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ABSTRACT

In the present study fluid flow, pressure drop and heat transfer characteristics in two types of
micro-channel heat sinks have been analyzed using computational fluid dynamics. One of
them is a straight rectangular micro-channel heat sink on which validation is done by
comparing experimental results with numerical results while the other is a wavy edge type
rectangular micro-channel heat sink for which simulation results are obtained. Water is used
as a coolant for the simulation. The material for heat sink is copper. Both the micro-channels
have a width of 0.23mm and height of 0.72mm. The aspect ratio (y) and the length of both
the channels is kept same as 0.32 and 44.7mm respectively. 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 the simulation is done on ANSYS CFX. For both
the straight micro-channel and the wavy micro-channel investigated, it is found that the
thermal performance of wavy edge micro-channels is better in comparison to that of straight
micro-channels. The temperature rise of water is more in wavy edge type micro-channels in
comparison to that of straight micro-channels of the same hydraulic diameter for different
sets of Reynolds number for different values of heat flux. Further the pressure drop is more in
wavy type of channels which can be compensated due to the high heat transfer characteristics
of wavy micro-channels.
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CHAPTER 1

INTRODUCTION

1.1 Micro-channel heat sink-

Since the most recent decade, smaller scale machining technology is utilized at an expanded
rate for the improvement of exceptionally productive cooling gadgets known as micro-
channel heat sinks due to its greater advantages, for example, less coolant requirement and
small measurements. Thus, the investigation of heat transfer and fluid flow in smaller scale
channels which are two important parts of such gadgets, have pulled in additional
considerations with expansive applications in both designing and performance issues. Heat
sinks can be classified into two phase or single phase depending on if bubbling of fluid
happens inside the smaller scale channels. Essential parameters that defines the single phase
and two-phase working administrations are heat flux through the channel wall and volume

flow rate of the coolant .

The construction of the heat sink is done from a material with high thermal conductivity, for
example, copper or silicon with the smaller scale channels created into its surface by either
exactness machining or miniaturized scale fabrication technology. These small scale channels
have trademark measurements going from 10 to 500 um, and serve as flow entries for the
cooling fluid. These micro-channels possess advantage of very small volume to surface area
,Small mass, large convective heat transfer coefficient. Miniaturization of electronic gadgets
has become necessity of today. The reduced size of the microchips has led to an increase in
the heat flux density , which causes overheating of gadgets and makes the general prosperity
and working of these gadgets a major test for scientists. So there is a need to grow profoundly

proficient cooling innovation and heat dissemination strategies to meet the safety standards.

across the channel walls, though transport of mass happens through the cross-sectional area
of the heat sink. The cross —sectional area of the heat sink serves as a course to transport

liquid to and far from the wall of the channel.

Due to high value of flux density, dissipating from the rapid and high speed devices the study
on micro-channels is gaining importance. The advancements in the micro-electromechanical
gadgets actually need a heat evacuation system which are capable of convecting high heat

and are also equally small at the same time.



1.2 Requirement of micro-channels-

The flow section measurements in convective exchange of heat applications have been

moving towards littler measurements for the accompanying three main reasons:

1. Heat transfer enhancement.
2. Increased heat flux dissemination in microelectronic gadgets.
3. Rise of micro-scale gadgets that support cooling utilizing littler direct measurements

brings about higher heat exchange execution.

Micro-channel coolers comprise of a very powerful way for dissipating very large amounts of
heat from small surfaces. The heat sinks possess several features that make them very prime
devices which can be used for the next generation of cooling technology in various high
performance supercomputer chips and diodes of laser. The construction of a typical micro-
cooler comprise of very large number coolant channels. Heat sinks can be classified as
single-phase or two-phase depending as to whether the fluid or liquid boils inside the micro—

channels or not.

The study on single phase micro-channel heat sink has a very extensive coverage since the
last two decades. Since the last two decades,micro-channel coolers having different
dimensions and and different material of substrate have been fabricated and tested with
numerous cooling liquids. Test results have demonstrated several technical merits of single-
phase micro-channel heat sinks, namely, the ability to produce very large heat transfer
coefficients, small size and volume per heat load, and small coolant inventory requirements.
The main objective of these studies is to develop heat transfer modelling tools that are

essential to the design and optimization of heat sink geometry.

1.3 Coolants used and heat sink material-

Various types of coolants can be employed in a micro-channel cooler for heat removal. A
commonly used coolant in a heat sink is water. However, for better cooling performance of
the micro-channel cooler nano-fluids can be used. The material of the heat sink is usually a

material with high thermal conductivity such as silicon, copper and aluminium.



1.4 Solid works-

Solid works is a computer aided design (CAD) and solid modelling software program which
runs on windows. The Solid Works is product of the Daussalt systems .Solid Works is a
solid modeler, and in turn uses a parametric element based way to deal with assemblies , parts
and models. Parameters allude to imperatives whose qualities focus the shape or geometry of
the parts or assemblies. Parameters can be either numeric parameters, for example, line
lengths or circle measurements, or geometric parameters, for example, parallel, tangent

vertical etc.

1.5 ANSYS CFEX package-

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

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

The ANSYS CFX solver uses a finite elements (cell vertex numerics), similar to those used in
mechanical analysis, to discretize the domain. ANSYS CFX software package involves only
one approach for solving the necessary governing equations . Major advantage of using
ANSYS CFX is seen in problems on conjugate heat transfer where selection of interface is
the main criteria. ANSYS CFX sets a default interface and hence is more user friendly in

comparison to other software packages for problems on heat transfer and fluid flow.

