ABSTRACT
LI, JIE. Computational Analysis of Nanofluid Flow in Microchannels with Applications to
Micro-heat Sinks and Bio-MEMS. (Under the direction of Professor C. Kleinstreuer.)
Nanofluids, i.e., dilute suspensions of nanoparticles in liquids, may exhibit quite different
thermal properties than the pure carrier fluids. For example, numerous experiments with
nanofluids have shown that the effective thermal conductivities k eff for such mixtures are
measurably elevated, and hence beneficial applications to (micro-scale) cooling are obvious.
A very different application of nanofluids could be in modern medicine, where for example,
nanodrugs are mixed in microchannels for controlled delivery with bio-MEMS.
In general, to optimize nanofluid flow in microchannels, best possible conduit geometries,
mixing units, and device operational conditions have to be found for specific applications.
Specifically, a suitable k eff − model of common nanofluids, performance as well as cost
effective mixers, and entropy minimizing channel designs are the prerequisites for achieving
these project objectives.
Two effective thermal conductivity models for nanofluids were compared in detail, where the
new KKL (Koo-Kleinstreuer-Li) model, based on Brownian-motion induced micro-mixing,
achieved good agreements with the currently available experimental data sets. The thermal
performance of nanofluid flow in a trapezoidal microchannel was analyzed using pure water
as well as a nanofluid, i.e., CuO-water, with volume fractions of 1% and 4% CuO-particles
with d p = 28.6nm . It was found that nanofluids do measurably enhance the thermal
performance of microchannel mixture flow with a small increase in pumping power.
Specifically, the thermal performance increases with volume fraction; but, the extra pressure
drop, or pumping power, will somewhat decrease the beneficial effects. Microchannel heat
sinks with nanofluids are expected to be good candidates for the next generation of cooling
devices. Microcooling device design aspects in light of minimization of entropy generation
were investigated numerically. The influence of the Reynolds number (inlet velocity), fluid
inlet temperature, and channel geometry on frictional and heat transfer entropy generation

was investigated. It was found that the employment of nanofluids can help achieving entropy
minimization due to their high thermal properties. The heat transfer induced entropy
generation is dominant for the micro-cooling device. The frictional entropy generation
becomes more important for high aspect ratio geometries.
A bio-MEMS application in terms of nanofluid flow in microchannels is presented.
Specifically, the transient 3-D problem of controlled nanodrug delivery in a heated
microchannel has been numerically solved to gain new physical insight and to determine
suitable geometric and operational system parameters. Computer model accuracy was
verified via numerical tests and comparisons with benchmark experimental data sets. The
overall design goals of near-uniform nanodrug concentration at the microchannel exit plane
and desired mixture fluid temperature were achieved with computer experiments considering
different microchannel lengths, nanoparticle diameters, channel flow rates, wall heat flux
areas, and nanofluid supply rates. Such micro-systems, featuring controlled transport
processes for optimal nanodrug delivery, are important in laboratory-testing of predecessors
of implantable smart devices as well as in the development of pharmaceuticals and for
performing biomedical precision tasks.
As a sample application, the microfluidics of controlled nanodrug delivery to living cells in a
representative, partially heated microchannel has been analyzed. The objective was to
achieve uniform nanoparticle exit concentrations at a minimum microchannel length with the
aid of simple static mixers, e.g., a multi-baffle-slit or perforated injection micro-mixer. A
variable wall heat flux, which influences the local nanofluid properties and carrier fluid
velocities, was added to ensure that mixture delivery to the living cells occurs at the required
(body) temperature of 37 o C . The results show that both the baffle-slit micro-mixer and the
perforated injection micro-mixer aid in decreasing the microchannel length while achieving
uniform nanoparticle exit concentrations. The injection micro-mixer not only decreases best
the system’s dimension, but also reduces the system power requirement. The baffle-slit
micro-mixer also decreases the microchannel length; however, it may add to the power
requirement. The imposed wall heat flux aids in enhanced nanoparticle and base-fluid mixing
as well.
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Chapter 1

INTRODUCTION and OVERVIEW
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1.1 Introduction
Nanofluids, i.e., dilute suspensions of nanoparticles in liquids, may exhibit quite
different thermal properties than the pure carrier fluids. For example, numerous experiments
with nanofluids have shown that the effective thermal conductivities k eff for such mixtures
are measurably elevated, and hence beneficial applications to (micro-scale) cooling are
obvious.
A very different application of nanofluids could be in medicine, where for example,
nanodrugs are mixed in microchannels for controlled delivery with bio-MEMS.
In general, to optimize nanofluid flow in microchannels, best possible conduit
geometries, mixing units, and device operational conditions have to be found for specific
applications. Specifically, a suitable k eff − model of common nanofluids, performance and
cost effective mixers, as well as entropy minimizing channel designs are the prerequisites for
achieving these project objectives.
After a detailed analysis of competitive theories describing the effective thermal
conductivity of nanofluids, the Koo-Kleinstreuer-Li (KKL) model is applied to nanofluid
flow in microchannels. Specifically, simulation of microchannel heat sinks employing the
KKL model and design aspects in light of minimization of entropy generation are of interest.
Furthermore, optimal nanodrug mixing and minimal microchannel length are discussed as
part of nanomedicine delivery with bio-MEMS.
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1.2 Motivation
Micro-channel heat sinks. Cooling is crucial for maintaining the desired performance
and reliability of a wide variety of products, such as computers, power electronics, car
engines, and high-powered lasers or x-rays. As electronic/optoelectronic devices become
smaller and more advanced, the unprecedented increase in heat loads makes proper cooling
one of the top technical challenges in high-tech industries. For example, the electronics
industry has provided computers with faster speeds, smaller sizes, and expanded features,
leading to ever-increasing heat loads, heat fluxes, and localized hot spots at the chip and
package levels. Air-cooling is the most basic method for cooling electronic systems, heat
fluxes over 100 W/cm2 in electronic devices and systems will necessitate the use of liquid
cooling. The conventional way to enhance heat transfer in thermal systems is to increase the
heat transfer surface area of cooling devices for rejecting heat to the coolant by adding fins or
system size.
Microscale cooling devices, such as micro-channel heat sinks, are increasingly important
in current and future heat removal applications. Specifically, a coolant flowing through a
large number of parallel, micromachined or etched conduits have the purpose to remove heat
from and generate uniform temperature distributions in micro-electro-mechanical systems,
integrated circuit boards, laser-diode arrays, high-energy mirrors and other compact products
with high transient thermal loads. Key is the very large heat transfer surface-to-volume ratio
of the micro-scale devices, leading to high compactness and effectiveness of heat removal.
However, the understanding of microscale phenomena is still in its infancy due to the fact
that such devices have different length- and time- scales than those in our daily lives.
Nanofluids are attracting a great deal of interest with their high potential to provide
superior performance properties, particularly in terms of heat transfer enhancement. Thermal
performance enhancement using nanofluids is an active research area initiated over 10 years
ago. In nanofluids, dilute suspensions of solid nanoparticles (metal particles, metal-oxide
particles or carbon nanotubes) in liquids (e.g., water or Ethylene Glycol (EG)) enhance the
thermal conductivity up to a factor of three over the base fluid. Clearly, an optimal mixture of
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nanoparticles and carrier fluid in conjunction with suitable micro-flow channels would
outperform traditional compact heat exchangers for cooling of high performance microdevices. Thus, nanofluid-based MEMS, micro-heat sinks and bio-MEMS for drug delivery
are becoming intensive research areas. Over the last seven years numerous experimental and
a few theoretical papers appeared, providing nanofluid property measurements and models
describing the underlying physics of enhanced thermal conductivities for different
nanoparticle-and-liquid pairings. Although the experimental results have demonstrated a
significant potential for thermal conductivity enhancement, the determination of the
underlying physics is still in a primary stage, complicated by the fact that the available
experimental data from different research groups may vary significantly (see Li &
Kleinstreuer, 2008; among others). Clearly, nanoparticle volume fraction, temperature,
physical characteristics and fluid type are important factors, but insufficient to explain the
anomalous increase in thermal performance of nanofluids.
Biological Micro-Electro-Mechanical Systems (Bio-MEMS). Such systems have been
a hot topic of growing interest over the past decade. With the increased awareness of
microfluidic physics and the surface science of silicon, polymers, glass and ceramics, the
traditional fabrication techniques previously imported from integrated circuit manufacturing
to MEMS have also been applied to bio-MEMS. Bio-MEMS devices embody
electromechanical, chemical, and biological materials. In addition to the complex fabrication
steps of traditional MEMS, packaging safety and biocompatibility create significant
challenges for bio-MEMS engineers. Knowing the physics of nanofluids in nanomedicine at
the microscale level is essential to a better understanding and designing of microfluidic
devices including bio-MEMS devices.
In summary, nanofluid flow studies could lead to major steps forward in developing
next-generation coolants for numerous engineering applications as well as controlled drug
delivery in nanomedicine. Their better capabilities in thermal properties can achieve greater
energy efficiency, smaller thermal systems, lower operating costs, and a much cleaner
environment for our offsprings. It is important to identify dominant mechanisms for the
analysis of nanofluid properties and nanofluid flow as well as nanoparticle dispersion in

5

microscale systems in order to explore and control the phenomena at a length-scale regime
for which we have very little experience.

1.3 Research Objectives
The present study analyzes and compares popular thermal conductivity models for
nanofluids, the associated experimental data which rely on different measuring techniques, as
well as thermal conductivity models considering different mechanisms. Furthermore,
employing the new KKL (Koo–Kleinstreuer–Li) model, which is based on Brownian-motion
induced micro-mixing, nanofluid flows in microchannel heat sinks and bio-MEMS are
analyzed. The objectives of this study are:
• to identify important mechanisms for the thermal performance of nanofluids, and
establish an effective thermal conductivity model for common nanofluids;
• to find a proper way to simulate nanofluid flow in microchannels;
• to study thermal enhancement of nanofluid flow as applied to micro-heat sinks;
• to optimize a microscale cooling device based on entropy generation minimization; and
• to develop and optimize a controlled nanodrug delivery system with suitable mixing
units.
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1.4 Literature Reviews
1.4.1 Nanofluids
The inherently poor thermal conductivity of conventional fluids puts an essential limit
on heat transfer. Therefore, for over a century since Maxwell (1873), scientists and engineers
have made great efforts to break the fundamental limits by dispersing millimeter or
micrometer sized particles in liquids to enhance their thermal conductivities. However, the
rapid settling of such “large” particles disappointed the researchers. The concept and
emergence of nanofluids is related directly to trends in miniaturization and nanotechnology.
Nanofluids, as first coined by Choi in 1995 at Argonne National Laboratory,
represent a new class of engineered heat transfer fluids, which are solid-liquid mixtures
consisting of solid nanoparticles or nanofibers with average particle size in the order of 1100nm, suspended in a base fluid. The resulting “nanofluids” are expected to exhibit high
thermal conductivities compared to those of currently used coolants; therefore, they represent
a possibility for enhancement of heat transfer. Numerous theoretical and experimental studies
concerning effective thermal conductivities of mixtures that contain solid particles have been
conducted since Maxwell’s theoretical work was published over 100 years ago. Researchers
thought that the volume fraction of the solid particles as well as the ratio of the surface area
to volume of the particles were the two main factors which greatly influence the effective
thermal conductivity of suspensions. However, recent experimental studies with nanofluids
showed that the conventional model cannot well predict the anomalous enhancement of the
effective thermal conductivity. Researchers believed that the exact mechanism of thermal
transport in nanofluids was complex and unclear. Many factors, such as particle size, thermal
properties of dispersed particles and base fluids, temperature, volume fraction and particle
shape have been considered to have a significant influence on the thermal performance of
nanofluids. Which factor is more important than others is still unclear. Suspensions
containing ultrafine metal-oxides (CuO, Al2O3, TiO2 ,etc.) and metals (Cu, Au, Fe, etc.),
carbon nanotubes as well as silicon dioxide nanoparticles, have been studied and reported to
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have substantially higher thermal conductivities than those of the base fluids. A detailed
analysis of the thermal property of various nanofluids will benefit to our understanding of the
mechanisms of thermal transport in nanofluids.
1.4.1.1 Experimental Observations
Various investigations with nanofluids have been made considering different types of
nanoparticles, i.e., mental-oxides, metals and even carbon nanotubes. Experimental work by a
growing number of research groups worldwide revealed that nanofluids exhibit thermal
properties superior to those of base fluids or conventional solid-fluid suspensions. In recent
years, many experimentalists have reported the anomalously enhanced thermal conductivity of
nanofluids considering different nanoparticle suspensions. Despite the importance of this effect
for heat transfer applications, no agreement has emerged about the key mechanisms of this
phenomenon, or even about the experimentally observed magnitude of the enhancement. Some
of the experimental results of the effective thermal conductivities are depicted in Figure 1.1.
Unfortunately, some of the tested data from different groups vary widely. Some researchers
observed an anomalous increase in effective thermal conductivity of the nanofluids, while
some others found that the nanofluid effective thermal conductivity can be described by the
traditional Hamilton and Crosser model. Although the authors observed different phenomena
in their experiments, most experimentalists have the following conclusions in common: the
thermal conductivity of a nanofluid is influenced by various parameters, such as nanoparticle
size, shape and volume fractions, fluid temperature, as well as thermal conductivities of the
nanoparticle and base fluid. Additional mechanisms include the effect of nanoparticle
clustering, the nature of heat transfer inside the particles, the interaction and collision among
particles, thermal waves via hyperbolic heat conduction, and nanoparticle dispersion. Other
nanoparticle-motion mechanisms, such as thermo-phoresis and osmo-phoresis, are negligible
(see Koo & Kleinstreuer, 2005).
Nonlinear effects of nanoparticle concentrations. A nonlinear relationship between
thermal conductivity and nanoparticle concentration has been found by many researchers.
Choi et al. (2001) measured the effective thermal conductivity of dispersed nanotubes in
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synthetic poly-oil, and a 150% increase in the thermal conductivity of oil at 1% nanotubes
was discovered; a nonlinear relationship between thermal conductivity and nanotube
concentration also was investigated, which is not expected in conventional fluid suspensions
of micrometer size particles at such low concentrations. Hong et al. (2005) also found a
nonlinear relationship between thermal conductivity and nanoparticle concentration in Feethylene glycol nanofluids. It is interesting to note that the enhancement they got was higher
than that obtained by Eastman et al. (2001) with Cu nanoparticles. Murshed et al. (2005) also
discovered a nonlinear behavior of water-based nanofluids containing spherical and rodshaped TiO2 nanoparticles. The Al70Cu30-ethylene glycol nanofluids produced by Chopkar et
al. (2006) also showed a strong nonlinear behavior.
Strong temperature and size dependent thermal conductivity. A strong temperaturedependent thermal conductivity and strong size-dependent thermal conductivity (Das et al.,
2003; Chon et al., 2005; Chopkar et al., 2006; Li et al., 2008; among others) were observed
during the measurement of nanofluids. The choosing of the base fluid has almost the same
significance as the choice of nanoparticles in affecting the enhancement of the thermal
conductivity. The particle size and volume fraction of the nanoparticles are important to
influence the effects of enhancement. Even though some researchers believe the larger
thermal conductivities of the nanoparticles suspensions were one of the main factors for
thermal conductivity enhancement, the nanofluids effective thermal conductivities were not
always higher using higher thermal conductivity nanoparticles. To find out if nanoparticle
size, density or shape may influence k eff more, further investigations are necessary.
Measurement methodologies. Table 1.1 summarizes measurements of the effective thermal
conductivities, where researchers employed different methodologies, i.e., steady-state
method, transient hot- wire method, temperature oscillation method, and optical method. The
effective thermal conductivities of nanofluids were mostly measured with the transient hotwire method, as this is one of the most accurate ways to determine the thermal conductivities
of materials (Choi et al., 1995; Lee et al., 1999; Eastman et al., 2001; Xie et al., 2002;
Murshed et al., 2006; among others). This method is more appropriate than the steady
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method due to numerous advantages such as the elimination of natural convection effects and
achieving faster responses. Nagasaka and Nagashima (1981) first applied this method to
measure the thermophysical properties of electrically conducting liquid. In this approach, an
electrically insulating coated platinum hot wire is suspended symmetrically in a liquid inside
a vertical cylindrical container. This hot wire serves as both a heating element, through
electrical resistance heating, and as a thermometer, by measuring the temperature-dependent
change in the electrical resistance of the platinum wire. Although the transient hot-wire
(THW) method has been widely used measuring effective thermal conductivities of
nanofluids, a number of questions have arisen regarding the accuracy of this methodology
and whether convective currents or other parameters might impact or affect the measured
results. After comparing the transient hot wire method and transient hot strip method, Vadasz
et al. (2005) indicated that the extremely high effective thermal conductivities obtained using
the transient hot wire method may be due to the thermal wave effects via heat conduction and
suggested that the transient strip method provided more accurate experimental results than
the hot wire method. Six possible reasons for the anomalously increased effective thermal
conductivity were classified (Vadasz et al., 2005):
• Hyperbolic or dual-phase-lagging thermal wave effects not accounted for in using
the transient hot wire data processing combined with extremely high values of the
time lag due to the heterogeneous mixture.
• Thermal resonance due to hyperbolic thermal waves combined with an amplified
periodic signal possibly from short-radio-wave or cellular phones.
• Particle driven, or thermally driven, natural convection.
• Convection induced by electro-phoresis.
• Hyperbolic thermal natural convection.
Hammerschmidt and Sabuga (2000) analyzed the ISO standard uncertainty of the
transient hot-wire technique with the closely related transient hot strip technique. They
provide a comprehensive comparison of the most important advantages and disadvantages of
these two transient techniques. According to their study, a 5.8% uncertainty was obtained for
the thermal conductivity measurement.
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Li et al. (2008) compared the transient hot-wire method and steady-state cut-bar
method when investigating the Al2O3/water nanofluids with a particle diameter of 47 nm at
different volume fractions under room temperature. It showed that at room temperature, both
the transient hot-wire method and steady-state method results have nearly identical values for
the effect thermal conductivity of the nanofluids tested.
More recently, researchers started to measure the nanofluid thermal conductivity by
optically based techniques (see Venerus et al., 2006; Putnam et al., 2006; Rusconi et al., 2006;
Shaikh et al., 2007; among others). Similar to the THW method or steady method, the optical
methods also showed some controversies. Some authors observed thermal conductivity
enhancement; however, others argued that the thermal conductivity enhancement can be
predicted by the effective medium theory (i.e., Hamilton-Crosser theory), and that the level
of thermal conductivity enhancement is independent of temperature.
Except for the measurement methodologies, subtle but critical differences among
nanofluid samples (i.e., different dispersion techniques and effects) or due to experimental
errors may have significant influence on the judgments of the effective thermal conductivity.
It is very important for experimentalists to describe in detail how their samples were prepared
as well as the experimental setup and method they employed.
1.4.1.2 Mechanisms and Models for Effective Thermal Conductivity
The experimental discoveries described in Table 1.1 clearly offer theoretical
challenges; most of the thermal properties of nanofluids measured greatly exceed the values
predicted by classical macroscopic models. For example, the classical conductivity theories
of solid-fluid suspensions used for large-size particle suspensions (Maxwell, 1873; Hamilton
and Crosser, 1962; among others) can not explain why low concentrations of nanoparticles
can enhance the thermal conductivity of base fluids notably larger than the model predication.
In the conventional models, the particle volume fraction, shape, and orientation and the
thermal conductivity of particle and base fluid are considered to be the most important
factors controlling the thermal conductivity of the conventional suspensions. As a result,
continuum models developed for suspensions of millimeter or micrometer particles can no
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longer describe the enhanced thermal conductivities of nanofluids observed with most
thermal conductivity measurement. In addition to the big gap between the experimental data
and model predictions, the strongly temperature and size dependent nanofluid thermal
conductivities have produced a great requirement to understand the thermal transport
mechanisms in nanofluids. It is expected that energy transport mechanisms at the nanoscale
would differ from macroscale mechanisms.
Wang et al. (1999) first proposed new mechanisms behind enhanced thermal transport
in nanofluids, such as particle motion, surface action, and eletrokinetic effects. They
suggested that nanoparticle size is important in enhancing the thermal conductivity of
nanofluids. Xuan and Li (2000) recommended several possible mechanisms for enhanced
thermal conductivity of nanofluids, such as the increased surface area of nanoparticles,
particle–particle collisions, and the dispersion of nanoparticles. Keblinski et al. (2002)
proposed four possible microscopic mechanisms for the anomalous increase in the thermal
conductivity of nanofluids, which include Brownian motion of the particles (which was
discussed as being negligible), molecular-level layering of the liquid at the liquid–particle
interface, the ballistic rather than diffusive nature of heat conduction in the nanoparticles, and
the effects of nanoparticle clustering.
In order to model the thermal conductivities of nanofluids, researchers usually extend
existing models or develop new models. Some researchers employed structural models such
as nanolayer, fractal or percolation structure or dynamic models such as Brownian motionbased collision of nanoparticles to extend the existing models. Some researchers created their
new models based on nanoconvection induced by Brownian motion of nanoparticles and
near-field radiation. A number of researchers have proposed both static and dynamic
mechanisms and models to account for the anomalously high thermal conductivities of
nanofluids. It is interesting to not that the nanoparticle shapes are critical in determining the
key mechanism of heat transport of nanofluids.
There are no conclusive mechanisms to determine the unusual thermal properties of
nanofluids. However, there are two mechanisms which are most popular in recent studies, i.e.,
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the structure/static models based on the nanolayer concept and the dynamics-based
mechanisms of the Brownian motion effect.
Static mechanisms and models (Nanolayer concepts). Researchers tried to explain the
strange thermal conductivity enhancement of nanofluids using the conventional static theory,
i.e., the Maxwell model or Hamilton-Crosser model. They found that the static theory alone
could not explain the phenomena. Yu and Choi (2003) investigated the nanofluid thermal
conductivity enhancement by a modified Maxwell model which included the effect of the
nanolayer of the solid/liquid nanoparticles. By proposing the solid-like nanolayer as a
thermal bridge, the new model consists of solid nanoparticles, bulk liquid and solid-like
nanolayers. Although liquid molecules close to a solid surface are known to form a solid-like
nanolayer, little is known about the connection between this nanolayer and the thermal
properties of solid-liquid suspensions. They considered that the nanolayer acts as a thermal
bridge between a solid nanoparticle and a bulk fluid; thus, it is a key structure based
mechanism of enhancing the thermal conductivity of a nanofluid. The thickness of the
nanolayer h and the volume concentration was increased as:
4
3

φ e = π (r + h) 3 n = φ (1 + β ) 3

(1.1)

where n is the particle number per volume and β = h / r is the ratio of the nanolayer
thickness to the original particle radius. If assumed that k layer = k p , the new equation based on
the Maxwell equation can be written as:
k eff =

k p + 2k f + 2(k p − k f )(1 + β ) 3 φ
k p + 2k f − (k p − k f )(1 + β ) 3 φ

kf

(1.2)

It was found that the nanolayer impact is significant for small particles, especially
when r<5 nm. By adjusting the nanolayer thickness/nanolayer thermal conductivity, this
model predicts some of existing experimental data.
Yu and Choi (2004) extended this simple nanolayer model to nonspherical particles
and revised the Hamilton-Crosser model. They considered the nanolayer between the
nanoparticle and the based fluid to be a thermal bridge. While their modified Hamilton-
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Crosser model can match experimental data, it cannot predict the nonlinear behavior of the
nanofluid thermal conductivities.
Assuming a simple monoatomic liquid, Xue et al. (2004) demonstrated via molecular
dynamics simulations (MD) that the layering of the liquid atoms at the liquid-solid interface
does not have any significant effect on the thermal transport properties. However, for more
complex liquids, such as those involving larger, chain-like molecules, the author did not
exclude the possibility of a favorable contribution of a liquid layer.
Xue and Xu (2005) derived a model for the effective thermal conductivity of
nanofluids with interfacial shells. In their model, the interfacial shell and the nanoparticle
were regarded as a “complex nanoparticle”. A symbolistic volume fraction of the “complex
nanoparticle” was induced to their model by considering the interfacial shell. Compared to
the conventional model, their model not only considered the influence of the thermal
conductivity of the solid and liquid and their relative volume fraction, but also the particle
size and interfacial properties. Their model shows good agreement when considering the
measured data for CuO/water and CuO/ethylene glycol nanofluid.
Xie et al. (2005) emphasized that the impact of a nanolayer surrounding the particles
is an important factor. The authors discussed the effects of nanolayer thickness, nanoparticle
size, volume fraction, and the thermal conductivity ratio of the particle and fluid. The
thickness, microstructure, and physicochemical properties of the nanolayer are highly
depended on the types of suspended nanoparticle, the base fluid, and the interaction between
them. Based that assumption that the thermal conductivity of the nanolayer would have an
intermediate thermal conductivity between that of the nanopaticle ( k p ) and the bulk fluid
( k f ), according to a linear variation assumption, the authors derived the following
expression for the thermal conductivity of the nanolayer k l :

kl =

kf M
( M − γ ) ln(1 + M ) + γM

(1.3)

with M = ε p (1 + γ ) − 1 , where ε p = k p / k f is the reduced thermal conductivity of the
nanoparticle and γ = δ / rp is the ratio of the nanolayer thickness to the original particle

14

radius. It was found that k l / k f is strongly dependent on the particle size and the thickness of
the nanolayer. From this assumption that the average heat flux can be decomposed into
contributions coming from the fluid, nanoparticle and nanolayers, the thermal conductivity of
the nanoparticle-fluid mixtures k eff was given as:

k eff − k f
kf

3Θ 2φT
= 3ΘφT +
+ F ( rp , δ , φ , k f , k p , k l )
1 − ΘφT
2

(1.4)

where
4
3

φT = π (rp + δ ) 3 n = φ (1 + δ ) 3

(1.5)

And

β pl
]
β fl
Θ=
(1 + γ ) 3 + 2 β lf β pf
β lf [(1 + γ ) 3 −

(1.6)

Clearly, φT is the total volume fraction of the original nanoparticle plus nanolayer,
4
3

φ = πrp 3 n is the original volume fraction of the nanoparticle and n is the particle number
per volume, β lf =

kl − k f

, β pf =

k l + 2k f

k p − kl
k p + 2k l

, β fl =

k f − kl
k f + 2k l

, and F ( rp , δ , φ , k f , k p , k l ) is an

interaction function related to the detailed microstructure of a specific fluid. If the loading of
the nanoparticles is low, F ( rp , δ , φ , k f , k p , k l ) can be neglected; then the equation to
evaluating the effect of the nanolayer on the effective thermal conductivity of the
nanoparticle-fluid mixture change to:

k eff − k f
kf

= 3ΘφT +

3Θ 2φT
1 − ΘφT

2

(1.7)

According to this model, the nanolayer thickness, nanoparticle size, volume fraction, and
thermal conductivity ratio of particle to fluid have effects on the enhancement of the thermal
conductivity of a mixture fluid. The effective thermal conductivity increases with a decrease
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in particle size and an increase in nanolayer thickness. The authors also suggested that the
nanoparticle shape and surface chemistry should be considered.
In these nanolayer models, investigators assume that the nanofluid is a composite,
formed by the nanoparticle as a core, and surrounded by a nanolayer as a shell, which in turn
is immersed in the base fluid, and from which a three-component medium theory for a
multiphase system can be developed. The nanolayer-based models, as a modification of the
traditional effective medium theories for explaining the enhanced thermal conductivity of
nanofluids, are semi-empirical. Generally, the resulting thickness and nanolayer conductivity
both have to be chosen to match the experimental results for thermal conductivities of the
nanofluids. Tillman and Hill (2007) attempted to find a more systematic procedure to
determine the nanolayer thickness and the thermal conductivity profile within the nanolayer.
An expression for the nanolayer thickness was derived by manipulation of the three basic
heat conduction regions. The nanolayer thickness is considered to be in the range of 19%22% of the nanoparticle radius. However, there is no other evidence to support the proposed
nanolayer thermal conductivity, which is the foundation of the nanolayer-thickness idea.
Dynamics-based models (Brownian motion theory). The effective thermal conductivity of
nanofluids depends not only on the nanostructures of the suspensions but also on the
dynamics of nanoparticles in liquids. The motion of nanoparticles and the interactions
between dancing nanoparticles or between dancing nanoparticles and liquid molecules should
be considered to develop more practical models. Interestingly, Brownian motion of
nanoparticles was first discussed as a possible mechanism. For example, the studies of Wang
et al. (1999) and Keblinski et al. (2002) clearly showed that Brownian motion is not a
significant contributor to heat conduction based on the results of a time-scale study. However,
it is important to know that the heat transfer mechanism that Wang et al. (1999) and
Keblinski et al. (2002) explored is heat conduction through particle–particle collisions caused
by the Brownian motion of nanoparticles. In fact, one of the key concepts used in most
dynamic models is that nanoparticle motion is essential to enhanced energy transport, i.e.,
micro-convection, in nanofluids. One of the most important thermal phenomena in

16

nanofluids may support this idea: the strongly temperature-dependent thermal conductivity of
nanofluids.
A dynamic model which takes into account the effects of Brownian motion of
nanoparticles and fractals was developed by Xuan et al. (2003). In addition to the important
influence of the stochastic motion of the suspended nanoparticles on thermal conductivity
improvement of nanofluids, the interparticle collision and possible aggregation of the
suspended nanoparticles were also taken into account. The clusters consisting of more than
two nanoparticles move slower than a single nanoparticle and the clusters may grow large
and sedimentate, which decrease the enhancement intensity of energy transport. Their model
showed a good agreement with some of the experimental results when particle aggregation
was included. However, their model did not correctly predict the strongly temperaturedependent thermal conductivity data reported by Das et al. (2003).
Proposing that nanoparticle Brownian motion has a significant impact on the
effective thermal conductivity, Koo & Kleinstreuer (2004) declared that the effective thermal
conductivity is composed of the particle’s conventional static part and a Brownian motion
part. Thus, a new thermal conductivity model for nanofluids was developed, which takes into
account the effects of particle size, particle volume fraction and temperature dependence as
well as types of particle and base fluid combinations. Specially,
k eff = k static + k Brownian

(1.8)

where the static part is Maxwell’s model and the dynamic part was developed based on
kinetic theory together with Stokes’ flow of micro-scale momentum transfer, i.e., micromixing.

kp

− 1)φ
kf
k static
= 1+
kp
kp
kf
( + 2) − ( − 1)φ
kf
kf
3(

(1.9)

and
k Brownian = 5 × 10 4 βφρ f c f

κT
f (T , φ , etc.)
ρpD

(1.10)

