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Heat transfer and fluid flow in microchannels

Abstract

Fluid flow and heat transfer characteristics in microchannels of different cross-
sections; parallel plate, cylindrical and trapezoidal microchannels were studied. The
trapezoidal microchannels were etched in silicon and glass by photolithographic techniques.
The cylindrical microchannels of fused silica and stainless steel were readily available.
Channels with depths of 18 um to 300 um were studied. The study was divided into three
parts viz. theoretical modeling, numerical simulation and experimentation. Electrokinetic
effects such as the effects of electrical double layer (EDL) at the solid-liquid interface and
surface roughness effects were considered. An experimental apparatus was constructed and a
procedure devised to measure the flow rate, pressure drop, temperatures and electrokinetic
parameters like streaming potential, streaming current, and conductivity of the working fluid.
Great care was taken so that the measurements were accurate and repeatable.

For steady state laminar flow and heat transfer in microchannels, mathematical
models were developed that consider the effects of electrical double layer and surface
roughness at the microchannel walls. The non-linear, 2-D, Poisson-Boltzmann equation that
describes the potential distribution at the solid liquid interface was solved numerically and
results were compared with a linear approximate solution that overestimates the potential
distributién for higher values of zeta potential. Effects of the EDL field at the solid-liquid
interface, surface roughness at the microchannel walls and the channel size, on the velocity
distribution, streaming potential, apparent viscosity, temperature distribution and heat
transfer characteristics are discussed.

The experimental results indicate significant departure in flow characteristics from
the predictions of the Navier-Stokes equations, referred to as conventional theory. The
difference between the experimental results and theoretical predictions decreases as the
hydraulic diameter increases. For higher hydraulic diameters, the experimental results are in
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rough agreement with the predictions of Navier-Stokes equations. For the same volume flow
rate, experimentally measured pressure gradients are significantly higher than conventional
theory predictions. Therefore, the friction factor and apparent viscosity are higher. The
results also indicate material dependence of the flow behavior. The observed effects are
attributed to either to an early transition from laminar flow to turbulent flow or to the surface
effects; electrokinetic and surface roughness effects.

For parallel plate microchannels, the electrokinetic effects explain the observed
differences. For cylindrical and trapezoidal silicon microchannels, experimeatally measured
pressure drop is significantly higher than conventional theory prediction; with and without
electrokinetic effects. For cylindrical microchannels, the electrokinetic effects were not
measured as one material was conducting while as for the fused silica the diameter of
microchannels was greater than 50 pum. For such large microchannels the EDL effects are
negligible as shown by theory. For trapezoidal microchannels, flow rate, pressure drop,
temperature and electrokinetic parameters were measured for three different electrolyte
concentrations. It was found that the electrokinetic effects are negligible for trapezoidal
microchannels having hydraulic diameters greater than 50 pm, and the higher-pressure
requirement is because of surface roughness. The roughness-viscosity model developed for
cylindrical and trapezoidal microchannels explains the higher-pressure requirement as
measured experimentally. The predictions of the roughness viscosity model agree well with
the experimental data. The heat transfer characteristics are similar to as obtained by various
other researchers. The measured Nusselt numbers were lower than the conventional
theoretical predictions but agree well with the modified conventional equation by considering

the roughness effects on heat transfer.
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a3

Electrostatic potential at any point in the electric double layer, V'
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v Non-dimensional electrostatic potential in the electrical double layer, (Chapter 5)

Vo Electrostatic potential at the channel wall, V'

4 Uniform computation coordinate (Chapter 8)
Subscripts

ave Average

e Electrokinetic

exp Experimental value

max Maximum value

thy, thry Theoretical value

m Mean

I shorter length

2 longer length

Superscript

Non-dimensional parameters
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Chapter 1 Introduction and Background

1.1 Imntroduction:

The design of modern electronic devices and systems comprises millions of small
components. This high component concentration at the chip level has lead to significant
increases in the chip cooling requirements due to greater dissipative heat fluxes. New
technologies are developed stages to meet these cooling demands. These include mini
and microchannel liquid cooled heatsinks. Flow in microchannels has been demonstrated
to yield very high heat transfer coefficients and thus offer a compact and viable solution
to this heat dissipation problem, Tuckermann (1984). However, to design an efficient
liquid cooled microchannel heatsink, it is necessary to understand the flow characteristics
in microchannels. Only after obtaining the flow characteristics can the energy equation be
solved to determine the heat transfer characteristics. But to date, the fundamental
knowledge of flow characteristics such as flow pattern, pressure loss, friction
characteristics etc. which are all important parameters is limited.

The primary objective of this work was to investigate and understand the
fundamental characteristics of fluid flow and heat transfer in microchannels of various
cross-sections. More emphasis was laid on the flow characteristics because an
examination of the pertinent literature revealed conflicting reports about the pressure loss,
friction factor, apparent viscosity, and flow pattern in microchannels. For example, in
microchannels the early transition of flow from laminar to turbulent at Re 2 300,
experimentally measured higher-pressure gradients in laminar flow compared to

theoretical predictions and the question of solid surface effects on the apparent viscosity
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have attracted considerable attention in scientific literature. The apparent viscosity is a

characteristic of the flow field and calculated in such a way that if substituted for the bulk

viscosity the Navier-Stokes predictions should be in agreement with the experimental

observations. However, these effects are not due to any particular phenomena but there

are a number of factors, like the electrokinetic and surface roughness effects which

contribute to these anomalies. Therefore, to accurately predict the flow characteristics in

microchannels, one needs to answer the following questions:

1 Do Navier-Stokes equations adequately model the fluid flow at these small scales
or should they be modified and if so how?

2 Whether phenomena, which typically are ignored in large-scale channels, become
important in microchannels?

3 Fs transition to turbulence affected by the small size of the channels?

This dissertation, written in paper format, critically examines fluid flow and heat
transfer characteristics in microchannels of various cross-sections like parallel plate,
cylindrical and trapezoidal microchannels. The remainder of the Chapter 1 describes
different types of microchannels.

In Chapter 2, an overview and applications of microchannel flow is presented. An
extensive review of the pertinent literature on microchannel fluid flow and heat transfer is
also discussed.

In Chapter 3, a mathematical model for liquid flow and heat transfer in
microchannels between two parallel plates with electrokinetic effects is developed. The
governing equations are solved numerically and predictions for flow and heat transfer are

made. The results show that the presence of EDL effect at the solid liquid interface
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results in a higher apparent viscosity, thus a higher flow resistance and lower heat
transfer coefficients than obtained with conventional theory.

In Chapter 4, experimental results of liquid flow in silicon and glass parallel plate
microchannels with electrokinetic effects are discussed. The experimental results are
compared with the predictions of the mathematical model developed in Chapter 3. Good
agreement between the experimental results and theoretical predictions has been found.

In Chapter 5, flow characteristics of water in stainless steel and fused silica
microtubes of SO to 254 um diameters are discussed. The required experimental pressure
gradient is much higher than that predicted by the conventional theory (Poiseuille flow
equation). This higher-pressure drop is explained in terms of the change in flow pattern
i.e. transition of flow from laminar to turbulent, and distributed surface roughness etfects.
A mathematical model that incorporates the effects of surface roughness in laminar flow
by modifying the momentum equation is developed. A good agreement between the
predictions of roughness viscosity model and experimental results has been found.

In Chapter 6, the Poisson-Boltzmann equation that describes the distribution of
the electrical double layer potential at the solid liquid interface is solved. As the Poisson-
Boltzmann equation is exponentially non-linear, an analytical solution is not possible.
The complete numerical solution is compared with the linear approximate solution.

In Chapter 7, a detailed description of the experimental design and apparatus
developed during the course of this work is given. Experimental procedure, data
acquisition, microchannel fabrication and equipment specification are discussed in detail.

In Chapter 8, flow and heat transfer characteristics of water in trapezoidal silicon

microchannels are discussed. The experimental results for flow and heat transfer are
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compared with the theoretical predictions. The governing equations are solved
numerically for the exact geometry.

Chapter 9 briefly summarizes the results and contributions of this work.
Suggestions and directions for future research work are also discussed.
1.2 Types of microchannels

Microelectromechancial systems and devices use microchannels of various cross-
sections and shapes, which vary form cylindrical pores to parallel plate configurations.
Numbers of companies have developed proprietary processes for fabricating structures
containing such microchannels. These structures may be planar or three dimensional, while
the microchannels within the structure can have a hydraulic diameter of 5 pm to 1 mm. The
length to diameter ratios of these microchannels varies from 50 to 5000. Microchannel
center to center distance can vary, as they are geometry dependent and can be as small as
100 pm. These microchannels can be broadly classified into two categories: cylindrical and
non-cylindrical. In non-cylindrical microchannels, rectangular, trapezoidal and parallel
plate configurations are most commonly used.
1.2.1 Non-cylindrical microchannels

The microchanneled structure program has gone through different development
stages to meet the diverse criteria required for different microfluidic and heat exchanger
applications like, micro-valves and VLSI heatsinks etc. This led to the development of
near rectangular channels produced on plates of different dimensions. The 3M Company,
as reported by Hoopman (1991), produced channels on 25 cm by 60 cm plated with
microchannels in the long direction, as it is economical to produce microchannels on

small dimensions. The advantages of the rectangular microchannels are reported to be:
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1. High channel surface area to flow cross-sectional ratio.

2. Wall between channels can be controlled down to less than 25 pm.

3. High percentage of open area.

4. Internal surface finish of the channels is better than 0.5 um.

5. Process must be suitable for fabrication of large flat plates.

6. Can be fabricated in a finned plate configuration

The disadvantages are:

1. Lower pressure capabilities.

2. Lower channel to channel pressure differential.

3. Requires an overall high plate thickness.

4. Not as readily adaptable to three-dimensional structures.
1.2.2 Cylindrical microchannels

The circular section microchannels may vary in shape and /or size along the

length of the channel. This provides the opportunity to control the pressure drop and heat
transfer coefficients at different areas of the structure. So far microchannels have been
made on 30 cm by 30 cm plate of copper, nickel lined channels. The advantages of such
processes are:

1. Wide ranges of channel sizes are available from 5 pm to 1 mm.

2. Many channel variations like bends, T-shapes etc. are possible.

3. Channel shapes and sizes can be varied along the length.

4. Internal surface finish of the channels can be controlled.

5. Channels can handle high pressures.

6. Process adapts well to three-dimensional structures.
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The disadvantages are:

1. Difficult to control the channel straightness at I/d ratios greater than 500.

2. Low ratio of channel internal surface area to structure surface area.

1.3 References

1.

!\.)

Hoopman TL, 1991, ‘Microchanneled structures’, ASME Vol. DSC-19, pp. 171-
174

Tuckerman, D.B., (1984), ‘Heat transfer microstructures for integrated cooling,’
Ph.D. Thesis, Stanford University, Stanford, CA.
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Chapter 2 Literature Review

2.1 Overview and applications

The miniaturization of electronic equipment, commonly referred to as
microelectronic systems, has produced a far-reaching technological revolution. Researchers
are working towards creating micromachines that find applications in almost all fields of
life by using techniques originally developed to fabricate integrated circuits. The goal is to
make fully assembled devices and systems that can replace large-scale electromechanical
systems cheaply and perform equally or better. Because of the miniature size, the
microelectromechanical systems can also be used at places where the conventional
electromechanical systems could not be used owing to their size and weight. The potential
applications for these micromachines are consumer products. Some of the most exciting
possibilities are: tools for microsurgery, instruments for use in spacecraft, systems for fiber
optics communications, thermal control and microelectronic cooling, sensors and actuators,
biomedical applications and scientific instruments.

The design of microelectromechanical systems calls upon a large range of
engineering skills and talents. For applications like thermal control and electronic cooling
(e.g. water-cooled heatsinks), sensors and actuators, biomedical applications, microscale
pumps and valves, etc. the understanding of fluid flow and thermal behavior in
microchannels of various cross-sectional shapes is vital. This makes fluid dynamics and
heat transfer pivotal for continued success in micromachining technology. A detailed
theoretical and experimental analysis of microscale flow is needed to understand the basic

principles and to explore whether any new phenomena are encountered in the microflow
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domain and if any phenomena that are ignored in macro-scale flow are important in the
microscale flow. However, it must be remembered that the microscale regime is much

smaller than the macroscale world but is larger than the continuum limit.
2.2 Literature review

As discussed earlier innovative cooling techniques are required to meet cooling
requirements of electronic devices and systems that exceed 10° W/m’. Liquid cooled
microchannel heatsinks are promising solutions. A microchannel heat sink is a structure
with number of micron-size microchannels fabricated on the other side of the electronic
chip. The microchannel side is anodically bonded to a cover plate (usually Pyrex glass) to
form closed channels, as shown in Figure 2.1. A liquid coolant is made to flow through
these microchannels to carry the dissipated heat. The dissipated heat passes through to the
heat sink by conduction, and then to the coolant by convection.

For an efficient heat sink design, with water or any other liquid as the working
fluid, it is imperative to understand the fundamentals of fluid flow at microscale level
Analysis of microscale flow involves conventional fluid mechanics with interfacial effects,
which are generally ignored in conventional theory. These interfacial effects are present at
the solid liquid interface. The interfacial effects are considered in electrokinetic
phenomena, which account for the properties of the surfaces and the electrolytes. Only after
solving the flow problem with as much detail as possible, can the heat transfer problem be
solved. Consequently, in reviewing the related previous works about fluid flow and heat
transfer in microchannels, the review is divided into three parts, (i) liquid flow in

microchannels, (ii) electrokinetic flow, and (iii) heat transfer in microchannels.
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Microchannels
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Figure 2.1: Schematic of a microchannel heatsink

2.2.1 Liquid flow in microchannels

Several researchers have studied liquid flow in small capillaries and microchannels.
Some of the studies found a good agreement with the conventional theory (Navier-Stokes
Equations) while in others cases the results deviated sufficiently. Anderson and Quinn
(1972) investigated the mobility of ions in water a few molecular diameters from a
hydrophilic water-solid interface. They found that the water retained all its characteristic
bulk properties for Mica pores as small as 56 Angstrons. Guvenc (1985) developed a V-
groove multi-pass capillary structure to control and measure low flow rates in portable drug

infusers. The grooves were isosceles triangles with a base of 50um and a depth of 35 pm.
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Guvenc plotted flow rate versus pressure drop and showed good agreement with the theory.
Nakagawa et al. (1990) investigated water flow in channels Sum deep and 200-800pm
wide and their results were within 10% of conventional theory. Israelachvili and
collaborators (1986, 1990) have done a considerable amount of work concerning viscous
forces in thin films. He found that the apparent viscosity was about the same as the bulk
viscosity for films thicker than ten molecular layers or 5 nm. For thinner films, the apparent
viscosity depends on the number of molecular layers and can be as much as 10° times
larger than the bulk viscosity. Chan and Horn (1985), reported that the apparent viscosity
does not deviate from the bulk viscosity in films as thin as 50nm and that it increases
slightly in thinner films. The apparatus used by Israelachvili, and Chan and Horn, consisted
of two crossed mica cylinders with a small gap in between. Horn et al. (1989) used the
Israelachvili apparatus to study the forces between two silica surfaces. Again they found
that the viscosity between the surfaces did not differ from the bulk viscosity. The flow in
this apparatus is considerably different from the Poiseuille flow in the microchannels used
in this study. Migun and Prokhorenko (1987) found that the apparent viscosity of polar
indicator liquids increases in capillaries smaller than 1 um diameter. They believe this is
due to an increased structure in the fluid near the wall. Derjaguin et al. (1983) reported an
increase in the apparent viscosity for polar liquid layers less than 12 nm. In contrast, Debye
and Cleland (1959) reported that the apparent viscosity was smaller than bulk viscosity for
paraffin flow in porous glass with average pore size several times larger than molecular
size. They believe that the reduction in apparent viscosity is due to an adsorbed layer on the
wall that has a finite slip velocity. Molecular dynamic simulations have been used to

examine the molecular structure of fluid flow. Koplik et al. (1989, 1988) have studied the

10 Chapter 2



Heat transfer and fluid flow in microchannels

slow flow of a viscous Lennard-Jones fluid past a solid wall, and found that slip can occur
in the case of moving contact lines. Slip along the wall results in a reduction on the
apparent viscosity. Hess and Loose (1989) used non-equilibrium molecular dynamics to
find a slip length for dense fluids on the order of molecular diameters. Thompson and
Robbins (1990) found that the degree of slip was proportional to the amount of structure
introduced in the fluid from the wall interaction. Contrary to this, Bitsanis et al. (1990), and
Heinbuch and Fisher (1989) found that there is a molecular sticking, or increased apparent
viscosity, in molecularly narrow pores. Pfahler (1992) conducted experimental
investigation of Newtonian and non-Newtonian fluid flow in extremely small channels. For
Newtonian fluids, he observed a reduction in friction or a reduced apparent viscosity in
microchannels with depth less than 40 um. For alcohol, the decrease reached a plateau at
about 70% of the theory for depths between 0.5 and 10um and the results were independent
of Reynolds number. The silicon oil viscosity decreased with the depth and also showed
some dependence on Reynolds number. He found that as the channels have a large surface
area to volume ratio the surface characteristics might play an important role in fluid flow
characteristics in these microchannels. He showed through flow visualization using
fluorescent micro-beads that typical macro-channel patterns prevail in microchannels also.
For non-Newtonian fluids (biological fluids) he concluded that their behavior in micro-
scaled devices was similar to their behavior in macro-scale. Nevertheless, he observed an
anomalous non-Newtonian behavior in the biological fluids at much higher shear rates than

expected.
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2.2.2 Discovery and review of electrokinetic phenomena

As is evident from the reviews of the latest works on flow in microchannels, one
notices that there are conflicting reports about fluid flow characteristics such as apparent
viscosity, friction factor, friction constant, etc.. One possible explanation is the effect of
electrokinetic phenomena. In conventional fluid mechanics these effects are very small and
are neglected. But when the dimensions are reduced to micrometer scale, these
electrokinetic effects become substantially important and thus need to be considered in
order to model it correctly.

Electrokinetic phenomena were discovered quite early in the 19" century.
Investigations along these lines have been conducted for more than a century and a half,
Dukhin and Derjaguin (1974). During this period, the development of research in
electrokinetic phenomena has contributed substantially, to the formation and understanding
of the nature of the surface electric charges and electrical structure of the interfacial layer.
Reuss (1809) discovered that flow through capillary elements could be induced by the
application of an electrical field. In the following decades a number of authors, Abramson
(1934), substantiated the existence of effects discovered by Reuss and promulgated
fundamental theories of electrokinetics. Quincke (1859) discovered the phenomenon of
streaming potential, which is the converse of electroosmosis. (Electroosmosis is the
movement of liquid under the action of an external electrical field. The opposite effect, i.e.
streaming potential is the appearance of a potential difference under the influence of the
flow of a liquid). Quincke observed that when distilled water was forced through a
diaphragm, the voltage developed across the diaphragm was proportional to the pressure

differential causing the flow. A change in flow direction caused a change in electrical field
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direction. Due to the research of Quincke and other investigators, it became clear that
electrokinetic phenomena and, accordingly, the presence of surface charges in the boundary
region between the liquid and the solid were the rule, rather than the exception, as every
investigated inorganic or organic substance showed a charge on contact with a liquid,
especially when the liquid was distilled water.

One may note that in the preceding discussion, the experiments conducted used
micro-capillaries having characteristic dimensions from few molecular diameters to few
microns. The microchannels used in this study fall in the same range of dimensions.
Therefore, it is logical to expect the electrokinetic effects to be significant in pressure
driven flows in microchannels and microcapillaries having equivalent dimensions with
water as the working fluid. Thus to model the flow through these microchannels,
electrokinetic phenomena should be considered.

The electrokinetic phenomena have been investigated thoroughly after the early
experiments of Quincke. The literature is so enormous that it is impossible to review it in a
few pages. However, a review of most related works to flow in microchannels is presented.

Helmholtz (1879) developed the double layer theory, which related analytically the
electrical and flow parameters of electrokinetic transport. Although the theory was based
on a somewhat intuitive analysis, it has stood the test of time and still represents an
acceptable formulation of the electroosmotic phenomena in most capillaries.
Smoluchowski (1903) expanded on the Helmholtz double layer theory by taking into
account the actual distribution of velocity in the capillary channel. Freundlich (1909),
published results of a number of comprehensive experiments dealing with electrokinetic

effects, and was the first to use the word electrokinetics to describe the phenomena. He
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demonstrated that the proportionality constant in electroosmosis, relating volumetric flow
to electric current, was identical with the proportionality constant relating streaming
potential and applied pressure.

A more realistic concept of the potential and charge distribution in the fluid
adjacent to the capillary wall was introduced by Gouy (1910). He computed the electric
charge distribution in a diffuse layer. Debye and Huckel (1923), determined the ionic
distribution in solutions of low ionic energy, by means of a linear simplification of the
exponential Boltzmann ion energy distribution. Various researchers have contributed to the
technology of electrokinetics, and a comprehensive treatment of the classical theories of
electroosmosis and streaming potential can be found in Burgreen and Nakache (1963),
Bikerman (1958), Davis and Rideal (1961). Adamson ((1990) and Colloid and Surface
Science compendium.

Lately, Burgreen and Nakache (1964) analytically investigated electrokinetic flow
in very fine capillary channels of rectangular cross-section. They extended the general
electrokinetic theory to small electrokinetic radius with high interface source potential.
They found that when the fineness of the capillary approaches to 0.1 pum, at high surface
potential, the retardation approaches 100% of the flow, i.e. the capillary would appear
completely impermeable. Rice and Whitehead (1965) studied electrokinetic flow in narrow
cylindrical capillaries by making use of the linear approximation (often referred to as
Debye-Huckel approximation) for the net charge density in the double layer. Their results
are applicable to surfaces at { < S0 mV, and are comparable to those of Burgreen and
Nakache (1964). Levine, et al. (1975) extended the Rice and Whitehead theory to higher

surface potentials without the use of Debye-Huckel approximation. They made predictions
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about the streaming potential gradient and the electroviscous retardation effect, which
manifests itself in an apparent viscosity that is always greater then the bulk viscosity of the
fluid. Anderson and Koh (1977) computed the electrokinetic parameters for three different
shapes; circle, ellipse and parallel plates. They solved the non-linear Poisson-Boltzmann
equation numerically for potential profiles, which were integrated, with the classical
momentum and conduction equations. They concluded that the capillary shape was
sometimes an important factor. They calculated the electroviscous effect for water filled
circular capillaries and found that its maximum augmentation is 28% of the bulk solution
viscosity.
2.2.3 Heat transfer in microchannels

By early 1980's Tuckerman and Pease (1981a. 1981b. 1981c. 1982) and Tuckerman
(1984) showed that the microfabrication techniques used for microelectronic devices could
also be used to fabricate heat sinks. With these techniques, they were able to produce large
aspect ratio channels with channel widths of the order of 50 um and channel height of the
order of several hundred micrometers. Fins, typically about 50 pm wide, separated these
channels. They tested a lcm by lcm square, water-cooled heat sink, and found that for a
20.7 kPa (30psi) water pressure drop, there was an optimal design channel width and fin
height of 57 um, with channel aspect ratio of 6.4 that yielded best results. The experimental
data presented agreed very closely with the theoretical predictions. Heat dissipation as high
as 790 W/cm? and thermal resistance as low as 0.090°C/(W/cm?) was obtained.

The heat transfer between the coolant and the heat sink contributes significantly to
the total thermal resistance in electronic component packages. Increasing the area of the heat

sink in contact with the coolant can enhance the heat transfer and, therefore, the use of fins
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is common. However, it has not been generally recognised that for laminar flow in confined
channels, the heat transfer coefficient is inversely proportional to the width of the channels.

Tuckerman and Pease subsequently published several papers relating to
microchannel heat sinks. A detailed description of their work can be found in Tuckerman’s
dissertation. They tested a pin fin structure that had the best thermal performance and
dissipation in excess of 1300 W/cm® was obtained. Since their landmark work, several
other researchers have published theoretical and or experimental works on microchannel
heat sinks.

Goldberg (1984) studied thermal and fluid performance of laminar flow, air-cooled
microchannel air heat sinks fabricated in copper. Sixteen, 0.508 x 0.508 cm chips, on 12.70
mm centres were each provided with a copper heat sink containing 0.635 cm long channels.
The channel widths of 0.127 mm, 0.254 mm, and 0.635 mm were investigated. The fin
width was equal to the channel width in all the cases. Thermal resistances as low as 3.4
°C/W were measured, which is more than an order of magnitude larger than those obtained
by Tuckerman and Pease. Nevertheless, these values were in good agreement with
calculated values.

Many authors have considered heat transfer in microstructures for cooling silicon
chips wherein water flows through the microchannels etched in the back of the silicon
wafer. Samalam (1989) reduced the analysis of this problem to a quasi-two-dimensional
differential equation and presented exact analytical solutions to obtain the optimum
dimensions of the channel width and spacing. Numerical examples showed that using these
optimum values could lower the thermal resistance. A Laplace transform approach was used

to solve the governing equations and defined the temperature field in each fin. Samalam
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then optimised the channel width and spacing dimensions by using the obtained solution to
find a minimum value of thermal resistance. Optimising the fin dimensions was found to be
more important as the value of the aspect ratio (channel height to width) was allowed to
decrease. Ideally aspect ratios as great as 10 were found to be desirable, although aspect
ratios varying from 4 to 6 were predicted to provide acceptable performance.

