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ABSTRACT

In the present study of fluid flow, there are three cases. In first case, pressure drop and heat
transfer characteristics of rectangular micro-channel heat sinks have been analysed and
validation is done by comparing experimental results with numerical results using
computational fluid dynamics. Water is taken as coolant and cooper is used as a sink material.
In the second case, geometry of the channel has been changed, by making it wavy edge with
hemispherical obstructions and the simulation results are obtained by taking all the parameters
same as that of the first case. The main aim of changing the geometry of the straight channel
to wavy channel with the inclusion of hemispherical obstructions is to increase the surface area
and contact time of coolant with the heated surface to increase the temperature rise by
decreasing thermal resistance. In the third case, Performance Fluid PF 5052 is taken as a
coolant instead of water and cooper is taken as a sink material and rest of the parameters are
same as that of second case and finally simulation results are obtained. At last comparative
study of results all the three cases are done. Both the micro-channels have a width of 0.23mm
and height of 0.71 mm. The aspect ratio (y) and the length of both the channels is kept same as
0.32 and 44.7mm respectively. The diameter of hemispherical obstruction is taken as 0.22 mm.
The analysis for both the micro-channels is done for five sets of Reynolds number which are
400, 600, 800, 1000 and 1200 respectively. The two values of heat flux used are 100W/cm?and
200W/cm?.After constructing the geometry in solid works and partially in the Design Modular,

the simulation is done on ANSYS CFX.
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CHAPTER 1

INTRODUCTION

1.1 Micro-channel heat sink-

Micro-channels have become very popular in appboatwhere very high heat transfer rates are
necessary. Its development trend as electroniapmgat becomes more advanced and smaller in
size with continuing innovations. It faces therraafineering challenges from the high level of
heat generation and the reduction of availableaserfarea for heat removal. In the absence of
sufficient heat removal, the working temperaturetloi component may exceed a desired
temperature level which then increases the crifaihire rate of equipment. Therefore, advanced
electronic equipment with high heat generation ireglan efficient and compact device to provide
proper cooling operation. In order to meet the iogptequirement, needs to increase the product
of heat transfer coefficient (h) and heat transteface area (A) for a device. Since heat transfer
coefficient is related to the channel hydraulicnager. The heat transfer surface area can be
increased by incorporating micro channels on thacdesurface. One promising solution to the
problem is liquid cooling incorporating on microasinels. Micro-channel heat transfer has the
potential of cooling high power density microchi@e can expect that as the size of the channel
decrease, the value of convective heat transfefficeat(h) becomes increasing in order to
maintain a constant value of the Nusselt numbeh(kifp These chips have machined micro-
channels through which cooling fluid like watercisculated. The cooling liquid removes heat by
single phase forced convection. Flow within the nmichannel is considered as fully developed
laminar flow with constant heat flux. Thereforeahsinks with larger extended surfaces, highly

conductive materials and more coolant flow are p@wmeters to reduce the base temperature.
1.2 Straight Microchannel

In Today's world the basic requirement in the fiefcheat transfer is compact heat exchanger, for
cooling of electronic chips, micro level biologi¢aktruments etc. As we are having fixed surface
area so, the solution is to vary the surface ptagseby having surface obstacles (delta-wings),

surface indentation (dimples), surface channelsyywzigzag channel).



The major advantages of straight channels includeseased surface area for heat flow, better
flow mixing at curved portion results in bettertdisution of heat, and effective cooling . In noima
heat flow as in straight channel same molecule iesna contact with the surface throughout the
flow causes poor heat transfer, but in wavy orzag-channel, due to the phenomenon known as
boundary layer regeneration fluid particle fromeftayer gets chance to come in contact with the
surface which enhances the heat transfer charstateri But its disadvantage is that it causes
pressure drop. But the value of effectiveness ahokl is greater than one which shows that heat

transfer enhancement is more as compared to peegsyp.
1.3 Wavy Microchannel

In Today's world the basic requirement in the fiefcheat transfer is compact heat exchanger, for
cooling of electronic chips, micro level biologigaktruments etc. As we are having fixed surface
area so, the solution is to vary the surface ptegseby having surface obstacles (delta-wings),

surface indentation (dimples), surface channelsywagzag channel).

The major advantages of wavy channels includeseased surface area for heat flow, better
flow mixing at curved portion results in bettdrstribution of heat, and effective cooliniy.
normal heat flow as in straight channel same oude remains in contact with the surface
throughout the flow causes poor heat sfean but in wavy or wavy channel, due t® th
phenomenon known as boundary layer regenerdtiah particle from free layer gets chance to
come in contact with the surface which enhartbe heat transfer characteristics. But its
disadvantage is that it causes pressure drophBwialue of effectiveness of channel is greater tha

one which shows that heat transfer enhancemembiis as compared to pressure drop.

1.4 Requirement of micro-channels

The flow section measurements in convective exaharidieat applications have been moving

towards littler measurements for the accompanyinget main reasons:

1. Heat transfer enhancement.

2. Increased heat flux dissemination in microelect@adgets.



3. Rise of micro-scale gadgets that support coolifiging littler direct measurements brings
about higher heat exchange execution.

Micro-channel coolers comprise of a very powerfalor dissipating very large amounts of heat
from small surfaces. The heat sinks possess sefeattalres that make them very prime devices
which can be used for the next generation of cgolethnology in various high performance
supercomputer chips and diodes of laser. The asmigin of a typical micro-cooler comprise of
very large number coolant channels. Heat sinksbeaclassified as single-phase or two-phase

depending as to whether the fluid or liquid bailside the micro—channels or not.

The study on single phase micro-channel heat saslalvery extensive coverage since the last two
decades. Since the last two decades, micro-chaoonédrs having different dimensions and and
different material of substrate have been fabratated tested with numerous cooling liquids. Test
results have demonstrated several technical mefitsingle-phase micro-channel heat sinks,
namely, the ability to produce very large heatgfancoefficients, small size and volume per heat
load, and small coolant inventory requirements. iffaén objective of these studies is to develop

heat transfer modelling tools that are essentitdg¢alesign and optimization of heat sink geometry.

1.5 Coolants used in micro-channel heat sink

Numerous coolants are available in the market ¢that be employed in the heat sink for the
removal of heat energy. A commonly used coolard imeat sink is water, because of its better
thermal properties. However, for better coolingf@enance of the micro-channel cooler nano-
fluids can be used. But in the recent trend, it hasn seen that cooling performances of
performance fluids like PF5052, PF5060 etc. aréecguperior to their counterparts.

1.6 Materials used for the heat sink

Generally the thermal property which a heat sinkemia should possess is high thermal
conductivity for better heat dissipation. A lot wfaterials are available in the market such as

silicon, copper, aluminium etc. that can be usedéat sink.



Table 1.1: Thermal properties of some metals usedsa sink material

Material Thermal Conductivity Thermal Expansion
Aluminium 237 (W/m-K) 23(um/m-K)
Silicon 149 (W/m-K) 2.6um/m-K)
Copper 401 (W/m-K) 17.1 (um/m-K)

1.7 Solid works

Solid works is a computer aided design (CAD) arld@isnodelling software program which runs
on windows. The Solid Works is product of the Datissystems. Solid Works is a solid modeller,
and in turn uses a parametric element based waleab with assemblies, parts and models.
Parameters allude to imperatives whose qualitiessfadhe shape or geometry of the parts or
assemblies. Parameters can be either numeric pnaméor example, line lengths or circle

measurements, or geometric parameters, for exapgniallel, tangent, vertical etc.
1.8 ANSYS CFX package-

ANSYS CFX software is a high performance and efitdd dynamics software package. The
package has been in use for solving fluid flow hedt transfer problems since the last 20 years.
Application of ANSYS CFX includes-

1. Fluid flow problems.
2. Conjugate heat transfer problems, involving tesatsfer between a solid and a fluid.

The ANSYS CFX solver uses a finite elements (celtex numeric), similar to those used in
mechanical analysis, to discretize the domain. AR®FX software package involves only one
approach for solving the necessary governing egositiMajor advantage of using ANSYS CFX
is seen in problems on conjugate heat transfer evbelection of interface is the main criteria.
ANSYS CFX sets a default interface and hence isenuser friendly in comparison to other

software packages for problems on heat transfeflaidflow.