17
where β and f were introduced to consider the hydrodynamic interaction among the
Brownian motion induced (moving) fluid parcels and the particle interaction due to the
particle interaction potential to encapsulate the strong temperature dependence. Based on
experimental evidence, for water-CuO nanofluids, β and f were estimated as:

β = 0.0137(100φ ) −0.8229

for φ < 1%

β = 0.011(100φ ) −0.7272

for φ > 1%

(1.11)

(1.12)
and
f (T , φ ) = ( −6.04φ + 0.4705)T + (1722 .3φ − 134.63)
1 < φ < 4%, 300 < T < 325K

(1.13)

In this model, the Brownian motion effect was found to become more effective at higher
temperatures as observed experimentally.
Furthermore, Koo and Kleinstreuer (2005) investigated the relative effects of
nanoparticle motion mechanisms of dilute suspensions. Three possible factors for effective
thermal conductivity enhancement, i.e., Brownian motion, thermophoresis and osmophoresis, were theoretically investigated. It was found that the Brownian motion effect is by
far much more significant when compared to thermophoresis and osmo-phoresis. It was also
demonstrated that the Brownian-motion-induced thermal conductivity decreases with particle
size.
Kumar et al. (2004) analyzed the effects of various factors such as particle size,
concentration, and the temperature of the medium on the enhancement of the thermal
conductivity using a theoretical model. Their model also incorporated two aspect’s influence:
stationary particle model and moving particle model. They showed the agreement of their
model when compared with the Au nanofluid at very low volume fraction.
Jang and Choi (2004, 2006) devised a theoretical model that explains the fundamental
role of Brownian motion of the nanoparticles on the thermal conductivity enhancement of the
nanofluids. Based on kinetics, the Kapitza resistance and convection, the authors constructed
a general expression for the thermal conductivity of the nanofluids involving four modes of
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energy transport in nanofluids. The first mode is the collision between carrier fluid molecules,
the second mode is the thermal diffusion of the nanoparticles, the third mode is collision
between nanoparticles due to Brownian motion and the last one is thermal interactions of
dynamic or dancing nanoparticles with the base fluid molecules. The Brownian motion of
nanoparticles in nanofluids produces the convection-like effects on the microscale. Their
dynamic model, which accounts for the fundamental role of nanoconvection, predict strongly
temperature- and size-dependent conductivity.
Based on the elusive interfacial resistance, Rb , at the nanoparticle surface and the
Maxwell –Garnett model which matches the thermal conductivity of solid-solid composites
at small volume fractions (Nan et al., 1997), Prasher et al.(2005, 2006) extended the concept
of nanoconvection by considering the effect of multiparticle convection and delevoped a
semiempirical Brownian model to show that the nanoconvection caused by Brownian motion
of nanoparticles is principally responsible for the enhanced conductivity of nanofluids.
According to the root-mean-square velocity ( v N ) of a Brownian particle given by Probstein
(2003):
vp =

3K b T
1
=
m
dp

18K bT
πρ p d p

(1.14)

Prasher et al. (2005) defined a “Brownian-motion-Reynolds” number:
Re =

vpd p

ν

=

1 18K bT
.
ν πρ p d p

(1.15)

They suggested that the effective thermal conductivity of a nanofluid can be written as:
k eff
kf

[

]

⎛ Re⋅ Pr ⎞⎛⎜ k p (1 + 2α ) + 2k m + 2φ [ k p (1 − 2α ) − k m ] ⎞⎟
= ⎜1 +
⎟
4 ⎠⎜⎝ k p (1 + 2α ) + 2k m − φ [k p (1 − α ) − k m ] ⎟⎠
⎝

[

]

where α = 2 Rb k m d , φ is the particle volume fraction, and k m is

(1.16)
the matrix thermal

conductivity and k p is the nanoparticle thermal conductivity, d p is the diameter of the
nanopaticle.
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Learning from particle-to-fluid heat transfer in a fluidized bed Brodkey et al. (1991),
Prasher et al. (2006) proposed a general correlation which they called Multi-sphere Brownian
model (MSBM):
k eff
kf

) [[

]

⎛ k p (1 + 2α ) + 2k m + 2φ [ k p (1 − 2α ) − k m ] ⎞
⎟
= 1 + A Re m Pr 0.333 ϕ ⎜
⎜ k (1 + 2α ) + 2k − φ [ k (1 − α ) − k ] ⎟
p
m
p
m
⎝
⎠

(

]

(1.17)

where A and m are constants. A is independent of the fluid type, while m depends on the
fluid type. In this model, Rb is very important for the determination of thermal conductivity.
The origin, measurement, and modeling of Rb , which depend greatly on the type of bonding
between the fluid and the particles, the particle size, volume fraction, temperature,
nanoparticle material, etc, should be further explored.
Patel et al. (2005) developed a microconvection model for evaluation of thermal
conductivity of the nanofluid by taking into account nanoconvection induced by Brownian
nanoparticles and the specific surface area of nanoparticles.
More recently, researchers considered the two contributors to the effective thermal
conductivity, i.e., the static part and the dynamic part as proposed by Koo and Kleinstreuer
(2004). Feng et al. (2008) derived the probability model for a nanoparticle’s size and the
effective thermal conductivity based on the fractal character of nanoparticles in nanofluids.
Two parts were considered to contribute to the thermal conductivity of nanofluids, i.e., static
part and the dynamic part from the micro-convection due to the Brownian motion of
nanoparticles in the fluids. Patel et al. (2008) presented a cell model for predicting the
thermal conductivity of nanofluids. Effects due to the high specific surface area of the monodispersed nanoparticles and the micro-convection heat transfer enhancement associated with
the Brownian motion of particles were addressed in detail. The model showed good
performance when predicting the nonlinear dependence of thermal conductivities of
nanofluids on the particle volume fraction at low concentrations.
1.4.1.3 Summary

Despite recent advances in the field of nanofluids, some mysteries are unsolved,
which present new opportunities and challenges for thermal scientists and engineers.
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Nanofluid research could lead to a major breakthrough in developing next-generation
coolants for numerous engineering applications as well as nanodrug delivery with bioMEMS. Understanding the fundamental mechanisms of enhanced thermal conductivities of
nanofluids remains a key challenge in nanofluid research. The two types of new mechanisms
proposed for enhanced thermal conductivity modeling of nanofluids are conduction as well
as nano/micro-scale convection. Although these mechanisms have been proposed before, the
basic physics and validity of most of them remains a subject of debate.

1.4.2 Micro-cooling Devices
A microscale cooling device consists of a coolant flowing through a large number of
parallel, micromachined or etched conduits to remove heat from and generate uniform
temperature distributions in microelectromechanical systems, integrated circuits boards,
laser-diode arrays, high-energy mirrors and other compact products with high transient
thermal loads. Key is the very large heat transfer surface-to-volume ratio of the device. The
coolant can be a pure fluid or a very dilute mixture of distilled water (or ethylene glycol,
engine oil, etc.) and nanoparticles, such as metals, metal-oxides, and carbon-based materials.
Heat transfer occurs via forced convection, which includes impinging jets of the coolant and
liquid-to-vapor phase change due to boiling or condensation. The microchannels are typically
silicon-, metal-, or plastic-based and often feature circular, rectangular or trapezoidal cross
sections, ranging in terms of the hydraulic diameter from 100 nm to 1000 μm . Alternatively,
porous media, such as foam, has been employed as micro-conduits with pure fluids. The
fundamental structure of the micro size mechanical device is microchannels or microtubes.

21

Fundamental to the understanding of the dynamics of microscale cooling devices is
the description of convection heat transfer in these micro-conduits. The most rigorous
approach would be to analyze the behavior of each coolant molecule in terms of
simultaneous mass, momentum and heat transfer. Even for microchannels this would imply
tracking billions of “particles”; hence, for most engineering applications the coolant is treated
as a continuum. The continuum mechanics assumption is valid as long as the size and meanfree-path of the molecules (or particles) are small enough compared to the device dimensions,
e.g., channel height or tube diameter. This is basically assured when the Knudsen number,
defined for gas flow as the ratio of mean-free-path distance to characteristic system length, is
less than 0.1 and then macro-level modeling equations can be used (see, for example, review
chapter 12 by Zohar (2006) in The MEMS Handbook).

Nevertheless, a number of

phenomena unique to micro-conduits still prevail, causing pressure drops, flow rates and/or
friction factors to differ from results obtained for macro-channels (2003). Examples include
dominant entrance effects because the conduits are very short, significant surface roughness
effects due to the closeness of the channel walls, earlier onset of turbulence because of
induced instabilities, measurable viscous dissipation effects resulting from steep velocity
gradients, possible fluid-slip on channel walls depending upon the physical-chemical
characteristics of the (coated) surfaces, and significant effects of low-level forces usually not
relevant in macro-devices, such as surface tension and electrostatics. A deeply understanding
of the complicated microscale transport phenomena, the dynamics of fluids, the single phase
and multi-phase forced convective heat transfer in microchannels is very important for
designers.
1.4.2.1 Fluid Flow in Microchannels

While experimental evidence indicates that fluid flow in microchannels, especially in
terms of wall friction, differs from macrochannel flow behavior, laboratory observations are
often inconsistent and contradictory. For any computational analysis of microchannel flow,
some pertinent questions have to be considered (Gad-el Hak, 1999): Is the continuum
assumption still valid? For example, the gas flow Knudsen number, Kn = λ / L , should be
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very small, i.e., Kn < 0.1 , for the Navier-Stokes equations to hold. Are entrance effects
persuasive in light of the typically short channel length? Microchannel inlet configurations,
flow inlet conditions, and flow developments all have to be considered as entrance effects.
Gravesen et al.(1993) found no microfluidic device that works in fully developed regime, and
many devices are so short that the pressure drop is dominated by inertial losses. Surface
roughness, viscous dissipation, wall-slip and possible two-phase effects in microchannels are
also need to be taken into account in microchannel flow.
Thompson (2005) characterized the hydrodynamic developing flow in a micro tube
inlet with a nominal inner diameter of 180 μm using micro-molecular tagging velocimetry
(MTV). The data taken from different Reynolds numbers of 60,100,140,290, and 350
suggested the formation of a vena contracta for either locally turbulent flow or unsteady
laminar flow, which is different from any macroscale system. The velocity profiles consist of
a uniform velocity core surrounded by regions of relatively stagnant fluid in the near wall
regions. Along the micro tube, the velocity profile evolved to a classical parabolic
distribution. The hydrodynamic development length is normally

x
Re = 0.05 in macrotubes,
D

which matched the one measured in the microtube, although a vena contracta was present.
Viscous dissipation effect. Xu et al. (2003) theoretically analyzed effects of viscous

dissipation in microchannel flow of a clear fluid. For a conventional flow situation, the
viscous dissipation terms in the governing energy equation are often neglected. However, in
microchannel flows the existence of large velocity gradients may result in significant errors
when ignoring the effects of viscous dissipation. The authors analyzed the characteristics of
microchannel flow by employing the conventional theory taking into consideration of the
viscous dissipation terms. The results show that the temperature of the flowing fluid in a
microchannel could change due to the viscous effect, becoming more significant with the
decrease of the diameter of the microtube.
Koo and Kleistreuer (2004) investigated the effects of viscous dissipation on the
temperature field and the friction factor using dimensional analysis and experimentally
validated computer simulations. Three common working fluids, i.e., water methanol and iso-
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propanol in different conduit geometries were considered. The possible influential factors
included the channel aspect ratio, Reynolds number, Eckert number, Prandtl number, and
conduit hydraulic diameter. It was found that the pipe size has an important impact on
temperature rise. The following conclusions were drawn from their simulation results:
1. The viscous dissipation effect on the friction factor increases rapidly with the
pipe/channel size decrease. For water flow, it can not be neglected if the tube has a
diameter less than 50 μm .
2. Channel size, the Reynolds number and the Brinkman number (or the Eckert number
and the Prandtl number) are the key factors which determine the impact of viscous
dissipation.
3. The viscosity change caused by the temperature variations has great influence on
viscous dissipation effect. The viscous dissipation effect decrease with the fluid
temperature increases.
4. The aspect ratio of a channel plays an important role in viscous dissipation, too;
5. As the aspect ratio deviates from unity, the viscous dissipation effect increases.
Morini (2005) investigated viscous dissipation effects in a microchannel. In particular,
the author focused on the role of viscous heating in liquids flowing through microchannels.
Based on their results, a criterion to assess the significance of the effects of viscous
dissipation in microchannel flows was suggested. The author pointed out that the viscous
dissipation effects in adiabatic microchannels cannot be neglected if the following condition
is satisfied:
4

Ec *
[ L f Re] ≥ 1
Re

(1.18)

where L* is the dimensionless microchannel length ( = L / Dc ), Ec =
number, and Re =

ρuDc
.
μ

u2
is the Eckert
c p ΔT
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Surface roughness effect. Wang et al. (2005) investigated the influence of wall roughness in

microscale Poiseuille flow. In their study, the regular perturbation method was introduced to
study the flow. From the parallel plates’ model, the authors separately investigated the
influence of the roughness space and the relative roughness on the flow pattern and the
friction of the microchannels. Their results show that:
1. The wall relative roughness, the dimensionless roughness spacing, as well as
Reynolds number are several important factors influencing the flow pattern and the
friction losses.
2. A decrease of both dimensionless spacing of rough elements and the Reynolds
number or the increase of the relative roughness will result in a larger flow
disturbance and a less friction factor.
3. The effects of the roughness should not be ignored unless the relative roughness is
less than 1%.
Croce et al. (2005) numerically investigated the roughness effects of the
microchannels on the heat transfer and pressure losses. At a microscale level, it is nearly
impossible to obtain an actually smooth surface. In their research, surface roughness is
explicitly modeled through a set of randomly generated peaks along the ideal smooth surface.
Different peak shapes and contributions are considered. Their results show: The effect of
roughness leads to an increase in friction losses, where the roughness shape and the relative
roughness height are two main factors. The heat transfer enhances quickly with the relative
roughness height ε in the plane channels; however, for circular duct flow, the global heat
transfer rate shows an opposite behaviour. The reason is that the global Nusselt number is
higher at the roughness peaks than in the smooth tube and lower in the valleys than in the
smooth tube. But the influence of roughness on the heat transfer is smaller, often within the
limits of accepted experimental uncertainty. When compared with the MV model Mala and
Li (1998) and the PML model of Kleinstreuer and Koo (2004), it is found that the PML
model approach is able to mimic some details of the velocity and of the effect of the
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roughness height. While the MV model lacks the level of generality required for prediction
purposes.
Li et al. (2006) experimentally and numerically studied the flow and heat transfer
characteristics of liquid in laminar flow in microtubes. The influence of the relative surface
roughness ( ε / Dh ) on the friction factor was mainly studied; the axial heat conduction effect
on the local Nusselt number was also emphasized. Both the smooth fused silica and rough
stainless steel microtubes were tested with the hydraulic diameters of 50-100 μm and 3731570 μm . According to their experiments, the authors confirmed that the conventional
friction factor prediction was valid for water flow through microtube with a relative surface
roughness less than 1.5%. For low Reynolds numbers, the axial heat conduction effect
becomes more dramatically with the increase of the ratio of wall thickness to the
hydrodynamic diameter.
Tang and Tao (2006) numerically investigated the roughness effect on flow
characteristics in microchannels. They studied the effects of relative roughness height, the
roughness distribution, Reynolds number, and gas rarefaction. The results showed that the
roughness height and roughness distribution have significant effects on flow characteristics.
The increase of the friction factor with the relative roughness is obvious, and the Reynolds
number effect is more pronounced at small Reynolds number range and at higher relative
roughness.
In microchannels, the surface roughness becomes more important than in
conventional channels, and hence frictional loss and viscous dissipation can not be neglected.
Fluid slip on microchannel flow. Fluid slip has been observed experimentally in micro- and

nanoscale flow device by several investigators. Some experiments with micro- or
nanochannel flow indicated the proper boundary condition depends both on the type of fluid,
characteristic length scale of the flow, and the chemical and physical properties of the solid
surface.
Tretheway and Meinhart (2002) measured the velocity profiles within 450nm of
microchannel surface. They found that the measured velocity profiles are consistent with
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solution of Stokes’ equation and the well accepted no-slip boundary condition. However,
when the microchannel surface is coated with a 2.3nm thick monolayer of hydrophobic
ocadecyltrichlorosilane, an apparent velocity is measured just above the solid surface.
Son (2004) experimentally investigated the effect of surface wettability on two-phase
flow, water and nitrogen in microscale channels using high speed microscopy. Images taken
at 1900 frames per second combined with precise differential pressure measurements in 330

μm diameter circular and 500 μm square microchannels show that wetting conditions play a
significant role in the flow resistance. The results showed that the hydrophobic (coated)
microchannels exhibited a much higher and less stable two-phase pressure drop as compared
to the hydrophilic (uncoated) microchannels under identical flow conditions. The uncoated
channels show stable flow with high velocity liquid slugs translating on an annular liquid
film. High speed microscopy also confirmed less stable flow in the coated channels which
exhibited droplet formation and contact line drag.
1.4.2.2 Microchannel Heat Sinks

For more than a decade, investigations have been conducted to better understand the
fluid flow and heat transfer characteristics in silicon-based microchannel heat sinks designed
for applications in electronic cooling. It is important to note that in silicon-based MEMS
technology, unlike larger-scale conventional heat exchangers, microchannels are fabricated
as an integral part of silicon wafers, often with noncircular cross-sections due to the
fabrication processes used, i.e., trapezoidal, triangular or rectangular. The cross-sectional
shape of a channel can have a significant influence on the fluid flow and heat transfer
characteristics in noncircular microchannels.
Already in 1981, Tuckerman and Pease achieved heat transfer rates of about
10 5 W / m 2 K for water flow in small cooling channels etched in a silicon substrate. A

representative microchannel heat sink (MCHS) is shown in Fig.1.2. Typically, a coolant is
forced through a large number of parallel channels, which are in contact with a hot surface, to
convect evolving heat away and provide a near-uniform temperature field in the device to be
cooled. An MCHS can generate such elevated heat transfer rates because of its high surface-
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to-volume ratio and enhanced thermal conductivity of the coolant (i.e., when using a
nanofluid), while being very small in size and having relatively low coolant-volume and
pumping-power requirements. Clearly, channel geometry/configuration, type of coolant with
associated flow regime (or thermodynamics) and required pumping power are some of the
more important system parameters determining MCHS performance. The underlying
microfluidics for flow in microchannels is outlined in Nguyen and Wereley (2002) and
Tabeling (2005) while MCHS performance has been discussed by Kandlikar and Grande
(2004), Li et al. (2004), and Koo and Kleinstreuer (2005), among others. Li and Peterson
(2006) focused on MCHS performance improvements considering nanofluids vs. pure water
as well as geometric parameters, especially the channel aspect ratio, H/W (see Fig.1).
Nanofluids are very dilute suspensions of metal, metal-oxide or carbon-based nanoparticles
(0.01 to 4% by volume) in liquids, such as water, ethylene glycol, etc. These mixtures exhibit
thermal conductivities which are 30 to 300% higher than the one of the carrier fluid (Choi et
al., 2003).
Peng and Peterson (1996) performed experimental investigations of the pressure drop
and convective heat transfer for water flowing in rectangular microchannels of the stainless
steel plate substrate. The authors found that the cross-sectional aspect ratio had a significant
influence on the flow friction and convective heat transfer in both laminar and turbulent
flows.
Flockhart and Dhariwal (1998) investigated the flow in trapezoidal channels using
experimental and numerical techniques. The distill water was chosen as the test fluid, and the
Reynolds number in the experiment do not exceed 600. The authors compared the
experiment results with the numerical analysis based on the conventional fluid mechanics;
they found that the numerical analysis based on the conventional fluid mechanics can
adequately predict the resulting flow characteristics of the trapezoidal channels.
Sadasivam et al. (1999) numerically investigated the laminar, fully developed flow
through single- and double-trapezoidal (or hexagonal) ducts is modeled using a finite
difference method. Solutions for velocity and temperature variations are obtained for a wide
range of duct aspect ratios and with four different trapezoidal angles (30, 45, 60, 75 Degree).
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It was found that the friction factor and Nusselt number results show a strong dependence on
duct geometry (aspect ratio and trapezoidal angle).
Qu et al. (2000) experimentally investigated flow characteristics of water through
trapezoidal silicon microchannels with hydraulic diameter ranging from 51 to 169 μm . They
found that pressure gradient and flow friction in microchannels are higher than those given
by the conventional laminar flow theory.
More recently, Wu and Cheng (2003) focus on the friction factors in smooth
trapezoidal silicon micro channels with different aspect ratios. The test fluid is demonized
water and the trapezoidal cross-section with hydraulic diameters in the range of 25.9291.0 μm . The results show that the experimental data for friction constants of deionized
water in smooth microchannels agree with ± 11% of the analytical solution based on the
Stokes flow theory, which can be used for the hydraulic diameter as small as 25.9 μm . It was
also found that the cross-sectional shape of the microchannels has significant effect on the
friction factors.
Cao and Chen et al. (2005) numerically investigated the fully developed laminar slip
flow and heat transfer in trapezoidal micro-channels with uniform wall heat flux boundary
conditions. From the investigation of the influences of velocity slip and temperature jump on
friction coefficient and Nusselt number, the authors also found that the aspect ratio and bas
angle have significant effect on flow and heat transfer in trapezoidal micro-channel.
Colgan et al. (2005) described a practical implementation of single-phase Simicrochannel devices designed for cooling very high power chips. The 3-D rendering of their
assembled microchannel cooler is shown in Fig.1.3, where the manifold chip is on top and
shown semi-transparent. The test results indicated Nusselt numbers as high as 25 for
reasonable flow velocities (~2.52m/s). The staggered fin arrangements were at a pitch of
100 μm , channel width of 65 or 75 μm , and fin lengths of 210 to 250 μm . The strong entrance
effect of the microchannel was considered to be one important factor to support the elevated
average Nusselt number, which is in line with corresponding to the laminar convective heat
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transfer theory. The resulting heat transfer coefficients were as high as 130 kW / m 2 ⋅o C . The
resulting pressure drop was less than 35kPa.
Kandlikar et al. (2005) presented an optimization scheme for designing microchannel
heat exchangers for cooling high-heat flux silicon chips with water. An offset strip-fin
construction was analyzed for dissipating heat fluxes above 3 MW / m 2 . The continuous fin in
the microchannels was broken down into several smaller fins that were placed offset to each
other in the flow direction. In this arrangement, a higher heat transfer coefficient was
obtained; but, with an increase in pressure as well because of the stronger fluid-development
effect. In order to reduce the pressure drop of the system, a split-flow arrangement was
employed to replace the single-pass arrangement, which is shown in Figs.1.4a, b. The fluid
was introduced at the center and exited on the two sides. The reduction of the flow length
through the channel passages resulted in a lower pressure drop, as displayed in Fig.1.4c. The
heat dissipation capacity for a specified pressure drop was significantly enhanced. The
improvement can be attributed to the increased heat transfer coefficient leading to a reduced
mass flow rate, and the reduced fluid flow length for each fluid stream. This offset strip-fin
configuration in a split-flow arrangement provides an interesting option for extending the
heat flux limit in direct chip cooling applications. More recently, Kandlikar (2005) presented
a system for cooling a high-power density processor chip which included two coolant loops.
The actual heat generating device is cooled by the primary microchannel heat sink and the
primary coolant was cooled by the second cooling system. In their solution, the building
HVAC system was connected to the secondary cooling loop. With the current single-phase
enhanced microchannel technology, a heat dissipation rate as high as 10 MW / m 2 was
predicted. The microchannel fluid flow boiling heat transfer was also considered in the study,
but the author thought that the operational instability and the resulting low critical heat flux
levels had prevented their implementation in practical devices. Single-phase cooling should
be more promising because of its reliable operation and ability to handle different imposed
heat fluxes.
Qu and Mudawar (2005) discussed a comprehensive methodology for optimizing the
design of a two-phase microchannel heat sink. In their study, flow rate or pressure drop were
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key constraints in the design of microchannel heat sinks which often demanded specialized
micro-pumps with performances dictated by either flow rate or pressure drop. For a fixed
"
= 500W / cm 2 , the acceptable range
flow rate of Q = 60ml / min and a device heat flux of qeff

of two-phase operation was confined so that the dissipative heat flux will not exceed the
maximum dissipative heat flux of the microchannel heat sink. For two-phase microchannel
heat sinks, the minimum dissipative heat and maximum dissipative heat are defined as:
"
=
q min

"
=
q max

ρQc p , f (Tsat − Tin )
WL

ρQ[c p , f (Tsat − Tin ) + h fg ]
WL

(1.19)
(1.20)

Here Tsat and Tin are the fluid saturation temperature and inlet temperature, respectively; W
and L are the width and length of the microchannel heat sink, respectively; h fg is the latent
heat of vaporization. Finally, they provided the numerical procedure for the optimal design of
two-phase microchannel heat sink either by fixing flow rate or fixing pressure drop. The
general performance map trends for fixed total volume flow rate and fixed pressure drop are
shown in Figs.1.5a and b. It provides a reference for optimizing two-phase microchannel heat
sink.
Jang and Kim (2005) investigated experimentally fluid-flow and heat-transfer
characteristics of a microchannel heat sink, again subject to an impinging jet. This type of
heat sink retains the high heat transfer coefficient associated with a typical microchannel heat
sink and experiences a low pressure drop compared to the microchannel heat sink with
parallel flow. The authors modeled the microchannel heat sink, subject to an impinging jet,
as a porous medium. Based on their experimental results, they suggested correlations for the
pressure drop across a microchannel heat sink subject to an impinging jet as well as its
thermal resistance as follows:
2
V0 2 L2
12 H C E , x ε L
Δp = ρ ( ) ( )(1 +
+
)
8
H
Re wc Wc
3K 1 / 2
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+ 0.028
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(Re dp ⋅ Ar ) −0.324
m& C p
kf L L

(1.21)
(1.22)

for 3 ≤ Ar ≤ 11 and 0 < Re dp < 500 ,where

Ar = H / Wc

(1.23)

Here, Δp is the pressure drop across a microchannel heat sink subject to an impinging jet,

ρ ,V0 , ε , K , C E , H , Re,Wc, Ar are density, impinging velocity at the inlet of the microchannel
heat sink, fluid dynamic viscosity, porosity, permeability, Ergun coefficient, and channel
height, Reynolds number, channel width and aspect ratio, respectively. The correlations for
the pressure drop, the thermal resistance were compared with experimental results, and both
match with experimental results within ±10%.
Zhang et al. (2005) experimentally investigated the fluid flow and heat transfer of
liquid-cooled foam heat sinks (FHS). As indicated in Fig.1.6, eight open-cell copper foam
materials with two pore densities of 60 and 100 PPI (pores per inch) and four porosities
varying from 0.6 to 0.9 were bonded onto copper base plates, which formed the FHS. The
authors focused on the characterization of a foam heat sink with high pore density and heat
exchange area for cooling high-performance electronic chips in comparison with a
microchannel heat sink. The thermal resistances and pressure drops were measured for the
FHS subject to fixed heating power of 60W and maximum pressure drop around 0.5 bar. As
expected, the thermal resistance in each case decreased with the increase of the flowrate. This
porosity effect on the thermal resistance can be attributed to characteristics inherent in the
foam structure. Porous foams with lower porosities have a higher interstitial velocity and thus
a higher local heat transfer coefficient. For the four 60 PPI FHS, the one with the lowest
porosity of 0.6 was found to possess the lowest thermal resistance level accompanied by the
largest pressure drop. Plotting the thermal resistance against the pressure drop and pumping
power (see Fig.1.7) revealed that 0.8 is the optimal porosity for the FHS at 60 PPI with a
minimal thermal resistance 0.31 o C / W . For the 100 PPI case, the porosity of 0.9 was
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identified to be the optimal porosity with a minimum thermal resistance of 0.34 o C / W , due
to the bypassing through the gap on the foam, which partially offsets the high pressure drop
related to the high pore density.
Peles et al. (2005) investigated heat transfer and pressure drop phenomena over a
bank of micro-pin fins in a micro-heat sink. The dimensionless total thermal resistance was
expressed as a function of Reynolds number, Prandtl number and the geometrical
configuration of the pin-fin micro-heat sink. They compared their theoretical model with
their experimental results and concluded that very high heat fluxes can be dissipated at a low
wall temperature rise using a microscale pin-fin heat sink. Thus, forced convection over
shrouded pin-fin arrays is a very effective cooling device. In many cases, the primary cause
for the rise in wall temperature is the increase of the fluid temperature as it flows through
microchannels. To suppress the convective thermal resistance at high Reynolds numbers,
dense pin-fin configurations are preferable, while for low Reynolds numbers more sparse
arrangements are advisable. The thermal resistance is less sensitive to changes in the tube
diameter at larger diameters, so very low tube diameters (below ~50 μm ) should be avoided.
To increase efficiencies, pins should be relatively short. However, correlations for heat
transfer coefficients at low Reynolds numbers, as applicable to microscale systems, using
intermediate pin lengths are not available.
Li and Peterson (2006) investigated numerically the thermal performance of siliconbased microchannel heat sinks using a simplified heat transfer model, i.e., 2-D fluid flow and
3-D heat transfer analysis. The tested rectangular microchannels had widths ranging from 20

μm to 220 μm and depths ranging from 100 μm to 400 μm . The effect of microchannel
geometry on the temperature distribution was discussed, assuming constant pumping power.
Their model was validated with previously published experimental results and theoretical
analyses. It was found that both the physical geometry of the microchannel and the thermophysical properties of the substrate are important parameters in the design of these
microchannel heat sinks. The optimal number of channels was found to be N=120 per
centimeter with an aspect ratio as large as possible (i.e., very deep grooves), while still
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meeting the constraints imposed by (i) the strength of the microchannel heat sinks and (ii) a
ratio of Wchannel / W pitch ≈ 0.7 for deep grooves.
Renksizbulut et al. (2006) numerically investigated the simultaneously developing
three-dimensional laminar flow and heat transfer in the entrance region of trapezoidal
channels in the Reynolds number range from 10 to 1000. In the entrance region, it is observed
that the axial velocity profiles develop overshoots near the wall and particularly at the channel

corners. In their work, new correlations are proposed for the entrance length, and for the
friction and heat transfer coefficient.
1.4.2.3 Nanofluid Flow in Microchannel Heat Sinks