Weisberg, et al. (1990) conducted a theoretical study of heat transfer in devices with
multiple channels employed for heat removal from uniformly distributed heat sources. The
conjugate heat transfer problem consisting of the determination of the temperature fields in
both the solid substrate and the fluid was solved numerically. The numerical code was
verified by comparison with an analytical solution for the special case when the solid and
the fluid had similar thermal conductivities. These results were of use in the design and
optimisation of an integrated cooling system for electronic circuits. Other analyses
Tuckermann (1984), Keyes (1984), and Samalam (1989) assumed the heat transfer
coefficient to be constant along the fin and neglected heat transfer from the channel's
bottom. This study indicated that, in fact the heat transfer coefficient attained the local
maxima at the middle point (both height and width) of the channel. As a result more heat
will flow upward in the fin and the fin's temperature will tend to be more uniform than
predicted by the constant heat transfer coefficient model. This would be especially true
when the solid thermal conductivity is much larger than that of the liquid. The authors also
determined that under certain conditions, the problem could be simplified by assuming the
solid to be isothermal (i.e., solid thermal conductivity is infinitely large compared to the rest
of the system). When valid, this approximation greatly simplifies the solution of the

governing equations. This investigation was extended in an investigation of flat plate heat
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exchangers (Weisberg and Bau, 1992) similar to those fabricated in the back of electronic
chips. In addition a design algorithm for the selection of the heat exchanger dimensions was
presented.

Beir, et al (1990) reported on a mechanical method for manufacturing
microstructural bodies based on the surface shaping of foils by precision cutting with
microtools. This technology had been applied to manufacture compact cross flow micro heat
exchangers made of aluminium alloys, copper, stainless steel, and titanium. Electron beam
welding, laser welding, and diffusion bonding of micro heat exchangers had been
performed. Using these types of microheat exchangers with water as working fluid, it was
possible to transfer in a volume of 1 cm’ thermal powers of about 20 kW at mean
logarithmic differential temperature of 60 K. This corresponded to volumetric heat transfer
coefficients of more than 300 MW/m’-K. The maximum volumetric heat transfer coefficient
observed was 324 MW/m?, corresponding to a heat transfer coefficient from water to water
of approximately 22.8 MW/m’K at a flow rate of 12.5 I/min.

Wang, et al. (1991) experimentally evaluated the thermal performance and hydraulic
resistance of two micro heat exchangers using a hot/cold water test loop. The exchangers
had 30 plates each on the cold and hot sides with the channel dimensions ranging between
0.3 and 4.5 mm. The effects of channel size and wall thermal conductivity were also
discussed. The measured volumetric heat transfer coefficients were as high as 7MW/m*-K.
The channel size and wall materials were found to have a strong influence on the heat
transfer capability of a micro heat exchanger. Two heat exchangers one of Brass and the
other of SS-316, with two channel patterns were fabricated. Volumetric heat transfer

coefficients up to 2.3 MW/m?>-K (SS 316) and TMW/m>-K (Brass) were measured in the test
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range. The Nusselt number was found to be independent of the Reynolds number for SS-316
micro heat exchanger. This was mostly due to the effect of the difference in material
conductivity on the thermal entry region.

Choi, et al. (1991) investigated the friction factor, inner wall surface roughness, and
convective heat transfer coefficient for laminar and turbulent nitrogen gas flow m
microtubes. The microtube inside diameter ranged from 3 pum to 81 um. The experimental
results indicated significant departures from the thermofluid correlations used for
conventional-sized tubes. For microtubes having inside diameters smaller than 10 pm, the
friction factor correlation, f' Re, produced a value for the constant C = 53 rather than 64. The
experimental results in turbulent flow indicated that traditional macro-scale assumptions,
such as Jy = £/8 (the Colburn J factor), were not valid for microtubes having inside diameter
less than 80 pm. The measured Nu numbers for convective heat transfer in microtubes for
turbulent flow were as much as seven times the values predicted by the traditional macro
scale analysis.

The experimental observations showed a slight increase in Nusselt number when
compared to the Dittus-Boelter correlation for the turbulent flow. The measured heat
transfer coefficients in laminar flow exhibited a Re number dependence, in contrast to the
conventional prediction for fully laminar flow in which the Nu number is constant. The
measured heat transfer coefficients in turbulent flow in microtubes were larger than
predicted by conventional correlations for the smooth tubes. Neither the Colburn analogy
nor the Petukhov analogies between momentum and energy transport were supported by the

present data for microtubes. One suggested reason, as mentioned in fluid flow part, was the
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suppression of the turbulent eddy motion in the radial direction as the diameters of the tubes
are very small.

Choi, et al. (1992), performed an analysis to demonstrate that a liquid nitrogen
cooled micro channel heat exchanger could be designed to maximise the heat transfer from
silicon to the working fluid, to cool high-heat-load optical elements, like in the Advanced
Photon Source (APS), a GeV third generation X-ray synchrotron radiation source. Insertion
devices installed at the APS generate X-ray beams 10,000 times more intense than those
generated by existing sources, but has an inherent problem of heat generation associated
with it. The first optical element in the APS beam lines will absorb a tremendous amount of
energy that is rapidly transformed to heat as it intercepts the beam. Therefore, cooling of the
first optical element, with minimised flow induced vibrations is a critically important task.
As silicon has a very high thermal conductivity at cryogenic temperatures, ten times greater
than at the room temperature, allows the use of high aspect ratio silicon microchannels, in
microchannel heat exchangers, that could lead to high heat removal rates, with sub cooled
liquid nitrogen as the working fluid. Also, the thermal expansion coefficient of silicon at 125
K is zero, which is desirable as it significantly reduces the resultant strain in the first crystal
due to thermally induced stresses, which acts to degrade the performance of an X-ray
monochromator. Therefore the concept of microchannel cooling using cryogen appears to be
ideal for cooling extremely high-heat-load X-ray optical elements.

The use of liquid nitrogen reduced the thermal resistance by a factor of nearly three
when compared to water cooled sinks. It was predicted that a power density of 2000 W/cm®

could be readily managed with the use of sub cooled liquid nitrogen in microchannel heat
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exchangers. This heat removal rate is almost two orders of magnitude greater than that
accomplished in pool boiling liquid nitrogen.

Peng and Wang (1993) conducted experimental investigations of the boiling
characteristics of subcooled water flowing through microchannels with a rectangular cross-
section of 0.6 x 0.7 mm. They found that the flow boiling and single-phase liquid
convection characteristics are quite different from that of conventional cases. For single-
phase liquid convection a steep increase in the heat flux was observed. The liquid
subcooling and flow velocity affects the single-phase convection and the heat flux. They
found that the single phase convective heat transfer for microchannels would be smaller
than that for normally sized channels prior to the steep increase of heat flux, and become
higher than that of ordinary cases after the steep increase. The nucleate boiling is greatly
intensified, and the wall surface superheat for flow boiling may be much smaller than that
of the normal case for the small wall heat flux. The velocity of the liquid subcooling
appears to have no obvious effect on the flow nucleate boiling.

Peng, Peterson, Wang and others conducted experiments to investigate the heat
transfer and flow characteristics of water flowing through rectangular microchannels
having hydraulic diameter of 0.133-0.367 mm and H/W ratios of 0.333-1, machined on a
stainless steel plate, to which a constant heat flux is applied. Their work can be summarized
as follows:

1. The fluid flow and heat transfer characteristics in microchannels are different from the
conventional sized channels. The laminar flow transition occurred at Reynolds
Numbers of 200-700, and the flow became fully developed turbulent flow at Reynolds

numbers of 400 -1500.
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2. This critical Re for the laminar transition was strongly affected by the hydraulic
diameter, decreasing with corresponding decrease in the microchannel dimensions and
decreasing the transition range in magnitude.

3. For the laminar heat transfer regime, the Nusselt number was found to be proportional
to Re®®? while the turbulent heat transfer case exhibited a typical relationship between
Nu and Re, but with different empirical coefficients.

4. The friction behavior of both the laminar and turbulent flow was found to depart from
the classical thermofluid correlations. The friction factor, f, was found to be
proportional to Re™*® rather than Re for the laminar condition, and proportional to Re’
'2 for the turbulent flow.

5. The geometric parameters, hydraulic diameter, and H/W ratio were found to be the
most important parameters and had a critical effect on the flow. They found that if the
H/W ratio was increased the friction factor also increased. The reduction of the
microchannel hydraulic radius decreases the friction factor significantly for a given
H/W.

6. They found that there exists a special range of H/W, approximately 0.5, at which the
experimental data are lower than the predictions obtained from classical correlations.
Further reduction in the channel size increased the difference between the experimental
and the theoretical friction factors at the critical Reynolds number, as the experimental
value becomes smaller around the 0.5 range and larger when the ratio is mot in this
range.

7. The transitions (from laminar to transitional and transitional to turbulent) are influenced

by liquid temperature, velocity and microchannel size. They found that the range of
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10.

transition zone, and the heat transfer characteristics of both the transition and the
laminar regimes, are strongly affected by the liquid temperature, liquid velocity and the
microchannel size, and hence are not only dependent on the Re.

They found that transition existed when the wall temperature or heating rate was
increased. This transition is induced by the variation in the liquid thermophysical
properties, due to the rise of the liquid temperature in the microchannels.

Besides, the single phase forced convection and flow-boiling characteristics were
different from those in normally sized tubes and the heat transfer was intensified. No
apparent partial nucleate boiling existed for subcooled flow boiling i.e., fully developed
boiling was induced much earlier in the microchannels. The nucleate boiling is
intensified and the wall surface superheat for flow boiling may be significantly smaller
in microchannels than in the normal case for a given wall heat flux.

They found that there exists a transition region for the single-phase flow through
microchannels, beyond which the heat transfer coefficient is nearly independent of the
wall temperature. They also found that the heat transfer performance of the
microchannels increased as the liquid velocity and the number of channels on the plate
increased.

Hahn ez al. (1997) designed high powered multi-chip modules by employing the

planar embedding technique and microchannel water heat sinks. High performance liquid

coolers of size 2”°x2" were fabricated by laser cutting of channels with a pitch down to 200

um. The heat transfer coefficients of the heat sink were in the range of (2-8) x 10* W/m?*-K.

The heat sinks were thermally characterized. The thermal resistance, temperature

distribution and pressure drop were investigated as functions of power, water flux and
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channel geometry. Thermal simulation was used to demonstrate the advantages of the

planar embedding technology and to study the influence of various design parameters.

They investigated four samples of heat sinks, varying the ratio of channel to fin width (0.3,

0.6, 1 and 3) at constant channel pitch of 400 um and constant channel depth. The thermal

resistance of the heat sinks was in the region between 0.025 and 0.032 K/W with no

significant variation in the power range from 200 to 700 W. At constant volume flow rate
for water the thermal performance improved with decreasing channel width. The
temperature variation on the cold surface responded only slightly to the increase of power.

A significant influence of water flow was found for both: thermal resistance and

temperature variation. The thermal performance increases significantly up to a flow of 60

Vh.

Bowers and Mudawar (1994), conducted experimental study of critical heat flux,

(CHF) in mini-channel (diameter = 2.54mm) and microchannel (diameter = 510um) heat

sinks of Icm heated length. Tests were performed on a range of inlet subcooling and flow

rate. Key findings of their study are:

1. Flow boiling in mini- and micro-channel heat sinks is an effective means of achieving
high heat fluxes (>200 W/cm?) coupled with low flow rates (<65 ml/min) and low-
pressure drop (<0.35 bar).

2. CHF for mini- and micro-channel heat sinks is not a function of inlet subcooling at low
flow rates due to the fluid reaching the saturation temperature a short distance into the

heated section of the channel.
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3. The homogeneous equilibrium model accurately predicted the pressure drop for flow
boiling in miniature heat sinks at low flow rates. The major component of pressure drop
was the acceleration, which accounted for roughly 90%.

4. The flow boiling performance of both the mini-channel and micro-channel heat sinks
are superior to the comparable single-phase technology; however, the mini-channel
clearly has the practical advantage over the micro-channel. Mini-channel CHF values
as high as 200 W/cm’ were achieved with a negligible pressure drop of less than 0.01
bar compared to 0.23 bar for the micro-channel. Furthermore, the mini-channel heat
sink could be fabricated using conventional drilling while microchannel fabrication
requires special technology and is more susceptible to flow clogging.

Flik er al. (1991) theoretically developed the regime maps showing the boundary
between the macro-scale and micro-scale heat transfer regimes. The maps relate the
smallest geometric dimension to the temperature for conduction in solids, to temperature
and pressure for convection in gases, and to the temperature of the emitting medium for
radiative transfer. They concluded that the thermal conduction in a layer is microscale if the
layer thickness is smaller than 7A, for the conduction across the layer and 4.5A, for the
conduction along the layer, where A, is the mean free path of the dominant carrier of heat.
The dimension, which separates the microscale and macro-scale regimes for conduction in
solids, increases as the number density of impurities and defects increases. The micro-scale

regime boundary for gas convection is linearly related to 7/p and varies little among gases.
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Chapter 3 Heat Transfer and Fluid Flow in Parallel Plate

Microchannels: Theoretical

3.1 Introduction

A variety of high-density, high-power and high-speed microelectronic devices
require high rates of heat removal. The rate of heat dissipation is expected to be of the
order of 100 W/cm?, Lai et al. (1993). To operate the electronic device at an optimum
temperature, it is necessary to develop efficient heat removal methods. One such method
is to use microchannel heat sinks. A microchannel heat sink is a structure with many
microscale channels of large aspect ratios built on the back of the microchip. A liquid is
forced through these microchannels to carry away the energy.

The concept of the microchannel heat sinks was introduced by Tuckermann and
Pease (1981). A detailed review of several other research works on microchannel heat
sinks can be found elsewhere, Philips (1990). To design an effective heat sink it is
necessary to understand the flow characteristics in microchannels. Only after obtaining
the velocity distribution can the energy equation be solved to determine the heat transfer
characteristics. However, conventional transport theories cannot explain many
phenomena associated with the microscale flow. For example, Eringen (1964) proposed a
theory, which states that fluid flow in microchannels will deviate from that predicted by
Navier-Stokes equations. Pfahler (1992) measured the friction coefficient in
microchannels, and found a significantly higher flow rate than expected for both
isopropanol and silicon oil. His results indicate that the polar nature of the fluid may play
a role in the change in the observed viscosity. Choi et al. (1991) measured friction factors

in microtubes of inside diameters 3 to 81 um using nitrogen gas. They found that for
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diameters smaller than 10 um, the friction factor constant is Cr= 53, instead of 64. Harley
and Bau (1989) measured the friction factor in channels of trapezoidal and square cross-
sections. They found experimentally that Cr ranged from 49 for the square channels to
512 for the trapezoidal channels. Peng et al. (1994) found experimentally that transition
to turbulent flow began at Re = 200 to 700, and that fully turbulent connective heat
transfer was reached at Re = 400 to 1500. They also observed that transitional Re
diminished as the size of the microchannel decreased. Wang and Peng (1994) concluded
that these effects were due to large changes in the thermophysical properties of the liquid
due to high heat fluxes in small channels.

One possible explanation for these observed effects is that they are largely due to
the interfacial effects such as interfacial electric double layer (EDL). These interfacial
effects are ignored in macroscale fluid mechanics. However, most solid surfaces have
electrostatic charges, i.e. an electrical surface potential. If the liquid contains very small
amounts of ions, the electrostatic charges on the solid surface will attract the counterions
in the liquid to establish an electrical field. The arrangement of the electrostatic charges
on the solid surface and the balancing charges in the liquid is called the EDL, as
illustrated in Figure 3.1, Hunter (1981). Because of the electrical field, the ionic
concentration near the solid surface is higher than that in the bulk liquid. In compact
layer, which is about 0.5nm thick, the ions are strongly attracted to the wall surface and
are immobile. In diffuse double layer the ions are affected less by the electrical field and
are mobile. The thickness of the diffuse EDL ranges from a few nanometers up to several
hundreds of nanometers, depending on the electric potential of the solid surface, the bulk

ionic concentration and other properties of the liquid.

32 Chapter 3



Heat transfer and fluid flow in microchannels

v <—Counterions
. 3 @*___Coions
& D) @
Diffuse
@ _—— Double
Layebrl
' |
«—»4——— Diffuse Double Layer ——bl
Channel f
Wall Compact Layer

Figure 3.1:  Schematic representation of the Electrical Double Layer at the

Channel Wall.

When a liquid is forced through a microchannel under hydrostatic pressure, the
ions in the mobile part of the EDL are carried towards one end. This causes an electrical
current, called streaming current, to flow in the direction of the liquid flow. The
accumulation of ions downstream sets up an electrical field with an electrical potential
called the streaming potential. This field causes a current, called conduction current, to
flow back in the opposite direction. When conduction current is equal to the streaming
current, a steady state is reached. It is easy to understand that, when the ions are moved in
the diffuse double layer, they pull the liquid along with them. However, the motion of the

ions in the diffuse double layer is subject to the electrical potential of the double layer.
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Thus, the liquid flow and associated heat transfer are affected by the presence of the
EDL.

In macroscale flow, these interfacial electrokinetic effects are negligible as the
thickness of the EDL is negligible compared to the hydraulic radius of the flow channel.
However, in microscale flow the EDL thickness (~0.5 um) is comparable to the hydraulic
radius of the flow channel. For submicron capillaries, the EDL thickness may be even
larger than the radius of the capillary. Thus, EDL effects must be considered in the studies
of microscale flow and heat transfer. There are few analytical studies in literature, which
account for these effects on flow characteristics. Rice and Whitehead (1965) studied the
effect of the surface potential on liquid transport through narrow cylindrical capillaries with
the Debye-Huckle approximation to the surface potential distribution. Levine et al (1975)
extended the Rice and Whitehead model to higher zeta potential by developing an
analytical approximation to the solution of the Poisson-Boltzmann Equation.

3.2 Poisson-Boltzmann equation

Consider a fluid phase of infinite dilution containing positive and negative ions in
contact with a planar positively charged surface. The surface bears a uniform electrostatic
potential y,, which decreases as one proceeds out into the fluid, as shown in Figure 3.1.
Far away from the wall, the concentration of the positive and negative ions is equal. The
electrostatic potential \y, at any point near the surface is related to the net number of
electrical charges per unit volume p, in the neighborhood of the point, which measures
the excess of the positive ions over negative ions or vice versa. According to the theory
of electrostatics, the relation between y and p is given by the Poisson’s Equation, which

for a flat surface is, Hunter (1981)
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3.1

The probability of finding an ion at some particular point will be proportional to the
Boltzmann factor e **/%7 . For the case of any fluid (1:1 electrolyte) consisting of two
kinds of ions of equal and opposite charge z*, z, the number of ions of each type are
given by the Boltzmann Equation

+ —zey ik, T

The net charge density in a unit volume of the fluid is given by
p=(n"—n")ze=-2n,zesinh(zey / k,T) (3.2)
Substituting Equation (3.2) in Equation (3.1), one obtains a non-linear second-order one-

dimensional Poisson-Boltzmann Equation.

2 9 .
d l,l: _2n,ze sinh(bel;/) (3.3)
ax- g, k,T

o

Non-dimensionalizing the above Equation via

7= and p() =B (3.4)
a k, T n,ze

as:

d'yv k' _ <

d*y .

?Z% = 12 sinh(F) (3.6)

Where k= (2n z%¢* [ec k,T)"* and (a k) = k. The quantity ‘k’ is called the Debye-Huckel
(] o’vb

parameter, while ‘1/k’ is referred to as the characteristic thickness of the EDL.
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3.2.1. Solution of the Poisson-Boltzmann equation

If the electrical potential is small compared to the thermal energy of the ions, i.e.,

(Izewl|<|k,T]) so that the exponential in Equation (3.6) can be approximated by the first

terms in a Taylor series. This transforms Equation (3.6) to

d _
V _ g (3.7)

In the literature, this is called the Debye-Huckle linear approximation. The solution of the
above Equation can easily be obtained. Consider a flow channel between two parallel
plates as shown in Figure 3.2. If the electrical potential at the channel surface is small and

the separation distance between the two plates is larger than the thickness of the EDL, so

[
X Z (flow direction)
| IR R PR Snaaii — TS o T AN T e e
/ 2a T L’ Y
le W >
W:;l>a

Figure 3.2: Schematic of a microchannel between two parallel plates

that the EDLs near the two plates will not overlap, the appropriate boundary conditions
are:at X =0, ~0 and at X ~+1, = & =(ze£/k,T). With these boundary conditions

the solution is
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_E o
V = b o) (3.8)

3.3 Equation of motion

Consider a one-dimensional fully developed laminar flow through two parallel
plates of unit width as shown in Figure 3.2. The forces acting on an element of fluid
include the pressure force, the viscous force and the electric body force generated by the

double layer electric field. The equation of motion is the Z-directional momentum

equation.
dV. dP ¢

L -——p(x)==0
H ot Taz PW%

Where, ¢ is the potential at any point (X,Z). The last term represents the electrical body
force term due to the presence of electrical double layer at the solid liquid interface. For a
symmetrical (1:1) electrolyte flowing in a microchannel between two parallel plates,
having a surface potential s, the total potential at a point (X,Z) is given as:

¢ =9(X,Z)=y(X)+[¢, - ZE.]
Where,

w(X) is the potential due to the double layer at the equilibrium state corresponding to no

fluid motion and no applied external field

do is the value of the imposed potential at Z=0

$o-ZE is the potential due to the field E; in the absence of the double layer
E. is the electrical field, constant (for fully developed flow field)

Therefore, after differentiating ¢ with respect to Z, the equation of motion is given as:
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d*V. dpP
I+ E, =0 3.9
' 4z .p(x) 3.9

u

Non-dimensionalize Equation (3.9) by making use of E, =E /£,V,=V,/V,. Where, V,
is arbitrarily chosen reference velocity. Replacing p(X) from Equation (3.5), and

substitute in Equation (3.9) we obtain

257 = 32—
4V G -2akdV _, (3.10)
dXx- K- dX~
Where the two non-dimensional numbers are a'[f: =G, and é—';"—z?.—= G, . Note,
u [ l‘l a

E,=E¢I and let P,=-dP/dZ. Integrating Equation (3.10) twice we get

— X 2G.E. _ —
V:+G‘2X - G'f‘:‘l;/=ClX+C2
K

The constants of integration C; and C, can be found by employing the appropriate
boundary conditions, vizat X =+1, ¥, =0, ¥ = E After evaluating the constants C; and

C,, and substituting for ¥ from Equation (3.8) the non-dimensional velocity distribution

_2G,E£ . |sinh(xX)|
{1 Stahce) |} (3.11)

3.4 The streaming potential
As seen from Equation (3.11), the velocity distribution can be calculated only if
the streaming potential E, is known. As explained previously, in absence of an applied

electric field when a liquid is forced through a channel under hydrostatic pressure an
electrical field is generated. The potential of this electrical field is called the streaming

potential, and is just sufficient to prevent any net current flow. Here, of course we do not
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have an applied electric field, but an induced field. The total current / flowing through the

microchannel is zero and is the sum of:

()
(i)

(i)

Current due to concentration gradient across the microchannel, 7,
Current due to the fluid flow that is influenced by the pressure gradient and the

imposed electric field, I;, and

Current due to the electric conductivity of the electrolyte solution within the

microchannel, /..

As there is no concentration gradient, /, = 0. The current due to the transport of charges

by the liquid flow, called streaming current, is given by

I, = [V.p(X)d4, (3.12)

After non-dimensionalizing V, and p(X) and substituting for p(X) from Equation (3.2),

making use of the linear approximation, i.e. sinh(¥) =y , the nondimensional streaming

current becomes

I,

1
L, 2V, wdx (3.13)
0

2V n,zea

Substituting ¥, from Equation (3.11) and ¥ from Equation (3.8), we obtain

- G 2G,EE 2G,EE
I ==2a| 2 {1, -1,} - 2255 1 3.14
: a[z{‘ T B o “] G-19)
where a=§/sinh(1<).
1
— h(x) -1
L=r1=| sinh(th)dX=c—os—(—:)—
0

L=

2 {nh( 2
sinh(x) o

2
K

X ? sinh(kX)dX = (i +£) cosh(x) —
K K
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I, = J- sinh“ (xX) 4T = sinh(x) cosh(x) _l

sinh(x) 2x 2

The streaming potential generated by the streaming current will produce a conduction
current (which is the current due to the electric conductivity of the electrolyte) in the

reverse direction, and is given by

I =£s_}}o_‘f1£ (3.15)

The electrical conductivity, A, is assumed constant. Non-dimensionalizing as before with

| =1/ a, the non-dimensional conduction current is given by

o= e 2 (3.16)
ai,

At a steady state there will be no net current in the flow, Le. [c + I[,=0. That is
[_c +(2V n,zel & AO)I—S =0
Substituting for ic and fs from Equation (3.16) and Equation (3.14) the streaming potential

is obtained as

E‘= - aK—gle(Il_lz)- G.17
k* +4G,G,Ea{l, - I, /sinh(x)}
Where the nondimensional factor G, = I/"gizel :

3.5 Volume flow rate

The volume flow rate through the parallel plates can be obtained by integrating

the velocity distribution over the cross sectional area, as

0= [V.d4, (3.18)

In non-dimensional form, using Equation (3.11) the result is
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_ _2G, 4G,E,  4G,EE (cosh(x)-1) 3.19
Q="73"""7 T & sinh(x) (3.19)

3.6 The electroviscous effect

As discussed previously, the EDL field at the solid surface exerts electrical forces
on the ions in the liquid, and hence restricts the motion of these ions. Consequently the
presence of the EDL field will reduce the liquid flow in comparison with the cases of no
EDL effects. For steady flow under an applied pressure gradient (in the absence of an
externally applied electric field), the volume flow rate is given by Equation (3.19).
However, for flow between two parallel plates separated by a distance ‘2a’ the volume

flow rate can be written as

3
0, =258 (3.20)
3u,

where i, apparent viscosity, is introduced to account for the EDL effects. If the EDL
effect is negligible then p, =u. Non-dimensionalizing the volume flow rate and
rearranging yields

— 2G\u
= 3.21
o, 3, (3.21)

Equalizing Equation (3.19) with Equation (3.21), i.e. @ =0, , we obtain the ratio of the
apparent viscosity to bulk viscosity.

