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ABSTRACT

Improving Small Scale Cooling of Mini-Channels using Added
Surface Defects

by

Jami Frances Tullius

Advancements in electronic performance lead to a decrease in device size
and an increase in power density. Because of these changes, current cooling
mechanisms for electronic devices are beginning to be ineffective. Microchannels,
with their large heat transfer surface area to volume ratio, cooled with either gas or
liquid coolant, have shown some potential in adequately maintaining a safe surface
temperature. By modifying the walls of the microchannel with fins, the cooling

performance can be improved.

Using computational fluid dynamics software, microfins placed in a staggered
array on the bottom surface of a rectangular minichannel are modeled in order to
optimize microstructure geometry and maximize heat transfer dissipation through
convection from a heated surface. Fin geometry, dimensions, spacing, height, and
material are analyzed. Correlations describing the Nusselt number and the Darcy
friction factor are obtained and compared to recent studies. These correlations only
apply to short fins in the laminar regime. Triangular fins with larger fin height,
smaller fin width, and spacing double the fin width maximizes the number of fins in

each row and yields better thermal performance.
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Once the effects of microfins were found, an experiment with multi-walled
carbon nanotubes (MWNTs) grown on the surface were tested using both water and
Al203/H20 nanofluid as the working medium. Minichannel devices containing two
different MWNT structures - one fully coated surface of MWNTSs and the other with
a circular staggered fin array of MWNTs - were tested and compared to a
minichannel device with no MWNTSs. It was observed that the sedimentation of
Al203 nanoparticles on a channel surface with no MWNTSs increases the surface

roughness and the thermal performance.

Finally, using the lattice Boltzmann method, a two dimensional channel with
suspended particles is modeled in order to get an accurate characterization of the
fluid/particle motion in nanofluid. Using the analysis based on an ideal fin, approximate

results for nanofluids with increase surface roughness was obtained.

Microchannels have proven to be effective cooling systems and
understanding how to achieve the maximum performance is vital for the innovation
of electronics. Implementation of these modified channel devices can allow for

longer lasting electronic systems.
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Chapter 1

A Review of Cooling in Microchannels

With electronics innovating quickly into smaller more reliable devices, there
is a need for improved heat removal at small scales. Electronics must sustain a low
constant surface temperature in order to avoid overheating. The advancements in
the electrical devices are limited by the absence of efficient methods to remove the
heat that is generated. A method of appropriate cooling is necessary to allow for
more advancement in the years to come while maintaining proper functioning. This

work reviews the effective cooling methods of small scale channels.

Many techniques have been studied such as the use of thermal interface
materials, heat spreaders and heat sinks, or micro- and minichannels. Mini- and
microchannels have proven to be effective in cooling small surfaces of electrical
components such as microchips. These channels act as heat exchangers or heat
sinks. The high temperatures can be dissipated through the modified surfaces of the

microchannel with natural or forced convection of the fluid within the channel [1-
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5]. These channels contain a much higher heat transfer surface area to fluid volume
ratio, which allows the convection to be enhanced when compared to macro-scale
systems. As the hydraulic diameter decreases in a microchannel, the heat transfer
coefficient increases, providing an excellent cooling mechanism; however, these
small channels experience a very high pressure drop. A basic microchannel with a
smooth wall surface has demonstrated to cool a heat flux of approximately 790

W /cm? at a temperature of 71°C while the pressure drop was roughly 214 kPa [6,7].

Because of the rapidly developing electronic technologies, improvements to
this cooling apparatuses are necessary. Optimal surface impairments and fluids are
necessary to achieve maximum cooling from microchannels. My work focuses on
understanding how different surface impairments can influence the microchannel in
order to obtain maximum thermal performance and maintain a relatively low

pressure drop.

This chapter will review the effects of a microchannel with various surface
impairments including increased surface roughness, grooves, and micro pin fins,
and the use of different fluids flowing through the channel in the single phase
laminar flow. Also the mathematical methods needed to calculate micro- and nano-

scale flow characteristics through a microchannel are reviewed.

1.1. Single Phase Fluid

Microchannel cooling can be influenced by many factors, including the

surface roughness of the channel walls, the cavities machined on the channel
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surface, and the addition of micro pin fins. This section will review the work of
others that have applied surface structures to their microchannel walls.
Understanding the effects of these surface impairments can help achieve an optimal

microchannel for maximum cooling.

1.1.1. Increased Surface Roughness

Surface roughness is a major factor in optimizing the thermal performance.
Microchannels can have smooth surface walls or can contain small structures meant
to disturb the fluid as it flows. Shokouhmand [8] studied the surface roughness
effects of a fully developed, laminar, rough rectangular microchannel analytically
using the Gaussian technique. The aspect ratio was varied from 0 to 1 and the
relative roughness from 0 to 0.15. For roughness values less than 0.01, there was
little effect on the friction factor; however, for roughness values between 0.01 and 1
with an aspect ratio of 1, there was an increase of 11.3%, with an aspect ratio 0.5
there was a 5.5% increase of the friction factor and for an aspect ratio of 0.1 there
was a 1.7% increase. For the convective heat transfer coefficient, there is a parabolic
profile with the values of the lower aspect ratio close to 0 and the higher aspect
ratio near 1 being high and the values with the aspect ratio of 0.5 reaching a
minimum. Decreasing the relative roughness of the channel also decreases the heat
transfer coefficient slightly. For a relative roughness of 0.01, the aspect ratio has
little effect. As the relative roughness value increases, so does the friction factor,
while the Nu is not dependent on the roughness scale. With an increase in surface

roughness the convection heat transfer coefficient will increase slightly [8].



Increased surface roughness can lead to increased wettability of the surface,
which can play a critical role in improving the heat transfer performance. The
wettability of the surface is determined by the contact angle that the fluid makes
with the surface. A contact angle less than 90° indicates the fluid will spread over a
large area of the surface translating to removing large amounts of heat. This is
known as a hydrophilic surface. A contact angle greater than 90° lessens the contact
of the fluid to the surface, also known as a hydrophobic surface. Minimum
wettability contact angle will maximize cooling. To achieve a high heat transfer
coefficient, the optimal surface is one with low wettability contact angle containing
many nucleation sites [9]. Increased surface deficiencies can lead to and increased

wettability.

1.1.2. Grooved Surfaces

A method used to impact the cooling performance is applying small grooves
to the surface. Lee [7], Solovitz [10], and Baghernezhad [11] all adjusted the wall
surface of a microchannel with grooves. These openings can induce more
disturbances in the flow providing a more effective cooling mechanism. When
dimples were applied to the surface, the pressure drop was maintained- that is, it
did not increase from a smooth microchannel- and the heat transfer performance
was increased by roughly 12%. The spacing and the size of the grooves are still
being tested to obtain the maximum efficiency of the channel [7]. Solovitz [10]
modeled a 2D simulation with a small dimple-like groove imbedded in the channel

surface. When varying the dimensions of the cavity and the Reynolds number (Re),



there was a 70% increase in the heat transfer performance with only a 30%
increase in pressure drop when compared to a smooth base model using a
depth/diameter ratio of 0.4 and a Re of 1000. The depth of the cavity was
proportional to the cooling performance of the channel. Baghernezhad [11]
compared the shapes of the grooves used to disrupt the flow. A rectangular and an
arc shape groove were compared and they found that both shapes can improve the
cooling performance but that the arc shaped is more effective. This is probably due
to the aerodynamics of the flow past the gap. From these studies, grooves can
increase performance while maintaining pressure drop. Grooved surfaces in
minichannels provide adequate cooling devices; however, the integrity of the
channel is threatened. Therefore, the addition of surface extrusions will be

introduced.

1.1.3. Micro Pin Fins

Micro pin fins, micro-studs, pillars, and square pin fins are all synthetically
engineered structures, usually made of silicon but which can be made of other
thermally conducting material, which have shown significant improvements in
removing heat. These structures protrude out of the surface, increase the wall
surface area, and interrupt the steady flow of the fluid. They can take different
shapes and sizes and be placed in different patterns to improve the thermal heat
transfer performance. Vanapalli [12] investigated the pillar “fin” shape which
contains the lowest friction factor with nitrogen gas flowing through the

microchannel. These pillars are used to increase the contact between the surface



and the fluid with minimal thermal resistance. The geometries tested were circles,
squares, rhombus, elliptical, eye shaped, and sine shape cross-sections in staggered
arrangements across the surface. Pillars with the sine shape cross-sections, when
compared to all of the other geometries, have the lowest friction factor. A 3D
representation of shapes Vanapalli [12] used is shown in Figure 1.1. Shape of the
fins can affect the motion of flow. When the pillars are aerodynamic in shape, there
is less separation of the fluid from the solid body creating less thermal resistance at

the interface.

Lee [13] implemented oblique fins into a microchannel to understand the
effects of the local and overall heat transfer performance and pressure drop. By
introducing the oblique silicon fins to replace the conventional microchannel heat
sink with continuous fins, the thermal boundary layer development along the
channel surface is disrupted and a secondary flow of the fluid is created. The
opening between the fins disrupts the momentum and the trailing edge of the
thermal boundary layer of each oblique fin. This causes the leading edge to re-
develop allowing the flow to remain in the developing state. This in turn enhances
the heat transfer performance. Also, the secondary flow can produce mixing of the
flow as the fluid flows through the fin opening improving the performance. The heat
transfer coefficient of the channel with the oblique fins was enhanced by 80% when
compared to the conventional channel. Within this investigation, Lee [13] studied
the pressure drop effects of the oblique finned channel and a conventional channel.
Minimal differences were obtained. With the oblique fins, and the above working

conditions, there was a significant heat transfer performance enhancement with
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little effects on pressure drop. Micro pin fins have proven to be effective in

microchannels and is further analyzed in the following chapters.

A Kkey factor that can influence the performance of heat transfer is the
thermal conductivity of the fins, pins, and micro pin-fins used on the surface of the
microchannel. With a material that has a higher thermal conductivity, the thermal
resistance is decreased, and the temperature decreases. Zhong [4] investigated the
effects of varying the properties of an array of microstructures placed along the
bottom surface of the channel. When the thermal conductivity of the
microstructures was varied, the temperature decreased and the pressure drop
remained fairly constant. Having a material with a higher thermal conductivity for
micro pin fins, the resistance at the interface decreases and the convection heat

transfer performance is increased.

Cylinder '
Cube ‘
Ellipse P
Dia"‘°ﬂdi

Figure 1.1: Different shapes that can be used for fins on the surface microchannels

One such material with high thermal and mechanical properties is carbon
nanotubes (CNTs). CNTs are a novel material which can considerably improve
microchannel cooling performance. CNTs are single sheets of graphite, named
graphene, made up of a honeycomb shaped lattice representing an atomic layer of

7



the crystalline material, rolled up to make tubes with diameters of 0.45 to about 100
nm. The unique molecular structures of CNTs result in excellent physical and
mechanical properties such as great mechanical strength, flexibility, and light
weight. Their mechanical and chemical stability provides resistance against damage
from external physical and chemical factors applied by their environment [3,14-16].
The main sp? hybridized bonds of CNTs, similar to the in-plane ones in graphite,
place them among the strongest materials known today. CNTs have a Young’s
modulus as high as 1000 GPa, which is approximately 5 times higher than steel, and
a tensile strength of about 63 GPa, which is almost 50 times higher than steel [3,17-
19]. These cylindrical tubes remain stable up to very high temperatures similar to

graphite with values approximately 4000 K [20].

There are two common types of CNTs: Single Walled Carbon Nanotubes
(SWNTs) and Multiwalled Carbon Nanotubes (MWNTs). A SWNT is a cylindrical
graphene shell with diameters ranging from 0.45 to 2.5 nm; it can be considered as a
giant molecule. A MWNT consists of several concentric cylindrical shells with the
outer diameters ranging from 2.5 to 60 nm and inner diameters between 1.5 to 40
nm. MWNTSs can be considered a material similar to graphite. The distance between

the concentric shells of a MWNT is approximately 3.4 A [18].

For an ideal individual SWNT, the thermal conductivity has been reported to
be higher than diamond, roughly 6000 W/mK. As a comparison, graphite has a
thermal conductivity of about 2000 W/mK and diamond between 2000-2500 W/mK
[18]. However, measurements on larger number of nanotubes resulted in thermal

conductivity values as low as about 250 W/mK for SWNT samples and 20 W/mK for
8



MWNT samples [15,21,22]. The length and the thermal conductivity of a SWNTSs are
proportional to each other while the thermal conductivity does not depend linearly

on the diameter [23-26].

CNTs can be grown directly onto minichannel surfaces by chemical vapor
deposition (CVD). CVD is a low cost process and can produce CNTs in many fashions,
either in bulk quantities or predefined micropatterns. The effects of CNTs clustered
to form microstructures are still under investigation. CNTs are an excellent
conducting material that has been tested in the use of increasing the performance of
the microchannel heat sink. They are simple to fabricate, and because of their
excellent cooling properties, CNTs are a favorable material to be used as micro pin

fins.

Countless modifications to the surfaces of microchannels have been
extensively studied and tested to improve the performance of the cooling devices.
Surface roughness, grooves, and microfins are among the few alterations made to
the microchannels in order to remove temperature from the surface using a single
phase laminar flow. A further investigation on the optimal shape, size, and material
effects of micro pin fins on the surface using water as the working fluid is discussed
in Chapter 2. The next section will discuss the different fluids used to remove heat

through a microchannel.