1.6 CFD

Computational Fluid Dynamics (CFD) is a PC based numerical simulation tool used to
examine the heat exchange and fluid flow characteristic furthermore its related phenomena,
for example, substance response. An arrangement of numerical model and mathematical
statements are initially created after conservation laws. These mathematical statements are
then solved utilizing a PC program to get the stream variables all through the computational
space. Approval of CFD models is regularly needed to survey the exactness of the

computational model. Approval or validation is accomplished by comparing CFD results with



the experimental data. Approved models get to be set up as reliable, while those which come

up short the approval test should be altered and revalidated.

1.7 Conjugate heat transfer-

The term conjugate heat transfer is used to describe processes which involve variations of
temperature within solids and fluids, due to thermal interaction between the solids and fluids.

Most common example of a conjugate heat transfer problem is a micro-channel heat sink.

Conjugate heat transfer in fluids and solids is the key to designing effective coolers, heaters,
or heat exchangers. The fluid usually plays the role of energy carrier on large distances.
Forced convection is the most common way to achieve high heat transfer rate. In some
applications, the performances are further improved by combining convection with phase

change.

1.8 Applications-

1. Laser diodes
2. Micro-chips.

3. Soldering circuit boards.



CHAPTER 2

LITERATURE REVIEW

Experimental studies-

Peng and Peterson (1996) investigated experimentally the single-phase forced
convective heat transfer micro-channel structures with small rectangular channels having
hydraulic diameters of 0.133-0.367 mm for different types of geometric configurations. The
results shows heat transfer and flow characteristics. The laminar heat transfer found to be
dependent upon the aspect ratio i.e. the ratio of hydraulic diameter to the centre to centre

distance of micro-channels.

Fedorov and Viskanta (2000) developed a three dimensional model to investigate the
conjugate heat transfer in a micro channel heat sink with the same channel geometry used in
the experimental work done. This investigation indicated that the average channel wall
temperature along the flow direction was nearly uniform except in the region close to the
channel inlet, where very large temperature gradients were observed. This allowed them to

conclude that the thermo—properties are temperature dependent.

Jiang et al. (2001) performed an experimental comparison of microchannel heat exchanger
with microchannel and porous media. The effect of the dimensions on heat transfer was
analyzed numerically. It was emphasized that the heat transfer performance of the
microchannel heat exchanger using porous media is better than using of microchannels, but

the pressure drop of the former is much larger.

Qu and Mudawar (2002) have performed experimental and numerical investigations of
pressure drop and heat transfer characteristics of single-phase laminar flow in 0.231 mm by
0.713 mm channels. Deionized water was employed as the cooling liquid and two heat flux
levels, 100 W/cm? and 200 W/cm?. Good agreement was found between the measurements
and numerical predictions, validating the use of conventional Navier—Stokes equations for
micro channels. For the channel bottom wall, much higher heat flux and Nusselt number

values are encountered near the channel inlet.

Lee and Mudawar (2007) have done experimental work to explore the micro-channel
cooling benefits of water-based nano-fluids containing small concentrations of Al203. It was



observed that the presence of nano-particles enhances the single-phase heat transfer
coefficient, especially for laminar flow. For two-phase cooling, nanoparticles caused
catastrophic failure by depositing into large clusters near the channel exit due to localized

evaporation once boiling commenced.

Chein and Chuang (2007) have addressed micro-channel heat sink (MCHS) performance
using nanofluids as coolants. They have carried out a simple theoretical analysis that
indicated more energy and lower micro-channel wall temperature could be obtained under the
assumption that heat transfer could be enhanced by the presence of nano-particles. It was
observed that nano fluid cooled MCHS could absorb more energy than water-cooled MCHS.

Numerical studies-

Liu and Garimella (2004) have studied numerically on fluid flow and heat transfer in micro
channels and confirmed that the behaviour of micro channels is quite similar to that of
conventional channels. And their analysis showed that conventional correlations offer reliable
predictions for the laminar flow characteristics in rectangular micro channels over a hydraulic

diameter in the range of 244-974 pm.

Roy et al. (2004) has studied a steady, laminar flow and heat transfer of a nanofluid flowing
inside a radial channel between two coaxial and parallel discs. The non-dimensional
governing equations of mass, momentum and energy were solved by computational fluid
dynamics method. Results have shown that the inclusion of nanoparticles in a traditional
coolant can provide considerable improvement in heat transfer rates, even at small

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

Hetsroni et al. (2005) has further verified the capacity of conventional theory to predict the
hydrodynamic and thermal features of laminar Newtonian incompressible flows in micro
channels in the range of hydraulic diameter from Dy =15 @m to Dy =401 um . They have
compared their results with the data available in open literature. The theoretical models were
subdivided in two groups depending on the degree of correctness of the assumptions. The
first group includes the simplest one-dimensional models assuming uniform heat flux,
constant heat ransfer coefficient, etc. The comparison of these models with experiment shows

significant discrepancy between the measurements and the theoretical predictions.



Khanafer et al. (2003) has investigated heat transfer enhancement in a two-dimensional
rectangular enclosure using nanofluids. The material used is water/copper. The transport
equations were solved numerically using the finite-volume approach along with the
alternating direct implicit procedure. The effect of suspended ultrafine metallic nanoparticles
on the fluid flow and heat transfer processes within the enclosure was analyzed. The heat
transfer correlation of the average Nusselt number for various Grashof numbers and volume

fractions was also presented.

Jou and Tzeng (2006) have used the Khanafer's model to analyze heat transfer performance
of nanofluids inside an enclosure taking into account the solid particle dispersion. Transport
equations were modeled by a stream function-vorticity formulation and solved numerically
by finite difference approach. Based upon the numerical predictions, the effects of Rayleigh
number (Ra) and aspect ratio on the flow pattern and energy transport within the thermal
boundary layer were presented. It was observed that increasing the buoyancy parameter and
volume fraction of nanofluids cause an increase in the average heat transfer coefficient.
Finally, the empirical equation was built between average Nusselt number and volume

fraction.