As mentioned, nanofluids exhibit unusual thermal and fluid properties, which in
conjunction with microchannel systems may provide enhanced heat transfer performances.
For example, Wen and Ding (2004) reported a considerable convective heat transfer
augmentation when employing γ -Al2O3 nanoparticles in water flow in a copper tube based
on their experimental results. The test γ -Al2O3 nanoparticles had a size range of 27-56 nm .
Figure 1.8 depicts the local heat transfer coefficient vs. axial distance from the entrance of
the test section, which clearly shows that the enhancement of the local heat transfer
coefficient is much more dramatic than the enhancement of the effective thermal
conductivity in the main section of the test tube. The classical theory failes to predict the
peculiar heat transfer behavior of nanofluids, mainly because of the micro-mixing of
nanoparticles as well as particle-induced disturbance of the boundary layer in the entrance
region.
Experimental research. The convective heat transfer feature and flow performance of Cu-

water nanofluids in a tube (inner diameter 10mm, length 800mm) were experimentally
investigated by Xuan et al. (2003). The suspended nanoparticles remarkably improved the
heat transfer performance which increased with the particle volume fraction and the
Reynolds number. The comparison between the experimental results and the predicted results
using the Dittus-Boelter equation showed greater deviation with the increase in particle
volume fraction. The friction factors of nanofluids with different volume fractions were also
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compared. It showed that the nanofluid friction factor was almost the same as for the pure
water. Hence, there is almost no extra pumping power needed for nanofluid flow.
Yang et al. (2005) experimentally measured convective heat transfer coefficients of
several nanoparticle-in-liquid dispersions for laminar flow in a horizontal tube heat
exchanger. Graphite disk-like nanoparticles with an aspect ratio of 0.02 (l/d) were selected,
with an average diameter of about1-2 μm and lengths of 20-40 nm . The test tube had an
inside diameter of 0.457cm and was 45.7cm in length. Although the graphite nanoparticles
increased the static thermal conductivity of the mixture significantly at low weight fraction
loadings, the authors found that the experimental heat transfer coefficients showed lower
increases than predicted by either conventional correlations for homogeneous fluids or
correlations developed for particle suspensions with aspect ratios close to one. The type of
nanoparticles, particle loading, base fluid chemistry, and the process temperature are all
important factors influencing the thermal performance of nanofluids.
Heris et al. (2006) experimentally investigated the thermal performance of laminar
flow of the CuO-water and Al2O3-water nanofluids through a circular tube with constant wall
temperature boundary condition. The Nusselt number of both nanofluids increased with
nanopaticle concentrations as well as Peclet number. The Al2O3-water nanofluids showed
more enhancements compared with CuO-water nanofluids. In contrast to the higher thermal
conductivity of the CuO nanoparticles, the large CuO size and higher viscosity of the CuOwater nanofluids were thought to affect the effective thermal conductivity. They predicted
that there may exist an optimal concentration of Al2O3 and CuO nanoparticles between 2.5%
and 3% in volume.
Numerical and Theoretical research. Chein and Huang (2005) analyzed silicon

microchannel heat sink performance using a Cu-H2O nanofluid. Two specific geometries,
one with Wch = W fin = 100 μm and Lch = 300μm , the other with Wch = W fin = 57 μm and
Lch = 365μm were examined. The particle volume fraction ϕ of the nanofluid was in the
range of 0.3%-2%. They postulated for laminar nanofluid flow in microchannels:

Nu nf = NuCNF + c3ϕ n1 Ped n2 Re nnf3 Prnfn4

(1.24)
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where Nu CNF =

Dh h
and c3 , n1 − n4 are constants that were determined from experimental
k nf

data, i.e., c3 , n1 , n2 , n3 and n4 are 4.884, 0.754, 0.218, 0.333 and 0.4, respectively. They
showed that Nu increases significantly with the increase in Re and ϕ when compared with
pure water. The enhancement of the nanofluid thermal conductivity was contributed to the
increase in thermal conductivity of the coolant and the nanoparticle thermal dispersion effect.
The experimental results also showed that there is almost no extra pressure drop occurring
when using nanofluids as coolants.
Koo and Kleinstreuer (2005) investigated laminar nanofluid flow in microheat-sinks
using the effective nanofluid thermal conductivity model they had established (Koo and
Kleistreuer, 2004). For the effective viscosity due to micromixing in suspensions, they
proposed:

μ effective = μ static + μ Brownian = μ static +

k Brownian μ f
×
kf
Pr f

(1.25)

The impact of volume fraction in laminar flow of water and ethylene glycol with CuO–
nanoparticles on the microchannel pressure gradient, temperature profile and Nusselt number
was analyzed. Based on their experimentally validated results, the following was
recommended: Use of high Prandtl number carrier fluids, high aspect ratio channels, high
thermal conductivity nanopaticles, and treatment of channel surface to avoid nanoparticle
accumulation.
Maiga et al. (2005) numerically investigated the thermal and hydrodynamic
properties of a laminar forced convection flow of nanofluids. Two different geometrical
configurations were investigated in their study: (1) a straight heated tube and (2) a radial
space between coaxial and heated disks. Two particular nanofluids were considered, namely
Ethylene Glycol- γ Al2O3 and water- γ Al2O3. The numerical model shows a good agreement
with the scarce experimental data available when using to compute the Nusselts number. The
numerical results show the nanofluid can produce a remarkable increase of the heat transfer
with respect to that of the base fluids. The heat transfer enhancement appears to be more
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pronounced with the increase of the particle volume concentration, however, a dramatic
adverse effect on the wall shear stress also was found. The Ethylene Glycol- γ Al2O3
nanofluid shows a better heat transfer capability compared to the water- γ Al2O3 nanofluids,
but it also shows a more drastic adverse effect on the wall shear stress.
Mansour et al. (2006) investigated theoretically the effect of different models used to
predict nanofluid physical properties on their thermal and hydrodynamic performance for
both laminar and turbulent forced convection in a tube with uniform wall heat flux. The
nanofluid used in their study was a water- γ Al2O3 combination. The flow was assumed fully
developed and may be laminar or turbulent. The nanofluid was considered to be a ‘singlephase fluid’ and was assumed to be Newtonian, impressible fluid with constant properties.
For the effective thermal conductivity, two models were used in their study, one is the well
known Hamilton and Crosser correlation and the other is the correlation proposed by Yu and
Choi (2003). It was found that the effect due to the uncertainty in the values of the physical
properties of water- γ Al2O3 nanofluid on their thermo-hydraulic performance was significant.
More experimental data regarding to these effects are needed in order to access the true
potential of nanofluids.
Jang and Choi (2006) numerically investigated the cooling performance of a
microchannel heat sink with nanofluids. Two kinds of nanofluids were investigated in this
study, i.e., d p = 6 nm nanoparticles in a copper-water mixture and d p = 2 nm diamond-inwater nanofluid. A theoretical model was employed for the thermal conductivity of
nanofluids that accounts for four modes of energy transport: the thermal diffusion in the base
fluid, the thermal diffusion of nanoparticles, the collision between the nanoparticles, and the
nanoconvection due to Brownian motion. Specifically,

k nanofluids = k f (1 − φ ) + βk pφ + 3C

df
dp

k f Re 2d p Pr

(1.26)
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where β is a constant related to the Kapitza resistance, being in the order of 0.01; d f and
d p are the equivalent diameters of a base fluid molecule and a nanoparticle, respectively;

Re d p and Pr are the Reynolds number and the Prandtl number, and C = 6 × 10 6 .
Figure 1.9a compares the previous experimental findings (Lee et al., 1999) with the results of
the new model. With the new effective thermal conductivity model, the cooling performance
of the microchannel heat sink with nanofluids was considered. The cooling performance of a
microchannel heat sink with nanofluids was evaluated in terms of the thermal resistance θ ,
which is defined as:

θ=

Tmax − Tin
q"

(1.27)

where q " , Tin , and Tmax , are the heat flux generated, temperature of the inlet coolant and the
maximum temperature at the bottom surface of the microchannel heat sink, respectively.
Figure 1.9b shows the thermal resistance of microchannel heat sinks with water-based
nanofluids containing copper and diamond particles. Clearly, the cooling performance of a
microchannel heat sink with water-based nanofluids containing diamond (1vol.%, 2nm) at
the fixed pumping power of 2.25W is enhanced by about 10% when compared to that of a
microchannel heat sink with water. The numerical results show that the nanofluids reduce
both the thermal resistance and the temperature difference between the heated microchannel
wall and the coolant.
Palm et al. (2006) numerically investigated the heat transfer enhancement capabilities
of nanofluids inside typical radial flow radial flow cooling system. The laminar forced
convection flow of these nanofluids between two coaxial and parallel disks with central axial
injection was considered using temperature dependent nanofluid properties in their study. In
their mathematical model, the thermal and hydraulic properties were chosen by the
experimental data published by Putra et al.(2003). The great agreement of the results from
their numerical model with the experimental data by Mochizuki and Yang (1986) validated
the model’s acceptability. It is found that a water/Al2O3 nanofluid with a volume fraction of
nanoparticles as low as 4% can produce a 25% increase in the average wall heat transfer

38

coefficient when compared the base water. It was also found that the model can produce a
better thermal performance prediction as well as lower wall shear stress when using the
temperature-dependent nanofluid properties in stead of the constant nanofluid thermal
properties
Microchannel heat sink (MCHS) performance using copper-water and carbon
nanotube-water nanofluids as coolants was analyzed by Tsai and Chein (2007). The
microchannel heat sink was modeled as a porous medium. The MCHS performance was
characterized by the thermal resistance which was divided into the conductive thermal
resistance and convective thermal resistance. When employing a nanofluid as the coolant, the
convective thermal resistance was found to increase due to the increase in viscosity and
decrease in thermal capacity. The reduction of the total thermal resistance was contributed to
the reduced temperature difference between the MCHS bottom wall and bulk pure fluid or
nanofluids which produced a reduction in conductive thermal resistance. For pure fluid, it
was found that the higher aspect ratio decreased the thermal resistance which demonstrated
the work of the former research of Li and Peterson (2006). But the nanofluid has a significant
effect on the MCHS performance only when the channel aspect ratio and porosity are low.
For the MCHS with high channel aspect ratio and porosity, it is found that using the
nanofluid does not produce significant MCHS performance enhancement. Under the
condition of a given pressure drop, an optimum MCHS design was investigated. It was found
that using nanofluid can enhance the MCHS performance when the porosity and aspect ratio
are less than the optimal porosity and aspect ratio. The optimal aspect ratio has a value 5-6
for different pressure drop 50kPa and 200kPa, respectively. The authors compared the
performance of the pure fluid cooled and nanofluid cooled MCHS with the optimized
channel geometry of Turkerman and Pease (1981) by the analytical model, it was found that
a 23% and 25% reduction of thermal resistance were received by using the nanofluids of CuWater and CNT- Water which have a 4% volume fraction, respectively. Their study provides
an attempt for better thermal removal using the MCHS which gave some good suggestion for
future MCHS design for using the nanofluids. The experimental results needed for better
understanding the thermal performance of nanofluid in MCHS.
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1.4.2.4 Summary

For nanofluid flow in microchannels, researchers usually employ an effective thermal
conductivity model for the mixture’s thermal conductivity. Nanofluid microchannel flow
analysis is more complicated than macro-scale flow of pure fluids; thus, it needs definitely
more considerations.
Nanofluids are one of the most promising candidates for microscale cooling devices.
Thus, ongoing research is focusing on the thermal and fluid properties of nanofluids as well
as such mixture flow in microchannels. How to optimize the cooling capabilities of
nanofluids in microchannel heat sinks will be a challenging task. Alternative approaches
include fluid-jet impingement and two-phase, i.e., liquid-vapor, flow with boiling heat
transfer.

1.4.3 Entropy Minimization
Effective thermal and fluid system design often requires a creative, iterative, and
open-ended process to meet multifaceted objectives of an engineering system. With increased
worldwide awareness that the world’s fossil fuel resources are limited, major efforts have
focused on the design of more efficient and environmentally sustainable energy devices and
processes. Device designs based on the Second Law of Thermodynamics with local loss
mapping can reduce entropy production in a thermal fluid system, thereby improving its
energy efficiency.
Entropy production is a key parameter in determining the maximum theoretical limits
of energy efficiency of engineering devices. Inefficiencies in an engineering thermal fluid
system arise from thermal, friction, and other thermodynamic irreversibilities. Past studies
have described various analytical and empirical techniques for entropy based optimization of
engineering devices, most notably the method of entropy generation minimization (Bejan,
1996). An analytical approach typically involves the derivation of a functional expression for
the entropy generation in a process. The extrema of the function are then determined by
analytical methods of calculus. The rate of entropy generation is a derived quantity, which is
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predicted from post-processing of the temperature and velocity distributions. For complex
flow configurations, this typically requires computational fluid dynamics (CFD) techniques.
1.4.3.1 Entropy Generation Minimization in Heat Exchanger Systems

Entropy analysis of the flow system provides useful information about the flow field.
The local losses due to fluid friction and heat transfer can be identified easily. An analytical
solution of the entropy generation for the developing flow and fully developed flow with a
smooth channel was obtained by Bejan (1996), as well as Carrington and Sun (1992). The
second-law analysis of heat transfer in swirling flow through a cylindrical duct was
investigated by Yilbas et al. (1999). They introduced a merit function and an influence of
swirling on the merit function was also discussed. The heat transfer characteristics of flow
past a rectangular protruding body was examined by Shuja et al. (2000). Bejan (1982, 1996)
presented an optimal design method for balanced and imbalanced counterflow heat
exchangers. He proposed the use of a “number of entropy production unites” (Ns) as a basic
parameter in describing heat exchanger performance. In his recent study, Bejan (2002) also
demonstrated that the optimal geometry of a counterflow heat exchanger can be determined
based on a thermodynamic optimization subject to volume constraint.
Sahin (1998) compared the entropy generation rate inside ducts with different
geometric shapes (circular, triangular, square, etc.) and calculated the optimum duct shape
subjected to isothermal boundary condition for laminar flow. Demirel and Kahraman (1999)
studied the entropy generation in a rectangular packed duct with wall heat flux. They found
that the irreversibility distribution is not continuous through the wall and core regions. Sahin
(2000) found that the constant viscosity assumption may yield to a considerable amount of
deviation on entropy generation while he investigated the entropy generation in turbulent
liquid flow through a smooth duct subjected to constant wall temperature.
Exergy represents quantitatively the “useful” energy, or the ability to do/receive work.
Exergy is always destroyed, partially or totally. The destroyed exergy is proportional to the
entropy generation. The entropy generation is responsible for the less-than-theoretical
thermodynamic efficiency of the system. Bejan (2002) outlined the fundamentals of the
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methods of exergy analysis and entropy generation minimization (or thermodynamic
optimization—the minimization of exergy destruction). The concepts of irreversibility,
entropy generation, or exergy destruction were reviewed. It is shown that the physical
structure (geometric configuration, topology) of the system springs out of the process of
global thermodynamic optimization subject to global constraints. This principle generates
structure not only in engineering but also in physics and biology (constructal theory, Bejan,
2000).
Mahmud and Fraser (2003) analyzed the second law characteristics of heat transfer
and fluid flow due to forced convection of steady-laminar flow of incompressible fluid inside
channel with circular cross-section and channel made of two parallel plates. Different
problems are discussed with their entropy generation profiles and heat transfer irreversibility
characteristics. General expression for entropy generation number and Bejan number are
derived in dimensionless form using velocity and temperature profiles.
Abbassi et al. (2003) numerically analyzed the entropy generation issue in PoiseuillBenard channel flow with the use of the classic Boussinesq incompressible approximation.
Variations of entropy generation and the Bejan number as a function of Rayleigh numbers Ra
and irreversibility φ were studied. The limit irreversibility for which entropy generation due
to heat transfer is equal to entropy due to fluid friction was evaluated. It was found that the
limit irreversibility is a decreasing function of the Rayleigh number Ra; the maximum
entropy generation is localized at areas where heat exchanged between the walls and the flow
is the maximum. No significant entropy generation was seen in the main flow.
Mansour et al. (2006) analyzed the dissipation and entropy generation for fully
developed forced and mixed laminar convection in a vertical tube with uniform heat flux at
the wall, uniform internal volumetric heat source and viscous dissipation. The entropy
generation rate has been calculated for both forced and mixed convection. The results
showed that viscous dissipation counteracts the effects of buoyancy and can significantly
alter both the hydrodynamic and thermal fields; the entropy generation rate due to internal
friction is more important than that due to heat transfer by conduction.
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Ko (2006) numerically investigated the three-dimensional laminar forced convective
flow and entropy generation in a 180-deg curved rectangular duct with longitudinal ribs
equipped on the heat wall. The author analyzed the development of secondary vortices,
temperature and local entropy generation distributions as well as the overall entropy
generation in the whole flow fields, including the entrance and fully developed region. The
entropy generated from frictional irreversibility and heat transfer irreversibility was
investigated separately in detail. The ribs equipped on the heat wall shows good performance
on the reduction of the entropy generation from heat transfer irreversibility. Nevertheless, the
ribs increased the entropy generation due to frictional irreversibility due to the large fluid
friction they introduced.

The opposite influence on the entropy generation from

irreversibilities makes the optimal trade-off analysis become necessary for obtaining the
minimal resultant entropy generation. For cases with smaller Dean number and larger heat
flux, the entropy generation in flow fields is dominated by heat transfer irreversibilities.
Therefore, the additional ribs will benefit the reduction of the resultant entropy generation.
These results provided worthwhile information for considerations of adding ribs on a curved
duct and determinations of rib sizes from view point of thermodynamic second law.
Khan et al. (2007) investigated the thermodynamic losses caused by heat transfer and
pressure drop for a fluid in cross flow with tube banks by an entropy generation minimization
method. A general dimensionless expression for the entropy generation rate was obtained by
considering a control volume around a tube bank and applying conservation equations for
mass and energy with entropy balance. Both inline and staggered arrangements are studied
and their relative performance was compared. It was demonstrated that the staggered
arrangement gives a better performance for lower approach velocities and longer tubes, while
the inline arrangement performs better for higher approach velocity and larger dimensionless
pitch ratios. Compact tube banks performs better both arrangements and for smaller tube
diameters.
Khan and Yovanovich (2007) using an entropy generation minimization method
studied the thermodynamic losses caused by heat transfer and pressure drop for the fluid in a
cylindrical pin-fin heat sink and bypass flow regions. A general expression for the entropy
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generation rate is obtained by considering control volumes around heat sink and bypass
regions. An optimal design of cylindrical pin-fin heat sinks in side and tip bypass flows is
obtained for both the in-line and staggered arrangements. The effects of the side and top
clearance ratios, pin diameter, pin height, and Reynolds numbers are examined with respect
to their roles in influencing optimum design conditions and the overall performance of the
pin-fin heat sink. It was found that the optimum dimensionless entropy generation rate and
Reynolds numbers decrease with the decreasing of pin height; the dimensionless entropy
generation rate decreases with increase in side/top clearance ratio and decrease in pin
diameter; and the in-line arrangement shows better performance for any pin height and
side/top clearance ratio.
In a recent study, Ko and Wu (2008) analyzed the entropy generation induced by
turbulent forced convection in a curved rectangular duct with external heating by numerical
methods. Though the comparison of the three aspect-ratio cases (1, 0.25, 4), it was found the
resultant entropy generations in the flow field are all dominated by the frictional
irreversibilities. Among the three cases, the resultant entropy generation is minimal in the
case of the aspect ratio is equal to 1. It was also found that the entropy generation induced by
frictional irreversibility concentrated within the regions adjacent to the duct walls, whereas
the entropy generation resulted from the heat transfer irreversibilities only significantly
occurs near the outer wall of the duct where the external heat flux imposed.
1.4.3.2 Objectives

With the advances of MEMS technology, various silicon-based micro-systems, such
as micro-heat sinks, have been developed in recent years. It is very important to realize that
the fluid flow and heat transfer characteristics in these microchannels have to be optimized to
achieve better designs and hence performances of various micro-systems.
Microfluidic irreversibilities of friction, heat transfer, and electrodynamic transport
have significance in the achievement of various technological goals involving micro- and
nanoenergy systems (Gad-el-Hak, 1999). Fluid flow through microchannels has been studied
extensively by many authors (Wu and Cheng., 2003; Ng and Tan, 2004; among others),
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including experimental, numerical and theoretical studies. Entropy production includes both
frictional and thermal irreversibilities, which lead to pressure losses in microchannel flows.
Additional irreversibilities of phase transition, electromagnetic transport and radiative heat
transfer have been reported previously (Bejan, 1996; Naterer, 2001). Ogendengbe et al. (2006)
investigated numerically the mechanisms of near-wall velocity slip and their effects on
energy conversion of fluid motion in microchannels. Sensitivity studies involving entropy
generation were conducted at various operating parameters for slip-flow condition, including
different channel ratios, pressure ratios and slip-flow coefficients.
Li and Kleinstreuer (2008) analyzed the thermal performance of nanofluid flow in a
trapezoidal microchannel using pure water and CuO-water with volume fractions of 1% and
4%. The results show that nanofluids do measurably enhance the thermal performance of
microchannel mixture flow with a small increase in pumping power. The thermal
performance increases with volume fraction; but, the extra pressure drop, or pumping power,
will somewhat decrease the beneficial effects. Microchannel heat sinks with nanofluids are
expected to be good candidates for the next generation of cooling devices.
A further study to investigate entropy generation including such irreversibilities, but
focus on applications to microdevices would greatly benefit micro-system optimization, i.e.,
showing how the second law provides key insight regarding fluid friction, heat transfer,
pressure losses, and energy conversion in microdevices. The local mapping of entropy
generation in microchannels, obtained from the numerical analysis, will greatly facilitate
system optimization, i.e., micro heat sinks. The effects of microchannel aspect ratio as well
as operational conditions on frictional and/or heat transfer irreversibilities are discussed in
detail to optimize geometric and operational conditions.
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1.4.4 Bio-MEMS
Biological Micro-Electro-Mechanical Systems (Bio-MEMS) have been a hot topic of
growing interest over the past decade. With the increased awareness of microfluidic physics
and the surface science of silicon, polymers, glass, and ceramics, the traditional fabrication
techniques previously imported from integrated circuit manufacturing to MEMS have been
also applied to bio-MEMS. Bio-MEMS devices consist of electromechanical, chemical, and
biological materials. Besides the complex fabrication steps for traditional MEMS, packaging
safety and biocompatibility create significant challenges for bio-MEMS engineers. BioMEMS can typically be considered as having at least one feature’s dimension in the
submicron or micron range (100nm~200 μm ), and other dimensions of up to several
millimeters (Saliterman, 2005). In the 1990s, most of the studies on bio-MEMS were
concentrated in academia, while in recent years such devices began to be commercialized.
Example include an electronically activated drug delivery microchip by MicroCHIPS
(Shawgo et al., 2002); the controlled delivery system from integrating silicon and
electroactive polymer technologies by ChipRx (2003); the MEMS based DNA sequencer
(Smart Cyler®) developed by Cepheid (2003), arrays of in-plane and out-of-plane hollow
microneedles for dermal/transdermal drug delivery (Ovsianikov et al., 2007, Kim & Lee,
2007)
Nanoparticles, which include nanospheres and nanocapsules of size 10-200 nm, are in
the solid state and are either amorphous or crystalline. They are able to adsorb and/or
encapsulate a drug, thus protecting it against chemical and enzymatic degradation.
Nanocapsules are vesicular systems in which the drug is confined to a cavity surrounded by a
unique polymer membrane, while nanospheres are matrix systems in which the drug is
physically and uniformly dispersed. Nanoparticles as drug carriers can be formed from both
biodegradable polymers and non-biodegradable polymers. Understanding the physics of
nanofluids at the microscale is essential for a better understanding and designing of
microfluidic devices, including bio-MEMS. Microfluidic devices and components for
bioMEMS such as micro-valves, micromixers and microneedles are discussed here as well.
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1.4.4.1 Bio-MEMS Components

Beebe et al. (2002) reviewed the physics and applications of microfluidics in biology.
The important characteristics of the microscale were depicted. The manufacturing methods
used to fabricate microfluidic devices which include micromachining, soft lithography,
embossing, in situ construction, injection molding, and laser ablation were mentioned. As
Beebe et al. (2002) illustrated, the main component in any microfluidic device is the channel
network; however, for bio-MEMS application, one must add components to increase the
functionality of a microfluidic system, which includes microvalves, micromixers,
micropumps, and microsensors for sensing and measuring capabilities at the microscale.
Examples of devices and systems that perform bioanalysis are also presented.
Micro-valves. Gu et al. (2002, 2003) described two approaches for modulating fluid flow

and drug delivery rate in response to external stimuli using hydrogels incorporated in MEMS
devices. A hydrogel-gated flow controller (HFC), which consisted of two components, a 3-D
crosscut structure and a loaded hydrogel was firstly introduced. An aqueous pregel solution is
introduced by capillary action into the trenches. After polymerization, a hydrogel that is
geometrically and permanently interlocked with the pyrex structures was created. The tubing
is very conductive to heat, so internal water temperature equilibrates rapidly with the bath.
Immersing the tubing alternately in “cold’’ (25oC) and ‘‘hot’’ (40oC) water baths, the flow
rates were changing with the temperature change.
Baldi et al. (2003) reported a smart hydrogen-based microvalve for active flow
control in microfluidic systems. The environmentally sensitive hydrogel was sandwiched
between a stiff porous membrane and a flexible silicone rubber diaphragm, as shown in
Fig.1.10. This hydrogel swells and shrinks in response to changes in both glucose
concentration and pH. The valve was alternatively immersed in solutions of different analyte
concentrations. The magnetic stirrer was used to assure solution homogeneity. The switch
between a “flow on” and a “flow off” state is affected about 20min after a change in glucose
concentration. It may be improved in the future by changing the characteristics of the porous
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membrane, the hydrogel etc. A closed-loop control of insulin delivery in the treatment of
diabetes can be operated using the glucose-sensitive, hydrogel-controlled microvalve.
Micromixers. An important part of the bio-MEMS is active or passive micro-mixers

(Nguyen and Wu, 2005; Nguyen, 2008). Thakur et al. (2003) reviewed static mixers as used
in process industries, with an emphasis on design parameters governing the performance of
the various mixers. Static micro-mixers, not requiring any external energy source, rely on
chaotic advection and/or enhanced diffusion, typically to mix two fluids (see Stroock et al.,
2002; Kim et al., 2004; Munson and Yager, 2004; Hardt et al., 2005; Floyed-Smith et al.,
2006; Chang and Yang, 2007; Chung and Shih, 2008; Kang et al., 2008; Brotherton et al.,
2008; among others). For example, Hardt et al. (2005) reviewed recent developments in
micromixing technology, focusing on liquid mixing with passive micro-mixers. Four kinds of
mixers which employed different hydrodynamic principles are discussed: hydrodynamic
focusing, flow separation, chaotic advection, and split-and-recombine flows. Due to the
dominating laminar flow in microscale, fast mixing by passive micro-mixers relies entirely
on the enhancement of diffusion or chaotic advection. The enhancement of molecular
diffusion can be realized by increasing the contact surface between the different fluids and
decreasing the diffusion path between them. And the chaotic advection can be realized by
manipulating the laminar flow in microchannel. Thus, selecting the right type of micro-mixer
for a specific application is very important.
A simple method to reduce the mixing path by increasing diffusion is to make a
narrow mixing channel (Veenstra, 1999) or achieving parallel lamination with multiple
streams (Jackman et al., 2001). Munson and Yager (2004) introduced a lamination micromixer to enhance mixing by splitting and later joining the streams. Using an array of nozzles,
the solute flow was injected into the solvent flow, Miyake et al. (1997) reported an injection
micro-mixer with 400 nozzles, and a good mixing efficiency was achieved.
Advection is another important form of mass transfer in microchannel flow. However,
advection is usually along the main flow direction and is not useful for transversal mixing
process. Chaotic advection can improve mixing significantly, passive mixer usually use
special geometries in microchannel to generate the chaotic advection. One simple method to
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generate chaotic advection is to insert obstacle structures in the microchannel. Wang et al.
(2002) numerically investigated the effect of many arrangements of obstacles in enhancing
mixing, Wang et al. (2002) found that obstacles in a microchannel at low Reynolds numbers
cannot generate eddies or recirculations. However, the obstacles can improve mixing
performance at high Reynolds numbers. Mengeaud et al. (2002) discussed a zig-zag-shaped
micro-mixer in their study, mixing could be improved by the generated recirculations at the
turns at higher Reynolds number (Re>80), below this number, mixing process relied on
diffusion. Johnson et al. (2002), Stroock et al. (2002), Wang et al.(2003) investigated the
chaotic advection induced by rips or grooves on the channel. The so-called staggered
herringbone mixer by Stroock et al. (2002) can work well at a Reynolds number range from 1
to 100. Kim et al. (2004) improved the design of Stroock et al. (2002) with embedded
barriers parallel to the flow direction. The embedded barrier changes the original elliptic
mixing pattern to a hyperbolic pattern.
Brotherton et al. (2008) compared three common microfluidic mixing techniques:
electro-osmosis with patterned zeta potential, hydrodynamic focusing, and physical
constrictions. For each mixer, the relevant dimensionless groups were identified and varied to
determine the mixing performance, i.e., by varying the length-to-height ratio of the
microchannel. Each technique improved mixing several-fold over a straight channel without
a mixer. Specifically, the electro-osmotic mixer required the greatest amount of power to
produce a high degree of mixing, while the physical-constriction-mixer was recommended
because it has a power requirement similar to the hydrodynamic-focusing-mixer, but only
requires the use of a single pump.
Microneedles. Most drug delivery studies have emphasized solid microneedles, which have

been shown to increase skin permeability to a broad range of molecules and nanoparticles in
vitro. Hollow microneedles have also been developed and shown to inject insulin to diabetic
rats. To address practical applications of microneedles, the ratio of microneedle fracture force
to skin insertion force was found to be optimal for needles with small tip radius and large
wall thickness.
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Henry et al. (1998) conducted the first study to determine if microneedles could be
used to increase transdermal drug delivery. An array of solid microneedles was embedded in
cadaver skin, which caused skin permeability to a small model compound, calcein, to
increase by three orders of magnitude. Increased transport was interpreted to occur through
leakage pathways between the needles and skin. After removing the needles, thereby
unplugging the holes they created, skin permeability increased by another order of magnitude.
McAllister et al. (2003) used single glass microneedles inserted into the skin of
diabetic hairless rats in vivo to deliver insulin during a 30-min infusion. This study
demonstrated up to a 70% drop in blood glucose level over a 5-h period after the insulin was
administered. This study demonstrates microneedle-based drug injection into the skin.
A valid CFD model could greatly improve design of microfabricated microfluidic
devices in general. Trebotich et al. (2002) studied flow characteristics of three microneedle
geometries (straight, bend and filtered) using computational methods. The computational
results were compared with the experiment and analytical results. Laminar flow models were
found to accurately predict the flow behavior through the microneedles. The studies of the
wall shear stress along the center line and in the corner of the needle will be beneficial for
reducing the shear-induced damage to biological molecules.
Stoeber and Liepmann (2005) presented a fabrication process for hollow singlecrystal silicon out-of-plane microneedles and investigated the applicability for painless
epidermal drug delivery. The microneedles were tested by injecting liquid to chosen sample
tissue. It was found that the sample fluid can be successfully delivered up to almost 100 μm
into the tissue, which is the desired depth for epidermal drug delivery. The microneedles also
mill stood force tests, i.e., there were no visible damage when the force was up to 10-20
times the typical insertion force. The characteristics of liquid flow through microneedles
were also investigated in their study. The pressure drop Δp as a function of flow rate Q for
an individual needle was modeled with the modified Bernoiulli equation (Janna, 1993). It
was also found that the flow exits the lumen before it is fully developed. They thought that
the modified Bernoiulli equation can be a good model for liquid flow through microneedles.
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The establishment of fluid mechanical description of the skin will benefit the study of drug
delivery with microneedles.
Martanto et al. (2005) experimentally determined the relationship between pressure
drop and flow rate as a function of fluid viscosity and microneedle geometry (microneedle
length, diameter, and cone half-angle). They also numerically modeled the fluid dynamics in
microneedles. The numerical simulations were done with the computational fluid dynamics
software FLUENT (Version 6, Lebanon, NH). The simulation results yielded a mean
absolute percent error (MAPE) of 11% when compared with the experimental measurements.
The discrepancies between the experimental results and numerical results were also analyzed.
The idealized microneedle geometry in simulation work, the experimental uncertainty in
measurement of the geometry dimension, the surface roughness features influence in fluid
flow may all contribute to some of the discrepancies. It was suggested that a microneedle
designed to deliver a maximum flow rate with minimum pressure drop would have the shape
of a straight-sided cone with a cone half angle of about 20-30o and a large tip diameter.
Microreservoirs. Shawgo et al. (2002) reviewed various approaches to the area of drug

delivery (using bio-MEMS), including devices based on microporous silicon, microneedles,
micropumps, and microreservoirs. Microreservoir drug delivery was emphasized in their
study. Two microreservoir approaches were introduced. The first one is based on a silicon
substrate into which an array of reservoirs is etched. Each reservoir contains a single dose of
drug and is covered with a gold membrane. The gold membrane converts to soluble gold
chloride upon the application of an anodic potential to the device in a medium with a
physiological concentration of saline. The drug contained in the reservoir is then free to
diffuse into the surrounding medium after the membrane has dissolved. The device can be
implanted for local drug delivery. Another microreservoir drug delivery device was
fabricated from restorable polymers. The device consists of a reservoir-containing substrate
made out of poly (lactic acid) and reservoir membranes made of copoymers of poly-lactic
acid and poly-glycolic acid (PLGA). It was found that the degradation time of the reservoir
membranes varied with molecular weight and lactic glycolic ratio, so that the timing of the
release from each reservoir can be engineered.
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1.4.4.2 Nanomedicine Delivery