1.9 Computational Fluid Dynamics (CFD)

Computational system dynamics is the analysis @fsifstems involving fluid flow, heat transfer
and associated phenomenon such as chemical reabtomeans of computer-based simulation.
The technique is very powerful and spans a widgeaf industrial and non-industrial applications
areas. Some examples are: aerodynamics of airaafisvehicles, hydrodynamics of ships,
combustion, turbo machinery, electrical and elettrengineering, chemical process engineering,
external and internal environment of buildings, imarengineering, environmental engineering,
hydrology and oceanography, metrology, biomedioagireeering etc. More recently the methods
have been applied to the design of microchanneldtiphase analysis. Increasingly CFD is
becoming a vital component in the design of indakproducts and processes. The ultimate aim
of development in the CFD field is to provide a&aiity comparable to other CAE (Computer-
Aided Engineering) tools such as stress analysiesoThe main reason why CFD has lagged
behind is the tremendous complexity of the undedyhehaviour, which precludes a description
of the fluid flows this is at the same time econcathiand sufficiently complete. The availability
of affordable high performance computing hardwanel @éhe introduction of user friendly
interference have led to a recent upsurge of istered CFD is poised to make an entry into the
wider industrial community in the 1990s. Clearlg thvestment costs of a CFD capability are not
small, but the total expense is not normally asigas that of a high quality experimental facility.
Moreover, there are several unique advantages Of @fer experimental-based approaches to
fluid systems design.

1. Substantial reduction of lead times and costs of design.

2. Ability to study systems where controlled experitaérare difficult or impossible to
perform. (e.g. very large systems)

3. Ability to study systems under hazardous conditiaisand beyond their normal

performance limits. (e.g. safety studies and actideenarios)

4. Practically unlimited level of detail of results.



In contrast CFD codes can produce extremely laanves of results at virtually no added
expense and it is very cheap to perform paramstudies, for instance to optimize equipment

performance.
Advantages of Computational Fluid Dynamics (CFD)
1. CFD compliments EFD (Experimental Fluid Dynamicsyl éheoretical fluid dynamics.

2. Alternative cost effective means of simulating ridaild flow (lower energy consumption

also).
3. Significant reduction of lead-time in deseymd development.

4. Simulate flow conditions not reproduciblemiodel tests (weather forecasts, extremely high

pressure and temperature etc.).
5. Provide more detailed and comprehensive indtion.

6. CFD is increasing more cost effective thandatuimnel testing.

1.10 Heat Transfer

In the simplest terms, the discipline of heat $fanis concerned with only two things, namely
temperature and flow of heat. Temperature is teembdynamic property which represents the
amount of thermal energy available, whereas heatfépresents the movement of thermal energy
from place to place. On microscopic scale, theenalgy is related to kinetic energy of molecules.
The greater a material’s temperature, the grelagetitermal agitation of its constituent molecules
(manifested both in linear motion and vibration g It is natural for regions containing greater
molecular kinetic energy to pass this energy teoregwith less kinetic energy.

Several material properties serve to modulate ta¢ thansferred between two regions at different
temperatures. Examples include thermal conduasjitspecific heat, material densities, fluid
velocities, fluid viscosities, surface emissivitydamore. Taken together, these properties serve to

make the solution of many heat transfer problemisnaslved process.



The transfer of heat is normally from a high tenapare object to a lower temperature object. Heat
transfer changes the internal energy of both syste@mrolved according to First law of

Thermodynamics.

1.11 Conjugate heat transfer-

The term conjugate heat transfer is used to desqguilocesses which involve variations of
temperature within solids and fluids, due to thdrimizraction between the solids and fluids. Most

common example of a conjugate heat transfer proldearmicro-channel heat sink.

Conjugate heat transfer in fluids and solids iskég to designing effective coolers, heaters, or
heat exchangers. The fluid usually plays the rdlerergy carrier on large distances. Forced
convection is the most common way to achieve heggt kransfer rate. In some applications, the

performances are further improved by combining eation with phase change.
1.12 Applications-

1. Laser diodes

2. Micro-chips.

3. Soldering circuit boards.



CHAPTER 2

LITERATURE REVIEW

2.1 Experimental studies

Peng and Peterson (1996) investigated experimgntathe single-phase forced
convective heat transfer micro-channel structureth vemall rectangular channels having
hydraulic diameters of 0.133-0.367 mm for differéyppes of geometric configurations. The
results shows heat transfer and flow charactesisfihe laminar heat transfer found to be
dependent upon the aspect ratio i.e. the ratiydfaulic diameter to the centre to centre distance

of micro-channels.

Fedorov and Viskanta (2000) developed a three dioeal model to investigate the
conjugate heat transfer in a micro channel hedt with the same channel geometry used in
the experimental work don€his investigation indicated that the average cbebwall temperature
along the flow direction was nearly uniform excepthe region close to the channel inlet, where
very large temperature gradients were observed. dllowed them to conclude that the thermo—

properties are temperature dependent.

Jiang et al. (2001) performed an experimental coispa of microchannel heat exchanger
with microchannel and porous media. The effect led dimensions on heat transfer was
analyzed numerically. It was emphasized that thet heansfer performance of the
microchannel heat exchanger using porous mediati®rbthan using of microchannels, but

the pressure drop of the former is much larger.

Qu and Mudawar (2002) have performed experimental aumerical investigations of
pressure drop and heat transfer characteristicsingie-phase laminar flow in 0.231 mm by
0.713 mm channels. Deionized water was employeth@scooling liquid and two heat flux
levels, 100 W¢m? and 200 W¢m?. Good agreement was found between the measureanmhts
numerical predictions, validating the use of coriveral Navier—Stokes equations for micro
channels. For the channel bottom wall, much hidreat flux and Nusselt number values are

encountered near the channel inlet.



Lee and Mudawar (2007) have done experimental wrkexplore the micro-channel
cooling benefits of water-based nano-fluids contgjrsmall concentrations of Al203. It was
observed that the presence of nano-particles eerbarthe single-phase heat transfer
coefficient, especially for laminar flow. For twaltase cooling, nanoparticles caused catastrophic
failure by depositing into large clusters near ¢thannel exit due to localized evaporation once

boiling commenced.

Chein and Chuang (2007) have addressed micro-chdrea sink (MCHS) performance
using nanofluids as coolants. They have carried @ausimple theoretical analysis that
indicated more energy and lower micro-channel weathperature could be obtained under the
assumption that heat transfer could be enhancéuklgyresence of nano-particles. It was observed

that nano fluid cooled MCHS could absorb more epéngn water-cooled MCHS.

2.2 Numerical studies-

Liu and Garimella (2004) have studied numerically ftuid flow and heat transfer in micro
channels and confirmed that the behaviour of michannels is quite similar to that of
conventional channels. And their analysis showed tdonventional correlations offer reliable
predictions for the laminar flow characteristicsrectangular micro channels over a hydraulic
diameter in the range of 244-974 pm.

Roy et al. (2004) has studied a steady, laminaw #md heat transfer of a nanofluid flowing
inside a radial channel between two coaxial andallghr discs. The non-dimensional
governing equations of mass, momentum and energe welved by computational fluid
dynamics method. Results have shown that the ilclusf nanoparticles in a traditional coolant
can provide considerable improvement in heat tmnsfrates, even at small

particle volume fractions. Increases in the resgltvall shear stresses were also noticed.

Hetsroni et al. (2005) has further verified the a@fy of conventional theory to predict the
hydrodynamic and thermal features of laminar Nevaioimcompressible flows in micro channels
in the range of hydraulic diameter frompa B15pum to Dy =401 um . They have compared their
results with the data available in open literatliee theoretical models were subdivided in two

groups depending on the degree of correctnessechgbumptions. The first group includes the



simplest one-dimensional models assuming uniforat Aax, constant heat ransfer coefficient,
etc. The comparison of these models with experirakatvs significant discrepancy between the
measurements and the theoretical predictions.