Allen (2007) had investigated fluid flow and heat transfer in microchannels experimentally
and numerically. Fluid flow and heat transfer experiments were conducted on a copper micro
channel heat exchanger with constant surface temperature. The experimentally obtained
friction factor were found fairly well agreement with theoretical correlations and moreover
the experimental Nusselt number results agreed with theory very well in the transition and
turbulent regime, but the results show a higher Nusselt number in the laminar regime than
predicted by theoretical correlations. Philips created a CFD model to simulate the fluid in the
inlet plenum and the micro-channels. The results from these simulations showed good
agreement with the experimental data in the transition/turbulent regime as well as with

theoretical correlations for laminar and turbulent flow.

Sabbah et al. (2008) observed that the prediction of heat transfer in micro-channels becomes
difficult with increase in complicacy of the geometry of the micro-channels, requiring three
dimensional analysis of heat transfer in both solid and liquid phases. Computational Fluid
Dynamics (CFD) models were implemented in order to study and optimize the thermal and
hydraulic performance of micro channel heat sinks. Despite the small width of the channels,

the conventional Navier Stokes and energy conservation equations still apply to the flow due



to the continuum of the working fluid where the channel width is many times larger than the
mean free path of liquid molecules (water). The micro-channel is characterized by the
laminar flow in it, due to the small hydraulic diameter of the channel which results in low

Reynolds numbers.

Mokrani et al. (2009) developed a reliable experimental device and adequate methodology
to characterize the flow and convective heat transfer in flat micro channels. The study was
concerned with measurement of pressure drop and heat transfer by a Newtonian fluid flow
inside a flat micro channel of rectangular cross-section whose aspect ratio is sufficiently high
that the flow can be considered two dimensional They considered the hydraulic diameter as
twice of the channel height. The mathematical model used to describe the convective heat
transfer between the walls and the fluid takes into account the whole field (solid wall and
fluid layer) and the coupling between the conduction and the convection modes. Finally they
concluded that the conventional laws and correlations describing the flow and convective
heat transfer in ducts of large dimension are directly applicable to the micro channels of

heights between 500 and 50 microns

Mathew and Hegab (2009) theoretically analyzed the thermal performance of parallel flow
micro heat exchanger subjected to constant external heat transfer. The model equations
predicts temperature distributions as well as effectiveness of the heat exchanger.
Moreover, the model can be used when the individual fluids are subjected to either equal or

unequal amounts of external heat transfer.

Rebrov et al. (2011) has reviewed the experimental and numerical results on fluid flow
distribution, heat transfer and combination thereof, available in the open literature. They have
found that the experiments with single channels are in good agreement with predictions using
the published correlations. The review consists of two parts. In the first, the main methods to
control flow distribution were reviewed. Several different designs of inlet/outlet chambers
were presented together with corresponding models used for optimization of flow

distribution.



CHAPTER 3

MATHEMATICAL FORMULATION

3.1 CED equations —

In the present study the single phase model of computational fluid dynamics is used for the
purpose of computing and solving the problem of particular category. This single phase
model will solve and calculate one transport equation for continuity and one for momentum
for each phase, and after this the energy equations are solved for studying the fluid and
thermal performance of the system. The simulation for this single phase model is done using
ANSYS CFX.

3.2 Simulation equations-

The equations used in this model include the equation of momentum, equation of continuity
and energy equation (ANSYS CFX). The use of energy equation is done for finding out
temperature distribution on the wall. The equation for conservation of mass, continuity

equation, can be written as follows:

Mass conservation equation-

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

dp ,
e +V.(pv) =S,

The equation written above is a general equation for conservation of mass. Here Sy, is the

mass added from any user defined sources.

Momentum conservation equation-

Momentum conservation in a reference frame which is non accelerating can be written as

a . -
a(pﬁ) + V. (pv?) =-Vp+V.(T) + pg + F

Where,
p is the static pressure ,t is the stress tensor

F and pg are the external forces on body and gravitational force on body.



Energy equation-

ANSYS CFX solves the energy equation in the following form:
d R = =
a(pE) +V.(0(pE +p)) = V.| kesf VT +Zhj]]- + TV |+ S,
J

Where,

keit 1S the effective conductivity (k+k; ), where k; is the turbulent thermal conductivity,
defined on the basis of turbulence model being used, and J; is the diffusion flux of species J .
On the right-hand side of the equation the first three terms represents energy transfer due to
species diffusion, conduction, and viscous dissipation, respectively, Sy denotes the chemical

reaction heat, and some other sources of heat.

Standard relations and associated equations —

The bulk mean temperature, T,y and the wall temperature, T,x with distance x from the
micro-channel entrance can be obtained by doing the thermal energy balance around the

micro-channel which is given by the following equations.

qnD hx

T = T +
bm in me

Where,

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

q is the heat flux.

Dy, is hydraulic diameter of channel.

m is mass flow rate across channel.

The relation between the hydraulic diameter and Reynolds number in a channel is given by
Re=pvDy/

Where,

p Is density

v is average velocity.

is dynamic viscocity.

Dy, is hydraulic diameter of channel.
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CHAPTER 4

METHODOLOGY

Problem 1-

4.1 Simulation of heat transfer and pressure drop in straight rectangular

micro-channel heat sink-

In this chapter a three dimensional CFD simulation is done for the heat transfer and pressure
drop characteristics of rectangular micro-channel. Material used for heat sink construction is

copper. The experimental set up shown in figure was developed by mudawar and Qu (2002).