There are many routes by which drugs can be delivered into the body, which include
oral (drug taken by mouth), injections, nasal, inhalation, rectal, cutaneous (applied on the
skin), and transdermal (delivery through the skin). Each drug delivery route has specific
advantages and disadvantages, and the route greatly impacts the targeting and therapeutic
efficacies of the delivered drug inside the body. Compared to other methods, oral drug
administration is the simplest and the least expensive method. In addition, it is also often the
safest method for most drugs. However, conventional oral drug delivery method is not an
ideal route for the delivery of many drugs, especially newly available protein- or peptide
based drugs developed through biotechnology. Although the alternative injection method
would be a good way to deliver large-molecule drugs into the body in large quantities, it has
inherent problems, such as invasiveness and its difficulty to achieve a sustained controlled
release. Drug delivery targeted to a precise region or tissue in the body can reduce side
effects, minimize the dose of a costly drug, or provide a means of delivery to a location that
is difficult to treat. The new challenges pushed researchers to explore new drug delivery
methods, where the drug delivery method using MEMS, i.e., bio-MEMS, emerged in recent
year. In the 1990s, most bio-MEMS studies were concentrated in academia, while in recent
years commercialization of such devices began. Examples include an electronically activated
drug delivery microchip (Shawgo et al., 2002); a controlled delivery system via integration of
silicon and electroactive polymer technologies; a MEMS-based DNA sequencer developed
by Cepheid (2003); and arrays of in-plane and out-of-plane hollow micro-needles for
dermal/transdermal drug delivery (Ovsianikov et al., 2007; Kim & Lee, 2007; among others)
as well as nanomedicine applications of nanogels or gold-coated nanoparticles (Labhasetwar
& Leslie-Pelecky, 2007). Part of the advanced endeavors in developing integrated micro- or
nanodrug delivery systems is the interest in easily monitoring and controlling target-cell
responses to pharmaceutical stimuli to understand biological cell activities or to facilitate
drug development processes. While micro-devices allow precise drug delivery by both
implanted and transdermal techniques, conventional drug delivery is characterized by the
“hill-and-valley” phenomenon. It implies that when a drug is dispensed, drug concentration
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in the blood will increase, peak and then drop as the drug is metabolized, where the cycle is
repeated for each drug dose. In nanodrug delivery (ND) systems, controlled drug release is
over an extended period of time. Hence, the desired drug concentration will remain within
the therapeutic window as needed. Usually, an integrated ND system is composed of drug
preparation, feeding, sensing (test), and feedback parts. The type and dose of drugs are
selected in the drug preparation part, while the feeding system guides drugs and buffer fluids
into the test part. Test cells are placed into the test section, where they act to drugs and
(electric) response signals are monitored via the feedback part.
Various transdermal systems using reservoir gels have been developed for delivery of
nitroglycerin, hormones, scopolamine and other drugs where gradual release is beneficial.
Dose, frequency, duration, oscillatory behavior, toxicity, drug interaction, and allergies must
all be considered and customized for patients based on their illness and history. Bio-MEMS
devices offer a number of advantages to drug delivery, which include controlled release,
reliable dosing, targeted therapy, precise delivery, and automated or semiautomated feedback
control. Figure 1.11 depicts a schematic diagram of the micro drug delivery system by Su et
al. (2004). In this system a water-powered osmotic microactuator was used to produce
mechanical actuation without consuming any electrical energy.
Koo (2004) analyzed a microchannel multi-drug-stream system which ensures a very
uniform and fast developed concentration field. In Koo’s system, the purging fluid which is
contained in the supply chamber ensures a uniform pressure distribution in the chamber and
hence the same pressure gradients in all equal branch channels. The drug and purging fluid
can be delivered alternatively by adjusting the drug-supplying pressure.
1.4.4.3 Summary

In order to understand and achieve good drug delivery using bio-MEMS, one must
understand the physical phenomena that are dominant at the microscale and the application
environment of the microdevice. Bio-MEMS geometry miniaturizing should benefit from the
understanding of nanoparticle dispersion and nanofluid flow mechanisms in microchannels.
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Table 1.1 Summary of Experimental Studies on Thermal Conductivities of Nanofluids
Investigators

Particles

Volume
Fraction

Size(nm)

Base Fluid

Experimental Method

Found

Masuda et al. (1993)

Al2O3

4.3%

13

water

Transient hot- wire method

33% enhancement

Eastman et al. (1997)

5%

33/36/18

60% enhancement in CuO Nanofluid

4.3%

38.4/23.6

water,HE-200
Oil
water, EG

Transient hot- wire method

Lee et al. (1999)

Al2O3/CuO/
Cu
Al2O3/CuO

Transient hot- wire method

Wang et al. (1999)

Al2O3/CuO

3%

28/23

water, EG,
Poly-Oil

Steady-state parallel plates

15% enhancement for Al2O3/water,
20% enhancement for CuO/EG
12% enhancement in Al2O3 Nanofluid

Xuan and Li (2000)

Cu

1-5%

100

Water EG

transient hot-wire method

Particle size and volume fraction
influence were studied

Easterman
(2001)

Cu

0.3

<10

EG

Transient hot- wire method

40% enhancement

Choi et al. (2001)

CNTs

1%

Ø2500×500
0

Poly-Oil

Transient hot- wire method

160% enhancement

Xie et al. (2002)

Al2O3

5%

60.4

Water

Transient hot- wire method

20% enhancement

Das et al. (2003)

Al2O3/CuO

1%-4%

38.4/28.6

water

Temperature oscillation

Patel et al. (2003)

Au/Ag

0.011%/
0.00026%

10-20

Water, toluene

transient hot-wire method

Putra et al. (2003)

Al2O3/CuO

1%/4%

131.2/87.3

water

Steady-state parallel plates
with convection

Wen and Ding
(2004)

Al2O3

0.5-2%

27-56

water

transient hot-wire method

2-4 fold increase with temperature from
21-52ºC
5%-21% and 7%-14% enhancement
with temperature from 30-60ºC
from 21-51ºC, CuO(1%),8%-30%;
CuO(4%),15-35%; Al2O3(1%),3-10%;
Al2O3(4%),10-22%;
3%-10% enhancement at 22ºC

Assael et al. (2005)

CNTs

0.6

Ø100250×10000

water

transient hot-wire method

38% enhancement

Chon et al. (2005)

Al2O3

1

11,47,150

water

transient hot-wire method

7%,10%,14%
increase
temperature from 21-71ºC

et

al.

EG: ethylene glycol ;CNTs: carbon nanotubes; EXG: exfoliated graphite; HTT: heat treated nanofibers; PAO: poly-alpha-olefin

with
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Table 1.1 Continued
Rusconi et al. (2006)

Colloidal

Up to 15%

N/A

Water

Optical thermal lensing method

Zhang et al. (2006)

Al2O3, ZrO2,
TiO2, CuO

Up to 14%

20,20,4
0,33

water

Transient short-hot- wire method

Li
and
(2006)

CuO/Al2O3

2,4,6,10%

29/36

water

Steady-state parallel plates,
traditionally referred to “cut-bar
apparatus” was used

Putnam et al. (2006)

C60-C70/Au

Up to 0.6%
and 0.35%

2~4

Venerus et al. (2006)

Au/ Al2O3

0.002, 2.5

21.7/30

Shaikh et al. (2007)

CNTs/EXG
/HTT

0.1~1%

10-15

PAO oil

Al2O3

Up to 10%

11, 20,
40
15, 80,
80
14nm,
33nm

water

Thermal property analyzer based
by Transient hot- wire method

Water, EG

Transient hot- wire method

Water/EG

Transient multicurrent hot-wire
method

Peterson

Timofeeva et al.
(2007)

Toluene/
ethanol
Water/
petroleum oil

Optical beam deflection
Optical (Forced Rayleigh
scattering)
Optical (modern light flash
technique)

Murshed et al. (2006)

TiO2,
Al

Penas et al. (2008)

SiO2 CuO

0.4~2.5

Ju et al. (2008)

Al2O3

Up to 10

20, 30,
45

water

Pulsed transient hot-wire method

Chen et al. (2008)

SiO2

16%

10~30

water

Transient hot- wire method and
small-angle X-ray scattering to
help dispersion

Li et al. (2008)

Al2O3

0.5%, 2%,
4%, 6%

47

water

Transient hot- wire method and
steady state cut-bar method

Al2O3,

1%-5%

No anomalous enhancements are
measured
No anomalous enhancements are
measured, traditional Hamilton and
Crosser model is valid
52% enhancement for 6% CuO
nanofluids and 30% enhancement for
Al2O3 nanofluids are observed at
T=34oC
No anomalous enhancement
No temperature influence on
enhancement
CNT based suspension enhanced
more than others, 161% enhancement
observed for CNT suspensions.
No anomalous enhancement
Temperature influence, 15% increase
for TiO2, 45% for Al/EG nanofluid
Larger enhancement for CuO
nanofluids than that of SiO2
No anomalous enhancements or
strong temperature dependence are
measured
Thermal conductivity shows a linear
increase with the increase of
nanoparticle size
Enhancements
are
observed,
measured values shows good
agreement of both methods at room
temperature

EG: ethylene glycol ;CNTs: carbon nanotubes; EXG: exfoliated graphite; HTT: heat treated nanofibers; PAO: poly-alpha-olefin
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Das et al.(2003) 38.4 Al2 O3 in water T=21 oC
Das et al.(2003) 28.6 CuO in water T=21 oC
Das et al.(2003) 28.6 CuO in water T=36 oC
Das et al.(2003) 28.6 CuO in water T=51 oC
Hong et al.(2005) 10nm Fe in EG
Zhou & Wang(2002) 50nm CuO in water
Chon et al.(2005) 11nm Al2O3 in water T=30 oC
Chon et al.(2005) 47nm Al2O3 in water T=20 oC
Chon et al.(2005) 47nm Al2O3 in water T=30 oC
Patel et al.(2003) 4nm Au-thiolate in toluene T=30 oC
Patel et al.(2003) 4nm Au-thiolate in toluene T=40 oC
o
Patel et al.(2003) 15nm Au-citrate in water T=30 C
Patel et al.(2003) 15nm Au-citrate in water T=40 oC
Eastman et al. (2001) 10nm Cu(old) in EG
Eastman et al. (2001) 35nm CuO in EG
Eastman et al. (2001) 35nm Al2O3 in EG
Xie et al.(2002) 26nm Al2O3 in EG
Wen & Ding (2004) 27-56nm Al2O3 in water T=22 oC
Murshed et al. (2006) 80nm Al2 O3 in water
Murshed et al. (2006)Φ10×40nm TiO2 in EG
o
Murshed et al. (2007) 80nm Al in EG T=25 C
Murshed et al. (2007) 15nm TiO2 in EG T=25 oC
o
Li & Peterson (2007) 36nm Al2O3 in water T=30.5 C
Li & Peterson (2007) 47nm Al2O3 in water T= 30.5 oC
Li & Peterson (2006) 29nm CuO in water T =31.3 oC
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Fig.1.1 Summary of experimental thermal conductivity
enhancement of different nanofluids
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Fig.1.2 Typical microchannel heat sink elements and the current computational
trapezoidal microchannel unit
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Fig.1.3 3-D rendering of assembled microchannel cooling device (Source:
Colgan et al., 2005)
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Fig.1.4 Microscale cooling device applications for pure water: (a) schematics of
single-pass and split flow arrangements showing fluid flow through microchannels;
(b) comparison of pressure drops for microchannels with offset strip-fins (l=0.5 mm)
in single-pass and split-flow arrangements on a 10 mm × 10 mm chip (Source:
Kandlikar et al., 2005)
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Fig.1.5 Map of general performance trends for a typical two-phase
microchannel heat sink: (a) fixed total volume flow rate and (b) fixed
pressure drop (Source: Qu and Mudawar,2005)
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Fig.1.6 Schematic of a metallic foam heat sink (FHS) design compatible
with geometric data table (Source: Zhang et al., 2005)
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Fig. 1.7 Thermal resistances for FHS of both 60 and 100 PPI and the
microchannel heat sink with respect to: (a) the pressure drop and (b) the
pumping power (Source: Zhang et al., 2005)
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Fig. 1.8 Nanofluid flow application in microchannel heat sink: axial profile of local he
transfer coefficient (Re = 1050 ± 50) (Source: Wen and Ding, 2004)
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Fig. 1.9 Nanofluid flow applications in microchannel heat sinks: (a) comparison of
model predictions with experimental thermal conductivity data for copper oxide-inwater and aluminum-in-water nanofluids (Source: Lee et al., 1999); (b) thermal
resistances of microchannel heat sinks with water-based nanofluids containing copper
and diamond particles (Source: Jang and Choi, 2006)
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Fig.1.10. Schematic drawing of the microvalve
cross section: (a) with spacer and (b) without
spacer (thinner hydrogel). (Baldi et al., 2003)

Fig.1.11. Schematic diagram of the micro drug delivery system
(Su et al., 2004)

65

Chapter 2

THEORY and MODEL COMPARISON
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2.1 Introduction
Deviations from conventional theory observed by experimentalists and possible
methods for simulating nanofluid flow in microchannels were reviewed in the previous
chapter. In order to better understand and design micro-systems, theoretical microfluidics
investigations are necessary. Some pertinent questions have to be considered (Gad el Hak,
1999; Pfhaler et al., 1990): Is the continuum assumption still valid? For example, in order for
the Navier-Stokes equations to be hold, the gas flow Knudsen number, Kn = λ / L should be
very small, where λ is the mean-free path of molecules and L is the minimum length scale
of the flow system. The close spacing and the strong interactions between liquid molecules
support the use of the continuum approach for liquid flow in microchannels down to 10 μm .
Thus, for the current study of fluid/nanofluid flow in microchannels (usually of O(102) μm ),
the conventional continuum mechanics approach was selected.
A suitable nanofluids property model would greatly benefit the simulation work and a
better understanding of the thermal and fluid flow characteristics in microscale systems. Up
to now, several mechanisms and models have been proposed in the literature to explain the
anomalous thermal conductivity enhancement observed from the experimental data. The
mechanisms that may be in charge of the thermal conductivity enhancement include i)
thermal energy transfer due to Brownian motion, ii) ordered nanolayer between the
nanoparticles and base fluid, iii) simple conduction through nanoparticles, iv) simple
conduction of nanoparticles and fluid molecules, v) thermophoresis, vi) osmo-phoresis.
According to Koo & Kleinstreuer (2005), the thermal conductivity due to thermophoresis and
osmo-phoresis is 10 7 ~ 10 8 orders smaller than the effect of Brownian motion. Several
promising thermal property models of nanofluids were compared and described. A new
effective thermal conductivity model (Koo-Kleinstreuer-Li: KKL) is introduced in Sect.
2.3.2.1. It considers the particles’ conventional conduction mechanism (static part) and the
micro-convection induced by the Brownian motion of nanoparticles (dynamic part).
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2.2 Conservation Laws Applied to Microchannel Flow
In order to better describe the fluid and heat transfer characteristics in microchannels,
surface roughness effect and viscous dissipation effects should be considered. The entrance
effect is not negligible. According to Kleinstreuer (2006), the surface roughness effects are
investigated with a thin porous medium layer (PML) on the walls for which the BrinkmanForchheimer extended Darcy equation holds. Considering the possible occurrence of
laminar-transitional-turbulent

flows

in

the

microchannel,

low

Reynolds

number

k − ω equation can be employed (Zhang & Kleinstreuer, 2003). The governing equations for
unsteady incompressible non-isothermal homogeneous mixture flow in microchannels with
porous wall layers can be expressed as:
Main flow region:
Continuity equation:
r
∇⋅u = 0
Momentum equation:
r
r
r
∂u r r
1
+ u ⋅ ∇u = −
∇p + (ν f + ν T )∇ ⋅ (∇u + ∇u T )
∂t
ρf

(2.1)

(2.2)

Turbulent kinetic energy ( k ) equation:
r
∂k r
+ u ⋅ ∇k = τ ij ∇u − β ∗ kω + (ν f + σ kν T )∇ 2 k
∂t

(2.3)

Pseudo-vorticity ( ω ) equation:
r
∂ω r
ω
+ u ⋅ ∇ω = α τ ij ∇u − βω 2 + (ν f + σ ων T )∇ 2ω
∂t
k

(2.4)

In Eqs. (2.1)-(2.4), ν f is molecular kinematic viscosity, ν T is the turbulent viscosity given
as ν T = c μ f μ k / ω , and the function f μ is defined as f μ = exp[−3.4 /(1 + RT / 50) 2 ] with

RT = ρk /( μω ) . The other coefficients in the above equations are:
c μ = 0.09 , α = 0.555 , β = 0.8333 , β ∗ = 1 , and σ k = σ ω = 0.5

Energy equation:

(2.5)
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ρf

⎡⎛ k f
ρ fν T
r
∂T
+ ρ f (u ⋅ ∇)T = ∇ ⋅ ⎢⎜
+
σT
∂t
⎢⎣⎜⎝ c p , f

⎞ ⎤ ρ f (ν f + ν T )
⎟∇T ⎥ +
Φ
⎟ ⎥
c
p
,
f
⎠ ⎦

(2.6)

where σ T is the turbulent Prandtl number for temperature taken as 0.9, and Φ is the viscous
dissipation function which can be written as:
⎛ ∂u
∂u j
Φ=⎜ i +
⎜ ∂x j ∂xi
⎝

⎞ ∂u i
⎟
⎟ ∂x j
⎠

(2.7)

Particle transport equation:
∂α d
ν
r
⎡
⎤
+ ∇ ⋅ (u α d ) = ∇ ⋅ ⎢( D + T )∇α d ⎥
∂t
Sc
⎣
⎦

(2.8)

Where α d is the particle concentration, D is the particle diffusion coefficient, and Sc is the
Schmidt number.
Near-wall Porous Media Region:
Continuity equation:
r
∇⋅u = 0
Momentum equation:
r
μ PMLeff r
r r
rr
r
∂u
ρf
+ ρ f (u ⋅ ∇u ) = −ϑ (
u + c F K −0.5 u u ) − ϑ∇p + μ PMLeff ∇ ⋅ (∇u )
∂t
K

(2.9)

(2.10)

Energy equation:
r
⎧⎪
⎫⎪
ρ f ud H
r
∂T
)∇T )⎬
ρf
+ ρ f c p , f (u ⋅ ∇)T = μ f Φ + ⎨∇ ⋅ ((k PMLeff + Ck f Pr
∂t
μf
⎪⎩
⎪⎭

(2.11)

In Eqs. (2.9) - (2.11), ϑ is the porosity, K is the permeability, c F is the form coefficient,
usually has value of 0.55, and C is the dimensionless experimental constant in representation
of the effect of radial thermal dispersion, usually has value of 0.1; k PMLeff is the mean PML
conductivity, Kuznetsov and Xiong (2000) used the relation
k PMLeff = ϑk f + (1 − ϑ )k s

Similarly,

(2.12)
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μ PMLeff = ϑμ f
(2.13)
In addition, d H represents the equivalent hydraulic diameter of the surface roughness
elements, referring to Kleinstreuer & Koo, d H / DH has order of 10-2.
In the numerical simulation, for this stage of micro heat sink applications, mostly
straight channels are used for which the averaged general equations can be employed. More
simplified mathematical models will be discussed in Chapter 3.
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2.3 Initial and Boundary Conditions
For the hydraulic boundary conditions, a uniform velocity is applied at the channel
inlet:
u = 0, v = 0, w = U in for x = 0 , ( y , z ) ∈ channel region

(2.14)

The pressure was assumed to the static pressure, i.e.,
Pout = 0

(2.15)

The no-slip boundary condition was involved at all solid wall.
Uniform thermal flux/adiabatic boundary conditions were employed in the solid surfaces:
at the bottom: q = q w = constant

(2.16)

Adiabatic boundary conditions are applied at all other sides of the cell:
∂T
=0
∂n

(2.17)

In the fluid region:
T = Tin for x = 0 , ( y , z ) ∈ channel region

(2.18)

In the PML, assume the thickness of the PML is s :
At the interface of PML and solid,
r
u =0
r
ρ eff ud H
(k PMLeff + Ck eff Pr
)∇T = k s ∇T

(2.19)
(2.20)

μ eff

At the interface of PML and fluid,
r
r
u PML = u f

(2.21)

r
T

(2.22)

PML

r
=T

f

r

(k PMLeff

ρ eff ud H
+ Ck eff Pr
)∇T
μ eff

= k eff ⋅ ∇T
PML

f

(2.23)
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The initial conditions may include constant temperature, velocity and particle
concentration.
When using nanofluids as the working fluid, we employed the mixture of 28.6nm
CuO and water as the working fluid. Typically, for a very dilute suspension, the effective
viscosity, density and specific heat capacity have the following forms (Xuan and Roetzel,
2000):

μ eff = μ f

1
(1 − ϕ ) 2.5

(2.24)

ρ eff = ϕρ p + (1 − ϕ ) ρ f

(2.25)

( ρc p ) eff = ϕ ( ρc p ) p + (1 − ϕ )( ρc p ) f

(2.26)

here, ρ eff is the nanofluid density, μ eff is the nanofluid viscosity, ( ρ c p ) eff is the nanofluid
specific heat capacity. For the effective thermal conductivity, the new KKL model (see Sect.
2.3) is employed.
In the numerical simulation, mostly clear straight channels were used for which we
can simplify the boundary and initial conditions. Details will discussed in Chapter 3.

.
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2.4 Property Models for Nanofluids
2.4.1 Theory
Some researchers employed structural models such as nanolayer, fractal or
percolation structure or dynamic models such as Brownian motion-based collision of
nanoparticles to extend the existing models. Some researchers created their new models
based on nanoconvection induced by Brownian motion of nanoparticles and near-field
radiation. And a number of researchers have proposed both static and dynamic mechanisms
and models to account for the anomalously high thermal conductivity of nanofluids. There
are no general mechanisms to fully describe the unusual thermal properties of nanofluids.
The structure/static models based on the nanolayer concepts and the dynamics-based
mechanisms based on Brownian motion effect are two mechanisms most popular in the
recent studies
Mills (1992) stated that on a microscopic level, the physical mechanisms of
conduction are very complex, encompassing such varied phenomena as molecular collisions
in gases, lattice vibrations in crystals, and flow of free electrons in metals. In a quiescent
suspension, nanoparticles move randomly and carry relatively large volumes of surrounding
liquid with them. This microscale communication may occur between hot and cold regions.
The micro-convection due to Brownian motion of the nanoparticles results is the increase of
the effective thermal conductivity and enhances the thermal transport. More and more
evidence shows that in order to obtain the effective thermal conductivity of nanofluids,
micro-convection due to Brownian motion of nanoparticles has to be considered. Some
popular models were compared and analyzed and a new effective thermal conductivity model
(Koo-Kleinstreuer-Li: KKL) is introduced.

2.4.2 Model Comparisons
In preparation for the following simulation work, i.e., the development of a most
suitable k eff model, the representative models by Jang & Choi (2004, 2006, and 2007),
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Prasher et al. (2006), as well as Koo & Kleinstreuer (2004) are now discussed in detail. It
was found that the model of Jang & Choi (2004, 2006, and 2007) cannot well predict the
thermal performance of nanofluids, especially when the fluid temperatures are changing. The
updated Koo-Kleinstreuer-Li (KKL) model is introduced and compared with the multi-sphere
Brownian model (MSBM) proposed by Prasher et al. (2006) in light of emperimental
evidence.
2.4.2.1 Analysis of the Jang & Choi k eff -model
Background information. In a series of articles, Jang & Choi (2004, 2006 & 2007) listed
and explained their effective thermal conductivity ( k eff ) model for nanofluids. For example,
in the 2004 article, they constructed a k eff -correlation for dilute liquid suspensions
(interestingly, based on kinetic gas theory as well as nano-size boundary-layer theory), the
Kapitza resistance, and nanoparticle-induced convection. Three mechanisms contributing to
k eff were summed up, i.e., base-fluid and nanoparticle conduction as well as convection due

to random motion of the liquid molecules. Thus, after an order-of-magnitude analysis, their
effective thermal conductivity model of nanofluids reads:
k eff = k f (1 − ϕ ) + k nanoϕ + 3C1

df
dp

k f Re 2d p Pr ϕ

(2.27)

where k f is the thermal conductivity of the base fluid; ϕ is the particle volume fraction;
k nano = k p β is the thermal conductivity of suspended nanoparticles involving the Kapitza

resistance; C1 = 6 × 10 6 is a constant (never explained or justified); d f and d p are the
diameters of the base-fluid molecules and nanoparticles, respectively; Re d p is a “random”
Reynolds number; and Pr is the Prandtl number. Specifically,
Re d p =

C RM d p

ν

(2.28)

where C RM is a random motion velocity and ν is the kinematic viscosity of the base fluid.