Khanafer et al. (2003) has investigated heat temnghhancement in a two-dimensional
rectangular enclosure using nanofluids. The mdtesied is water/copper. The transport equations
were solved numerically using the finite-volume w@geh along with the

alternating direct implicit procedure. The effedtsuspended ultrafine metallic nanoparticles
on the fluid flow and heat transfer processes wittlie enclosure was analyzed. The heat
transfer correlation of the average Nusselt nunibervarious Grashof numbers and volume

fractions was also presented.

Jou and Tzeng (2006) have used the Khanafer's ntodahalyze heat transfer performance
of nanofluids inside an enclosure taking into actoine solid particle dispersion. Transport
equations were modeled by a stream function-veytitbrmulation and solved numerically
by finite difference approach. Based upon the nuakipredictions, the effects of Rayleigh
number (Ra) and aspect ratio on the flow patterd anergy transport within the thermal
boundary layer were presented. It was observed itita¢asing the buoyancy parameter and
volume fraction of nanofluids cause an increasethe average heat transfer coefficient.
Finally, the empirical equation was built betweewerage Nusselt number and volume

fraction.

Allen (2007) had investigated fluid flow and hesgnisfer in microchannels experimentally
and numerically. Fluid flow and heat transfer expents were conducted on a copper micro
channel heat exchanger with constant surface teper The experimentally obtained
friction factor were found fairly well agreementtivitheoretical correlations and moreover
the experimental Nusselt number results agreed thigory very well in the transition and
turbulent regime, but the results show a highersElisiumber in the laminar regime than predicted
by theoretical correlations. Philips created a GR@el to simulate the fluid in the inlet plenum
and the micro-channels. The results from these laliions showed good agreement with the
experimental data in the transition/turbulent regim as well as  with
theoretical correlations for laminar and turbuliony.
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Sabbah et al. (2008) observed that the predictioheat transfer in micro-channels becomes
difficult with increase in complicacy of the geomebf the micro-channels, requiring three
dimensional analysis of heat transfer in both sa liquid phases. Computational Fluid
Dynamics (CFD) models were implemented in ordestiedy and optimize the thermal and
hydraulic performance of micro channel heat sildasspite the small width of the channels, the
conventional Navier Stokes and energy conservagurations still apply to the flow due to the
continuum of the working fluid where the channetithiis many times larger than the mean free
path of liquid molecules (water). The micro-chansealharacterized by the laminar flow in it, due

to the small hydraulic diameter of the channel Wwhigsults in low Reynolds numbers.

Mokrani et al. (2009) developed a reliable experitak device and adequate methodology
to characterize the flow and convective heat temsgi flat micro channels. The study was
concerned with measurement of pressure drop and treesfer by a Newtonian fluid flow

inside a flat micro channel of rectangular crossiea whose aspect ratio is sufficiently high
that the flow can be considered two dimensionalyTbensidered the hydraulic diameter as
twice of the channel height. The mathematical massdd to describe the convective heat
transfer between the walls and the fluid takes iatoount the whole field (solid wall and

fluid layer) and the coupling between the conductamd the convection modes. Finally they
concluded that the conventional laws and corratatidescribing the flow and convective
heat transfer in ducts of large dimension are tyeapplicable to the micro channels of

heights between 500 and 50 microns

Mathew and Hegab (2009) theoretically analyzedlieemal performance of parallel flow micro
heat exchanger subjected to constant external tneasfer. The model equations predicts
temperature  distributions as well as effectivenesf the heat exchanger.
Moreover, the model can be used when the indiviflugds are subjected to either equal or

unequal amounts of external heat transfer.

Rebrov et al. (2011) has reviewed the experimeatal numerical results on fluid flow
distribution, heat transfer and combination theremiilable in the open literature. They have
found that the experiments with single channelsimrgood agreement with predictions using

the published correlations. The review consistewaf parts. In the first, the main methods to
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control flow distribution were reviewed. Severaffelient designs of inlet/outlet chambers were

presented together with corresponding models useoptimization of flow distribution.

Zhang et al. (2013) has made a special kind oferetiannel heat sink by using lotus-type porous
(also named Gasar) metals with long cylindricalesdiormed during unidirectional solidification
of metal-gas eutectic system. Copper was selectédeamatrix metal because of its high heat
conductivity. The heat transfer performance ofsettype porous copper heat sink with a length of
20 mm along the axial direction of pores was sudie a testing platform designed and set up in
this paper.

Salma Halelfad et al. (2014) have work on analytgdimization of a rectangular microchannel
heat sink using agueous carbon nanotubes basedflu@ghas coolant. The particles weight
concentration used in this study is 0.01%. The itigribe thermal conductivity and the rheological
behaviour of the nano fluid are experimentally itigaged in order to evaluate the thermal
resistance and the pumping power in microchanngdulaminar flow. An analytical approach of
optimization scheme was applied; it is compiledrfra systematic thermal resistance model as an
analysis method The effects of the temperatureshithenel aspect ratio, the channel wall ratio and
the use of aqueous carbon nanotubes based nanoriltie thermal resistance and the pumping
power are investigated.

S.M. Peyghambarzadeh et al. (2014) have experithentewvestigated single phase forced
convective heat transfer and fluid flow of CuO/watadAl203/water nano fluids have been
experimentally investigated in a microchannel rstak (MCHS). The heat sink consisted of 17
rectangular cross section microchannels with theedsions of 400lm * 560 Im. All the
experiments have been performed at constant heaiffil® W/cm2 and at the laminar flow regime
500 < Re < 2000. Heat transfer coefficient, Nu nunndned also pressure drop in the MCHS have
been measured and compared with the conventionalabons.

M. Rahimi-Gorji et al. (2015) have done an anaftinvestigation of the heat transfer for the
microchannel heat sink (MCHS) cooled byfeient nanofluids (Cu, Al203, Ag, TiO2 in water

and ethylene glycol as base fluids) is studied lBypgbrous media approach and the Galerkin
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method and results are compared with numerical qgha®@. Response surface methodology
(RSM) is applied to obtain the desirability of thgtimum design of the channel geometry.

PX Jiang et al. (2001) have experimentally inveggdfluid flow and forced convection heat

transfer in micro-heat-exchangers with either mignannels or porous media. The influence of
the dimensions of the micro-channels on the heatster performance was first analysed
numerically. Based on these computations, deeporticannels were used for the experimental
studies reported here. The measured performanoatioinicro-channel and porous-media micro-

heat-exchangers are compared with those of sifmdat-exchangers tested by other researchers.

Afzal Husain and Kwang Yong Kim (2009) have beerfggened microchannel heat sink shape
optimization using response surface approximatidinree design variables related to
microchannel width, depth, and fin width are sedddbr optimization, and thermal resistance has
been taken as objective function. Design pointshosen through a three-level fractional factorial
design of sampling methods. Navier—Stokes and gregygations for steady, incompressible, and
laminar flow and conjugate heat transfer are soltethese design points using a finite volume
solver. Solutions are carefully validated with #malytical and experimental results and the values

of objective function are calculated at the spedifilesign points.
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CHAPTER 3

MATHEMATICAL FORMULATION

In the present study the single phase model of atatipnal fluid dynamics is used for the purpose
of computing and solving the problem of particudategory. This single phase model will solve
and calculate one transport equation for continaity one for momentum for each phase, and
after this the energy equations are solved forystigd the fluid and thermal performance of the

system. The simulation for this single phase madbne using ANSYS CFX.

The equations used in this model include the eqoaif momentum, equation of continuity and
energy equation (ANSYS CFX). The use of energy #guas done for finding out temperature
distribution on the wall. The equation for conséimaof mass, continuity equation, can be written

as follows:
Mass conservation equation

The equation for conservation of mass, or contynegfuation, can be written as follows:

dp ,
s + V.(p?Y) = S,

The equation written above is a general equatiortdnservation of mass. Hera & the mass

added from any user defined sources.
Momentum conservation equation

Momentum conservation in a reference frame whictois accelerating can be written as
2 . - =
a(pv) +V.(pvV) = -Vp+V.(7) + pg + F

Where,
p is the static pressureis the stress tensor

F andpg are the external forces on body and gravitatitorake on body.
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Energy equation-
ANSYS CFX solves the energy equation in the follogviorm:

0 . -
a(pE)+V.(v(pE+p))=V. keffVT+Zhj]]+Teff.v + S,
]

Where,

ket is the effective conductivity (k+§, where kis the turbulent thermal conductivity, defined on
the basis of turbulence model being used, gnsd the diffusion flux of species J . On the right
hand side of the equation the first three termsesgmts energy transfer due to species diffusion,
conduction, and viscous dissipation, respectiv@ylenotes the chemical reaction heat, and some
other sources of heat.