3
Ha _ __ Kk G . (3.22)
¢ k’G,—6G,E, Ex +6G, E E(cosh(x) — 1) / sinh(x)

3.7 Friction constant

To calculate the friction constant, C;, product of the friction factor and R. the friction

factor for flow between two parallel plates ‘2a’ apart is given by

41 Chapter 3



Heat transfer and fluid flow in microchannels

8t
f - p[szz

Where V,, = QQ_ The shear stress is given by

_|w, dF,

X=ta X=t1

Differentiating Equation (3.11) once and substituting for (df/:/ dX), we obtain with

Re = p,V, a/ u the friction constant Cras

av

C,=fRe= ?/V" (Gl +%E’—é_coth(r<)) (3.23)
3.8 Energy equation

Starting from the general form of the energy equation, performing an order of
magnitude analysis to the fully developed flow in the microchannel produces Equation
(3.24).

oT 8T 3°'T ov.
V. =k + + 2)? 3.24
prc,( Z) (axz 522) ”(ax) (3.24)

With a, =
CoPr ky
oT T &? T Pr oV,
v = z - 3.25)
oz {axz oz ( ox ] (
Non-dimensionalize Equation (3.25) via
a,:a',V.:&,Z E X = X9=T‘”—.T
Va' '° a a’  T,-T,
V.60 ,0%60 2°6 2
a0z ox " azz) ( ) (
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2
where B, =PrE, and E, =L_
¢, (T, -T)

Equation (3.26) cannot be solved analytically. Therefore, a numerical solution is sought
by using the central finite difference method. In the present work, it is assumed that both
plates have constant and equal temperatures, and the inlet temperature of the fluid is
known. The solution obtained leads to the temperature distribution in the X-Z plane of

the channel.

3.8.1. Heat transfer coefficient

According to the energy balance,

or
gy ML) (3.27)

(3.28)

V,,A

Non-dimensionalizing Equation (3.27) we obtain

Nu = -2 g‘ (3.29)
0 60X |z
T, ~-T, I o0 . .
where 0, = I‘f I”" . The derivatives —= are calculated numerically using the
w L X=zl

standard three point formulae. Also the average Nusselt number is calculated as

- —
—(MudzZ (3.30)
z! “

39 Results and discussion
The mathematical model developed in the previous sections was applied to

predict the fluid flow and heat transfer characteristics through a microchannel. Looking at

43 Chapter 3



Heat transfer and fluid flow in microchannels

the preceding theory, one will find that in addition to the non-dimensional electrokinetic
separation distance k, three more non-dimensional parameters, G, G, and Gs, also play
important roles in such a microchannel flow. ¥ = (a k) characterizes the ratio of the
distance between the two plates to the double layer thickness and is a function of both the
channel size and the fluid properties. G, =a?B/uV, represents the ratio of the mechanical
force to viscous force. G, =&n zea®[luV, represents the ratio of EDL force to viscous force.
G,=Vnzd/&,, characterizes the ratio of the streaming current to conduction current. For
given values of these three non-dimensional parameters an estimation of flow and heat
transfer characterizing parameters such as velocity, streaming potential, ratio u_/u, and
Nu can be obtained.

To obtain an estimation of these parameters, consider fully developed laminar
flow of an infinitely diluted, 10°M (n,=6.022x10%° m™) aqueous 1:1 electrolyte (e.g.
KCI) solution through a microchannel. The separation distance is 25um and the channel
is 1 cm long. At room temperature, the physical and electrical properties of the liquid are
£=80, Ao=1.2639x10” (1/Qm), u=0.90x10" (kg/ms). A pressure difference of 4.095x10’
Pa, and an arbitrarily chosen reference velocity V,=lm/s are considered. With these, a
set of values G;=5.009, G,=7.95x107, G3;=1.6x10°, and x=40.8 is obtained for a fixed
value of £=50 mV. Predictions are made for velocity distribution, streaming potential,
apparent viscosity and local and average Nusselt numbers.
3.9.1. Prediction of potential distribution

Equation (3.6) was solved with the linear approximation for the potential
distribution of the solid-liquid interfacial EDL field. The solution Equation (3.8), gives

very close values to the exact analytical solution for small electrostatic potentials at the

44 Chapter 3



Heat transfer and fluid flow in microchannels

wall. A comparison of the potential distribution based on linear approximation with the
exact potential distribution can be found elsewhere, (Hunter (1981), Adamson (1990)).
The linear solution predicts slightly lower values of the potential at the wall compared to
exact solution but at a small distance from the wall the two solutions overlap. The

variation of non-dimensional potential distribution % with the nondimensional distance

for various values of k is shown in Figure 3.3. For any given electrolyte, a large k implies

either a large separation distance between the two plates or small EDL thickness. It can

—h

Nondimensional potential distribution,

1.0 0.8 0.6 0.4 0.2 0.0

Nondimensional distance, X

Figure 3.3: Nondimensional electrostatic potential distribution near the channel wall for

E=50mV. X =0, center of the channel, X =1, the channel wall
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be seen that as x increases the double layer field exists only in the region close to the
channel wall. For example, for k= 80, the double layer occupies only 8% of the channel

cross-sectional area. Therefore the smaller the k the more predominant is the effect of the

double layer field.

3.9.2. Velocity distribution and streaming potential

To obtain V., E, is to be determined first. This can be calculated for any given
values of Gy, Ga, G, & and x from Equation (3.17). As G, «< P, thus a higher pressure
implies a higher Gi. Es o< G, thus the higher the pressure the higher the streaming
potential. Figure 3.4, shows the variation of ES with G, for various values of k and &. It

is observed that as G, increases the streaming potential increases. Also for a given value

Nondimensional streaming potential, ﬁg X lO'(’

Nondimensionai parameter, G

Figure 3.4: Nondimensional streaming potential variation with G, for various

values of k and &
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of &, E, increases with k. This is because, a larger electrokinetic separation distance
corresponds to a large volume transport and thus more ions are carried to the end of the
channel which result in higher charge accumulation. As seen from Figure 3.4 as §
increases E, decreases. This is due to the strong effect of the double layer potential of the

channel wall. If the zeta potential is higher, then more ions are attracted by the oppositely
charged ions in the double layer and less ions are carried to the downstream with the
flow; resulting in a lower charge accumulation at the ends of the channel.

For fixed values of G, G;, G, and &, the variation of velocity for different values

of x is shown in Figure 3.5. As seen, the velocity profiles are parabolic in shape and that

1.0 g T T T T T
\ —
cu):- 08 |- \\:\\\\\
-5 : \\\\
a 0.6 — \\\\\ 7
g - RN
S o0af AN ]
= : 40.8 A \\\\
Lo C K= M \
S 0.2 L N\
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.g 0.0 - ] 'I
3 - §=Om_V / '7 /
& wo2f /\/ 2
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= : +///// A%
—é -0.4 - Q?’////
Q " // =
‘@ - — -
o -0.6 e
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= o S
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> o
1 L 1 1 1 1 I3 3 1 l 1 i 1 1
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Nondimensional velocity, V

Figure 3.5 : Nondimensional velocity distribution for various x and £=50 mV
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as k increases the velocity increases. The reason for this is that increasing « implies either
a large separation distance between the plates or a smaller EDL thickness resulting in
larger portion of fluid not being affected by the EDL. However, if the EDL effect is
absent (§=0mV, k), Figure 3.5 shows that the velocity is higher than when it is present
(§=50mV, ). Thus the EDL modifies the velocity profile which would affect the
pressure drop and heat transfer.

3.9.3. Predictions for friction constant

The product of the friction factor and Re as given by Equation (3.23) was
computed for various values of §&. Without considering the effects of the EDL the friction
constant C¢= 24, as given by the conventional theory. But as can be seen from Figure 3.6,

as & increases Cralso increases. For k=40.8 at £ =100mV, the value of the C;=28.22. As

T T T T
28 -
27 -
o -
Q
g
2 L
g 26
S I
o s
.2 i
S
2 I
. 25 |-
[ - 7T x
24 e e T e e b g M o — — ——
0.00 0.02 0.04 0.06 0.08 0.10
Zeta potential, € (V)

Figure 3.6: Variation of C¢ with & for different values of
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K increases the values of C¢tend towards the conventional value of 24. For k = 163.2, the
maximum value of Crat £=100mV is 24.1. Therefore, for small k the friction constant is
higher depending on the zeta potential. Therefore, both the channel size and the fluid
properties will affect the friction constant.
3.9.4. Predictions for apparent viscosity

As explained above, the streaming potential drives ions to move opposite to the
flow direction and these moving ions drag the surrounding liquid molecules with them.
This generates a reduced volume flow rate as given by Equation (3.19). Comparing this
reduced volume flow rate with the flow rate derived by using conventional theory results
in an apparent viscosity, that is greater than the bulk viscosity. Using Equation (3.22) the
ratio of the apparent viscosity to the bulk viscosity, p,/ y, is plotted as a function of x in

Figure 3.7. It is observed that for £=50mV, the value of the ratio is approximately 3.75

Electrokinetic separation distance

Figure 3.7: Vanation of the ratio of apparent viscosity to bulk viscosity
with electrokinetic separation distance, K.
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when k=2, and then decreases as k increases approaching a constant value equal to one
for very large values of k. For lower values of § the trend is the same except the value of
the ratio is lower. This pattern has also been reported by Rice and Whitehead (1965) and
Levine et al (1975).
3.9.5. Predictions for heat transfer

To predict the behavior of heat transfer in microchannels, the energy equation was
solved numerically. Here, a hydrodynamically developed and thermally developing flow
with constant and equal wall temperatures was considered. The EDL at the solid-liquid
interface results in reduced velocity, which directly effects the heat transfer in the
channel. To analyze the heat transfer behavior in microchannels it is important to
consider the effect of Re on temperature profile at various cross-sections along the
channel length. Figures 3.8a and 3.8b, show temperature profiles for Re=2.83 and
Re=56.5, respectively. One can observe distinct difference in the two figures. At the
entrance of the channel, marked as inlet in the figures, the temperature profiles are very
steep compared to profiles at the exit. For Re=2.83, the temperature profile has a
parabolic shape like the fully developed velocity profile. However, for Re=56.5, the
temperature profile resembles a turbulent velocity profile shape. A steep temperature

profile at the entrance implies a higher value of the derivative 56 [6X at X==l. In
addition, O is also maximum at the entrance of the channel. According to Equation
(3.29), Nu has a maximum value at the channel entrance. Along the flow channel, both
#0/6X at X=+l and On decrease. However, the value of the derivative 56 |8X
decreases much faster than 6,,, which results in a lower Nu. This can be seen in Figure

3.9, in which Nu is plotted for various values of k and £ along the channel length. For
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Figure 3.8a: Temperature profile at various cross-sections for Re=2.83
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Figure 3.9: Variation of local Nusselt Number along the channel length

«=40.8 and 163.2 if there are no double layer effects i.e., £=0, a higher value of Nu, ‘e,
higher heat transfer rate, is obtained. For the same value of k, Nu decreases as &
increases. As k increases (for example, for the same channel size with a weaker EDL
field or a smaller EDL thickness), the value of Nu increases as can be seen form Figure
3.9. The variation of the average Nusselt number, Nu,, as given by Equation (3.30), with

the Reynolds number, Re, is shown in Figure 3.10. It is observed that as Re increases, the
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Figure 3.10: Variation of average Nusselt number with Reynold's for k =40.8 and £ = 50mV

Nu,y also increases. The above predictions are in agreement with the work of Wang and
Peng (1994). Peng et al (1994), Wang and Peng (1994) and Peng et al (1995) showed
experimentally that fluid properties and geometry of the microchannels all have
significant influence on heat transfer performance and characteristics. As we have
demonstrated in this work, the heat transfer dependence on fluid properties and on the
channel’s geometry may be understood as the EDL effects, as the parameters G,, G; and

k are functions of channel geometry and fluid properties. The EDL has a significant
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effect on Nu and hence heat transfer rate. Without considering this effect, we may very
well overestimate the heat transfer rate in microscale channels.
3.10. Summary

The effects of the EDL at the solid-liquid interface on liquid flows and heat
transfer through a microchannel between two parallel plates was studied. Generally, the
EDL near the channel wall tends to restrict the motion of ions and hence the liquid
molecules in the diffuse EDL region. The induced streaming potential will drive the ions
and hence the liquid molecules to move opposite to the flow direction. It is seen that for
higher electrokinetic separation distance «, the influence of the double layer is
predominant only at the region near the channel wall. For small x the double layers have
a significant effect on the liquid flow. The streaming potential increases with an increase
in k, while it decreases for higher surface or zeta potentials. The EDL and the streaming
potential act against the liquid flow resulting in a higher apparent viscosity. The apparent
viscosity can be several times higher than the bulk viscosity of the liquid when the
electrokinetic separation distance « is very small. The heat transfer is also affected by
EDL. The EDL results in a reduced velocity of flow than in conventional theory, thus
affecting the temperature distribution and reducing the Reynolds number. It is seen that
without the double layer a higher heat transfer rate is predicted, while as with a small zeta
potential at the surface of the channel the heat transfer rate is comparatively smaller.
Thus in our opinion it is very important to consider the effects of the EDL on liquid flows
and heat transfer in microchannels. Otherwise, we would overestimate the fluid flow and

heat transfer capability of the system.
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Chapter 4 Flow Characteristics of Water Through a
Microchannel Between Two Parallel Plates

with Electrokinetic Effects

4.1 Introduction

Liquid flows through microchannels have wide industrial applications such as
design of microfluidic systems and micro heat sinks. As characteristic dimensions of
channels decrease to micrometer ranges, the fluid flow behavior in these microchannels is
strongly influenced by the wall/ interfacial effects. The flow characteristics are different
from the normal situation described by the Navier-Stokes Equations. For example,
Eringen (1964) proposed a theory that states that fluid flow in micro-channels will
deviate from that predicted by Navier-Stokes Equations. Tuckermann and Pease (1981,
1982) investigated experimentally and theoretically the fluid flow through microchannels.
They found that the flow friction measurements were slightly higher than those predicted
by the classical theories. Pfahler (1992) measured the friction coefficient 1n
microchannels, and found a significantly higher flow rate than expected for both
isopropanol and silicon oil. His results indicate that the polar nature of the fluid may play
a role in the change in the observed viscosity. Choi et al. (1991) measured friction factor
in microtubes of inside diameters 3 to 81 um using nitrogen gas. They found that for
diameters smaller than 10 pm, the friction coefficient Cy, product of the friction factor f
and Reynolds number Re, was equal to 53 instead of 64. Harley and Bau (1989)
measured the friction factor in channels of trapezoidal and square cross-sections. They
found experimentally that the friction coefficient C; ranged from 49 for square channels

to 512 for the trapezoidal channels. Peng er al. (1994a, 1994b) and Wang and Peng
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(1994) found experimentally that transition to turbulent flow began at Re = 200 to 700,
and that fully turbulent connective heat transfer was reached at Re = 400 to 1500. They
also observed that transitional Re diminished as the size of the microchannel decreased.
Rice and Whitehead (1965) studied the effect of the surface electrical potential on liquid
transport through narrow cylindrical capillaries with the assumption of the small surface
electrical potential. Levine er al. (1975) extended the Rice and Whitehead model to
higher surface electrical potential for flows in cylindrical capillaries.

In our previous work, Mala et al. (1996), the surface potential effects on flow
characteristics in microchannels were studied theoretically. It was concluded that the
effect of the electrical double layer (EDL) on velocity distribution, friction coefficient,
apparent viscosity and heat transfer can not be neglected in microscale fluid flow and
heat transfer. Most solid surfaces bear electrostatic charges i.e. an electrical surface
potential. If the liquid contains very small amounts of ions, the electrostatic charges on
the solid surface will attract the counterions in the liquid to establish an electrical field.
The arrangement of the electrostatic charges on the solid surface and the balancing
charges in the liquid is called the EDL. The EDL is composed of the compact layer and
diffuse double layer. The compact layer is about 0.5am thick. In the compact layer, the
ions are strongly attracted to the wall surface and are immobile. In diffuse double layer
the ions are affected less by the electrical field and are mobile. The thickness of the
diffuse EDL generally ranges from a few nanometers up to several hundreds of
nanometers, depending on the electric potential of the solid surface, the bulk ionic
concentration and other properties of the liquid. The electrical potential at the boundary

between the compact layer and the diffuse layer is called the zeta potential, &
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When a liquid is forced through a microchannel under hydrostatic pressure, the
jons in the mobile part of the EDL are carried towards one end. This causes an electrical
current, called streaming current, to flow in the direction of the liquid flow. The
accumulation of jons downstream sets up an electrical field with an electrical potential
called the streaming potential. This field causes a current, called conduction current, to
flow back in the opposite direction. When conduction current equals streaming current a
steady state is reached. It is easy to understand that, when the ions are moved in the
diffuse double layer, they pull the liquid along with them. The motion of the ions in the
diffuse double layer is subject to the electrical potential of the double layer and the
streaming potential. Thus liquid flow characteristics are affected by the presence of EDL.

In macroscale flow. interfacial electrokinetic effects are negligible as the
thickness of the EDL is negligible compared to the hydraulic radius of the flow channel.
However, in microscale flow the EDL thickness may be comparable to the hydraulic
radius of the flow channel. For pure water and pure oils, the thickness of EDL can be as
large as several microns. Thus, EDL effect will be significant for flows in small
microchannels. An experimental study of EDL effects on microchannel flows was
undertaken recently and is reported in this chapter. The experimental results are
compared with the results obtained from the developed mathematical model. Good
agreement between the experimental and computed results has been found.

4.2 Mathematical model
In our experimental studies, the channels were made of glass and silicon. These
glass and silicon plates are highly smooth and homogenous. The average surface

roughness of these microchannel plates was measured at Alberta Microelectronic Center
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with a surface Profilometer. The magnitude of the average roughness was found to be
less than 10 nm. Therefore, the effects of surface roughness on flow in such
microchannels were not considered. The mathematical model characterizing the fluid
flow through a microchannel between two highly smooth parallel plates with only EDL
effects is described in the following sections.
4.2.1 Poisson-Boltzmann equation

For a fluid phase, containing positive and negative ions in contact with a planar
positively or negatively charged surface the EDL field distribution is given by the
Poisson-Boltzmann equation as derived in last chapter, equations (3.1 to 3.8). For
reference purposes only, the non-dimensional form of Poisson's equation, Poisson-
Boltzmann equation and the solution of Poisson-Boltzmann are rewritten below.

Non-dimensional Poisson's equation:

1YV _ K 5F) @.1)

Non-dimensional Poisson-Boltzmann equation:

d*y
d)?"; = «c? sinh({7) (4.2)

For the condition of electrical potential being small compared to the thermal energy of

the ions, ie, (jzey|<|k,T]) and the same boundary conditions as described in the

previous chapter, the solution of the Poisson-Boltzmann equation is:

__ E o
V = Shee) lsinh(xX)| (4.3)
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4.2.2 Equation of motion

Consider a one-dimensional fully developed, steady state, laminar flow through
two parallel plates of unit width as shown in Figure 4.1. The equation of motion with the
electrical body force term (due to the electrical double layer potential distribution at the
solid liquid interface) has also been derived in chapter 3. As the geometry and the

conditions are the remain same only the final solution is written below:

l
/ X Z (flow direction)
t

VA

X e e Tt

. |/ 24 >

V.==-(1-X) - —5={l-F} (4.4)
Substituting for ¥ from Equation (4.3) the non-dimensional velocity distribution is:

G, _2GEZ a _|sinh(xX)| @.5)

_ 2
(=X | sinh(x) |
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4.2.3 The streaming potential

As seen from Equation (4.5), the velocity distribution can be calculated only if the
streaming potential E, is known. In absence of an applied electric field, when a liquid is

forced through a channel under hydrostatic pressure an electrical field is generated as
explained in the introduction. The potential of this electrical field is called the streaming
potential. The current due to the transport of charges by the liquid flow, called streaming

current, is given by

I,=[V.p(X)d4, (4.6)
A,
Nondimensionalizing V- and p(X) we obtain
[ — ——e —
I =——=[V.p(X)dX (4.7)
[

Substituting for p(X) from Equation (4.1), the nondimensional streaming current

becomes

dy d lq
d(E) =T f
0

_y 47| ;47 (4.8)
< dX z Xmo

av_,
dx z

l
7= iz [
0
With the boundary conditions viz. X =1,7, =0 and X =0,d/dX =0, the first term on
right hand side of Equation (4.8) becomes zero. Therefore, the streaming current reduces

to

AN LI 4.9)
K pdX ~

Using Equation (4.4), Equation (4.9) can be written as:

- 2
I =

2
K K'

[—G.(Ii)?dvf 2G:E, I( 2Ly dx]
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the integrals are evaluated by using Equation (4.3) and are given as

foo cosh(x) -1
| xav ‘5(1' < sinb(<) )

Jl- A 177 _ KE 2( sinh(x ) cosh(x) l)
() sinh(x) 2 T3

Finally, the nondimensional streaming current is given by

_ 2GEB — E
Ii=- K? +4GZE’ﬁl(lcsinh(lc))

(4.10)

cosh(x)—1 sinh(x)cosh(x) 1
Wh =]—————— and = —

ere A csioh(x) 0O P2 2K T3
The streaming potential generated by the streaming current will produce

conduction current in the reverse direction, and is given by

AE A A EP
I = ] +— (4.11)

Where 1, and A, are the bulk and surface conductivity respectively. /. can be rewritten as

B E_AX ¢
<]
;"SPS
A=A+ p (4.12)

c

Nondimensionalizing as before with / =1/, the nondimensional conduction current is

T [c _ Esl_‘Ac (4.13)

I = =
¢ Erga
At a steady state, there will be no net current in the flow, i.e. I. + I, = 0. Using I. from

Equation (4.13) and /; from Equation (4.7) we obtain after some simplification

I +@2V,n,ze/EA )I, =0
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Substituting for ], and I, from Equation (4.13) and Equation (4.10) the streaming potential
1s obtained.

T ZGIGBE-ﬁl

5 =T 45,6,6,E fsinb(e))’ w9

Where the non-dimensional factor G, =¥, n zel [EA 1 .
In the classical theory of electrokinetic flow, the effect of EDL on the liquid flow
and the effects of surface conductance are not considered. The streaming potential is

related to the zeta potential and liquid properties through the following equation, Hunter

(1981)

E €€

Lo 2= 4.15
AP uZ, (4.15)

Equation (4.14) can be rearranged in a form similar to Equation (4.15) by

substituting back the values of the nondimensional parameters, i.e.,

s

E geg &
-t (4.16)
AP Ui,

Where the correction factor @ to the classical theory is given as

B
® = ﬁzx,zlgzgz 2 (4.17)
" sinh® ()K)a’ uA ,

If @ = / and Ar=A2s, Equation (4.16) becomes the classical equation.
4.2.4 Volume flow rate and apparent viscosity
The volume flow rate through the parallel plates can be obtained by integrating

the velocity distribution over the cross sectional area, as

Q= [V.da,

A

«

63 Chapter 4



Heat transfer and fluid flow in microchannels

Using Equation (4.5) the volume flow rate in non-dimensional form is

3 Kl K3 sinh(x)

- 2G, 4G,EE 4GE}F (cosh(x) =D 4.18)

For steady flow under an applied pressure gradient (without an externally applied
electric field), the volume flow rate is given by Equation (4.18). This reduced rate of flow
will results in an apparent viscosity . (> 1). As shown in chapter 3, equating the reduced

volume flow rate as given by equation (4.18) with the conventional volume flow rate

yields the ratio of apparent viscosity to bulk viscosity which is rewritten as under:

3
Ha kG (4.19)

i G, -6G,E.Ex +6G,E E(cosh(x) - 1)/ sinh(x)

4.2.5 Friction coefficient

The friction coefficient, C; is the product of the friction factor f and Re. The

friction factor and the Re number for the flow between two parallel plates with a

separation distance‘2a’ is given by

8 Vee @
PV I

Where p - Q . The shear stress is given by

T4
1, de|
a dX XY=t

Differentiating Equation (4.5) once for (47, /dX), we obtain the friction coefficient Cras

.-
i s

C,=fRe= ?/V*’ (Gl +3€ﬁé—com(x)) (4.20)
K

av
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4.2.6 Experiments

The measurements of electrokinetic effects on liquid flows through microchannels
between two parallel plates were conducted by using an electrokinetic analyzer (EKA)
(A.Paar GmbH, Graz, Austria). Primary parameters measured by EKA are the pressure
drop and the electrical potential across a channel (the streaming channel) through which a
testing aqueous electrolyte solution flows. The measured electrical potential is the
streaming potential. The streaming channels are made of the material to be investigated.
In this study, the solid plates used to form the microchannels are P-type Silicon and 0211-
Glass. All solid plates are 10 mm wide and 20 mm long. In each experiment, a pair
(either silicon or glass) of plates were mounted parallel in a specially designed measuring
cell (Institute of Polymer Research, Dresden, Germany) to form the streaming channel.
Aqueous KClI solutions of several different concentrations and Millipore water were used
in the measurements. The EKA performs the measurements automatically. In each
measurement, a closed tubing circuit and a gearwheel pump circulate an electrolyte
solution through the streaming channel under a constant pressure difference. The constant
pressure difference (between 20 and 350 mbar) is kept for at least 60 seconds to ensure a
steady state of the flow. The streaming potential is measured when the steady state is
reached. Temperature, pH, volume flow rate, conductance of the solution, and the total
electrical resistance of the streaming channel are also measured in each measurement. For
a given pressure difference, a given channel height and a given ionic concentration, the
above described measurement were repeated for at least three times. The accuracy of the

measured data is better than 1%. All measurements were done at 25 °C.