74

Jang & Choi (2007) claimed that they were the first to propose Brownian motion induced
nano-convection as a key nanoscale mechanism governing the thermal behavior of
nanofluids. However, they just added a random term to Eq. (2.27), actually quite small in
magnitude for certain base liquids, although enhanced by the large factor 3 C1 = 18 × 10 6 ,
while independently in the same year Koo & Kleinstreuer (2004) proposed their effective
thermal conductivity model, based on micro-mixing induced by Brownian motion, followed
by Prasher et al. (2006) and others (see review by Jang & Choi, 2007).
However, it should be noted that the validity of the different origins for the unusual
thermal effect of nanofluids has been questioned (see Evans et al., 2006; Vladkov & Barrat,
2006; among others) as well as the actual k eff - increase as reported in experimental papers
(see Venerus et al., 2006; Putnam et al., 2006; among others). Controversies arose from using
different experimental techniques (e.g., transient hot wire vs. steady methods) and from
phenomenological models relying more on empirical correlations rather than sound physics
and benchmark experimental data.
In 2006, Jang & Choi changed the thermal conductivity correlation slightly to:
k eff = k f (1 − ϕ ) + k p βϕ + 3C1

df
dp

k f Re 2d p Pr

(2.29)

where the volume fraction term ϕ is now missing in the last term. Most recently, Jang &
Choi (2007) tried to explain more clearly the modeling terms they had proposed. Their
present thermal conductivity model reads:
k eff = k f (1 − ϕ ) + k p βϕ + 3C1

df
dp

k f Re 2d p Pr ϕ

(2.30)

Parameter analysis. In the 2006 article, the random motion velocity which is used to define
the Reynolds number (see Eq. (2.28)) was defined as:
C RM =

2 D0
lf

while in the 2007 article, the authors changed the random motion velocity to:

(2.31a)
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C RM =

D0
lf

where Do =

(2.31b)

κ bT
is the diffusion coefficient given by Einstein (1956), and l f is the mean
3πμd p

free path of the (liquid) base fluid. The mean free path of the base fluid is calculated from
Kittel & Kroemer (1980) which deals only with transport properties of ideal gases (see their
Chapter 14):
lf =

3k f
c Cˆ V

(2.32a)

where c is the mean molecular velocity, and ĈV is the heat capacity per unit volume.
Although Eq. (2.32a) is certainly not applicable to liquids, the mean free path for (ideal)
gases can also be written as:
lf =

3k f

(2.32b)

ρcv c

with cv being the thermal capacity at constant volume, where ρc v ≡ Cˆ V .
Model comparisons. According to the parameters Jang & Choi (2007) provided and the
terms they explained, the effective thermal conductivities of CuO-water and Al2O3-water
nanofluids were calculated and compared. Figures 2.1 and 2.2 provide comparisons of Jang
& Choi’s 2007 model with the experimental data sets of Lee et al (1999) for CuO-water and
Al2O3-water nanofluids, respectively. Two random motion velocities, C RM , were compared,
where the blue line relates to Eq. (2.31a) while the red line is based on Eq. (2.31b). Clearly,
these comparisons do not match the results given by Jang & Choi (2007) in their Figure 2.2;
unless, new matching coefficients in the third term of Eq. (2.30) are applied. Specifically, the
2

∑ term
first two terms contribute very little, i.e.,

i =1

kf

i

≈ 0.99 . Is the contribution of the particle’s

thermal conductivity really that small? Many researchers indicated that the higher thermal
conductivity of the nanoparticles is a factor in enhancing the effective thermal conductivity

76

(Hong et al., 2005, Hwang et al., 2006). It has to be stressed that all the data comparisons are
based on the thermal properties provided by Jang & Choi (2007) in Table 1. However,
thermal conductivity values found in the literature indicated for CuO 32.9 W/mK (Wang et
al., 2003) and for Al2O3 a range of 18 to 35W/mK depending on the purity, i.e., 94% - 99.5%
(http://www.accuratus.com/alumox.html). When using the more reasonable particle thermal
conductivity values in the model of Jang & Choi (2007), only small differences were
observed.
Now, in contrast to water, if the base fluid is changed to ethylene glycol (EG), the
third term in Eq. (2.30) is suddenly of the order of 10 −6 ,i.e., it does not contribute to the
effective thermal conductivity when compared to the first two terms ( 10 −1 & 10 −3 ). The nondimensionalized effective thermal conductivity of CuO-EG nanofluids is about 0.99 for all
volume fraction cases, while for Al2O3-EG nanofluids, k eff / k f is slightly higher at
approximately 1.015. Both graphs are well below the experimental data of Lee et al (1999),
as shown in Fig.2.3. The larger EG viscosity provided a much smaller Reynolds number
which almost eliminates the third term.
For the experimental result of Das et al (2003), Jang & Choi (2007) compared their
model for Al2O3 particles with a volume fraction of 1% in their Figure 2.7. Considered the
temperature influence on the thermal characteristics of base fluid (water), Fig.2.4 provides
again an updated comparison. If we consider C RM =

2 D0
, indicated with the blue curve, the
lf

model shows a good agreement in the lower temperature range; however, the model
prediction fails when the temperature is higher than 40oC. Figure 2.5 shows the comparison
of Jang & Choi’s model with the experimental data of Das et al (2003) when the volume
fraction is 4%. Clearly, their model doesn’t match the experimental results well.
On 06/14/2007, Dr. Choi responded to the analysis presented so far. Specifically, he
provided the following new information:


Area-weighted particle diameters (38.4nm for Al2O3 and 23.6nm for CuO) replacing the
number-weighted diameters (24.4nm for Al2O3 and 18.6nm for CuO).
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D0
was selected; and
lf



The random motion velocity C RM =



New proportionality constants, i.e., C1 = 7.2 × 10 7 for water and C1 = 3.2 × 1011 for EG,
were recommended.
Thus, employing the new information, Figures 2.6 and 2.7 are now replacing Figs.2.3

and 2.4/2.5, respectively. The Jang & Choi (2007) model achieved a good match with the
new numerical values for CuO-water nanofluids and Al2O3-water nanofluids (not shown).
However, when using EG-based nanofluids, the model still can’t provide a good match even
for the very large proportionality constant C1 = 3.2 × 1011 (see Figure 2.6). When compared
with the experimental data of Das et al. (2003), as shown in Figure 2.7 for a volume fraction
of 1%, the model generates a decent data match, which is not the case when the volume
fraction reaches 4%.
2.4.2.2 KKL Model
According to the postulate that particle Brownian motion has a significant impact on
the effective thermal conductivity, Koo & Kleinstreuer (2004) declared that the effective
thermal conductivity is composed of the particle’s conventional static part and a Brownian
motion part. The new thermal conductivity model takes into account the effects of particle
size, particle volume fraction and temperature dependence as well as types of particle and
base fluid combinations. Specially,
k eff = k static + k Brownian

(2.33)

where the static part is Maxwell’s model and the dynamic part was developed based on
kinetic theory together with Stokes’ flow of micro-scale convective heat transfer, i.e., micromixing.
kp

− 1)ϕ
kf
k static
=1+
kp
kp
kf
( + 2) − ( − 1)ϕ
kf
kf
3(

(2.34)
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By considering two particle cells which are in thermal equilibrium at temperatures of

T1 and T2 , respectively, ( ΔT = T1 − T2 ) , these particles moving to the neighboring cells will
carry energy across the interface, i.e.,
qnet =

ΔQ
≈ −γϕρ p cv v DΔT = − kˆBrownian ΔT
A Δt

(2.35a-c)

where A is the cross-sectional area, γ is the probability for a particle to travel along any
direction, cv is the specific heat of the particle, k̂ Brownian is the added thermal conductivity
due to Brownian motion of a given nanosphere. By employing the translational timeaveraged speed due to the Brownian effect and analyzing the Brownian motion influencing
the fluid volume, the Brownian motion thermal conductivity was written as (Koo, 2004):
k Brownian = 5 × 10 4 βϕρ f c p , f

κ bT
f (T , ϕ )
ρ pd p

(2.36)

where ρ f , c p , f is the density and specific heat capacity of the fluid, ρ p is the particle density,

κ b is the Boltzmann constant, T is the temperature. The functions β and f , to be
determined semi-empirically, were introduced to encapsulate the hydrodynamic interaction
among the Brownian-motion-induced fluid parcels and the particle interaction due to the
particle interaction potential to capture the strong temperature dependence (Koo &
Kleinstreuer, 2005).
In recent years, more and more researchers begin to emphasize the importance of the
interfacial thermal resistance R f between nanoparticles and based fluids (Prasher et al., 2006,
Jang & Choi, 2007, Xuan et al., 2006, Xue, 2006, among others). The thermal interfacial
resistance (Kapitza resistance) is believed to exist in the adjacent layers of the two different
materials; the thin barrier layer played a key role in weakening the effective thermal
conductivity of the nanoparticle. Wilson et al. (2002) reported that the magnitude of R f
between different nanoparticles and based fluids range from low ( ≈ 0.77 × 10 −8 km 2W −1 ) to
high values ( ≈ 20 × 10 −8 km 2W −1 ) . More recently, Huxtable et al. (2003) showed that the
interface

thermal

resistance

across

a

carbon

nanotube

and

based

fluid

is
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about 8.33 × 10 −8 km 2W −1 . Choosing R f = 4 × 10 −8 km 2W −1 , in current research, the original K
& K model was enhanced. In the static part, the effective nanoparticle thermal conductivity
was used to substitute the nanoparticle thermal conductivity. Where,
Rf +

dp

=

kp

dp

(2.37)

k p ,eff

The functions β and f were combined to a new g − function which considered the influence
of particle diameter, temperature and volume fraction. For different based fluids and different
nanoparticles, the g − function should be different, only water based nanofluids were
considered in current study because of the abundant experimental data. For Al2O3-water
nanofluids and CuO-water nanofluids, the g − function follows the following format:
f = (a + b ln(d p ) + c ln(ϕ ) + d ln(ϕ ) ln(d p ) + e ln(d p ) 2 ) ln(T )

+ ( g + h ln(d p ) + i ln(ϕ ) + j ln(ϕ ) ln(d p ) + k ln(d p ) 2 )

(2.38)

With decent coefficients (Table 2.1), the Al2O3-water nanofluids and CuO-water nanofluids
have a R 2 of 96% and 98%, respectively.
Table 2.1 Parameters
Coefficient values

Al2O3-water

CuO-wate

a

52.813488759

-26.593310846

b

6.115637295

-0.403818333

c

0.6955745084

-33.3516805

d

4.17455552786E-02

-1.915825591

e

0.176919300241

6.42185846658E-02

g

-298.19819084

48.40336955

h

-34.532716906

-9.787756683

i

-3.9225289283

190.245610009

j

-0.2354329626

10.9285386565

k

-0.999063481

-0.72009983664
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2.4.2.3 MSBM Model and Model Comparisons
The multi-sphere Brownian model (MSBM) proposed by Prasher et al. (2006) can be
described as follows. After having analyzed several possible thermal conduction mechanisms
and associated models, Prasher et al. (2006) confirmed that the localized convection in the
liquid due to Brownian movement of the particles is primarily responsible for the observed
enhancement of the effective thermal conductivity of nanofluids. They introduced a modified
Maxwell-Garmett thermal conductivity model (Nan et al., 1997), which considers the
influence of interfacial thermal resistance Rb between nanoparticles and different fluids.
They captured random dispersions with a “Brownian-motion Reynolds number” based on the
root-mean-square velocity of a Brownian particle. Multi-sphere convective interaction was
borrowed from fluidized bed heat transfer (Brodkey et al., 1991). Finally, Prasher et al. (2006)
proposed a generalized correlation which they called Multi-sphere Brownian model (MSBM)
in the form:
k eff
kf

) [[

]

⎛ k p (1 + 2α ) + 2k m + 2φ[k p (1 − 2α ) − k m ] ⎞
⎟
= 1 + A Re m Pr 0.333 ϕ ⎜
⎜ k p (1 + 2α ) + 2k m − φ[k p (1 − α ) − k m ] ⎟
⎝
⎠

(

]

(2.39)
where Re = v N d p /ν , v N is the root-mean-square velocity, ν is the kinematic viscosity of the
liquid, α = 2 Rb k m / d p is the nanoparticle Biot number, Rb is interfacial thermal resistance,
k m is the medium thermal conductivity, A and m are constants. A is independent of the fluid
type, while m depends on the fluid. For example, comparing the MSBM with data from
water-based nanofluids and assuming Rb to be 0.77 × 10 −8 Km 2W −1 , they calculated A=40000
and m = 2.5 ± 0.15 . EG and engine oil were also matched well for appropriate Rb and m
values. The effective thermal conductivities of water based Al2O3 and CuO nanofluids were
depicted by the MSBM model. As shown in Figure 2.8, the MSBM model shows good
matching for some of the recent Al2O3-water experimental data when employing a decent m
value. However, the MSBM model can not predict the thermal conductivity enhancement
trend for the experimental results of Li & Peterson (2007). In fact, the experimental data of
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Chon et al. (2005) also shown different trend even employing the same nanofluids (with the
same diameter and volume fraction). Validation also showed that the MSBM failed to predict
the thermal conductivity enhancement trend when the particle was too small (11nm) or too
large (125nm).
Figure 2.9 depicted the comparison of the current KKL model with experimental data
for Al2O3-water nanofluids at different temperatures. Similar with MSBM model, the Koo &
Kleinstreuer & Li (KKL) model also showed very good matching with most of the recent
experimental data. And KKL model also has similar limit on the experimental results of Li &
Peterson (2007) as well as the nanofluids with a larger (125nm) or smaller (11nm) particle
size.
Figure 2.10 shows a comparison of the KKL model and the MSBM model with
experimental data for CuO-water nanofluids at different temperatures. For the experimental
data of Das et al. (2003), the KKL model shows a better matching than the MSBM model.
However, the KKL model indicates a worse prediction than the MSBM model for the
experimental data of Li and Peterson (2006). It must be mentioned that the m-value plays an
important role in the MSBM model. For example, if the m value was taken as m=2 for the
29nm 4% CuO-water nanofluids (the same as for the 28.6nm 4% CuO-water nanofluids), the
effective thermal conductivities predicted by the MSBM model are far larger than the
experimental values.
2.4.2.4 Summary
From the comparisons and analysis above, the new KKL model, based on Brownianmotion induced mixing as well as the static conduction theory, shows good matching with
most of the current experimental data sets when employing CuO and Al2O3 nanofluids.
Hence, the KKL model can be employed in computational fluid dynamics calculations with
common nanofluids.
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Jang & Choi's model (CRM1=D 0/lf)
Lee et al.(1999) experimental data CuO+water
Jang & Choi's model (CRM2=2CRM1)
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Fig. 2.1 Comparison of the experimental data (Lee et al., 1999) for CuO-water
nanofluids with Jang & Choi’s model for different random motion velocity
definitions
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1.18

Jang & Choi's model (CRM1=D 0/lf)
Lee et al.(1999) experimental data Al2O3+water
Jang & Choi's model (CRM2=2CRM1)
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Fig.2.2 Comparison of the experimental data (Lee et al., 1999) for Al2O3-water
nanofluids with Jang & Choi’s model for different random motion velocity
definitions
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Lee et al. (1999) experimental data CuO+EG
Lee et al. (1999) experimental data Al2O3+EG
Jang & Choi's model (Al2O3+EG)
Jang & Choi's model (CuO+EG)
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Fig.2.3 Comparison of the experimental data (Lee et al., 1999) for Al2O3-EG,
CuO-EG nanofluids with Jang & Choi’s model
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1.2
Jang & Choi's model (CRM1=D 0/lf)
Das et al. (2003)Al2O3 volume fraction 1%
Jang & Choi's model (CRM2=2CRM1)
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Fig.2.4 Comparison of the experimental data (Das et al., 2003) for 1% Al2O3water nanofluids with Jang & Choi’s model for different random motion velocity
definitions
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1.7
Jang & Choi's model (CRM1=D 0/lf)
Das et al. (2003) Al2O3 volume fraction 4%
Jang & Choi's model (CRM2=2CRM1)
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Fig.2.5 Comparison of the experimental data (Das et al., 2003) for 4% Al2O3water nanofluids with Jang & Choi’s model for different random motion velocity
definitions
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1.25

Lee et al. (1999) experimental data CuO+EG
Lee et al. (1999) experimental data Al2O3+EG
Jang & Choi's model (Al2O3+EG)
Jang & Choi's model (CuO+EG)
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Fig.2.6 Comparison of the experimental data (Lee et al., 1999) for Al2O3-EG,
CuO-EG nanofluids with Jang & Choi’s model (new proportionality constant
and new particle diameters applied)
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1.5

Das et al. (2003) Al2O3( ϕ = 4%)
Jang & Choi's model (CRM1=D 0/lf , ϕ = 4%)
Das et al. (2003) Al2O3 ( ϕ = 1%)
Jang & Choi's model (CRM1=D 0/lf , ϕ = 1%)
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Fig.2.7 Comparison of the experimental data (Das et al., 2003) for 1% & 4%
Al2O3-water nanofluids with Jang & Choi’s model (new proportionality constant
and new particle diameters applied)
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Das et.al.(2003) 38.4nm Al2 O3 Water ϕ =1%
Prasher et al.(2006) MSBM model for 38.4nm Al2 O3, ϕ =1%, m=2.35
Das et.al.(2003) 38.4nm Al2 O3 Water ϕ =4%
Prasher et al.(2006) MSBM model for 38.4nm Al2 O3, ϕ =4%, m=2.53
Das et.al.(2003) 38.4nm Al2 O3 Water ϕ =2%
Prasher et al.(2006) MSBM model for 38.4nm Al2 O3, ϕ =2%, m=2.45
Das et.al.(2003) 38.4nm Al2 O3 Water ϕ =3%
Prasher et al.(2006) MSBM model for 38.4nm Al2 O3, ϕ =3%, m=2.54
Li & Peterson(2007) 36nm Al2 O3 Water ϕ =2%
Prasher et.al (2006) MSBM model for 36nm Al2O3 Water ϕ =2%, m=2.39
Li & Peterson(2007) 36nm Al2 O3 Water ϕ =4%
Prasher et.al (2006) MSBM model for 36nm Al2O3 Water ϕ =4%, m=2.48
Li & Peterson(2007) 36nm Al2 O3 Water ϕ =6%
Prasher et.al (2006) MSBM model for 36nm Al2O3 Water ϕ =6%, m=2.65
Li & Peterson(2007) 47nm Al2 O3 Water ϕ =2%
Prasher et.al (2006) MSBM model for 47nm Al2O3 Water ϕ =2%, m=2.49
Li & Peterson(2007) 47nm Al2 O3 Water ϕ =6%
Prasher et.al (2006) MSBM model for 47nm Al2O3 Water ϕ =6%, m=2.75
Chon et.al (2005) 47nm Al2O3 Water ϕ =1%
Prasher et.al (2006) MSBM model for 47nm Al2O3 Water ϕ =1%, m=2.43
Chon et.al (2005) 47nm Al2O3 Water ϕ =4%
Li & Peterson(2007) 47nm Al2 O3 Water ϕ =4%
Prasher et.al (2006) MSBM model for 47nm Al2O3 Water ϕ =4%, m=2.59
Murshed et.al (2007) 80nm Al2O3 Water ϕ =1%
Prasher et.al (2006) MSBM model for 80nm Al2O3 Water ϕ =1%, m=2.185
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Fig.2.8 Comparison of Prasher et al. (2006) thermal conductivity
enhancement model (MSBM) with experimental data for Al2O3-water
nanofluids at different temperatures
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Das et.al.(2003) 38.4nm Al2O3 Water ϕ=1%
K&K&L model for 38.4nm Al2 O3 Water ϕ=1%
Das et.al.(2003) 38.4nm Al2O3 Water ϕ=4%
K&K&L model for 38.4nm Al2 O3 Water ϕ =4%
Das et.al.(2003) 38.4nm Al2O3 Water ϕ =2%
K&K&L model for 38.4nm Al2 O3 Water ϕ =2%
Das et.al.(2003) 38.4nm Al2O3 Water ϕ=3%
K&K&L model for 38.4nm Al2 O3 Water ϕ =3%
Li & Peterson(2007) 36nm Al2 O3 Water ϕ=2%
K&K&L model for 36nm Al2 O3 Water ϕ =2%
Li & Peterson(2007) 36nm Al2 O3 Water ϕ=4%
K&K&L model for 36nm Al2 O3 Water ϕ =4%
Li & Peterson(2007) 36nm Al2 O3 Water ϕ =6%
K&K&L model for 36nm Al2 O3 Water ϕ=6%
Li & Peterson(2007) 47nm Al2 O3 Water ϕ =2%
K&K&L model for 47nm Al2 O3 Water ϕ =2%
Li & Peterson(2007) 47nm Al2 O3 Water ϕ =6%
K&K&L model for 47nm Al2 O3 Water ϕ =6%
Chon et.al (2005) 47nm Al2 O3 Water ϕ=1%
K&K&L model for 47nm Al2 O3 Water ϕ =1%
Chon et.al (2005) 47nm Al2 O3 Water ϕ=4%
Li & Peterson(2007) 47nm Al2 O3 Water ϕ =4%
K&K&L model for 47nm Al2 O3 Water ϕ =4%
Murshed et.al (2007) 80nm Al2O3 Water ϕ =1%
K&K&L model for 80nm Al2 O3 Water ϕ =1%
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Fig.2.9 Comparison of KKL model with experimental data for Al2O3water nanofluids at different temperatures
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Prasher et al.(2006) MSBM model for 28.6nm CuO Water ϕ =1%,m=2.31
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Prasher et al.(2006) MSBM model for 28.6nm CuO Water ϕ =4%,m=2.0
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Prasher et al.(2006) MSBM model for 29nm CuO Water ϕ =2%,m=1.975
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Fig.2.10 Comparison of KKL model, MSMB modelwith experimental
data for CuO-water nanofluids at different temperatures
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Chapter 3

NANOFLUIID FLOW APPLICATIONS
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3.1 Introduction
Experiments have shown that numerous nanofluids provide desirable thermal properties,
such as elevated thermal conductivities and convection heat transfer coefficients when
compared to their base liquids without dispersed nanoparticles. These key thermal features of
nanofluids, together with excellent nanoparticle suspension stability, would open the door to
a wide range of engineering applications, such as engine cooling and microelectronics
cooling, and biomedical applications, such as nanodrug delivery for cancer therapy, etc.
Microchannel heat sinks and bio-MEMS for nanodrug delivery are selected to apply the
models and knowledge displayed in Chapters 1 and 2. The flow and heat transfer phenomena
of nanofluids in microchannels are investigated for microchannel heat sinks, while geometry
optimization by entropy minimization for nanofluid flow in microchannels is also
investigated. Furthermore, nanoparticle dispersion characteristics in a nanodrug delivery
system are studied, where the mixing effects of selected passive micro-mixers on system
optimization are considered.
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3.2 Microchannel Heat Sinks
In order to provide some physical insight into the dynamics of microchannel heat
sinks (MCHS), steady laminar water flow in a smooth single trapezoidal microchannel is
discussed and compared with measured data sets. Then the effects of nanofluids on
augmented MCHS heat transfer are analyzed, employing very simple correlations for the
enhanced thermal conductivities of the mixtures. The fluid flow and heat transfer simulations
have been carried out with the commercial software CFX-10 (Ansys, Inc., Canonsburg, PA)
as well as user-supplied pre- and post-processing software.

3.2.1 Introduction
Microscale cooling devices, such as micro-channel heat sinks, are increasingly
important in current and future heat removal applications. Specifically, a coolant flowing
through a large number of parallel, micromachined or etched conduits with the purpose to
remove heat from and generate uniform temperature distributions in micro-electromechanical systems, integrated circuit boards, laser-diode arrays, high-energy mirrors and
other compact products with high transient thermal loads. Key is the very large heat transfer
surface-to-volume ratio of the devices, leading to high compactness and effectiveness of heat
removal. Complementary to that is the use of high thermal performance coolants. Most
exciting are new coolants consisting of a combination of a low-volume fraction of
nanoparticles (e.g., metals, metal-oxides, or carbon-based material) with a suitable carrier
fluid, such as distilled water, engine oil, ethylene glycol, etc.). As first demonstrated in 1995
at Argonne National Laboratory, those dilute liquid-particle mixtures, called nanofluids, have
exhibited thermal conductivity values 20-150% higher then the ones of the base fluids (Choi,
1995, Chopkar et al., 2007). Over the last seven years numerous experimental and a few
theoretical papers appeared, providing nanofluid property measurements and models
describing the underlying physics of enhanced thermal conductivities for different
nanoparticle-and-liquid pairings.
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The effective thermal conductivity ( k eff ) of any nanofluid depends mainly on the
nanoparticle volume fraction, conductivity and diameter, as well as the carrier-fluid
temperature and conductivity. Metal-oxides (e.g., Al2O3, CuO, TiO2, etc.) were first used in
static nanofluid studies (see Masuda et al., 1993; Lee et al., 1999; Zhou & Wang, 2002; Xie et
al., 2002; and Chang et al., 2005; among others). However, nanofluids with metals (e.g., Cu,
Fe, Au, etc.) or carbon-based materials generated higher k eff values. For example, Eastman et
al. (2001) observed that a nanofluid consisting of 10nm copper nanoparticles dispersed in
ethylene glycol (EG) had a much higher effective thermal conductivity than either pure EG or
EG containing the same volume fraction of dispersed metal-oxide nanoparticles. Choi et al.
(2003) measured a 300% enhancement of thermal conductivity with 3wt% loading of singlewall carbon nanotubes. The temperature dependence of k eff for the polymer composites was
also demonstrated in their experiments. In order to avoid aggregates, these carbon nanotubes
have to be surface- treated, or, say, nitric acid has to be added to the mixture. In general,
nanofluids overcome the drawbacks of liquids with large particles, i.e., rapid particle
sedimentation, clogged flow channels, eroded conduits, and elevated pressure drops.
Although the experimental results have demonstrated a significant potential for thermal
conductivity enhancement, the determination of the underlying physics is still in a primary
stage, complicated by the fact that the available experimental data from different research
group may vary significantly (see Koo & Kleinstreuer, 2003; among others). Clearly,
nanoparticle volume fraction, physical characteristics and fluid type are important factors, but
insufficient to explain the anomalous increase in thermal performance of nanofluids. Other
reasons proposed include a very high particle-liquid interface conductivity due to molecularsize layering of the carrier fluid around the particles as well as Brownian motion of the
nanoparticles causing micro-mixing. Additional mechanisms include the effect of nanoparticle
clustering, the nature of heat transfer inside the particles, the interaction and collision among
particles, thermal waves via hyperbolic heat conduction, and nanoparticle dispersion. Other
nanoparticle-motion mechanisms, such as thermophoresis and osmophoresis, are negligible
(Koo & Kleinstreuer, 2005). Based on a molecular dynamics simulation, Sarkar et al. (2007)
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concluded that the thermal transport enhancement of nanofluids was mostly due to the
increased movement of liquid atoms in the presence of nanoparticles. However, some
researchers questioned the role of Brownian motion hydrodynamics for the unusual thermal
effect of nanofluid (see Evans et al., 2006; Vladkov and Barrat, 2006; among others) as well as
the actual k eff -increase as reported in experimental papers (see Venerus et al., 2006; Putnam et
al., 2006; Beck et al., 2007, among others).
Nevertheless, the hypothesis that Brownian motion of the nanoparticles causes micromixing has recently become more and more popular (see Koo & Kleinstreuer 2004, 2005;
Jang & Choi 2004, 2006, and 2007; Prasher et al. 2006; among others). In a comparison
study where Kleinstreuer & Li (2008) discussed the effective thermal conductivity theory of
Jang & Choi (2004, 2006, and 2007), it was found that their model can not consistently
match measured thermal performances of nanofluids, especially when the fluid temperature
changes. Thus, to predict the thermal performance of nanofluids in microscale cooling
devices and other thermal micro-systems, the influence of temperature on the effective
thermal conductivity has to be considered.

3.2.2 Theory and Analysis
Of interest is the use of a most suitable k eff model for the computational analysis of
nanofluid flow in a representative microchannel of a typical cooling device. For reader’s
convenience, the KKL model and related model comparisons in light of benchmark
experimental data sets in Sect. 2.3.2 are repeated here. Then, pure water and nanofluid flow
with heat transfer is investigated.
3.2.2.1 Temperature-dependent k eff Models for Nanofluids
One possible k eff correlation proposed by Prasher et al. (2006) is the multi-sphere
Brownian model (MSBM) which can be described as follows. After having analyzed several
possible thermal conduction mechanisms and associated models, Prasher et al. (2006)
confirmed that the localized convection in the liquid due to Brownian movement of the
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particles is primarily responsible for the observed enhancement of the effective thermal
conductivity of nanofluids. They captured random dispersions with a “Brownian-motion
Reynolds number” based on the root-mean-square velocity of a Brownian particle as part of a
modified Maxwell-Garnett thermal conductivity model (Nan et al., 1997), which also
considers the influence of interfacial thermal resistance, Rb , between nanoparticles and
different fluids. The description of multi-sphere convective interaction was borrowed from
fluidized bed heat transfer (Brodkey et al., 1991). Combining these phenomena, the MSBM
was proposed in the form:
k eff
kf

) [[

]

⎛ k p (1 + 2α ) + 2k m + 2ϕ[k p (1 − 2α ) − k m ] ⎞
⎟
= 1 + C Re m Pr 0.333 ϕ ⎜
⎜ k p (1 + 2α ) + 2k m − ϕ[k p (1 − α ) − k m ] ⎟
⎝
⎠

(

]

(3.1)

where Re = V N d p / ν , V N is the root-mean-square velocity, ν is the kinematic viscosity of

the liquid, α = 2 Rb k m / d p is the nanoparticle Biot number, Rb is the selective interfacial
thermal resistance, k m is the medium thermal conductivity, and C and m are adjustable
constants; while C is independent of the fluid type, m depends on the fluid. For example,
comparing the MSBM with data from water-based nanofluids and assuming Rb to
be 0.77 × 10 −8 Km 2W −1 , they calculated C = 40000 and m = 2.5 ± 0.15 . Ethylene glycol (EG)
and engine oil were also matched well when employing appropriate Rb and m values. As
discussed in Sec.2.4.2 (Fig. 2.8), the MSBM model generates a good agreement with some of
the recent Al2O3-water experimental data sets when employing a decent m value. However,
the MSBM model can not predict the thermal conductivity enhancement trend for the
experimental results of Li & Peterson (2007). Interestingly enough, the experimental data of
Chon et al. (2005) also indicated a different trend while employing the same nanofluids, i.e.,
the same particle diameter and volume fraction. The MSBM comparisons were also not
convincing when the particle was too small ( ≤ 11nm) or too large ( ≥ 125nm).
According to the postulate that submicron particle Brownian motion has explicitly a
significant impact on the effective thermal conductivity, Koo & Kleinstreuer (2004) proposed
that k eff is composed of the nanoparticle’s conventional static part and a Brownian motion
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part. Their thermal conductivity model takes into account the effects of particle size, particle
volume fraction and temperature dependence as well as type of nanoparticle and base fluid
combinations. Specially,
k eff = k static + k Brownian

(3.2)

where the static part is Maxwell’s model and the dynamic part was developed based on
kinetic theory together with Stokes’ flow of micro-scale convective heat transfer, i.e., micromixing. Hence,
kp

− 1)ϕ
kf
k static
= 1+
kp
kp
kf
( + 2) − ( − 1)ϕ
kf
kf
3(

(3.3)

and
k Brownian = 5 × 10 4 βϕρ f c p , f

κ bT
f (T , ϕ )
ρ pd p

(3.4)

The functions β and f , to be determined semi-empirically, were introduced to encapsulate
the thermo-hydrodynamic interactions among micro-scale fluid parcels and the nanoparticle
interactions capturing any temperature dependence (Koo & Kleinstreuer, 2005). What is
missing in Eq. (3.4) is the interfacial thermal resistance Rb between nanoparticles and base
fluids (see Prasher et al., 2006, Jang & Choi, 2007, Xuan et al., 2006, Xue, 2006). The
thermal interfacial resistance (also called Kapitza resistance) is believed to exist in the
adjacent layers of the two different materials, i.e., the thin barrier layer plays a key role in
weakening the effective thermal conductivity of the nanoparticles. For example, Wilson et al.
(2002) reported that the magnitude of Rb between different nanoparticles and base fluids
ranges from about 0.77 × 10 −8 km 2W −1 to approximately 20 × 10 −8 km 2W −1 . More recently,
Huxtable et al. (2003) showed that the interface thermal resistance across a carbon nanotube
and base fluid is 8.33 × 10 −8 km 2W −1 . Choosing an average value of Rb = 4 × 10 −8 km 2W −1 ,
the original K & K model was enhanced. In the static part, an effective nanoparticle thermal
conductivity was used to substitute the isolated nanoparticle thermal conductivity, i.e.,
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Rb +

dp
kp

=

dp
k p ,eff

(3.5)