1.2. Fluids

Single phase fluids such as air and a liquid, before the fluid reaches its
saturation temperature; have been used in microchannels to effectively enhance
performance. Fluids flowing through the channel can transfer heat through
convection from the heated surface and different fluid properties can influence the
amount of heat that can be taken away due to their heat transfer coefficients. The
most commonly used fluids in microchannels are air, water, and refrigerants, but
there are limitations to their heat transferring capabilities due to their transport
properties. Air has been a preferred fluid used in microchannels to cool electronic
components because it is not harmful to the device; however, with heat fluxes going
beyond 100 W/cm?, air cooling methods have become inadequate for most
applications. Liquids have a much higher convection heat transfer coefficient
providing a better performance in cooling [6,11]. Fluids with higher convection heat
transfer coefficients and higher specific heats are more effective in reducing heat
from the heated surface [27]. Figure 1.2, a qualitative comparison of different heat
transfer coefficients for commonly used fluids is presented along with their
effectiveness in removing heat through forced and natural convection and in single
and two phase flows. In the figure, the two phase flows display superiority in cooling
due to the latent heat during the phase change process [28]; however, my work

focuses on fluids at the single phase.

A fluid gaining popularity to flow through these channels is nanofluid.

Nanofluid consists of nanosized particles usually no bigger than 100 nm in size

10



suspended in a base fluid such as water, ethylene glycol, engine oil or refrigerant
[29-34]. In recent studies, nanofluids have emerged as having unique properties
that consist of a very high thermal conductivity and stability. Metallic materials that
have been used for these nanoparticles are oxide ceramics (Al203, CuO), nitride
ceramics (AIN, SiN), carbide ceramics (SiC, TiC), metals (Cu, Au, Ag), semiconductors
(SiC, TiCz), carbon nanotubes and some composite materials (Al70Cuzo). The most
common materials used are the oxide ceramics. These nanoparticles have higher
thermal conductivity than the base fluid and will in turn have increased effective
thermal properties allowing for improved heat transfer performance. Although
adding nanoparticles to a base fluid can influence the cooling process positively,
there are challenges. These fluids leave sedimentation of particles, are subject to

fouling and erosion, and may even clog the channel over time [35-40].

Natural Convection
Air

Oils

Flourinerts

Water

Forced Convection
Air

Oils

Flourinerts

Water

Pool Boiling
Flourinerts

Water

Forced Boiling
Refrigerants

Flourinerts
Water

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Heat Transfer Coefficient (W/m2K)

Figure 1.2: Thermal properties of different fluids of convection flow. Adapted from [41-43]
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Pasupuleti [28] has applied many of these factors: fluid properties, material
properties, fin shape, to his investigation in which he studied the effects of
refrigerant R-123 as the working fluid in a single chip module setup. A single chip
module is essentially a heat sink on a silicon microchip. The silicon wall is coated
with mini ellipse-shaped fins to increase the surface area. In contrast to water, this
refrigerant is considered a safe working fluid for electronic devices that do not
require corrosion inhibiters or biocide. The results of refrigerant R-123 compared

to that of water had similar results [28].

Many fluids have been used as a working media to flow through
microchannels. Fluids with higher thermal conductivies cool more effectively. To
further enhance the thermal performance, nanofluids with an optimal amount of
volume concentration of particles can be used. The next section will review the
different numerical techniques in closely approximating the flow and heat

characteristics of a channel.

1.3. Computational Analysis of Microchannels

Experimentation of microchannels can be very costly in both time and
money. The experimental setup has to be nearly perfect to get the desired effect and
satisfy boundary conditions. In testing more than one experiment with varying
parameters, the setup alone can take weeks. Computational analysis can cut costs
and time while investigating the thermal performance. The analysis can help predict
reasonable testing parameters for the experimentation of microchannels. The lattice

Boltzmann method (LBM) can numerically calculate the interaction of small
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particles and fluid flow. To simulate particles at the atomic level, computer software
such as molecular dynamics (MD) is used. Computational fluid dynamics (CFD) is
computer software that simulates the fluid as a continuum using the Navier-Stokes
equations (NS). These numerical and computational methods can shorten the design

cycle and lessen experimental costs.

In microchannels, the heat and fluid flow are very different from those in
macrochannels. Because of the high surface volume ratio, the small surface defects
affect the domain in these channels. The macroscopic no slip boundary conditions
are not valid at this micro- and nano-scale under some circumstances [44]. The
classification of the fluid regime is measured by the Knudsen number (Kn), which is
defined by Kn = A/H, where A is the mean-free path and H is the characteristic length
of the channel in which the fluid flows. The Kn characterizes the different flow
regimes for which certain numerical equations can be used when calculating the

flow patterns. This is shown in Figure 1.3.

| Lattice Boltzmann Method l

| Navier-Stokes Navier-Stokes |
(Slip) (No-Slip)
| Molecular Dynamics l
I Direct Simulation Monte Carlo ‘
Continuum Flow Slip Flow l Transition Flow Free Molecular Flowl
Kn >0 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 Kn > «

Figure 1.3: Flow characteristics based on the Knudsen number, Kn
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If the Kn < 10-3 the flow is assumed to be a continuum and the NS with the no
slip boundary conditions can be utilized. For the flow regime where Kn > 10, the
flow is known as a free molecular flow. Free molecular flow occurs where the
molecules are larger than the size of the chamber or the object being tested, also
known as a vacuum. A rarefied gas is neither a continuum nor a free molecular flow
but the Kn is between the ranges. Between the continuum flow and the free
molecular flow regimes, there is slip flow and transition flow characteristics. When
the flow regime is 10-3 < Kn < 10-1, the NS with the slip boundary conditions can be
used to assure accuracy. When the rarefaction factor becomes greater than 10-1, the
macro-scopic method based on the NS is no longer suffice and a more accurate
method must be used. When the rarefaction factor is between 101 < Kn < 10,
particle based methods should be used. LBM, MD, and Direct simulation monte carlo
(DSMC) are such methods that can sufficiently calculate the fluid flow regimes as the
scales are reduced [45-48]. Therefore with the flow regime -characteristics,
microchannels with characteristic dimensions between 1 pm and 1 mm can be
modeled using the NS equation because as the fluid will follow macro-scopic
behavior. Channels with dimensions less than 1 pm will follow micro-scopic flow
and NS can no longer be used [12,46,49-52]. Harley et al. [53], Araki et al. [54] and
Arkilic et al. [55] all investigated the flow continuum in microchannels and
concluded that the conventional equations were no longer adequate in predicting
the flow patterns. Harley et al. [53] investigated gas flow through a channel with
varying depths of 0.5-20 um and a width of 100 um using nitrogen, helium, and

argon gas. The results were compared to the macroscopic calculations and they did
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not correlate. Araki et al. [54] studied the frictional characteristics of nitrogen and
helium and found that the frictional resistance of the gaseous flow is smaller in
microchannels than that of a traditional channel. Arkilic et al. [55] investigated the
deviation of the transport of gas in microchannels versus the continuum.

LBM can accurately simulate fluid flowing through a microchannel [52,56-
60]. This simplified method of the kinetic equations is derived from the Boltzmann
equations. Unlike other mathematical methods such as MD, and DSMC, LBM does
not depend on distribution of the number of molecules, but concentrates on the
distribution function dependent of the velocity coordinates. This method focuses on
the local velocity averages at distinct locations [47,50,52,58,61]. As shown in Figure
1.3, these equations are suitable for all flow regimes. LBM is considered to be
computationally stable, accurate, efficient, and easy to use. This method is capable of
solving complex geometries, effortlessly implementing the boundary conditions, and
is less difficult to compute, while avoiding the need to follow every particle in the
system like MD, and DSMC [52,58,61]. Darbandi [47] uses the LBM to investigate a
fluid flowing passed a confined cylinder in a microchannel with slip flow regime. A
result justification through a comparison and an examination of the continuum and
non-continuum flow past a confined cylinder in a microchannel was conducted [47].
The results suggested that the Kn increases when the cylinder was placed in the
flow path, decreasing the hydraulic diameter. This method was chosen to describe a
flow through a microchannel so I can capture the flow characteristics in all flow

regimes and is further discussed in Chapter 4.
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MD is a particle-based computer simulation program that can compute the
thermal transport of properties in nanostructures at the atomic scale using classical
and quantum physics. This method makes it possible to obtain the thermal
resistances between a solid/solid, solid/liquid and liquid/liquid interface. MD is
made up of two processes: equilibrium and non-equilibrium MD. The equilibrium
MD is calculated based on the Green-Kubo relations; non-equilibrium MD is
calculated using the Fourier laws [12]. Shibahara [62] examined the thermal
resistance effects of a liquid/solid interface using MD simulations. The resistance
was calculated by the heat flux and the temperature jump at the interface and was
found that by increasing the density of the fluid, the thermal resistance decreases
between the thermal transport of the solid and liquid. Kharazmi [63] investigated
the effects of surface roughness or deviations along the surface of a fluid in a
nanochannel using MD simulations. The wall-fluid interaction and the surface
irregularity are important factors to the disturbance of the flow. The cavitation’s
and wall microstructures can vary the local density pattern yet still maintain an
overall average [63]. MD can simulate the interaction at the solid fluid interface

accurately in the molecular scale and while save time and money.

The CFD method, calculated through a commercial software package, is used
to approximate the fluid mechanics and heat transfer characteristics of
microchannels. CFD can be used in parallel to experimental setups in an effort to
predict the flow and heat effects of the given surface modifications and the specified
parameters and boundary conditions of a microchannel. CFD is based on the NS

equations derived from Newton'’s second law of motion. NS is a set of equations that
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describe the fluid flow behavior in a continuum. CFD simulations have been used to
study the many different aspects of microchannels. Zhong [4] modeled a 2D
simulation of a microchannel with arrays of microstructures on the bottom surface.
A study of the effects of varying the geometry of the microstructures was completed,
varying the fluid speed and changing the thermal conductivity of the fin material as
they influence the thermal performance. When the results were compared to the
mathematical calculations of the conservation of energy equations, they were
almost identical to the CFD simulation results [4]. Srivastava [64] used the CFD
software package, Fluent, to understand the effect of roughness on fluid flow
characteristics. Three rectangular channels were simulated: two with different
geometries of roughness and compared them to a smooth microchannel [64]. [ used
this method to model a minichannel with different micropin fin geometry and

spacing and it is discussed in Chapter 2.

Reducing the size of a cooling system can increase the complexity of the
model because the basic continuity equations are no longer valid. Depending on the
numerical scheme and the size of the model can increase the cost and time of the
system exponentially. Both Chapters 2 and 4 numerically model a microchannel

using 2 different numerical schemes, CFD and LBM, respectively.

1.4. In Summary

This chapter has reviewed different techniques used in efforts to modify
microchannels with single-phase, laminar flow. Some surface modifications

discussed include adding micro-fins, grooves, and increasing surface roughness.
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Many of these modifications have been successful in increasing the thermal
performance; however, with advancements in technology, heat transfer in
microchannels still needs to be further enhanced. CNT built onto the surface of
microchannels can improve thermal performance because of impressive material
and mechanical properties. Different configurations and geometries of CNT
microstructures in mini/microchannels need to be further numerically and
experimentally evaluated to maximize cooling of the electronic components.
Chapter 2 discusses a design of a rectangular minichannel using different mirco pin
fin geometries and spacing. An empirical formula was formulated to be able to
predict the heat transfer and fluid flow characteristics of flow through a
minichannel with pin fins on the heated surface. In Chapter 3, an experimental
investigation of a microchannel using both water and Al,03/H20 nanofluid with
MWNTs as the protruding surface structures is discussed. Mathematical analysis of
microchannels can be done through LBM at both the micro- and nano-scale, whereas
at the atomic scale one can use MD and CFD for the continuum regime. Each of the
mathematical processes can accurately approximate the thermal performance of the
channel for their specified Kn. Chapter 4 discusses the use of the LBM to portray a
rectangular channel with nanoparticles suspended in the base fluid. An
approximation of the results for increased surface roughness when using both water
and nanoparticles was found using equations for ideal fins. A cooling mechanism
needs to be designed or modified to efficiently cool electronic components and keep

them from malfunctioning in order for electronic innovation to continue.
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Chapter 2

Design of Short Micro Pin Fins in
Minichannels

As stated in Chapter 1, small channels have been effective in removing heat
through convection from the surface of a microchip. Forced and natural convection
from fluids flowing through these channels can dissipate high surface temperatures.
Although it has excellent cooling capabilities, these channels experience a high
pressure drop as fluid flows. This can cause problems when trying to re-circulate
the fluid with a pump [1]. Because of the innovations in electrical devices,

optimizing these channels has been an important part of the research industry.

Modifications to mini/microchannels to enhance thermal performance are
being examined by many researchers. Data shows that increasing surface roughness
[8,65] and/or applying small cavities [7,10,11,66,67] on the channel walls will

improve the heat transfer. The addition of fins or small cavities on the surfaces of
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the channel creates small disturbances within the fluid which allow fluid to mix and

enhancing heat transfer.

Fins made up of different shapes, sizes, and materials can be placed in
different arrangements to increase the channel surface area and affect the heat
transfer performance and pressure drop characteristics [68]. Many modifications to
the microchannel’s surface have been investigated in enhancing the thermal
performance. A small review of some of the work in single phase heat transfer
enhancement techniques in mini/micochannels and microdevices are discussed in
[69,70]. Zhong et al. [4] examined the effects of varying the thermal conductivity of
the fins structures on the surface of a microchannel. With increasing thermal
conductivity, temperature decreases with little effect on pressure drop. Lee et al.
[71] investigated a microchannel with silicon based oblique fins and compared it
with an unfinned channel and obtained slight increase in heat transfer performance
with little or no increase in pressure drop. John et al. [72,73] computationally
investigated the effects of fin shape and found that the optimal shape of the fin was

dependent on the flow rate used.