65 Chapter 4



Heat transfer and fluid flow in microchannels

4.3 Data analysis

The measured data included the total electrical resistance of the microchannels,
the pressure drop, bulk conductivity, streaming potential and the flow rate.
4.3.1 Calculation of AsPs

The product AP, can be calculated from the measured electrical resistances from

the following Equation

it 1

R R, R
The surface and bulk electrical resistances in the above equation are given by _Rl_. = l_r[i
and RL = Abli’ respectively. Thus, rearranging the above equation yields

b
1 A4
AP=ll——-—+ 4.21
s Fs ( R ] ] ( )

The total resistance Ry of the channel and the bulk conductivity A, are measured directly
in the experiments. Once A.Ps is known, the total conductivity Ar can be calculated from
Equation (4.12). Note that AsP;is constant for a given solid-solution system.
4.3.2 Determination of channel height and zeta potential

A difficulty encountered in this experiment is to measure accurately the distance
between the plates, i.e. the channel height ‘2a’. If there is no (or negligible) EDL effect
on the liquid flow, then the channel height can easily be determined from the measured
volume flow rate by using the Poiseuille flow rate equation, Equation (4.25). This is the
case for high concentration solutions or large flow channels, where the effect of the EDL

is negligible. In the case of infinitely diluted solutions, like Millipore water, the EDL and
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surface conductivity effects are significant. In this case, the flow rate is given by
Equation (4.18). Equation (4.18) can be used to compute the actual channel height using
two sets of experimental data of volume flow rate, pressure drop and streaming potential
for a fixed microchannel height and solution concentration. For example, for Millipore
water flowing through a silicon channel, two volume flow rates Q; and Q, corresponding
to AP = 15 kPa and AP = 35 kPa are measured as 1.04x10” m’/s and 2.75x107 m’/s
respectively. The corresponding streaming potentials are measured to be Es; = -0.4065V
and E;, = -0.68705V. Once E;, AP and Q are known, Equation (4.18) has two unknowns,
the zeta potential £ and the half channel height a (involved in the parameter ). One
should realize the fact that for a given solution and the solid plates (the channel walls)
system, £ is a constant, independent of the pressure difference and the channel height.
Therefore, by equating £ in the two-flow rate Equations, Q; and Q,, the half channel

height can be determined by

1

— 3

a= 31.“ E:IQZ EsZQl (422)
2w E AP, — E,AR

From Equation (4.22) the channel height in the above example is 60.65 pum. This value of
channel height is used to calculate the & potentials from Equation (4.18). For a given
solution and the solid plate system, only one channel height and the zeta potential is
determined by using the flow rate Equation (4.18) as described above. Because once the
zeta potential is known, the channel heights in all other cases of the same solid-liquid
system can be determined from Equation (4.16) by using the measured E;, 4P and the

liquid properties.
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4.3.3 Total resistance, streaming potential and zeta potential

Figure 4.2 shows the variation of the measured total electrical resistance with the
channel height for both P-type silicon and glass. For high ionic concentrations the
resistance decreases as the channel height increases for the silicon channels whereas it
remains approximately constant for the glass channels. For Millipore water, however, the
resistance remains approximately same for the silicon channels but decreases for the glass

channels. The resistance is much higher for glass surfaces than silicon surfaces as shown

in the figure.
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Figure 4.2: Variation of the channel's total electrical resistance
with the channel height, (a): Glass and (b): Silicon channels
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Figure 4.3 shows the variation of the measured streaming potential, E; with
channel height for various ionic concentrations, and channel materials. It is observed that
for Millipore water the streaming potential decreases rapidly as the channel height
increases. The rate of decrease is more for glass than for P-type silicon. For solutions
with higher concentrations the streaming potential remains approximately constant

independent of the channel material and the channel height.
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Figure 4.3: Variation of streaming potential with the channel
height for various solution concentrations and channel materials
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Figure 4.4 shows the variation of & with ionic concentration for silicon and glass
surfaces. It is found that by considering the surface conductivity effect the values of & are
significantly higher at low concentrations, especially for Millipore water. For P-type
silicon, &=/2mV is obtained from the classical theory, i.e. Equation (4.15), which does
not consider the effect of surface conductivity and the EDL effect on flow.. This value of
& is significantly lower than £=200.7mV, obtained from Equation (4.16), which considers
the effects of surface conductivity and the EDL effect on flow. Therefore, to estimate the
correct value of & for solutions with low ionic concentrations, the EDL effect on flow and

the surface conductivity should always be considered.
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Figure 4.4: Zeta potential variation with ionic concentration
for silicon and glass matenals
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4.4 Correction factor @

The correction factor @ given by Equation (4.17), is computed for Millipore
water. Figure 4.5 shows the variation of @ with channel height. For high concentration
solutions the value of electrokinetic separation distance k (k=a*k) is very large. This
makes f; and the denominator of Equation (4.17) approaches unity as the concentration
increases; therefore @=1 for highly concentrated solutions. For Millipore water, which is

infinitely diluted, the x value is smaller and the values of @ are significantly lower than
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Figure 4.5: Variation of @ with channel height for silicon
and glass channels with Millipore water as the working fluid
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unity. As can be seen from the Figure 4.5, for silicon channels @ changes from 0.69 to
0.97 as the channel height increases. However, for glass channels, the values of @ are
much higher ranging from 0.91 to 0.98. This is because the silicon channels have higher
zeta potential and lower total electrical resistance of the channel with the liquid than that
of glass channels, as shown in Figures 4.2 and 4.4. Therefore, the classical equation,
Equation (4.15), holds only for highly concentrated solutions and the correction should be
applied if working with diluted solutions and “pure” liquids.
4.5 Volume flow rate

The volume flow rates have been measured in the experiments. In order to verify
the model developed, the measured flow rates are compared with the prediction of
Equation (4.18). Equation (4.18) gives the reduced volume flow rate due to presence of
the EDL field. If the EDL effect is negligible such as in the case of high ionic
concentration solutions, then the second and third terms on right hand side of Equation
(4.18) vanish, resulting in the classical Poiseuille flow equation. Therefore, only
Millipore water’s flow rates are compared with the predictions of Equation (4.18) as
plotted in Figures 4.6a and 4.6b as a function of channel height and different pressure
drop. It can be seen that the volume flow rates obtained experimentally and the
theoretical predictions are in good agreement with each other. This indicates that the
mathematical model developed in this study is correct. In Figure 4.6c the difference
between the classical and reduced volume flow rates is shown. The difference is larger
for silicon surfaces than for the glass surfaces. Also as the channel height increases the

difference between the classical and reduced volume flow rates decreases, more so for
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silicon than for glass. This is because the silicon surface has a higher zeta potential and

surface conductivity than the glass surface.

o F
= 12F
OE . Symbols - Expt. data
\% S ;‘ Line - Theory
g ~
s £
= = (a)
e f
LL .t 2t 11 LI I I lllLL*llllJLlLlllllA H
© 15EF
= 3 Svmbols - Expt. data
% 12 -  Line- Theory
= 9Ff
g gL
=i E
= 3F ®
= ot AP=
= - =
T.ZEL‘LJ'%JIIIIIIIL%J;! IAL%J;LII{IXIIILIIIAI
10E N
S 08F
S
QI) 0.6 =
S oaf
02F
0'0 E.l 1 1 ] 1 1 1 1 l Il L ] L l ' L 1 1 I L 1 LJ_LLI X 1 l L ] j
0 30 60 90 120 150 180 210

Channel height, (um)
Figure 4.6: A comparison of volume flow rate of Millipore water between

Experimental data and the predictions of equation (4.24) (a): in silicon channels
(b):glass channels, and (c): predictions of equation (4.24) and (4.26)

4.6 Velocity distribution

The nondimensional velocity distribution in the microchannels can be

computed by using Equation (4.5) and the data of the streaming potential, £;, zeta

potential £ and the channel height. Figure 4.7 shows the nondimensional velocity
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Figure 4.7: Nondimensional velocity distribution of Millipore
water in a 20 pm channel for various AP and &.

distribution for a 20 pm silicon channel with Millipore water as the working fluid for two
values of AP. As can be seen from the figure, the velocity profiles are parabolic in shape
and that as AP increases the velocity increases. For the same values of AP the velocity is
higher if £&=0V i.e. the EDL effect is absent, compared to when EDL effect is considered,
i.e. for a finite value for £ Thus EDL effect results in a lower velocity compared to what
is obtained by conventional theory.
4.7 Friction coefficient

The product of the friction factor f and Re as given by Equation (4.20) was

computed for various values of & (20~200mV). We know from classical theory (no EDL
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effect) that C/=24 for channels between two parallel plates. Using Equation (4.20) and
the measured experimental data C; is calculated and is shown in Figure 4.8. For the case
of small values of & and high ionic concentrations, the friction coefficient Cy is
approximately 24. But as & increases and the ionic concentration decreases Cj also
increases. For £ =200mV with Millipore water as the working fluid Cr = 24.56. This may
be understood as follows. As a liquid is forced through a microchannel under a pressure
gradient, the charges in the mobile part of the double layer are carried downstream, and a
streaming potential is established. This potential produces a backflow of ions and hence

the liquid. The net result is a reduced flow in the forward direction. The liquid appears to

i T T I T T
24.5 -_ \ ]
_ 244l o MPW-Silicon
Q{ B a  MPW - Glass
z C a ] M- Silicon
o 243 v 10°M- Glass .
S - *  3x107°M - Silicon
8 X e  3x/0°°M- Glass
S 242 - o 10°M - Silicon 7
.g C «  10°M- Glass
[.L. -
24 1 - —
240 | ot we—O— 40O+
23.9 '-— 1 L 1 1 1 i l 1 L 1 1 l i 11 1 l 1 L 1 L l L 1 I3 i -
0 50 100 150 200 250 300

Channel height, (um)

Figure 4.8: Variation of friction coefficient with channel height
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exhibit an enhanced viscosity called apparent viscosity, if the flow rate is compared with
the flow rate in the absence of the double layer effects. This apparent viscosity results in
a higher friction coefficient. When the ionic concentration increases, the EDL field will
be compressed, i.e., the thickness of EDL field will be reduced. Therefore the value of
friction coefficient is closer to 24 at higher ionic concentrations. For a given ionic
concentration, the higher the & values, the stronger the EDL effect on flow, and hence the
higher the friction coefficient value. As the channel height increases the friction
coefficient value approaches the conventional value of C/=24 as is shown in the figure.
These results are qualitatively in agreement with the results obtained by Peng er al.
(1994a) in their experiments through rectangular microchannels.
4.8 Concluding remarks
The effect of EDL at the solid-liquid interface on liquid flows through a
microchannel between two parallel plates was studied experimentally and theoretically.
Generally, the EDL near the channel wall tends to restrict the motion of ions and hence
the liquid molecules in the diffuse EDL region. The induced streaming potential drives
the ions and hence the liquid molecules to move in the opposite direction to the flow. The
following conclusions can be drawn:
1. For solutions with high ionic concentrations, the thickness of the electrical double
layer (characterized by the Debye-Huckel parameter, i.e., I/k) is very small, normally
a few nanometers. Therefore, the EDL effects on flow in microchannels are
negligible. However, for infinitely diluted solutions such as the Millipore water used
in this study, the thickness of the EDL is considerably large (about 1pm). Therefore,

the EDL effects on flows in microchannels become significant.
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2. The theory developed in this work can describe the flow characteristics in

microchannels, as supported by the good agreement between the flow rates measured
in the experiments and that predicted by the theory. Overall, the volume flow rates for
Millipore water are significantly lower than that predicted by the conventional fluid
dynamics theory due to the EDL effects. The friction coefficient for flows in
microchannels will increase as the zeta potential increases and as the ionic
concentration decreases. However, from the experimental data and our model
calculations, for microchannels with hydraulic diameters greater than few hundreds of

micrometers the EDL effect would be negligible.
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Chapter 5 Flow Characteristics of Water in Microtubes

5.1 Introduction

Over the years, significant attention has been given to liquid flow in
microchannels due to the development in microfluidic devices and systems. Components
such as liquid cooled microchannel heat sinks, micro-pumps, micro-valves and actuators
have been miniaturized, integrated and assembled forming various microfluidic devices
and systems. The fundamental understanding of flow characteristics such as velocity
distribution and pressure loss is essential in design and process control of microfluidic
devices.

Peiyi and Little (1983) measured the friction factors for the flow of gases in fine
channels, /30 um to 200 um wide. Their results showed different characteristics from
that predicted by conventional theories of fluid flow. They attributed these differences
largely to surface roughness of the microchannels. Wu and Little (1983, 1984) measured
friction and heat transfer of gases in microchannels. They observed different
experimental results of convective heat transfer from that obtained in conventional
macroscale channels. They found that friction factors were larger than those obtained
from the traditional Moody charts and indicated that the transition from laminar to
turbulent flow occurred much earlier at Reynolds number of about 400-900 for various
tested configurations.

Tuckermann (1984) conducted one of the initial investigations of liquid flow and
heat transfer characteristics in microchannels. He observed that the flow rates
approximately followed Poiseuille flow predictions. Pfahler, et al (1990) conducted an

experimental investigation of fluid flow in microchannels. They found that for large flow
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channels the experimental observations were in rough agreement with the conventional
theory whereas for small channels the deviations increased. Later, Pfahler (1991)
presented measurements of friction factor or apparent viscosity of isopropyl alcohol and
silicon oil flowing in microchannels. He observed that for larger channels the
experimental results indicated a very good agreement with the predictions of classical
theory. However, as the channel size decreased, the apparent viscosity began to decrease
from the theoretical value for a given pressure drop, though distinctly different behaviors
were observed between the polar isopropyl alcohol and non-polar silicon oil. Choi, et al
(1991) investigated the friction factor, convective heat transfer coefficient and the effects
of inner wall surface-roughness for laminar and turbulent flow in microtubes. Their
experimental results were significantly different from the correlations in the conventional
theories.

Wang and Peng (1994) experimentally studied the forced convection of liquid in
microchannels, 0.2mm~0.8mm wide and 0.7mm deep. They found that the transition from
laminar to turbulent flow occurred when Re < 800, and that the fully developed turbulent
convection was initiated in the Reynolds number range of /000-1500. Peng et al (1994a,
1994b) reported experimental investigation of forced flow convection of water in
rectangular microchannels with hydraulic diameters ranging from 0.133 to 0.367 mm and
aspect ratios from 0.333 to one. Their results indicated that the upper limits of the laminar
flow and the beginning of the fully developed turbulent heat transfer regimes occurred at
Reynolds number ranges of 200~700 and 400~1500, respectively. The transitional

Reynolds number diminishes and the transition range becomes smaller as the
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microchannel dimensions decrease. They found that the geometrical parameter such as
height to width ratio also affects the flow characteristics in microchannels.

As the fluid flow characteristics in microchannels are quite different from those
predicted by using the relationships established for macro-channels, it is therefore
necessary to undertake fundamental investigations to understand the difference in these
characteristics. The objective of this work is to investigate experimentally the
characteristics of water flow in microtubes and attempt to explain the obtained results.

5.2 Experimental apparatus, procedure and results

The experimental apparatus is shown in Figure 5.1. The apparatus consists of a
precision pump, a microfilter, a flow meter, a pressure transducer, tube inlet and outlet
assemblies and a PC data acquisition system. The pump used is a high precision pump
(Ruska Instruments) having a flow rate range of 2.5 to 560+0.02 cc/hr. A 0.I-micron
microfilter is placed between the pump and the microtube inlet to eliminate any particles
and bubbles. Deionized water at room temperature is used as the working fluid. Two
types of microtubes were used in this study, stainless steel (SS) (Small Parts Inc.) and
fused silica tubes (FS) (Chromatographic Specialties). The pressure gauge and the
pressure transducer measure the pressure inside the pump cylinder and the pressure
across the microtube, respectively. During a run of the measurements, the pump is set to
maintain a desired constant flow rate and the required pressure drop is measured. The
flow rates were measured by three different ways: (1) read directly from the pump scale,
(2) measured by the flow sensor, and (3) measured by collecting the liquid from the tube
in specified time interval. The difference between the three flow rates was found to be

less than +/.0%. For every measurement, pressure, time and flow-rate were measured and
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Figure 5.1: Schematic of experimental set up for flow in
Stainless steel and Fused silica microtubes.

the data was acquired automatically by the data acquisition system. For every
measurement, the flow was considered to have reached a steady state when the pressure
drop value did not change any further. For smaller flow rates, it took longer time to reach
a steady state compared to higher flow rates. At a steady state, the flow measurements
were conducted for approximately 30 minutes. The data reported in this paper are for
steady states. Each measurement was repeated at least three times.

The internal diameters of the microtubes used in this study range from 50 pum to
254 um, and the details are given in Table 5.1. The experiments were performed with
various flow rates, which yield Re up to 2500. In each test, the flow rate was kept
constant and the pressure difference required to force the liquid through the microtube
was measured. From conventional theory the pressure drop-volume flow rate correlation

1s given by the Poiseuille flow equation:
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Table 5.1: Dimensions of stainless steel and fused silica microtubes

Stainless Steel microtubes Fused Silica microtubes
Diameter | Length of the tubes (cm) +0.005 | Diameter | Length of the tubes (cm) 10.005
D2 pm D#2 (um)

Shorter [; | Longerl, | Dif. Al Shorter I, | Longer I, | Dif. Al
63.50 3.0 5.50 2.50 50.0 2.85 5.30 245
101.6 4.0 6.10 2.10 76.0 3.20 5.90 2.70
130.0 4.2 8.15 3.95 80.0 3.7 6.30 2.60
152.0 4.8 8.00 3.20 101.0 3.30 6.20 2.90
203.0 35 6.10 2.60 150.0 3.40 6.45 3.05
254.0 5.0 8.80 3.80 205.0 3.20 6.10 2.90

250.0 3.10 6.20 3.10

Mean surface roughness of both the Stainless Steel and Fused Silica microtubes £ [.75um

_ nR*
Sul

Q

AP

CRY

Equation (5.1) is based on the assumption that the inlet and outlet losses are negligible.

Therefore, to make an accurate comparison with the Poiseuille flow theory, the

experimental pressure drop results should also be without any inlet and outlet losses. To

achieve this, for every tube diameter, experiments were performed with two different

tube lengths. The inlet and outlet losses are same for both lengths of the tubes as both

have one end open to the atmosphere and the other is placed in the same inlet assembly.

For the shorter tube, /=l;, AP=AP,, and for the longer tube, /=[;, AP=AP,. For two

microtubes of the same material and diameter, the difference AP=(AP; —AP;) can be

obtained for the same flow rate. This AP should be the pressure drop required to force the

liquid through a microtube of length A/=/; -/; with no inlet and outlet losses.

&3
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In Figure 5.2, the experimentally measured value of the pressure gradient for each

tube is plotted as a function of the Reynolds number for both SS and F'S microtubes. The

Reynolds number is related to the volumetric flow rate by:

Re:i_g_
T Dv

(5.2)

For graphical clarity, the error bars are shown only for some data points. The

experimental results are also compared to the predictions of Poiseuille flow, Equation

(5.1), shown by dotted lines in Figure 5.2.
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Figure5.2: Expenimentally measured pressure gradient A P /A 1 vs Re

for (a)Stainless Steel and (b) Fused Silica microtubes
and comparison with the classical theepry, Equation (5.1)
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An uncertainty apalysis of the experimental results was performed. The
uncertainties in the microtube diameter, differential pressure and flow rate measurements
were found to be less than #+2%. The resulting maximum uncertainties for other
parameters are: average velocity, +4.5%, Reynolds number, 3%, and friction factor
+9.2%. The repeatability test showed that the maximum standard deviation was +2.5%
for the measured pressure drop.

From the conventional theory, the flow in a circular pipe driven by a pressure
gradient is called the Hagen-Poiseuille flow. Under “usual” conditions, the critical
Reynolds number based on the tube diameter is Recric = 2300, above which the flow is
turbulent and below which the flow is laminar. However, this critical Reynolds number is
influenced by external disturbances. If the flow is kept undisturbed, the flow can remain
laminar for very large values of Reynolds number up to 50,000, Hinze (1975). If finite
amplitude disturbances are introduced, turbulence can occur for Re as low as about 2000,
as reported by Schlichting (1968). Below this value, the flow remains laminar even in the
presence of very strong disturbances. Therefore, one would expect that, for laminar flow,
i.e. Re < 2000, the experimental pressure drop-volume flow rate relationship be in a
reasonable agreement with Equation (5.1).

As shown in Figure 5.2, the theoretical curves as predicted by Equation (5.1) are
linear as expected, and fall below the experimental curves. For small Re (which implies
small volumetric flow rate) the pressure gradient required is approximately equal to that
predicted by Equation (5.1). As the Re increases, the measured pressure gradient is
significantly higher than that predicted by Equation (5.1). The difference increases as the

diameter of the tube decreases. The difference in pressure gradient is slightly larger for
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the FS tubes than the SS tubes. In addition, for the same Re, the pressure gradient
required for the microtubes with smaller diameters is significantly higher than that
required for microtubes of larger diameters. Clearly, for both the SS and FS microtubes,
the AP/Al ~ Re relationship deviates from the conventional theory, and the deviation
depends on the diameter of the microtubes. However, from Figure 5.2, the difference
between the measured AP/Al ~ Re relationships and the predictions of the conventional
theory is less significant when the microtube diameter is above /50 pm.

Then the question is, although the flow seems to be in the laminar range, why is
there such a difference in the pressure drops between the experimental results and
Equation (5.1). As per our understanding, there are at least two possible explanations.
Either, the flow is not laminar i.e., there is an early transition from laminar to turbulent
flow, or the pressure difference is due to the surface roughness effects on microtube flow.
In the case that the flow is not laminar, the Poiseuille Flow Equation can not be used,
instead the full Navier-Stokes Equations should be used. If the difference is due to the
surface roughness effects, then an appropriate correction should be applied to the
momentum equation, which would incorporate the surface roughness effects. These two
possible explanations are discussed in detail in the following sections.

5.3 Early transition to turbulence

From conventional theory, we know that when the Reynolds number increases to
certain values, the internal flow undergoes a remarkable transition from laminar to
turbulent regime. The origin of turbulence and the accompanying transition from laminar
to turbulent flow is of fundamental importance to the science of fluid mechanics. In a

flow at low Reynolds number through a straight pipe of uniform cross section and smooth
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walls, every fluid particle moves with a uniform velocity along a straight path. Viscous
forces slow the particles near the wall in relation to those in the center core. The flow is
well ordered and particles travel along neighboring layers (laminar flow). However, this
orderly pattern of flow ceases to exist at higher Reynolds number and strong mixing of
the particles from different layers takes place. The fluctuation of streamlines at a fixed
point causes an exchange of momentum in transverse direction. As a consequence, the
velocity distribution over the cross section is considerably more uniform than in laminar
flow. The most essential feature of the transition from laminar to turbulent flow is a
noticeable change in the pattern of flow resistance. In laminar flow, the longitudinal
pressure gradient, which maintains the motion, is proportional to the first power of
average velocity, as can be seen from Equation (5.1). By contrast, in turbulent flow this
pressure gradient becomes nearly proportional to the square of the average velocity of
flow, Schlichting (1968). This increase in the resistance to flow results from the turbulent
mixing motion.

The pressure gradient (AP/Al) required to force liquid through a straight pipe of

uniform cross-section generally has a relationship with the volume flow rate,

(AP Al) OCQn , where Q is related to Re by Equation (5.2). In laminar region, n=1; in
transitional flow region /<n<2 and in the turbulent flow region n>2, Schlichting ( 1968).
However, the experimental results obtained in this study for flow in microtubes in the
conventional laminar flow region, ie, Re < 2300, exhibit a nonlinear relationship
between (AP/Al) and Q. It is observed from Figure 5.2, for both the SS and FS
microtubes, that the (AP/Al) ~ Re exhibit three distinct regions. For values of Re < 300 ~

500, depending on the diameter of the microtube, the relation (AP/A) ~ Q is
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approximately linear. For 300~500< Re <I000~1500 the experimental results indicate
that the value of the exponential ‘n’ is in the range /< n< 2. For higher values of Re =
1000-1500, the measured (AP/Al) ~ Q relation yield n > 2. As an example, these three

distinct regions are shown separately in Figure 5.3, for a /30 um SS microtube.
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Figure5.3: Experimentally obtained correlations of AP vs. Re in (a) Re < 500,
(b) 900 <Re<1500 and (c) Re >1500 flow regions of a 130um SS
microtube and comaprison with classical theory, Equation (5.1)
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Figure 5.3a shows that in a small Re region there is a rough agreement between the
experimental results and that predicted by the conventional laminar flow theory. A
relation as given below correlates the experimental data for range of Re <650

AP/Al =121.77 Re"** (5.3)
Whereas the theoretical prediction given by Equation (5.1) can be rewritten as
AP/Al=118.91 Re 5.4)
However, with an increase in Re the flow characteristics in the microtube seem to change
from laminar to transitional flow, as shown in Figure 5.3b. The following relation
correlates the experimental data in the range of 650 <Re<1/500

AP/ Al =1925Re"™" (5.5)
The exponent in the above relation increases to [.5497 from /.014. This transitional flow
pattern starts from Re~500 up to Re=1500. For Re>1500, the flow seems to be a fully
developed turbulent flow as shown in Figure 5.3c, and the experimental data can be
correlated by:

AP/ Al =0.1341Re**' (5.6)
The exponent changes from less than 2 to greater than 2. For all the microtubes similar
relations to Egs. (5.3) to (5.6) can be obtained, except the range of Re values varies
somewhat, depending on the diameter and the material of the microtube. Overall, from
this analysis, it may be concluded that for microtubes there is an early transition from

laminar to turbulent flow mode at Re=>300~900, and the flow changes to fully developed

turbulent flow at Re = 1600~1500.
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5.4 Friction characteristics

For a constant volume flow rate O, the pressure gradient AP/Al required to force
the liquid through the microtube was measured. As discussed earlier the measured value
of the AP/Al is greater than that predicted by Equation (5.1). The coefficient of flow
resistance f, also known as friction factor, for a pipe of a length / and a diameter D is
related to the pressure gradient by the Darcy-Weisbach Equation as

f= S‘TP_ 2D2 (5.7
p ua"(

For fully developed laminar flow in a macroscale pipe, Equation (5.7) can be shown to be

_&4
f=a (5.8)

Using the measured AP/Al and Q data, we can determine the friction factor, fep in the
experiment by using Equation (5.7). The variation of friction factor, fey,, With the Re, for
some SS and FS microtubes is shown in Figure 5.4. The pattern of fex, vs. Re for the other
microtubes is similar. As seen from the Figure 5.4, these curves exhibit three distinct
regions. For small Re the friction factor decreases linearly with Re on the semi-log plots.
When the Re becomes large, i.e. Re = 1500, the slope of the curve decreases and
approaches zero. Between these two regions, the friction factor exhibits transitional
characteristics. The regions are arbitrgrily marked as I, I and III. In region I, there is a
rough agreement between classical theory and experimental results, for Re up to about
500. Therefore, the Region I may be considered as the laminar flow region. As the Re
increases, the deviation from the theoretical prediction increases as can be seen in region
11 for the Re range of approximately 500 ~ 1500. In region III, the difference between the

theoretical and the experimental data is very large. However, as can be seen from the
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Figure 5.4: Friction factor fexp vs. Re for some SS and FS

microtubes and comparison with the classical
theory, Equations (5.9) and (5.10).