Standard relations and associated equations

The bulk mean temperaturepml and the wall temperature,wd with distance x from the
micro-channel entrance can be obtained by doingtiieemal energy balance around the

micro-channel which is given by the following eqoas.

Where,

Tom is the bulk mean temperature.
Tin IS inlet temperature.

g is the heat flux.

Dn is hydraulic diameter of channel.

m is mass flow rate across channel.

The relation between the hydraulic diameter andnBkels number in a channel is given by
Re=pvDw p

Where,

p Is density

v is average velocity.

wis dynamic viscocity.

Dn is hydraulic diameter of channel
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CHAPTER 4

METHODOLOGY

Problem 1

4.1 Straight rectangular micro-channel heat sink

In this chapter a three dimensional CFD simulaisotione for the heat transfer and pressure drop
characteristics of rectangular micro-channel. Matarsed for heat sink construction is copper.

The experimental set up shown in figure was deesldgy Mudawar and Qu (2002).

:‘éj’: Variac
i
@ Wattmeter
== Pressure Gauge . _______l_______ Pressure Gauge
1 1
Liquid Q"P : : (?
Reservoir —t : : -
1 |
o |
Test Module
By-Pass
Valve Flowmeter Flowmeter
Control Valve % X Control Valve
By-Pass
Loop Heat 15 um
Exchanger Filter
N" 1 | SRS |
Test Loop
Gear )
Pump Cooling Water

Figure 4.1: Schematic diagrams of flow loop [1]

Description of problem

The experimental work done by Qu and Mudawar, (2@0ithe test apparatus is modelled and
simulated in this present study. Water is movingulgh a straight rectangular smaller scale
channel implanted in a test module. 21 rectanggtaaller scale openings were machined into

micro- channel surface by an accuracy machiningemore. The miniaturized scale openings
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were equidistantly divided inside of the 1-cm heatk width and had the cross-sectional
measurements of 231 p m wide and 712 um profoumetelare 21 parallel rectangular small scale
directs in the module.

4.2 Geometry of the heat sink

In the present analysis, only one micro channéhefremaining 21 micro-channels is considered
as a computational domain. Figure shows the mibesvgel heat sink with single unit cell used

for simulation.

Table 4.1: Dimensions of the rectangular channel uncell used for simulation

W(pm) Wehanne{1 M) Hua(m) Hen(um) Hyz2(Lm) L(mm)
118 231 12700 713 5637 447
T [
|
| H_I
!
[ Y c /
H' H.:nl h /
a _/ /
.-"/-'.
H“J / el
I A . ,_,f--"'". L
W Wen <

e

Figure 4.2: Schematic diagram of rectangular micaooel unit cell [1]
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Geometry construction

For this computational fluid dynamics problem, tieometry of the heat sink was constructed
using solid works, and was imported to ANSYS workdie CFX for further meshing and CFD

simulations.

For creating geometry, first the heat sink was madmlid works as per the dimensions given in
table 1 and was named as solid part while fluichaled was created of the same dimensions as of
the rectangular slot along the length of heat B&nkroper mating and was given the name of fluid

part.

Both parts were created separately using solid svarid were later assembled by inserting fluid

channel in solid heat sink using the insert comptsand mate option in solid works.

Q L
L EEE—— S
0.005 0.015

Figure 4.3: Geometry of straight micro-cannel rs#ak used in simulation
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4.3 Meshing

0 0.005 0.01 (m)

0.0025 0.0075

Figure 4.4: Meshing of the geometry in ANSYS CFX

Table 4.2: Mesh details

Physics preference CFD
Solver preference CFX
Smoothing Medium
Transition Slow
Transition ratio 0.77
Minimum size 2.42e-5
Maximum face size 2.42e-3
Maximum size 4.84e-3
Nodes 409520
Elements 309993

The mesh was generated using proximity on optiontlire straight micro-channel the mesh was
created as a structured mesh and for checkingdliass the mesh was made finer and the
solutions obtained were mesh independent. Aftemtbshing, the named selection were given,

which are to be considered as boundary conditions.
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4.4 Set up details

Before giving the boundary conditions two domairesevcreated in the ANSYS CFX set up. Out
of the two domains created one domain was givem#mee as fluid while the other domain was
assigned the name as solid domain. The fluid cHasorestructed in solid works was given the
name fluid domain while the heat sink constructesblid works was given the name solid domain.

After making the domains in the set up the boundanditions were created in the solid domain
and the fluid domain. Inlet and outlet boundarydibans were given in the fluid domain whereas

the bottom wall heat flux and adiabatic conditiémrsthe remaining walls were given in the solid

domain.

Boundary conditions

1. No slip on the surface.

2. Uniform inlet temperature and static pressureevggven at the entry of the channel.
3. Outlet of the channel is based on mass flow rate

4. A uniform heat flux of 100 W/cfrand 200 W/crhat the bottom wall of the heat sink.

Table 4.3: Zone specification

Heat sink front wall Wall
Heat sink top wall Wall
Heat sink back wall Wall
Heat sink bottom wall Heat flux
Heat sink right wall Wall
Heat sink left wall Wall

Channel entry

Static pressure

Channel outlet

Mass flow outlet

Default Interface

Wall
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Table 4.4: Solver settings

Following are the solver settings which are to beduin simulation.

Min. Iterations 1

Max. Iterations 250

Residual type RMS

Residual target 1E-4
Time scale control Auto time scale
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Problem 2

4.5 Wavy edge type rectangular micro-channel heatrs with hemispherical
obstructions by taking water as a coolant and coopas a sink material

In this chapter a three dimensional CFD simulaisotione for the heat transfer and pressure drop

characteristics of wavy edge rectangular micro-obaimeat sink. Material used for heat sink

construction is copper.

Problem description

Water is moving through a wavy edge rectangularllemscale channel heat sink assembly. In
this analysis a design for wavy edge type of murannel heat sink is constructed. The
dimensions of the micro-channel assembly are sartbat of the micro-channels simulated in

chapter 4 the only difference being the length aslenwavy along with hemispherical obstruction.

s
¥y=Asin(—x)
A

- Crest

Wk

Aali'e

&
Trough

&
=
w

Figure 4.5: Schematic diagram of wavy microchamesait sink. [18]
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Table 4.5: Dimensions of the wavy channel unit celised for simulation

Wiai(pLm)

W(um)

Rvai(Lm)

H(um)

Rean(um)

L(mm)

118

231

12700

713

5637

44.7

In this analysis the only the length of the michaenel heat sink is made wavy and the pressure

drop and heat transfer characteristics are sinuilate

Wave equation usedin this analysis, for the construction of geompetisine wave is used

which has the following equation.

y = Asin(2mx /1)
Here, A is wave amplitude ands the wavelength.
4.6 Geometry construction-

For the analysis of computational fluid dynamicslipem, the geometry of the heat sink was
constructed using solid works, and was importeAN&Y S workbench CFX for further meshing
and CFD simulations (figure 4.5 and 4.6).