Peles et al. [74] analytically completed a heat transfer analysis over a bank of
cylindrical micro pin fins. It was concluded that at high Reynolds number (Re) a
denser pin fin configuration was more efficient, and at low, Re, a more sparse
arrangement was recommended. Selvarasu et al. [75] and Shafeie et al. [76] also
examined the density of cylindrical fins minichannel. When measuring heat capacity
and pressure drop, channels with fins of lower density provided the best

performance in the laminar flow however the effects of the increase pressure drop
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greatly outweighed the increase of heat removed. Koz et al. [77,78] also
computationally completed a parametric study using cylindrical micro pin fins to
evaluate the effects of fin height vs. fin diameter and the longitudinal and transverse

distances to diameter ratios.

Reyes et al. [79] investigated the effects of fin clearance of microchannels and
found that there was a decrease in thermal performance; however, less power to
pump the fluid into the system was needed. Min et al. [80] found that with fins about

60% of the channel height yields less resistance and improves cooling performance.

Heat transfer and pressure drop characteristics for liquid single phase flow
over an array of micro pin fins in a minichannel are investigated in [81-85].

Empirical correlations of Nusselt number (Nu) and Darcy friction factor ( f ) were

obtained and compared to previous work. Kosar et al. [86] obtained a friction factor
correlation across a bank of low aspect ratio pin fins. Vanapalli et al. [12]
investigated the pillar ‘fin’ shape which contains the lowest friction factor using
nitrogen gas flowing through the microchannel. Various geometries were tested in
staggered arrangements and found that pillars with the sine shape cross-sections
provide the lowest friction factor. Kosar et al. [87] further investigated the effects of
pin fin aspect ratio, fin configuration, fin spacing, and fin shape for pressure drop. It
was concluded that the existing conventional correlations cannot accurately capture

the micro scale interaction of the fluid and the fins.
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All of these studies have demonstrated some progress in the development of
enhancing cooling for electrical devices but the design fin material, size, and

geometry still need to be determined.

With the increasing desire to improve the cooling techniques for small
electrical components, advanced materials with high thermal properties need to be
exploited. Fins made up of silicon or carbon nanotubes (CNTs), both containing high
thermal properties, have been the choice of materials to improve thermal
performance. CNTs have a unique molecular structure that contains excellent
physical and mechanical properties including great strength, chemical stability, and
high thermal conductivity. Thermal conductivities of CNTs have been calculated to
be as high as 6000 W/mK- higher than diamond at 2000-2500 W/mK and graphite
at 2000 W/mK [18,88]. There are ongoing investigations in finding an effective
thermal conductivity when clumping CNTs together to form a fin. Assembling the
fins together decreases the thermal conductivity and it is unknown what the
relation is to calculate that value. Some say it is as high as 400 W/mK [15,21,22].
CNTs can be grown directly on the channel surface in mass quantities using
chemical vapor deposition. There are a few of ways to get the desired shapes of fins.
One is a metal catalyst is placed on the surface in the desired shapes of the fins and
grown directly on the surface. Another way to form the shaped fins is to coat the
surface for a given area with CNTs and laser cut fins to obtain the desired geometry.
Both processes for growing fins on the surface of a micro or mini channel are further

described in [21,89,90].
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Microstructures can be placed in a staggered or inline formation along the
surfaces of the walls. These fins can be different shapes and sizes and can be placed
in various patterns in order to improve the thermal performance. Shape of the fins
affect the motion of flow by producing a mixing in the flow as the fluid passes
through the channel, improving the performance. Optimizing the fins shapes,
topology, and dimensions to achieve the maximum thermal performance has not
been thoroughly executed with corresponding heat transfer and friction factor
correlations. The chapter presents the work conducted by Tullius et al. [91,92],
which discusses the effects of CNT micro fins on the surface of a minichannel in a
staggered formation. In order to completely design the fins used, a few comparisons
are conducted. Different pin fin geometries are modeled and compared for various
flow rates ranging from 0.0625-1 m/s and inputted heat fluxes ranging from 10-150
W/cm? in the single phase regime. Optimum fin height, width, and spacing of the
square shaped pin fin are then modeled. Also, fin material properties are varied to
observe the affects. All these simulations are compared to the base unfinned channel
to observe the enhancement obtained with the microstructures. Results are
provided in terms of average Nu versus Re and pressure drop versus axial velocity.
Nu and friction factor correlations then are obtained and compared to previous

studies.

2.1. Computational Modeling

For these simulations the flow regime is considered to be a continuum flow.

The flow through this model can be solved using macroscopic relations or the
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Navier-Stokes (NS) equations. The basic governing equations for a steady-state,

incompressible flow are:

Continuity equations

(V-pu)=0 2.1
Conservation of momentum
p(U-Vu)=-Vp+ Vi 2.2
Conservation of energy
pC, (U-VT)=kV?T 2.3

The geometry is meshed based on the finite volume method. In this
technique, the region is divided into small sub-regions known as control volumes.
Approximations of the values solved by the NS equations are obtained for each
control volume. Combining the control volumes, the values display the behavior of
the whole region as an entity profiling the fluid flowing through this rectangular
channel. ANSYS CFX, based on the NS fluid flow equations, is used to model the flow
past the pin fins in a staggered array in the minichannel and solves the governing
equations iteratively for each control volume. The accuracy of the solution is
proportional to the size and shape of the control volume and the size of the final
residuals. The convergence criterion for the solution is residuals of less than 10-¢ for
both continuity and momentum. Each model contained a fine mesh surrounding the

finned section with a less dense mesh as the channel extends to the inlet and outlet.

24



Four different comparisons of finned minichannels to the no finned channel
are completed in this paper in order to optimize the mirco pin fins using multiple
flow rates and heat fluxes: 1) six different pin finned shapes, 2) varying height
spacing of fins square pin fins, 3) fin width and spacing, and 4) applying multiple
material properties to the square pin finned geometry. A rectangular minichannel is

modeled with dimensions, 15 x 1 x 45 mm?3 (w,x h x d_). Micron sized structures,
acting as pin fins to increase the surface area, are placed along a 15 x 25 mm? (w,_x
d, ) area on the bottom surface of the channel in a staggered array with a height, h,,
and a width, w,. A constant heat flux is applied to the bottom of the channel. This is

shown in Figure 2.1. The dimensions and shape of the channel were chosen for
simplicity of the model as well as ensuring the flow is hydrodynamically developed

before the fluid reaches the heated region.

Six geometrical shapes are investigated for the fins: circle, square, triangle,
ellipse, diamond and hexagon. They were chosen to get the effects of a variety of
shapes that may or may not be the most aerodynamic in nature. The dimensions and
shapes modeled in this study are shown in Figure 2.1b. The transverse and

longitudinal spacing of the fins, S, andS,, for this study is equal to double the width
of the fin, 2w, . Fin height, h,, is half the length of the channel height, h_, or 0.5 mm.

A staggered formation is proven to provide an enhanced heat transfer compared to
an inline array due to more mixing within the fluid. Therefore, to obtain a staggered

formation, the rows are offset by w,. For all geometries, the fin material property

used is that of CNTs; however, because the thermal conductivity is unknown when
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nanotubes are clustered together to form fins, an effective thermal conductivity of
400 W/mK is used [4]. This study was simulated using multiple heat flux and flow

rate inputs.
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Figure 2.1: Minichannel model with dimensions: a) Isometric view of minichannel; b) Fins

geometry of six different shapes; c) Side view of the channel with magnified view of fins
relative to the channel height
The next comparison uses the square geometry for the fins. Using the square
geometry and CNT material properties as the first study, channel clearance is varied

using fin to channel height ratios, h, /hc, between 0.25-0.75. Channel clearance can
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be defined as the subtraction of the fin height from the height of the channel. A side
profile of the fins relative to the channel is shown in Figure 2.1c. This study is
designed to understand the optimum fin height with respect to the channel and is

compared to the channel with no fins.

The third investigation was conducted in efforts to optimize the fin
dimensions and spacing using the square pin fin geometry. Because the fin width,

w,, fin spacing, S,,S, , and number of fins, N, are all dependent on one another, the
ratio of fin width times the number of fins in the row, N,, to the channel width,
N,w, /w_, is kept constant at a value of 0.5. The spacing S, and S, are kept equal to

double the fin width. The height of the fins to the channel height is kept at half the
channel clearance and the number of fins along each row varies based on the width
and the spacing of the fins. Fin width is varied from 0.5-2.5 mm resulting in 15-3 fins
per row, respectively. Once the optimum size of fins is determined, the spacing is
varied using the fin’s width of 1.25 mm. Unlike the previous spacing that is the same
as the fin width, the spacing is reduced to 2 mm and 2.25 mm while maintaining the
same number of fins in the row. These were all compared to the smooth, unfinned

channel.

The fourth investigation is performed to understand how fin material
properties enhance heat transfer of minichannels. The same square pin fin geometry
is used similar to the first study with the fin width at 1 mm, spacing at 2 mm, and the
fin height half of the channel height. Because the effective thermal conductivity of

CNTs grouped together to form fins is unknown, the thermal conductivity is differed
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with values ranging from 200-800 W/mK. In addition to varying the thermal
conductivity of CNTs, silicon, copper, and aluminum are also used as the fin
material. Table 2.1 has a list of properties pertaining to the different fin materials.
Table 2.2 summarizes the modeled simulations for each study giving the shapes and

dimensions used for each simulation.

Fin k Cp p
Material (W/mK) (J/keK) (kg/m?3)
Aluminum 237 903 2702
CNT 200-800 450 1300
Copper 401 385 8933
Silicon 148 712 2330

Table 2.1: Material Properties for Fin Material Comparison

Initial inlet temperature and outlet static pressure values applied to the
model are assumed for all simulations to be 25°C and 0 Pa, respectively. To monitor
the heat transfer coefficient and the heat transfer rate, the outer walls of the channel
are set to be adiabatic. No-slip boundary conditions and no interfacial resistance are
assumed at the wall/fluid interface. Water is used as the working fluid flowing
through this heat exchanger with velocities ranging from 0.0625-1 m/s through the
inlet of the channel. These simulations are in the single phase regime and fluid
properties are kept constant throughout the simulations. Water flows past the pin
fins carrying heat subjected by the bottom surface. A constant heat flux ranging
from 10-150 W/m? is applied to a 15 x 25 mm? area at the bottom of the channel.
With the constant heat flux, the different geometry of the nanotube bundles, and the
forced convection, the temperature across the surface of the microchip and the bulk
temperature of the fluid vary. To accurately obtain the heat transfer coefficient,h,

across the microchip region for the simulations, an average h was obtained.
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. N, xw h
ALY Mal;:;ial (1:1v1fn) N N Xw—f (mh:n) h_f (nfltn) (nSnLn)
C C

Circle CNT 1 7 91 7/15 0.5 0.5 2 2
Square CNT 1 7 91 7/15 0.5 0.5 2 2
1 Triangle CNT 1 7 91 7/15 0.5 0.5 2 2
Ellipse CNT 1 7 91 7/15 0.5 0.5 2 2
Diamond CNT 1 7 91 7/15 0.5 0.5 2 2
Hexagon CNT 1 7 91 7/15 0.5 0.5 2 2
Square CNT 1 7 91 7/15 0.25 0.25 2 2
Square CNT 1 7 91 7/15 033 0.33 2 2
2 Square CNT 1 7 91 7/15 0.5 0.5 2 2
Square CNT 1 7 91 7/15 0.66 0.66 2 2
Square CNT 1 7 91 7/15 0.75 0.75 2 2
Square CNT 0.5 15 375 1/2 0.5 0.5 1 1

Square CNT 0.75 10 170 1/2 0.5 0.5 1.5 1.5
Square CNT 1.25 6 72 1/2 0.5 0.5 2 2

3 Square CNT 1.25 6 72 1/2 0.5 0.5 2.25 2.25

Square CNT 1.25 6 66 1/2 0.5 0.5 2.5 2.5
Square CNT 1.5 5 40 1/2 0.5 0.5 3 3
Square CNT 2.5 3 15 1/2 0.5 0.5 5 5
Square CNT 1 7 91 7/15 0.5 0.5 2 2
4 Square Silicon 1 7 91 7/15 0.5 0.5 2 2
Square Copper 1 7 91 7/15 0.5 0.5 2 2
Square  Aluminum 1 7 91 7/15 0.5 0.5 2 2

Table 2.2: Summary of Simulations Performed

There were some uncertainties within the model that can increase the error
in the approximation. No slip boundary conditions are used to define these
simulations at the fluid solid interfaces. As the scales start moving toward the micro
or nano regime, the conventional continuum calculations can no longer be used.
Also, the resistance created at the interface of the CNTs and the working fluid, water,
is still a major issue. In this model, no interfacial resistance is applied. The CNT fins
are modeled as a solid emerging out from the surface rather than bundles of
nanotubes. CNT micro pin fins are made up of many nanotubes where the fluid
penetrates through the small gaps, or nanochannels, allowing for an increased in

convection within the system. As shown in Shenoy et al. [90], CNTs absorb the fluid
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at high temperatures creating a porous like material and increases heat transfer due
to a hastened nucleate boiling onset initiating phase change. This assumption in the
model may underestimate the thermal performance of CNT fins. Also, there are
ongoing investigations of the effective thermal conductivities of CNT bundles;
therefore, an estimation of an effective thermal conductivity is used. There are many
assumptions made within this program that increases the error of the

approximation, however, the general trend should be similar.