The functions β and f in Eq.(3.4) were combined to a new g − function which considers the
influence of multi-particle interaction which depends on particle diameter, temperature and
volume fraction. For different base fluids and different nanoparticles, the g − function should
differ; presently, only water- based nanofluids were considered because of the limits in
available experimental data sets. For example, for Al2O3-water and CuO-water nanofluids,
the nonlinear g − function generated r 2 values of 96% and 98%, respectively, using
benchmark experimental data sets (Chapter 2)
When compared the new Koo-Kleinstreuer-Li (KKL) model with experimental data
for Al2O3-water nanofluids at different temperatures (see Sec 2.3.2, Fig. 2.9) it was found
that similar to the MSBM model, the KKL model shows a very good agreement with most of
the recent experimental data sets. The KKL and MSBM models are also compared with
experimental data for CuO-water nanofluids at different temperatures (see Sec 2.3.2, Fig.
2.10). For the experimental data of Das et al. (2003), the KKL model provides a better
matching than the MSBM model, while the opposite is the case for the experimental data of
Li and Peterson (2006). It must be mentioned that the m-value has an important influence on
the MSBM model. If the value for the Reynolds number exponent is taken to be 2 for the
29nm 4% CuO-water nanofluids, i.e., the same as for the 28.6nm 4% CuO-water nanofluids,
the predicted k eff numbers generated by the MSBM model are far larger than the experiment
values.
Both the Koo - Kleinstreuer - Li model and the MSBM model showed good
agreements with most experimental results. The KKL model encapsulates micro-mixing due
to random nanoparticle motion based on first principles. In contrast, the models by Jang &
Choi (2007) and Prasher et al. (2006) contain Brownian motion effects implicitly in terms of
“Brownian Reynolds numbers”. Still, in the KKL theory, the complexities caused by multisphere interactions and strong temperature changes are lumped into a functional which could
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be detailed and expanded as more experimental evidence appears. The MSMB model
employs adjustable parameters as well as factors C and m for data matching.
3.2.2.2 Pure Water Flow and Nanofluid Flow with Heat Transfer in a
Trapezoidal Microchannel

Considering the strong temperature-dependent characteristics of the nanofluid thermal
performance and possibly large temperature differences in micro-heat sinks, temperature
dependent physical properties of water and the new KKL model for the thermal conductivity
of nanofluids were selected. Employing the commercial Navier-Stokes solver CFX-10
(Ansys, Inc., Canonsburg, PA) and user-supplied pre- and post-processing software, pure
water as well as CuO-water mixtures of different CuO-volume fractions were used as the
working fluid.
Specifically, Fig.3.1a depicts a representative microchannel as well as the associated
computational mesh. The top width Wt , bottom width Wb and depth of the channel H are
500 μm , 358.4 μm and 100 μm , respectively (Chein and Chuang, 2006). The base angle,
which is the angle between the channel side wall and bottom wall, is 54.7 o . The length of the
channel L is 27mm. The heights of the cover and base substrate are both H c = 500 μm . A
constant heat flux of q " = 431466W / m 2 (10 W for the unit element) from below and
adiabatic conditions at the other boundaries were assumed (Li et al., 2004). For comparison,
first a smooth channel with pure de-ionized water as the working fluid was considered. The
hydraulic diameter for the present case is:
Dh =

4 × 0.5 × (Wt + Wb ) × H
= 155.6 μm
Wt + Wb + 2 × H / sin θ

(3.6)

Other important geometric channel parameters are the aspect ratio as well as the aspect factor,
defined respectively as:

Aar = Wb / Wt and Aaf = H / Wb

(3.7a,b)
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The fluid material properties (density, thermal conductivity, dynamic viscosity, specific
thermal capacity at constant pressure) were temperature dependent. For steady-state
operations, the continuum mechanics equations are:
r
∇ ⋅ [ ρ f (T )u ] = 0

r

r

r

ρ f (u ⋅ ∇u ) = −∇p + ∇ ⋅ ( μ f ∇u )

(3.8)

(3.9)

and
r

ρ f c p , f (u ⋅ ∇T ) = k f ∇ 2T + μ f Φ

(3.10)

⎛ ∂u
∂u j
Φ=⎜ i +
⎜ ∂x j ∂x i
⎝

(3.11)

where
⎞ ∂u i
⎟
⎟ ∂x j
⎠

r
Here, u is the velocity vector; and Φ is the viscous dissipation function. As hydraulic

boundary conditions, a uniform velocity is applied at the channel inlet, i.e.,
u x = 0, u y = 0, u z = U in , u x , u y , and u z are the velocity vector quantities in x, y, and z

direction. The outlet pressure is the static pressure, i.e., p out = 0 .The no-slip boundary
condition was enforced at all solid walls. The thermal boundary condition at the bottom
is q " = C ; adiabatic boundary conditions are applied at all other sides of the walls,

∂T
= 0;
∂n

and T = Tin in the fluid inlet region.
Pure water flow. For comparison purposes, a steady global energy balance based on the

temperature difference between the channel inlet and outlet was performed, i.e.,

ρ f u m c p Ac (Tout − Tin ) = q " ⋅ Abottom

(3.12)

Figure 3.2 depicts the simulated water temperature rise between the channel inlet and
outlet as a function of inlet Reynolds number and the theoretical values predicted by Eq.
(3.12). In both of the two situations (scenarios, i.e., constant and temperature-dependent
water properties), the simulation results match the energy balance predictions. The
temperature difference between inlet and outlet are slightly higher when the water properties
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are dependent on the temperature especially for small Reynolds numbers. The reason is that
water has a smaller thermal capacity at elevated fluid temperatures.
Figure 3.3 shows the dimensionless entrance length at different Reynolds numbers in
comparison with the experimental result of Hao et al. (2005). When the Reynolds number is
less than 1000, the entrance length dependence can be expressed as a linear correlation of the
form:
Le ,d = Le / Dh = (0.08 ~ 0.09) Re

(3.13)

For noncircular conduits the channel aspect ratio or aspect factor (see Eqs. (3.7a,b)) has a
Δp ⋅ Dh
, which has a constant value
2 μ f uL
2

profound influence on the friction factor C f = f Re =

of 16 for circular conduits. For example, Figures 3.4 and 5 provide a comparison of the
simulation results with an empirical correlation of Wu and Cheng (2003), i.e.,
f Re = 11.43 + 0.80 exp(2.67Wb / Wt )

(3.14)

The bar-height of the numerical data represents the range of the friction factor for different
hydraulic diameters and different Reynolds numbers, which are clearly less important than
the aspect ratio.
For channel flow, the friction factor should be constant in the laminar flow regime.
Indeed, the simulation result is almost parallel to the experimental empirical value within an
error less than 3%. The simulation results for the temperature-dependent case are also within
a 3% error margin. When the Reynolds number is larger than 1000, the theoretical friction
factor hardly changes, i.e., the temperature differences in the fluid are small because of the
relatively high mean velocities.
Nanofluid flow with heat transfer. In order to investigate the heat transfer characteristics of

nanofluid flow in the trapezoidal microchannel, a CuO-water combination was used as the
working fluid. Clearly, the thermal fluid properties of the nanofluid have to be updated. Thus,
in the governing equations (3.9) and (3.10), the following expressions were introduced,
replacing the previous μ f and k f parameters. Typically, for a very dilute suspension, the
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effective viscosity, density and specific heat capacity have the following forms (Xuan and
Roetzel, 2000):

μ eff = μ f

1
(1 − ϕ ) 2.5

(3.15)

ρ eff = ϕρ p + (1 − ϕ ) ρ f

(3.16)

( ρc p ) eff = ϕ ( ρc p ) p + (1 − ϕ )( ρc p ) f

(3.17)

here, ρ eff is the nanofluid density, μ eff is the nanofluid viscosity, ( ρ c p ) eff is the nanofluid
specific heat capacity. For the effective thermal conductivity, the new KKL model (see
Chapter 2) is employed.
The calculated fully-developed pressure gradient results for pure water and the CuOwater mixture at different volume fractions as a function of Reynolds number are given in
Fig.3.6. For the three cases, the Reynolds numbers differ even for same fluid entrance
velocity, because of the different densities and dynamic viscosities. As expected, the trend
shows a minor pressure gradient increase for the same Reynolds numbers when employing
nanofluids. Specifically, the pressure gradient enhancement is less than 2% and 5% for CuOwater nanofluid with a volume fraction of 1% and 4%, respectively. Figure 3.7 shows the
pressure gradient increase at different mean velocities. The enhancement is less than 5% for
CuO-water with a volume fraction of 1%, while for CuO-water with a volume fraction of 4%
the increase is up to 15%.
Pumping power is needed to drive the working fluid in microchannels, which is
defined as the product of the pressure drop across the channel ( Δp ) and volumetric flow rate
( Q ), i.e.,

P = Δp ⋅ Q

(3.18)

As is shown in Fig.3.8, there is not much difference in pressure drops when using pure water
and nanofluids. There is an average 2% increase for CuO-water with a 1% volume fraction
and an average 8% enhancement for the CuO-water with a 4% volume fraction. Thus, it does
not need require additional pumping power to drive nanofluid flow, especially for lower
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particle volume fractions. Chein et al. (2005) showed similar phenomena based on theoretical
models and experimental correlations.
In order to investigate heat transfer enhancement for nanofluids, the average Nusselt
numbers for different volume fractions were compared. The average Nusselt number is
defined as:
Nu ave

q " ⋅ Dh
=
(Tw,ave − T f ,ave )k f

(3.19)

where Tw,ave is the surface-averaged temperature at the fluid-solid interface of area Aint ,
T f ,ave is the volume-averaged temperature of the fluid field. Figure 3.9 compares the average
Nusselt number for pure water flow and CuO-water nanofluid flow with different volume
fractions. It demonstrates that nanofluids can improve the thermal performance of
microchannels: (i) the larger the volume fraction of nanoparticles, the higher is the thermal
performance; (ii) a volume fraction of 1% CuO-water nanofluid shows an average 15%
enhancement of thermal performance, when the volume fraction increases to 4%, there is a
20% increase over that of pure water.
The axial Nusselt number, based on the local surface temperature and fluid
temperature cross-sectionally averaged were investigated as well. The use of nanofluids
greatly decreases both the channel wall temperature and fluid temperature for the same wall
heat flux. Thus, it can improve the thermal dissolve capability of microchannels. In Fig.3.10,
the local Nusselt numbers along the microchannel are displayed. The local Nusselt number is
defined as:

Nu z =

q " ⋅ Dh
(Tw, z − T f , z )k f

(3.20)

Here Tw, z and T f , z are the average wall temperature and fluid temperature as a function of
axial coordinate z . Again, the local Nussels numbers are enhanced when nanofluids are
employed. Figure 3.10 also indicates the higher thermal performance in the entrance region,
especially near the inlet. As the fluid flow develops, the local Nusselt number approaches a
constant value for each case. Because the entrance range of microchannels can be quite
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substantial, a strong entrance influence on thermal performance of microchannels can not be
neglected.
In order to compare the thermal performance of nanofluids, the thermal resistance is
employed:

θ=

Tw,ave − Tin
q

(3.21)

where Tin is the fluid inlet temperature and q is the heat added to the microchannel. As
shown in Fig.3.11, the thermal performance is enhanced when employing nanofluids. The
average enhancement of thermal performance for CuO-water with a volume fraction of 1% is
about 11% and the increase is about 15% when the volume fraction is 4%.
As depicted in Fig.3.6 to Fig.3.11, nanofluids lower the thermal resistance and hence
measurably enhance the performance of microchannels with little pumping power added. In
summary, microchannel heat sinks with nanofluids as coolants will be good candidates for
the next generation of cooling devices.

3.2.3 Conclusions
Two effective thermal conductivity models for nanofluids were compared in detail,
where the new KKL (Koo-Kleinstreuer-Li) model, based on Brownian-motion induced
micro-mixing, achieved good agreements with the currently available experimental data sets.
Employing the commercial Navier-Stokes solver CFX-10 (Ansys, Inc., Canonsburg, PA) as
well as user-supplied pre- and post-processing software, the thermal performance of
nanofluid flow in a trapezoidal microchannel was analyzed using pure water and CuO-water
with volume fractions of 1% and 4%. The results show that nanofluids do measurably
enhance the thermal performance of microchannel mixture flow with a small increase in
pumping power. The thermal performance increases with volume fraction; but, the extra
pressure drop, or pumping power, will somewhat decrease the beneficial effects.
Microchannel heat sinks with nanofluids are expected to be good candidates for the next
generation of cooling devices.
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3.3 Entropy Minimization for Nanofluid Flow in
Microchannel
3.3.1 Introduction
The foundation of knowledge of entropy generation goes backward to the 19th century,
i.e., Clausius’ and Kelvin’s studies on the irreversibility aspects, hence entropy generation,
anchored in the Second Law of Thermodynamics. These theories have been rapidly
developed; however, design applications of entropy generation resulting from temperature
differences have been overlooked by classical thermodynamics. That motivated many
researchers to conduct analyses of fundamental and applied engineering problems based on
the Second Law of Thermodynamics. Entropy generation is associated with thermodynamic
irreversibilities, which is common in all types of heat transfer processes, i.e., heat transfer
across finite temperature gradients, viscous effects, etc. Entropy generation destroys
available work of a system. Thus, it makes a good engineering sense to focus on
irreversibilities caused by heat transfer and fluid flow processes and try to understand the
function of the entropy generation mechanisms.
Starting with automobile airbag sensors, Micro-Electro-Mechanical System
(MEMS) devices have been developed for applications in engineering heat and mass transfer,
biomedical drug delivery, aerospace technology, micro reactors, etc. With the advances of
MEMS technology, various silicon-based micro-systems, such as micro-heat sinks, have
been developed in recent years. It is very important to realize that the fluid flow and heat
transfer characteristics in these microchannels have to be optimized to achieve better designs
and hence performances of various micro-systems.
Microfluidic irreversibilities of friction, heat transfer, and electrodynamic transport
have significance in the achievement of various technological goals involving micro- and
nanoenergy systems (Gad-el-Hak, 1999). Fluid flow through microchannels has been studied
extensively by many researchers (Wu and Cheng, 2003; Ng and Tan, 2004; Nguyen and
Wereley, 2006; among others), including experimental, numerical and theoretical
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investigations. Entropy production includes both frictional and thermal irreversibilities.
Additional irreversibilities of phase transition, electromagnetic transport and radiative heat
transfer have been reported previously (Bejan, 1996; Naterer, 2001). Ogendengbe et al. (2006)
investigated numerically the mechanisms of near-wall velocity slip and their effects on
energy conversion of fluid motion in microchannels. They conducted sensitivity studies
involving entropy generation at various operating parameters for different slip-flow
conditions, channel aspect ratios, and pressure ratios.
Microscale cooling devices, such as micro-channel heat sinks, are increasingly
important in current and future heat removal applications. Specifically, a coolant flowing
through a large number of parallel, micromachined or etched conduits with the purpose to
remove heat from and generate uniform temperature distributions in micro-electromechanical systems, integrated circuit boards, laser-diode arrays, high-energy mirrors and
other compact products with high transient thermal loads. Key is the very large heat transfer
surface-to-volume ratio of the devices, leading to high compactness and effectiveness of heat
removal. Complementary to that is the use of high thermal performance coolants. Most
exciting are new coolants consisting of a combination of a low-volume fraction of
nanoparticles (e.g., metals, metal-oxides, or carbon-based material) with a suitable carrier
fluid, such as distilled water, engine oil, ethylene glycol, etc.). As first demonstrated in 1995
at Argonne National Laboratory, those dilute liquid-particle mixtures, called nanofluids, have
exhibited thermal conductivity values 20-150% higher then the ones of the base fluids (Choi,
1995, Chopkar et al., 2007). Over the last seven years numerous experimental and a few
theoretical papers appeared, providing nanofluid property measurements and models
describing the underlying physics of enhanced thermal conductivities for different
nanoparticle-and-liquid pairings.
Of interest here is the simulation and analysis of entropy generation with a focus on
applications to microdevices, especially micro-heat sinks. Nanofluids and pure water were
compared as two different coolants. Trapezoidal microchannels with different aspect ratios
(Wb/Wt) were selected for this study.
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3.3.2 Theory
Assuming the continuum approach to be valid (i.e., here Dh > 100 μm ) for steady 3-D
laminar incompressible flow in a microchannel, the continuity, momentum, energy and
species transfer equations have to be solved, considering temperature-dependent mixture
properties. In addition to the conservation laws, mixture properties and the second law of
thermodynamics have to be described.
3.3.2.1 Governing Equations

Continuity equation:
r
∇ ⋅ [ ρ (T )u ] = 0

(3.22)

Momentum equation:
r r
r
1
(u ⋅ ∇u ) = − ∇p + ∇ ⋅ (ν∇u )

(3.23)

ρ

Energy equation:
r
μ
(u ⋅ ∇)T = ∇ ⋅ (α∇T ) +
Φ
ρc p

(3.24)

where
⎛ ∂u
∂u j
Φ=⎜ i +
⎜ ∂x j ∂xi
⎝

⎞ ∂u i
⎟
⎟ ∂x j
⎠

Mass transfer equation:
r
u ⋅ ∇c = ∇ ⋅ ( D ∇c )

and α =

k
ρc p

(3.25a,b)

(3.26)

r

Here, u is the velocity vector, p is the pressure, α is the thermal diffusivity, D is the
nanoparticle diffusivity, and Φ is the viscous dissipation function. For nanofluid flow and
pure fluid flow, the corresponding physical properties will be selected, e.g., the thermal
conductivities k eff and k f , respectively.
As hydraulic boundary conditions, uniform velocities were applied at the channel
inlet, i.e., u = U in , v = 0, w = 0 . The outlet pressure was the static pressure, i.e., p out = 0 .The
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no-slip boundary condition was enforced at all solid walls. The thermal boundary condition
at the bottom and sidewalls is a constant wall heat flux, i.e., q = C , while an adiabatic
boundary condition is imposed on the top wall, and T = T0 at the microchannel inlet.
3.3.2.2 Mixture properties

Typically, the nanoparticle suspensions are dilute so that the effective nanofluid
properties can be described as (Xuan and Roetzel, 2000):

μ eff = μ f

1

(3.27)

(1 − ϕ ) 2.5

ρ eff = ϕρ p + (1 − ϕ ) ρ f

(3.28)

and
( ρc p ) eff = ϕ ( ρc p ) p + (1 − ϕ )( ρc p ) f

(3.29)

where ϕ is the volume fraction of nanoparticles, subscript f indicates the carrier fluid and
subscript p denotes nanoparticles. The effective thermal conductivity is composed of a static
part after Maxwell (1904) and a kinematic part, i.e., microscale heat transfer due to Brownian
particle motion (Koo and Kleinstreuer, 2003). The final form of k eff , taking into account
nanoparticle size and volume fraction as well as type of particle-fluid pairing and
temperature dependence, was discussed and compared to measured data sets by Kleinstreuer
and Li (2008). For the reader’s convenience the Koo-Kleinstreuer-Li (KKL) model discussed
in Chapter 2 is repeated here:

k eff = k static + k Brownian

(3.30)

The static part is Maxwell’s model and the dynamic part was developed based on kinetic
theory together with Stokes’ flow of micro-scale convective heat transfer, i.e., micro-mixing.
Hence (see Li & Kleinstreuer, 2008),
k p ,eff

− 1)ϕ
kf
k static
= 1+
k p ,eff
k p ,eff
kf
(
+ 2) − (
− 1)ϕ
kf
kf

3(

(3.31)
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and

k Brownian = 5 × 10 4 ϕρ f c p , f

κ bT
g (T , ϕ , d p , ρ p )
ρ pd p

(3.32)

where ρ is the density, c p , f is the fluid thermal capacity, and ϕ is the volume fraction, while
the subscripts f and p indicate fluid and particle, respectively. The g-function, determined
semi-empirically, was introduced to encapsulate the thermo-hydrodynamic interactions
among all nanoparticles and affected micro-scale fluid parcels. For example, for Al2O3-water
and CuO-water nanofluids, the nonlinear g − function generated r 2 values of 96% and 98%,
respectively (see Sect.2.4). In this study, 4% and 1% CuO-water suspension was employed in
the nanofluids application to the microchannel flow.
3.3.2.3 Entropy Generation in Convection Heat Transfer

Heat transfer phenomena are always accompanied by entropy generation, implying
one-way destruction of available work. Therefore, it makes good engineering sense to focus
on the irreversibilities of heat transfer processes and to try to understand the mechanism of
entropy generation.
The second law of thermodynamics can be written for any system interacting with its
surrounding as:

S gen ≡ ΔS total = ΔS system + ΔS surrounding > 0

(3.33)

In form of an “entropy balance” on a time-rate basis:
Q&
+
T
in
out
144424443

∑ m& s − ∑ m& s + ∑

entropy transfer rates

S& gen
{

system
irreversibilities

=

ΔS
≈ (m& s ) final − (m& s ) initial
Δt
{

(3.34a)

entropy
change

The specific entropy s is representative of the thermodynamic state of each inlet/outlet
stream right at the system boundary, while s final − sinitial is the specific entropy change over
time inside the control volume.
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For the purpose of evaluating the increase of irreversibilities ( S gen in kJ/K) of actual
engineering systems over time interval Δt , it is convenient to rearrange Eq. (3.34a) to:
Q
>0
S gen = (ms) 2 − (ms )1 + ∑ ms − ∑ ms − ∑
144244
3 out
Tsurr
in
1444
424444
3
= ΔS system

(3.34b)

= ΔS surrounding

This form defines the rate of entropy generation in the system, a quantity always positive,
and in the reversible limit equal to zero.
Considering a point (x,y,z) in a fluid engaged in convective heat transfer, the fluid
element dx-dy-dz surrounding this point is part of a complex convective heat transfer
arrangement. The small element dx-dy-dz can be regarded as an open thermodynamic system,
subject to mass fluxes, energy transfer, and entropy transfer interactions that penetrate the
fixed control surface formed by the dx-dy-dz box of Fig. 3.12. Based on that model, the local
volumetric rate of entropy generation ( Ŝ gen in [

kW
]) is considered inside a viscous fluid
m3 K

engaged in convective heat transfer without internal heat generation. The second law of
thermodynamics for the dx-dy-dz box as an open system experiencing fluid flow and
conductive heat transfer then reads, based on the Clausius definition dS =

δQ
T

and
reversible

Figure 3.12:
∂q y
∂q x
qy +
dy
dx
qy
qx
∂y
x
∂
ˆ
S gen dxdydz =
dydz −
dydz +
dxdz −
dxdz
∂T
∂T
T
T
T+
dx
T+
dy
∂y
∂x
qx +

∂q z
dz
∂v
q
∂s
∂ρ
∂
z
+
dxdy − z dxdy + ( s + dx)( v x + x dx)( ρ +
dx)dydz − sv x ρdydz
∂T
T
∂x
∂x
∂x
T+
dz
∂z
qz +

+ (s +

∂v y
∂s
∂ρ
dy )( v y +
dy )( ρ +
dy )dxdz − sv y ρdxdz
∂y
∂y
∂y
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+ (s +

∂v
∂ ( ρs )
∂ρ
∂s
dxdydz
dz )( v z + z dz )( ρ +
dz )dxdy − sv z ρdxdy +
∂t
∂z
∂z
∂z

(3.35a)

The first six terms of the right side in Eq. (3.35a) account for the entropy transfer associated
with heat transfer, combine terms 1 and 2, 3and 4, 5 and 6 and dividing by dxdydz as well as
consider dx → 0 , dy → 0 and dz → 0 , the former six terms in Eq. (3.35a) can be reduced to:
∂q x
∂q
∂T
∂T T ∂q y − q ∂T
− qx
T z − qz
y
∂y
∂z =
∂x
∂x + ∂y
+ ∂z
∂T
∂T
∂T
T (T +
dz )
T (T +
dx)
T (T +
dy )
∂z
∂y
∂x

T

1 ∂q x ∂q y ∂q z
1
∂T
∂T
∂T
(
+
) − 2 (q x
)
+ qz
+
+ qy
T ∂x
∂y
∂y
∂x
∂y
∂z
T

(3.35b)

Terms 7-12 in Eq. (3.35a) represent the entropy convected into and out of the system, while
the last term is the time rate of entropy accumulation in the dx-dy-dz control volume.
Decomposing and combining the last seven terms as well as considering in the limit dx → 0 ,
dy → 0 and dz → 0 , the last seven terms can be rearranged as:

ρ(

∂s
∂s
∂s
∂s
+ vz )
+ vy
+ vx
∂z
∂y
∂x
∂t
∂v y ∂v z ⎤
⎡ ∂ρ
∂v
∂ρ
∂ρ
∂ρ
+ s⎢ + v x
+ vy
+ vz
+ ρ( x +
+
)⎥
∂x
∂y
∂z
∂x
∂y
∂z ⎦
⎣ ∂t

(3.35c)

Combining Eq. (3.35b) and Eq. (3.35c), the local rate of entropy generation becomes:
∂q y ∂q z
∂T
∂T
∂T
1 ∂q
1
Sˆ gen = ( x +
+
+ qy
+ qz
) − 2 (q x
)
T ∂x
∂y
∂z
∂x
∂y
∂z
T

+ ρ(

∂s
∂s
∂s
∂s
+ vz )
+ vy
+ vx
∂z
∂y
∂x
∂t

∂v y ∂v z ⎤
⎡ ∂ρ
∂v
∂ρ
∂ρ
∂ρ
+ s⎢ + v x
+ vy
+ vz
+ ρ( x +
+
)⎥
∂x
∂y
∂z
∂x
∂y
∂z ⎦
⎣ ∂t

(3.36)

Note that the last term of Eq. (3.36) (in square brackets) vanishes identically based on the
mass conservation principle (e.g., Bejan, 1995). Specifically, for homogeneous fluids:
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Dρ
+ ρ∇ ⋅ v = 0
Dt

(3.37)

where D / Dt is the substantial (material or Stokes) derivative:
D
∂
∂
∂
∂
+ vz
+ vy
= + vx
Dt ∂t
∂z
∂y
∂x

(3.38)

while v is the velocity vector ( v x , v y , v z ). In vector notation the volume rate of entropy
generation can be expressed as:
1
1
Ds
Sˆ gen = ∇ ⋅ q − 2 q ⋅ ∇T + ρ
T
Dt
T

(3.39)

According to the first law of thermodynamics, the rate of change in internal energy per unit
volume is equal to the net heat transfer rate by conduction, plus the work transfer rate due to
compression, plus the work transfer rate per unit volume associated with viscous dissipation,
i.e.,

ρ

Du
= −∇ ⋅ q − p(∇ ⋅ v ) + μΦ
Dt

(3.40)

Writing the GIBBS relation du = Tds − pd (1 / ρ ) and using the substantial derivative notation
Eq. (3.38), we obtain:

ρ

Ds ρ Du
p Dρ
=
−
Dt T Dt ρT Dt

Combining Eq. (3.41) with ρ

(3.41)

Ds
Du
given by Eq. (3.39) and ρ
given by Eq. (3.40), the
Dt
Dt

volumetric entropy generation rate can be expressed as:
1
μ
Sˆ gen = − 2 q ⋅ ∇T + Φ
T
T

(3.42)

If the Fourier law of heat conduction for an isotropic medium applies, i.e.,

q = −k∇T

(3.43)

The rate of volumetric entropy generation ( Ŝ gen ) in three-dimensional Cartesian coordinates
is then (Bejan, 1996):
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∂T
∂T ⎤
k ⎡ ∂T
Sˆ gen ≡ S G = 2 ⎢( ) 2 + ( ) 2 + ( ) 2 ⎥
∂y
∂z ⎦
T ⎣ ∂x
+

μ ⎧ ⎡ ∂u

∂v 2
∂w 2 ⎤ ∂u ∂v 2
∂u ∂w 2
∂v ∂w 2 ⎫
2
) +( +
) ⎬
⎨2 ⎢( ) + ( ) + ( ) ⎥ + ( + ) + ( +
∂y
∂z ⎦ ∂y ∂x
∂z ∂x
∂z ∂y ⎭
T ⎩ ⎣ ∂x

(3.44)

where u , v and w are velocity vector in x, y, and z direction, respectively; T is the temperature,
k is the thermal conductivity and μ is the dynamic viscosity.

Equation (3.44) encapsulates the irreversibilities due to heat transfer and frictional
effects, i.e.,
Sˆ gen = Sˆ gen (heat transfer) + Sˆ gen (fluid friction)

(3.45)

Specifically, the dimensionless entropy generation rate induced by fluid friction and heat
transfer can be defined as follows:
SG,F

kT
= Sˆ gen (frictional) ⋅ 02
q

2

(3.46a)

μ ⎧ ⎡ ∂u 2 ∂v 2 ∂w 2 ⎤
where Sˆ gen (frictional) =
⎨2 ( ) + ( ) + ( ) ⎥ +
∂y
∂z ⎦
T ⎩ ⎢⎣ ∂x
(

∂u ∂w 2
∂v ∂w 2 ⎫
∂u ∂v 2
+ ) +( +
) +( +
) ⎬
∂y ∂x
∂z ∂x
∂z ∂y ⎭

(3.46b)

while for the thermal entropy source,
kT
S G ,T = Sˆ gen ( thermal) ⋅ 02
q

2

∂T
∂T ⎤
k ⎡ ∂T
where Sˆ gen ( thermal) = 2 ⎢( ) 2 + ( ) 2 + ( ) 2 ⎥
∂y
∂z ⎦
T ⎣ ∂x

(3.47a)

(3.47b)

Finally,
2

kT
S G ,total = Sˆ gen 02 = S G , F + S G ,T
q

where T0 is the fluid inlet temperature and q is the wall heat flux.