For creating geometry, first the heat sink was madmlid works as per the dimensions given in
table 2. The wave dimensions were given accordirige length of the channel which is 44.7 mm.
A sinusoidal wave was assumed and constructectindhd heat sink. The amplitude of the wave
was taken as 0.15 mm while the wavelength was takeghmm, and at a particular wavelength a
hemispherical obstruction is made on the wavy edgkrepeated to get fully along the channel
(in figure 4.5 and 4.6). However, fluid channel veasated in the design modular of Ansys CFX
and not in the solid work as it was easy to makihéndesign modular and also it is made of the
same dimensions as of the wavy rectangular sloigaioe length of heat sink with hemispherical

depression for proper mating and was given the rarfiaid part.
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Figure 4.6: Geometry of wavy micro-cannel heat sis&d in simulation

Figure 4.7: Detailed view of wavy micro-cannel hgiak with hemispherical obstructions
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Figure 4.8: Meshing of geometry in ANSYS CFX

Table 4.6: Mesh details

Physics preference CFD
Solver preference CFX
Smoothing Medium
Transition Slow
Transition ratio 0.77
Minimum size 1.2e-5
Maximum face size 1.21e-3
Maximum size 2.42e-3
Nodes 631403
Elements 3125145
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The mesh was generated using proximity and curgataroption. For checking the solutions the
mesh was made finer and the solutions obtained mesh independent. After the meshing, the

named selection were given, which are to be considas boundary conditions.
4.8 Set up details

Before giving the boundary conditions two domairesevcreated in the ANSYS CFX set up. Out
of the two domains created, one domain was givem#ime as fluid while the other domain was
assigned the name as solid domain. The fluid cHanamstructed in solid works 2013 was given
the name fluid domain while the heat sink consedah solid works 2013 was given the name

solid domain.

After making the domains in the set up the boundanyditions were created in the solid domain
and the fluid domain. Inlet and outlet boundaryditans were given in the fluid domain whereas
the bottom wall heat flux and adiabatic conditiémsthe remaining walls were given in the solid

domain.
Boundary conditions-

1. No slip on the surface.

2. Uniform inlet temperature and static pressureevggven at the entry of the channel.

3. Outlet of the channel is based on mass flow rate

4. A uniform heat flux of 2100W/cfrand 200 W/crhat the bottom wall of the heat sink for

two separate cases was applied.
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Table 4.7: Zone specification

Front wall of solid heat sink Wall
Top wall of solid heat sink Wall
Back wall of solid heat sink Wall
Bottom wall of solid heat sink Heat flux
Heat sink right wall Wall
Heat sink left wall Wall

Channel entry

Static pressure

Channel exit Mass flow rate
Default Interface Wall
Table 4.8: Solver settings
Following are the solver settings which are to beduin simulation.
Min. Iterations 1
Max. Iterations 250
Residual type RMS
Residual target 1E-4

Time scale control

Auto time scale
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Problem 3

4.9 Wavy edge type rectangular micro-channel heatrs with hemispherical
obstructions by taking Performance Fluid PF5052 aa coolant and cooper as a
sink material

In this chapter a three dimensional CFD simulaisotione for the heat transfer of wavy edge
rectangular micro-channel heat with hemispheritatmction by taking performance fluid

PF5052 as a coolant and copper as a sink material.

Problem description

Performance fluid PF5052 is moving through a wadgeerectangular smaller scale channel heat
sink assembly. In this analysis a design for walgyeetype of micro-channel heat sink along with
hemispherical obstruction is constructed. The dsiars of the micro-channel assembly are same
as that of the micro-channels simulated in chagtidre only difference being the length is made

wavy along with hemispherical obstructions.

Geometry and all the parameters are same, excé&fibPFas a coolant instead of water in the

problem 2

Table 4.9: Thermal Properties of Performance FluidPF5052

FLUID 0 (kg/m3) Cp(J/kg-K) K(w/m-K) H(kg/m-s)

PF-5052 1776 1014 0.065 97.77
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CHAPTER 5

VALIDATION

5.1 Straight rectangular micro-channel

In this computational analysis validation is dooedtraight rectangular micro-channel heat sink
and the results are plotted for pressure drop aatithansfer in straight rectangular micro-channel
for two different values of heat fluxes appliedtla@ bottom of the heat sink for varying set of
values of Reynolds number. The value of heat flseduin the analysis are 100 a?>and 200
W/cm?. Five values of Reynolds number are taken foatraysis which are 400, 600, 800, 1000,
and 1200 respectively.

Results for bottom wall heat flux value of 100 W¢m? and different sets of Reynolds

number-

(o] 0.01 0.02 (m)
| SEaaa——  ESS—
0.005 0.015

Figure 5.1: Pressure contours of water at Re=400
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Figure 5.2: Temperature contours of water at Re=400

Figure 5.3: Temperature variation along the waRet400

In the figures 5.1 and 5.3, the contours for presand temperature in a straight rectangular
channel for Reynolds number value equal to 40Glaoevn.

In figure 5.1 pressure drop along the channelusdoto be 0.09 bar.

In figure 5.2 temperature at the outlet of the ctediis found to be 314 K

In figure 5.3 the maximum wall temperature is fotmade 351 K at the bottom wall of the

channel and wall temperature increases in thettbreof flow.
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Figure 5.4: pressure contours for water at Re=600

Figure 5.5: Temperature contours of water at Re=600
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Figure 5.6: Temperature variation along the waRat600

In the figures 5.4 to 5.6, the contours for pressurd temperature in a straight rectangular
channel for Reynolds number value equal to 60Glaosvn.

In figure 5.4 pressure drop along the channelusdoto be 0.15 bar.

In figure 5.5 the temperature at the outlet of¢channel is found to be 308.5 K.

In figure 5.6 maximum wall temperature is founcb®348.5 K at the bottom wall of the

channel and wall temperature increases in thettbreof flow.

Figure 5.7: Pressure contours for water along oblaairRe =800
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Figure 5.8: Temperature contour for water at chbhountet at Re=800

Figure 5.9: Temperature variation along the waRat800

In the figures 5.7 to 5.9, the contours for pressurd temperature in a straight rectangular
channel for Reynolds number value equal to 80Glaosvn.

In figure 5.7 the pressure drop along the charmmfgund to be 0.21 bar.

In figure 5.8 the temperature at the outlet of¢channel is found to be 306.5 K.

In figure 5.9 maximum wall temperature is foundo® 346 K at the bottom wall of the

channel and wall temperature increases in thettbreof flow.
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Figure 5.10: Pressure contour for water along tienel at Re=1000

Figure 5.11: Temperature variation along the wiaRe=1000
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Figure 5.12: Temperature variation along the wiaRe=1000

In the figures 5.10 to 5.12, the contours for puessnd temperature in a straight
rectangular channel for Reynolds number value egpuiD00 are shown.

In figure 5.10 pressure drop along the channausd to be 0.275 bar.

In figure 5.11 temperature at the outlet of thenctedis found to be 303.04 K.

In figure 5.12 maximum wall temperature is at to&tdim wall of the heat sink and is found

to be 345.35 K and further the wall temperaturedgases in the direction of flow.

Figure 5.13: Pressure contour along channel at Ra:1
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Figure 5.14: Temperature contour along channekatlR00
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Figure 5.15: Temperature variation along the wiaRe=1200

In the figures 5.13 to 5.15, the contours for pmessand temperature in a straight
rectangular channel for Reynolds number value eigub200 are shown.

In figure 5.13 pressure drop along the channalusd to be 0.343 bar.

In figure 5.14 temperature at the outlet of thereteh is found to be 301 K.

In figure 5.15 maximum wall temperature is at todim wall of the heat sink and is found

to be 344.74 K and further the wall temperaturedgases in the direction of flow.
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Results for bottom wall heat flux value of 200W¢m?2and different sets of

Reynolds number -

<
0 0.005 0.01 (m) 24_I<
[ s o)

Figure 5.16: Pressure contours for water along robleet Re=400

Figure 5.17: Temperature contour along the chaainee=400
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Figure 5.18: Temperature variation along the wialR@=400

In the figures 5.16 to 5.18, the contours for pmessand temperature in a straight
rectangular channel for Reynolds number value epu&00 are shown.

In figure 5.16 pressure drop along the channausd to be 0.091 bar.

In figure 5.17 temperature at the outlet of thencte is found to be 341 K.

In figure 5.18 maximum wall temperature is at tiottdim wall of the heat sink and is

found to be 415 K and further the wall temperatooeeases in the direction of flow.

Figure 5.19: Pressure contours for water alongliz@nel at Re=600
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Figure 5.20: Temperature contour along the chaan@e=600
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Figure 5.21: Temperature variation along the wiaRe=600

In the figures 5.19 to 5.21, the contours for puessand temperature in a straight
rectangular channel for Reynolds number value epua00 are shown.