2.2. Results and Discussion

This work was conducted to understand how the shape, topology, and the
material properties of micro pin fins on the surface of a minichannel can affect
thermal performance. Four different studies were conducted to optimize the
minichannel in order to obtain the maximum amount of heat transferred. The
results are presented by both comparing two non-dimensional units, average Re and

Nu, and by relating change in pressure, Ap, and axial velocity, u. Average Re and Nu

are collected for the different inputted heat fluxes and flow rates. The Re is defined

as the multiplication of the density, p, average axial velocity, U, and the hydraulic
diameter of the channel, D_, over the dynamic viscosity, x. Average axial velocity

was obtained as the fluid flowed across the fin bank.

_ pub,
U

Re 2.4

Nu is proportional to the average heat transfer coefficient,h, and the hydraulic

diameter of the channel, and non-proportional to the thermal conductivity, k.
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Nu=—2¢ 2.5

The average heat transfer coefficient is obtained by the amount of surface area of

the fins and the base that the fluid interacts with. The expression is given below.

h=( finAfin+thJ) 26

(Am+A)

h,,and h are the heat transfer coefficients of the fin and the base of the heated

fin

region only; A;, and A are the surface areas in which the fluid touches the fin and
the heated base region, respectively. The heat transfer coefficient of the fin and the

base at the fluid interface is obtained by

he_d 2.7
T T

w nw

where qis the wall heat flux, T ,is the temperature of the wall and T, is the near

wall temperature. Pressure drop is determined across the pin fins only to avoid any
entrance and exit effects of the fluid flow using a maximum axial velocity. The

results for all of the studies are given below.
2.2.1. Different Shaped Micro Fins

For the first investigation, results of different finned shaped microstructures
on surfaces of minichannels are compared to the smooth, unfinned channel. With
increasing Re, Nu values increase for all minichannel simulations. The Nu for the

triangle, diamond, square and hexagon shaped fins have similar values with a
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maximum average Nu difference of * 12% for higher Re. For this data, triangular
shaped fins showed better thermal performance. The circle and ellipse shaped
portrayed a thermal performance is less effective than the triangle shaped fins by
about 22% and 37%, respectively, however, still more efficient than the unfinned
channel. For lower Re, the Nu increase is very high compared to the unfinned
channel and at higher Re the gap decreases to have a 60% and 45% performance
enhancement for the circular and ellipse shaped fins respectfully. Figure 2.2a and

2.2b reflect the results of this study.
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Figure 2.2: Results for different fin geometry: a) Nusselt number, Nu, versus Reynolds
number, Re; b) Pressure drop, Ap, across the micro pin fins versus maximum axial velocity,

umax
With the addition of fins, there is an increase of pressure drop. A value too
high can create problems for the pumps to flow fluid through the minichannel. As
the velocity increases, the pressure drop increases for all models. The square pin fin
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curve has the highest pressure drop with up to about 2.5 kPa followed by the next
cluster of shapes: triangle and diamond. This increase is much higher than the
unfinned channel which yields a max pressure drop of 0.2 kPa for the same Re.
Circular shaped fin gives a max pressure drop of about 1.6 kPa for the highest flow
rate. The ellipse shape shows a smallest pressure drop just under the circle shaped
fin with a max pressure drop of 1.4 kPa. The shapes that are more aerodynamic
reveal a lower pressure drop because there is less separation of the fluid from the
solid body. The opening between the fins disrupts the momentum and the trailing
edge of the thermal boundary layer of each oblique fin. This causes the leading edge
to re-develop allowing the flow to remain in the developing state. The additions of

fins show a big impact in the performance of the heat exchanger.

2.2.2. Different Micro Fin Height

Figure 2.3a and 2.3b display the results for different channel clearances. The
fin heights are varied from 25% to 75% the length of the channel height. With
increasing fin height, the thermal performance increases with increasing Re. From
the lowest fin height at 0.25 mm, compared to the unfinned channel, the Nu increase
is very high at low Re and the gap decreases to * 58% for high Re. From the largest

channel clearance, h, =0.75mm, to the smallest, h, =0.25mm, there is a Nu

increase of = 44%. As the fins height is increased, the pressure drop drastically
increases. Pressure drop from the largest channel clearance is 0.98 kPa and the
smallest channel clearance increases to 7.4 kPa. Because there is a large pressure

drop difference for the increasing height and the small Nu relative increase, the
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suggested fin height is dependent on the available pump parameters used within the

cooling apparatus.
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Figure 2.3: Results for different ratios of fin height, hy, to height of channel, h.: a) Nusselt

number, Nu, versus Reynolds number, Re; b) Pressure drop, Ap, across the micro pin fins

versus maximum axial velocity, umax

2.2.3. Different Micro Fin Width and Spacing

For the third investigation, the fins spacing, width, and number of fins was
varied in the channel. Like stated before these parameters are all dependent of each
other which made it difficult to isolate. Therefore to perform this study, a ratio of
the total fin width in the x direction of one row to the channel width was held
constant. The total length of the square fins occupied in a given row was equal to the
total length the fluid flowed through the channel. Initially the spacing between the

fins and each row was kept to two times the fin width, S, =S, =2w,, similar to the

34



previous studies. It was discovered that with smaller fin width and spacing, i.e.
number of fins was higher, the Nu value was greater than other fins. Fins with width
of 0.5 mm projected an 88% higher Nu values than the unfinned channel and 38%
higher Nu values than the lowest curve of fins width and spacing at 2.5 mm. Fins
with width 2.5 mm still yield a higher Nu value about 50% greater than the unfinned
channel with higher Re. This was shown in Figure 2.4a. While the smaller fin width
and spacing provides higher performance, pressure drop between across the fins is
sacrificed. As the fin dimensions are reduced, the pressure drop increases. Fins with
spacing and width of 1 mm and 0.5 mm the pressure drop is about 15% compared
to the bigger fin width and spacing of 2.5 mm and 5 mm and about 4% compared to
the unfinned channel. The corresponding graph displaying these results is Figure
2.4b. The bigger fins express a smaller pressure drop across the channel. This is
probably due to the fewer disturbances the fluid has within the channel. It is
interesting to note that for both the pressure drop and the Nu the fins with width of
0.5 mm and 0.75 mm are very similar. The optimum fin width is capped out between
these two widths. Similar to the other conclusion, specification of the pump
parameters should be taken into account on the number of fins the system can have

before the pressure drop is too high.

Once it was determined that smaller fins width and spacing would produce
higher thermal performance within the channel, the fin width and number of fins
across one row was kept constant at 1.25 mm and 6, respectively, but the spacing
between fins varied. As the fin spacing was decreased, to get the most efficient use

out of the fins, the columns were centered in the middle of the channel. From the
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results shown in Figure 2.4c and 2.4d, as the spacing was closer to equal the fin
width, the performance was greater. From the smallest spacing to the largest, i.e. 2
mm to 2.5 mm, there was a 6% enhancement for larger fins spacing. With a decrease
in fin spacing, the pressure drop increases. There is about 5% increase in pressure
drop from the 2.5 mm spacing to the 2 mm. From the results, it can be concluded
that with decrease in width/spacing creates higher thermal performance with a
sacrifice in pressure drop. By only changing the spacing, the maximum spacing

yields a higher thermal performance providing a minimal pressure drop.
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Figure 2.4: Results for varying fin width, wy, spacing, S, and number of fins, N: a) Nusselt
number, Nu, versus Reynolds number, Re, for different fin width and spacing when 2w = S;; b)
Pressure drop, Ap, versus maximum axial velocity, umay, for fin spacing and width when 2w;=
St; ¢) Nusselt number, Nu, versus Reynolds number, Re, for different fin spacing while width is
constant, wi = 1.25 mm; d) Pressure drop, Ap, versus maximum axial velocity, umax, for

different fin spacing while width is constant, wf= 1.25 mm

2.2.4. Different Micro Fin Material Properties

In the final study, CNTs, silicon, copper, and aluminum material properties
are used as the fin material. The CNTs effective thermal conductivity is varied from
200-800 W/mK because that value is still unknown. For single phase flows,
changing material properties show little variation within the Nu values, yet, they are
still larger than unfinned channel. The results portraying this study are shown in
Figure 2.5. These findings show that the chosen fin material had little effect on the
Nu values. In this study, CNTs are modeled as a solid fin but in reality the fins are
more of a porous media that contain small gaps where the fluid can penetrate. The
nanotubes can also initiate nucleation sites initiating boiling and therefore
enhancing heat transfer. Because of this, the results for the CNT fins are
underestimated using this program. More accurate studies need to be conducted in
order to verify this assumption made. From this conclusion, the CNTs should yield a
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greater thermal performance than the other fins. Pressure drops display no
difference between the fin materials because the geometry remained the same for

this section of the study.

Pressure drop for these studies have shown critical in optimizing fin
geometry and topology. For a single phase, laminar, flow through a minichannel, Nu
values for pin fins did show improvement compared to the unfinned channel;
however, various shapes, heights, widths, spacing and thermal properties only show

slight deviation.
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Figure 2.5: Nusselt number, Nu, versus Reynolds number, Re, for selected fin material

properties

2.3. Mathematical Correlations

To further understand our numerical data, empirical relationships between

1) Nu; and Re; and 2) u,,, and Ap were established. This was completed in order

to be able to predict the correlations based on their geometrical parameters.

Expressions for Nu,and f were developed for this study. Once they were

established, they were compared to other pin fin studies that have developed
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expressions for Nu, and f . These expressions were obtained based on the first two

studies: varying geometries and heights. Our correlations were then applied to a

specific example and results are presented in terms of Nu, , and Ap.

2.3.1. Heat Transfer

The conventional correlation for Nu, for flow through a tube bank is

typically in the form

Nu, =C,, ReX Pr 2.8

developed by Zukauskas [93], where C, and X are constants and Pr is the Prandtl

number corresponding to the fluid. Because the height and shape of the fins and the
clearance of above the fins are a major focus in this paper, the new expression

incorporates more terms to further define the geometry of the fins: S ,S,, h,, and

the channel clearance, dh. From the data collected, using a best fit curve the

unknown parameters were obtained for new Nu, correlations for each shape. The

new expressions are in the form of Equation 2.9.

s, V(s ) (h)(, dn) PrY
Nu, =Cy | 2L | | 20| | 25| |2+ 2 | ReXprY| 20 2.9
D, | | D, | | D, D, Pr.

CurS,U,V,W,X,Y, and Z are all constants determined from the numerical data.

These correlations were compared to others developed by previous studies

[81,82,93-101]. For each shape, the expression differs only with the constant, C,
The exponents are all the same. This is shown in Equation 2.10.
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E; 0.2 E; 0.2 f] 0.25 (jr] 0.4 F) 0.25
Nu, =Cy| £ | | 2| [ =] 2422 ] Reo®pro®| D 2.10
[)f [)f [)f [)f F)rS

Geometry Circle Square Diamond Triangle Ellipse Hexagon
Cnu 0.08 0.0937  0.036 0.0454 0.0936 0.0752

for

Re, for these correlations are determined based on the hydraulic diameters of the
fins, D,, and the average velocity flowing through the fins. Re, and D, are defined

in Equations 2.11 and 2.12, respectively.

uD
Re, =2 2.11
U
D _ A 2.12
f = .
F)f

A, is the cross-sectional area of the fin and P, is the perimeter. These expressions

are effective for Re, in the laminar regime.

These results are compared to other generated correlations using the mean
absolute error, MAE, defined in Equation 2.13 [82,84,86,102]. This equation is an
average error between the data received from the computational runs and the data
predicted from the correlation provided. The values with the smallest MAE express

the better correlation.

M |data —data
MAE = iz‘
M 43 data

Pred | 100% 2.13

pred
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The parameter M is the number of velocities used in the study. Table 2.3

shows the Nu, correlations for the corresponding references and the MAE value

with respect to the numerical data obtained. It is separated into the geometrical
shapes in which the correlations were developed from. The comparisons can also be
further seen in Figure 2.6. From Table 2.3, the MAE for the correlations developed
for each shape is under 10. Liu et al. [101], Metzger et al. [97], and Qu and Siu-Ho
[82] show decent error values closest to the numerical data with values of 2.1/8.9,
7.62, and 28.76/29.67, respectively. Correlations developed using micro-pin fins
versus the conventional macro scales fins in general had smaller MAE values. With
the exception of the Metzger et al. [97] correlation, conventional correlations are not
adequate to predict the heat transfer across a micro pin fin array in a minichannel.

Overall the new Nu, correlation obtained is a good representation for our data.

Reference Correlations Scale MAE

Circle

0.2 0.2 0.25 0.4 0.25
Nu 0 08[ SL j ( St j ( hf ] [1 dhj Re% pro® [ Pr j
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Correlation [92] D, D, D, D, Pr. Mini 9.57

0.14
Nu, =0.832"° Re"” Pr'® (‘7 )
H
Hwang and Yao

[94] A=p" —1/(1+ yia ) In (ﬂ2)+(1_lg4) Macro  37.59
p=(11-£)":6=55 A /S8,
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Khan et al [95] s V(s )™ S 0s s Mini 82.62
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Reference Correlations Scale MAE
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Table 2.3: MAE Values for Nu Correlations
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Figure 2.6: Nusselt number, Nu;, versus Reynolds number, Rey, for numerical data compared to

newly developed and other correlations: a) Using circular shaped pin fin; b) Using square

shaped pin fin; c) Using diamond, triangle, ellipse, and hexagonal shaped pin fins
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2.3.2. Pressure Drop

Pressure drop across a tube bank can be obtained using the expression in

Equation 2.14.

