temperature with non-dimensional length
at different values of Re and M=0.25 ..........ccccoiiieiiiiiiii e 96
Figure 4.4 Axial variation of non-dimensional temperature profile for various M and Re
combination with non-dimensional Iength.............cccooeiieii i 98

Figure 4.5 Axial variation of non-dimensional temperature profile for different values of

Re at M=0.25 with non-dimensional 1ength............cccoov i 98
Figure 4.6 Deviation of non-dimensional temperature from linear behaviour ................. 99
Figure 4.7 Effect of Reynolds number on inlet fluid temperature rise..........cccccceeveneee. 101
Figure 4.8 Inlet fluid temperature rise with Maranzana number ............c.ccccoecevveveennene 103
Figure 4.9 Temperature gradient at bottom surface of heat sink at Re=20..................... 104
Figure 4.10 Fraction of axial heat conducted with Maranzana number ......................... 105
Figure 4.11 Fraction of axial heat conducted with Reynolds number ..............cc.ccoc....... 107
Figure 4.12 Fraction of heat convected with Reynolds number at Q=6 W .................... 108

Figure 4.13 Surface temperature rise with non-dimensional length of MCHS at Re=10110

Figure 5.1 Heat flux at channel surface for Re 50, 4% concentration and heat flux= 6875

Figure 5.2 Bulk fluid mean temperature at various location in microchannel for (a) DI
water (b) nanofluids with 4% CONCENEIAtION .......c.ccvieiiieiiecie e 116
Figure 5.3 Variation in HTC with Re for DI water and nanofluids at different mass

CONCENTTALIONS ..o ettt 118



Figure 5.4 Variation in Nu with Re for DI water and nanofluids at different mass
CONCENTIATIONS ...ttt bbbttt b e bbbt b e bt e s et e e b b e besbesbeereas 120

Figure 5.5 Variation in Nu with density ratio for DI water and nanofluids at different Re

Figure 5.6 Variation in Nu with Pe for DI water and nanofluids at different mass

CONCENTIATIONS ...ttt bbb bbbttt b e e b e st et e b et benbesbeareeneas 126
Figure 5.7 Different mechanisms of heat transfer in nanofluids ................ccccoeveennn 128
Figure 5.8 Comparison between experimental and correlated Nusselt number ............. 132

Figure 6.1 Variation in Pressure drop across MCHS with Re at different mass
concentrations of NANOPAITICIES...........cceiveiiiii e 137
Figure 6.2 Variation in friction factor with Re at different mass concentrations of
A Ta o] o U T 1= SS 138
Figure 6.3 Comparison between experimental and correlated values of friction factor. 141
Figure 6.4 Variation in THP of MCHS using nanofluids with Re at different mass
concentrations of NANOPAITICIES...........cceiviiieii i 143

Figure 6.5 Variation in THP of MCHS using nanofluids with mass concentration of

nanoparticles at differeNt RE .........covoiiiii i 144
Figure 6.6 Deposition of nanoparticles on pipe SUrface ..........cccocveveeieiieece e, 146
Figure 6.7 Spectrum of nanofluids using UV-Visible Spectrophotometer..................... 146
Figure 6.8 Absorbance values for alumina nanofluid at peak wavelength..................... 147

Figure 6.9 Loss in the concentration of nanoparticles in nanofluids v/s Re at different

mass concentrations of NANOPAITICIES..........c.civiiiiiiii e 148

Xiv



LIST OF TABLES

Table 3.1 Thermophysical properties of nanofluids calculated at 20 'C ...........ccccvvenee. 71
Table 3.2 Uncertainty associated with various measured parameters ...........ccccccevveevvennnne 75
Table 3.3 Uncertainty associated with various calculated parameters .............cccccceevvennene 75
Table 3.4 Boundary CONGITIONS .........ccveiueiieiieie e sieesie e se e sre e e sreeee s 82

Table 3.5 Deviation of simulation result from experimental values for model validation86

XV



NOMENCLATURE

z
Subscripts
Avg

bc

Surface area, m 2

Specific heat, kJ/kg.K

Diameter of the microchannel, m
Current supplied to the heater, A
Thermal conductivity, W/m.K

Length of the microchannel, m
Maranzana number

Coolant mass flow rate, kg/ s

Number of microchannels in heat sink
Nusselt number

Pressure difference across microchannel, N/m 2
Heat, W

Surface heat flux, kW/m?

Reynolds number

Temperature, °C

Velocity, m/s

Voltage, V

Distance between thermocouple and microchannel, m

Average

Backward conduction
Base fluid

Convected

Effective

Fluid

Inlet

Loss

Nanofluid
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np Nanoparticle

Out Outlet

p Particle

S surface

Th Thermocouple
w Wall

X Axial position

Greek symbols

p Density, kg/m *

[0} Nanoparticle concentration, v/v
n Viscosity, Pa.s

A Density ratio

Acronyms

CWT Constant wall temperature
CWHF Constant wall heat flux

DI Deionized

DLS Dynamic light scattering

FF Friction factor

HTC Heat transfer coefficient
MCHS Microchannel heat sink

NF Nanofluid

NP Nanoparticle

PD Pressure drop

PDS Particle diameter size

RPM Revolutions per minute

SEM Scanning electron microscopy
THP Thermo-hydraulic performance
wt.% Weight Percentage

w/w Weight by weight percentage
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