In figure 5.19 pressure drop along the channalusd to be 0.15 bar.

In figure 5.20 the temperature at the outlet ofchannel is found to be 328 K.

In figure 5.21 maximum wall temperature is at toedim wall of the heat sink and is found

to be 405 K and further the wall temperature insesan the direction of flow.
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Figure 5.22: Pressure contours for water along robleat Re =800
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Figure 5.23: Temperature contour along the chaange=800
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Figure 5.24: Temperature variation along the wiaRe=800

* In the figures 5.22 to 5.24, the contours for puessand temperature in a straight
rectangular channel for Reynolds number value egudd0 are shown.

* In figure 5.22 pressure drop along the channelusid to be 0.21 bar.

* Infigure 5.23 the temperature at the outlet ofchannel is found to be 320 K.

* Infigure 5.24 maximum wall temperature is at toetdim wall of the heat sink and is found

to be 400 K and further the wall temperature insesan the direction of flow.
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Figure 5.25: Pressure contour for water along t@nel at Re=1000
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Figure 5.26: Temperature contour along the chaatni@e=1000
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Figure 5.27: Temperature variation along the wiaRe=1000

* Inthe figures 5.25 to 5.27, the contours for pues&nd temperature in a straight
rectangular channel for Reynolds number value egpuiD00 are shown.
* In figure 5.25 pressure drop along the channelusid to be 0.27 bar.

* Infigure 5.26 the temperature at the outlet ofchannel is found to be 313 K.

* Infigure 5.27 maximum wall temperature is at to&édim wall of the heat sink and is found

to be 397 K and further the wall temperature insesan the direction of flow.
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Figure 5.28: Pressure contour along channel at ®a3-1
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Figure 5.29: Temperature contour along the chaatne=1200
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Figure 5.30: Temperature variation along the wiaRe=1200

In the figures 5.28 to 5.30, the contours for puessand temperature in a straight rectangular

channel for Reynolds number value equal to 120G laogvn.

* Infigure 5.28 pressure drop along the channelusd to be 0.342 bar.
* In figure 5.29 the temperature at the outlet ofdhannel is found to be 310 K.
* Infigure 5.30 maximum wall temperature is at tb&dm wall of the heat sink and is found

to be 396.5 K and further the wall temperatureeases in the direction of flow.
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5.2 Problem validation

Case 1

For the validation of the problem, the experimeptalssure drop along the channel is compared
with the computational pressure drop. The companati pressure drop from the pressure
contours generated for different values of Reynalasber for 100Wm? bottom wall heat flux
are taken from figures 5.1, 5.4, 5.7, 5.10 and Be$pectively and for 200\&th? bottom wall
heat flux are taken form figures 5.16, 5.19, 53225, 5.28 respectively.

Table 5.1: Pressure drop for bottom wall heat fluxvalue=100Wem?

Reynolds number Experimental pressure dro@omputational pressure drap
(bar) (bar)
400 0.10 0.09
600 0.17 0.15
800 0.23 0.21
1000 0.32 0.27
1200 0.41 0.34

Table 5.2: Pressure drop for bottom wall heat fluxvalue=200Wem?

Reynolds number Experimental pressure| Computational pressure drg
drop(bar) (bar)
400 0.08 0.09
600 0.15 0.15
800 0.21 0.21
1000 0.30 0.27
1200 0.40 0.35

p

From table 5.1 and table 5.2 the values of comjmunalk pressure drop for heat flux values of

100Wkm? and 200W¢m? are found to be in close agreement with the erpemtal pressure
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drop. Hence, the computational model is succegsfalidated on the basis of pressure drop along
the channel length.

Case 2-For further validation the experimental temperatuige is compared with the
computational temperature rise. The computatioealperature rise taken from temperature
contours generated for different values of Reysaoldmber for 100Wm? bottom wall heat flux
are taken from figures 5.2, 5.5, 5.8, 5.11 and Be$pectively and for 200\th? are taken from
figures 5.17, 5.20, 5.23, 5.26, 5.29 respectively.

Table 5.3: Temperature rise for bottom wall heat flix value=100WEm?

Reynolds number Experimental temperature Computational temperature
rise (C) rise (C)
400 22 21
600 16 15.5
800 10 12
1000 8 10
1200 8

Table 5.4: Temperature rise for bottom wall heat lux of 200 Wicm?

Reynolds number Experimental temperature Computational temperature
rise (C) rise (C)
400 44 48
600 31 35
800 22 27
1000 18 20
1200 15 17

From table 5.3 and table 5.4 the values of commutal temperature rise for heat flux values of

100Wkm? and 200W¢m? are found to be in close agreement with the erpartal temperature
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rise. Hence, the computational model is succegstalidated on the basis of temperature rise

along the length of channel.

5.3 Graphical validation

Heat Flux = 100 W/cm?2
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Figure 5.31: Pressure drop vs Reynolds number

Figure 5.31 shows comparison of experimental andemical pressure drop results for varying

sets of Reynolds number for heat flux=10@7.

Heat Flux=200 W/cm2
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Figure 5.32: pressure drop vs Reynolds number

Figure 5.32 shows comparison of experimental andarical pressure drop results for varying

sets of Reynolds number for heat flux=20@w?.
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Figure 5.33: Temperature rise vs Reynolds number

Figure 5.33 shows the comparison of experimemdl rumerical temperature rise results for
varying sets of Reynolds number for heat flux =106W#
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Figure 5.34: Temperature rise vs Reynolds number

Figure 5.34 shows the comparison of experimentalrammerical temperature rise results for

varying sets of Reynolds number for heat flux =200Wf
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CHAPTER 6

SIMULATION RESULTS

6.1 Simulation results for wavy edge rectangular nerochannel heat sink with

hemispherical obstructions-

In the following computational fluid dynamics ansilythe results are plotted for temperature rise
and heat transfer in wavy edge type rectangularaci@nnel for two different values of heat
fluxes applied at the bottom of the heat sink farying set of values of Reynolds number. The
value of heat flux used in the analysis are 108%¢and 200Wé¢m?. Five values of Reynolds

number are taken for the analysis which are 400, 800, 1000 and 1200 respectively.

Results for heat flux= 100Wém?2for different sets of Reynolds number

¢
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I .
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Figure 6.1: Temperature contour of water along wehgnnel at Re=400
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Figure 6.2: Temperature contour at the outlet ofyséhannel at Re=400
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Figure 6.3: Temperature variation along the waRat400
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Figure 6.4: velocity contour along wavy channeRat 400

In the figures 6.1 to 6.4, the contours for tempemand velocity in a wavy edge rectangular

channel for Reynolds number value equal to 40Glaosvn.

* Infigure 6.2 temperature at the outlet of the ctghs found to be 326 K.
* Infigure 6.3 Maximum wall temperature is at thetbm wall of the heat sink and is found

to be 348 K and further the wall temperature insesan the direction of flow.

Figure 6.5: Temperature contour of water along wahgnnel at Re= 600
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Figure 6.6: Temperatuaeiation along the wall at Re=600

In the figures 6.5 to 6.6, the contours for tempermin a wavy edge rectangular channel for
Reynolds number value equal to 600 are shown.

* Infigure 6.5 Temperature at the outlet of the ctedms found to be 318 K.

* Infigure 6.6 Maximum wall temperature is at thetbm wall of the heat sink and is found

to be 340 K and further the wall temperature insesan the direction of flow.

Figure 6.7: Temperature contour of water along wehgnnel at Re=800
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Figure 6.8: Temperature variation along the waRat800

In the figures 6.7 to 6.8, the contours for tempemand in a wavy edge rectangular channel for

Reynolds number value equal to 800 are shown.

* Infigure 6.7 Temperature at the outlet of the ctedms found to be 314 K.
* Infigure 6.8 Maximum wall temperature is at thetbm wall of the heat sink and is found

to be 336 K and further the wall temperature insesan the direction of flow.

Figure 6.9: Temperature contour of water along wehgnnel at Re=1000
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Figure 6.10: Tempera variation along the wall at Re=1000

In the figures 6.9 to 6.10, the contours for terapee in a wavy edge rectangular channel for

Reynolds number value equal to 1000 are shown.