2
Ap=N,f pu% 2.14

After reviewing many relations from other studies to obtain f, the

correlation developed for each shapes are in the form defined by Equation 2.15,
used by Short et al. [103]. This expression is defined in terms of many geometrical

parameters outlining the staggered formation similar the Nu, equation in the

previous section; therefore, could reflect this data best.

S S U h \% dh w
o B N L P L W 2.15
Df Df Df Df

C;,S,U,V,W, and X are all constants determined from the data. This expression

incorporates the varying height, the location (S andS,) of the fins within the

staggered array and the clearance above the fins for the fluid to flow. The exponents

for each shape are constant with only a different C, and are shown in the next

equation.

0.2 0.2 h 0.18 h 0.2
f=C, ST I S B U I ) Re >*® 2.16
Df Df Df Df

For
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Geometry  Circle Square Diamond Triangle Ellipse Hexagon
Cs 296  5.28 1.81 2.45 3.44 4.53

Re, is determined based on the hydraulic diameters of the fins and the maximum

velocity,u flowing through the fins. This expression is effective for Re; in the

max ’

laminar regime.

Table 2.4 compares the MAE values for the correlations of f developed for

each shape with other existing correlations. Each of the correlations developed have
a MAE less than 10 for all shapes which displayed better values than the others. The
expression developed by Prasher et al. [81] showed the next closest in determining
the numerical data with an MAE value of 16.93 and the next Liu et al. [101] and Qu
and Siu-Ho [83] with about 40. This is shown in Figure 2.7. It seems as the MAE
values closer resemble expressions developed for microchannels vs. conventional

scaled channels with fins.
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Figure 2.7: Pressure drop, Ap, versus maximum axial velocity, umax, for numerical data
compared to newly developed and other correlations: a) Using circular shaped pin fin; b)
Using square shaped pin fin; c) Using diamond shaped pin fins; d) Using triangle, ellipse, and

hexagonal shaped pin fins

2.4. Validation of Correlations

To validate the new correlations, experimental results taken from work
completed by Liu et al. [101] for a heat sink containing 625 square micro pin fins of
445 x 445 pm? in a staggered array was solved with water used as the working fluid
flowing with Re ranging from 60 to 800. The fins and channel have a height of 3
mm. The longitudal and transverse spacing of the fin measured 565.7 um. The
ambient fluid temperature is initally at room temperature and heat is applied to the
bottom surface. The geometry of the fins fit the limits of the new equations

developed and the Nusselt number, Nu, , and pressure drop, Ap, across the finned
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structure were calculated using new correlations and compared to the experimental
data. This is shown in Figure 2.8. Based on the example, both correlations developed

for Nu; and f are similar to that of the value obtained in the experimental work
within 15%. This proves that the new expression for the Nu, can accurately predict

the heat transfer through the channel with micro pin fins on the surface. These

correlations obtained can provide suitable values for the pressure drop and the Nu,

across a staggered finned array.
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Figure 2.8: Numerical validation of the new correlations with the experimental data of Liu et
al. [101]: a) Nusselt number, Nu;, versus Reynolds number, Res; b) Pressure drop, Ap, versus

maximum axial velocity, Umax
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2.5. In Summary

An optimization study was completed in order to understand the effects of
micro fins on the surface of a minichannel to obtain maximum thermal performance.
From previous studies, use of microstructures on the surfaces of
micro/minichannels has been effective with increased heat removal from a heated
surface. Four parametric studies have been conducted in order to optimize the fins:
1) using different geometrical shaped fins - circle, square, triangle, ellipse, diamond,
and hexagon placed on the bottom surface of a minichannel in a staggered
formation, 2) varying fin to channel height ratio in a square pin fin geometry
formation, 3) varying fin width and spacing, and 4) defining square pin fins as CNTs,
silicon, copper, and aluminum. In addition to those studies, Nusselt number and
Darcy friction factor correlations were then obtained to fit our data and compared
to previous studies. This work was completed by varying inputted velocities and
constant heat fluxes while keeping the fluid in the single phase, laminar flow regime.

The following conclusions can be drawn from the results:

- Fin shapes yield Nu values within 37% of each other at high Re with the
triangle fins as the highest and the circle and ellipse fins lower; however, the
pressure drop values are greatly affected. The ellipse and circle fin portray
the smallest pressure drop value because of its aerodynamic shape with the

lowest Nu values larger than 45% when compared to the unfinned channel.

- With increasing fin height the Nu increases; however, the pressure drop also
increases drastically. From the lowest tested fin height to channel ratio to the
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highest, the difference in Nu is 44% and the pressure drop differential at
higher Re is almost 7.4 kPa. Fin height to channel height ratio should be
determined based on the maximum pressure drop allowed for the pump

used.

With decreasing fin width and spacing the Nu increases; however, the
increase in pressure drop is significant. For fin width at 0.5 mm there was an
increase in performance is 88% higher than that of the unfinned channel and
about 38% higher Nu values to the larger fin width and spacing. Pressure

drop increased significantly with a 15% increase to the unfinned channel.

In keeping the fin width and the number of fins constant, the fins spacing was
varied. The results showed that allowing for the maximum spacing, or the
spacing equal to the fin width, the thermal performance is better by 6% with

minimal pressure drop of about 5%.

Fin material shows little effect on fin performance; however, fins with CNTs
are not modeled as a porous media which is expected to increase the surface
area that the fluid interacts with and can hasten nucleate boiling onset which
could increase heat transfer performance significantly. Therefore the thermal

performance for the CNT fins is under predicted.

Empirical expressions for both Nu, and f were provided and validated for

all six shapes and compared to other existing correlations. The expressions
were curve fit to the data obtained and when creating these expressions, the

only value that varied between the different shapes was the constant.
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More intensive studies need to be conducted in accurately modeling CNTs as
the porous media. Triangular fins with larger fin height, smaller fin width, and
spacing double the fin width maximizes the number of fins in each row and yields
better performance. The digital revolution is upon us, but without significant gains
in nano/micro/mini heat transfer technology, the new advancements will be
unattainable. Chapter 3 experimentally examines the use of micro pin fins on the
surface of a minichannel using both water and Al203/H20 nanofluid as the working

fluid.
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Chapter 3

Effect of Al,O3/H,0 Nanofluid on
MWNT Circular Fin Structures in a
Minichannel

As described in the previous two chapters, minichannels and microchannels
provide an effective way of cooling small surfaces because of their ability to
dissipate high surface temperatures through convection. Nano-, micro-, and
minichannels have a higher heat transfer surface area to fluid volume ratio than a
conventional channel which enhances convection. The heat transfer coefficient
increases as the channel’s hydraulic diameter is reduced, enabling an excellent
cooling apparatus. Although it has excellent cooling capabilities, these channels
experience a high pressure drop across the channel. Several surface modifications
proven to enhance the thermal performance even further includes varying the shape

of the channel [112], oscillating the channels dimensions into a wavy channel
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[113,114], an increased surface roughness [8,65], applying small cavities on the
channel walls [7,10,11,66,67], and adding pin fins to increase surface area
[7,75,79,80,86,91,92]. Applying defects to the surfaces of the channel can increase
mixing of the flow, improve wettability of the surface, and initiate nucleate boiling

sooner allowing more heat to be carried away from the heated surface [69].

Because of carbon nanotubes (CNTs) excellent physical and thermal
properties, many researchers have grown them on the surfaces of microchannels to
act as fins. Flow boiling analysis of CNTs coated microchannels and water as the
working fluid was conducted by [115-117]. In all cases there was an improvement
of the critical heat flux due to the increased nucleation cites provided by the CNTs.
Others investigated single phase flow using MWNTs on the surfaces of
microchannels. Mo et al. [21] applied different heat rates to a silicon base channel
and kept the pressure drop across the device constant. This work obtained up to a
23% higher input power while keeping the temperature of the transistor below a
silicon microchannel containing no CNTs. Jakobski et al. [89] also applied CNTs to a
silicon microchannel and obtained an increase in thermal performance. Shenoy et al.
[90] investigated the effects of water flowing past two devices- one of a fully coated
carpet of MWNTSs on the surface and another of circular MWNT micro pin fins in a
staggered array - and compared them to a bare minichannel. The results further
validated the enhancement of the thermal performance of MWNTs and was able to
obtain a higher inputted heat flux for a finned channel vs. both the bare channel and

the fully carpeted channel with only a slight pressure drop at a given temperature
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and two different flow rates. CNT fins have shown to be effective in increasing

microchannel thermal performance.

The working fluid predominantly used through heat exchanger studies is
water; however, other fluids such as dielectrics and nanofluids are also used.
Dielectric fluids have a low boiling point and increases wetting properties to provide
improved heat transfer in single phase flow but they undergo dry out and reverse
flow problems [118-120]. Nanofluids are made up of small nanosized particles
usually no bigger than 100 nm in size suspended in a base fluid such as water,
ethylene glycol, engine oil, or refrigerant. These added nanoparticles have been
found to increase thermo-physical properties such as thermal conductivity, thermal
diffusivity, viscosity, and convection heat transfer compared to their base fluids
[121]. Previous studies have investigated the parameters that can influence the
thermal performance of nanofluids, specifically Al203. Parameters such as particle
size [122,123], concentration [30,122,124,125], and the effect of fluid properties
[126-128] have all been examined. A review of the effects of these parameters for
Al>03/H20 based nanofluids is given in [129]. As the nanoparticle diameter is
reduced (<5 nm), the effective thermal conductivity increases which significantly
enhances the thermal conductivity. As particle diameter approaches the micron size,
they do not remain suspended within the base fluid. These particles no longer have
those chaotic, Brownian motion reducing the enhancement of the suspended
particles. For flow boiling studies, increased concentration of nanoparticles provides

enhanced critical heat flux and the wettability of the fluid is increased. This is mainly
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due to the surface defects created by the sedimentation and agglomeration of the
nanoparticles as it reaches higher temperatures [121]. With increased volume
concentration more sedimentation is left on the surface of the channel which
increases the surface roughness [130,131] and the heat transfer coefficient. When
further investigating the volume concentration, it seems that viscosity is not affected
for concentrations below 1%. However, for viscosity at higher volume
concentrations, a large increase is observed when a fluid sample is heated beyond a
critical temperature. When it is cooled before it reaches the critical point, the
viscosity remains very similar of that to water. This is known as the hysteresis
phenomenon among researchers. Nanofluids can leave sedimentation of particles,
fouling, erosion, and may even clog the channel over time [35]. Based on the
literature, the effects of nanofluids can increase the thermal performance of a base

channel and is affected by particle size and concentration.

Nanofluids are still an enigma to the world today. Some say the effects of
enhancement of nanofluids are caused by the Brownian motion of the nanoparticle
and or thermophoresis or thermal diffusion of the system. Brownian motion is the
random drifting of particles suspended in a fluid and thermal diffusion is the mass
flux induced by a thermal gradient [132-135]. Others claim the main reason for
their ability to remove a vast amount of heat is due to the surface deficiencies
created at high temperatures due to particle deposition [121]. Added surface
roughness shows as a promising reason for enhanced heat transfer. Few researchers

have investigated the use of both nanofluids and mechanically induced surface
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structures. Zhou [136] passed silver nanofluids of different volume concentrations
suspended into a PVP solution through an array of drop shaped micro pin fins in a
microchannel. About an 18% increase in performance was obtained compared to a

base fluid with little difference in the pressure drop.

The chapter presents the work conducted by Tullius et al. [137,138]. In this
paper, they consider two modes of enhancements - the use of micro pin fins and the
use of nanofluids - to improve cooling to help understand if the main source of
thermal enhancement in nanofluids is surface defects. A volume concentration of
0.01% of Al203 suspended in water flows through a minichannel at a rate of 80
mL/min with MWNTs grown on the bottom surface in a fully coated structure and a
staggered array of circular micro pin fins. This is compared to a channel with no
MWNTs. Because of sedimentation on the surface that occurs at higher
temperatures, the experiments are conducted multiple times to understand the
extended performance after nanoparticles collect on the channel surface for each
device. Although two phase flows provide higher heat transfer when comparing to
single phase flows and are ample for higher heat flux cases, this study focuses on the
single phase flow and the nucleation phase of nanofluid through a minichannel

coated with MWNTs on the surface.