_G Variac
i
i
@ Wattmeter
= Pressure Gauge _ ______ lL _______ Pressure Gauge
I 1
Liquid ('? | : (?
Reservoir - : : ~%
1 |
| 1
o |
Test Module
By-Pass
Valve Flowmeter Flowmeter
Control Valve % X Control Valve
By-Pass
Loop Heat 15 um
Exchanger Filter
VW
Test Loop
Gear ;
Pump Cooling Water

Figure 4.1: Schematic diagrams of flow loop [7]

Description of problem-

The experimental work done by Qu and Mudawar, (2001) on the test apparatus is modelled
and simulated in this present study. Water is moving through a straight rectangular smaller
scale channel implanted in a test module. 21 rectangular smaller scale openings were
machined into micro- channel surface by an accuracy machining procedure. The miniaturized

scale openings were equidistantly divided inside of the 1-cm heat sink width and had the
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cross-sectional measurements of 231 4 m wide and 712 pm profound. There are 21 parallel

rectangular small scale directs in the module.

4.2 Geometry of the heat sink-

In the present analysis, only one micro channel of the remaining 21 micro-channels is
considered as a computational domain. Figure shows the micro-channel heat sink with single

unit cell used for simulation.

Table 1: Dimensions of the unit cell used for simulation

Wwall(l»lm) Wchannel(llm) HwaIIZ(Hm) Hchannel(um) Hwalll(um) L(m m)
118 231 12700 713 5637 44.7

Geometry construction-

For this computational fluid dynamics problem , the geometry of the heat sink was
constructed using solid works, and was imported to ANSYS workbench CFX for further

meshing and CFD simulations.

For creating geometry, first the heat sink was made in solid works as per the dimensions
given in table 1 and was named as solid part while fluid channel was created of the same
dimensions as of the rectangular slot along the length of heat sink for proper mating and was

given the name of fluid part.

Both parts were created separately using solid works and were later assembled by inserting

fluid channel in solid heat sink using the insert components and mate option in solid works.
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Figure 4.2: Geometry of straight micro-cannel heat sink used in simulation

4.3 Meshing-

Q 0.01 0.02 (m)
L SES—  SS—
0.005 0.015

Figure 4.3: Meshing of the geometry in ANSYS CFX
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Table 2: Mesh details-

Physics preference CFD
Solver preference CEX
Smoothing Medium
Transition Slow
Transition ratio 0.272
Minimum size 2e-5
Maximum face size 2.5e-4
Maximum size 2e-4
Nodes 118594
Elements 85500

The mesh was generated using proximity on option. For the straight micro-channel the mesh
was created as a structured mesh and for checking the solutions the mesh was made finer and
the solutions obtained were mesh independent. After the meshing, the named selection were

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

Before giving the boundary conditions two domains were created in the ANSYS CFX set up.
Out of the two domains created one domain was given the name as fluid while the other
domain was assigned the name as solid domain. The fluid channel constructed in solid works
was given the name fluid domain while the heat sink constructed in solid works was given the

name solid domain.

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

were given in the solid domain.
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Boundary conditions-

1. No slip on the surface.

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

4. A uniform heat flux of 106W/m?2 and 2*10° W/m? at the bottom wall of the heat sink.

Table 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

Table 4: Solver settings-

Following are the solver settings which are to be used in 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 Simulation of heat transfer and pressure drop in wavy edge type

rectanqular micro-channel heat sink-

In this chapter a three dimensional CFD simulation is done for the heat transfer and pressure
drop characteristics of wavy edge rectangular micro-channel heat sink. Material used for heat

sink construction is copper.

Problem description-

Water is moving through a wavy edge rectangular smaller scale channel heat sink assembly
In this analysis a design for wavy edge type of micro-channel heat sink is constructed . The
dimensions of the micro-channel assembly are same as that of the micro-channels simulated

in chapter 4 the only difference being the length is made wavy.

s B
___.__:_—:::Z::j_:;,._'-—/_‘“l &
. B
e Y < —
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B g 7/;-7-'. — - ::._-:—_': Heater
. e B - T
B R e
(a)
. 27
v=A sun(T.\) o Crest
A
[ 1%
Y
“W»
| A
L » Trough

(b)

Figure 4.4: Schematic of wavy micro-channel heat sink. [18]

Table- 5: Dimensions of the unit cell used for simulation

Wyan(1m) W(um) Huwaiz(m) H(um) Huwaiiz (M) L(mm)

118 231 12700 713 5637 44.7
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In this analysis the only the length of the micro-channel heat sink is made wavy and the

pressure drop and heat transfer characteristics are simulated.

Wave equation used- In this analysis ,for the construction of geometry a sine wave is

used which has the following equation.
y = Asin(2nx /A1)
Here , A is wave amplitude and A is wavelength .

4.6 Geometry construction-

For the analysis of computational fluid dynamics problem , the geometry of the heat sink was
constructed using solid works, and was imported to ANSYS workbench CFX for further

meshing and CFD simulations.

For creating geometry, first the heat sink was made in solid works as per the dimensions
given in table 2. The wave dimensions were given according to the length of the channel

which is 44.7 mm.

A sinusoidal wave was assumed and was constructed in the solid heat sink. The amplitude of
the wave was taken as 0.15 mm while the wavelength was taken as 2 mm. However, fluid
channel was created of the same dimensions as of the wavy rectangular slot along the length
of heat sink for proper mating and was given the name of fluid part.

Both parts were created separately using solid works and were later assembled by inserting

fluid channel in solid heat sink using the insert components and mate option in solid works.
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Figure 4.5: Geometry of wavy micro-cannel heat sink used in simulation

4.7 Meshing-

Figure 4.6: Meshing of geometry in ANSYS CFX
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Table 6: Mesh details-

Physics preference CFD
Solver preference CEX
Smoothing Medium
Transition Slow
Transition ratio 0.277
Minimum size 2e-5
Maximum face size 2.5e-4
Maximum size 2e-4
Nodes 118594
Elements 178556

The mesh was generated using proximity and curvature on option. For checking the solutions
the mesh was made finer and the solutions obtained were mesh independent. After the
meshing, the named selection were given, which are to be considered as boundary conditions.