(3.48)
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Considering the classic solution for Hagen-Poiseuille (H-P) flow through a smooth
tube of radius r0 with uniform wall heat flux q [W/m2], the velocity and temperature are
given by (e.g., Kleinstreuer, 1997):
r
u = 2U [1 − ( ) 2 ]
r0

(3.49)

and
T − Ts = −

qr0 3
r
1 r
[ − ( )2 + ( )4 ]
k 4 r0
4 r0

(3.50)

The wall temperature Ts = T (r = r0 ) can be obtained from the condition
2q
∂T dTs
=
=
= constant
ρc pU r0
∂x
dx

(3.51)

∂T q r
r
= [2 − ( ) 3 ]
∂r k r0
r0

(3.52)

∂u − 4U r
=
∂r
r02

(3.53)

Hense, the dimensionless entropy generation for fully-developed tubular H-P flow can be
expressed as:
16kT0 μU 2 2
kT
T0
4k 2
3 2 T0
(
2
)
+
−
+
Sˆ gen 02 =
R
R
R
2
( ρc pU r0 ) 2 T 2
q
T2
q 2Tr0
2

2

2

2
T
16 T0 2
3 2 T0
=
( ) + (2 R − R )
+ φ 0 R2
2
2
T 44244444
T3 1
4T24
3
1Pe
444
heat transfer

2

(3.54)

fluid friction

with
Pe = Re⋅ Pr =

2r0 ρc pU
k

(3.55)

and
16kT0 μU 2
r
R = , and φ =
r0
q 2 r0 2

(3.56a,b)
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Here, R is the dimensionless radius, T0 is the inlet temperature which was selected as the
reference temperature. On the right side of the Eq.(3.54), the first term represents the entropy
generation by axial conduction, the second term is the entropy generated by heat transfer in
radial direction, and the last term is the fluid friction contribution. Parameter φ , Eq.(3.56b), is
Sˆ gen ( fluid friction)
the irreversibility distribution ratio (
). The parameter values used for
Sˆ gen (heat transfer )
kT0 2
= 0.223 , and φ = 1.63 × 10 −2 .
model validation included Pe = 1155 , T0 = 293K ,
q
In order to assess the overall entropy generated in the entire flow field for different
scenarios, the integral form is used.
1
SˆG ,total =
m& c p

∫∫∫ S gen dV

(3.57)

V

where the fraction of entropy generation due to friction as well as heat transfer can be defined
as:

ξF =

SˆG , F
Sˆ

and ξ T =

G ,total

SˆG ,T
Sˆ

(3.58a,b)

G ,total

3.3.2.4 Numerical Method

The numerical solution of the Eulerian transport equations were carried out with a
user-enhanced, unstructured finite-volume based program, i.e., CFX 11 from Ansys, Inc.
(Canonsburg, PA). The mesh size of the computational domain used in this study was refined
until acceptable levels of grid independence of the solutions were achieved. The final mesh
features about 760,000 elements. Specifically, reducing or increasing the mesh density by a
factor of 2.0 had a negligible effect on all results. The computations were performed on an
IBM Linux Cluster at North Carolina State University’s High-Performance Computing
Center (Raleigh, NC) and on a local dual Xeon Intel 3.0G Dell desktop (CFPD Laboratory,
MAE Department, NC State University). Furthermore, the solutions of the flow field were
assumed to be converged when the dimensionless mass and momentum as well as the
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thermal energy residual ratios were <10-6. Improving the convergence criteria to <10-7 had a
negligible effect on the simulation results. A typical simulation run took about 24h.

3.3.3 Model Validation
In order to validate the computer model, pure water flow with constant properties in a
microtube of diameter D = 106.66 μm and length L=4.0 cm was considered (see Fig. 3.13a).
The computational volumetric entropy generation rate according to the simulated velocity
and temperature distribution was compared with the theoretical results from Eq. (3.54).
Figure 3.14a shows the dimensionless entropy generation rate profile in radial direction at the
outlet and Figure 3.14b shows the dimensionless entropy generation rate profile in axial
direction in the tube centerline. As expected, according to Eq. (3.54), at the center point, i.e.,
R=0, only the first term in the right side contributed to the dimensionless entropy generation
rate S G ; however, for Pe>>1, the irreversibility due to axial conduction is negligible in the
fully developed range. In contrast, in the wall region both thermal and frictional effects
produce entropy with a maximum at R ≈ 0.8 generated by dominant heat transfer induced
entropy generation. The computer modeling results match the exact solution perfectly.

3.3.4 Results and Discussions
Three cases of trapezoidal microchannel (Fig.3.13b) with the same hydraulic diameter
( Dh = 106.66μm , L=40 mm), the same base angle (i.e., 54.7o), but different aspect ratios
( AR = Wt / Wb ) were employed for this study (see Fig. 3.13b and Table 3.1). Pure water as
well as a nanofluid (i.e., CuO-H2O) were used.

Table 3.1: Trapezoidal Microchannel Geometry

H ( μm )

Wt ( μm )

Wb ( μm )

Dh ( μm )

AR

Case 1

56.494

1206.73

1126.73

106.66

0.9337

Case 2

80

252.65

139.37

106.66

0.5516

Case 3

122.0271

202.47

29.67

106.66

0.14654
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Nanofluids shows different thermal properties under different fluid temperature, in
order to investigate the entropy generation rate in microchannels, temperature dependent
fluid properties required to be taken into account.
For the three trapezoidal channels, bottom and sidewall were heated by a constant
heat flux (typically 0.2MW/m2 or higher), while an adiabatic boundary condition was applied
on the top. The corresponding heated areas and heat transfer quantities are listed in Table 3.2.

Table 3.2 Thermal Boundary Conditions
Ah (m2)

q (kW/m2)

Q(W)

Case 1

5.06068E-5

200

10.12136

Case 2

1.34165E-5

200

2.683292

Case 3

1.31482E-5

200

2.629644

3.3.4.1 Entropy contours

Figures 3.15a-c to 3.17a-c depict the dimensionless entropy generation rates at the
outlet (L= 40mm and Re= 425), caused by individual and combined sources for pure water
flow in microchannels with three different aspect ratios. Friction-induced entropy generation
(see Eq. (3.46)) is dominant at the walls where for AR = 0.9337 it resembles slit flow (Fig.
3.15a), while at lower AR-values (Figs 3.15b,c) the wall locations for S G ,F

max

and its extent

shift measurably. As expected, the core flow region is nearly S G , F -free, which remarkably is
also the case for all four corners. This is because within these complex 3-D corner flow fields
the velocity gradients (see Eq. (3.46)) largely cancel each other out.
Heat transfer may generate entropy levels up to three times higher than frictional
effects (Fig. 3.16a-c). Again, the core region is entropy-free, including now part of the
adiabatic wall. Strong differences in fluid temperature and surface temperature generate
gradients and hence maximum S G ,T − values near the walls (see Eq. (3.47)). Combining both
entropy sources produces for all microchannel aspect ratios closed entropy-free centers (Eq.
(3.44)) with “radially” increasing S G ,total − values, reaching maxima at the bottom wall for
AR = 0.9337 and AR = 0.5516, while for AR = 0.14654 at the side walls.
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3.3.4.2 Entropy Profiles

Figures 3.18a-c provide the entropy-generation-rate profiles in axial direction for AR
= 0.5516. Again, the channel length is 40 mm where for Re = 425 the hydraulic entrance
effect prevails to z ≈ 0.004m , based on the correlation Lentrance ≈ 0.9 Re Dh (Kleinstreuer &
Li, 2008). Indeed, the graphs in Fig. 3.18a confirm such an entropy-rate development in the
entrance region, where the changes in vertical mid-plane S G , F -profile (Fig. 3.15b) reflect the
z = 0.005m graph in Fig. 3.18a. Similarly, the S G , F -profile for z = 0.01m in Fig. 3.18b can

be correlated to Fig. 3.16b, implying that the thermal entrance length is much longer than the
hydraulic one. Figure 3.18c then provides the developing profiles of the total entropygeneration rates, where the microchannel bottom exhibits S G ,total

max

because of the adiabatic

cover plate at y = 4 × 10 −5 m .
3.3.4.3 Entropy generation in thermal nanofluid flow

Focusing on the impacts of inlet temperature, Reynolds number and aspect ratio,
entropy generation in trapezoidal microchannels is compared for flow of pure water and
nanofluids, i.e., 1% and 4% of CuO nanoparticles ( d p = 28.6nm ) in water (see Figs. 3.193.21).
An increase in fluid inlet temperature, say, ΔT0 = 15ο C , measurably decreases total
entropy generation because of higher bulk temperatures and hence lower gradients in the
near-wall region (Fig. 3.19). More remarkable is the nonlinear decrease in SˆG ,total for
nanofluids with their elevated effective thermal conductivities (see Eq. (3.30)). Another
effective operational parameter is the inlet Reynolds number, where Fig. 3.20 indicates a
desirable range of 425 ≤ Re ≤ 1100 for all fluids and aspect ratios considered, when ignoring
“slit flow” for AR = 0.9337 . Due to slightly enhanced frictional effects (see Eq. (3.27)),
> SˆGwater
SˆGnanofluid
,total .
,total
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An important geometric design parameter is the aspect ratio. Figure 3.21 shows
SˆG ,total ( AR) for three fluids and different inlet Reynolds numbers. Specifically, for
U in = 4m / s (implying Re = 425, 437 and 466 for water, 1% CuO-nanofluids and 4% CuOnanofluids, respectively) the larger aspect ratio generates smaller SˆG ,total values, while for
U in = 10m / s (implying Re = 1063, 1092 and 1165) the lower aspect ratio generates smaller
SˆG ,total values. Clearly, the 1% CuO-water pairing yields more favorable results than the
nanofluid with 4% CuO particles.
Figure 3.21 also reveals that there are significant trend changes of SˆG ,total (AR, Re)
for all three fluids occurring at critical values, i.e., AR ≈ 0.55 and Re ≈ 700 . The main
reasons are that with elevated Reynolds numbers temperature gradients are reduced and the
frictional effects become dominant, even more pronounced as AR → 1.0 . The additional test
run for pure water at Re=638 confirms that Re ≈ 700 is critical, while Fig. 20 has these trend
changes in SˆG ,total embedded as well.

3.3.5 Conclusions
In the present section entropy generation in laminar microchannel flow was
investigated with an experimentally validated computer model. Nanofluids and pure water
were selected as potential coolants for three cases of trapezoidal microchannels with the
same hydraulic diameters and base angle but different aspect ratios. The findings can be
summarized as follows.
1. For trapezoidal microchannels, the maximum frictional entropy generation rate
appears in the middle part of the walls (especially the relatively longer sidewalls),
while the lowest values are located in the acute corner areas and the center area;
however, the maximum heat transfer induced entropy generation rates are located
at the corners because of the higher heat flow rates.
2. System entropy generation decreases with the increase of the fluid inlet
temperature, which reduces local temperature gradients.
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3. There exists an optimal Reynolds number range to operate the system due to the
characteristics of the two different entropy sources, both related to the inlet
Reynolds number.
4. Microchannels with high aspect ratios have a lower optimal operational Reynolds
number range.
5. Nanofluids with very low volume fractions of metal nanoparticles are excellent
coolants and caused further entropy generation minimization at lower Reynolds
numbers due to their excellent thermal properties.
6. For high heat-flux conditions, e.g., micro-heat sinks, heat transfer induced entropy
generation is dominant. Frictional entropy generation becomes more and more
important with the increase of fluid inlet velocity/ Reynolds number.
In summary, it is advisable to select microchannel geometries based on minimization
of total entropy generation, subject to encountered thermal and hydraulic boundary
conditions. Employing certain nanofluids as coolants may further benefit the minimization of
entropy generation in microchannel heat sinks.
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3.4 Bio-MEMS for Nanodrug Delivery
Biological micro-electro-mechanical systems (Bio-MEMS) can be considered as
having at least one system dimension in the submicron or micron range (100 nm~200 μm )
and other dimensions of up to several millimeters (Saliterman, 2006). With the increasing
awareness of microfluidic physics and the surface science of building materials, such as
silicon, polymers, glass and ceramics, the traditional fabrication techniques previously
imported from integrated circuit manufacturing to MEMS have been also applied to bioMEMS. Drug delivery targeted to a precise region or tissue in the body can reduce side
effects, minimize the dose of a costly drug, or provide a means of delivery to a location that
is difficult to treat. The new challenges pushed researchers to explore new drug delivery
methods, where the drug delivery method using MEMS, i.e., bio-MEMS, emerged in recent
year.

3.4.1 Microfluidics of Nanodrug Delivery
3.4.1.1 Introduction

Microfluidics is the study of transport processes in microchannels, i.e., methods and
devices for controlling and manipulating fluid flow and particle transport at the microscale.
Microfluidic devices, consisting in general of reservoirs, channels, pumps, valves, mixers,
actuators, filters and/or heat exchangers, are primary components of lab-on-a-chip and total
analysis systems (Stone et al., 2004) or function as bio-MEMS for precise drug delivery by
implanted or transdermal techniques. Larger versions may be used as micro-heat sinks in
miniature electronic systems (see Kleinstreuer and Li, 2008). The basics of microfluidics are
discussed in the books by Tabeling (2005) and Nguyen and Wereley (2006), while bioMEMS fundamentals, technologies, and applications for drug delivery have been reviewed
by Tay (2002) as well as in selected chapters by Saliterman (2006) and Wang and Soper
(2006). Beebe et al. (2002) summarized the physics and applications of microfluidics in
biology, discussing micro-device components as well as manufacturing methods, such as
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micromachining, soft lithography, embossing, in situ construction, injection molding, and
laser ablation. As Beebe et al. (2002) illustrated, the main component in any microfluidic
device is the channel network.
The central question in microfluidics modeling is the validity of the continuum
assumption, and if so (as may be the case for standard water flow in microchannels
with Dh > 0.1 μm ), which are the dominant forces? Important characteristics and phenomena
in the microscale environment include laminar flow, entrance effects, surface roughness
effects, diffusion, wall forces, surface tension, very high surface-area-to-volume ratio, and
microfluidic resistance. For example, some experimental evidence indicates that the
Reynolds number for transition from laminar to turbulent flow may be different in
microchannels from that predicted by macrochannel-flow theory. Indeed, recent works
analyzed by Koo and Kleinstreuer (2003) showed that a lot of controversy exists between
experimental reports on (thermal) microscale flows, explaining that surface roughness and
entrance effects may cause early turbulence.
In the 1990s most bio-MEMS studies were concentrated in academia, while in recent
years commercialization of such devices began. Examples include an electronically activated
drug delivery microchip (Shawgo et al., 2002); a controlled delivery system via integration of
silicon and electroactive polymer technologies; a MEMS-based DNA sequencer developed
by Cepheid (2003); and arrays of in-plane and out-of-plane hollow micro-needles for
dermal/transdermal drug delivery (Ovsianikov et al., (2007) and Kim and Lee, (2007) among
others) as well as nanomedicine applications of nanogels or gold-coated nanoparticles
(Labhasetwar and Leslie-Pelecky, 2007). Part of the advanced endeavors in developing
integrated micro or nanodrug delivery systems is the interest in easily monitoring and
controlling target-cell responses to pharmaceutical stimuli, to understand biological cell
activities, or to facilitate drug development processes.
While micro-devices allow precise drug delivery by both implanted and transdermal
techniques, conventional drug delivery is characterized by the “hill-and-valley” phenomenon.
It implies that when a drug is dispensed, drug concentration in the blood will increase, peak
and then drop as the drug is metabolized, where the cycle is repeated for each drug dose. In
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nanodrug delivery (ND) systems, controlled drug release occurs over an extended period of
time. Hence, the desired drug concentration will remain within the therapeutic window as
needed. Usually, an integrated ND system is composed of drug preparation, feeding, sensing
(test), and feedback parts. The types and doses of drugs are selected in the drug preparation
part, while the feeding system guides drugs and buffer fluids into the test part. Test cells are
placed into the test section, where they react to drugs and resulting (electric) response signals
are monitored via the feedback part.
Of interest here is the optimal delivery of nanoparticles (drugs) in an aqueous solution
in terms of predetermined uniform particle concentration and mixture temperature. Such a
dilute suspension, called a nanofluid, is conveyed via microchannels to recipient living cells
situated in a well (see Fig. 3.22). Controlled dosages of nanodrugs allow for simultaneous
testing of living cells and stimuli responses. Those micro-systems, featuring controlled
transport processes for optimal nanodrug delivery, are important in laboratory-testing of
predecessors of implantable smart devices which may offer closed-loop sensing, result
interpretation, and automatic nanodrug dispensation. Other applications for this basic
microfluidic device include testing of pharmaceuticals and performing efficient biomedical
analyses.
3.4.1.2 Theory

In the controlled multiple nanodrug-stream system (Fig. 3.22), the plenum chamber
functions as a reservoir of an aqueous nutrient-supply and/or purging fluid. The
microchannels can alter the incoming fluid to the test section, i.e., target-well with living
cells, by adjusting the individual inlet pressure or resistance. Nanodrugs can be supplied by
setting the supply pressure of the nanodrug solution higher than that of the fluid supply side,
while purging fluid can go through the testing section by lowering or eliminating the drug
supply pressure. An appropriate wall heat flux beneath the microchannels ensures that
delivery of the drug-fluid mixture to the living cells occurs at an optimal temperature,
i.e., 37 o C . Due to the temperature dependent fluid properties, i.e., viscosity, density,
diffusivity and thermal conductivity, the heat flux was also assumed to have an influence on
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the drug concentration and velocity distribution. Selecting one representative microchannel,
the chosen unit has a hydraulic diameter of 40 μm for the main channel and 20 μm for the
drug inlet branch. The Reynolds number ratio of drug-inlet to main-channel flows is defined
as:

χ = Re 2 / Re1

(3.59)

The associated Reynolds numbers are:
Re i =

(uDh ) i

(3.60)

νi

with i = 1 indicating the purging or nutrient-supply channel and i = 2 denoting the nanofluid
channel (see Fig. 3.23).
The drug concentration distribution for different main-channel lengths and inlet
Reynolds numbers was analyzed. The effects of the Reynolds number ratio, χ , and thermal
boundary condition, q wall , were also compared and analyzed. Both the purging/ nutrientsupply fluid and nanodrug solution were at inlet room temperature ( Tin = 293 K).

Nanofluid property correlations. To evaluate the impact of nanoparticles (i.e., drugs) and
wall heat flux on the velocity field as well as temperature and concentration profiles, the
nanofluid properties have to be identified. Typically, for a very dilute suspension, the
effective viscosity, density and specific heat capacity have the following forms (Xuan and
Roetzel, 2000):

μ eff = μ f

1
(1 − ϕ ) 2.5

(3.61)

ρ eff = ϕρ p + (1 − ϕ ) ρ f

(3.62)

( ρc p ) eff = ϕ ( ρc p ) p + (1 − ϕ )( ρc p ) f

(3.63)

Here, ρ eff is the nanofluid density, μ eff is the nanofluid viscosity, and ( ρ c p ) eff is the
nanofluid specific heat capacity. The nanoparticle diffusivity follows the Stokes-Einstein
equation:
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D=

κ BT
3πμd p

(3.64)

where κ B is the Boltzmann constant, T is the fluid temperature, and d p is the nanoparticle
diameter.
Most challenging is the thermal conductivity of nanofluids, for which benchmark
experimental data sets show that the thermal conductivity of a nanofluid has strong volume
fraction as well as temperature dependences (Das et al., 2003; Li and Peterson, 2006). Some
researchers introduced different effective thermal conductivity theories which directly or
indirectly considered temperature dependence, e.g., Koo and Kleinstreuer (2004), Prasher et
al.,(2006), and Jang and Choi (2007). In comparison studies, Kleinstreuer and Li (2008) and
Li and Kleinstreuer (2008) analyzed the models of Jang and Choi (2007) and Prasher et al.
(2006), and updated their KKL (Koo-Kleinstreuer-Li) model. For reader’s convenience, the
KKL model discussed in Sect. 2.4.2 is repeated here. The KKL model is based on Brownianmotion-induced micro-mixing and achieved good agreements with various experimental data
sets. Specifically, the KKL thermal conductivity model, keff , takes into account the effects of
particle size, particle volume fraction and temperature dependence as well as the type of
nanoparticle and base fluid combinations in form of (Koo and Kleinstreuer, 2003):
k eff = k static + k Brownian

(3.65)

The static part is from Maxwell’s model and the dynamic part was developed based on
kinetic theory together with Stokes’ flow of micro-scale convective heat transfer, i.e., micromixing. Hence,
k p ,eff

− 1)ϕ
kf
k static
= 1+
k p ,eff
k p ,eff
kf
(
+ 2) − (
− 1)ϕ
kf
kf
3(

(3.66)

and
k Brownian = 5 × 10 4 ϕρ f c p , f

κ bT
g (T , ϕ , d p , ρ p )
ρ pd p

(3.67)
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where ρ is the density, c p , f is fluid thermal capacity, and ϕ is the volume fraction, while the
subscripts f and p indicate fluid and particle, respectively. The g-function, determined semiempirically, was introduced to encapsulate the thermo-hydrodynamic interactions among all
nanoparticles and affected micro-scale fluid parcels. For Al2O3-water and CuO-water
nanofluids, the nonlinear g − function generated r 2 values of 96% and 98%, respectively (See
Sec. 2.4). The KKL model was employed in the current study.

Governing equations. Assuming the continuum approach to be valid (i.e., here Dh ≥ 20μm )
for transient 3-D laminar incompressible flow in a microchannel, the continuity, momentum,
energy and species transfer equations have to be solved, considering temperature-dependent
fluid properties.
Continuity equation:
r
∇ ⋅ [ ρ (T )u ] = 0

(3.68)

Momentum equation:
r r
r
∂u
1
+ (u ⋅ ∇u ) = − ∇p + ∇ ⋅ (ν∇u )
∂t
ρ

(3.69)

Energy equation:

ρc p [

r
∂T
+ (u ⋅ ∇)T ] = ∇ 2 (kT ) + μΦ
∂t

(3.70)

where
⎛ ∂u
∂u j
Φ=⎜ i +
⎜ ∂x
⎝ j ∂xi

⎞ ∂u i
⎟
⎟ ∂x
⎠ j

(3.71)

Mass transfer equation:
∂c r
+ u ⋅ ∇c = D∇ 2 c
∂t

(3.72)

r
Here, u is the velocity vector, D is the nanoparticle diffusivity, and Φ is the viscous

dissipation function. For nanofluid flow and pure fluid flow, the corresponding physical
properties will be chosen, i.e., the thermal conductivities, k eff and k f , respectively.
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For the design analysis, uniform inlet velocity conditions and an ambient pressure
condition for the outlet were applied. A 5% volume fraction of d p = 10 nm and 500 nm
nanoparticles in water was selected to enter the drug supply channel in the form of a
rectangular pulse function. The cycle, shows as part of Fig. 3.23, is centered with basically a
one-second pulse during the observation time tT = 30 s. It starts at dimensionless
time t * = 0.49 , which is defined as:
t * = t / tT , 0 ≤ t * ≤ 1

where tT =

Lmax

u1

(3.73)

is the pulse period, and t is the real time, while Lmax = 10 mm being the

maximum length used, and u1 =

ν 1 Re1
Dh 1

. A heat flux variable in magnitude and extent was

applied along part of the bottom wall, starting at z = 0.02 mm and ending selectively at
z = 2.5 mm, 3 mm, 4 mm or 5 mm (see Fig. 3.23).

Numerical method. The numerical solution of the Eulerian transport equations were carried
out with a user-enhanced, unstructured finite-volume based program, i.e., CFX 11 from
Ansys, Inc. (Canonsburg, PA). The mesh size of the computational domain used in this study
was refined until acceptable levels of grid independence of the solutions were achieved.
Furthermore, both the maximum mass and momentum residuals were less than 10-5.
3.4.1.3 Results

Model validations. Classical friction factor correlations as well as k eff -comparisons are
discussed. Specifically, for laminar fully-developed flow of a pure fluid, the Poiseuille
number is defined as:
Δp ⋅ Dh
2 μ f uL

2

Po = f Re =

(3.74)
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where Po = 16 for circular conduits.

Friction factor. For rectangular microchannels, the Poiseuille number is a function of aspect
ratio ( α = channel width/channel height). It can be determined using Eq. (3.75) from Shah
and London (1978).

Po = 24(1 − 1.3553α + 1.9467α 2 − 1.7012α 3 + 0.9564α 4 − 0.2537α 5 )

(3.75)

where for square ducts, Po = 14.23 . Figure 3.24 provides a comparison of friction factors at
different Reynolds number. Clearly, the computed friction factor is in very good agreement
with the theoretical results. With an increase in inlet velocity, the temperature range and
average temperature in the fluid decreases, i.e., from 304 K to 296 K, and the fluid kinematic
viscosity increases. Thus, for the same velocity, the Reynolds number, Re1 = (

uDh

ν

)1 is

different for water with temperature-dependent properties when compared to constant
properties. The reason is that the bottom heat flux influences the temperature distribution and,
via the changing fluid properties, also the velocity field, especially where the temperature
difference is large. The inset plot in Fig. 3.24 indicates the friction factor differences between
water with temperature-dependent properties and constant properties for the same velocity.
Specifically,

ε=

( f c. p − f v. p )

f c. p

(3.76)

where f c. p is the friction factor for water with constant properties, f v. p is the friction factor
for water with variable properties, i.e., temperature dependent. In the lower velocity range,
the higher fluid temperature induced a lower kinematic viscosity for the temperaturedependent fluid which introduced a higher Reynolds number and hence a smaller friction
factor. As the velocity increases, the friction factor increases because of the decrease in the
fluid’s average temperature. Figures 3.25a and 3.25b show the axial velocity distribution at
the channel outlet for water with temperature-dependent and constant properties, respectively.
As Fig. 3.25a indicates, the temperature generated a decrease in viscosity near the bottom
surface and as a result lowers the location of the maximum velocity, while for water with
constant properties the maximum velocity always appears at the centerline (see Fig. 3.25b).
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Pressure gradient. Li and Kleinstreuer (2008) analyzed the influence of nanoparticle
volume fraction on the pressure gradient for fully-developed flow. Selecting nanofluids with
4% volume fractions of 28.6 nm CuO-water mixtures, the pressure gradient increased an
average 13% for a constant flow rate, which matched measured data. Figure 3.26 depicts the
pressure gradients at different mean velocities when employing a 5% gold-particle-and-water
mixture with different nanoparticle sizes, i.e., 10 nm and 500 nm (see Labhasetwar & LesliePelecky, 2007). Clearly, nanoparticle size does not influence the pressure gradient when the
same volume fraction is employed (see Eqs. (3.61)-(3.63)). The pressure gradient increases
by 13-18% when employing the 5% nanofluids, confirming the results of Li and Kleinstreuer
(2008).

Enhanced thermal conductivity. In Fig. 3.27, the KKL model is compared with
experimental data for CuO-water nanofluid at different temperatures (21oC, 36oC, 51oC) and
volume fractions (1%-4%). The KKL model compares well with the experimental
observations of Das et al. (2003). Because of the lack of quantitative information concerning
therapeutic nanoparticles, other than their mean diameters, the practical range for k eff / k f
was assumed to be 1.0-2.5 and the g-function was taken to be linearly dependent on
temperature ( 20 − 70 o C ), generating a value range for g of 0.3 × 10 −3 to 7 ×10 −3 .

Concentration distributions of drug nanoparticles. The distributions of nanoparticle
concentrations and temperatures at the main microchannel outlets with variable channel
lengths were compared for different particle sizes and boundary conditions, i.e., different
Reynolds numbers Re1 and Re 2 and for different Reynolds numbers ratios χ as well as
different heating modes q w . The desired nanodrug particle uniformity at z = L is defined as:

U c = Av Ag × 100%

(3.77)

where Av is the valid area, i.e., the area where the drug particle concentration is equal or
larger than 90% of local maximum concentration, and Ag is the actual geometric channelexit area. Figure 3.28 compares the dimensionless drug concentration distributions
( d p = 10 nm) at different cross sections in the microchannel for different times. Comparing
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the U c (t ) graphs for the outlet cross section at z = 10 mm, it is evident that the added heat
measurably increases nanoparticle diffusion ( D =

κ BT
) and hence the drug distribution
3πμd p

two-fold, i.e., via the mixture temperature and the reduced fluid viscosity. At station
z = 3 mm, the nanoparticles are still concentrated in a small part of the channel cross section

and hence the drug uniformity U c is very low. Clearly, nanoparticle (i.e., drug) mixing
develops as the two streams merge, and for z = 10 mm the desired near-uniform
concentration profile is achieved. There, the difference is less than 10% between the
maximum value and the minimum value in the particular cross section.
Figures 3.29a-d and 3.30a-d depict the velocity and dimensionless nanodrug
concentration distributions along the center line ( − 2 × 10 −5 ≤ y ≤ 2 × 10 −5 ) at three flowdeveloping phases ( z = 0.5 mm, 5 mm and 10 mm) at different time levels for the case
of χ = 1.69 and L = 10 mm. The dimensionless nanodrug concentration is defined as:

c * = c / c0

(3.78)

here c is the local drug concentration, and c 0 is the drug concentration at the drug-channel
inlet, which is assumed to be unity.
The intensity of drug supply measurably influences the velocity distribution (Fig.
3.29). At t * = 0.51 , in the middle of nanofluid injection, the main-channel velocity is at a
maximum. The velocity down stream of z > 0.5 mm is somewhat elevated because of the
nanodrug influence (see Fig. 3.29a). For the same reason, at t * = 0.68 and t * = 0.85 , the
velocity distribution exhibits the lowest values at z = 5 mm and z = 10 mm, respectively
(Figs. 3.29(b) and (c)). At t * = 1.0 , most of the nanodrug particles supplied have left the
delivery microchannel and hence the velocity distributions at the three axial stations (i.e.,
z = 0.5 mm, 5 mm, and 10 mm) exhibit no differences any more (Fig. 3.29d).