3.1. Device Fabrication

Three devices were fabricated and used for this experiment - 1) no MWNTs

on the surface, 2) fully covered MWNTs on the surface, and 3) a 6 x 12 staggered
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array (6 rows and 12 columns) of circular fins made up of MWNTs. Figure 3.1 is the
device fabrication of the channels and their dimensions. A 1 mm thick silicon wafer,
pre-coated with 500 nm of silicon dioxide, is sliced into a 55 x 45 mm? rectangular
plate. An octagonal hole is laser cut in the center of this piece where the widest and
longest part of the channel is 25 mm and 35 mm, respectively. This silicon wafer
piece is then bonded using thermal epoxy onto a 500 um thick wafer of similar
dimensions. To enclose the channel, a 1 mm thick Pyrex wafer with two drilled holes
1 mm in diameter and 31 mm apart at the center of the wafer is bonded also using
thermal epoxy to the other side of the silicon wafer with the octagonal hole.
Capillary tubing of 1 mm inner diameter is used then to form the inlet and outlet
manifolds. This process is used for all the devices; however, for the channels with
MWNTs, extra steps were taken. The MWNTs were grown using chemical vapor
deposition at 775°C with a ferrocene catalyst and a xylene source with a mixture of
argon and hydrogen as the carrier gas. MWNTSs are a dense entangled network of
tubes with a broad diameter distribution of 10 - 100 nm. For the fully covered
MWNT device, nanotubes, 500 pm in height, were grown at the center of the silicon
wafer in a rectangular area of 24 x 15 mm?. The 6 x 12 MWNT fins were developed
from a fully carpeted rectangular mesh and then laser cut to the desired fin
formation. These circular micro fins are staggered in nature with a diameter of 1
mm and a height of 500 pm. Figure 3.2 shows an image of a section of these micro

pin fins.
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Figure 3.1: The minichannel assembly with appropriate dimensions

Figure 3.2: Image of some of the MWNT fins in a staggered array

3.2. Nanofluid Preparation

Sigma Aldrich’s Al203 nanopowder was deposited into deionized water to
make a volume concentration of 0.01% with particle diameters less than 50 nm. It

was then placed in a sonicating water bath for 30 minutes. It was found that this
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amount of time was adequate for the particles to be completely dispersed within the
water and no residue was left on the glass beaker. It was made in 1.4 L increments
until the desired amount of fluid was obtained. Because no surfactant was used to
prolong the stability of the fluid, a second batch of nanofluid was made during the
duration of the experimentation to ensure the integrity of the fluid had not
deteriorated and thermal performance obtained throughout the experiment was

accurate.
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Figure 3.3: Schematics of open flow loop and testing device
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3.3. Experimental Setup

The experimental setup is an open flow system in which Al203 nanofluid is
driven with a peristaltic pump through a rotameter flow meter that measures the
volumetric flow rate. The pump consists of a pump head and a drive to control the
flow rate. The fluid then passes through the testing device and is finally collected
into an open vessel. A toggle valve is added to the system to help relieve the
pressure build up in the flow loop. A differential pressure transducer is also added
to the setup to obtain the pressure reading across the system. Because this is an
open looped system, one port of the transducer is connected to the inlet of the
channel and the other is open to the atmosphere. Figure 3.3a shows the schematic of

the flow loop for the system.

A profile of the testing device is shown in Figure 3.3b. The minichannel
assembly is held by a fiberglass block. This fiber glass has a 55 x 45 mm?2 rectangular
recess to anchor the device and in the middle of the recess is a 25 x 15 mm?
rectangular hole to house a copper block. A ceramic heater controlled by a variac is
placed on the bottom of the copper block to heat the system. The heat travels from
the heater through the copper block and up into the bottom surface of the
minichannel. A thin layer of thermal interface material is applied between the
copper block and the silicon surface to achieve good thermal contact. In addition to
the thermal interface material, in order to provide maximum thermal contact,
mechanical clamping was used. The copper block is well insulated to prevent too

much heat loss. Three holes are drilled into the copper block to house 30 gauge type
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T thermocouples. Using a thermal epoxy, the thermocouples are secured to the
copper block and are used to measure the heat flux applied to the device using

Fourier’s law of conduction shown in Equation 3.1,

AT

) 3.1
AX

q=k

where K is the thermal conductivity of the copper block, Axis the distance between
the thermocouples, and AT is the difference between the thermocouple
temperatures. The reading from the top most thermocouple closest to the silicon
surface is assumed to be the base temperature of the system. The temperature of the
heater is monitored through an inbuilt thermocouple. The data is recorded using a

measurement computing data acquisition unit (DAQ) and Lab View.

3.4. Data Reduction and Uncertainty

Uncertainties in measured quantities are 6% for the rotameter, 0.1 °C for the
thermocouples, and 7% for the pressure transducer. Heat loss is determined using
similar relations to Shenoy et al. work [90] based on computational modeling for a
similar minichannel with no MWNTs at different flow rates. The heat loss relations
are used to adjust the measured heat flux thus giving the heat flux applied to the
base for the three different devices. The Kline and Mclintock method [139] is used to
determine the uncertainty associated with the heat flux applied to the base. The heat
flux had an uncertainty range of 3.6 - 17% where the uncertainties are higher at

lower heat fluxes.
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3.5. Experimental Validation

Before this experiment was conducted using nanofluid, it was performed
using water and compared to the results obtained by Shenoy et al. [90]. This is to
ensure that the DAQ adequately measured the temperature values of the system,
and thorough contact between the copper block and the silicon surface was made.
The results from the three channels- no MWNTs, fully coated MWNTs, and finned
MWNTs - and the results from [90] are shown in Figure 3.4a. As shown in the figure,
the results match verifying the experimental setup is correct and the thermocouples

are accurately measuring the temperature and heat fluxes within the system.

To verify the energy balance within the experiment using Al203/H20
nanofluid, the data was compared with the predicted results using the energy
balance equation given in Equation 3.2. Figure 3.4b shows the measured and

analytical fluid temperature rise.
Q= pnfvcp,nf (Tout —Tin ) _ 3.2

Qis the heat applied to the system, V is the volumetric flow rate, and T, and T,
are the inlet and outlet temperature measured across the channel. The nanofluid

density, p.. , and specific heat of constant pressure, c were calculated based on

p,nf ’
Equations 3.3 and 3.4 taken from [140] where ¢ is the volumetric concentration of

the particles in the nanofluid which in this case is ¢ =0.01.
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Figure 3.4: Validation: a) A comparison to [90] and this work using water as the working fluid;
b) Comparison of the applied heat flux vs. the temperature difference at the inlet and outlet to

the energy equation using Al;03/H20 nanofluid

Prr =(1=8) o + Pomy0, 3.3

('Ocp)nf :(1_¢)('0CP)H20+¢('OCP)A|203 34

The fluid properties of water, Al,03 particles, and Al203/H20 nanofluid are
given in Table 3.1. The effective thermal conductivity of the nanofluid is obtained by

Maxwell’s theory [141]

Ky Kaio, T2Kh,0 _2¢(kH20 - kAI203) 25
Ki,0 Kai,o, T 2Kp,0 + ¢(kHZO - kAI203)
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The heat flux ranges considered were those that keep the fluid at single
phase. For 80 mL/min, the measured water temperature rise and the predicted
water temperature rise are reasonably close proving the validity of the heat loss

calculations obtained by Shenoy et al. [90].

k ¢, P
(W/mK)  (g/kgk) (kg/m?)
H20 0.603 4182 998.2
A1203 40 765 3970
A1203/H20 Nanofluid
(4=0.01%) 0.620  4050.1  1027.9

Table 3.1: Thermo Physical Properties at 293 K

3.6. Results and Discussion

3.6.1. Pressure Drop Analysis

Table 3.2 shows the values of the pressure drop obtained in the nanofluid
experiment and those using pure de-ionized water for each device as the fluid
remains in the single phase regime flowing at 80 mL/min. The pressure drop
measured within our system setup is the addition of pressure drops across the
channel, Ap,, the norprene tubing, Ap,, the inlet and outlet manifolds, Ap,,, and the

pressure drop due to contraction, Ap,, and expansion,Ap,, as the water enters

through different tubing sizes. Therefore the predicted pressure drop was

determined by

Ap = Apy, +Ap, + APy, +Ap; +Ap,. 3.6
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The pressure drop due to contraction is the fluid as it flows from the larger

norprene tubing into the inlet manifold tubing and the pressure drop due to

expansion is the fluid as it flows from the outlet manifold into the norprene tubing.
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Figure 3.5: Experimental results: a) Heat flux applied at different silicon base temperatures

using nanofluid; b) Performance curve of the number of trials conducted for each device; c)

Heat flux applied to the base at different silicon base temperatures using both water and

nanofluid (black solid line is base performance for experiment ran with the channel with no

MWNTSs and water)
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The pressure drop obtained using the nanofluid for each channel show little
to no increase with the addition of nanoparticles. This could be due to the low
concentration added to the fluid only changing the properties slightly. Similar to the
results for water, the fully covered MWNTSs device caused higher pressure drops
when compared to the no MWNTs and MWNT finned devices. This is due to the

difference in hydraulic diameters created by the protruding MWNTSs on the surface.

Ap (kPa)
Device 1o Al03/H,0
2 Nanofluid
No MWNTs 7.9 8.05
Fully Coated MWNTSs 9 9.4
Finned MWNTs 8.05 8.2

Table 3.2: Pressure Drop @ 80 mL/min

3.6.2. Heat Transfer Analysis

The experimental results of the heat flux applied to the minichannel base
versus the silicon base temperature obtained for the three different devices are
shown in Figure 3.5a. The graph shows the data for both the single and nucleation
phases that the fluid partakes in for the given power inputs. For the same inlet
velocity, the devices with the MWNTs perform better than the device with no
MWNT in both regimes. Similar to the results by [90], for the finned device and the
fully covered device, the surface area is much higher than the device with no
MWNTs, therefore more heat is removed. The saturation temperature is achieved at
higher heat fluxes before nucleation initiates. For a given base temperature of 70°C,
the temperature at which visible boiling starts to occur, the no MWNT device has an

increase of about 58% using 0.01% volume concentration of Al;03 nanofluid with
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respect to the same device using de-ionized water. The fully covered and finned
MWNTSs devices had increases of 84% and 136%, respectively, for the same base
temperature compared to the channel with no MWNTs using de-ionized water.

These values correspond to the curves in Figure 3.5a are presented in Table 3.3.

Device q(W/cm?) % Increase
H20
No MWNTs 8.4
Al;03/H20 Nanofluid
No MWNTs 13.3 58
Fully Coated MWNTSs 15.4 84
Finned MWNTs 19.8 136

Table 3.3: Heat Transfer Results for T=70°C

Due to sedimentation of nanoparticles at high temperatures on the channel
surface, the performance of the nanofluid was investigated. Each channel was
conducted 10 times and data was collected for the fluid rate of 80 mL/min. A ratio of
the applied heat fluxes using nanofluid of a given device versus the applied heat flux
when using water for the same device at a base temperature of 70°C was used to
measure the performance. When the base temperature approached 70°C, nucleation
initiated on the surface as observed during the experiment. This is shown in Figure
3.5b. A noticeable increase in performance was observed for the 2nd and 3rd trial in
the channel with no MWNTs until its peak performance was obtained. The first
experimental run had an increase of about 22% with respect to a channel using
water only. The second experimental run enhanced further with a 46% increase
with respect to the data using water. Only after the third run did it peak with no loss
in performance in the remaining runs with a 58% increase with respect to the water

data. A film of nanoparticles could be seen faintly on the surface of the silicon
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channel where the heat was applied. This is believed to have occurred due to the
increase in sedimentation on the surface creating nucleation sites and enhanced
wettability. There was no distinct increase in performance with either channel
containing MWNTs. These channels already had surface defects in the form of
MWNTs, therefore, only a slight increase was observed probably due to the
presence of the Brownian motion and nanoconvection that the nanoparticles
partake in. Figure 3.6 shows scanning electron microscope (SEM) images of channel
surface for all three channels at different magnifications. Figure 3.6a shows the
Al>03 particles on the silicon surfaces. Figure 3.6b shows the nanoparticle
agglomeration on the entangled network of MWNTs. Figure 3.6c shows a lower

magnification of the Al203 deposited on both the silicon surface and the MWNT fin.

After all the experiments with nanofluids were completed, the base channel
without MWNTSs was tested using just deionized water. This was conducted to show
that the surface structure had changed enough to achieve improved performance.
From these results shown in Figure 3.5c, the data for the fluid using water after the
deposits of nanoparticles on the surface were similar to the data obtained using
nanofluid. This further confirms that at for Al203/H20 nanofluid at a concentration
of 0.01%, the major contribution for removing heat is the increased surface
roughness with minimal influence on Brownian motion and thermal diffusion that

the suspended nanoparticles partake in within the base fluid.
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Figure 3.6: SEM images: a) Al;O3 particle sedimentation on the silicon surface of the channel
with No MWNTs; b) Al>O3 agglomeration on the MWNT entangled network (Fully coated

channel); c) Particle agglomeration on the silicon surface and the MWNT fin.

This study verifies that the major enhancement, when using nanofluids to
cool heated surfaces, is the surface defects that are deposited on the surface. As
stated by other researchers [121], these particles create imperfections on the

surface causing an increased wettability. The channels which already contain
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engineered structures increase the surface area and wettability and the thermal

performance is not significantly improved.

3.7. In Summary

An experimental study was conducted to determine the heat removal ability
of MWNTSs grown in a silicon minichannel with Al;03/H20 nanofluid of volume
concentration of 0.01% as the cooling medium. It was observed that the presence of
MWNTs resulted in enhanced heat removal from the silicon base for a given
volumetric flow rate. In the single phase regime, for the channel with no MWNTs,
there was a 58% increase in the amount of heat flux that can be applied for a given
temperature using nanofluids when compared to just using water as the base fluid.
Using a fully covered MWNTs device, there was an 84% increase in the amount of
heat flux applied and for the finned device there was 136% increase. The pressure
drop with the coated MWNTs increased significantly to an unsmoothed channel;
however, the addition of nanoparticles had no significant effect. When conducting
this experiment multiple times, there was little to no increase in performance for
the devices with MWNTSs using nanofluid when compared to the base fluid of de-
ionize water. For the no MWNT device, there was a significant performance
enhancement for the first three runs until it peaked. This is due to the surface
imperfections created by the sedimentation of the Al;03 nanoparticles creating
nucleation sites and increasing wettability of the surface. This study shows that one

of the major contributions in removing heat while using a nanofluid is due to the
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increased surface roughness. Brownian motion and thermal diffusion may have also
contributed to the increase performance; however, it is not as significant as the

change of surface structure.