* Infigure 6.9 Temperature at the outlet of the ctedums found to be 311 K.
* Infigure 6.10 Maximum wall temperature is at tlsttbm wall of the heat sink and is found

to be 333 K and further the wall temperature insesan the direction of flow.

Figure 6.11: Temperature contour of water alongywhannel at Re=1200
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Figure 6.12: Tempera variation along the wall at Re=1200

In the figures 6.11 to 6.12 the contours for terapee in a wavy edge rectangular channel for

Reynolds number value equal to 1200 are shown.

* Infigure 6.11 Temperature at the outlet of thencie is found to be 310 K.
* Infigure 6.12 Maximum wall temperature is at tlidtbm wall of the heat sink and is found

to be 331 K and further the wall temperature insesan the direction of flow.
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Results for heat flux of 200 Wém?and different sets of Reynolds number

Figure 6.13: Temperature contour along wavy chaanBle=400.

Figure 6.14: Temperature contour closer to oufietavy channel at Re=400
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Figure 6.15: Tempera variation along the wall at Re=400
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Figure 6.16: velocity contour along wavy channeRat400.
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In the figures 6.13 to 6.16, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 400 are shown.

* Infigure 6.14 temperature at the outlet of thencteh is found to be 361 K.

* Infigure 6.15 maximum wall temperature is at tb&dm wall of the heat sink and is found

to be 403 K and further the wall temperature insesdn the direction of flow.

Figure 6.17: Temperature contour glaavy channel at Re=600

Figure 6.18: Tempera variation along the wall at Re=600
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In the figures 6.17 to 6.18, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 600 are shown.

* Infigure 6.17 temperature at the outlet of thencteh is found to be 344 K.

* Infigure 6.18 maximum wall temperature is at tb&dm wall of the heat sink and is found

to be 387 K and further the wall temperature insesan the direction of flow.

Figure 6.19: Temperature contour glaavy channel at Re=800
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Figure 6.20nTerature variation along the wall at Re=800
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In the figures 6.19 to 6.20, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 800 are shown.

* Infigure 6.19 Temperature at the outlet of thentig is found to be 324 K.

* Infigure 6.20 Maximum wall temperature is at tletbm wall of the heat sink and is found

to be 379 K and further the wall temperature insesan the direction of flow.

Figure 6.21: Temperature contour glaavy channel at Re=1000

Figure 6.22: Temperature variation along the wiaRe=1000
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In the figures 6.21 to 6.22, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 1000 are shown.

* Infigure 6.21 temperature at the outlet of thencteh is found to be 331 K.

* Infigure 6.22 Maximum wall temperature is at tlsttbm wall of the heat sink and is found

to be 374 K and the wall temperature increasesdrdirection of flow.

Figure 6.23: Temperature contour along wavy chaanBe=1200

Figure 6.24: Temperature variation along the wiaRe=1200
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In the figures 6.23 to 6.24, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 1200 are shown.

* Infigure 6.23 Temperature at the outlet of thentteh is found to be 328 K.
* Infigure 6.24 Maximum wall temperature is at tlétbm wall of the heat sink and is found

to be 370 K and further the wall temperature insesan the direction of flow.

The computational temperature rise taken from ¢neperature contours generated for different
sets of Reynolds number for 1008? bottom wall heat flux are taken from figures &H5, 6.7,
6.9 and 6.11 respectively.

Table 6.1: Temperature rise for different Reynoldshumber for heat flux=100W/cm?

Reynolds number Computational temperature rise(C)
400 27
600 23
800 21
1000 19
1200 18

The computational temperature rise taken from ¢neperature contours generated for different
sets of Reynolds number for 2008? bottom wall heat flux are taken from figures 6.63,7,
6.19, 6.21 and 6.23 respectively.

Table 6.2: Temperature rise for different Reynold number for heat flux =200WEm?

Reynolds number Computational temperature rise (C)
400 55
600 47
800 43
1000 40
1200 38
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The maximum computational velocity taken from vélpcontours generated for different sets of

Reynolds number for 100\4th? bottom wall heat flux are

Table 6.3: Maximum velocity for different Reynoldsnumber for heat flux =100W/cm?

Reynolds number Maximum computational velocity(m/$
400 1.731
600 2.534
800 3.325
1000 4.100
1200 4.890

The maximum computational velocity taken from vélpcontours generated for different sets of

Reynolds number for 200\4th? bottom wall heat flux are

Table 6.4: maximum velocity for different Reynoldsnumber for heat flux =200W/cm?

Reynolds number Maximum computational velocity(m/s)
400 1.731
600 2.534
800 3.325
1000 4.100
1200 4.890
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6.2 Graphical result
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Figure 6.25: Temperature rise vs Reynolds number
Figure 6.25 shows the computational temperatueeresults for varying sets of Reynolds number

for heat flux =100W¢m?
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Figure 6.26: Temperature rise vs Reynolds number

Figure 6.26 shows the computational temperatuesresults for varying sets of Reynolds number
for heat flux =100W¢m?
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Figure 6.27: Maximum velocity vs Reynolds number

Figure 6.27 shows the computational maximum vejomsults for varying sets of Reynolds

number for heat flux =100Wn?
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Figure 6.28: Maximum velocity vs Reynolds number

Figure 6.28 shows the computational maximum vejoasults for varying sets of Reynolds

number for heat flux =200Wn?
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CHAPTER 7

SIMULATION RESULTS

7.1 Simulation results for wavy microchannel channewith hemispherical

obstruction using performance fluid PF5052 as a cdant-

In the following computational fluid dynamics ansily; the simulation the done by using
performance fluid PF5052, and the results aregaddtir temperature rise heat in wavy edge micro-
channel for two different values of heat fluxes lggpat the bottom of the heat sink for varying
set of values of Reynolds number. The value of fieatused in the analysis are 100?and
200Wilcm?. Five values of Reynolds number are taken forathalysis which are 400, 600, 800,
1000 and 1200 respectively.

Performance fluid PF5052-

Performance Fluid PF-5052 is a clear, colourladyy-fluorinated liquid ideal for use in medium
temperature range heat transfer applications. aiker 3M Performance Fluids, PF-5052 fluid is
chemically and thermally stable, practically norito and non-flammable. The unique solvent
properties of PF-5052 fluid also make this an idedent for depositing or removing fluorinated

oils and lubricants.

Table 7.1: Thermal Properties of Performance FluidPF5052

FLUID 0 (kg/m3) Cp(J/kg-K) K(w/m-K) u(kg/m-s)

PF-5052 1776 1014 0.065 97.77 x 10°
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Results for heat flux= 100Wém?2for different sets of Reynolds number

Figure 7.1: Temperature conlong wavy channel at Re=400

Figure 7.2: Temperature contour at the outlethainnel at Re=400
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Figure 7.3: Tmemature variation along the wall at Re=400

Figure 7.4: velocity contour along wavy channeRat400.

In the figures 7.1 to 7.4, the contours for tempermin a wavy edge rectangular channel for
Reynolds number value equal to 400 are shown.

* Infigure 7.2 temperature at the outlet of the ctghs found to be 392 K.
e Infigure 7.3 maximum wall temperature is at thé&drm wall of the heat sink and is found

to be 592 K and further the wall temperature insesan the direction of flow.
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Figure 7.5: Temperature contong wavy channel at Re=600

Figure 7.6: Temperatuagiation along the wall at Re=600

In the figures 7.5 to 7.6, the contours for tempermin a wavy edge rectangular channel for
Reynolds number value equal to 600 are shown.

* Infigure 7.5 temperature at the outlet of the ct&hs found to be 379 K.
e Infigure 7.6 maximum wall temperature is at tleétdom wall of the heat sink and is

found to be 502 K and further the wall temperatnoeeases in the direction of flow
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Figure 7.7: Temperature coneong wavy channel at Re=800
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Figure 7.8: Temperatuariation along the wall at Re=800

In the figures 7.7 to 7.8, the contours for tempermin a wavy edge rectangular channel for
Reynolds number value equal to 800 are shown.