4.8 Set up details-

Before giving the boundary conditions two domains were created in the ANSYS CFX set up.
Out of the two domains created, one domain was given the name as fluid while the other
domain was assigned the name as solid domain. The fluid channel constructed in solid works
2013 was given the name fluid domain while the heat sink constructed in solid works 2013

was given the name solid domain.

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

were given in the solid domain.
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Boundary conditions-

1. No slip on the surface.

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

4. A uniform heat flux of 100W/cm? and 200 W/cm? at the bottom wall of the heat sink for
two separate cases was applied.

Table 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 8: Solver settings-

Following are the solver settings which are to be used in simulation.

Min. Iterations 1
Max. Iterations 250
Residual type RMS
Residual target 1E-4
Time scale control Auto time scale
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CHAPTERS

VALIDATION

5.1 Straight rectangular micro-channel -

In this computational analysis validation is done for straight rectangular micro-channel heat
sink and the results are plotted for pressure drop and heat transfer in straight rectangular
micro-channel for two different values of heat fluxes applied at the bottom of the heat sink
for varying set of values of Reynolds number. The value of heat flux used in the analysis are
100W/cm?and 200W/cm?. Five values of Reynolds number are taken for the analysis which
are 400, 600, 800, 1000, 1200 respectively.

Results for bottom wall heat flux value of 100W/cm? and different sets of Reynolds

number-

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

In the figures 5.1 and 5.2, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 400 are shown.

In figure 5.1 pressure drop along the channel is found to be 0.1 bar.

In figure 5.2 temperature at the outlet of the channel is found to be 313 K

In figure 5.3 maximum wall temperature is found to be 356 K at the bottom wall of
the channel and wall temperature increases in the direction of flow.

Figure 5.3: pressure contours for water at Re=600
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Figure 5.4: Temperature contours for water and heat sink at Re=600

Figure 5.5: Temperature contours at the outlet of the channel at Re=600

In the figures 5.3 to 5.5, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 600 are shown.

In figure 5.3 pressure drop along the channel is found to be 0.16 bar.

In figure 5.5 temperature at the outlet of the channel is found to be 306.5 K.

In figure 5.4 maximum wall temperature is found to be 349.8 K at the bottom wall of

the channel and wall temperature increases in the direction of flow.
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Figure 5.6 : Pressure contours for water at Re=800

Figure 5.7: Temperature contours for water and heat sink at Re=800
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Figure 5.8: Temperature contour for water at channel outlet at Re=800

In the figures 5.6 to 5.8, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 800 are shown.

In figure 5.6 pressure drop along the channel is found to be 0.22 bar.

In figure 5.8 temperature at the outlet of the channel is found to be 303 K.

In figure 5.7 maximum wall temperature is found to be 346.8 K at the bottom wall of

the channel and wall temperature increases in the direction of flow.

Figure 5.9: Pressure contours for water at Re=1000
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Figure 5.10: Temperature contours for heat sink and water at Re=1000.

Figure 5.11: Temperature contours for water closer to channel outlet at Re=1000.

e In the figures 5.9 to 5.11, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 1000 are shown.

e In figure 5.9 pressure drop along the channel is found to be 0.29 bar.

e Infigure 5.11 temperature at the outlet of the channel is found to be 298 K.

e In figure 5.10 maximum wall temperature is at the bottom wall of the heat sink and is

found to be 344.8 K and the wall temperature increases in the direction of flow.
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Figure 5.12: Pressure contours for water at Re=1200.

Figure 5.13: Temperature contours for heat sink and channel at Re=1200.
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Figure 5.14: Temperature contours of water closer to outlet at Re=1200.

e In the figures 5.12 to 5.14, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 1000 are shown.

e Infigure 5.12 pressure drop along the channel is found to be 0.366 bar.

e Infigure 5.14 temperature at the outlet of the channel is found to be 297 K.

e In figure 5.13 maximum wall temperature is at the bottom wall of the heat sink and is
found to be 344.8 K and further the wall temperature increases in the direction of

flow.
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Results for bottom wall heat flux value of 200W/cm?and different sets of

Reynolds number -

Figure 5.15: Pressure contours for water along channel at Re=400

Figure 5.16: Temperature contour for water and heat sink at Re=400
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Figure 5.17: Temperature contour at the outlet of channel at Re=400

In the figures 5.15 to 5.17, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 400 are shown.

In figure 5.15 pressure drop along the channel is found to be 0.087 bar.

In figure 5.17 temperature at the outlet of the channel is found to be 335 K.

In figure 5.16 maximum wall temperature is at the bottom wall of the heat sink and is
found to be 419.3K and further the wall temperature increases in the direction of flow.

Figure 5.18: Pressure contours for water along the channel at Re=600



Figure 5.19: Temperature contours for sink wall and water channel at Re=600

Figure 5.20: Temperature contours of water closer to outlet of channel at Re=600

In the figures 5.18 to 5.20, the contours for pressure and temperature in a straight
rectangular channel for Reynolds number value equal to 600 are shown.

In figure 5.18 pressure drop along the channel is found to be 0.16 bar.

In figure 5.20 temperature at the outlet of the channel is found to be 318 K.