This experiment is only tested for a volume concentration of 0.01% of Al>03
nanoparticles suspended in water. In the future it should be tested for multiple
concentrations of different kinds of nanoparticles submerged in various base fluids.
It may also be interesting if the material of the fins react differently for different
nanoparticle materials. In Chapter 4, using the lattice Boltzmann method (LBM), this
setup is solved analytically. The LBM is based on microscopic models and
mesoscopic kinetic equations and can accurately model nanofluids and finned

structures.
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Chapter 4

Modeling a Microchannel with Particle
Suspensions using the Lattice
Boltzmann Method

Based on the work conducted in the previous chapters, microchannels have
proven to be adequate cooling devices that can remove large amounts of heat from
small surfaces. The additions of surface extrusions and the use of different fluids are
among the few components that can be changed in order to improve that cooling
mechanism. Numerically modeling minichannel flow has proven to be less costly
than experiments. Therefore, this chapter utilizes the lattice Boltzmann method
(LBM) to model a microchannel with a heated surface and suspended solid particles
in the fluid. Then using the relations for an ideal fin, results were obtained to

account for surface roughness.
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Few researchers have accurately implemented channel flow with increased
surface roughness using the LBM [142-147]. Many other researchers have
numerically investigated the suspension of solid particles within a fluid using the
LBM [148-154]. To model the solid particles within the flow, they are modeled as
“virtual liquid.” The solid particles are treated as part of the fluid with additional
forces because nanoparticles behave differently than the pure liquid. The forces that
act in each particle is expressed as a vector sum and added to the momentum

equation.

Few researchers have investigated the use of both nanofluids and
mechanically induced surface structures. Zhou [136] passed silver nanofluids of
different volume concentrations suspended into a PVP solution through an array of
drop shaped micro pin fins in a microchannel. About an 18% increase in
performance was obtained compared to a base fluid with little difference in the
pressure drop. Tullius and Bayazitoglu [137,138] experimentally tested Al203
nanofluid flowing through a minichannel with multi-walled carbon nanotubes on
the surface. They have found that combining both nanofluids and carbon nanotube

fin structures provide only minor enhancement in thermal performance.

This chapter uses the LBM to simulate a two dimensional pressure driven
flow through a minichannel. Particle suspensions were added to the fluid to model
nanoparticles. Then assuming increased surface roughness was small fins, the
relations for an ideal fin was used to obtain the improved results when applying
surface roughness. This work is done in order to understand the flow characteristics
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of nanoparticles within a fluid. The results shows that the forces the solid particles
undergo do not contribute to as much enhanced thermal performance that the

appearance of surface roughness creates.

4.1. Lattice Boltzmann Method (LBM)

The LBM is used to accurately model particle suspensions flowing through a
minichannel. This method portrays a fluid as an ensemble of many particles
interacting locally at the nodes in a lattice through streaming and collisions. This
discrete microscopic model can easily recover the conservation laws of the
continuum fluid dynamics and thus allows the calculation of the macroscopic
variables such as density and velocity. This method acts as a special finite difference
scheme for the Kkinetic equations. The LBM can adequately solve fluid flow
applications for interfacial dynamics and complex boundaries and is suitable for all
flow regimes [58]. This method is a simplified version of the Boltzmann equations
which takes into account the streaming and collision of particles by the use of a
particle distribution function. This function denotes the mass density contributed by
the set of particles having the discrete velocity, € . The equations to portray the fluid
and energy flow are:

f(x,t)—f(xt)

T

Collision

4.1

f(X,t) = f(X+EAtt+Al)+

Streaming
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g()‘(,t)—geq(i,t).

7

g(X,t) = g(X+EAtt+At) +

Streaming

4.2

Collision

The parameters f and ¢ are the particle distribution function for density and
energy, respectively, z and z; are the density and energy relaxation time, At is the

time step, and € is the discrete particle velocity. The collision term depends on the
nature of the molecular collisions and is very complex. Therefore, to estimate the
collision term, the most common method, the Bhantengar-Gross-Krook (BGK),
which is a linear approximation of the particle collision subject to a non-dimensional
relaxation parameter, is used [155]. The relaxation time measures the amount of
time the particles reach equilibrium. For this approximation, each component of the
distribution function plateaus toward an equilibrium state with the same constant
relaxation time, 7z, making the Prandtl number, Pr, and the kinematic viscosity,v,
also fixed. For stability purposes, the value for 7z ranges between 0.5-1 [156]. The

parameters f* and ¢* are the equilibrium distribution for both density and

energy, respectively. The local equilibrium function is derived from Maxwell’s

equations and can be defined by

- _\2
fea = Lexp |:_(e_—u)} 4.3

(22RT)>"

where p is the density, Ris the gas constant, Tis the temperature, Dis the

dimension, and U is the macroscopic velocity [157]. The lattice speed of sound, ¢,
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is related to the gas constant and temperature byc.®> = RT . Similarly to the density

equilibrium particle distribution function, the energy equilibrium distribution
function is derived. For this paper, a two dimensional nine velocity lattice structure
(2DQ9) was used which yields the density and energy equilibrium distribution

functions to be

. 3.9 . o, 3
fiq:p\/\/ilil“r‘ge'u-f‘?(e'U)z—EU'U} 4.4
. 3. 9. . 3
glq:pVVi|:1+C—2e'U+E(e'U)2—EU'U:I 45

where w. is the weighting factor, and cis the lattice speed [58,157]. For the 2DQ9

system the weighting factors and discrete velocities are given below. Figure 4.1

shows the streaming of the lattice structures and its lattice spacing.

4/9, i=0;

w =119, i=1234 4.6
1/36, i=5,6,7,8;
(0,0), i=0;

e ={(+10)c,(0,£)c, i=1,2,34; 4.7
(+1,+1), i=5,6,7,8;

c is the lattice velocity in terms of the lattice spacing along the x and y axis and the

time step, ¢ = Ax/At. For simplicity, Ax= Ay = At =1. The lattice velocity is related to

the lattice speed of sound by 3c,* =c?.
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Figure 4.1: Lattice a) structure and b) coordinates for a D2Q9 LBM model

The macroscopic properties: density, velocity, and temperature, can be
obtained directly from the particle distribution function equations using Equations
4.8-4.10. The density is the summation of the particle distribution function and the
velocity is the summation of the distribution function multiplied by the lattice
velocity over the density. Temperature is the summation of the energy particle

distribution function multiplied by the lattice velocity over the density.

P = Z f, 4.8

53

Uu=— fiei 4’.9
P izo
1 N

T==>Yg¢ 4.10
P i-o

The Shan-Chen multiphase model is used to incorporate additional external
forces such as the body force driven by pressure [143,158]. This interparticle

potential model mimics microscopic interaction forces between the fluid and solid
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components. Using an equilibrium velocity that includes the additional forces, the
collision operator is modified. This new equilibrium velocity is substituted into the

equilibrium distribution function equations, Equations 4.4 and 4.5.

N
U==> f&+7Fu 1 411
i=0 P

o |-

Frow 1S the summation of external forces. One external force is the body force, F, ,

due to the pressure difference in the x-direction. This new velocity is used to

calculate the equilibrium distribution function. The body force can be found by

Fbody,i =m-a=m-—— 4,12

Ap is the pressure drop across the channel, m is the mass of the fluid, and Axis the

length of the channel. Because the fluid is single phase in nature, intermolecular
forces such as adhesive and cohesive forces and surface wettability effects not
included in this program; however, they could easily be implemented to the

summation of forces.

4.2. Particle Suspensions

To model the particle suspensions in the LBM program, they are taken as
“virtual nodes” or “virtual fluids.” The solid particles are treated as part of the fluid
with additional forces because nanoparticles behave differently than the pure liquid.

The forces that act in each particle is summed and added to the momentum
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equation given in Equation 4.11. The particle moves to a new location due to the
motion of the solid particles created by the extra forces and fluid is taking its place.
When this happens, the additional forces acting on the particle at those nodes must
be subtracted from the now fluid node. The forces considered for each particle is the
gravity and buoyancy force, drag force, and Brownian motion [149,152]. For the

gravity, Fg , and the buoyancy force, F;, the expression is

F,—Fs =—grav(p, —p, )V 4.13

9

where grav is gravity, p;andp, are the density of the fluid and particle,

respectively, and V is the volume of the particle. This force is added in the y-

direction. For the drag force on each solid particle, F,, the expression is

= :—%CDApfAuz. 4.14

C, is the drag coefficient, A is the reference area, and Auis the fluid velocity

relative to the particle. This force is applied in the opposite direction of the fluid
flow. The Brownian motion is the random movement of the particle. Therefore in
this program, for each particle, a force is randomly applied in different directions.

The expression is given below.

oo =Cp -2 4.15
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C;is a coefficient of an integer of either -1, 0, or 1, kj is the Boltzmann constant, T

is the absolute temperature of the fluid, and ris the diameter of the particle. A
schematic of the forces acting on the solid particles is given in Figure 4.2. The total

forces added to the solid particles are the summation of F,-F;, F;, F;,,, along

with the body force, F,,, , due to the pressure.

ody ’

F

Total, particle

= Fooy +(Fy —Fs )+ Fp + F; 4.16

Brown

U,Tc L] ° [ ] °

-
-

Figure 4.2: Schematic of forces acting on the particles

4.3. Boundary Conditions

4.3.1. Inlet/Outlet

The computations is set to run a pressure driven flow boundary condition at
the inlet and outlet that was developed by Zou and He [159]. At the inlet and outlet
you can initiate a pressure or a velocity and compute the unknown values. Using the
macroscopic equations for density and velocity, the unknown distribution functions
can be found using the known values. For this 2DQ9 model, at the inlet, the

unknowns f,, f;, f;, and either u or pcan be determined with the other known

values and the macroscopic equations for density and velocity. Using the system of
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equations you can determine the 4 unknowns with 4 equations. The derivation of
the equations for the inlet is below and the unknowns for the outlet are found
similarly. Figure 4.3 shows the schematic for both the inlet and outlet boundary

conditions where the dotted lines represent the unknowns at the respective section.

Inlet Outlet
L [ ] [ ] L ] [ ] L ] L [ ] L ] L L [ ] [ ] L ] [ ]
2 .j L] L ] L] L] L ] [ ] L] L ] [ ] [ ] [ ] %
H}:'")l [ ] L ] [ ] L] L ] [ ] [ ] [ ] [ ] [ ] [ ] “--'EK
'.‘ [ ] L ] L ] L ] L ] [ ] L ] L L [ ] L ] *"‘
7 4 8
L [ ] [ ] L ] [ ] L ] [ ] [ ] [ ] [ ] L [ ] [ ] L ] [ ]

Figure 4.3: Lattice boundary conditions for the inlet and outlet (solid lines represent known

values and dashed lines are unknown)

To derive the inlet boundary conditions for a pressure driven flow, the
macroscopic property equations for density and velocity are used. The unknowns

for the inlet are f,, f,, f;, and p for our system as seen in the Figure 4.3. The

expressions for the unknowns are derived by the following.

8
p=>1 417
i—0
fi+fo+fo=p—(f,+f,+f,+f,+f+f) 4.18
=S
Uu=-— fiei 419
P i=o
1
fy = f7—§(f2— f,)+pu, +pu, 4.20
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f8:f6+%(f2—f4)+pux—puy 4.21

where u, =0at the inlet. And from the bounceback theory, described in the next
section, f can be obtained by

f=f,+ 9 422

Plugging in the equilibrium distribution function from Equation 4.4 with the

appropriate weights the equation for f; simplifies to:
f,="1,+2/3pu, 4.23

By substituting the equations for f, f,, and f; into Equation 4.18, the equation for

density can be obtained by:
p=(f+f+f+2(f,+f+f))/(1-u,) 4.24

The outlet boundary conditions are found in a similar manner for the unknowns f,,
f;, f,, and u,. The initial velocity condition, u(y), for the pressure driven flow was

given as a parabolic flow

4u
U(Y) = " (¥ = Yoonon ) (Y = ¥) +25

( ytop ~ Yhottom )2
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A constant inlet temperature is applied to the program and is run until the system
reaches steady state. The temperature profile is then captured based on the energy

distribution function.

4.3.1. Walls

The correct boundary conditions on the walls are essential for determining
the flow characteristics at the boundary. The boundary condition that has been
chosen for this model is the bounceback boundary condition. This no-slip boundary
conditions can be used for all boundary conditions and is easily implemented. The
concept of these methods is that the incident distribution functions are reflected
back into the domain. This method is developed by Ziegler [160] and is mainly used

for small Knudsen numbers (Kn). The bounceback method is defined by

fO0t) = foo e (61) 4.26
where

f,(xt)=f,(x1)

f,(xt)=f,(x1)

fo(x,t)=f,(x1) 497
fo (x,t) = fy(x,1) '
f(x0)= £, (%)

fo(x,t) = f(x.1)

The mass and momentum is conserved in this method. On average, at the

boundary, the velocity is zero because any particle entering the sites is reflected
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with the same velocity in the opposite direction. In this bounceback condition, the
collision process does not occur at the boundary. This is also portrayed more clearly
in Figure 4.4. The dashed lines are the reflected distribution functions and the solid
lines are the incident distribution functions. The colors coordinate with the
respective incident and reflected distribution function. Similar to the density
distribution function, the bounceback boundary condition can be applied for the

energy distribution function.