At the middle of the one-second nanofluid cycle (i.e., t * = 0.51 ), the resulting
nanodrug pulse is registered near the inlet at z = 0.5 mm but is not felt further downstream
(Fig. 3.30). The nanoparticles diffuse and they are conveyed through the channel leading to
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highly nonlinear “time- and space-” dependent concentration profiles (Figs. 3.30a-d). For
example, at t * = 0.85 the nanodrug distribution is almost uniform across the channel exit
plane (see Fig. 3.30c).
Figure 3.31 compares the uniformity of drug-particle concentration at different Re1
numbers and microchannel lengths. With the decrease of Re1 values from 0.04 to 0.004 and
with an increase of the channel length, which implies much larger diffusion times, the
uniformity of drug-particle distribution improves. As expected, at small Reynolds numbers,
drug uniformity can be much more rapidly achieved.
Figure 3.32 depicts the drug uniformity at channel outlet z = 10 mm for drugs with a
particle diameter of 500 nm at different Reynolds numbers. It shows that the decrease of Re1
can improve drug uniformity. Comparison of Fig. 3.32 and Fig. 3.28 shows that smaller
drug-particles may greatly benefit the drug concentration uniformity.
Figures 3.33 and 3.34 summarize the percentage changes in minimum microchannellength in order to achieve near-uniform exit concentration for different Reynolds number
ratios and different wall-heat-flux extents, respectively. The “minimum uniformity-length” is
defined as the required main-channel length where the drug-particle concentration in the exit
area is equal or larger than 90% of the local maximum concentration. Selecting χ = 1.26 as
the reference ratio, the dimensionless minimum uniformity length change is compared for
different Reynolds number ratios in Fig. 3.33, an increase of χ measurably decreases the
minimum uniformity length. As Fig. 3.34 shows, a decrease of the heated area also decreases
the minimum uniformity length. Because the fluid temperature increase is fixed (from room
temperature 293K to body temperature 310 K), the effect on the drug diffusivity is not
prominent by just decreasing the heated area.
3.4.1.4 Conclusions

In the present study a nanodrug-supply system, i.e., a bio-MEMS, was introduced.
Of main interest were the conditions for achieving uniform concentrations at the
microchannel exit of the supplied nanodrugs. A heat flux which depends on the levels of
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nano-fluid and purging fluid velocity was added to ensure that drug delivery to the living
cells occurs at an optimal temperature, i.e., 37 o C . The added wall heat flux had also a
positive influence on drug-concentration uniformity. Overall, the nanodrug concentration
uniformity is influenced by channel length, particle diameter and the Reynolds number of
both the nanofluid supply and main microchannels. In light of the convection-diffusion
controlled transport mechanisms, longer channels, smaller particle diameters as well as lower
Reynolds numbers are desirable for best, i.e., uniform drug delivery. Furthermore, the
Reynolds number ratio and the extent of heated area also measurably influence the minimum
microchannel length required for achieving the desired drug-concentration uniformity. Future
work will focus on the effects of angled drug-delivery channel and static mixer in the main
channel.

3.4.2 Microfluidics Analysis of Nanoparticle Mixing in a
Microchannel System
3.4.2.1 Introduction

Microfluidics deals with methods and devices for manipulating and controlling fluidparticle flow in microchannels (Kleinstreuer et al., 2008). A recent application area is
nanomedicine with the goal of controlled nanodrug delivery to specified target areas (see
Saliterman, 2006; Labhasetwar and Leslie-Pelecky, 2007; among others). A key aspect of
this goal is the development of integrated drug delivery systems to monitor and control
target-cell responses to pharmaceutical stimuli, to understand biological cell activities, or to
facilitate drug development processes. An important part of such drug-delivery systems,
which belong to the family of bio-MEMS, are active or passive micro-mixers (Nguyen and
Wu, 2005; Nguyen, 2008) to assure near-uniform nanodrug concentrations. Thakur et al.
(2003) reviewed static mixers as used in process industries, with an emphasis on design
parameters governing the performance of the various mixers. Static micro-mixers, not
requiring any external energy source, rely on chaotic advection and/or enhanced diffusion,
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typically to mix two fluids (see Stroock et al., 2002; Kim et al., 2004; Munson and Yager,
2004; Hardt et al., 2005; Floyed-Smith et al., 2006; Chang and Yang, 2007; Chung and Shih,
2008; Kang et al., 2008; Brotherton et al., 2008; among others). For example, Hardt et al.
(2005) reviewed recent developments in micromixing technology, focusing on liquid mixing
with passive micro-mixers. Four kinds of mixers which employed different hydrodynamic
principles are discussed: hydrodynamic focusing, flow separation, chaotic advection, and

split-and-recombine flows. Diffusive mixing can be improved by increasing the interfacial
contact area between the different fluids and reducing the diffusion length scale. Thus,
selecting the right type of micro-mixer for a specific application is very important.
Brotherton et al. (2008) compared three common microfluidic mixing techniques: electroosmosis with patterned zeta potential, hydrodynamic focusing, and physical constrictions.
For each mixer, the relevant dimensionless groups were identified and varied to determine
the mixing performance, i.e., by varying the length-to-height ratio of the microchannel. Each
technique improved mixing several-fold over a straight channel without a mixer. Specifically,
the electro-osmotic mixer required the greatest amount of power to produce a high degree of
mixing, while the physical-constriction-mixer was recommended because it has a power
requirement similar to the hydrodynamic-focusing-mixer, but only requires the use of a
single pump.
In summary, embedded micro-mixers, relying on different techniques to enhance
diffusion and chaotic advection, mainly deal with two-fluid mixing under isothermal
conditions.
In this section, rapid nanoparticle mixing in a carrier fluid is analyzed, employing
low-cost micro-mixers and heat transfer to achieve two system design goals, i.e., uniform
exit particle concentration and minimum required channel length. Specifically, a
microfluidics device for controlled nanofluid flow in microchannels (see Kleinstreuer, 2006
and Kleinstreuer et al., 2008) is investigated for basic nanomedicine applications. Presently
planned for laboratory-scale testing, uniform, predetermined concentrations of a stimulus
(e.g., cocaine particles) should be delivered via multiple microchannels to an array of wells
containing brain cells to measure cell responses (e.g., dopamine production levels).
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Expanding on the previous work, the present study focuses on device miniaturization in light
of the ultimate goal of bio-MEMS implantation into the diseased brain region of, say,
Parkinson’s patients. Most importantly, the impact of two types of static micro-mixers is
analyzed to achieve uniform nanoparticle concentrations at the exit of a representative
microchannel of minimum length.
3.4.2.2 Theory

Background information. For species mass transfer, the Peclet number, describing the ratio
of convection and diffusion,

Pe =

Ul
= Re⋅ Sc
D

is important, where the Reynolds number is Re =

(3.79a,b)

Ul

ν

and the Schmidt number is Sc = ν / D .

Here, l is a characteristic length, say, a typical diffusion length equal to half of the channel’s
hydraulic diameter, and D is the nanoparticle diffusion coefficient defined by the StokesEinstein equation:
D=

κ BT
3πμd p

(3.80)

where κ B = 1.38065 × 10 −23 m 2 kg/s 2 K is the Boltzmann constant, T is the temperature, μ is
the dynamic viscosity, and d p is the nanoparticle diameter.
To achieve species mixing, the diffusion time t = l 2 / D in axial flow relates to the
minimum microchannel length as:

Lmin ~ Ut = U × (l 2 / D) = Pe × l

(3.81a-c)

Clearly, a suitable micro-mixer aids in rapid particle dispersion by maximizing the
interfaces of the two miscible media and accelerating chaotic fluid parcel interaction,
hopefully without an excessive pressure drop.

System geometry. The presently bench-scale nanodrug delivery system is depicted in
Fig.3.35a, where one representative microchannel with a smaller nanoparticle supply channel
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and two different micro-mixers are shown in Fig.3.35b and Fig.3.35c, respectively. Table 3.3
provides the geometric and kinematic data for the system components. The microchannel is
heated to assure that the aqueous solution for the living cells arrives at 37°C. Heat transfer
may also enhance nanoparticle mixing, and hence may reduce the necessary microchannel
length for achieving near-uniform exit concentrations of nanoparticles.
In summary, the main channel ( Dh = 40μm ) supplies an aqueous solution of
nutrients, while the nanofluid, i.e., a 10nm-drug solution, enters perpendicularly via a smaller
channel ( Dh = 20μm ). Geometric variations to the present T-junction configuration did not
improve nanoparticle mixing.

Table 3.3: System Data Sets
Geometry
Nanofluid inlet

Kinematics
20×20 µm

Heat transfer

Average
nanofluid
velocity
Average
carrier fluid
velocity

1~8mm/s or
1.6~12.8×10-3
mm3/s

1mm/s or
4×10-4 mm3/s

Carrier fluid inlet

40×40 µm

Heated area

1.6×10-9 m2

Re1

0.04

Baffle distance

10 µm

Re2

Slit 1 dimension

40×5 µm

D

0.034-0.27
(4.287~6.57)
×10-11m2/s

Slit 2 dimension

2×(5×15
µm)

Pe

Hole-diameter of
injection micromixer

4 µm

Number of holes

21

Average
volumetric
flow for each
side jet
Average
volumetric
flow for each
front jet

380~913
3.17×10-5
mm3/s
4.61×10-5
mm3/s

20°C
Inlet
temperature
20°C
Outlet
temperature
Wall heat flux

37°C
variable
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Governing equations. Assuming the continuum approach to be valid (i.e., here Dh ≥ 20 μm )
for transient 3-D laminar incompressible flow in a microchannel, the continuity, momentum,
energy and species transfer equations have to be solved, considering temperature-dependent
mixture properties.
Continuity equation:
r
∇ ⋅ [ ρ (T )u ] = 0

(3.82)

Momentum equation:
r r
r
∂u
1
+ (u ⋅ ∇u ) = − ∇p + ∇ ⋅ (ν∇u )
∂t
ρ

(3.83)

Energy equation:
[

r
∂T
μ
+ (u ⋅ ∇)T ] = ∇ ⋅ (α∇T ) +
Φ
∂t
ρc p

(3.84)

where

⎛ ∂u
∂u j
Φ=⎜ i +
⎜ ∂x j ∂xi
⎝

⎞ ∂u i
⎟
⎟ ∂x j
⎠

and α =

k
ρc p

(3.85a,b)

Mass transfer equation:

∂c r
+ u ⋅ ∇c = ∇ ⋅ ( D ∇ c )
∂t

(3.86)

r
Here, u is the velocity vector, p is the pressure, α is the thermal diffusivity, D is the

nanoparticle diffusivity, and Φ is the viscous dissipation function. For nanofluid flow and
pure fluid flow, the corresponding physical properties will be selected, e.g., the thermal
conductivities, k eff and k f , respectively.
As hydraulic boundary conditions, uniform velocities were applied at both channel
inlets,

i.e.,

u x = 0,

u y = 0,

u z = U in

for

the

main

channel

entrance

and

u x = 0, u y = −U Drug , u z = 0 for the drug injection inlet, where u x , u y , and u z are the velocity
vector quantities in the x, y, and z directions. The outlet pressure is the static pressure,
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i.e., p out = 0 .The no-slip boundary condition was enforced at all solid walls. The thermal
boundary condition at part of the bottom was q " = C ;
applied at all other sides of the channel, i.e.,

adiabatic boundary conditions were

∂T
= 0 ; and T = Tin at the microchannel inlet.
∂n

Typically, the nanodrug suspensions are dilute so that the effective nanofluid
properties can be described as (Xuan and Roetzel, 2000):

μ eff = μ f

1

(3.87)

(1 − ϕ ) 2.5

ρ eff = ϕρ p + (1 − ϕ ) ρ f

(3.88)

and
( ρc p ) eff = ϕ ( ρc p ) p + (1 − ϕ )( ρc p ) f

(3.89)

where ϕ is the volume fraction of nanoparticles, subscript f indicates the carrier fluid and
subscript p denotes nanoparticles. The effective thermal conductivity is composed of a static
part after Maxwell (1904) and a kinematic part, i.e., microscale heat transfer due to Brownian
particle motion (Koo and Kleinstreuer, 2003). The final form of k eff , taking into account
nanoparticle size and volume fraction as well as type of particle-fluid pairing and
temperature dependence, was discussed and compared to measured data sets by Kleinstreuer
and Li (2008). For k eff , the Koo-Kleinstreuer-Li (KKL) model, was employed. For the
reader’s convenience, the KKL model discussed in Sect. 2.4.2 is repeated here:

k eff = k static + k Brownian

(3.90)

The static part is Maxwell’s model and the dynamic part was developed based on kinetic
theory together with Stokes’ flow of micro-scale convective heat transfer, i.e., micro-mixing.
Hence (see Kleinstreuer & Li, 2008),
k p ,eff

− 1)ϕ
kf
k static
= 1+
k p ,eff
k p ,eff
kf
(
+ 2) − (
− 1)ϕ
kf
kf
3(

(3.91)
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and

k Brownian = 5 × 10 4 ϕρ f c p , f

κ bT
g (T , ϕ , d p , ρ p )
ρ pd p

(3.92)

where ρ is the density, c p , f is the fluid thermal capacity, and ϕ is the volume fraction, while
the subscripts f and p indicate fluid and particle, respectively. The g − function, determined
semi-empirically, was introduced to encapsulate the thermo-hydrodynamic interactions
among all nanoparticles and affected micro-scale fluid parcels. For example, for Al2O3-water
and CuO-water nanofluids, the nonlinear g − function generated r 2 values of 96% and 98%,
respectively (Chapter 2).
The nanofluid properties based on two representative temperatures, i.e., 20°C being a
typical solution supply temperature and 37°C being the desired body/cell temperature, are
summarized in Table 3.4.

Table 3.4: Nanofluid Properties for Two Representative Temperatures
Temperature
(°C)
20
37

k eff

(W/m·K)
0.6295
0.7713

μ eff

( ρc p ) eff

(kg/m·s)
1.1381×10-3
7.8574×10-3

D

(J/kg· m )
4.091208×106
4.0683×106

( m2/s )
4.287×10-11
6.57×10-11

( ρc p ) p

ϕ

3

The nanoparticle properties are given in Table 3.5.

Table 3.5: Nanoparticle Properties
dp

(nm)
10

kp

(W/m·K)
317

ρp
3

(kg/m )
19300

3

(J/kg· m )
2.4897×106

(%)
5

Numerical method. The numerical solution of the Eulerian transport equations were carried
out with a user-enhanced, unstructured finite-volume based program, i.e., CFX 11 from
Ansys, Inc. (Canonsburg, PA). The mesh size of the computational domain used in this study
was refined until acceptable levels of grid independence of the solutions were achieved. The
final mesh features about 470,000 to 760,000 elements based on different cases. Specifically,

140

reducing or increasing the mesh density by a factor of 2.0 had a negligible effect on all
results. The computations were performed on an IBM Linux Cluster at North Carolina State
University’s High-Performance Computing Center (Raleigh, NC) and on a local dual Xeon
Intel 3.0G Dell desktop (CFPD Laboratory, MAE Department, NC State University).
Furthermore, both the maximum mass and momentum residuals were less than 10-5, and the
diffusion residuals were less than 5 × 10 −6 . A typical simulation run took about 28-36h.
3.4.2.3 Results and Discussion

Research goal and model validation. The objective of minimum microchannel length is
equivalent to finding the axial distance needed for “complete” mixing, i.e., pre-determined
near-uniform nanoparticle concentrations at the microchannel exit. The desired outlet
uniformity is achieved when the minimal particle concentration is equal to the maximal
particle concentration in the channel’s transverse plane.
Figures 3.36a to 3.36c show a comparison between Eq.(3.81) and results of a test case
for axial mixing in a square channel ( 40μm × 40μm ), as well as the “extent-of-mixing” for
two fluids after Brotherton et al.(2008). In the first case, two equal layers consisting of
nanofluid and water required different channel lengths, Lmin , as a function of Peclet number,
to achieve complete mixing. The fluid temperatures were kept at room temperature, and the
nanoparticle diffusion coefficient was 5×10-11m2/s. When a six-baffle unit (see Fig.3.35c)
was installed, Lmin reduced significantly and its dependence on the Peclet number reduced as
well (Figs.3.36a,b). The particle concentration is in terms of volume fraction, where the
nanofluid inlet concentration was assumed to be unity and zero at the pure fluid inlet. The
corresponding nanoparticle concentration in the mixing process can be directly obtained via
the normalized value. In the second case, based on the work of Brotherton et al.(2008), a
modified Peclet number was defined:
Pem =

Uwh
Dl

(3.93)

where w and h are channel width and height, respectively. The extent of mixing (EOM) was
given as:
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EOM = 1 −

ΔO
ΔI

(3.94)

with

Δ=

∫∫ Cdxfy − ∫∫ Cdxfy
upper

(3.95)

bottom

Here ΔO was determined using the concentration profile after the mixing region and ΔI
before the mixing region. An EOM of 1 represents perfect mixing and 0 represents no mixing.
The extent of mixing versus modified Peclet number for a straight channel without a mixer is
compared in Fig. 3.36c for a length-to-height ratio of 100. The current simulation results
match the numerical data of Brotherton et al. (2008) very well.

Nanoparticle distribution. As indicated with Figs.3.36a-c, without a suitable micro-mixer
installed the minimum delivery-channel length is rather high to achieve near-uniform
nanoparticle mixing. Thus, two simple static micro-mixers were analyzed, i.e., a perforated
injection unit as well as multi-baffle units with alternating slits (see Fig.3.35c). A variable
heat flux was applied in a small area (1.6×10-9 m2) along part of the bottom wall, starting just
after the nanofluid supply channel. The primary purpose was to heat up the solution; but it
also could benefit system miniaturization.
Figure 3.37 shows Lmin (Pe) for the different scenarios. Clearly, any micro-mixer
module reduces Lmin significantly for all Peclet numbers. While an increase in slotted baffle
plates reduces Lmin , the simple three-sided injection unit performs best. The 3-D convectiondiffusion processes of the nanoparticles are depicted in Figs. 3.38a and 3.38b for the two
micro-mixer types. It is of interest to observe that the baffle-slit micro-mixer achieves better
nanoparticle mixing at that location. The reason is that the directional positive and negative
velocity components generate excellent nanoparticle dispersion in that cross-section.
However, overall the injection micro-mixer works better in achieving the desired uniform
distribution, as shown in Fig.3.37.
Alternative to the Peclet number, which is based on the average velocity of nanofluid
plus carrier fluid, the Reynolds number ratio of nanofluid to carrier fluid is a suitable
operational parameter. The associated Reynolds numbers are:
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Re i =

(uDh ) i

νi

(3.96)

with i = 1 , indicating the carrier fluid in the solution channel, and i = 2 , denoting the
nanofluid channel (see Fig. 3.35b). For the given system, Fig.3.39 indicates that the main
microchannel length can be below 4mm when employing an injection micro-mixer, i.e., a
70% reduction in channel length.

Pressure drop. The addition of nanoparticles and certainly the installment of micro-mixers
increases the pressure drop in both channels and hence the pumping-power requirements.
Pumping power is defined as the product of the pressure drop across the channel ( Δp ) and
the volumetric flow rate ( Q ), i.e.,
P = Δp ⋅ Q

(3.99)

The pressure differences occur between the nanofluid inlet or carrier fluid inlet and the
system outlet, i.e., required minimal length. The volumetric flow rate is the sum of the
volumetric flow rates of both nanofluid and carrier fluid.
Figures 3.40a and 3.40b depict the relationship of pressure drop and pumping power
for the two cases. Clearly, the added micro-mixer increases the local pressure drop, but the
decreased system length may reduce any negative effect caused by the micro-mixer. As
shown in Figs. 3.40a and 3.40b, the power requirement even decreases in some case, i.e.,
when employing the injection micro-mixer. The employment of baffle-slit micro-mixers
slightly increases the pressure drop; however, when the pumping power/volumetric flow rate
gets larger and larger, the negative effect appears to be less and less. For example, for the two
or four-baffle micro-mixer, the pressure drop is even smaller than that without any micromixer when the nanofluid supply rate is increased to 8mm/s. In summary, employing an
appropriate micro-mixer decreases the system dimension as well as the associated power
requirement.

Heat transfer. A heat flux was used to ensure that mixture delivery to the living cells occurs
at a required temperature of 37 o C . The change of fluid properties and nanoparticle
diffusivity, caused by the added heat flux, also benefits system miniaturization. As shown in
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Fig. 3.41, the added heat flux greatly decreases the system dimension, i.e., an average 35%
reduction is observed.
3.4.2.4 Conclusions

In the present study, focusing on nanodrug delivery with a representative, partially
heated microchannel, the impact of two types of micro-mixers has been analyzed. The goal
was to decrease the dimension of such a bio-MEMS, while achieving uniform nanodrug
concentrations at the microchannel exit. A variable wall heat flux, which depends on the
local nanofluid and carrier fluid velocities was added to ensure that mixture delivery to the
living cells occurs at the required (body) temperature of 37 o C . The results show that both the
low-cost baffle-slit micro-mixer and the perforated injection micro-mixer aid in decreasing
the microchannel length and achieving uniform nanoparticle exit concentrations. The
injection micro-mixer not only greatly decreases the system’s dimension, but also reduces the
system power requirement. The baffle-slit micro-mixer also decreases the microchannel
length, while an increase in baffles may add to the power requirement. The imposed wall
heat flux helped to reduce the necessary channel length as well.
In summary, the two types of micro-mixers employed decreased the dimension of the
nanodrug-supply system significantly, while not increasing the system’s power requirement
unduly. In some cases, the micro-mixers even reduced the pressure drop because of the
decrease in necessary microchannel length.
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Fig. 3.1 (a) Typical microchannel heat sink (MCHS) element and (b) Finite
volume mesh
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Fig. 3.2 Model validations: temperature rise from heat sink inlet to outlet
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Fig. 3.3 Model validations: Entrance length vs. Reynolds number
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Fig. 3.4 Model validations: Friction factors vs. Aspect ratios
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Fig. 3.5 Model validations: Friction factors vs. Reynolds number
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Fig. 3.7 Computational results: pressure gradient vs. mean velocity
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Fig. 3.8 Computational results: pressure drop vs. pumping power

152

11.0

10.0

Nusselt number for pure water
Nusselt number for CuO-water ( ϕ =1%)
Nusselt number for CuO-water ( ϕ =4%)

9.0

Nuave

8.0

7.0

6.0

5.0

4.0

500

1000

1500

2000

Re
Fig. 3.9 Computational results: Average Nusselt number vs. Reynolds number
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Fig. 3.10 Computational results: Local Nusselt number in the axial microchannel
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Fig. 3.11 Computational results: Thermal resistance vs. pumping power
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Figs. 3.14 Validations (a): Dimensionless entropy generation rate
profiles in radial direction (b): Dimensionless entropy generation rate
profiles in axial direction
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Figs. 3.15 Frictional entropy generations contour (a): Trapezoidal
microchannel Case 1 (b): Trapezoidal microchannel Case 2. (c):
Trapezoidal microchannel Case 3
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(a) AR=0.9337

(b) AR=0.5516

c) AR=0.14654

Figs. 3.16 Thermal entropy generations contour (a): Trapezoidal
microchannel Case 1 (b): Trapezoidal microchannel Case 2 (c):
Trapezoidal microchannel Case 3
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(a) AR=0.9337

(b) AR=0.5516

(c) AR=0.14654

Figs. 3.17 Total entropy generations contour (a): Trapezoidal microchannel Case 1
(b): Trapezoidal microchannel Case 2 (c): Trapezoidal microchannel Case 3
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(a)

AR=0.5516
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T0=293K
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(c)

AR=0.5516
Re=425
L=40mm
T0=293K

Figs. 3.18 Entropy generation rate developing along the channel aixis (a): Developing
frictional irreversibilities (b): Developing thermal irreversibilities (c): Total
irreversibilities
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AR=0.5516
Uin=4m/s
L=40mm

Fig. 3.19 System entropy generation vs. fluid inlet temperature
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L=40mm
T0=293K

Fig. 3.20 System entropy generation vs. Reynolds number
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T0=293K

Fig. 3.21 System entropy generation as a function of aspect ratios and
Reynolds number
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(Nanofluid)

Multiple microchannels
(Attached to wells with cells)

Surface heating
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(Reservoir)

Buffer fluid inlet

Fig. 3.22 Nanomedicine delivery system with eight microchannels
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Fig. 3.23 Representative microchannel with controlled nanofluid injection
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Fig. 3.24 Apparent friction factor vs. Reynolds number
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Fig. 3.25 Velocity distribution in channel outlet (a) Water with temperature
dependent properties, (b) Water with constant physical properties
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Fig. 3.26 Pressure gradient vs. velocity
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Fig. 3.27 Comparison of KKL model with experimental data of Das et al.(2003) for
CuO-water mixture
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Fig. 3.28 Comparison of drug concentration uniformity for different thermal boundary
conditions in outlet planes and/or different axial stations (dp=10nm)
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Fig. 3.29 Comparison of nanodrug velocity distributions in the main microchannel at
different phases of mixture flow evolution at stations z=0.5mm, 5mm and 10mm
(dp=10nm, and χ = 1.69 )
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Fig. 3.30 Comparison of nanodrug concentration distributions in the main microchannel at
different phases of mixture flow evolution at stations z=0.5mm, 5mm and 10mm
(dp=10nm, and χ = 1.69 )
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Fig. 3.31 Comparison of drug-concentration uniformity at different microchannel lengths
for different Reynolds numbers (dp=10nm)
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Fig. 3.32 Comparison of drug-concentration uniformity in the outlet plane at z=10mm for
different Reynolds numbers (dp=500nm)
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Fig. 3.33 Minimum uniformity length as a function of Reynolds number ratio
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(a) Laboratory-scale nanodrug supply device
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Fig.3.35 Microfluidics system: (a) Laboratory-scale nanodrug supply device, (b)
Representative microchannels, (c) Static-mixer inserts
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Fig.3.36 Validation: (a) Comparison graphs, (b) Nanoparticle concentration
developments of two-layer mixing in a microchannel, (c) Comparison: extent of
mixing versus modified Peclet number
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Fig.3.37 Micro-mixer influence on minimal uniformity length/system dimension
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Fig.3.39 Minimal uniformity length vs. Reynolds number ratio
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Chapter 4

CONCLUSIONS and FUTURE WORK
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4.1 Conclusions and Novel Contributions
The following conclusions can be drawn from this study:
• Both the particles’ conventional conduction mechanism (static part) and the microconvection induced by the Brownian motion of nanoparticles (dynamic part) are key
mechanisms to explain the abnormal increase the effective thermal conductivity of
nanofluids.
1. An improved effective thermal conductivity model, based on the conventional conduction
mechanism and the micro-convection due to the Brownian motion of nanoparticles, has
been developed.
2.

In the static part, the effective nanoparticle thermal conductivity, which considers the
thermal resistance between the nanoparticle and base fluid, is used to substitute the
nanoparticle thermal conductivity.

3. The particle Brownian motion effect is a function of particle concentration, particle size,
particle shape, particle density, particle thermal conductivity, temperature, the particleliquid interaction as well as the liquid properties.
• Nanofluids are suitable for microchannel heat sink thermal performance improvement.
Microchannel heat sinks with nanofluids are expected to be good candidates for the next
generation of cooling devices.
1. The entrance range of microchannels can be quite substantial, i.e., a strong entrance
influence on the thermal performance of microchannels can not be neglected.
2. Nanofluids do measurably enhance the thermal performance of microchannel mixture
flow with only a small increase in pumping power.
3. The larger the volume fraction of nanoparticles, the higher is the thermal performance;
however, larger volume fractions of nanoparticles will increase the pumping power
consumption.
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• It is advisable to select microchannel geometries according to the imposed thermal and
hydraulic boundary conditions; also, employing high properties coolants may benefit
minimization of entropy generation in microchannel heat sinks.
1. Frictional entropy generation increases with the increase of the trapezoidal aspect ratios,
while thermal entropy generation decreases with the increase of the trapezoidal aspect
ratio.
2. For trapezoidal microchannels, the maximum frictional entropy generation rate appears in
the middle part of the walls (especially the relatively longer sidewalls), while the lowest
values are located in the acute corner areas and the center area; however, the maximum
heat transfer induced entropy generation rates are located at the corners because of the
higher heat flow rates.
3. System entropy generation decrease with the increase of the fluid inlet temperature,
which reduces local temperature gradients.
4. There exists an optimal Reynolds number range to operate the system due to the
characteristics of the two different entropy sources, both related to the inlet Reynolds
number.
5. Microchannels with high aspect ratios have a lower optimal operational Reynolds number
range.
6. Nanofluids with very low volume fractions of metal nanoparticles are excellent coolants
and caused further entropy generation minimization at lower Reynolds numbers due to
their excellent thermal properties.
7. For high heat-flux conditions, e.g., micro-heat sinks, heat transfer induced entropy
generation is dominant. Frictional entropy generation becomes more and more important
with the increase of fluid inlet velocity/ Reynolds number.
• A controlled nanodrug-delivery system with suitable mixing units was developed and
optimized.
1. The main obstacle for effective drug delivery is slow radial diffusion and the short time
scale for nanodrug transport to achieve uniform concentrations at the microchannel outlet.
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2. The nanodrug-concentration uniformity is influenced by microchannel length, particle
diameter and the Reynolds number of both the nanofluid supply and main microchannels.
The added wall heat flux has a positive influence on drug-concentration uniformity.
3. The Reynolds number ratio and the extent of heated area also measurably influence the
minimum microchannel length required for achieving the desired drug-concentration
uniformity.
4. Both the low-cost baffle-slit micro-mixer and the perforated injection micro-mixer aid in
decreasing the dimension of the nanodrug-supply system and achieving uniform
nanoparticle exit concentrations. The imposed wall heat flux helped to reduce the
necessary channel length as well.
5. The micro-mixers even reduced the pressure drop because of the decrease in necessary
microchannel length. The injection micro-mixer not only greatly decreases the system’s
dimension, but also reduces the system power requirement. The baffle-slit micro-mixer
also decreases the microchannel length, while an increase in baffles may add to the power
requirement.
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4.2 Future Work
As outlined, a theory for enhanced thermal conductivity of nanofluids rest on two
distinctive parts: one that is given in terms of static mechanisms such as the nature of
interface layering and thermal resistance, and a second part that is given in terms of dynamic
mechanisms such as nanoparticle motion and micro-convection due to Brownian nanoparticle
motion. Other mechanisms should be considered. For example, near-field radiation in
nanofluids appears to be an attractive and interesting hypothesis at this stage. For a better
understanding the mechanisms of nanofluids and nanofluid flow in microchannels with
applications to microchannel heat sinks and bio-MEMS, some suggestions are made here as
options for further investigations:
• The semi-empirically g-function in the newly developed effective thermal conductivity
model should be replaced by fundamental physics principles. Specifically, a new theory
could be provided to determine this function analytically, i.e., atomistic simulations, such
as equilibrium and non-equilibrium dynamic simulations, and continuum kinetics, such as
the Boltzmann transport equation, considering the intermolecular and inter-particle
interactions.
• The theoretical result obtained for thermal conductivity should be tested against
benchmark experimental data sets and from future high-certainty experiments. Theoretical
predictions should be in good agreement with experiments with regard to nanoparticle
concentration, particle size, particle-liquid pairing and temperature dependence.
• More

effective

micromixers

as

a

generator

of

concentration

gradients,

i.e.,

electrohydrodynamic, electrokinetic even magnetohydynamic based micromixers for
chaotic laminar nanofluid flow dispersion should be considered.
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