In figure 5.19 maximum wall temperature is at the bottom wall of the heat sink and is
found to be 406.8 K and further the wall temperature increases in the direction of

flow.
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Figure 5.21: Pressure contours for water along channel at Re =800

Figure 5.22: Temperature contours for heat sink and water along channel at Re=800
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Figure 5.23: Temperature contour of water closer to outlet at Re=800

In the figures 5.21 to 5.23, the contours for velocity, pressure and temperature in a
straight rectangular channel for Reynolds number value equal to 800 are shown.
In figure 5.21 pressure drop along the channel is found to be 0.22 bar.
In figure 5.23 temperature at the outlet of the channel is found to be 314.5 K.
In figure 5.22 maximum wall temperature is at the bottom wall of the heat sink and is

found to be 406 K and further the wall temperature increases in the direction of flow.

Figure 5.24: Pressure contour for water along the channel at Re=1000

33



Figure 5.25: Temperature contour for water and heat sink at Re=1000.

Figure 5.26: Temperature contour of water close to outlet of channel at Re=1000

In the figures 5.24 to 5.26, the contours for velocity, pressure and temperature in a
straight rectangular channel for Reynolds number value equal to 1000 are shown.

In figure 5.24 pressure drop along the channel is found to be 0.28 bar.

In figure 5.26 temperature at the outlet of the channel is found to be 307 K.

In figure 5.25 maximum wall temperature is at the bottom wall of the heat sink and is
found to be 396.5 K and further the wall temperature increases in the direction of

flow.
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Figure 5.27: Pressure contour along channel at Re=1200.

Figure 5.28: Temperature contour along channel and heat sink at Re=1200
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Figure 5.29: Temperature contours for water closer to outlet of channel at Re=1200.

In the figures 5.27 to 5.29, the contours for velocity, pressure and temperature in a straight

rectangular channel for Reynolds number value equal to 1200 are shown.

e Infigure 5.27 pressure drop along the channel is found to be 0.28 bar.

e Infigure 5.29 temperature at the outlet of the channel is found to be 307 K.

e In figure 5.28 maximum wall temperature is at the bottom wall of the heat sink and is
found to be 396.5 K and further the wall temperature increases in the direction of

flow.
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5.2 Problem validation-

Case 1-

For the validation of the problem, the experimental pressure drop along the channel is

compared with the computational pressure drop. The computational pressure drop from the

pressure contours generated for different values of Reynolds number for 100W/cm? bottom

wall heat flux are taken from figures 5.1, 5.3, 5.6, 5.9 and 5.12 respectively and for
200W/cm? bottom wall heat flux are taken form figures 5.15, 5.18, 5.21, 5.24, 5.27

respectively.

Table 9: Bottom wall heat flux value=100W/cm?

Reynolds number

Experimental pressure drop

Computational pressure drop

(bar) (bar)
400 0.10 0.11
600 0.17 0.15
800 0.23 0.22
1000 0.32 0.29
1200 0.41 0.366

Table -10: Bottom wall heat flux value=200W/cm?

Reynolds number

Experimental pressure

Computational pressure drop

drop(bar) (bar)
400 0.08 0.10
600 0.15 0.16
800 0.21 0.22
1000 0.30 0.291
1200 0.40 0.37

From table 9 and table 10 the values of computational pressure drop for heat flux values of

100W/cm? and 200W/cm? are found to be in close agreement with the experimental pressure
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drop. Hence ,the computational model is successfully validated on the basis of pressure drop

along the channel length.

Case 2- For further validation the experimental temperature rise is compared with the

computational temperature rise. The computational temperature rise taken from temperature

contours generated for different values of Reynolds number for 100W/cm? bottom wall heat

flux are taken from figures 5.2, 5.5, 5.8, 5.11 and 5.14 respectively and for 200W/cm? are
taken from figures 5.17, 5.20, 5.23, 5.26, 5.29 respectively.

Table 11: Bottom wall heat flux value=100W/cm?

Reynolds number

Experimental temperature

Computational temperature

rise (°C) rise (°C)
400 22 20
600 16 14
800 10 10
1000 8 6
1200 6 4

Table 12: Bottom wall heat flux of 200 W/cm?

Reynolds number

Experimental temperature

Computational temperature

rise (°C) rise (°C)
400 44 43
600 31 28
800 22 22
1000 18 16
1200 15 14

From table 11 and table 12 the values of computational temperature rise for heat flux values

of 100W/cm? and 200W/cm? are found to be in close agreement with the experimental

temperature rise. Hence, the computational model is successfully validated on the basis of

temperature rise along the length of channel.
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5.3 Graphical validation —
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Figure 5.30: Pressure drop vs Reynolds number

Figure 5.30 shows the comparison of experimental and numerical pressure drop results for

varying sets of Reynolds number for heat flux =100W/cm?
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Figure 5.31: pressure drop vs Reynolds number

Figure 5.31 shows comparison of experimental and numerical pressure drop results for

varying sets of Reynolds number for heat flux=200W/cm?.
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Figure 5.32: Temperature rise vs Reynolds number

Figure 5.32 shows the comparison of experimental and numerical temperature rise results for

varying sets of Reynolds number for heat flux =100W/cm?
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Figure 5.33: Temperature rise vs Reynolds number

Figure 5.33 shows the comparison of experimental and numerical temperature rise results for

varying sets of Reynolds number for heat flux =200W/cm?
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CHAPTER 6

SIMULATION RESULTS

6.1 Simulation results for wavy type of channel-

In the following computational fluid dynamics analysis the results are plotted for pressure
drop and heat transfer in wavy edge type rectangular micro-channel for two different values
of heat fluxes applied at the bottom of the heat sink for varying set of values of Reynolds
number. The value of heat flux used in the analysis are 100W/cm?and 200W/cm?. Five
values of Reynolds number are taken for the analysis which are 400, 600, 800, 1000 and 1200

respectively.

Results for heat flux= 100W/cm?for different sets of Reynolds number -

Figure 6.1: Pressure contour of water along wavy channel at Re=400.
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Figure 6.2: Temperature contours of water and heat sink for wavy channel at Re=400.