Figure 4.4: Bounceback boundary condition schematic (solid lines represent incident rays and

dashed lines are reflected). The colors coordinate with each other.

4.4. Mathematical Algorithm of the LBM

The nature of the program is to understand the characteristics of the flow
and heat transfer for a two dimensional model of a minichannel with nanoparticles
suspended in a base fluid. The algorithm of the FORTRAN 90 code is below:

i. Construct lattice structure image labeling inlet/outlet, and walls

ii. Initiate physical properties including density and energy particle distribution

function

iii. Starttime dependent flow loop
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iv.

Vi.

vil.

Viil.

ix.

Xi.

Apply boundary conditions to walls and inlet/outlet

Compute macroscopic properties based on the initial conditions

Compute forces on fluid and solid particles

Compute density and energy particle distribution function

Calculate the collision

Stream the distribution function

Reconstruct solid particles in image based on the lattice distance caused by the
applied forces - the additional forces added to the solid particles need to be
subtracted from where the nanoparticles once stood

If the max time step has not been met, go back to step iii. Otherwise end flow
loop

The program is designed to manually input whether there is nanoparticles,

and within the fluid and at what volume concentration. This is easily applied to be

able to compare the addition of different volume concentrations of solid particle

suspension.

4.5. Physical Units to Lattice Units

Input variables in the LBM are in terms of lattice units and are easily

converted into physical units and vice versa. For a time step,At=1Is, and grid

spacing, AXx=Ay =11lu, the parameters are converted directly to lattice units, lu,

form physical units. This section will outline how this conversion is achieved before

and after the program is compiled and ran. Let the number of nodes in the y-
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direction, which accounts for the height of the channel to be N, . The height of the
channel is N, -1 lu. The relation between the physical grid spacing and the lattice

grid spacing is given as a ratio.

AXynys  Length of physical units _ 2H

AX,, Length of lattic units N, -1

m/lu 4.28

The kinematic viscosity in terms of lattice units is calculated in terms of the

relaxation time and for At =1Isand c, = C/\@ =1/ \/§by
v, = [r—%jcszm lu®/ls 4.29
and the thermal diffusivity is given by
a, :(TT —%jcszAt lu®/ls. 4.30

The Prantl number (Pr) is obtained by

-05
pr= 7705 431
(z; —0.5)
The equation of state can easily define the pressure with
p=pc’. 4.32

Going back to physical units, the Reynolds number (Re) for the flow through the

channel is given as
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2H><uphys 433

phys — ’
phys

where 2H is the hydraulic diameter of the channel, u is the initial velocity of the

phys

fluid, and o, . is the kinematic viscosity of the fluid. The relationship between the

phys

viscosity in physical and lattice units is given by

At
— u?/ls 4.34

phys

Z)Iu = Uphys

Rearranging and solving for At , , the equation becomes

phys ’

AX
At =u, —2 sfls 4.35

phys
L)phys

The inlet velocity converted to lattice units is given by

At
=u., —™ qy/ls 4.36

lu phys
phys

To verify the conversion is correct, you can use the Re in terms of lattice units where

Re, =Re

phys *

u, (N, -1 U 2H
_u(N, Y 4 )=Rephys=—"“ys —. 437
Ulu Uphys

Re

lu —

To scale the density from lattice to physical units the relation is in terms of a

reference density, p,; .
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pphys = plupref 438

The temperature variation in lattice units is given a value between 0-1 where 0
represents the lowest temperature and 1 is the highest. To scale up the temperature,
the difference in physical units, AT, is multiplied by the lattice units temperature

and added to the reference temperatureT,.

T,.=T,AT+T, K 4.39

phys

To ensure incompressibility of the fluid the Mach number, Ma, needs to be below 1.
A value beyond this number creates a bigger dependence on pressure and density.
Ma is defined as the lattice velocity, u,,, over the lattice speed of sound.

Ma = u 1 4.40
C

S

The units are converted before and after the program are compiled and ran with

similar relations as stated above.

4.6. Model Parameters and Validation

The 2D model of flow between two parallel plates is modeled using fluid
properties given in Table 4.1. Both the physical and lattice properties are given
where the conversions between the physical and lattice units can be obtained by the
equations given in Section 4.5. The model is pressure driven with a velocity profile

given by Equation 4.25. There is a temperature difference between the bottom,T,,,
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and top, T., walls where T, =320K and T. =300K . The initial temperature given to
the fluid isT. . A lattice structure of 251 x 1251 was used for this model. The lattice

structure size is determined to ensure adequate transfer of flow and thermal
properties for suspended particles to the fluid with a channel in the mirco region.
This means that when particles are added to the system, they are represented in the
lattice as 1 lu in diameter. One lattice structure represents a cluster of nanoparticles
roughly 200 nm in diameter. An optimal relaxation time was found to be 7 =0.75.

Properties for Al;03 particles were modeled for volume concentrations, ¢, of 0.001-

0.0075%. The heat transfer results are given in terms of Nu and Re.

Lattice Physical

Properties Units Units
Fluid
Re 100-600
P 3Imiu® 997 kg/m?
2H 250 lu 50 um
L 1250 lu 250 um
Particle

P 12 Im/lv® 4000 kg/m®
¢ 0.001-0.0075%

Table 4.1:Model Physical and Lattice Properties

In order to validate this model, the above properties and a Re = 500 is used.
No additional body force applied to the model in this validation. Figure 4.5a below
compares the results of the analytical solution given in Equation 4.25 to the data
obtained from the LBM model. From the figure you can see that the results match
the analytical solution therefore validating the program. Figure 4.5b shows the

temperature profile obtained from the LBM model. These results are compared to
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an analytical solution of the temperature profile at the thermal boundary layer
described below. For a dimensionless temperature, H(X, y) and using a parabolic

velocity profile, the temperature profile is

o(xy)= 2[5%}—[302. 441

o, is the thermal boundary layer thickness defined as

X
Pr1/3 Rel/Z 4.42

X

5,(x)=5.085

u X

where the Re, is based on the length of the channel in the x-direction, Re, = —
v

The non-dimensional temperature is defined in terms of the bulk temperature, T,

the wall temperature, T,,, and the temperature distribution, T (X, y)[161].

o(x,y) =% 4.43

From Figure 4.5b the non-dimensional temperature profiles are similar.
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o

=
o
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Figure 4.5:Validation: a) Velocity profile to an analytical solution; b) Temperature profile to

analytical solution

4.7. Simulations Results

This work was completed in reaction to the results provided by Tullius and
Bayazitoglu [138] which found that a significant contribution when using nanofluid
is due to the sedimentation of solid particles found on the channel surface providing
increased wettability. In order to isolate the increased performance for nanofluid,
the LBM equation is used to model first nanoparticle suspension in a base fluid
through two parallel plates. Then treating the surface roughness as finned
structures, with the fins acting as an ideal fin, i.e. the fin efficiency equals unity, was

taken into account to obtain results for increase surface roughness.

In order to evaluate the local heat transfer characteristics at the surface the
results are given in terms of the local Nusselt number (Nu) vs Reynolds number

(Re). The local Nu is defined using

Nu=— 4.44
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where L is the channel length subjected to heat or the flow length, h is the heat
transfer coefficient, and k is the thermal conductivity of the fluid. Fourier’s
equations for conduction, Equation 4.45, and convection, Equation 4.46, are used to
solve for a local h, Equation 4.47, then an average h, Equation 4.48, was computed

across the channel [161].

q:kaT(X’ Y) 4.45
¥
q=h(x)(T,-T,) 4.46

n(x) -k L) ( L j 447

_ 1k
h :dh(x)dx 4.48

The parameter q is the wall heat flux. Then using Equation 4.44 and the averageh,

the average Nu was obtained.

The LBM results for a basic channel with different solid particle
conentrations is given in Figure 4.7. It shows that, like the
literature[30,122,124,125], with increasing volume concentration there is an
enhanced thermal performance through the minichannel. There was roughly a 1%,
5% and 7% increase for a volume concentration of 0.001, 0.005, and 0.0075,

respectively.
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Figure 4.6: LBM data for suspended particles in a 2-D flow between parallel plates

A roughened surface is treated as many small rectangular fins. Although this
fin geometry is not a practical portrayal of increased surface roughness, it is

considered as a close approximation. Figure 4.7shows the roughened channel.

Te
T u, Tc
H —
| ae S
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I L i

Figure 4.7: Profile of channel with roughened surface

An approximation of the roughened surface was obtained using the

equations for an ideal fin, Q,,,,, where the heat transfer through the fin, Q,,, is

ideal »

Qfin =17Qiear =172 16, 4.49

The parameter 7 is the fin efficiency, a, is the surface area of the fin, h is the heat
transfer coefficient, and 6, is the temperature distribution whered, =T, —T_. An
ideal fin assumes that the entire fin surface remains at a base temperature ofT,,.

When the fins are considered ideal, then the fin efficiency becomes#s =1. The fin
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effectiveness can be determined based on the ration of heat transfer through the fin
and heat transfer of the surface without fins yielding the following equation.

_ Qm _ Quear

& 4.50
Qnofin Qnofin

where

Qnofin =4a ha . 4‘51

0 o

a, is the surface area of the base [161]. The heat transfer is assumed to be constant,

therefore, the fin effectiveness becomes the ratio of the surface areas times the

efficiency.

na;he, na;
E, =——
" ahg, a a

0 0

_ &

4,52

Using this ratio, new results for surface roughness can be obtained. The

roughened surface is measured by a ratio of the fin height, h,, to the channel height,

2H , or the relative roughness, & . The roughness is given in terms of a percentage
between 0.8-3.6%. The roughness height is kept below 2 um high to ensure practical

calculations.

h
&=——-x100 4.53
2H

Figure 4.8 shows the results after incorporating ideal fin approximations on

the surface of the microchannel as increased surface roughness. All the results are
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relative to a channel with no surface roughness approximations and no suspended
solid particles. Figure 4.8a shows that with increasing relative roughness increases
the Nu values through the channel improving the thermal performance. With a
relative roughness of about 4%, the thermal performance increases about 59%.
With suspended particles in the base fluid, there was a thermal enhancement of
60%, 64%, 67% for volume concentration of 0.001, 0.005, and 0.0075, respectively,
at the same relative roughness. This is shown in Figure 4.8b. Figure 4.8c shows the
results from the previous figures on the same graph to get a better perspective of
the enhanced performance for relative roughness of 0% and 3.6%. This work
verifies that addition of surface roughness can increase the thermal performance

more significantly than the addition of suspended particles in a base fluid.
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Figure 4.8: Microchannel results when accounting for increased surface roughness when
using : a) Base fluid only; b) Relative roughness of 3.6% for different particle concentrations;

c) Both relative roughness at 0 and 3.6% for all particle concentrations

4.8. In Summary

A numerical simulation of a 2 dimensional flow between parallel plates with
both suspended nanoparticles was modeled using the LBM. Then using an
approximation of an ideal fin the surface roughness results were obtained. It was
found that with increased volume concentration increases the thermal performance.
With increased fin height, the thermal performance also increased. With a surface
roughness of about 2 um (i.e.& =3.6%) the thermal performance increased more

significantly than the addition of solid particles (¢ =0.0075). Therefore, changing

the structure of the surface is more effective than the addition of solid particles in
the base fluid at low concentrations and Re. The addition of surface roughness can
provide a more significant contribution in removing heat similar to the findings in
Tullius and Bayazitoglu [138] found in their experimental work. This work did have
limitations and should be further improved to capture higher flow rates, higher

nanoparticle volume concentrations, and different solid particles properties. Future
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work might include considering slip boundary conditions, and a multiple relaxation

time to improve the stability and accuracy of the program.
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Chapter 5

Conclusion

My dissertation describes a series of projects inclined to enhance a small heat
exchanger, known as a microchannel, in order to improve the cooling of
microelectronic devices. It is found that by modifying the walls of microchannels,
can significantly improve the thermal performance in devices; however, it comes

with a price- increases pressure drop.

An extensive review work regarding microchannel cooling was given in
Chapter 1. Then a numerical project using computational fluid dynamics
investigated the effects of cooling for different fin configurations placed on the
bottom of a heated surface in a minichannel. Empirical correlations describing the
Nusselt number and the Darcy friction factor were obtained and compared to recent
studies. Triangular fins with larger fin height, smaller fin width, and spacing double

the fin width maximizes the number of fins in each row and yields better thermal
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performance. In Chapter 3, an experimental investigation of a microchannel using
both water and Al203/H20 nanofluid with MWNTs as the protruding surface
structures is discussed. It was observed that the sedimentation of Al203
nanoparticles on a channel surface with no MWNTSs increases the surface roughness
and the thermal performance. Finally, using the lattice Boltzmann method, a two
dimensional channel with suspended particles is modeled in order to get an
accurate characterization of the fluid/particle motion in nanofluid. Using the
analysis based on an ideal fin, approximate results for nanofluids with increase
surface roughness was obtained. The results confirmed the conclusions obtained in

the experimental work discussed in Chapter 3 where changing the fin structures.

Microchannels have proven to be effective cooling systems and
understanding how to achieve the maximum performance is vital for the innovation

of electronics.
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