Figure, that in this region the experimental data more or less follows the Blasius

Equation, Schlichting (1968), given as:

Sotasius = 0.3164Re™*% (5.9)
The Blasius Equation gives the friction factor for turbulent flow in smooth pipes for Re <
10°. Thus, Blasius Equation can be used to determine the friction factor in microtubes for

Re > 1500 with reasonable accuracy. Such friction characteristics have also been

observed by Peng et al (1994b).
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From the conventional theory we know that the product of the friction factor and
the Reynolds number, f*Re = C, has a constant value of C=64, for laminar flow
(Re<2300) in pipes. However, for flow in microtubes f*Re is not equal to a constant. A

friction constant ratio C_ is introduced as:

c - ffexp [f:c _ _?_p (5.10)
th € th

As can be seen from Figure 5.5, C’ is always greater than 1. The value of C " changes as
the Re increases. Tuckermann (1984) also observed such a dependence of friction

constant on Reynolds number.
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Figure 5.5: Friction constant ratio C* (Equation 5.i3) vs Re
for some SS and FS microtubes
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5.5 Effects of surface roughness:

As discussed before, the microtubes used in this study are of two different
materials; stainless steel and fused silica. Stainless steel is a conducting material, thus no
electrical double layer effects. Fused silica is non-conducting thus electrical double layers
effects would be present. In principle, we should have included the effects of electrical
double layer on flow in these microtubes. However, the microtube diameters are larger,
all above 50 um. Theoretically, it has been proved that the electrical double layer effects
are negligible for such large microtubes. Hence, only the surface roughness effects are
considered.

The presence of surface roughness affects the laminar velocity profile and
decreases the transitional Reynolds number. This has been shown by a number of
experiments and a comprehensive review can be found elsewhere (Merkle et al, 1974 and
Tani, 1969). In the present work, based on Merkle’s modified viscosity model the effects
of the surface roughness on laminar flow in microtubes are considered in terms of a
roughness-viscosity function. Generally, the roughness increases the momentum transfer
in the boundary layer near the wall. This additional momentum transfer can be accounted
for by introducing a roughness-viscosity g in a manner similar to the eddy-viscosity
concept in the turbulent flow model. Apparently, the roughness-viscosity ug should have
a higher value near the wall and gradually diminish towards the center of the channel.
The roughness viscosity pg should also be proportional to the Re. The ratio of the

roughness-viscosity to the fluid viscosity is proposed to take the following form:

Er - gRe, 2| 1-exp _Reer (5.11)
u k Re &
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According to Merkle (1974), the velocity at the top of the roughness element is given by

U, {%) k (5.12)
r=R

Then the roughness Reynolds number is defined as (Merkle, 1974):

2
Re, =U—'<k=(i“.) L (5.13)

v or s Vv

With Equation (5.12) and (5.13) all the parameters except for the coefficient 4 in the
roughness-viscosity function, Equation (5.11), can be determined from the flow field,
dimensions of the channel and the surface roughness. The coefficient 4 has to be
determined by using the experimental data. By introducing the roughness-viscosity in the
momentum equation in a manner similar to the eddy viscosity in the turbulent flow, the
momentum equation for steady state laminar flow through a cylindrical channel becomes:
%=%'§;((ﬂ +#R)r%u;] (5.14)

Dividing both sides of Equation (5.14) by u and using the viscosity ratio Equation (5.11),

we obtain

LdP 104, 4Rre, Zf1—exp|-BoeZ]|| || (5.15)
udx ror k Re £k or

Equation (5.15) can be further written as

2

o o
Ey(r)=E, (r)glr‘-+E2(r)5r—l; (5.16)
Where
r dP
E.(r)=—-%—
;(r) L dr
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E, (rY=2A4Re, %[1—8)([{— ie" %]]
© {5.17}
[—ex Re, r +Re,‘ r ex Re, r +1
Re k Re k Re k&
Re ’
r r
E,(r)= r[l + ARe, 7(-(1 —exp{— Rek 7(—}] ]

Equation (5.16) is the modified momentum equation that accounts for the effects of

surface roughness in a laminar flow. The equation is a second-order, one-dimensional
non-linear differential equation and can not be solved analytically. Therefore, a finite

difference solution is sought with the following boundary conditions:

At r =0, iu-=0.a.ndr=R, u=0 (5.18)

or
The derivatives are written in central difference and are substituted back in Equation
(5.16). The resulting system of equations is solved by using successive overrelaxation

scheme, which is given as:

M=y (@ +ul™) (5.19)

t

u
Where “’ is the computational index and §’ is the iteration index. If the roughness height
is zero then solution of Equation (5.16) should reduce to the conventional Poiseuille flow
solution. This condition is fulfilled as can be seen from Equation (5.17). For &=0, the
roughness Reynolds number is zero, which yields E;(r)=1, and E;(r)=r; thus Equation

(5.16) reduces to the conventional equation, for which the velocity distribution is given

w=2E (r>_ ) (5.20)
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Assuming an initial value of the coefficient 4, Equation (5.16) can be numerically
solved to obtain the velocity distribution in the microtubes by using the measured
pressure gradient AP/Al for dP/dx. Once the velocity profile is known, the volume flow
rate can be calculated. Since the experimentally measured volume flow rate Qe and the
pressure gradient (dP/dx)eq are known, the value of 4 is adjusted until the percentage
difference between the calculated volume flow rate and the measured volume flow rate is
smaller than #2%. Physically, the effects of the surface roughness depend on the shape
and the distribution of the roughness elements. For the microtubes used in this work, the
mean roughness height of #1.75 um for each tube is provided by the manufacturers, but
the shape and the distribution of the roughness elements are not known. As expected, the
A value varies from tube to tube and ranges from 0.01 to 1 for all the microtubes used in

this work. However, an empirical relationship was found as follows:
R 0.3693 R
A=0. 1306(;) exp{Re(leO's = 0.0029 )} (5.21)

With this correlation, the roughness-viscosity function, given by Equation (5.11) can be
computed. As mentioned earlier, the roughness-viscosity is higher near the wall and
approaches to zero in the center of the channel. Figure 5 .6, shows the roughness-viscosity
ratio vs. the nondimensional radius for some microtubes at Re=950.

Figure 5.7 shows the comparison of the volume flow rates predicted by the
roughness viscosity model (Equations 5.11, 5.14 and 5.21) with the measured volume
flow rates. As can be seen clearly from Figure 5.7, the curves predicted by the model and
the experimental curves are in an excellent agreement with each other. This implies that

the roughness-viscosity model proposed in the present work may be used to interpret the
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Figure 5.6: Variation of roughness viscosity ratio with
non-dimensional radius for some SS and
FS microtubes at various Re = 950

flow characteristics in microtubes. For the purpose of comparison, Figure 5.7, also shows
the volume flow rates predicted by using the Poiseuille flow equation and the measured
pressure gradient.

The velocity distribution in the microtubes obtained by using the roughness-
viscosity model (RVM) and the experimental pressure gradient is shown in Figure 5.8.
The velocity is plotted as the ratio of the local velocity to the average velocity with the

non-dimensional radius of the microtubes, for different diameters and Reynold numbers.
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Figure 5.7: Comparison of volume flow rates predicted by roughness
viscosity model (RVM) with the measured flow rates for
some SS and FS microtubes and comparison with Eq(5.1).

As seen from Figure 5.8, the Poiseuille flow and the RVM velocity profiles are parabolic.
However, the velocity predicted by RVM is smaller than that predicted by the Poiseuille
flow equation. As shown in Figure 5.7, the roughness-viscosity model predicts the
volumetric flow rates well. If the higher flow resistance is due to the surface roughness,

one may expect that the velocity distribution resembles the RVM velocity profile in

Figure 5.8.
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5.6 Summary

Flow characteristics of water flowing through cylindrical microtubes of stainless
steel and fused silica were studied. The diameter of the microtubes ranges from 50 pm to
254 um. It was observed that for a fixed volume flow rate, the pressure gradient required

to force the liquid through the microtube is higher than that predicted by the conventional

theory. For small flow rates, i.e. small Reynolds numbers, the conventional theory and
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the experimental data are in a rough agreement. However, as the Reynolds number
increases a significant deviation from the conventional theory was observed. The
deviation increases as the diameter of the microtubes decreases. The flow behaviors also
depend on the material of the microtubes. The friction factor and the friction constant are
higher than that predicted by the conventional theory. The conventional friction constant
value was found to depend on Reynolds number. Two possible reasons for this higher
flow resistance are discussed. According to the measured (AP/Al) ~Q relationships and
the conventional fluid mechanics theory, it seems that there is an early transition from
laminar to turbulent flow. However, these phenomena may also be explained as the
surface roughness effects by using a surface roughness-viscosity model proposed in this
work.
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Chapter 6 Electrical Double Layer Potential Distribution In a

Rectangular Microchannel

6.1 Introduction

The electrokinetic phenomena are of considerable importance in many fields of
science and engineering. In particular, it exerts a strong influence on the flow behavior of
a fluid in microchannels and capillaries. From early nineteenth century, the development
of research in electrokinetic phenomena has contributed substantially to our
understanding of the nature of the surface electric charge and the electrical nature of the
interfacial layer. To understand the electrokinetic phenomena, we need to understand the
relation between the surface electrostatic potential and the charge in the neighborhood of
the interface. Most solid surfaces bear electrostatic charges. When a charged surface is in
contact with an electrolyte, the electrostatic charges on the solid surface will influence the
distribution of nearby ions in the electrolyte solution. lons of opposite charges to that of
the surface are attracted towards the surface, while the ions of like charges are repelled
from the surface, and thus an electric field is established. The charges on the solid surface
and the balancing charges in the liquid is called the ‘Electric Double Layer’ (EDL). The
sign and magnitude of the EDL field depend on the nature of the surface and the liquid,
Dukhin (1974). Helmholtz (Hunter, 1981) introduced the EDL as a ‘molecular
condenser’, which has long been recognized as an inadequate representation of the
situation. The charges in the solution are the ions that are spread out in space as a result
of their thermal energy, forming a diffuse double layer. The theory of such diffuse double
layer was developed by Gouy and Chapman in early 1900s and later modified by Stern,

Hunter(1981). Stern proposed a model in which the EDL inner boundary is given by
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approximately one hydrated ion radius. The inner boundary is referred to as the Stern
plane. The gap between the Stern plane and the surface is denoted as the Stern layer in
which the ions are considered to be immobile. The electrical potential changes from the
surface potential to the Stern plane potential within the Stern layer and it decays to zero
far away from the Stern plane. Ions whose centers are located beyond the Stern plane
form the diffuse mobile part of the EDL. Consequently, the boundary where the mobile
diffuse double layer starts is located about one or two radii away from the surface. This
boundary is referred to as the shear plane. It is on this plane where the no-slip fluid flow
boundary condition is assumed to apply. The potential at the shear plane is referred to as
the electrokinetic potential, more commonly known as the zeta (&) potential, which is
marginally different in magnitude from the Stern potential.

When a liquid is forced to flow through a microchannel under a hydrostatic
pressure difference, the ions in the mobile part of the EDL are carried towards the
downstream end. This causes an electrical current, called the streaming current, to flow in
the direction of the liquid flow. The accumulation of ions downstream, however, will set
up an electrical field with an electrical potential called the streaming potential. This field
produces a backward ion flow called the conduction current. When the ions move in a
liquid, they pull the liquid molecules to move with them. Thus the streaming potential
will produce a liquid flow in the direction opposite to the pressure driven flow. Therefore,
the presence of the EDL field has great influence on liquid flows in microchannels. In
order to estimate the electrokinetic effects on microchannel flows, it is essential to

understand and to describe the EDL field in the microchannels.
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The EDL field is described by the Poisson-Boltzmann equation which is a two-
dimensional, nonlinear, second order partial differential equation. The hyperbolic sine
term makes the second order differential equation exponentially nonlinear; therefore, a
general analytical solution is not possible. There are many studies in literature dealing
with the solution of Poisson-Boltzmann equation. Rice and Whitehead (1965) have
calculated analytically the correction factor that must be applied to Smoluchowski’s
results. Levine er. al(1975), extended the Rice and Whitehead model to higher zeta
potentials. Levine and Bell (1966), Bresler (1970), Levine (1975), Strauss and Bowen
(1987) and Bowen and Jenner (1995) suggested various analytical and numerical
techniques to solve the Poisson-Boltzmann equation for varying conditions. However,
most of the work in this area dealt only with one dimensional EDL field, which holds
only for channels with cylindrical and slit-shaped cross-sections. There are not any
studies in literature regarding the solution of Poisson-Boltzmann equation for rectangular
channels. This is, in part, due to mathematical difficulties in solving the nonlinear, two-
dimensional Poisson-Boltzmann equation. However, in practice, microchannels used in
electronic cooling, miniaturized chemical analysis and biomedical diagnostic instruments,
are made by modern micromachining technology. The cross-section of the microchannels
is close to rectangular shape. In such a situation, the two-dimensional Poisson-Boltzmann
equation is required to describe the EDL field in the rectangular microchannels. In this
chapter the two-dimensional, ponlinear Poisson-Boitzmann equation is solved for
rectangular channels in two ways: (1) analytically with the use of Debye-Huckel
approximation, and (2) numerically to obtain a complete solution without any

assumption. The results of these two different approaches are compared and discussed.
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6.2 Poisson-Boltzmann equation

Consider a liquid phase containing positive and negative ions in contact with a
planar positively or negatively charged surface. The surface bears a uniform electrostatic
potential, which decreases as one proceeds out into the fluid. Far away from the wall, the
concentration of the positive and negative ions is equal. The electrostatic potential ‘¥, at
any point near the surface is related to the net number of electrical charges per unit
volume p, in the neighborhood of the point, which measures the excess of the positive
ions over negative ions or vice versa. According to the theory of electrostatics, the
relation between ¥ and p is given by the Poisson’s equation, Hunter (1981), which for a

flat surface is

VI\Y -_ p
EE

o

where ¢ is the dielectric constant of the medium and &, is the permittivity of vacuum.
For a rectangular channel, with width # and depth H as shown in Figure 6.1, the Poisson

equation can be written as:

FY &Y _ p ©.1)

+ =
oxt  or? £€

o

The probability of finding an ion at a particular point is proportional to the
Boltzmann factor e **/*7 . For any fluid consisting of two kinds of ions of equal and
opposite charge z*, z, the number of ions of each type are given by the Boltzmann

equation, Hunter (1981).

eze‘P/khT -zeW/k,T

n =n, and n" =n,e

The net charge density in a unit volume of the fluid is given by
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Figure 6.1: Schematic of a rectangular microchannel

p=(n" —n")ze=—2n,zesinh(ze¥/k, T) (6.2)
Substituting Equation (6.2) in Equation (6.1), we obtain a nonlinear second-order two-

dimensional Poisson-Boltzmann equation.

2 2 - -
o \{ZJ . é \I: _ 2n°"esinh(‘e‘{j) 6.3)
ox or- &g, ka

Nondimensionalizing Equation (6.1) via

X Y _ ze¥ (6.4)

4,774 kT

Where, d; is the hydraulic diameter, defined as the ratio of four times the cross-sectional
area to wetted perimeter. Using Equation (6.4) we obtain a nondimensional form of the

Poisson-Boltzmann equation as:

Sty .
5;’2’ +__5yllzl =k’ sinh(y) (6.5)
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Where « = dy*k and k=(2n,z%¢* [ec,k,T)"*. ‘K’ is called the Debye-Huckel parameter,
while ‘I/k’is referred to as the characteristic thickness of the EDL.

Due to the symmetry of a rectangular channel, we will consider only one quarter
of the rectangular channel for a linear approximate analytical solution and full channel
cross-section for the complete numerical solution. Equation (6.5) is subjected to the

following boundary conditions:

W oy _ —
at x=—; ——=0andat x=W; =£, 6.5a
x=—ri — at x v =¢, (6-5a)
H oy — -
at y=—; —=0 andat y=H; = 6.5b
Y= y v =4 (6.5b)
where

W = dz is the non-dimensional channel width, H = ﬁ—, is the non-dimensional channel
h L]

ze&,

T (i =1,2), is the non-dimensional zeta potential at the channel walls.
b

height and & =

For comparison between the linear approximate analytical solution and complete
numerical solution, all surfaces of the channel are assumed to have the same zeta
potential.
6.3 Solution of the Poisson-Boltzmann equation

Equation (6.5), a two-dimensional, second-order, nonlinear partial differential
equation, can not be solved analytically. Therefore, approximate solutions and complete
numerical solutions are sought. Here we discuss two types of solutions viz. the analytical
approximate solution by linearizing the Poisson-Boltzmann equation and a complete

numerical solution by employing successive overrelaxation with grid clustering.
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6.3.1 Linear approximate analytical solution

If the electrical potential is small compared to the thermal energy of the ions, ie.,
(|lze¥|<|k,T}) so that the exponential in Equation (6.5) can be approximated by the first

terms in a Taylor series. This transforms Equation (6.5) to

2
Z;"z’ aayz = Kkly (6.6)

In literature this is called the Debye-Huckel linear approximation, Hunter (1981). This
approximation is valid only for small values of electrostatic potential ¥. At room
temperature, the condition (|ze'¥| < |k, T]) requires ¥<25 mV.

By using the separation of variables method, the solution to the linearized
Poisson-Boltzmann equation, Equation (6.5), with the boundary conditions Equations
(6.52) and (6.5b) can be obtained. Therefore, the non-dimensional electrical potential

distribution in the rectangular microchannel is of the form

: @m-1)*rn*
. (=)™ cosh[y|1 + ——=—x(y —05H)] 1
xy)=4 W = @r D7 (e~ 05w
vixy) =452 T omDw cos[~——(x )
(2m — )7t coshf +——2W2 > ] 6
. (- 1)""'cosh[‘/l+—-— (x = 05W)] @2n-Dr
4 —-05H
453 T A e )
" '(2n —1)mcoshf41+ §Ey>2 2 ]

In practice, most solid-liquid surfaces have a surface electrical potential larger
than 25 mV. Therefore, the above linearized solution is not applicable theoretically. For
situations of higher surface electrical potentials, the two-dimensional nonlinear Poisson-
Boltzmann equation, Equation (6.5) has to be solved without using the Debye-Huckel

assumption. The numerical solution is the only way to do so.
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6.3.2 Complete numerical solution by successive overrelaxation:
Equations (6.5) is solved pumerically by five point central difference with

successive overrelaxation. The finite difference equation for the left hand side terms in

Equation (6.5) are:

oty whl -2 vl (6.83)
ot Ax? '
By _ Wi~ v (6.8b)
&* ay?

for i=12 ..., mand j=1 2,.......,¢

The functions on the right hand side of Equation (6.5) can be written as:
- & |- -y
sinhy ", =—{e"" —e "}
2
The right hand side of the above equation can be expanded as, Ames (1977,1965)
k+1

ew g —e"' ‘+yk _W:j]ew.‘., (6.9a)

e = [yl -yl (6.9b)
Substituting Equations (6.8) and (6.9) in Equation (6.5), the finite difference form of the

nonlinear Poisson-Boltzmann equation becomes:

Wi AW bl rwh 20—y -y sinhy (6.10)
—Kz(Slnh Wk"'l Wi,j COSh W,kl)
Where y = (£5)°

The above equation can be solved for w"” by successive overrelaxation, i.e.,

using the value of y obtained in the k" iteration, where k is the outer iteration index,

represented as q/,.’fl. to update its value in next, i.e., (k+1 )" iteration, represented as Y/ f,
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Ames (1977). A complete numerical solution of the Poisson-Boltzmann equation can be
obtained in this way.

It should be realized that the electrical potential of the EDL field decays sharply
within a small distance near the channel wall; thereafier, the electrical potential
approaches zero very slowly. In order to obtain more information about the EDL field
and reduce the truncational error it is desirable to use smaller grid size (step size) in the
region near the channel wall where the EDL potential has a very sharp gradient, and to
use larger grid size in the region of some distance away from the wall. This is achieved
by employing the following grid clustering scheme, Anderson et al (1984).

The x coordinate is transformed into x:

m{(ﬁ +[xQa + 1)/ W]-2a)/ (B, - [x(Qa + 1)/ W]+ 2a)}

t=a+(l-a 6.11
e n{(B. + D/ (8.~ D} e
and y coordinate is transformed into j:

;=a+(l_a)ln{(,8y+[y(2a+1)/H]—2a)/(ﬁ_‘.—[y(2a+1)/H]+2a)} 6.11b)

In{(B, + 1)/ (B, - D}
In this transformation using «=0.5 the mesh will be refined equally near both the
boundaries e.g. x=0 and at x = W . B and B, are called as the stretching parameters (B«
= B, = 1.0000001, were used here) and control the degree of clustering in x and y
directions, respectively. Equation (6.5) is written in terms of the computational grid
(x,y) as:

aw__ dy 3°% O B2 HIT_ g 6.12
G+ T o S G G S sy 6.12)
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The finite difference form of Equation (6.12) for the solution of the nondimensional

electrical potential 1s

k+1 k+1 k+1 k+1 k
Wkﬂ — XI+lJWI+l J + Z: l_ll//l -1,j Xx j+lW1 J+l +xl ]-IW;/ 1 ¢l Jj (6 13)
" x.; +K>coshy;;
where,

ox 1 &%

_( 1 62“]
A F ar T IA% B
Kicts = ((Ax)z (5) T 2A% EF)

& _@_2)
X = (( e Zye y)z(

i = 3 (=) +—=

Xija = ‘—_.—(_ -
34

@:j = Kz(sinh W:j - Wilij cosh W:j)
Equation (6.13) results in a set of algebraic equations that are solved by

successive overrelaxation, as explained previously, through Equation (6.14)

wit =yl ol —vi) (6.14)

Where w is the relaxation parameter.

6.4 Results and discussion

Using the above described linearized analytical solution and the complete
numerical solution methods, the two-dimensional Poisson-Boltzmann equation was

solved for EDL field in rectangular microchannels. The liquid is a dilute aqueous 1:1
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electrolyte solution (concentration=1 0° M) at a temperature of I/8°C. A rectangular
microchannel of cross-sections 30 um wide and 20 um high with different zeta potentials
of 150 mV, 75 mV and 25 mV is considered.

For this microchannel, the EDL potential in the diffuse double layer region is
calculated. For £=150 mV, the potential distribution is given in Figure 6.2. For the same
value of zeta potential, the electrical potential distribution with linear approximation is
shown in Figure 6.2a, and the nonlinear electrical potential distribution calculated by the
complete numerical solution is shown in Figure 6.2b. As can be observed from the two
figures, there is a very steep decrease in the potential in the case of the complete solution,
while the linear solution predicts a more gradual decay of the potential, for example,
consider the channel height direction. In the case of the complete solution, the potential
becomes zero at a nondimensional distance 0.08 from the channel wall whereas for the
linear case the potential becomes approximately zero at a nondimensional distance 0.25
from the channel wall. This implies that the linear approximation predicts much higher
values of the potential than that predicted by the complete solution in the region close to
the wall. In Figure 6.3 the potential distribution for £&=75 mV is shown for both the linear
solution, Figure 6.3a, and the complete solution, Figure 6.3b. A similar pattern to Figure
6.2 is observed. However, at &= 25 mV, the prediction by the linear solution and the
complete solution are relatively close to each other. This is shown in Figure 6.4. Figure
6.4a shows the potential distribution of linear solution while Figure 6.4b shows the
potential distribution of the complete solution. This implies that the linear approximation

may be used only for the zeta potentials less than 25 m¥ without causing significant error.
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Figure 6.2: Nondimensional EDL potential distribution tn onc
quarter of the microchannel, with €=

150mV a) linear solution,
and b) complete numerical solution
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Figure 6.3:Nondimensional EDL potential distribution in one

quarter of the microchannel. with £=75 mV a) lincar solution,
and b) complecte numerical solution
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Figure 6.4: Nondimensional EDL potential distribution in one

quarter of the microchannel, with £=25 mV a) linear solution
and b) complete numerical solution
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In order to see more clearly the difference between the linear solution and the complete
solution, the profiles (viewed from the channel height side) of the potential distributions
given in Figures 6.2-6.4 are plotted in Figure 6.5. As can be seen from the Figure 6.5 for
E=150 mV the linear solution (line 2) gives a higher estimation of the potential than the
complete solution (line 1). For £=75 mV, the pattern is similar although the difference
between the line 3 and line 4 is smaller. For £=25 mV, the difference between the linear
and the complete solution is very small. Thus again, for small £ potentials, linear
approximation can be used without much error. But for the case of higher & potential,

linear approximation results in very large errors in the region close to the channel wall.