* Infigure 7.7 temperature at the outlet of the ct&hs found to be 377 K.
* Infigure 7.8 maximum wall temperature is at tleétdom wall of the heat sink and is

found to be 499 K and further the wall temperatoceeases in the direction of flow
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Figure 7.9: Temperature contong wavy channel at Re=1000

Figure 7.10: Temparatvariation along the wall at Re=1000

In the figures 7.9 to 7.10, the contours for terapee in a wavy edge rectangular channel for
Reynolds number value equal to 1000 are shown.

* Infigure 7.9 temperature at the outlet of the ctghs found to be 373 K.
e Infigure 7.10 maximum wall temperature is attloe¢tom wall of the heat sink and is

found to be 495 K and further the wall temperatnoeeases in the direction of flow
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Figure 7.11: Temperatusatour along wavy channel at Re=1200

Figure 7.12: Temparatvariation along the wall at Re=1200

In the figures 7.11 to 7.12, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 1200 are shown.

* Infigure 7.11 temperature at the outlet of thenctgh is found to be 370 K.
e Infigure 7.12 maximum wall temperature is attloeetom wall of the heat sink and is

found to be 493 K and further the wall temperatnoeeases in the direction of flow
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Results for heat flux of 200 Wém?and different sets of Reynolds number-

Figure 7.13: Temperature cantdong wavy channel at Re=400

Figure 7.14: Temperature contour closer to oufietavy channel at Re=400
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Figure 7.15: Temparatvariation along the wall at Re=400

Figure 7.16: velocity contour along wavy channeRat400.

In the figures 7.13 to 7.16, the contours for terapge in a wavy edge rectangular channel for

Reynolds number value equal to 400 are shown.

* Infigure 7.13 temperature at the outlet of thencteh is found to be 467 K.
e Infigure 7.15 maximum wall temperature is attloeetom wall of the heat sink and is

found to be 720 K and further the wall temperatooeeases in the direction of flow
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Figure 7.17: Temperatcoatour along wavy channel at Re=600

Figure 7.18: Temparatvariation along the wall at Re=600

In the figures 7.17 to 7.18, the contours for terapee in a wavy edge rectangular channel for
Reynolds number value equal to 600 are shown.

* Infigure 7.17 temperature at the outlet of thencte is found to be 466.5 K.
* Infigure 7.18 maximum wall temperature is atltloetom wall of the heat sink and is

found to be 712 K and further the wall temperatoceeases in the direction of flow
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Figure 7.19: Temperatcoatour along wavy channel at Re=800

Figure 7.20: Temparatvariation along the wall at Re=800

In the figures 7.19 to 7.20, the contours for terapee in a wavy edge rectangular channel for
Reynolds number value equal to 800 are shown.

* Infigure 7.19 temperature at the outlet of thencteh is found to be 466 K.
* Infigure 7.20 maximum wall temperature is atltloetom wall of the heat sink and is

found to be 705 K and further the wall temperatooeeases in the direction of flow
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Figure 7.21: Temperatcoatour along wavy channel at Re=1000

Figure 7.22: Tempearatvariation along the wall at Re=1000

In the figures 7.21 to 7.22, the contours for terapee in a wavy edge rectangular channel for
Reynolds number value equal to 1000 are shown.

* Infigure 7.21 temperature at the outlet of thencte is found to be 465.5 K.
e Infigure 7.22 maximum wall temperature is attloe¢tom wall of the heat sink and is

found to be 698 K and further the wall temperatnoeeases in the direction of flow
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Figure 7.23: Temperatcoatour along wavy channel at Re=1200

Figure 7.24: Temparatvariation along the wall at Re=1200

In the figures 7.23 to 7.24, the contours for terapge in a wavy edge rectangular channel for
Reynolds number value equal to 1200 are shown.

* Infigure 7.23 temperature at the outlet of thenctgh is found to be 465 K.
* Infigure 7.24 maximum wall temperature is attloeetom wall of the heat sink and is
found to be 697 K and further the wall temperatoceeases in the direction of flow
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The computational temperature rise taken frontengperature contours generated for different
sets of Reynolds number for 1008? bottom wall heat flux are taken from figures 778, 7.7,
7.9, and 7.11 respectively.

Table 7.2: Temperature rise for different Reynoldshumber for heat flux=100W/cm?

Reynolds number Computational temperature rise(C)
400 25
600 18
800 16
1000 14
1200 11

The computational temperature rise taken from ¢neperature contours generated for different
sets of Reynolds number for 2008? bottom wall heat flux are taken from figures 7.13,7,
7.19, 7.21 and 7.23 respectively.

Table 7.3: Temperature rise for different Reynold number for heat flux =200WEm?

Reynolds number Computational temperature rise (C)
400 49
600 39
800 31
1000 26
1200 21

7.2 Graphical result
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Figure 7.25: Temperature rise vs Reynolds number
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Figure 7.25 shows the computational temperatueeresults for varying sets of Reynolds number
for heat flux =100W/m?
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Figure 7.26: Temperature rise vs Reynolds number

Figure 7.26 shows the computational temperatueeresults for varying sets of Reynolds number
for heat flux =200 W#m?
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7.3 Comparison of simulation results for temperatue rise for problem 2
problem 3

Table 7.4: Temperature rise for different Reynoldshumber for heat flux=100W/cm?

Reynolds number Temperature Temperature
rise(°C) (water) rise(°C) (PF5052)
400 33 99
600 25 86
800 21 84
1000 18 80
1200 17 77

Table 7.5: Temperature rise for different Reynoldshumber for heat flux=200 W/cm?

Reynolds number Temperature Temperature
rise(°C) (water) rise(°C) (PF5052)
400 68 174
600 51 173.5
800 43 173
1000 38 172.5
1200 35 172

7.4 Graphical result
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Figure 7.27: Temperature rise vs Reynolds number
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In the figure 7.27, comparison of computationalpenature rise for the two cases has been
shown for the heat flux = 100 W/émand it clear that temperature rise for the perforcesluid

is far superior than the water.

Heat Flux = 200 W/cm2
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Figure 7.28: Temperature rise vs Reynolds number

In the figure 7.28, comparison of computationalpenature rise for the two cases has been
shown for the heat flux = 200 W/émand it clear that temperature rise for the perforcedluid

is far superior than the water.
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CHAPTER 8

CONCLUSION

8.1 Conclusion

Based on the numerical study on both straight amdyywedge type micro-channel with

hemispherical obstructions along with problem Zbtem 3, the following conclusions can be

Water temperature rise is more at the outlet ofywedge type of micro-channels with
hemispherical obstructions in comparison to striaigitro-channels for same values of
Reynolds number and heat flux.

From the above results both for straight rectarmrgoi&ro-channel and wavy edge type
micro-channel the thermal performance of wavy edgao-channel is found to be better
in comparison to that of straight micro-channetafe hydraulic diameter.

With the inclusion of hemispherical obstructionsniavy channel, surface area as well as
contact time of fluid with heated surface increasee to which thermal resistance
decreases which ultimately increases the heatf&anAs a result, we get the higher
temperature rise of the fluid.

Pressure drop is found to be more in wavy edgeayibannels in comparison to that of
straight micro-channels, however the loss in pressgicompensated by the better heat
transfer characteristics of the wavy micro-channel.

Velocity of water decreases along the flow diratiiowavy micro-channels due to loss in
energy of fluid while travelling along wavy chanmégth hemispherical obstructions.

As the value of heat flux in wavy type of channeglimcreased from 100Kn? to
200Wicm? there is an increase in the outlet temperatuneatér, however the pressure
drop along the channel decreases. But the differenpressure drop is very less.
Temperature rise for performance fluid PF 5052 easgared with water in a wavy

microchannel with hemispherical obstructions ig€sguperior.
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8.2 Future scope

* Analysis of rectangular and wavy microchannel wiififierent geometrical shaped
obstructions.

» Analysis of Rectangular and wavy microchannel wlifferent performance fluids.

» Analysis of trapezoidal cross-section microchanvigh water.

* Analysis of rectangular and wavy microchannel wigimo fluids.

* Analysis of rectangular and wavy microchannel wéfrigerants.
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