Figure 6.3: Temperature contour at the outlet of wavy channel at Re=400.
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Figure 6.4: velocity contour along wavy channel at Re=400.

In the figures 6.1 to 6.4, the contours for pressure, temperature and velocity in a wavy edge

rectangular channel for Reynolds number value equal to 400 are shown.

e In figure 6.1 Pressure drop along the channel is found to be 0.125 bar.

¢ In figure 6.3 Temperature at the outlet of the channel is found to be 318 K.

e In figure 6.2 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 354.4 K and further the wall temperature increases in the direction of

flow.

Figure 6.5: Pressure contour of water along wavy channel at Re=600
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Figure 6.6: Temperature contours for heat sink and water along wavy channel at Re=600

Figure 6.7: Temperature contour closer to outlet of wavy channel at Re=600
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Figure 6.8: Velocity contour along wavy channel at Re=600

In the figures 6.5 to 6.8, the contours for pressure, temperature and velocity in a wavy edge

rectangular channel for Reynolds number value equal to 600 are shown.

e Infigure 6.5 Pressure drop along the channel is found to be 0.21 bar.

e In figure 6.7 Temperature at the outlet of the channel is found to be 311 K.

¢ In figure 6.6 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 348.7 K and further the wall temperature increases in the direction of

flow.

Figure 6.9: pressure contour of water along wavy channel at Re=800
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Figure 6.10: temperature contour of heat sink and water along wavy channels at Re=800.

Figure 6.11: Temperature contour closer to outlet of channel at Re=800.
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Figure 6.12: velocity contour along wavy channel at Re=800.

In the figures 6.9 to 6.12, the contours for pressure, temperature and velocity in a wavy edge

rectangular channel for Reynolds number value equal to 800 are shown.

e Infigure 6.9 Pressure drop along the channel is found to be 0.292 bar.

e Infigure 6.11 Temperature at the outlet of the channel is found to be 309 K.

¢ In figure 6.10 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 345.9 K and further the wall temperature increases in the direction of

flow.

Figure 6.13: pressure contour of water along wavy channel at Re=1000.
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Figure 6.14: temperature contour of heat sink and water along wavy channel at Re=1000.

Figure 6.15: temperature contour closer to outlet of wavy channel at Re=1000
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Figure 6.16: velocity contour along wavy edge channel at Re=1000.

In the figures 6.13 to 6.16, the contours for pressure, temperature and velocity in a wavy edge

rectangular channel for Reynolds number value equal to 1000 are shown.

e In figure 6.13 Pressure drop along the channel is found to be 0.412 bar.
e Infigure 6.15 Temperature at the outlet of the channel is found to be 307 K.
e In figure 6.14 Maximum wall temperature is at the bottom wall of the heat sink and is

found to be 342 K and further the wall temperature increases in the direction of flow.

Figure 6.17: pressure contour along wavy edge channel at Re=1200.
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Figure 6.18: temperature contour of water and heat sink along wavy channel at Re=1200.

Figure 6.19: temperature contour closer to outlet of wavy channel at Re=1200.
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Figure 6.20: velocity contour along wavy edge channel at Re=1200.

In the figures 6.17 to 6.20 the contours for pressure, temperature and velocity in a wavy edge
rectangular channel for Reynolds number value equal to 1200 are shown.

e In figure 6.17 Pressure drop along the channel is found to be 0.53 bar.
o Infigure 6.19 Temperature at the outlet of the channel is found to be 304 K.
e In figure 6.18 Maximum wall temperature is at the bottom wall of the heat sink and is

found to be 347 K and further the wall temperature increases in the direction of flow.
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Results for heat flux of 200 W/cm?and different sets of Reynolds number-

Figure 6.21: pressure contour along wavy channel at Re=400.

Figure 6.22: Temperature contour of water and heat sink for wavy channel at Re=400.
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Figure 6.23: Temperature contour closer to outlet of wavy channel at Re=400

Figure 6.24: velocity contour along wavy channel at Re=400.

In the figures 6.21 to 6.24, the contours for pressure, temperature and velocity in a wavy edge
rectangular channel for Reynolds number value equal to 400 are shown.

e Infigure 6.21 pressure drop along the channel is found to be 0.126 bar.

¢ Infigure 6.23 temperature at the outlet of the channel is found to be 342 K.

¢ In figure 6.22 maximum wall temperature is at the bottom wall of the heat sink and is
found to be 415.6 K and further the wall temperature increases in the direction of

flow.
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Figure 6.25: pressure contour of water along wavy channel at Re=600.

Figure 6.26: temperature contour of water and heat sink at Re=600
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Figure 6.27: Temperature contour closer to outlet of wavy channel at Re=600.

Figure 6.28: velocity contour along wavy edge channel at Re=600

In the figures 6.25 to 6.28, the contours for pressure, temperature and velocity in a wavy edge

rectangular channel for Reynolds number value equal to 600 are shown.

o Infigure 6.25 pressure drop along the channel is found to be 0.20 bar.

o Infigure 6.27 temperature at the outlet of the channel is found to be 332 K.

e In figure 6.26 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 404.6 K and further the wall temperature increases in the direction of

flow.
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Figure 6.29: pressure contour along wavy channel at Re=800.

Figure 6.30: Temperature contour for heat sink and water at Re=800
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Figure 6.31: Temperature contour closer to outlet of wavy channel at Re=800.

Figure 6.32: velocity contour for wavy edge channel at Re=800.

In the figures 6.29 to 6.32, the contours for pressure, temperature and velocity in a wavy edge

rectangular channel for Reynolds number value equal to 800 are shown.

e Infigure 6.29 Pressure drop along the channel is found to be 0.28 bar.