E=150 mV (nonlinear) 7
E=150mV (linear)
E=75mV (nonlinear)
E=75mV (linear)
E€=25mV (nonlinear)
=25mV (linear)

I
lllll|lll
o AV R S

Nondimensional ¥

0.9 0.8 0.7

Nondimensional channel height

Figure 6.5:Comparison of the profiles of the linear and the nonlinear
EDL potential distributions for three zeta potential values
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It is well known from conventional fluid mechanics theory, that the flow rate from
a square or rectangular duct is about 88.33% of the flow rate from a circular duct of the
same cross-sectional area under the same conditions, Happel and Brenner (1965). This
reduced flow rate is due to the sharp corners of the non-circular duct. From Figures 6.2-
6.4, we can observe the effect of the corners of the rectangular channel on the electrical
potential distribution. Therefore, for microchannel flows the EDL potential in the corner
regions would be expected to cause a strong resistance to the flow. Such comer effects
would be even higher if the linear solution is used. This may result in an error in
modeling the electrokinetic flow behavior in microchannels if the linear approximation is
used to solve the Poisson-Boltzmann equation.

Microchannels produced by microfabrication techniques, like chemical etching,
often are made of more than one material. A slot is first chemically etched on a substrate
plate and then a cover plate is bonded on the top to form a microchannel. The cover plate
may or may not be the same material as the substrate. As the surface electrical potential
depends on the solid materials, a microchannel formed in this way may have different
surfaces electrical potentials at different surfaces. Using the numerical method described
in this chapter, the EDL potential distribution in such a rectangular microchannel can be
obtained. Figure 6.6 shows the potential distribution in a quarter of a rectangular

microchannel formed by two surfaces with different zeta potentials of 200 mV and 75

mV, respectively.
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Figure6.6:Nonlinear EDL potential distribution in a quarter
of a microchannel with different £ potentials at different surfaces
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Chapter 7 Design of an Experimental Apparatus for Trapezoidal

Silicon Microchannels

7.1. Design considerations

The goal of this study was to investigate and understand the fundamental aspects
of flow and heat transfer of water in different types of microchannel (like rectangular,
circular and trapezoidal) over a range of Reynold numbers. Because, only a complete
understanding of the fundamental aspects can help in seeking answers to the questions
being asked about microscale fluid flow. As discussed in literature review section of
Chapter 2, there are number of studies that observed conflicting flow characteristics than
that predicted by the conventional fluid mechanics theory. The three approaches to
analyze any flow and heat transfer problem are theoretical prediction, numerical
simulation and experimental investigation. However, in conventional theory, the
governing equations of motion i.e. Navier-Stokes equations coupled with energy equation
can not be solved analytically. Therefore, assumptions are made to reduce the system of
equations to one or two-dimensional system to obtain an approximate analytical solution.
In case of numerical simulation, the equations of motion can be solved numerically by a
number of techniques developed over the years. With this approach, slightly more
information can be derived than the theoretical approach. In fact, one can say that the
numerical simulation is an extension of the theoretical approach with the advantage of
solving the complete system of governing equations. Nevertheless, for fundamental
investigation experimentation is very critical. The first two methods are used to analyze

the experimental results. In fact, the theoretical and the numerical results should be
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substantiated by the experimental results to incorporate any appropriate corrections to the
governing system of equations.

To estimate the liquid flow and heat transfer characteristics of water in
microchannels, in addition to the physical dimensions, the following parameters should
be measured:

1. Pressure drop
2. Volume flow rate
3. Inlet temperature of water
4. Outlet temperature of water
5. Surface temperature or heat flux
By estimating the flow rate and the pressure drop, the friction characteristics, average
velocity, Reynolds number etc. can be calculated. With the inlet and outlet temperature of
the water, and the surface boundary temperature or heat flux, the heat transfer
characteristics can be predicted. Nevertheless, as discussed in preceding chapters,
interfacial effects play an important role in understanding the microscale flow behavior.
Therefore, it became necessary to measure electrokinetic parameters, like:
1. Streaming potential
2. Streaming current
3. Electrical conductivity of water
4. Ionic concentration in water
By measuring these parameters the electrical potential at the solid-liquid interface,
often referred to as the zeta potential can be estimated. Once the zeta potential is known,

the distribution of the electrical double layer at the solid-liquid interface can be
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determined. Therefore, the effects of the electrokinetic parameters on flow in
microchannels can be estimated. All these measurements can help in predicting the flow
and heat transfer characteristics in microchannels with a reasonable accuracy.

7.2. Pressure requirements and measurement

Measurement of the pressure drop is quite straightforward. A Valedyne pressure
transducer with a piezoresistive-sensing element is used to measure the pressure
differential across the microchannel. The piezoresistive effect is defined as the change in
the resistivity p, of a material with applied mechanical strain e, and is represented by the
term (I/e)(Ap/p). Silicon doped with small amounts of N or P type material exhibits a
large piezoresistive effect and is used to manufacture strain gauges with high gauge
factors. In piezoresistive pressure sensors, the elastic element is a flat silicon diaphragm.
The distortion of the diaphragm is sensed by the four-piezoresistive strain elements made
by introducing doping material into the areas of the silicon, where the strain is greatest.
Sensing elements with different pressure ranges are available. The sensing element of the
transducer used for the pressure drop measurement has a range of +2500 psi. The
transducer is calibrated with a dead weight tester calibrator. The calibration and the
specifications can be found in appendix 1.

However, as the characteristic dimension (hydraulic diameter) of the
microchannels decreases, high-pressure gradients are required even for very small flow
rates. Therefore, the nature of the system dictates the necessity of a high-pressure pump
with small but constant flow rates. For this purpose, a high precision RUSKA®
proportioning pump was used. This high precision pump has a constant flow rate range of

2 to 650 cc/hr with a pressure rating of up to 5000 psi. Depending on the selected feed
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rate, the pump dispenses liquid at a constant flow rate while the pressure increases as
required. For comparatively larger microchannels, where the pressure required is less
than 100 psi, a low pressure (100-psi max) Masterflex® tubing pump is used. The pump
can be operated either at a fixed or variable speed. The main features of this pump are
high accuracy drives for precise flow control. The specifications of both pumps are given
in appendix I.
7.3. Flow rate measurement

Three different methods were employed to measure the flow rates of water
flowing through the microchannels. The high precision pump has a calibrated flow scale
from which the flow rate can be directly read. For a constant speed, the feed rate is also
constant therefore; by recording the displacement and time the flow rate can be easily
calculated. For this pump, the flow rate is accurate to + 0.02 cc/hr. A comparison was
made with the average flow rate calculated by measuring the amount of water collected
for a known time, and the difference between the two flow rates was less than 0.01%. In
the case of the low-pressure pump, the pump is controlled by the computer and the
volume flow rate to be dispensed per minute is specified. The pump auto adjusts the
speed that ranges from 60 rpm to 600 rpm to attain the required pressure. The difference
between the dispensed flow rate and the measured flow rate was less than 0.5%.
However, the shortcomings of this pump were that the tubes developed cracks when
operated at the highest speed and no microfilter could be used as the pressure drop across
the microfilter is greater than 100 psi. In addition to these two, a magnetic flow sensor is
used to measure the flow rate through the microchannels. As the flow is established

through the sensor, a small piston is displaced proportional to the volumetric flow rate. A
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transducer senses the displacement of the piston as flow increases or decreases. A
conditioning circuit converts the transducer signal to either an analog or a digital output.
In this case, the output is an analog signal. The calibration and the specifications of the
flow sensor used are given in appendix I.
7.4. Temperature measurement:

Thermocouples are used to measure temperature. The temperature was measured
at five different places. Two T-type miniature probe thermocouples (80 um thick) were
used to measure the inlet and the outlet temperature of water at microchannel inlet and
outlet. Three T-type micro-size thermocouples (40 um thick) were used to measure the
surface temperature of the microchannel plate. Thermocouples were made by spot
welding two different metal wires, copper vs. copper-nickel alloy (constantan). The
thermocouples used have a very good linear response in the range of temperatures
encountered, which are less than 200°C. The temperatures of the water flowing through
the microchannel is not expected to go above the boiling point since the surface
temperature is expected to be less than 200°C. From typical voltage temperature
characteristics of thermocouples, for up to 200°C the emf output of T-type thermocouples
is less than 10 mV. This results in a significant gain refinement (100 in this case) for the
data acquisition system. Hence, more accurate voltage measurement can be acquired. The
reference for the thermocouples is the ‘Cold Junction Compensation Sensor’ of the data
acquisition board.

7.5. Measurement of electrokinetic parameters
The electrokinetic parameters that were measured include streaming potential

across the ends of the microchannel, streaming current, electrical conductivity and the
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jonic concentration of water. As the streaming potential is the induced potential due to
the presence of the electrical double layer, therefore, the measurements are typical and
very difficult. The magnitude of the potential is in few milli-volts to hundreds of mulli-
volts, and the current is very low from few pico-amps to few micro-amps. This inherently
makes the measurements quite complicated. Due to the magnitude and the nature of
measurement, the first and the foremost restriction it places is about the material of the
flow cell. The material has to be non-conducting and at the same time withstand high
pressures. A flow cell of pixie-glass with two symmetrical sides was fabricated. A small
rectangular slot equal to the cross-sectional area of the microchannel plate was cut on
both parts of the cell, and the microchannel was placed in between them. After placing
the microchannel plate between the two cell parts, the channel plate was glued using a
high temperature epoxy. Two AgCl electrodes with a tip of 0.45 mm were placed on the
inlet and outlet of the microchannel. The electrodes were connected to a Keithley®
6517A electrometer by tri-axial cable. The specifications of the electrometer are given in
appendix I. As the liquid is made to pass through the microchannel, the accumulation of
the ions up-stream and down-stream setup an electrical field, with a potential equal to the
streaming potential and that is the potential being measured with the electrodes. The
streaming current being measured is the current setup due to this electrical field. The
streaming current and voltage were being simultaneously measured by the electrometer
that is remotely controlled, through a GPIB interface, as will be explained later in Data
Acquisition and Control. However, it must be noted that the measurements were made
only for a small fraction of time, as the electrodes can not be kept connected, which

results in their polarization. To avoid possible polarization, a switch is used and it is
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switched on only during the time the measurements were taken. Besides, the direction of
the flow is also reversed, so that the streaming potential and current were measured in
both directions. This reversal of the direction also helps in avoiding polarization.

7.6. Conductivity measurement:

The electrical conductivity is simple to measure nevertheless an important
electrolyte property. A conductivity sensor, InPro® 7001/120 was connected to a CR
7300 Mettler-Toledo® conductivity / resistivity transmitter. The detailed specifications of
the sensor and the transmitter are given in appendix I. A small conductivity cell was
fabricated in which the conductivity sensor was placed. The cell was connected to the
water outlet of the flow cell (in both the directions) so that the conductivity can be
measured and monitored. The output of the transmitter was displayed on the LCD panel
of the transmitter in addition to an analog signal being sent to the DAQ board.

7.7. Micro heater

A heater of equal dimensions to the size of the plate in which microchannel are
etched is to be fabricated to supply the necessary heat flux to be removed by the liquid
flowing in the microchannels. The effective size of the heater is (lem x 2.8cm). The
heater chosen for the application is a stainless steel sheet (25 microns thick) through
which a large current (~20A) at a low voltage (5V) was passed to generate the required
heat flux.

7.8. Microfilter

The microchannel hydraulic diameters used in this study range from 30 pum to 250

um. Therefore any small impurity will very easily block the microchannel. To avoid any
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possible impurity from going into the microchannel a 0.1 um submicron filter was used at
the microchangel inlet.
7.9. Microchannel manufacture by silicon micromachining

The microchannels used in the study were manufactured by silicon
micromachining at Alberta Microelectronic Center, Edmonton Alberta. Micromachining
is a process that enables precise three-dimensional shapes on different materials, e.g.
silicon, oxides, nitrides, polysilicon and metals (often referred to as substrates). Presently
the technology allows control of dimensions from few micrometers to a few mullimeters
with a tolerance of less 0.5 pm. These microfabrication techniques are also used to
manufacture flow channels ranging in depth from a few thousand angstrons to hundreds
of microns. Most of the devices and systems are fabricated using silicon. that is arguably
the world's best-characterized semiconductor material due to its electrical and mechanical
properties, shown and compared with other commonly used materials in Table 7.1. The
micromachining processes are different and relatively difficult compared to the
traditional machining processes. The characteristics of a typical micromachining process
(etching) are compared to the conventional mechanical milling process in Table 7.2.
Various microfabrication processes are being used to manufacture microchannels.
However, the two processes that were used to fabricate microchannels used in this study
are discussed.
7.9.1. Etching process:

Many crystalline materials have etching rates that vary with crystalline orientation
for some etchants. Because of this, the material is removed (etched) faster from some

orientations. If the crystals can be made large enough, then this orientation can be
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Table 7.1: Comparison of the mechanical properties of silicon with other
commonly used materials

Material Yield Knoop Young's Density | Thermal Thermal
Strength Strength | Modulus g/em® | Conductivity Expansion
10° N/m’ kg/mm’ 10"' N/m? W/cm °C 107 /°C

Diamond 53 700 10.35 35 20 1
Silicon Carbide 21 2480 7 3.2 3.5 33
Silicon Nitride 14 3486 3.85 3.1 0.19 0.8

Iron 12.6 400 1.96 7.8 0.803 12
Silicon 7 850 1.9 23 1.57 2.33

Tungsten 4 485 4.1 193 1.78 4.5

Stainless Steel 2.1 660 2 7.9 0.329 173
Molybdenum 2.1 275 3.43 10.3 1.38 5
Aluminum 0.17 130 0.7 2.7 2.36 25

Table 7.2: Comparison of etching to conventional milling process

Etching Milling

Single Crystal Silicon Polycrystalline Metals
Parallel Process Serial Process

No Induced Stresses Induced Stresses
Smooth Finish Rough Finish
Lithography/ etch Cutting Tools
Bonding Welding
Pre-determined shapes Shape Flexibility
Sharp Corners Rounded Cormners

advantageously used to make microchannels. Several etchants and materials (primarily
single crystalline semiconductor materials) are used, like silicon, gallium, Indium
Phosphate etc. Prior to an actual etching, microstructures are outlined on wafers by

means of photolithographic process, typically involving the transfer of a pattern from a
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master plate (mask) to the wafer. The mask is designed on a computer based on the

requirements with L-Edit (special package for designing the microfabrication layout).

The different steps in the photolithography technique are:

e The entire wafer is covered with a masking layer such as silicon dioxide or silicon
nitride on top of which is added a photo resist coating.

e The wafer is exposed to the ultra-violet light through a mask which has been
imprinted with the desired pattern

e After developing the photoresist layer that has been exposed, the unprotected parts of
the masking layer are removed in order to expose the substrate for etching. This
enables in selective removal of the material.

The etching process can be classified as isotropic etching, anisotropic or a
combination of both, and can be accompanied by either wet chemical or dry etching
techniques. The essential variables in selecting a particular etching process are
controllability of lateral dimensions, convenient indication of the etched end-point,
uniformity across the wafer and repeatability.

In isotropic chemical etching, the etching rate is identical in all directions and the
lateral dimensions can not be easily controlled because of the undercutting under the
masking layer as shown in Figure 7.1. Isotropic etching is very sensitive to etching
conditions and is not widely used for precision micromachining but is used for bulk

material removal, like thinning of wafers etc. in HF and CH;COOH mixtures.
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Figure 7.1:  Isotropic chemical etching of silicon

In anisotropic chemical etching, as shown in Figure 7.2, the etch rate depends on the

wafer's crystallographic orientation and impurity doping density. An anisotropy ratio of

<100>Surface Orientation

<1ll> {l f - J u
'

54.74°

<100>Surface Orientation
—t i}
<ili> U

Figure 7.2:  Anisotropic chemical etching of silicon
100: 1 is possible in <100> direction relative to the <111> direction. An etch process can
be made selective by dopants (heavy doped regions etch more slowly), or may even be

halted electrochemically (etching stops upon encountering a region of different polarity

130 Chapter 7



Heat transfer and fluid flow in microchannels

in a biased p-n junction). Once the channels are etched in the wafer, stripping and
cleaning is done and the wafer is anodically bonded to Pyrex and finally diced by a
precision saw. It is the most common method used in silicon micromachining in KOH
and EDP (ethylene diamine pyrocatechol). The drawback of this traditional bulk
micromachining is that the geometry of the structures is restricted by the aspect ratios
inherent in the fabrication methods, so the dimensions are slightly larger than initially
designed in the mask layout. The microchannels used in this study were fabricated using
anisotropic etching, and a schematic of the mask designed for microchannel etching is

shown in Figure 7.3.
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Figure 7.3:  Layout of the microchannel mask as designed in L-edit for
anisotropic chemical etching of trapczoidal silicon microchannels
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It can be seen from Figure 7.3, that a common opening is provided to all the
microchannels on one plate. This common opening results in negligible inlet and outlet
losses besides acting as a sump for flow inlet and outlet, which is desired for
electrokinetic measurements. In addition to this, the common opening has the advantage
of minimizing the risk of microchannel blocking while dicing individual plate from the
wafer.

Anisotropic etching produces smooth microchannels. The roughness varies from
few Angstrons to about a micrometer. However, it has been found that the surface
roughness is maximum for the <100> plane of the material being etched, (silicon). The
roughness depends on the depth of etch, or in other words the time taken for etching.
7.9.2. Precision sawing:

The precision sawing of microchannels with conventional semiconductor dicing
saws can often be used as an alternative to orientational etching. Precision sawing is
generally insensitive to crystal orientation and is therefore a good alternative when the
channels must be oriented along crystal orientation not suited for etching. Tuckerman
(1984) fabricated microchannels using a Tempress 602' dicing saw with diamond
impregnated metallic blades, at 2500 rpm or faster. Channel uniformity of 2% can
generally be obtained. We tested some microchannels made with precision sawing.
However, the microchannels were not used because the channels were irregular and very
rough, average roughness being of the order of micrometers. Besides, due to the non-

availability of small blades, only channel widths in excess of 150 pm could be made.
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7.10. Bonding materials to silicon chips

In order to confine the liquid within the microchannels, some sort of cover plate
must be bonded to the top of the silicon plate on which microchannels are etched. The
bonding technique must provide a leak tight seal at normal operating pressures and
temperatures. Pressures as high as 2500 psi and temperatures up to 100°C were
encountered. Furthermore, the thermal expansion coefficient of the cover plate should be
well matched to that of the silicon. Silicon would be the ideal choice for a cover plate. A
technique for bonding silicon to silicon has been reported in literature but was ot
available at the AMC laboratory.

Another possible technique for bonding the silicon or glass plates on which
channels were etched to the cover plate is to use epoxy resin. In order to achieve a
sufficiently thin layer so as not to clog the microchannels, the plates needed to be spun in
the same way as the photoresist is spun on the wafer. The technique has been described
detail by Tuckerman (1984). But as the microchannels used in this study were much
smaller than used by Tuckerman, this method was not used because a small irregularity in
the texture of the resin film could very easily clog the microchannel. Further more, epoxy
resin bonding can not be used for very high pressure or heat transfer measurement as the
epoxy would peel at temperatures above 90°C.

The bonding technique that is clean and gave very satisfactory results was "anodic
bonding", which is a well-established technique for bonding glass to silicon or to certain
other metals, Wallis and Pomerantz (1969), Wallis (1970) and Brownlow (1978). The
thickness of the silicon wafers is less than 0.5 mm, whereas the Pyrex glass is thick, more

than a 1 cm. Therefore, the Pyrex is machined first and then polished before being used
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for bonding. After etching and sawing silicon and glass as required, they are washed in a
high-pressure washer. The surfaces are then thoroughly cleaned and placed in contact and
heated to about 400°C, at which temperature the glass is conductive and beginning to
soften. A dc potential of several hundred volts is applied across the materials with the
silicon as anode. The large electrostatic attraction estimated to be greater than 350 psi,
possibly combined with the resistive heating associated with the jonic current in the glass,
results in a gradual fusion of the surface. Anodic bonding does not employ any adhesive
layer. Borosilicate glass such as Pyrex 7740 is used when anodically bonding to silicon,
because the thermal expansion mismatch is very small.
7.11. Data acquisition and control

Data acquisition and control is an important part of any experiment. After
installing all the components of the experiment, it was important to understand what is
being recorded, and how accurately are the parameters measured. In order to understand
what exactly is the state of the system, simultaneous measurements must be taken, and an
average of the output over a period must be taken. This can be easily achieved using Data
Acquisition Boards and GPIB interfaces.
7.11.1. Data acquisition card (DAQ)

For acquiring data with the help of a computer, a data acquisition card, PCI-MIO-
16E-4, from National Instruments® is used. These DAQ boards are completely software
configurable. Data acquisition related configuration settings like analog input polarity
and range, analog input mode and others are performed. The analog input section of the

board is also software configurable, and nonreferenced single-ended analog input
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configuration is selected for different measurements. This provides 16 data acquiring
channels.

The DAQ board can be operated with two input polarities-unipolar and bipolar. The
unipolar and bipolar ranges are 0 to 10 V and +5V respectively. The polarity ranges are
set as per the incoming signal through LabView, thus allows configuring each channel
uniquely. The software-programmable gain on the board increases its flexibility by
matching the input signal ranges thus utilizing the variable gains for each channel as
required. For example for measurement of the temperature, if the expected output voltage
range is 0-100 mV, therefore a gain of 100 can be used for those channels. This enables
to measure the signal with a precision of 24.41 pV. For all the channels used in data
acquisition the gain varies from 100 to 2.0, being heighest for the temperature
measurement and lowest for the pressure measurement. The precision with which the
output signal is measured varies from 24.41 uV to 2.44 mV.

7.11.2. GPIB interface

The Keithley 6517A electrometer is remotely controlled by a AT-GPIB/TNT (PnP)
card from National Instruments®, which is a standard interface for communication
between instruments and controllers. It contains information about electrical, mechanical,
and functional specifications. The GPIB is a digital, 8-bit parallel communications
interface with data transfer rate of 1| Mbytes/s and above. GPIB devices communicate
with the controller (usually a computer) which maintains communication links and
sending GPIB commands to devices. The data is transferred through digital input-output
lines, which also carry the command messages. The GPIB used has a total of eight digital

input-output data lines.
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7.11.3. LabView

Labview software is used to control the DAQ and GPIB cards. LabView features
interactive graphics, state of the art user interface, and a powerful graphics programming
language. LabView includes libraries of functions and development tools designed
specifically for instrument control and data acquisition. In fact, LabView adheres to the
concept of modular programming where applications are divided into a series of tasks,
which can be further subdivided to simplify the overall task. With this, a VI is built to
accomplish each sub-task and then combine those VIs on another block diagram to
accomplish a larger task. Finally, the top level VI contains a collection of subVIs that
represent application functions. Each VI corresponds to programmatic operation such as
configuring, reading from, writing to, or triggering the instrument. This makes
acquisition and control easy and more efficient.
7.12. Procedure

During the experiment, utmost care was taken that the system was clean with no

particles or dust to avoid any contamination that can possibly effect the measurement
process. Depending on the expected pressure drops and flow rate ranges one of the two
pumps was used. If the expected pressure drop was higher than 40 psi, the precision-
pump was used. Depending on the direction of the flow i.e. from left to right or right to
left, the appropriate valves were opened or closed. The zero reading of all the meters and
sensors was noted to zero-check the readings later. After making all the necessary
connections, the pump was switched on and the flow was monitored for some time. Care
was taken to eliminate the neutralization of the electrodes by taking only few readings of

streaming potential and current, only when the steady state was reached and then
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disconnecting the triaxial cable connection to the electrometer. The process was repeated
until the end of the experiment after every 5 to 10 minutes. The data acquisition VIs are
stopped only after the experiment was complete. As a comparison for flow rates the final
pump scale reading were noted and the flow rate was calculated. The experiments were
repeated in the opposite direction. For every experiment, repeatability tests were
performed.
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Chapter 8 Fluid Flow and Heat Transfer Characteristics of
Water in Trapezoidal Silicon Microchannels

8.1. Introduction

As the hydraulic diameter of channels or tube decreases, the fluid flow behavior is
influenced by the wall effects. These effects were demonstrated by Gee et al (1990), and
Chan and Horn (1985) by studying liquid film flow; Anderson and Quinn (1972), Debye
and Cleland (1959) for flow through porous media; Mala et al (1997, 1996), Peng et al
(1994a, 1994b), Pfahler (1992), Tuckermann (1984), and Wu and Little (1983) for flow
in microchannels; Mala and Li (1998), and Choi et. al (1991) for flow in microtubes. Due
to the increasing applications of microscale fluid flow and heat transfer in number of
MEMS devices and systems, research on fluid flow and heat transfer in these
microchannels is important to understand the fundamental characteristics. Some of the
practical applications are, thermal control and cooling of high density electronic chips
and devices, mini-heat exchangers, bioengineering devices, micro-fluidic devices, and so
on.

The concept of the microchannel heat sinks was introduced by Tuckermann
(1984). A detailed review of several other research works on microchannel heat sinks can
be found elsewhere, Philip (1990). However, for an effective design of these microscale
devices, it is necessary to understand the flow characteristics. Because only after
obtaining the velocity distribution can, the energy equation be solved to determine the
heat transfer characteristics. However, conventional transport theories cannot explain
many phenomena associated with the microscale flow. For example, Eringen (1964)

proposed a theory, which states that fluid flow in microchannels will deviate from that
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predicted by Navier-Stokes Equations. Pfahler (1992) measured the friction coefficient in
microchannels, and found a significantly higher flow rate than expected for both
isopropanol and silicon oil. His results indicate that polar nature of the fluid may play a
role in the change in the observed viscosity. Choi et al (1991) measured friction factor in
microtubes of inside diameters 3 to 81 um using nitrogen gas. They found that for
diameters smaller than 10 um, the friction factor constant is Cr= 53, instead of 64. Harley
and Bau (1989) measured the friction factor in channels of trapezoidal and square cross-
sections. They found experimentally that Crranged from 49 for the square channels to
512 for the trapezoidal channels. Peng et al (1994a, 1994b), found experimentally that
transition to turbulent flow began at Re = 200 to 700, and that fully turbulent convective
heat transfer was reached at Re = 400 to 1500. They also observed that transitional Re
diminished as the size of the microchannel decreased. Wang and Peng (1994) concluded
that these effects in small channels were largely due to changes in thermophysical
properties because of high heat fluxes. Mala et al (1996, 1997), Yang and Li (1997)
found that electrokinetic effects partially explain these effects, as they are significant for
small microchannels. But for microtubes, the experimentally measured pressure gradients
are much higher than predicted by conventional theory. They explained that these effects
are either due to change in the flow mode, from laminar to turbulent at lower Reynolds
numbers or due to the effects of surface roughness. They developed a mathematical
model that incorporates the effects of surface roughness in laminar flow. Therefore, it is
safe to conclude that microscale flow needs further investigation to seek answers to these

conflicting observations reported in pertinent literature.
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8.2 Poisson-Boltzmann equation

In order to consider the electroviscous effects at the solid-liquid interface on fluid
flow in microchannels, the distribution of electrical potential and the net charge density
must be determined. Consider a liquid phase containing positive and negative ions in
contact with a planar positively or negatively charged surface. The surface bears a
uniform electrostatic potential, which decreases as one proceeds out into the fluid. Far
away from the wall, the concentration of the positive and negative ions is equal. The
electrostatic potential ¥, at any point near the surface is related to the net number of
electrical charges per unit volume pe, in the neighborhood of the point, which measures
the excess of the positive ions over negative ions or vice versa. According to the theory
of electrostatics, the relation be’tween ¥ and p, is given by the Poisson’s Equation. For a

flat surface the Poisson equation is given below, Hunter (1981):

For a microchannel, as shown in Figure 8.1, the Poisson Equation in Cartesian

coordinates can be written as:

2 2
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The probability of finding an ion at a particular point is proportional to the
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Boltzmann factor e *’ . For any fluid consisting of two kinds of ions of equal and

opposite charge z,”, z,, the number of ions of each type are given by the Boltzmann

Equation, Hunter (1981)
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Figure 8.1: Schematic of a trapezoidal microchannel in silicon
with a Pyrex glass cover plate.

z,e'¥ z ¥
k,T
and n* =ne (8.2)

The net charge density in a unit volume of the fluid is given by
p.(Y,Z) =(n" —n")z,e=—2n,z esinh(ze¥ [k, T) (8.3)
Substituting Equation (8.3) in Equation (8.1), we obtain a nonlinear second-order two-

dimensional Poisson-Boltzmann Equation.

2 2 2 - z
oY oY <2n, "esinh( ve\P) (8.4)

Nondimensionalizing Equation (8.4) via

Y VA z, eV
_Y ,_zZ .= 8.5)
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a nondimensional form of the Poisson-Boltzmann Equation is obtained and is given as:

2 2
Ov 9V _\sinhy (8.6)
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(]
eg k, T
‘k,’ is called the Debye-Huckel parameter, and ‘I/k.’ is usually referred to as the
characteristic thickness of the EDL.
8.3. Equation of motion

Consider laminar fluid flow in a two-dimensional trapezoidal microchannel as

shown in Figure 8.1. The equations of motion for incompressible liquid flow is given by:
ou 5
p—aT+p(u-V)u =—VP+F +uVu (8.7)

For a steady state, fully developed flow, the components of the velocity vector u satisfy
u=u (Y.Z) and v=w=0 in terms of the Cartesian coordinates. For the case of steady state,
both the convection terms vanish. The pressure gradient dP/dX is constant, as P is a
function of flow direction only. Neglecting the effects of gravity, the body force F is due
to the electrical field E; resulting from the presence of electrical double layer at the solid
liquid interface. The strength of this induced electrical field is given as

F=F =E p.(Y,Z)=E,p.(Y,Z)/L (8.8)

Therefore, with these considerations Equation (8.7) reduces to

2 2
8 ‘L 9 a _ldp 1Ep.(Y,Z) (8.9)
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Using the following non-dimensional parameters

X Y VA L P — u(Y,Z)
X=—" Y=—70H Z=—"7T7, l=—, p=—=, u(y,z)=——-

d, d, 4, d, o U* U (5.101
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the non-dimensional form of Equation (8.9) is obtained and is given as:
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o’u  d'u dp —
" 50 =Re Z—F.E,p,(y,Z)
(8.11)

Where
dp = —

C=Re, =~ FE,p,(.2) (8.12)
z d}

F =l2e8 di (8.13)
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For fluid flow without considering the electrokinetic effects, the constant F; is zero. In
the following discussion for non-dimensional quantities, the over-bar sign will be
omitted.

8.4. Streaming potentia!

To determine the local and the mean velocity, the streaming potential should be
known. This is the induced electrical potential per unit length, and is a steady state
potential difference, which builds across the microchannel. When a liquid is forced under
hydrostatic pressure through a microchannel, the ions in the mobile part of the double
layer are carried downstream. This causes an electrical current called the streaming
current to flow in the direction of the flow. This accumulation of ions sets up an electrical
field with an electrokinetic potential called the streaming potential. This field generates a
current, called the conduction current, to flow back in the opposite direction. When the
two currents are equal, a steady state is reached. The net current flowing in the flow
direction of the microchannel is the sum of convection current i.e. streaming current and
the electrical conduction current i.e. conduction current. At a steady state, the net current

should be zero.
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I=I+I_=0 (8.14)
The streaming current is given as

I, = [u(¥,Z)p (¥, Z)d4, (8.15)

The conduction current is given as

I = EArde (8.16)
L

Where,

Ap =24, + A;!P, (8.17)

C

Non-dimensionalizing the conduction and streaming currents, substituting in Equation
(8.14), the nondimensional form of the streaming potential is obtained which can be
written after some simplification as:

E =2nlzeU
SAr A,
A

5 _. ‘¢
where, 4, = 77
h

[, 502w (. 2)da, (8.18)

8.5. Solution of governing equations

The governing equations that determine the fluid flow characteristics of water
through a microchannel with and without electrokinetic effects are given by Equations
(8.6, 8.11 and 8.18). The Poisson-Boltzmann Equation is a two-dimensional, second-
order, nonlinear partial differential equation. Therefore, an analytical solution is not
possible. However, this equation can be solved either by making use of Debye-Huckel
approximation or numerically. Both types of solutions are discussed in Mala et al (1998).

The equation of motion with electrical body force source term, is also a non-linear two-
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dimensional, second-order partial differential equation. Therefore, an analytical solution
is not possible. Besides, to solve the equation of motion the streaming potential should be
known first. Nevertheless, the streaming potential is a function of the velocity u(y,z) in
the flow direction. The equations are solved numerically by finite difference with the wall
boundary conditions, given as, u(y,z)=0 and the surface potential, ¥(¥,Z) is equal to the
zeta potential, £ at the walls of the microchannel. Successive overrelaxation is employed
to solve these equations, and the values are updated after every iteration until
convergence is achieved. The solution of the Poisson-Boltzmann Equation is used to
calculate the charge density given by Equation (8.3). The previous value of the velocity is
used to calculate the streaming potential and then the values of the velocity distribution
are updated along with the streaming potential.

However, it must be remembered that the actual cross-section of the microchannel
is trapezoidal, and therefore to solve the PBE and equation of motion for the |
microchannel with a constant step size a transformation should be made that converts the
trapezoidal cross-section into a square or rectangular cross-section. The governing
equations should also be re-written in the transformed computational coordinates before
employing the finite difference formulation.

8.6. Transformation of actual non-uniform (y, Z) to uniform
(n, €) coordinates

The microchannels used in this study are of trapezoidal cross-section and

therefore, a constant step size can not be used. This results in an unstructured non-

uniform numerical grid. The unstructured grids are difficult and inefficient to work with.
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However, a transformation can be made here to change the unstructured grid to a square

one. The transformation is given by:

_ 2hy-(a—b)z _Zz 8.19
2ha—2(a—b)z’andg h ¢-19)

n

which transforms the trapezoidal cross-section of the microchannel to a square of unit
sides as shown in Figure 8.2. From Equation (8.19), (3, z) can be expressed as functions

of the transformed axes (7, {) as the reverse transformation is given by:

}’=T7(a—(a—b)4')+a;b§,andz=h§ (8.20)

The step sizes used in (7], {) coordinates are:

Al=—, An= (8.21)

(1,1)

> z . >

Figure 8.2:  Transformation of the coordinates from (y, z) to (1, .

and the corresponding step sizes in the actual non-dimensional axes (y,z) can be written
as:

=a(m—l)—(a—b)(i—l) Az = h
(m-1)(n-1) m—1

Ay (8.22)

3
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The equation of motion and the Poisson-Boltzmann Equation should be transformed from
the (y, z) coordinate system to (7, {) coordinate system. In order to do that, the following
partial differential relations for the multivariable functions are employed.

on

oc on 1 o¢ 1 1
Yoyt =—e—y,, 2=——z L= 8.23
azJ"az T T T (8.23)
where,
dz Oz
o¢ 0on 0z 0y 0Oz Oy
J = =22 _ = = gh- bYhe 8.24a)
& &| acon amac @ (
o¢ on
oz oz
Z’=_=h, =—=O’ 8.24b
=R e (8.24b)
o (1 oy
== —— —b ) =—=4a - —b: 8‘24C)
.V,agzna)y,,ana(a)_ (
where J, is the Jacobi determinant.
8.7. Equation of motion in nand { Coordinates

By making use of relations given in Equation (8.23), the first and the second partial

derivatives of the velocity with respect to z in terms of the new computational co-

ordinates n and § can be expressed as:

au au 84' au 67‘[ a(uyq) _ a(uyg) (8.253)
3z o &z an oz ¢ on
u 1| 0 |1(u , ou o |1[ou ou ,

= 2 | 2 2 -l = - (8.25b)
o J[ag {J(@C Yu any"”)} an{J(agy"yC an”)}]
Similarly, the derivatives with respect to y can be written as:
Su _ 1| 0(uz;) O(uz,) (8.26a)
& J| on o¢
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u_ 1|18 |1 (ou , ou o |1(éu du
Ou _110 |1(0u » ou _o 1o o 8.26b
P J[an {J (an e g e ]} ac {J (an T oL )H (5:260)

Adding Equations (8.25b) and (8.26b) together, yields

0*u u Oa du OB ou
—— e ——

o + -
u duw 1| o¢*? p on* 0L 8¢ onon
2t =7 2 (8.27)
¥ S| oxom oxom , Ou
o5 on on og 0¢on
Where
Z;+y: a a-b

o =1 n_%_ 8.28a

J h h J ( )
ﬁ=Z§+y§ =hz+(a—bf(772—77+i') (8.28b)

J ah —(a-bW¢
X=zCzn+yCyn:a"b(_%_n) (8.28c)

J F

da _ a-b (8.28d)
o h
B _(a-b)@n-1) (8.28¢)
on ah—(a-bW¢
ox
£ = 8.28
5 (8.281)
Ox a-b
Rt S (8.28g)
on h y

Making use of Equation (8.28), Equation (8.27) can be expressed as:

*u J*u 1 8u o%u d*u ou

Ou ou_1 MR, rc, ™ (8.29)
& & J[ Yoact  TPon®  Taen  tom

Where
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7)
Ci=a=G©), €= B =C,(m6). € =22 =Cx(m, Co = 2 = Cm,6)
By substituting Equation (8.29) in the equation of motion, Equation (8.11) transforms to

2 2 2
249 e, 2% i, 2 cr=o (8.30)
o¢ on 8¢on on

This is the modified momentum equation in (7], {) coordinate system.

8.8. Poisson-Boiltzmann equation inn and { Coordinates

The left hand side of Equation (8.6) is to be transformed from the non-uniform (y.z)
coordinates to uniform (7, £) coordinates so that the step size is constant for numerical
computation. Making use of the Equation (8.29) by replacing the u with y the left hand
side of the Poisson-Boltzmann Equation, Equation (8.6) can be written in the (1, §)

coordinates as:

2 2 2 2 2
Ov v LoV ¥, 2¥ ¥ (8.31)
oy~ o0z= J

= +C. +
Yoc?  T*on* Tacan  tan

Therefore, Equation (8.6) can be re-written as

2 2 2
¥,V ., 2¥ c, Y s sinhy (8.32)
o¢ on ocon on

The hyperbolic function on the right hand side of Equation (8.32) can be written as:

sinhy*s, =% (" — iy (8.33)

The right hand side of the above equation can be expanded described in Mala, et al
(1998) that is:

e"’r‘./ = ew,-f, + [wf;‘l _Wlkj ]ew'k-l (8.343.)

(8.34b)

& k '
Vi — L, Vi, k+l k -V,
e "V =e "'[l/’i,j "Wi,j]e !
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Using Equations (8.33) and (8.24), the right hand side of Equation (8.32) can be written

as:

Jicsinhy st =i (sinhyf, +y k! coshy !

J

- W:j cosh '/’flfj )

(8.35)

Therefore, the modified Poisson-Boltzmann Equation in (7], {) coordinate system can be

written as
2 2 2
¥ c, %% c, 0¥ .
o¢ T on” oLon on

JKZ(Sinh v, +y coshyl! ~yl coshl//,.'fj)

()

8.9. Finite difference form of the governing equations

(8.36)

The first and second order derivatives are written in three and five point central

difference scheme as:

Ol u -2 v uly
os? ACC
8u _ u.k;L - 2“:‘:;1 +uik;ll
5772 Anl
3%u _ uik:ifjﬂ -l‘::.lju —uik::j—l +u1{:}j—l
0¢on 4ALAN
k+l k+\
O Ui Ui
on 2A7
azll/ _ W::l’!j - 2‘//:;[ +W:‘-T.lj
¢’ AC?
521,11 _ W,k;l,l - 2':”:;' '*“l/:;ll
k+ k<t k+1 k+l
52({/ _ Wi-d-lfj-»l “Vistje Vi ja TV ja
04on 4ACAN
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(8.37b)

(8.37¢)

(8.37d)

(8.37¢)

(8.371)

(8.37g)
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k+1 _ k+l
i,;’]' = W"""Z A:;/""' (8.37h)
For i=12 ... mand j=1,2 ........,n

Substituting these derivatives in Equation (8.30) and (8.36), the modified equation of
motion and Poisson-Boltzmann Equation, we obtain (m x n) algebraic equations for

velocity u;; and (m x n) algebraic equations for potential y;;, given respectively as

S )+ <2 )+ S )
T\ U )t 7\ T U ) > U jo T U

AL- An 2An
C
: (uH-|.j+l U U T U )_ C.J:;
= AgAn (8.38a)
" 2C, 2G,
: T 3
A" An
and

L (ll’m.j +Y., )'*' A£r1zz— (ui./u i )+ La (Wi./+l +Wia )

v 2An
C. 2 inhy : :
kel _ - 4A§3An (Wi+l.j+l FTWistym ~ VWit jnm +W;+l.j—l)_l€ Ji.j(slnhWi.j Vi, COShW"j) (8.38b)
iy |
[2‘1 25 6 coshvff]
AG”  An”

k+1
0

k+1

) by successive

The resulting systems of equations are solved for u;; and yw

overrelaxation, ie., using the value obtained in the k" iteration, where k is the outer
iteration index, represented by superscript k£ and update its value in next, i.e., (k+/ )"
iteration, represented superscript k+/. A complete numerical solution of the Poisson-
Boltzmann Equation and equation of motion can be obtained in this way. The numerical
solution was compared with other analytical solutions and for various values of the apex

angle ¢ of the trapezoidal silicon microchannel. The numerical results are in a very good
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agreement with the analytical results as can be seen from Table 8.1. The numerical results

are compared with the results given in Shah and London (1978).

Table 8.1. Comparison of numerical results with analytical results

S.No. | ¢ | ab | f*Re(Shahand London) | f*Re(Numerical Solution)
1 60°| 2.0 13.804 13.809
2 45° 1 2.0 13.364 13.372
3 45°| 0.5 15.206 15.212
4 30° 4 12.782 12.789
8.10. Heat transfer coefficient

Consider n number of identical microchannels each of length L (in the flow
direction) etched in a silicon substrate of same length and width of I cm. The coolant
(DIUF) flows in each microchannel, from the common opening at the channel inlet. The

coolant absorbs a constant heat flow per unit length §/nL from its walls. The coolant is

assumed to be incompressible Newtonian fluid, i.e. p and C, are constant. The use of
many microchannels increases the surface area which is given by 4= npL. If we assume
that at any location along the length of the duct, the walls are at a uniform temperature
T(x) around the cross-section, then the local convective heat transfer coefficient Ay is

defined as

q _ Nuk (8.39)

h, =
an(T () =T, (x)) d,
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Assuming a uniform heat capacity (p C,) for the coolant, we find from energy
conservation that

g=mC,(T.u ~T,) (8.40)
Usually the term d;/Nu; can be interpreted as the thermal boundary layer thickness, which
increases monotonically with increasing x. Therefore, the maximum wall temperature
T.max Will occur at the output end of the microchannel plate, i.e. Twmax= Tw(L)-

However, due to a significant increase in the temperature of the coolant from
microchannel inlet to outlet, the thermophysical properties of the coolant change
appreciably. In order to account for the changes in coolant density, specific heat,
viscosity, thermal conductivity and Prandtl number the variable property data was taken
from Kays and Crawford (1980). To find the value at any intermediate point, the

following function was used:

RN (Ee

}/k (8.41)
k=l =1 \ X¢ —X;

izk
8.11. Experimental apparatus and procedure

A schematic of the experimental apparatus used to investigate fluid flow and heat
transfer in trapezoidal silicon microchannels is shown in Figure 8.3. It consists of a high
precision proportioning pump, a microfilter, flow sensor, pressure transducer, flow cell,
conductivity meter, two reference electrodes, electrometer, data acquisition system, a
micro-heater, thermocouples and adjusting valves. Water was pumped by the high
precision pump that has a flow rate range of 2.5-650 cc/hr with a pressure rating of up to
5000 psi. The liquid was made to flow through the microfilter to avoid any impurities

from flowing through and blocking the microchannels. The flow rate was measured in
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two ways: by the flow sensor and directly reading the displacement of the pump in a
particular time. The microchannels are placed in a two-part symmetrical Plexiglas flow
cell. The electrodes are placed on the up and downstream of the microchannel. The
electrodes are connected to a Keithley 6517A electrometer used to measure the streaming
potential and streaming current. The pressure transducer was connected across the
microchannel ends to measure the pressure drop across the microchannel. The liquid
coming out of the microchannel was made to flow through an InPro conductivity sensor
that measures the electrical bulk conductivity of the water. The heater was placed under
the microchannel plate. Three thermocouples are attached to the microchannel plate at
near inlet, in the middle, and at near outlet of the microchannels. Two 80 um probe
thermocouples are placed on the two ends of the microchannel, one at liquid inlet and the
other at the liquid outlet to measure the inlet and outlet temperature of the liquid. All the
measurement devices are connected to a data acquisition card. The electrometer was also
remotely controlled through a GPIB. Labview was used to control the GPIB and Data
Acquisition card and for acquiring data. Throughout the course of the experiment great
care was taken to ensure the accuracy and the repeatability of the measured data.

The microchannels used in the investigation were fabricated locally by anisotropic
etching. First the microchannels were etched in silicon and then a Pyrex glass cover was
anodically bonded to the microchannel plates. The microchannels are smooth with a
maximum surface roughness of few micrometers. For every microchannel, the tests were
conducted up to a pressure of 250-300 psi, as microchannel failure occurred at pressures
greater than 250 psi. Therefore, this limited the Reynolds number range to only few

hundreds for very small microchannels.
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The uncertainties of measurements were analyzed and evaluated. The uncertainity
of the differential pressure measurement was estimated to be less than +1% for all the
conditions tested. For the flow rate measurement, the error was less than +1.5%. The
errors in the measurement of streaming potential was less than +15% and in electrical
conductivity was less than +2%. The resulting deviations of flow friction calculation was
evaluated to be less than +9.5%, the Reynolds number was less than +6.5% and the heat
transfer coefficient was less than +10%.

8.12. Results and discussion

Experimental and theoretical investigation on fluid flow and heat transfer in
microchannels of trapezoidal cross-section etched in silicon and bonded anodically to a
Pyrex glass cover plate was carried out. The hydraulic diameters of the microchannels

studied ranged from 51 pum to 169 um and other characteristics dimensions are shown in

Table 8.2. The pressure drop (AP) across the microchannel, flow rate (Qesp), various
electrokinetic parameters and temperatures were measured. Based on these measurements
the flow characterizing parameters such as the experimental Reynolds number, Reexp,
experimental friction factor, f.,, and friction constant, Cep are calculated using the

following relations:

d
Re,, = PLexs s (8.42)
A.u
242APd
A i 3 (8.43)
Qexp p#
chp = .f;xp Re exp (8'44)
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Table 8.2: Characteristics dimensions of the trapezoidal silicon microchannels
S. No. Top Bottom Width | Height Hydraulic H/W
Width um um Diameter um
um
1 403.20 364.80 25.60 47.30 0.066667
2 302.00 266.00 25.30 45.60 0.089085
3 307.20 259.20 40.00 69.01 0.141243
4 396.00 273.00 115.50 165.40 0.345291
5 127.20 79.20 40.00 55.10 0.387597
6 120.00 74.40 42.00 56.30 0.432099
7 242.40 120.00 115.50 134.20 0.637417
8 180.00 55.20 115.50 104.80 0.982143
Length of the microchannels = 2.8 cm and number of microchannels per plate =4 ~5

The heat transfer characteristics are mainly defined by heat transfer coefficient and
Nusselt number, which are calculated using Equations (8.39) to (8.41). The experimental
results are compared with the theoretical predictions. The theoretical values are
calculated by solving the appropriate equations with the numerical scheme developed.
The experimentally measured pressure drop, flow rate, liquid properties, temperatures
and physical dimensions of the microchannels are used as the input parameters to solve
these equations. Some other parameters such as theoretical Reynolds number, average

velocity, friction factor and friction constant are calculated using the following relations:

1
U= u(y,z)dA 8.45
T j (v,2)dA, (8.45)
thy = UAc (8'46)
ud
ey =t (8.47)
Chapter 8
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2APd,
Sy = o0 (8.48)
Cuy = Sfuy Reuy (8.49)
8.12.1. Flow rate pressure drop characteristics

(i): Experimental Data: For all trapezoidal silicon microchannels used in this

study, Figure 8.4 show the experimentally measured pressure drop flow rate (Reynolds
number) characteristics. The working fluid used was water with three different electrolyte
concentration; De-ionized ultra filtered water (DIUF), Concl = [ 0°M KCI and Conc2 =
10°*M KCI. KCl ions were dissolved in water in appropriate proportions to make the
different electrolyte concentrations. Figures 8.4a, 8.4b 8.4c and 8.4d, show the pressure
drop flow rate characteristics for microchannels of 51.07um, 51.3pum, 79.93um and
114.5um hydraulic diameters with different electrolyte concentrations. As can be seen
from these figures, as the flow rate increases, the pressure drop also increases linearly, as
required by laminar flow theory. The pressure drop is maximum for DIUF water, which
has negligible ions present in it. As the concentration is increased to 10°M the pressure
drop is slightly lower compared to DIUF water. The pressure drop reduces further when
the concentration is increased to 10™*M. This is due to the fact that when the
concentration increases, the electrical double layer thickness decreases, or in other words,
the double layer is squeezed. This results in reduced resistance to flow, which results in
lower pressure requirement for high concentration solutions. As can be seen from the
Figures 8.4a-4d, the difference in the pressure drop between DIUF, 10°M and 10°*M

solutions is very small. The characteristic curves fall just next to each other and the
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Figure 8.4abc: Pressure drop Vs flow rate characteristics for (a) 51.07 pum, (b) 51.3 pum,
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Figure 8.4d: Experimentally measured pressure drop Vs flow rate characteristics for
114.5 pm hydraulic diameter trapezoidal silicon microchannels for DIUF water, 10° M
and 10 M KCl electrolyte concentrations

difference is less than 2-5%

.(ii): Comparison with conventional theory with electrokinetic effects: A comparison of

the experimental data with theoretical predictions for flow of water with different
electrolyte concentrations for a 51.3um dj, trapezoidal silicon microchannel is shown in
Figures 8.4e-8.4g, for DIUF, Concl and Conc2, respectively. The theoretical predictions
are calculated by solving the previously derived equations with a known value of zeta
potential using finite difference. The zeta potential was calculated by using the measured
value of the streaming potential and physical dimensions of the microchannel. Zeta
potential values of 200 mV to 50 mV were obtained for various values of electrolyte
concentrations with silicon and Pyrex glass materials. The measured zeta potential values
were verified by conducting a series of experiments with 30 to 400 pm deep parallel plate

microchannels made of silicon and Pyrex glass. The surface conductivity effects were
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Figure 8.4e: Comparison of the theoretically predicted pressure drop with experimentally

measured pressure drop for 51.3 um hydraulic diameter trapezoidal silicon microchannel
for DIUF water.

considered in the zeta potential calculations. The values of zeta potential used for
different concentrations for silicon and Pyrex glass are DIUF; 200 mV and 100 mV,
Concl; 150 mV and 75 mV and Conc2; 100 mV and 50 mV, respectively. As can be seen
from the Figures 8.4e-8.4g, the electrokinetic effect is negligible and does not account for
the higher experimental pressure drop. Besides as can be observed from the Figures 8.4e-
8.4g, the difference in the pressure drop for these solutions falls within the repeatability
range of the experimental data. Therefore, from these observations it can be concluded
that the electrokinetic effects at the solid liquid interface are present, but the magnitude of
the effects is very small. Therefore, for microchannels with hydraulic diameters greater
than 50 pum, the electrical double layer effect can safely be neglected. This implies that

the electrokinetic effects are significant for small microchannels and negligible for larger
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Figure 8.4f: Comparison of the theoretically predicted pressure drop with experimentally
measured pressure drop for 51.3 um hydraulic diameter trapezoidal silicon microchannel
for 10° M KCl water.