¢ In figure 6.31 Temperature at the outlet of the channel is found to be 324 K.

e In figure 6.30 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 398.9 K and further the wall temperature increases in the direction of

flow.
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Figure 6.33: pressure contour of water along wavy channel at Re=1000.

Figure 6.34: Temperature contour of water and heat sink at Re=1000.
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Figure 6.35: Temperature contour closer to outlet of wavy channel at Re=1000.

Figure 6.36: velocity contour along wavy channel at Re=1000.

In the figures 6.33 to 6.36, the contours for pressure, temperature and velocity in a wavy edge
rectangular channel for Reynolds number value equal to 1000 are shown.

o Infigure 6.33 pressure drop along the channel is found to be 0.39 bar.

o Infigure 6.35 temperature at the outlet of the channel is found to be 319 K.

¢ In figure 6.34 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 395.1 K and the wall temperature increases in the direction of flow.

59



Figure 6.37: pressure contour along wavy edge channel at Re=1200.

Figure 6.37: temperature contour of heat sink and water at Re=1200.
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Figure 6.38: temperature contour closer to outlet of wavy channel at Re=1200.

Figure 6.40: velocity contour along wavy edge channel at Re=1200.

In the figures 6.37 to 6.40, the contours for pressure, temperature and velocity in a wavy edge
rectangular channel for Reynolds number value equal to 1200 are shown.

¢ In figure 6.37 Pressure drop along the channel is found to be 0.504 bar.

e Infigure 6.39 Temperature at the outlet of the channel is found to be 309 K.

e In figure 6.38 Maximum wall temperature is at the bottom wall of the heat sink and is
found to be 392.6 K and further the wall temperature increases in the direction of

flow.
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The computational pressure drop taken from the pressure contours generated for different sets

of Reynolds number for 100W/cm? bottom wall heat flux are taken from figures 6.1, 6.5, 6.9,

6.13 and 6.17 respectively.

Table 13: Pressure drop for different Reynolds number for heat flux=100W/cm?

Reynolds number Computational pressure drop(bar)
400 0.125
600 0.208
800 0.291
1000 0.413
1200 0.533

The computational temperature rise taken from the temperature contours generated for
different sets of Reynolds number for 100W/cm? bottom wall heat flux are taken from

figures 6.3, 6.7, 6.11, 6.15 and 6.19 respectively.

Table 14: Temperature rise for different Reynolds number for heat flux=100W/cm?

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

The maximum computational velocity taken from velocity contours generated for different
sets of Reynolds number for 100W/cm? bottom wall heat flux are taken from figures 6.4, 6.8,

6.12, 6.16 and 6.20 respectively.

Table 15: Maximum velocity for different Reynolds number for heat flux =100W/cm?

Reynolds number Maximum computational velocity(m/s)
400 1.879
600 2.807
800 3.674
1000 4.781
1200 5.709
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The computational pressure drop taken from the pressure contours generated for different sets
of Reynolds number for 200W/cm? bottom wall heat flux are taken from figures 6.21, 6.25,
6.29, 6.33 and 6.37 respectively.

Table 16: pressure drop for different Reynolds number for heat flux =200W/cm?

Reynolds number Computational pressure drop(bar)
400 0.124
600 0.204
800 0.286
1000 0.39
1200 0.504

The computational temperature rise taken from the temperature contours generated for
different sets of Reynolds number for 200W/cm? bottom wall heat flux are taken from
figures 6.23, 6.27, 6.31, 6.35 and 6.39 respectively.

Table 17: Temperature rise for different Reynolds number for heat flux =200W/cm?

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

The maximum computational velocity taken from velocity contours generated for different
sets of Reynolds number for 200W/cm? bottom wall heat flux are taken from figures 6.24,
6.28, 6.32, 6.36 and 6.40 respectively

Table 18: maximum velocity for different Reynolds number for heat flux =200W/cm?

Reynolds number Maximum computational velocity(m/s)
400 1.870
600 2.77
800 3.672
1000 4.586
1200 5.50

63




CHAPTER Y

CONCLUSION

7.1 Conclusion-

Based on the numerical study on both straight and wavy edge type micro-channel following

conclusions can be made-

e Water temperature rise is more at the outlet of wavy edge type of micro-channels in
comparison to straight micro-channels for same values of Reynolds number and heat
flux.

e From the above results both for straight rectangular micro-channel and wavy edge
type micro-channel the thermal performance of wavy edge micro-channel is found to
be better in comparison to that of straight micro-channel of same hydraulic diameter.

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

e Velocity of water is more in wavy type of micro-channels closer to inlet for different
values of Reynolds number .

e Velocity of water decreases along the flow direction in wavy micro-channels due to
loss in energy of fluid while travelling along wavy channel.

e As the value of heat flux in wavy type of channel is increased from 100W/cm? to
200W/cm? there is an increase in the outlet temperature of water,however the
pressure drop along the channel decreases. But the difference in pressure drop is very

less .
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Figure 7.1: Comparison of temperature rise for both straight and wavy type of micro-channel
for g=100W/cm?

heat flux =200W  /cm2
&0

50 A
40 \
30

20

—#—temperature rise in
staright channel

—li—temperature rise in
wavy channel

temperature rise ("C)

10

400 600 800 1000 1200

Reynolds number

Figure 7.2: Comparison of temperature rise for both straight and wavy type of micro-channel
for g=200W/cm?

From figure 7.1 and figure 7.2 it is clear that there is an increase in the temperature at
the outlet of wavy type channel in comparison to that of straight channels for same
values of heat flux. Thus in this way heat transfer characteristics of wavy type of

micro-channels are better than straight micro-channel for the same dimensions.
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7.2 Future scope —

e Analysis of Rectangular micro-channel with refrigerants.
e Analysis of wavy type of micro-channels with refrigerants.

e Analysis of zig zag type of mico-channels with water.
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