1.4 £
& 12 £ Con2
S 1
g 0.8 ? @
g 0.6 ? —e— No EDL
304 —s— With EDL
& 02 E ——Bp

O P PSSO T TS EENS WU NS VA S | PR B
0 50 100 150 200

Reynolds number, Re

Figure 8.4g: Comparison of the theoretically predicted pressure drop with experimentally
measured pressure drop for 51.3 um hydraulic diameter trapezoidal silicon microchannel
for 10™ M KCl water
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microchannels. This conclusion is in accordance with Hunter (1981), Mala, et al (1997,
1996), and Yang and Li (1998).

(iii) Comparison with conventional theory with no electrokinetic effects: For all
the microchannels used in this study the pressure gradient (AP/L) across the
microchannels of various hydraulic diameters (calculated based on pressure drop through
28 mm long microchannels) is shown in Figures 8.4h-8.4i as a function of Reynolds
number. The theoretical pressure drop is calculated from the conventional theory with no
electrokinetic effects i.e. £=0, and compared with the experimentally measured pressure
gradient. It can be seen that pressure gradient increases linearly as the Reynolds number
increases, as suggested by the laminar flow theory. For small Reynolds numbers, there is
a reasonable agreement between the experimental results and theoretical predictions,
while for higher Reynolds numbers, the difference in the measured pressure gradient and
the theoretical prediction is significant. The difference increases with an increase in the
Reynolds number. For microchannels with small d,, the relationship for the higher
Reynolds numbers could not be obtained as the pressure inside the microchannels was
greater than the strength of the anodic bond between the Pyrex and silicon. It was
observed that at pressures greater than 250 psi, the microchannel plates developed small
cracks which resulted in breakage of the plates. However, even for small Reynolds
numbers the slope of the measured curves is higher than the theoretical curves; it would
be reasonable to expect the slope will increase further for higher Reynolds numbers. For
higher d, microchannels, Reynolds numbers above 2000 could be reached easily. For

such microchannels, the slope of the measured curves is still higher than the theoretical
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Figure 8.4h: Comparison of the experimentally measured pressure gradient with
theoretical prediction for (1) 51.3 pm, (2) 62.3 pm, and (3) 64.9 pm hydraulic diameter
trapezoidal silicon microchannels for DIUF water.
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Figure 8.4i: Comparison of the experimentally measured pressure gradient with
theoretical prediction for (4) 114.5 pum, (5) 142 pum, and (6) 168.9 pm hydraulic diameter
trapezoidal silicon microchannels for DIUF water.
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curves, but the difference is small compared to small d, microchannels. The results are in
accordance with the results reported in literature.
8.12.2. Friction characteristics

The flow behavior of water through microchannels can also be interpreted in
terms of the flow friction. The experimental friction factor, f.x, can be determined by
Eq.(8.43). In Figure 8.5a, the friction factor is plotted as a function of the experimentally
determined Reynolds number. For comparison, the relationships between the friction
factor and Reynolds number as predicted by the conventional theory is also plotted. From
the figure, it is observed that in the high Reynolds number range, the experimental values
are higher than the theoretical predictions. This implies that at a given Reynolds number
or flow rate, the friction in microchannels is higher than calculated from conventional
theory predictions.

In addition to the friction factor, another important parameter used in flow
characterization is friction constant, Equation (8.44). The value of the friction constant
remains constant for a flow regime, as predicted by the conventional theory. For
trapezoidal microchannels, the friction constant is dependent only on the geometry of the
microchannel cross-section, Shah and London (1978). Thus, a constant value of the
friction constant should be expected as per the theory. However, according to the
experimental data acquired during this study, Cex, iS DOt a constant but varies as a
function of the Reynolds number. To better illustrate the difference between the
theoretical and the experimental value, the friction constant ratio is introduced. The

friction constant ratio is defined as

o Lo _ S Reop (8.50)
Cuy Sy Re,,
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Figure 8.5a: A comparison of the experimental and theoretical predictions of friction
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Figure 8.5b: Friction constant ratio Vs Reynolds number for (a) 51.3 pm, (b) 62.3 pm, (c)
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silicon microchannels for DIUF water.
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For the case of Ree, = Reyy, the friction constant ratio reduces to the ratio of friction
factors at that Reynolds number. The behavior of C™ as a function of the Reynolds
number is shown in Figure 8.5b. As the experimental friction factor is greater than one,
the value of C” is always greater than one. As can be seen from the figure, the value of c
is higher for very small Reynolds numbers. But as the Reynolds number increases, the C’
ratio decreases. With a further increase in the Reynolds number, the ratio increases and
becomes approximately 1.5, which implies a 50% increase in the friction factor compared
to conventional theoretical prediction. Therefore, it can be concluded that the
experimental friction factor is higher than the theoretical friction factors for trapezoidal
silicon microchannels.
8.12.3. Roughness viscosity model

The above-discussed characteristics of higher flow friction have to do with the scale
of microchannels. We measured the surface roughness of the microchannels. The surface
roughness of the Pyrex glass was measured by Profilometer and was found to be of the
order of 10nm. The surface roughness of silicon microchannels was measured by using a
high resolution inverted research metallurgical microscope (Olympus, Model PMG3).It
was found that the average roughness height k varies from 0.8 pm for smaller
microchannels to 2.0 yum for larger microchannels as shown in Table 8.2. The roughness
with such an order of magnitude can safely be neglected for microchannels with
diameters of the order of millimeters. However, for microchannels used in this study, the
ratio of 2k/d, ranges from 2.4 to 3.5%. The channel height is the smallest dimension for
these trapezoidal microchannels. Therefore, the effects of surface roughness on flow

velocity and friction should be investigated.
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Generally the presence of the surface roughness affects the laminar velocity profile
and decreases the transitional Reynolds number. This has been shown by a number of
experiments and discussed in detail in Chapter 5. The roughness viscosity model has been
developed in Chapter 5 for laminar flow in microtubes. As discussed previously, the
surface roughness increases the momentum transfer in the boundary layer near the wall.
This additional momentum transfer can be accounted for by introducing the roughness
viscosity pr in a manner similar to the eddy viscosity concept in the turbulent flow
model. The mathematical treatment developed in Chapter 5 was developed for cylindrical
geometry, whereas the cross-section of the microchannels discussed here is trapezoidal.
Therefore, the model is further developed for flow in trapezoidal microchannels.
According to the concept of roughness viscosity, pr should have a higher value near the
wall and gradually diminish as the distance from the wall increases. Besides, pr should
also increase as Re increases. The ratio of the roughness-viscosity to the fluid viscosity in

trapezoidal microchannels is proposed to take the form:

#_RzARe,( M[l—exp(— Re, (R, _[min))) (8.51)
u k Re

k

Where, A is the coefficient that is to be determined by the experimental data; Ry is
defined as the hydraulic radius of the microchannel; Inin is the shortest distance from the

point to the microchannel wall; Rey denotes the local roughness Reynolds number, and is

defines as

U,p k
L4 (8.52)
u

k

Where Uy denotes the velocity at the top of the roughness element and is given by
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U, =(-a—u—) k (8.53)
on ).

By introducing the roughness-viscosity in the equation of motion in a manner similar to

the eddy viscosity in the turbulent flow, the equation of motion in the laminar flow

through a trapezoidal microchannel becomes;

2 2
o u Ou_ L 4P (8.54)
oy* 0z (u+upg)dx

with no slip boundary conditions on the wall of the microchannel.

Uly,z)=0ont (8.55)
Equation 8.54 is the modified equation of motion that accounts for the effects of surface
roughness on a laminar flow. Comparing Equation (8.54) with the Equation (8.11) for
F;=0, it is apparent that once the roughness viscosity is know, the modified equation of
motion can be solved similarly by the method as developed in the previous sections.

As seen from the roughness-viscosity function, Equation (8.51), all parameters except the
coefficient A can be determined from the flow field, the dimensions and the average
surface roughness of the microchannel. Basically, the coefficient A not only depends on
the factors mentioned above, but also depends on the shape and the distribution of the
roughness elements. In principle the value of A should vary from channel to channel.
However, based on the experimental data, an empirical relation is used to calculate A,
which is discussed in detail in Chapter 5. For the trapezoidal microchannels, the

coefficient A can be evaluated by

R 0.35 R
A= 5.8[—/("—) exp[ Re®* (sxlo‘s 7" -0.0031 D (8.56)
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Figures 8.6a and 8.6b show the comparison of the measured P,~Re relationships with the
predictions of the roughness viscosity model. As can be seen from the Figures 8.6a and
8.6b, the curves predicted by the surface roughness viscosity model and the experimental
curves are in an excellent agreement with each other. This implies that the roughness
viscosity model proposed in the present section may be used to interpret the flow
characteristics in these microchannels.
8.12.4. Heat transfer characteristics

The heat transfer characteristics in trapezoidal silicon microchannels with de-
ionized ultra filtered water (DIUF) as the working fluid were investigated. The
microchannel plate was heated by a micro-heater placed underneath. A heatsink paste
thin film was placed between the heater and the microchannel plate to obtain proper
contacts between the heater and the microchannel plate. Two thermocouples were placed
at inlet and outlet of the microchannel to measure the inlet and outlet liquid temperatures.
Three thermocouples were placed on the microchannel plate surface (in contact with the
micro-heater) to measure the microchannel plate wall temperatures at inlet, middle and
outlet positions. The wall temperature is assumed to be equal to the surface temperature
at the channel walls, as the thermal resistance offered by the silicon plate is negligible.
For example, after etching 100 pm deep microchannels on a 0.5 mm thick, 2.8 cm’ cross-
sectional area silicon plate, the thermal resistance offered varies from 0.0004 to 0.001
°C/W. The change in the thermal resistance is due to change in the thermal conductivity
of intrinsic silicon with temperature. As is shown in Chapter 7, the thermal conductivity
of silicon is maximum at room temperature and decreases with increase in temperature

thereby increasing the thermal resistance offered by the silicon microchannel plate. Even
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Figure 8.6b: A comparison of the experimental pressure gradient Vs Reynolds number
with the theoretical predictions of roughness viscosity model for (d) 114.5 pm, (e) 142
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at higher wall temperatures the thermal resistance is still negligible. The experiments
were conducted for various flow rates at different surface temperatures of up to 75 °C.
The heat transfer characteristics for liquid flow in trapezoidal silicon
microchannels are shown in Figure 8.7. Figures 8.7a to 8.7d show the Nusselt number Vs
Reynolds number for microchannels of 62.3 pm, 63.1 um, 114.5 pym and 168.9 um
hydraulic diameters, respectively. The experimental results are compared with the
conventional theoretical predictions, roughness-viscosity-model and results of Peng et al
(1994b). For fluid flow in conventionally sized channels, the forced convective heat
transfer in laminar flow regime can usually be predicted by the relationship, Shah and

London (1978):

d 173 013
Nu = 1.86[7”] (Re Pr)” (—“-] (8.57)

‘u w
This conventional empirical relation is valid for constant surface temperature which is the
case prevailing in our experiment also. As discussed earlier, the source of heat supply is a
micro-heater with one side insulated and other in contact with the microchannel plate
through a heat sink compound thin film. A constant power (low voltage high current) is
supplied to the heater. Some of the heat generated by the heater is lost through the
insulation and the remainder is conducted to the microchannel plate through the thermal
conducting and electrically non-conducting heat sink compound thin film. Assuming, that
the heat is conducted uniformly, a constant surface temperature (wall temperature) at the

interface can be measured. The wall temperatures of up to 75 °C were measured by the

three thermocouples.
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As can be seen from the Figures 8.7a to 8.7d, the measured results are lower than the
theoretical predictions of Equation (8.57). For small Reynolds numbers the difference
between the measured results and the theoretical predictions is small compared to higher
Reynolds numbers. This is in part due to the surface roughness effects as the
microchannels used in this investigation have a high distributed-surface roughness to
diameter ratio compared to conventional sized channels. The effect of this surface
roughness in laminar flow regime is considered by the roughness viscosity model as
developed previously, section 8.12.3. The surface roughness viscosity has a maximum
value at the wall and approaches to zero far away from the wall. Once the microchannel
size and the pressure drop are known, the roughness viscosity in the flow field can be
easily calculated as a function of the Reynolds number. Equations (8.51) to (8.56). The
effect of the surface roughness viscosity in laminar flow on heat transfer characteristics in
microchannels can be determined by appropriate modifications to the conventional theory
relationship, Equation (8.57). Once the average value of the roughness viscosity is
calculated, the total wall effects can be accounted for by the addition of average
roughness viscosity to the dynamic viscosity at wall temperature, L. The overall result
from such a modification would be a reduced Nusselt number as compared to the
theoretical prediction. The modified empirical relationship that fits the experimental data
appropriately is given as:

d 1/3 n
Nu=1.86(Th) (RePr)‘/”(——“——-—] (8.57a)

Hy + H gym
where n=10°d,. As can be seen from Figures 8.7a to 8.7d, the predictions of this

modified empirical relation agree very well with the experimental data.
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Peng et al. (1994b) also investigated characteristics of water flowing through
rectangular microchannels experimentally. Based on their results, they proposed a

relation to correlate the data for laminar flow in microchannels, given as:
Nu =C, ,Re*®?pr'” (8.58)

Where Cy;; is an empirical coefficient which strongly depends the aspect ratio, H/W, of
the microchannels. The aspect ratios, H/W, of microchannels with hydraulic diameters of
114.5 um and 168.9 um are close to those of the microchannels used by Peng et al
(1994b). Therefore, for the purpose of comparison the experimental results are compared
with the predictions of Equations (8.58) as shown in Figures 8.7c and 8.7d. It is observed
that the current experimental results are relatively close to Peng et al. ((1994b) results and
follow a similar trend. Besides it should be noted that the microchannels used by Peng et
al are machined on a stainless steel plate that also is used as the supply heat source. As is
well known from conventional theory, the Nusselt number is higher for the constant heat
flux at the surface of the channel than the constant surface temperature case. The
experimental results of Peng et al. (1994b) are also much smaller than the conventional
theory predictions.

8.13. Summary

Fluid flow and heat transfer in trapezoidal silicon microchannels were
investigated both theoretically and experimentally. The interfacial effects such as the
effects of electrical double layer at the solid liquid interface were also considered. The
results were compared with conventional theory. It was found that for microchannels the
experimentally measured pressure drop was higher than the theoretical prediction.

Nevertheless, for microchannels greater than 100 pm hydraulic diameter, the difference
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becomes small and for small Reynolds numbers the experimental data agrees well with
the theoretical predictions. The experimentally measured friction factors and friction
constants were also higher than the theoretical value. For small silicon microchannels, the
roughness surface roughness is small and for higher / deep microchannels the surface
roughness is of the order of few micrometers. This distributed surface roughness has a
significant effect on the flow characteristics. The effects of this surface roughness are
predicted by the roughness viscosity model. A good agreement between the experimental
and theoretical predictions can be found. For the case of heat transfer, heat transfer
coefficients up to 20,000 W/m’K were obtained. For 2.8 cm long microchannels, a
temperature difference of up to 35 °C between the microchannel coolant outlet and inlet
was measured. This large increase in the coolant temperature significantly changes the
thermophysical properties of the coolant. Variable properties were used to calculate all
the heat transfer characteristics. A comparison of the results indicates that although very
high heat transfer coefficients were measured, the results are slightly lower than the
theoretical prediction but match reasonably well with the results reported in the literature.
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Chapter 9 Concluding Remarks

9.1. Contributions of this work

The main aim of this work was to investigate fluid flow and heat transfer in
microchannels, and develop fundamental understanding of flow and heat transfer
characteristics. Because of the published results about microscale fluid flow that are
conflicting, more emphasis was laid on the fluid flow part. An attempt was made to seek
answers to the questions being asked about microscale fluid flow and heat transfer
characteristics, as discussed previously in this dissertation. The answers to these
questions are the main contributions of this work and are discussed below:

e [t was found that the differences between the experimental observations and the
conventional theory predictions are in part due to the interfacial effects that are
neglected in conventional theory. These effects are, surface roughness and
electrokinetic phenomena such as the effects of electrical double layer at the solid-
liquid interface.

e Mathematical models were developed to incorporate the effects of these phenomena.
Appropriate corrections are made to the conventional theory by incorporating these
extra terms in the system of governing equations. It can be seen that the predicted
results agree very well with the experimental observations.

e For flow and heat transfer in parallel plate microchannels, the electrokinetic transport
model developed explains the differences and suggests corrections that should be

made to the conventional theory.
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For cylindrical microchannels of stainless steel and fused silica, the experimentally
measured pressure gradient was significantly higher than theoretical predictions. This
higher pressure difference is explained by incorporating the roughness effects at the
wall of the microchannel. A mathematical model ‘Roughness Viscosity Model’ was
developed that explains the observed higher pressure requirement. The effects of
surface roughness on fluid flow in laminar range can be accounted for by this model.
The predicted results agree very well with the experimental results. However, the
electrokinetic effects in fused silica microtubes used in this study are negligible and
were not considered.

An experimental apparatus was designed and developed to investigate fluid flow and
heat transfer characteristics of water in microchannels with interfacial effects.
Equipped with the state of the art equipment and fully computer controlled, this setup
can be used to pursue further research in this field or any other related fields.

For flow in trapezoidal silicon microchannels, the experimental pressure drop across a
microchannel is much higher than predicted by conventional theory. Therefore, the
apparent viscosity of water is higher than the bulk viscosity. This apparent viscosity
decreases with an increase in the electrolyte concentration. However, as observed
from the experimental data, the interfacial effects are present but are negligible for
microchannels with hydraulic diameters greater than 50 pum. However, as the
hydraulic diameters of the microchannels decreases, the difference between the
experimental results and theoretical predictions increases while as for microchannels
with hydraulic diameters greater than 100 um, there is a reasonably good agreement

between the experimental data and theoretical predictions.
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e This higher apparent viscosity can be explained if the effects of distributed surface
roughness at the microchannel walls is considered. It was found that the average
height of the surface roughness element increase as the depth of the etch increases.
For etch depths of less than 80 um, the average height of the roughness element is
less than 1 pm, whereas for etch depths greater than 80 pm, the average height is
about 2 um. A mathematical model developed to incorporate the effects of this
surface roughness predicts results that are in very good agreement with the
experimental data. Therefore, it is very important not to neglect the effects of surface
roughness in laminar flow.

e The temperature increase in the coolant from inlet to outlet of the microchannel is
much higher than expected in macroscale channels. Consequently the thermophysical
properties of the coolant change appreciably. Therefore, the effect of variable
properties should be considered in heat transfer characteristics. The heat transfer
results are lower than as predicted by the conventional thermophysical correlations,
but are at par with published results on microchannel heat transfer in literature, and
agree well with the predicted results by incorporating the effects of surface
roughness.

9.2 Future work

Because of the time and program constraints, flow in very small microchannels
could not be investigated up to critical Reynolds number. To study flow and heat transfer
up to critical Reynolds number in these small microchannels, the microchannel chip
should be reinforced to avoid breaking at pressures greater than 250 psi. More tests

should be conducted to investigate the electrokinetic effects in trapezoidal silicon
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microchannels. In fact, the number of microchannels on the chip could be increased to
minimize pressure ranges. The effects of H/W ratio should also be thoroughly
investigated. The effects of distributed surface roughness could be further investigated

following the mathematical models developed in this work.
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Appendix | Equipment specification and calibration

AL1 Calibration curve for the valydine pressure transducer

The calibration of the sensor was performed with a dead weight tester with known

weights and the output was noted. The process was repeated number of times and in both
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Figure: Calibration curve for valedine pressure transducer

the directions. The calibration curve is given:

AlL2 Features of the transducer
e High Sensitivity to Low Pressures
e Ranges as Low as 0.1 In H20 Full Scale
e Changeable Sensing Diaphragms
e Rugged Construction

e Gas or Liquid Media
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e Fast Dynamic Response

AlL3 Specifications of the high pressure precision pump

Some of the important specifications of the high pressure Ruska proportioning pump are:

Number of cylinders 2

Volume per cylinder 500 cc

Maximum pressure 4000 psi

Drive motor % HP 1800 rpm synchronous motor
Number of feed rates 28

Range of flow rates 2 to 560cc/hr

Flow rate scale precision 0.02 cc

Al.4 Specifications of the low pressure tubing pump

Some of the important specifications of the low pressure-tubing pump are:

Computer control drive, Model 7550-60

Local remote operation

Operating speeds of 60 to 600 rpm

Flow rate for LS 16 tubing 4.8 to 480 ml/min @600 rpm
0.48 to 48 ml/min @60 rpm

Com port control

Different pump heads can be attached to the drive

Different tubing options, classified as per pressure and flow rate rating

Al.5 Calibration of flow sensor

The flow sensor was calibrated by measuring the output voltage from the sensor

corresponding to a known volume flow rate. The calibration was compared with the
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manufacturers values and with high-precision pump flow rates, and a negligible

difference was found. The calibration curve is given:
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Figure: Calibration curve for flow sensor

Al.6 Specifications of the flow sensor

The most important specifications of the flow sensor are:

e Linear flow range 20-70 CC/min
e Total Accuracy +10%

e Repeatability +3% full scale
e Linearity +4% full scale

e Operating Temp range 32 to 180°F
e Voltage / current (12-18) +10% VDC, and 20 mA maximum

e Analog 0-5 VvDC
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AL7 Specifications of Keithiey 6517A electrcmeter:

The model 6517A is a 6 Y%-digit electrometer/high resistance system with the following

measurement capabilities:

DC voltage measurement froml0 puV to 210 V

DC current measurement from 100aA to 21mA

Charge measurement from 10fC to 2.1 pC

Resistance measurement from 10 Q to 210TQ2

Surface resistivity measurement
Volume resistivity measurement
Temperature measurement

Relative humidity measurement

Remote operation using [EEE-488 GPIB bus

Filtering; averaging and median
Data storage

Built in test sequence

AL8 Specifications of InPro 7001/120 conductivity sensor

Some of the most important specifications of the conductivity sensor are:

Electrodes and body
Maximum pressure
A-length

Cell constant
Conductivity range

Resistivity rage

AISI 31 6L
14 bar @25 °C and 7 bar@95 °C
221 mm

0.100 cm™ (nominal)

0.02 to 2500 puS/cm

0.4 KQcm to 50 MQcm
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Temperature sensor Pt 1000 TD, class A, 3 wire
Temperature range -10to 100 °C
Accuracy +0.5% (cell constant accuracy)

Temperature accuracy @25 °C  +0.1°C

AlL9 Specifications of conductivity / resistivity transmitter

The important specifications of the conductivity meter are:

Inputs
e 2 inputs for conductivity or resistivity
2 inputs for temperature measuring devices

Measuring range

Conductivity 0.02 uS/cm to 1000 mS/cm
Resistivity 1.0 Qcm to 50 MQcm
TDS 0 to 62500 ppm (as KCl)
Temperature -10to 140 °C

Display

1 line, 16 character blacklit LCD

Analog Output

4 to 20 mA, isolated, 10V, maximum load of 500 Q, user definable options
Calibration

NIST traceable calibrators for conductivity, resistivity and temperature
Cell constant

Any cell constant can be entered

Temperature compensation
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Automatic reference to 25 °C for conductivity, resistivity and TDS

Enter manually from 0 to 120 °C

Auto-uncompensated, standard for NaCl impurities according to ASTM #1125-91,
linear 0.0 to 99% /°C

Accuracy

Conductivity/resistivity +0.5% of the reading

Temperature +0.25°C of the reading
Analog output +0.01 mA
Repeatability

Conductivity/resistivity +0.5% of the reading
Temperature +0.075°C

AL.10 Specifications of PCI-MIO-16E-4 DAQ board

Some of the important specifications of the DAQ card are:

Number of channels 16 Single ended
Resolution 12 bits, 1 in 4096
Maximum sampling rate 500 kS/s single-channel

250 kS/s multi-channel

Maximum working Voltage 1V

Over-voltage protection 25V

No missing codes 12 bits

Offset error +16 uVto +0.8 mV

Gain error +0.02% of reading maximum
Bandwidth ) 350 kHz
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Accuracy

System noise
Bandwidth

Offset temperature coefficient

4 uS typical and 8 uS max.

0.5dB
1 MHz

+50 pv/~2C
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